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(57) ABSTRACT

A laser driver for generating drive waveforms that are
suitable for driving a single VCSEL or an array of VCSELS.
A digital controller is integrated into the laser driver and is
utilized to initially program and selectively adjust during the
operation of the driver one or more of the following VCSEL
drive waveform parameters: (1) bias current, (2) modulation
current, (3) negative peaking depth, and (4) negative peak-
ing duration. The laser driver has an aging compensation
mechanism for monitoring the age of the laser and for
selectively adjusting the dc and ac parameters of the VCSEL
drive waveform to compensate for the aging of the laser. The
laser driver also has a temperature compensation mechanism
for monitoring the temperature of the driver IC and selec-
tively adjusting the dc and ac parameters of the VCSEL
drive waveform to compensate for the changes in tempera-
ture.

20 Claims, 7 Drawing Sheets
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1
OPEN-LOOP LASER DRIVER HAVING AN

INTEGRATED DIGITAL CONTROLLER

FIELD OF THE INVENTION

The present invention relates generally to semiconductor
lasers, and more particularly, to an open-loop laser driver
having an integrated digital controller for providing drive
waveforms to lasers.

BACKGROUND OF THE INVENTION

An optical transmitter module is an important component
in networking systems. The purpose of an optical transmitter
module is to convert data signals in electrical form into
corresponding data signals in optical form. In this manner,
the data can be communicated as light to another module
(e.g., an optical receiver module) through a light-conducting
medium, such as a fiber optic cable.

The optical transmitter module typically employs a laser
to convert the electrical data signals into the light data
signals. One commonly utilized semiconductor laser is the
vertical cavity surface emitting laser (VCSEL). However,
the VCSEL is configured to operate only with input signals
(e.g., drive waveforms) that conform to particular predeter-
mined electrical properties. The drive waveforms can have
both dc operating parameters and ac operating parameters.
For example, the dc operating parameters may include bias
current to obtain either average or low state output power.
The ac operating parameters may include modulation
current, peaking current, and time constant parameters asso-
ciated with pulsed waveforms. The data signals typically do
not have these predetermined electrical characteristics (e.g.,
specific dc and ac operating parameters). Consequently, a
circuit is needed for accepting the data signals, and respon-
sive thereto, for generating corresponding VCSEL drive
signals (e.g., a drive waveform) with the electrical charac-
teristics that are suitable to drive the VCSEL. This circuit is

commonly referred to as a VCSEL driver.

Furthermore, the VCSEL driver programs or sets the drive
waveform with particular dc and ac parameters in order to
optimize the bit error rate (BER) of the fiber optic link using
the transmitter. The bit error rate is simply a measure of the
number of bit errors caused by the transmitter module. A bit
error is simply a data error when a data “1” is transmitted as
a data “O” or when a data “0” is transmitted as a data “1”.

There are two main approaches in the design of prior art
laser drivers. The f1I'Sl approach employs a closed loop (i.e.,
uses optical feedback to adjust the light output power) to
program the drive waveforms. The second approach
employs an open loop (i.e., does not use optical feedback to
adjust the light output power) to program the drive wave-
forms. These prior art approaches with their attendant dis-
advantages are described hereinafter.

Closed-Loop Approaches
U.S. Pat. No. 5,638,390 describes an exemplary closed-

loop approach embodied in a laser output power stabilizing
circuit. The laser output power stabilizing circuit uses a
photodiode to monitor the laser’s optical power. The pho-
todiode output is compared to a reference voltage from a
digital potentiometer, to obtain the correct dc bias current for
the laser. At the time of the transmitter’s manufacture, the
digital potentiometer is set to optimize the laser’s dc bias
current. During operation of the transmitter, the laser’s bias
current is adjusted when any change in photodiode outputoccurs.
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Unfortunately, these closed-loop approaches suffer from
several disadvantages. First, the use of the photodiode
increases the cost of the optical transmitter. Second, the
requirement of the photodiode introduces packaging con-
cerns related to the mounting of the photodiodes in such a
manner as to be optimally aligned with the VCSEL. Third,
the closed-loop approaches require complex feedback cir-
cuits that need to be replicated for each VCSEL, thereby
further increasing costs and manufacturing complexity.

Open-Loop Approaches

The data sheet for the AMCC S7011 transmitter integrated
circuit (IC) that is available from Applied Micro Circuits
Corporation (AMCC) describes an exemplary open-loop
approach. The S7011 IC appears to be capable of adjusting
the laser drive waveform parameters Imod and Ibias, given
input from an external source (e.g., a microprocessor), or
input from external resistors and voltage references.
Unfortunately, the prior art open-loop approaches, including
the AMCC approach, fail to provide or provide very limited

— mechanisms to adjust the drive waveform based on changes
in age and temperature of the laser. These prior art open-loop
approaches also fail to allow programming of the transi-
tional aspects of the VCSEL drive waveform (e.g. negative
peaking).

VCSEL Arrays

' Recently, there has been interest in moving from a single
VCSEL to an array of VCSELS, which for example, can be
a plurality of VCSELS that are arranged in a row. As can be
appreciated, an array of VCSELS can be employed to
transmit more data through multi-channel fiber optic cable
than a single VCSEL can transmit through a fiber optic cable
having a single channel. Unfortunately, one of the engineer-
ing challenges for implementing the array of VCSELS is that
optical waveform uniformity across the VCSEL array needs
to be maintained in order to optimize the BER of the fiber
optic link.

Consequently, correct settings for the dc and ac param-
eters of the drive waveforms are particularly critical for fiber
optic transmitters using an array of VCSELS. The param-
eters must be set to maintain optical waveform uniformity
across the VCSEL array. The setting of these properties
needs to occur at the beginning of operation and also at
periodic intervals during the product’s lifetime.

Semiconductor electrical to optical transmitters often
require a scheme to program the optical de and ac operating
characteristics of the light-emitting device. Preferably, the
programming is performed at the beginning of product use,
and periodically programmed throughout the lifetime of the
transmitter. Unfortunately, the prior art approaches that do
periodically program the waveforms during the lifetime of
the transmitter are costly, complex to implement, and limited
to dc parameters. Those prior art approaches that address
some of the ac issues, such as modulation current, are

limited to programming only at the beginning of product
use. Consequently, if the product requires programming
during the operating life of the driver, these prior art
approaches are unable to perform this type of programming.

Age Dependence of Light Output
Ideally, the laser’s performance in terms of light output

remains constant throughout the operating life of the laser.
If this were the case, the drive waveforms can be pro-
grammed once by the laser driver and would require no
further changes or re-programming. Unfortunately, in
reality, VCSEL light output tends to degrade over the
operating life of the laser. Consequently, it would be desir-
able to have a mechanism in the VCSEL driver for periodi-

; 
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cally adjusting the VCSEL drive waveform parameters to
compensate for the degradation. Regrettably, the prior art
approaches that employ an open-loop approach, such as the
AMCC approach, are limited to programming the waveform
parameters at the beginning of the product life and do not
have a mechanism for periodically adjusting the VCSEL
drive waveform parameters to compensate for the degrada-
tion.

Temperature Dependence of Light Output

Moreover, in an ideal situation, the laser’s light output
would be independent of operating temperature. If this were
the case, the drive waveform would not require adjustment
as the operating temperature changes. Unfortunately, in
reality, the laser’s light output is dependent on operating
temperature. Accordingly, it would be desirable to have a
mechanism that adjusts the drive waveforms as the operating
temperature changes. By so doing, optimum VCSEL optical
waveform characteristics can be maintained. Regrettably,
the prior art approaches do not olfer any mechanism for
periodically adjusting the VCSEL drive waveform param-
eters to compensate for changing operating temperatures.

Based on the foregoing, there remains a need for a digital
control method and apparatus for semiconductor lasers that
overcomes the disadvantages set forth previously.

SUMMARY OF THE INVENTION

According to one embodiment, the laser driver of the
present invention includes an integrated digital controller for
programming the dc and ac parameters of the drive wave-
form that drives a single VCSEL or an array of VCSELS for
use in a fiber optic transmitter. The digital controller is
integrated into the driver IC and is utilized to program one
or more of the following VCSEL drive waveform param-
eters: (1) bias current, (2) modulation current, (3) negative
peaking depth, and (4) negative peaking duration.

In one embodiment, the laser driver includes an aging
compensation mechanism for monitoring the age of the laser
and for selectively adjusting the dc and ac parameters of the
VCSEL drive waveform to compensate for the aging of the
laser. Preferably, a timer is employed to monitor the age of
the laser.

In another embodiment, the laser driver includes a tem-
perature compensation mechanism for monitoring the tem-
perature of the driver IC and selectively adjusting the dc and
ac parameters of the VCSEL drive waveform to compensate
for the changes in temperature. Preferably, a temperature
sensor is employed to monitor the temperature of the driver
IC.

As described previously, the optimization of VCSEL
optical waveform characteristics in a multi-channel fiber
optic transmitter can pose a difficult challenge. The laser
driver of the present invention separately programs each
channel’s VCSEL drive waveform parameters initially and
during operation of the transmitter in order to maintain
optimum optical waveforms for each channel. By updating
of VCSEL drive parameters during transmitter operation, the
laser driver of the present invention compensates for aging
of the laser and temperature changes.

According to another embodiment of the present
invention, a design methodology for the programming of the
VCSEL drive waveform is provided.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example,
and not by way of limitation, in the figures of the accom-
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4

panying drawings and in which like reference numerals refer
to similar elements.

FIG. 1 is a block diagram of an exemplary multiple
channel fiber optic transmitter module in which the laser
driver of the present invention can be implemented.

FIG. 2 illustrates in greater detail the laser driver of FIG.
1 according to one embodiment of the present invention.

FIG. 3 is a block diagram illustrates in greater detail the
laser driver of FIG. 1 according to one embodiment of the
present invention.

FIG. 4 illustrates in greater detail the drive waveform
shaping circuit of FIG. 3 according to one embodiment of
the present invention.

FIG. 5 is a flowchart illustrating the steps performed by
the controller of FIG. 2. according to one embodiment of the
present invention.

FIG. 6 is a flowchart illustrating the steps performed by
the controller of FIG. 2. according to one embodiment of the
present invention.

FIG. 7 illustrates an exemplary drive waveform that is
generated by the laser driver of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

, An open-loop laser driver having an integrated digital
controller and programming method are described. In the
following description, for the purposes of explanation,
numerous specific details are set forth in order to provide a
thorough understanding of the present invention. It will be
apparent, however, to one skilled in the art that the present
invention may be practiced without these specific details. In
other instances, well-known structures and devices are
shown in block diagram form in order to avoid unnecessarily
obscuring the present invention.

The laser driver of the present invention integrates a
digital controller, data storage/retrieval facilities, and the
needed mechanisms to initially set and periodically adjust
the parameters of the VCSEL drive waveform for each
channel to elfectively compensate for aging and operating
temperature changes.

Multiple Channel Fiber Optic Transmitter Module 90
FIG. 1 is a block diagram of an exemplary multiple

channel fiber optic transmitter module (MCFOTM) 90 in
which the laser driver of the present invention can be
implemented. For example, the multiple channel fiber optic
transmitter module (MCFOTM) 90 can be a 12-channel
transmitter module. The multiple channel fiber optic trans-
mitter module 90 includes a laser driver 100 for receiving
data signals 110 and responsive thereto for generating drive
waveforms 112, a laser array 120 that has a plurality of lasers
122 (e.g., VCSELs), and a nonvolatile memory 130 for
storing drive waveform parameters. A fiber optic cable 124
is coupled to the laser array 120 in order to receive light
launched therein by the lasers 122.

The drive current waveform associated with each chan-

nel’s VCSEL diode is programmed by the laser driver 100
and the non-volatile memory 130. In one embodiment, the
MCFOTM 90 includes a VCSEL driver, a 1xN VCSEL
array, and an EEPROM. As described in greater detail
hereinafter, the laser driver 100 includes a digital controller
for programming and data retrieval.

In one embodiment, there are 2*N signal lines interposed
between the laser driver 100 and the VCSEL array 120,
where N signal lines are coupled to the anodes of the
VCSELS, and N lines that are coupled to either a ground
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plane or to the cathodes of the VCSELs depending on the
type of VCSEL and configuration of the laser driver 100. It
is noted that N is the number of channels incorporated into
the multiple channel fiber optic transmitter module 90.

An access point 140 is provided for reading and writing
data into the memory 130 and the laser driver 100. As will
be described in greater detail hereinafter, the access point
140 can be used to communicate test signals and data to the
laser driver 100 and the memory 130.

Laser Driver 100

FIG. 2 illustrates in greater detail the laser driver 100 of
FIG. 1 according to one embodiment of the present inven-
tion. The laser driver 100 includes a controller 200, a
plurality of drive parameter registers (210, 214, 218, 224)
for storing drive parameters, an age compensation mecha-
nism 240, a temperature compensation mechanism 250, a
fault determination circuit 260, a plurality of digital-to-
analog converters (DACs) 234, a drive waveform shaping
circuit 238, an age register 280 for storing an age value, and
a fault register 290 for storing a predetermined fault value.

Integrated Digital Controller 200 in the VCSEL Driver IC

One aspect of the present invention is the integration of a
digital controller 200 in the laser driver 100. The laser driver
100 of the present invention employs the controller 200 to
digitally program the dc and ac properties of the VCSEL
drive waveform for a single laser die or for a 1><N array of
laser die.

The laser driver 100 of the present invention provides a
mechanism for individually programming the parameters
(e.g., dc and ac parameters) for each laser die in an array in
order to obtain uniformity in the optical waveforms across
the array.

Programming the Driver Waveform Parameters

For example, the laser driver 100 can digitally program
the VCSEL bias for an optical logic zero by using the
integrated controller 200 and the digital-to-analog convert-
ers (DACs) 234. Furthermore, the laser driver 100 can
digitally program the VCSEL drive waveform for modulat-
ing an optical zero to one transition by using the integrated
controller 200 and the DACs 234.

One feature of the laser driver of the present invention is
the programmability of the ac characteristics, such as nega-
tive peaking depth and duration, of the VCSEL drive wave-
form. Negative peaking refers to peaking of the VCSEL
drive waveform during the logic one to logic zero falling
transition. Ipkd is the negative peaking depth. Tpkw is the
negative peaking duration.

The laser driver 100 can digitally program a negative
peaking depth on the VCSEL drive waveform for use during
an optical one to zero transition. The negative peaking is
used to decrease the optical fall time during a one to zero
transition. Also, the laser driver 100 can digitally program a
negative peaking duration on the VCSEL drive waveform
for use during an optical one to zero transition.

As described in greater detail hereinafter, the laser driver
100 of the present invention can also use the digital con-
troller 200 to implement a timer function for periodically
adjusting the VCSEL drive waveform to compensate for
aging.

Furthermore, as described in greater detail hereinafter, the
laser driver 100 of the present invention can use an inte-
grated digital control loop to monitor die temperature and
adjust the dc and ac parameters of the VCSEL drive wave-
forms to compensate for changes in temperature.
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Age Compensation Mechanism 240
As described previously, the VCSEL light output tends to

degrade over the operating life of the laser. In this regard, the
VCSEL drive waveform parameters need to be adjusted
periodically to compensate for the degradation. In one
embodiment, the laser driver of the present invention
includes a programmable timer that in cooperation with in
the digital controller periodically adjusts each VCSEL’s
drive waveform parameters to compensate for aging.

Afurther aspect of the laser driver of the present invention
is the integration of a timer function into the digital con-
troller to enable the compensation of light output due to
VCSEL aging. The timer allows periodic adjustment of the
VCSEL drive waveform dc and ac parameters to compensate
for aging.

In one embodiment, the age compensation mechanism
240 can be implemented by using an on-chip 10 Mhz clock,
a programmable divisor (D) for the clock, a 31 bit counter
(herein referred to as a low order aging counter) in the
controller 200, and a 16 bit counter (herein referred to as a
high order aging counter in the non-volatile memory 130.
The clock divisor D combined with the 10 MHZ clock period
determine how often (in seconds or minutes) the high order
aging counter is incremented. The controller 200 updates the
DAC settings when the four MSB of the high order aging
counter are incremented. For example, when D is equal to
32, and 10 Mhz clock period is equal to 100 ns, then the low
order aging counter be incremented every 114.5 minutes,
and the high order aging counter’s 4 MSB is be incremented
every 325 days.

If power to the transmitter is interrupted, the EEPROM
stores the last counter setting in multiple registers (e.g., three
registers). Once power resumes, the counter setting in each
of the registers is compared with the counter values in the
other two registers for accuracy. The counter setting found
in at least two registers is chosen as the correct setting.

Temperature Compensation Mechanism 250
As described previously, as the operating temperature of

the transmitter module changes, the VCSEL drive waveform
parameters require adjustment in order to maintain optimum
VCSEL optical waveform characteristics. In one
embodiment, the laser driver of the present invention
includes an integrated temperature monitor and feedback
system for adjusting the VCSEL drive waveform parameters
after a temperature change.

Another aspect of the laser driver of the present invention
is the integration of a temperature sensing and feedback
circuitry onto the driver IC.

The laser driver 100 also includes a non-volatile memory
interface 230 for communicating with the nonvolatile
memory 130. The nonvolatile memory 130 stores the DAC
settings for Imod, lb,-,,_,, Tpkw, and Ipkd in a lookup table
format. Each DAC setting can be referenced (e.g., accessed
by a read operation) by employing an address that has the
following format: AAAA'ITI'I'I‘CCCCXX. The “A”s rep-
resent the four most significant bits (MSB) of the aging
counter. The “T”s represent five bits that represent the
temperature of the laser driver 100. The “C”s represent the
channel number, and the “X”s represent the DAC number. It

is noted that the DACs for the Imd, Ibm, Tpkw, Ipkd param-eters each has a different number associated therewith.

FIG. 3 illustrates an exemplary implementation of the
temperature compensation mechanism 250 and the fault
determination circuit 260 of FIG. 2. For each channel,
differential input data flows from Data_in+ and Data_in—
through the input stage 310 and level shift stage 314 to the
drive waveform shaping circuit 238. The drive waveform
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shaping circuit 238 generates a current pulse (i.e., a drive
waveform) for each data pulse to drive a laser 122 in the
laser array 120.

The VCSEL current pulse shape is optimized by the drive

waveform shaping circuit 238 in terms of Imod, I,,,a,, Tpkw,
and lpkd as shown in FIG. 7. Each channel’s output current
I0“, is sent to one of the lasers 122 in the VCSEL array 120.
An exemplary embodiment of the drive waveform shaping
circuit 238 is described in greater detail hereinafter with
reference to FIG. 4.

Temperature Measurement Block 334

As the VCSEL operating parameters need to change over
time or temperature, the controller 200 updates the drive
parameters in real time. For example, adjustments for tem-
perature can occur periodically (e.g., in intervals of 30
milliseconds). In one embodiment, the temperature compen-
sation mechanism 250 can be implemented in part by a
temperature measurement block (TMB) 334 and an analog
to digital converter 330. The temperature measurement
block (TMB) 334 is a sensor that measures the die substrate
temperature. The measured data is then converted to a digital
format by the analog-to-digital converter (ADC) 330 and
then provided to the controller 200 as the digital temp__
signal. The controller 200 then retrieves (from the EEPROM

130) new DAC settings for 1,“,,1, lb,-,,,, Tpkw, I?“ based upon
the temperature. The new DAC settings are stored in reg-

isters (e.g., Imd register 210, Ibl-as register 214, Tpkw register
218, [PM register 224). Preferably, the registers (herein
referred to also as DAC registers) are disposed inside the
DACs 234. The DACs 234 use the current DAC values in

these registers (210, 214, 218, 224) to set the VCSEL drive
waveform parameters.

Similarly, when an aging time point is reached as deter-
mined by the aging counter (e.g., the low order aging
counter and the high order aging counter), the new DAC
settings for [M4, Ib,.,,,, Tpkw, and IPM are retrieved from the
EEPROM, and written to the DAC registers. The VCSEL
drive waveform parameters are then adjusted.

Fault Detection Circuit 260

According to one embodiment, the fault detection circuit
260 includes a resistor (Rfault) 340, a differential amplifier
344, a comparator 348, a DAC 350, and a buffer 354. The
fault detection circuit 260 determines when the average
amount of current flowing through each VCSEL is above a
predetermined safety limit. The amount of average VCSEL
current is determined by measuring the voltage difference
(vfx__del) across the Rfault resistor 340. The voltage dif-
ference across the Rfault resistor 340 is then compared to a
predetermined fault threshold vfx__th. The fault threshold
vfx_th is programmable by the user and may be stored in
the EEPROM 130 and a fault register 290 in the controller
200 as fault_th.

If vfx_del is higher than vfx_th, the comparator 348
changes the state of the fault_flag. A change in state of the
fault_flag signal for any channel interrupts the controller
200. The controller 200 then sets the DAC values for Imod,
Ib,~,,,, T_,,,,,,,- and 1;,“ for all N channels, to all zeroes, which
in turn changes each channel’s VCSEL current to zero
milliamperes.

The state of the tx_enable line is toggled for the laser
driver 100 to resume operation. Once operation is resumed,
the controller 200 retrieves the correct DAC settings based
upon temperature and the value in the aging counter. As
described previously, the age value may be stored in mul-
tiple registers (e.g., age register 280) in the controller 200.
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Data Waveform Shaping Circuit 238
FIG. 4 illustrates in greater detail the drive waveform

shaping circuit (DWSC) 238 of FIG. 3 according to one
embodiment of the present invention. For the sake of brevity,
the drive waveform shaping circuit 238 for a single channel
is illustrated in FIG. 4 and described hereinafter. It is noted

that the drive waveform shaping circuit 238 can be repli-
cated to match the specific number of channels in a particu-
lar application.

In this embodiment, the drive waveform shaping circuit
238 includes inputs for receiving dilferential data signals
(DataIn+and DataIn—) and inputs for receiving the output
voltage signals from the DAC 234. Specifically, the drive
waveform shaping circuit 238 further includes an input for
receiving Vb,“ from the DAC 234, an input for receiving
Vmad from the DAC 234, an input for receiving Vpkw from
the DAC 234, and an input for receiving VPM from the DAC
234. As described previously, the output voltage signals of
the DAC 234 are generated based on drive waveform dc and
ac parameters associated with the current age and tempera-
ture conditions. Based on these inputs, the drive waveform
shaping circuit 238 generates a drive waveform (e.g., the
low) that is provided to an anode of a laser (e.g., an anode
of the VCSEL 122). An example of this drive waveform that
has a negative peaking portion is shown in FIG. 7.

The DWSC 238 includes a plurality of input buffers (410,
420, 430, and 440) for buffering the output voltage signals
received from the DAC 234 before providing the voltage
signals to the other blocks of the DWSC 238. It is noted that
buffer 420 is an inverting buffer that receives Vmad and
generates an inverted Vmd signal.

The DWSC 238 further includes a voltage controlled
current source (VCCS) 450, an output driver differential
transconductance amplifier (ODDTA) 460 that is coupled to
the voltage controlled current source 450, and a negative
peaking differential transconductance amplifier (NPDTA)
470 that is also coupled to the voltage controlled current
source 450. The VCCS 450, ODDTA 460, and NPDTA 470

selectively shape the drive waveform (lam) based on the
input data signals and input voltage signals.

The voltage controlled current source (VCCS) 450
includes an input for receiving the Vb,-m signal, an input for
receiving the inverted Vmdz signal, and an input coupled to
a supply voltage 454. Based on these inputs, the VCCS 450
generates I,,,mE, which is a dc current sum of lb,“ and Imod.
The logic 1 level of the drive waveform (low) is equal to
Imme. A data pulse into the ODDTA 460 causes I,,,,,,,Pu,,,_, to
be subtracted from Imam, to leave I,” =I,,,." for logic 0 data
bits and Io“,=Il,,“+I,,_o,, for logic 1 data bits.

Apower source 480 is coupled to the VCCS 450 through
a switch 484 (e.g., a FET switch). The switch 484 selectively
opens and closes in response to the fault shutdown signal.
When the switch 484 is closed, the supply voltage signal 454
is provided to the VCCS 450.

The ODDTA 460 includes inputs for receiving the differ-
ential data signals (DataIn+and Dataln-) and an input for
receiving the inverted Vmodz signal. Based on these inputs,

the ODDTA 460 produces a current pulse 464 (i.e., Imodpum)
for every input data pulse. The amplitude of I,,_,,,,,;,,,_,, is set
by a reference voltage provided to the V”, input. Since the
reference voltage in this case is equal to the inverted Vmm
signal, the amplitude of the current pulses is equal to the
amplitude of the Imod signal.

The NPDTA 470 includes inputs for receiving the differ-
ential data signals (DataIn+and DataIn—), an input for
receiving the VFW, signal, and an input for receiving the
V M2 signal. Based on these inputs, the NPDTA 470 gen-P

t:j. 
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erates a negative peaking current transient 474 (lmgpeafing or
I,_P) for every logic 1 to logic 0 transition observed on the
Dataln pulses It is noted that the negative peaking current
Imgpemng is aligned with the falling edge of the Io", pulse.
The negative peaking current transients (lmgpmking) are also
denoted herein as Inp. The negative peaking transient
(lnegpmkinx) has current amplitude (depth) and decay time
(width) equal to Ipkd and Tpkw, respectively. The NPDTA470
employs the VFW, signal to set the decay time for the
negative peaking transient, and the VPM2 signal to set the
current amplitude for the negative peaking transient.

In summary, the current sunk by ODDTA 460 is denoted
as I,m,,,,,u,,e, and the current sunk by NPDTA 470 is denoted
as Imgpeaking or I,,,,. The following expre$ion provides the
value of the output current:

Iaul=I.raun:¢_Im Dd[1l4I.Y¢‘[flp‘

A data pulse causes I,,,,,,,,,,,,_,, to subtract Imod from Isoum
to leave I,,u,=Ib,a, for logic 0 data bits, and leave Io",=Ibm+
Imd for logic 1 data bits. A 1 to 0 transition causes an 1",,
transient to be subtracted from Imam in phase with the 1 to
0 transition.

Methodology
FIG. 5 is a flowchart illustrating the steps performed by

the laser driver 100 of FIG. 1 to set and control the VCSEL

drive parameters according to one embodiment of the
present invention. Each VCSEL 122 in the VCSEL array 120
is characterized and the resulting data is saved. The lasers
are then assembled into the MCFOTM 90. Each transmit
channel in the assembled unit is characterized over

temperature, and the resulting data is also saved. Then, the
saved data is downloaded into the non-volatile memory 130.
Each VCSEL is then independently programmed using the
stored parameters. The programming is performed initially
upon “power-up” (e.g., when the module is initially installed
into a network device, such as a router or switch) and also
periodically during operation as described hereinafter.

In step 500, the voltage versus current (V-I) and VCSEL
light output versus current (L-I) are measured for each laser
(e.g., VCSEL) 122 in the array 120. Preferably, these
measurements are performed prior to assembly. Test
equipment, such as Agilent 4145 Semiconductor Parameter
Analyzer and Agilent 8153A Lightwave Multimeter, that are
available from Agilent Technologies, Inc. can be employed
to make the measurements.

TABLE I sets forth exemplary VCSEL V-I data and L-I
data. This data is used by a production test system to

determine the DAC settings to use during Ibm, Imd, Ipkd,
and Tpkw optimization. The V-I data shows the maximum
current range for a given VCSEL so as not to exceed a
maximum VCSEL voltage allowed for correct circuit opera-
tion. Once the VCSEL current maximum is known, the L-I
data is used to calculate the minimum VCSEL current for

light output and the VCSEL slope efliciency (i.e., the change
in light output with respect to a change in current). The
allowable VCSEL current range and VCSEL slope
efliciency, determined previously, are then used to calculate
starting points for I,,,.,,:, Imd, IF“, and Tpkw during optimi-zation.

TABLE I

VCSEL Voltage 3■ VCSEL Current (mA) VCSEL Light Output (mW)
1.49 1.0 0.012

‘1.67 5.0 1.59
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TABLE I-continued

VCSEL Voltage VCSEL Current VCSEL Light Output (mW) 

1.80 10.0 4.32
1.92 15 .0 6 .84 

In step 504, the AC optical waveform for each transmitter
channel is measured. Preferably, during production test, the
AC optical waveform of each channel is measured and
optimized for performance factors by a tester. These perfor-
mance factors can include, but is not limited to, extinction
ratio (i.e., the ratio of logic 1 optical power to logic 0 optical
power), rise/fall times, overshoot, jitter, and mask margin.
Optimization of the AC optical waveform utilizes the pre-
viously recorded VCSEL optical parameters.

AC optical waveform properties are measured for each
VCSEL in the transmitter. The Ibm, I I M, and Tpkw

In d7

DAC settings are varied around the startiiig psints until the
AC optical waveform properties are optimized. Preferably,
the optimization is performed at a few temperatures. The AC
optical waveform properties can include, but is not limited
to, extinction ratio (ER), which is the optical power ratio of
a logic 1 bit to a logic 0 bit, rise time, fall time, overshoot,
and jitter.

The optimum DAC settings for Ibm, Imd, IF“, and Tekw
are, then calculated for each allowed temperature and aging
time point and written to the nonvolatile memory 130. The
nonvolatile memory (e.g., an EEPROM) 130 stores all of the
DAC settings for I,,,.,,,, Imd, I M, and Tpkw, referenced by
temperature and aging time point. These addressable DAC
settings are then used to program each VCSEL’s current
drive waveform during operation. For example, the I,,,~,,,
DAC register stores a number from 0 to 2” (for an M bit
DAC), which is used to generate a voltage V,,,-,,, on the DAC
output. Vb,“ is used by the drive waveform shaping circuit
238 to set the lb,“ parameter of the VCSEL drive current

waveform. Similarly, V,,,,,,,,, Vpkw, and VIM are generated bythe other DACs.

In step 508, DAC settings for each channel are optimized
at each temperature and aging point. The DACs 234 are used
to convert the drive parameters into an analog signals that
are utilized by the drive waveform shaping circuit (DWSC)
238 to generate the drive waveforms.

In one embodiment, the DACs 234 me integrated into the
laser driver 100 and are M bits wide. The number of bits M

is chosen to provide adequate resolution for each of the
parameters. For example, M may be chosen to be 6 bits for
typical implementations.

In step 512, an aging counter divisor (D) is selected. In
step 520, the DAC settings (i.e., drive parameters) are
downloaded into the non-volatile memory from a test
system, for example. The DAC settings are stored in such a
manner as to allow the retrieval of the DAC settings by
aging count, temperature, channel number, and DAC num-
ber (i.e., the DAC settings in the non-volatile memory are
addressable by aging count, temperature, channel number,
and DAC number).

In step 530, the aging counter is started. In step 540, drive
parameters are loaded ir1to the drive registers (210, 214, 218,
and 224) from the non-volatile memory 130 upon a prede-
termined condition. The predetermined condition can be, but
is not limited to, the passage of time (e.g., every 30
milliseconds) or an interrupt for an aging time point. It is
noted that step 540 occurs during the operation of the
transmitter module 90.

In step 550, the temperature of the laser driver integrated
circuit is measured by the temperature measurement block
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(TMB) 334. In step 554, the measured temperature is
converted into a digital form (e.g., a digitalfitemp signal)
and provided to the controller 200. In step 560, the controller
200 employs the measured temperature as one of the input
parameters in a subsequent DAC register write cycle for
updating the drive parameter registers (210, 214, 218, and
224 .

Iri step 570, the controller 200 updates a read address for
retrieving values for the drive parameters. Processing then
proceeds to step 540 where the drive parameter registers are
written with values read from the non-volatile memory 130
at the address that may be modified in step 570.

Handling Unsafe Current Conditions
FIG. 6 is a flowchart illustrating the steps performed by

the laser driver 100 of FIG. 1 to detect and manage unsafe
current conditions according to one embodiment of the
present invention. After step 520 of FIG. 5, the steps,
described below for detecting and managing unsafe current
conditions are performed. In step 610, the current flowing
through each VCSEL is measured. In decision block 620, a
determination is made whether the measured current is

greater than a predetermined safe current. When the mea-
sured current is greater than a predetermined safe current,
the output current of the laser driver 100 is maintained at a
constant minimum current equal to a minimum lb,-as plus a
minimum Imd. Otherwise, when the measured current is not
greater than a predetermined safe current, processing loops
back to step 610.

In decision block 640, a determination is made whether a
valid restart signal (e.g., a tx_enable signal) has been
received by the laser driver 100. When a valid restart signal
(e.g., a tx_enable signal) has been received by the laser
driver 100, the processing proceeds to step 650. In step 650,
the TMB 334 and the age register 280 are employed to
generate an address based on a temperature value and age
value. As noted previously, the nonvolatile memory 130 is
addressable by aging count, temperature, channel number,
and DAC number. Processing then proceeds to step 540 of
FIG. 5, where the drive parameter registers are loaded with
the values read from the non-volatile memory 130.

Otherwise, when a valid restart signal (e.g., a Tx__enable
signal) has not been received by the laser driver 100, the
processing proceeds to step 630 where the laser driver 100
remains in the minimum output current state.

The digital control method and apparatus for driving
semiconductor lasers of the present invention has been
described in connection with a VCSEL array. However, it is
noted that the digital control method and apparatus for
driving semiconductor lasers is useful for other applications
whenever drive current is needed for driving any type of
semi-conductor laser. The digital control method and appa-
ratus for semiconductor lasers of the present invention are
especially useful for applications that have temperature
fluctuations across array elements, and yet require an even
performance across elements in the array. The digital control
method and apparatus for semiconductor lasers of the
present invention are also useful for applications whose light
output tends to degrade over its operating life. The digital
control method and apparatus for semiconductor lasers of
the present invention are especially useful for applications
that can benefit from programming of AC parameters.

In the foregoing specification, the invention has been
described with reference to specific embodiments thereof. It
will, however, be evident that various modifications and
changes may be made thereto without departing from the
broader scope of the invention. The specification and draw-
ings are, accordingly, to be regarded in an illustrative rather
than a restrictive sense.
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What is claimed is:

1. An optical transmitter comprising:
an array having at least one semiconductor laser;

a memory for storing a plurality of drive waveform
parameters;

a driver circuit, coupled to the memory and the array, for
receiving data signals and at least one drive waveform
parameter, and responsive thereto, for generating at
least one drive waveform to drive the semiconductor

laser; wherein the drive waveform includes a negative
peak portion;

wherein the drive waveform parameters includes at least
one parameter for afiecting the negative peak portion of
the drive waveform.

2. The optical transmitter of claim 1 wherein the array
includes a plurality of semiconductor lasers, each of the
plurality of semiconductors lasers associated with its own
set of drive waveform parameters;

wherein the driver circuit generates an individual drive
waveform for each semiconductor laser based on the

set of drive waveform parameters associated with that
semiconductor laser increasing the uniformity in the
resulting optical waveforms of the semiconductor
lasers; and

wherein the driver circuit updates at least one drive
' waveform parameter during the operation of the trans-

mitter based on one of an aging factor of the array and
a temperature factor of the array and generates an
updated drive waveform based on the updated drive
waveform parameter.

3. The optical transmitter of claim 1 wherein the memory
stores the dc properties and the ac properties for each
semiconductor laser in the array for different age factors and
temperature factors; and wherein the driver circuit generates
a drive waveform for each semiconductor laser based on the

dc properties and ac properties for that semiconductor laser.
4. The optical transmitter of claim 1 wherein the driver

circuit includes an integrated digital controller and a tem-
perature sensor for sensing the temperature of the driver
circuit; and wherein the integrated digital controller selec-
tively updates the drive waveform parameters based on the
temperature of the driver circuit.

5. The optical transmitter of claim 1 wherein the driver
circuit includes and integrated digital controller having a
timer function for periodically adjusting at least one drive
waveform parameter to compensate for aging of the semi-
conductor laser.

6. The optical transmitter of claim 1 wherein the array
includes a 1xN array semiconductor lasers.

7. The optical transmitter of claim 6 wherein the semi-
conductor laser is a vertical cavity emitting laser (VCSEL).

8. A laser driver for generating drive waveforms that
drives an array having at least one semiconductor laser
comprising:

a storage for storing aplurality of drive Waveform param-
eters;

a digital controller coupled to the storage for initially
accessing a first set of drive waveform parameters that
correspond to a first semiconductor laser and subse-
quently accessing the storage for other sets of drive
waveform parameters corresponding to the first semi-
conductor laser based on one of an age factor and a
temperature factor; and

a waveform shaping circuit coupled to the digital con-
troller for receiving the set of drive waveform param-
eters and responsive thereto for generating a drive
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waveform that is dependent on the set of drive wave-
form parameters; wherein the waveform includes a
negative peaking portion; and wherein the drive wave-
form parameters includes at least one parameter for
aflecting the negative peaking portion of the drive
waveform.

9. The laser driver of claim 8 further comprising:

an aging compensation mechanism for monitoring the age
of the laser and for providing an age factor for use in
selecting a set of drive waveform parameters from the
storage to be utilized in generating a drive waveform
that compensates for the aging of the laser.

10. The laser driver of claim 8 further comprising:

a temperature compensation mechanism for monitoring
the temperature of the driver and for providing a
temperature factor for use in selecting a set of drive
waveform parameters from the storage to be utilized in
generating a drive waveform that compensates for the
changes in temperature of the laser.

11. The laser driver of claim 8 wherein the drive wave-

form parameters includes

at least one dc parameter and at least one ac parameter.
12. The laser driver of claim 8 wherein the drive wave-

form parameters associated with the drive waveform include
one of

bias current, modulation current, negative peaking depth,
and negative peaking duration.

13. The laser driver of claim 8 further comprising:

a digital to analog converter for receiving the drive
waveform parameters in digital form and responsive
thereto for generating corresponding drive waveform
parameters in analog form; and

wherein the drive waveform parameters in analog form
are provided to the waveform shaping circuit.

14. The laser driver of claim 8 wherein the laser driver is

suitable for driving a single vertical cavity surface emitting
laser (VCSEL) or an array of vertical cavity surface emitting
lasers (VCSEI_s).

15. A method for providing a drive waveform that
includes ac characteristics for at least one semiconductor

laser in a laser driver, the laser driver including an integrated
digital controller and a storage for storing'a plurality of drive
waveform parameters, the method comprising the steps of:

employing the digital controller to access from the storage
a first set of drive waveform parameters for a first laser;
and

generating a drive waveform for driving the first laser
based on the first set of waveform parameters;

employing the digital controller to access from the storage
a second set of drive waveform parameters during the
operation of the laser driver based on one of a tem-
perature factor and an aging factor; and

generating an updated drive waveform for driving the first
laser based on the second set of drive waveform

parameters;
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wherein the waveform includes a negative peaking por-
tion; and

wherein the drive waveform parameters includes at least
one parameter for aflfecting the negative peaking por-
tion of the drive waveform.

16. The method of claim 15 wherein the drive waveform

parameters in the storage are organized by laser, temperature
factor, and age factor; and wherein adjusting the parameter
during the operation of the laser driver includes retrieving at
least one updated drive waveform parameter from the stor-
age based on the operating temperature of the semiconductor
laser.

17. The method of claim 15 wherein the drive waveform

parameters in the storage are organized by laser, temperature
factor, and age factor; and wherein adjusting the parameter
during the operation of the laser driver includes periodically
retrieving at least one updated drive waveform parameter
from the storage based on the age of the semiconductor laser.

18. The method of claim 15 wherein employing the digital
controller to access from the storage a first set drive wave-
form parameters for a first laser includes one of:

prior to operation of the first laser,
digital programming of a bias current parameter;
digital programming of a modulation current param-

' eter;

digital programming of a negative peaking depth
parameter during an optical one to optical zero
transition; and

digital programming of a negative peaking duration
parameter during an optical one to optical zero
transition.

19. The method of claim 15 wherein employing the digital
controller to access from the storage a second set of drive
waveform parameters during the operation of the laser driver
based on one of a temperature factor and an aging factor
includes one of:

digital programming of an updated bias current param-
eter;

digital programming of an updated modulation current
parameter;

digital programming of an updated negative peaking
depth parameter during an optical one to optical zero
transition; and

digital programming of an updated negative peaking
duration parameter during an optical one to optical zero
transition.

20. The optical transmitter of claim 1 wherein the drive
waveform parameters include a bias current parameter, a
modulation current paramerer, a negative peaking depth
paramerer, and a negative peaking duration parameter for
each semiconductor laser in the array.
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A laser driver for generating drive waveforms that are suit-
able for driving a single VCSEL or an array of VCSELS. A
digital controller is integrated into the laser driver and is
utilized to initially program and selectively adjust during the
operation of the driver one or more of the following VCSEL
drive waveform parameters: (1) bias current, (2) modulation
current, (3) negative peaking depth, and (4) negative peaking
duration. The laser driver has an aging compensation mecha-
nism for monitoring the age of the laser and for selectively
adju'sting the dc and ac parameters of the VCSEL drive
waveform to compensate for the aging of the laser. The laser
driver also has a temperature compensation mechanism for
monitoring the temperature of the driver IC and selectively
adjusting the do and ac parameters of the VCSEL drive
waveform to compensate for the changes in temperature.
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EX PARTE

REEXAMINATION CERTIFICATE

ISSUED UNDER 35 U.S.C. 307

THE PATENT IS HEREBY AMENDED AS
INDICATED BELOW.

Matter enclosed in heavy brackets [ ] appeared in the
patent, but has been deleted and is no longer a part of the
patent; matter printed in italics indicates additions made
to the patent.

AS A RESULT OF REEXAMINATION, IT HAS BEEN
DETERMINED THAT:

Claims 1, 5, 6, 8, 11, 15, 18 and 20 are determined to be
patentable as amended.

Claims 2-4, 7, 9-10, 12-14, 16-17 and 19, dependent on an
amended claim, are determined to be patentable.

New claims 21, 22, 23 and 24 are added and determined to
be patentable.

1. An optical transmitter comprising:
an array having at least one semiconductor laser;
a memory for storing a plurality of drive waveform

parameters;

a driver circuit, coupled to the memory and the array, for
receiving data signals and at least one drive waveform
parameter, and responsive thereto, for generating at
least one drive waveform to drive the semiconductor

laser;

wherein the drive waveform includes a negative peak por-
tion;

wherein the drive waveform parameters [includes] include
at least one parameter for affecting the negative peak
portion of the drive waveform.

5. The optical transmitter of claim 1 wherein the driver
circuit includes [and] an integrated digital controller having
a timer function for periodically adjusting at least one drive
waveform parameter to compensate for aging of the semi-
conductor laser.

6. The optical transmitter of claim 1 wherein the array
includes a 1><N array ofsemiconductor lasers.

8. A laser driver for generating drive waveforms that
drives an array having at least one semiconductor laser com-
prising:

a storage for storing a plurality of drive waveform param-
eters;

a digital controller coupled to the storage for initially
accessing a first set of drive waveform parameters that
correspond to a first semiconductor laser and subse-
quently accessing the storage for other sets of drive
waveform parameters corresponding to the first semi-
conductor laser based on one of an age factor and a
temperature factor; and

a waveform shaping circuit coupled to the digital control-
ler for receiving the set of drive waveform parameters
and responsive thereto for generating a drive waveform
that is dependent on the set drive waveform parameters;

wherein the waveform includes a negative peaking por-
tion; and

wherein the drive waveform parameters [includes] include
at least one parameter for affecting the negative peak-
ing portion of the drive waveform.
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2
11. The laser driver of claim 8 wherein the drive wave-

form parameters [includes] include at least one dc parameter
and at least one ac parameter.

15. A method for providing drive waveform that includes
ac characteristics for at least one semiconductor laser in a

laser driver, the driver including an integrated digital con-
troller and a storage for storing a plurality ofdrive waveform
parameters, the method comprising the steps of:

employing the digital controller to access from the storage
a first set ofdrive waveform parameters for a first laser;
[and]

generating a drive waveform for driving the first laser
based on the first set of waveform parameters;

employing the digital controller to access from the storage
a second set of drive waveform parameters during the
operation of the laser driver based on one of a tempera-
ture factor and an aging factor; and

generating an updated drive waveform for driving the first
laser based on the second set of drive waveform param-
eters;

wherein the waveform includes a negative peaking por-
tion; and

wherein the drive waveform parameters [includes] include
at least one parameter for affecting the negative peak-

, ing portion of the drive waveform.
18. The method of claim 16 wherein employing the digital

controller to access from the storage a first set ofdrive wave-
form parameters for the first laser includes one of:

prior to operation ofthe first laser, digital programming of
a bias current parameter;

digital programming of a modulation current parameter;

digital prograrruning of a negative peaking depth param-
eter during an optical one to optical zero transition; and

digital programming of a negative peaking duration
parameter during an optical one to optical zero transi-
tion.

20. The optical transmitter of claim 1 wherein the drive
waveform parameters include a bias current parameter, a
modulation current [paramerer] parameter, a negative peak-
ing depth [paramerer] parameter, and a negative peaking
duration parameter for each semiconductor laser in the array.

21. An optical transmitter comprising:

an array having at least one semiconductor laser;

a memory for storing a plurality of drive waveform
parameters;

a driver circuit, coupled to the memory and the array, for
receiving a data signal and at least one drive waveform
parameter; and responsive thereto, for generating at
least one drive waveform to drive the semiconductor
laser;

wherein the drive waveform includes a negative peakpor-
tion generated by applying a negative peaking current
transient to the data signal during a falling edge ofa
transition from logic one to logic zero in the data
signal, such that the negative peakportion has a dura-
tion that is shorter than the duration of its associated
data bit;

wherein the drive waveform parameters include at least
one parameterfinr afecting the negative peakportion of
the drive wavefinrm.

22. The optical transmitter ofclaim 21 wherein the driver
circuit generates the negative peaking current transient.

23. The optical transmitter ofclaim 22 wherein the driver
circuit generates the negative peaking current transient

Conv provided bv USPTO from the PIRS Image Database on 06/25/2012
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based on the at least one parameter afizcting the negative the drive waveform includes a negative peaking duration
peakingportion ofthe drive waveform. parameter and a negative peaking depth parameter

24. The optical transmitter of claim 23 wherein the at
least oneparameter afecting the negativepeakingportion of * * * * *
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EX PARTE

REEXAMINATION CERTIFICATE

ISSUED UNDER 35 U.S.C. 307

THE PATENT IS HEREBY AMENDED AS
INDICATED BELOW.

Matter enclosed in heavy brackets [ ] appeared in the
patent, but has been deleted and is no longer a part of the
patent; matter printed in italics indicates additions made
to the patent.

AS A RESULT OF REEXAMINATION, IT HAS BEEN
DETERMINED THAT:

Claims 1, 5, 6, 8, 11, 15, 18 and 20 are determined to be
patentable as amended.

Claims 2-4, 7, 9-10, 12-14, 16-17 and 19, dependent on an
amended claim, are determined to be patentable.

New claims 21, 22, 23 and 24 are added and determined to
be patentable.

1. An optical transmitter comprising:
an array having at least one semiconductor laser;
a memory for storing a plurality of drive waveform

parameters;

a driver circuit, coupled to the memory and the array, for
receiving data signals and at least one drive waveform
parameter, and responsive thereto, for generating at
least one drive waveform to drive the semiconductor

laser;

wherein the drive waveform includes a negative peak por-
tion;

wherein the drive waveform parameters [includes] include
at least one parameter for affecting the negative peak
portion of the drive waveform.

5. The optical transmitter of claim 1 wherein the driver
circuit includes [and] an integrated digital controller having
a timer function for periodically adjusting at least one drive
waveform parameter to compensate for aging of the semi-
conductor laser.

6. The optical transmitter of claim 1 wherein the array
includes a 1><N array ofsemiconductor lasers.

8. A laser driver for generating drive waveforms that
drives an array having at least one semiconductor laser com-
prising:

a storage for storing a plurality of drive waveform param-
eters;

a digital controller coupled to the storage for initially
accessing a first set of drive waveform parameters that
correspond to a first semiconductor laser and subse-
quently accessing the storage for other sets of drive
waveform parameters corresponding to the first semi-
conductor laser based on one of an age factor and a
temperature factor; and

a waveform shaping circuit coupled to the digital control-
ler for receiving the set of drive waveform parameters
and responsive thereto for generating a drive waveform
that is dependent on the set drive waveform parameters;

wherein the waveform includes a negative peaking por-
tion; and

wherein the drive waveform parameters [includes] include
at least one parameter for affecting the negative peak-
ing portion of the drive waveform.
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2
11. The laser driver of claim 8 wherein the drive wave-

form parameters [includes] include at least one do parameter
and at least one ac parameter.

15. A method for providing drive waveform that includes
ac characteristics for at least one semiconductor laser in a

laser driver, the driver including an integrated digital con-
troller and a storage for storing a plurality of drive waveform
parameters, the method comprising the steps of:

employing the digital controller to access from the storage
a first set of drive waveform parameters for a first laser;
[and]

generating a drive waveform for driving the first laser
based on the first set of waveform parameters;

employing the digital controller to access from the storage
a second set of drive waveform parameters during the
operation of the laser driver based on one of a tempera-
ture factor and an aging factor; and

generating an updated drive waveform for driving the first
laser based on the second set of drive waveform param-
eters;

wherein the waveform includes a negative peaking por-
tion; and

wherein the drive waveform parameters [includes] include
at least one parameter for affecting the negative peak-
ing portion of the drive waveform.

18. The method of claim 16 wherein employing the digital
controller to access from the storage a first set ofdrive wave-
form parameters for the first laser includes one of:

prior to operation of the first laser, digital programming of
a bias current parameter;

digital programming of a modulation current parameter;

digital programming of a negative peaking depth param-
eter during an optical one to optical zero transition; and

digital programming of a negative peaking duration
parameter during an optical one to optical zero transi-
tion.

20. The optical transmitter of claim 1 wherein the drive
waveform parameters include a bias current parameter, a
modulation current [paramerer] parameter, a negative peak-
ing depth [paramerer] parameter, and a negative peaking
duration parameter for each semiconductor laser in the array.

2]. An optical transmitter comprising:

an array having at least one semiconductor laser;

a memory for storing a plurality of drive waveform
parameters;

a driver circuit, coupled to the memory and the array, for
receiving a data signal and at least one drive waveform
parameter, and responsive thereto, for generating at
least one drive waveform to drive the semiconductor
laser;

wherein the drive waveform includes a negative peakpor-
tion generated by applying a negative peaking current
transient to the data signal during afalling edge ofa
transition from logic one to logic zero in the data
signal, such that the negative peakportion has a dura-
tion that is shorter than the duration of its associated
data bit;

wherein the drive waveform parameters include at least
one parameterfor a“/fecting the negative peakportion of
the drive waveform.

22. The optical transmitter ofclaim 2] wherein the driver
circuit generates the negative peaking current transient.

23. The optical transmitter ofclaim 22 wherein the driver
circuit generates the negative peaking current transient
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based on the at least one parameter aflecting the negative the drive waveform includes a negative peaking duration
peaking portion ofthe drive waveform. parameter and a negative peaking depth parameter

24. The optical transmitter of claim 23 wherein the at
least oneparameter aflecting the negativepeakingportion of * * * * *



 
Data sheet entitled ‘S7011 1.0/1.25 Gbps 

VCSEL Driver’, Revision 3, Jun. 7, 1999, by 
Applied Micro Circuits Corporation (AMCC) of 

San Diego, California. 
 

The certified file history of U.S. Patent No. 
6,947,456 does not contain this cited reference, 
and Complainants have been unable to locate it 

after a diligent search. 
 



US 20020064193A1

(19) United States
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(54) HIGH-SPEED LASER ARRAY DRIVER (57) ABSTRACT

(76) Inventors: Nelson Diaz, Westminster, CO (US);
Michad [)udck_ Bmomfield’ (:0 (Us); Amcthod and apparatus for driving lasers. An example laser
Cm-| Embry, Broomfigfid’ CO (US) driving system includes a laser current controller for pro-

viding a modulation signal and a bias signal. The modulation
Correspondence Address: signal and bias signal is used by a plurality of high—speed
CHRISTIE: PARKER & HALE, LLP current drivers that accept the modulation signal and the bias
350 WEST COLORADO BOULEVARD signal and produce a plurality of laser drive signals. The
SUlTE 500 example system also has a disable input that disconnects
PASADENA’ CA 91105 (US) power from a high-speed current driver when the high-speed

current driver is not in use. The exemplary system develops
(21) APP" N°‘ "9/990771 the modulation and bias signals by feeding back a signal

- , developed from detection of laser light from one of the lasers
(22) Filed N0“ 21’ 200] driven by the system. The laser may be a data laser or a

Related U_S_ Application Dam control laser that is modulated by a signal having a lower
frequency than the data lasers. If a control laser is used then

(63) Non_pmvisiona1 of provisional application No_ the photodetector circuit used for feedback can have a lower

  
 
 

60/252,838, filed on Nov. 22, 2000. frequency response because of the lower frequency of the
control laser signal. The photodetector system may also

Publiflon Clagificatjon employ a peak detector capacitor discharge circuit where a
large capacitance is simulated by having the capacitor dis-

(51) Int. Cl.7 ....................................................... H01S 3/10 charge through the base of a transistor have a current source
(52) in the emitter circuit.
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HIGH-SPEED LASER ARRAY DRIVER

CROSS-REFERENCE TO RELATED

APPLlCATlON(S)

[0001] The present application claims the priority of U.S.
Provisional Application No. 60/$2,838 entitled “High-
speed Laser Array Driver,” filed Nov. 22, 2000, the contents
of which are fully incorporated by reference herein.

FIELD OF THE INVENTION

[0002] The present invention relates most generally to the
field of optical transmission of information. More particu-
larly, the present invention relates toan integrated circuit
apparatus and method for driving lasers to maintain desired
optical of lasers while reducing power consumption.

BACKGROUND OF THE DISCLOSURE

[0003] In the field of telecommunications, lasers such as
vertical cavity surface emitting lasers (VCSEIS) and other
opto-electronic devices are commonly used for the trans-
mission of information along optical fibers and the like.
VCSEIS, in particular are especially desirable in today’s
optical communication systems because they are eflicient,
small in size, readily assembled into arrays, and easy to
manufacture.

[0004] Within optical communication systems utilizing
VCSEIs or other lasers, it is often desirable to control the
parameters of the optical data signal being transmitted. For
example, it is often desirable to control average power and
amplitude of the signal. If the average power P“, is main-
tained properly, the laser may be modulated about the
average power bias point at a modulation level necessary to

achieve desired high and low light output power levels, PughandPlaw‘

[0005] An optical modulation amplitude (OMA) and an
extinction ratio (ER) of the laser, defined as Phigh-Plow and
Pmgh/Plow, respectively, is commonly maintained within
predetermined limiting values to maintain desired optical
signal integrity. The limit values commonly are per speci-
fication such as the Synchronous Optical NETwork
(SONET) or Gigabit Ethemet specification, or any other
specification that the system is designed to meet.

[0006] Therefore, in order to obtain reliable and repeatable
results in many fiber optic transmission applications, it is
desirable to maintain both the average signal power and the
OMA (or ER) within predetermined limit values. Unfortu-
nately, laser characteristics change during the operation of
the laser. In particular, as a laser such as a VCSEL is used
to transmit optical data, the temperature of the operating
laser and the environment which contains it, typically tends
to increase, which may degrade laser performance. The
OMA also changes as the temperature of the operating
environment changes, and the change of the OMA with
temperature is typically dependent on the particular laser
used and the age of the particular laser. For example slope
cfliciency, a measure of optical output per current used to
drive the laser, of the lasers may change due to temperature
and age of the lasers. Automatic power control may be used
to ameliorate these problems. Automatic power control is
also used to account for laser threshold changes.

[0007] Similar to many other electronic systems, it is
desirable to limit the power used by the laser drivers to drive
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the lasers. The limiting of the power used by the laser drivers
to drive lasers result in reduction to power requirements and
also reduces heat dissipation. Due to the reduced heat
dissipation, the reduction in power requirements may also
result in improvement of the laser performance due to
reduced increase in temperature.

SUMMARY OF EMBODIMENTS OF THE
INVENTION

[0008] In one embodiment of the present invention, a
power down feature is provided to disable one or more
unused lasers so as to reduce power dissipation.

[0009] In another embodiment, a dual feedback system is
used to provide feedback signals for the adjustment of
modulation and bias currents delivered to a single laser or
each laser in a laser array through the respective laser
drivers. In this manner, the dual feedback system may be
used to maintain average optical power and Optical Modu-
lation Amplitude (OMA) within predetermined limit values.
The feedback signals may be provided by one of the data
lasers or by an additional control laser that operates at a
lower frequency than the data lasers.

[0010] In yet another embodiment of the present inven-
tion, a transistor base leakage is used to emulate a large
resistance element to result in a long time constant without
the use of a large capacitor or large resistance.

[0011] In yet another embodiment of the present inven-
tion, a split power supply is provided to provide a lower
supply voltage to a portion of a circuit, thus reducing power
consumption of the overall circuit.

[0012] In yet another embodiment of the present inven-
tion, a low olf-voltage is selected for a laser driver for
driving longwave VCSELS.

[0013] In yet another embodiment of the present inven-
tion, feedback is used to reduce baseline wander and Inter

Symbol Interference (ISI) that are produced by a low fre-
quency dip appearing in the frequency response observed
when using a PNP current source in conjunction with an
NPN differential stage to drive a laser. A feedback resistor is
employed in the PNP current mirror to substantially flatten
the dip present in the frequency response.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The present invention will be better understood
fiom the following detailed description, when read in con-
junction with the accompanying drawings. It is emphasized
that, according to common practice, the various features of
the drawings are not to-scale. On the contrary, the dimen-
sions of the various features are arbitrarily expanded or
reduced for clarity. Included in the drawings are the follow-
ing figures:

[0015] FIG. 1 is a generalized schematic laser driver array
block diagram;

[0016] FIG. 2 is a generalized schematic block diagram
showing an integrated circuit with laser power down feature;

[0017] FIG. 3 is a generalized schematic block diagram
showing lmod and lb,” adjustment currents generated using a
photodiode, peak detector and a average power circuit;
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[0018] FIG. 4 is a combination circuit and block diagram
showing the dual feedback loop in an embodiment of the
present invention;

[0019] FIG. 5 is a block diagram illustrating another laser
feedback looptembodiment of the present invention;

[0020] FIG. 6 is a block diagram illustrating yet another
laser feedback loop according to an embodiment of the
present invention;

[0021] FIGS. 7A, 7B and 7C are graphical diagrams
illustrating the effect of pholodiode capacitance on a
received optical signal;

[0022] FIG. 8 is a graphical illustration of the accumula-
tion of charge in an optical detector with respect to the data
pattem received;

[0023] FIG. 9 is a generalized schematic block diagram of
input circuitry of a peak-to-peak detector, which includes
transistors configured to result in a sufliciently long dis-
charge time;

[0024] FIG. 10 is a generalized schematic block diagram
showing a dual power supply according an embodiment of
the present invention;

[0025] FIG. 11 is a simplified circuit diagram of a low
ofl‘-voltage laser driver for longwave VCSEIs according to
an embodiment of the invention;

[0026] FIGS. 12A and 12B are graphical illustrations of
pulse shaping and baseline wander problems as may be
caused by a low frequency dip.

[0027] FIGS. 13A and 13B are schematic diagrams illus-
trating the use of feedback in a PNP current mirror source to
reduce baseline wander and IS] according to one embodi-
ment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

[0028] 1. Overview

[0029] One embodiment of the present invention provides
an apparatus and method to control both the average power
and optical modulation amplitude (OMA) of laser signals
driven by an array of laser drivers. The apparatus and
method may be used to drive a single laser using a single
laser driver or an array of lasers. The laser drivers in such a
driver array may be integrated on a single integrated circuit.
Other embodiments of the present invention are directed to
providing power savings to the laser driver (or the laser
driver array in case of driving multiple lasers) and to
maintaining desired parameters of the optical output signals.
Embodiments of the present invention may be particularly
useful in high-speed applications, such as, for example, ones
having 2.5 GBPS (Giga Bits Per Second) data rates.
Embodiments of the present invention may also support
systems having lower or higher data rates than 2.5 GBPS. In
an exemplary embodiment, the lasers may be shortwave or
longwave VCSEI.s but it should be understood that embodi-
ments of the present invention also apply to other lasers,
such as, for example, edge emitting lasers.

[0030] FIG. 1 is a block diagram of a laser driver 100,
which may include one or more embodiments of the present
invention. The laser driver 100 may be implemented on a
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single integrated circuit chip, but may also be implemented
in two or more separate integrated circuit chips. The laser
driver 100 typically has an operating temperature range of
0-85 C., but it may operate at other temperatures as well. The
laser driver 100 may include one or more of the following
features which are descnbed in detail below: 1) Laser Power
Down Feature; 2) Dual Feedback Laser Driver Implemen-
tation for Use with Low Bandwidth Photodeteetors, using
either a control laser or a data laser for feedback; 3) Slow
Discharge Implementation by Use of Transistor Base Leak-
age; 4) Laser Driver Split Power Supply 25/33 Volt Fea-
ture; 5) Low Off-Voltage Laser Driver for Longwave
VCSEIs; and 6) Feedback to Reduce Baseline Wander and
Inter Symbol Interference (ISI) for Low Bandwidth PNPsource.

[0031] As shown, the laser driver 100 includes a differ-
ential data driver 102, a laser current controller 104 and a
high-speed current driver 106. It should be understood,
however, that the laser driver 100 as illustrated is exemplary
only, and the laserdriver 100 may include one or more other
components to perform laser driving functions in conjunc-
tion with the components illustrated in FIG. 1. For example,
‘the laser driver 100 may be used to drive a single laser or
multiple lasers, which may be organized into a laser array.
When the laser driver 100 is used to drive multiple lasers, for
example, the laser driver 100 may include multiple high-
speed current drivers, one for each of the multiple lasers.
However, even when multiple high-speed current drivers are
used, only one laser current controller need be used to
provide modulation and bias cunents to the multiple high-
speed current drivers. By avoiding duplication of the cir-
cuitry for overhead functions that may be implemented in a
single circuit, e.g., the laser current controller, additional
power savings may be realized.

[0032] To provide the modulation and bias currents to the
high-speed current driver 106, the laser current controller
104 receives a set bias current (Set lbw) signal and a set
modulation current (Set Imod) signal. The laser driver 100
may work in an open loop mode where the set bias current
signal and the set modulation current signal are used to set
bias and modulation currents, respectively. The set bias
current signal may be used to set the bias current, for
example, to 4 mA or 6 mA. The set modulation current
signal may be used to set the modulation current.

[0033] In one embodiment of the present invention, the
laser driver array may also work in a feedback loop mode,
which may also be referred to as an automatic power control
(APC) mode, to adjust the modulation and bias currents.
Upon assertion of an APC enable signal received by the laser
current controller 104, the laser driver 100 may operate in
the feedback mode in which the modulation and bias cur-

rents are adjusted based on one or more feedback signals
(not shown).

[0034] The high-speed current driver 106 receives diller-
ential data signals, DIN and DINB from the dilferential data
driver 102, and converts them into an appropriate current
signal, using the bias and modulation currents, to drive the
corresponding laser. A single-ended driver may be used
instead of the differential driver in some embodiments.

When multiple high-speed current drivers are used to drive
multiple lasers, multiple dilferential data drivers provide
dilferential data signals to the multiple high-speed current
drivers.
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[0035] The laser driver 100 may further includes a disable
feature using a disable signal to disable the laser when the
laser is not used, further reducing power consumption. The
disable signal may be provided to the high-speed current
driver 106. When the laser driver includes a laser driver

array implemented on a single integrated circuit chip to
drive multiple lasers, the disable feature allows the laser
driver to selectively drive lasers, in an array of lasers,
separately. If the integrated circuit is designed to drive 12
VCSELS, for example, a quad disable signal may be used to
turn olf four of the laser drivers, allowing the integrated
circuit to drive an array of 8 VCSEI.s. The capability to turn
off one or more laser drivers may be refened to as an IC laser
power down feature, or as a laser power down feature.

[0036] II. Laser Power Down Feature

[0037] One embodiment the present invention includes a
laser driver array for driving a laser array in the present
includes a power down feature as illustrated in FIG. 2. The
power down feature is typically implemented in an inte-
grated circuit that includes a laser driver array. The laser
driver array 2% includes a first laser driver control circuit
204 and a second laser driver control circuit 206. The laser

driver array 200 also includes a power down select switch
202. The first laser driver control circuit drives, by providing
lb,“ and Imd currents, lasers 1-8 represented by a laser 208.
Similarly the second laser driver control circuit drives, by
providing lb,” and Inn, currents, lasers 9-12 represented by
a laser 210.

[0038] The first laser driver control circuit 204 is coupled
directly to a power supply voltage Vec. However, the second
laser driver control circuit 206 is coupled to the power
supply voltage Vcc via a power down select switch 202. A
power down select signal is provided to the power down
select switch to open and close the switch 202. When the
switch is closed, the power supply voltage Vcc is provided
to the second laser driver control circuit, allowing it to drive
four lasers, lasers 9-12, in addition to the lasers 1-8. When
the switch is open, however, the second laser driver control
circuit is not powered. With this option for controlling power
to one or more laser drivers, power may be saved while less
than all the laser drivers in the laser driver array are needed
to meet laser driving needs for low power dissipation
applications. At the same time, availability of the additional
laser driving capability allows for a flexible design so that a
single IC design may be used for multiple applications.

[0039] In the laser driver array 200, there are total of
twelve laser drivers, four of which may be turned off and on
with the power down select switch. In other embodiments,
there may be more or less than twelve laser drivers in the
laser driver array. In addition, the number of lasers that may
be switched off and on may be different. For example, the
laser driver array may include eight, twelve or any other
suitable number of laser drivers. Further, other embodiments
may include more than one power down select switch to
switch more than one group of laser drivers on and otf.

[0040] The laser power down feature may be applied to
various different types of laser drivers including but not
limited to longwave VCL (vertical cavity laser) array driv-
ers, shortwave VCL array drivers and edge emitting laser
array drivers. In many system applications, use of a single
part rather than multiple different parts having different
number of laser drivers in the laser driver array may result
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in cost reduction and reduction of manufacturing process
needs due to production of greater volume for a single part.

[0041] III. Dual Feedback Laser Driver Implementation
for Use with Low Bandwidth Photodetectors

[0042] Bias and modulation currents lb,“ and lmd are
typically fed to a single laser driver to drive a single laser or
to multiple laser drivers to drive multiple lasers. The bias
current lb,” given a constant modulation current, will affect
the average power, Pwe, of the optical signal emitted by the
laser. The modulation current lmd typically modulates the
optical power signal above and below the average power
level to provide peak-to-peak amplitude. It is often desirable
to maintain an average power Pave as well as optical modu-

lation amplitude (OMA), typically defined as Pugh-Plow, or
extinction ratio (ER) of the laser, typically defined as Phighl
Plow, within predetermined limit values in order to insure
proper operating parameters. It should be understood that
when OMA falls within the predefined range, in accordance
with relevant specifications, for example, ER commonly
also falls within an acceptable range, since the OMAand ER
are related to one another.

[0043] As the operating temperature of the laser increases,
the slope elficiency, typically defined as the laser cun'ent-
to-opfical power ratio, commonly decreases. As the tem-
perature of the environment including the laser increases, the
bias current needed to produce a given average optical
power typically also changes. Specifically, the slope of the
laser current-to-optical power ratio decreases, and more
current is typically used to produce a given change in optical
power. Furthermore, the change in slope as a function of
temperature varies from laser to laser, and the slope for a
given laser varies with the age of the laser.

[0044] In one embodiment of the present invention, lb,“
and Imod currents are adjusted using dual feedback loops,
one for each of the [bin and lmm, currents, to maintain laser
power within predetermined limit values to compensate for
changes to laser characteristics due to such factors as the
operating temperature and the age of the laser. FIG. 3 is a
generalized schematic block diagram showing a laser signal
250 sensed by a photodetector 252 which may be a photo-
diode. The terms photodiode and photodetector may gener-
ally be used interchangeably. FIG. 3 illustrates the general
principle used for adjustment of the lb,“ and Imod currents
using the feedback loops.

[0045] The signal from the photodetector is fed to a circuit
254, which includes a peak-to-peak detector 256, and an
average power detector 258. The peak—to-peak detector and
the average power detector are used in their respective
feedback loop to adjust the modulation current lmod and the
bias current IN“, respectively. In this scheme, the laser
signal 250 is the output of the laser that is being adjusted by
the adjustments to the lb,” and Imd (mrrents. Therefore, the
laser signal in this circuit is fed back into the circuit to make
the laser output power adjustment. In embodiments of the
present invention, use of the dual feedback loops to adjust
die laser output power may also be referred to as an
Automatic Power Control (APC) and Automatie Modulation
Control (AMC).

[0046] FIG. 4 is a circuit/block diagram showing a dual
feedback loop in one embodiment of the present invention.
In the embodiment shown in FIG. 4, a laser driver array 300
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is implemented on a single integrated circuit (IC). In other
embodiments, more than one integrated circuit may be used
to implement the laser driver array. In still other embodi-
ments, the dual feedback loop may be used with only a
single laser driver for driving a single laser.

[0047] The laser driver array 300 includes laser drivers
324. The laser drivers 324 include twelve laser drivers for

VCSEL 01 through VCSEL 12. The twelve laser drivers in
the laser driver array 324 may be referred to as data laser
drivers for VCSEL 01 through VCSEL 12. The laser driver
array also includes a 13"‘ laser driver 328, which is used as
a control laser driver for VCSEL 13. VCSEL 13 is referred
to as a control VCSEL or as an extra VCSEL.

[0048] In the laser drivers 324 of FIG. 4, the 13”‘ laser
driver 328 is a control laser driver, however, in practice, any
one of the twelve laser drivers in the laser drivers 324 may
be used as a control laser driver. The lasers, which may be
driven, are not limited to VCSEIs, and in other embodi-
ments, other lasers such as edge emitting lasers may be used.
In still other embodiments, some or all of the laser drivers
may be external to the integrated circuit. Furthermore, the
thirteen VCSELS illustrated are intended to be exemplary
only and other numbers of data and total VCSELS may be
included in altemative embodiments. In some embodiments

data lasers may be used to provide feedback, thus eliminat-
ing the need for a control laser and a control laser driver.

[0049] The laser driver array 300 provides for Automatic
Power Control feedback or open loop operation and
the ability to switch between the two modes. The second
feedback mechanism is an automatic modulation contml

(AMC). The dual feedback control system is used to provide
an adjustment to both the bias current and the modulation
current fed to the laser drivers. The laser driver array 300
includes a bias feedback loop for adjusting the bias current
based on average optical power detection. The bias feedback

loop includes a bias feedback path 304. The laser_ driver
array 300 also includes a modulation feedback loop for
adjusting the modulation current based on peak-to-peak
detection. The modulation feedback loop includes a modu-
lation feedback path 302. A signal accumulation capacitor

Cit may be used to set the discharge time constant for the
peak-to-peak detector. The signal accumulation capacitor

C’ may be integrated with the integrated circuit 300, or it
may be implemented as an extemal capacitor.

[0050] Light emitted from either the control laser or one of
the data lasers is monitored using the photodetector 308 and
a transimpedence amplifier (TIA) 310. The TlA3l0 is used
in the modulation current feedback path to adjust the modu-
lation current Imd, while the amplifier 316 is used in the bias
feedback path to adjust the bias current lbw. According to
one exemplary embodiment, the laser driver for each of the
lasers within the array is included within an integrated
circuit. According to another exemplary embodiment, the
laser drivers may be extemal to the integrated circuit.

[0051] The bias and modulation currents, lb,“ and lmod,
respectively, are used to set the lasers at room temperature
and are programmed from a temperature stabilized voltage
reference. The lb,” and IN‘, currents may be adjusted
through the selection of one set resistor for all lasers in the
array. From the laser control, an adjusted bias current 332
and an adjusted modulation current 334 are generated, and
each is fed to each laser driver of the array of laser drivers

May 30, 2002

324 as well as the control laser driver 328. The photodetector
308 may be disposed in proximity to one of the data lasers
VCSEL 01 through VCSEL 12 or the control laser (VCSEL
13) depending on the exemplary embodiment used. More
particularly, the photodetector 308 may be configured to
absorb light emitted from the VCSEL that is situated proxi-
mately to the photodetector. FIG. 4 shows that the singular
detected bias and modulation currents are used to adjust the
IN“ and [mod signals 332 and 334 respectively, provided to
each of the VCSELS 01-13.

[0052] The laser driver array 300 of FIG. 4 is illustrated
as receiving two feedback lights, a data laser feedback light
and a control laser feedback light. Generally, only one of the
feedback lights may be implemented and used. For example,
one embodiment may use only the control laser feedback
while another embodiment may use only the data laser
feedback.

[0053] A. Use of Control Laser Feedback Loop

[0054] Conventional photodetectors used in feedback sys-
tems for optical communication systems typically have
capacitance that tends to slow down data detection, so that

P,“-sh and Plow may not be detected properly on a real-time
basis for high-speed optical communication systems. Thus,
laser drivers that use feedback for adjusting output optical
modulation amplitude generally use high-speed photodetec-
tors which are typically diflicult to assemble and costly to
manufacture. If a laser that is driven at a slower speed may
be used to provide feedback signal, slower photodetectors
may be used. The slower speed photodetectors are typically
easier to assembly and less costly to manufacture.

[0055] In this embodiment of the present invention, an
extra laser is used as a control laser to provide average
optical power and peak-to-peak information and to provide
for the adjustment of the modulation current and the bias
current delivered to each of the data laser drivers of the laser

driver array 324 to control the average optical power and
optical modulation amplitude (■

[0056] As illustrated in FIG. 4, a control laser driver
circuit 306 is used to drive the control laser, VCSEL 13. The
VCSEL 13 may have substantially the same operating
characteristics as those of the other VCSE[s of the array,
such as VCSEl.s formed on the same substrate. The control
laser driver circuit 306 includes a 100 MHZ oscillator 326

and the laser driver 328. The 100 M}Iz oscillator may
provide the modulation to the laser driver 328 to drive the
control laser. In other embodiments, the oscillation fre-
quency of the oscillator may be more or less than 100 MHz.
Since the oscillation frequency of 100 MHz is generally
much lower than the data rate commonly used in optical
communication systems, such as, for example, 2.5 GBPS
(Gigabits per second). Since the control laser operates at a
lower frequency photodetectors having lower fiequency
responses may be used.

[0057] FIG. 5 is a block diagram 500 illustrating an
arrangement of data lasers and a control laser in an exem-
plary laser array 502. In other embodiments, the control
laser may be used with varying numbers of data lasers,
including a single laser. The control laser in FIG. 5 is
illustrated as the 13”‘ laser, however the distinction is arbi-
trary and any laser may be used as the control laser. The
same [big and lmod currents, used to drive the data lasers
within the array, also drive the control laser.
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[0058] Depending on the laser used, any of a direct,
reflection, or rear exit feedback configuration may be used
for the photodetector and TIA arrangement to provide feed-
back as to the laser output power. For the case of the rear exit
feedback configuration, the optical power feedback is com-
monly proportional to the light from the primary emission.
For example, when edge emitting lasers or long wavelength
VCSELS emitting at 13 microns are used, the rear erdt
configuration may be used since light is transmitted out of
each of the opposing ends of the laser. The other feedback
configurations illustrated may be used as well. For another
example, for a non-long wavelength VCSEL, a direct or
reflection configuration may be used depending on the
environment within which the control laser is formed.

[0059] As shown in each of FIGS. 4 and 5, an oscillator
(100 MHZ oscillator 326 or the oscillator 506) is used to
provide a signal to the control laser. The signal has a
significantly lower frequency than the data signal delivered
to the data lasers. For example, in a 2.5 GBPS system, the
signal provided to the control laser may be on the order of
50 MHZ-150 MHz. This signal may include substantially the
same amplitude and power but is transmitted at a lower
speed.

[0060] According to this exemplary embodiment, the
capacitance of the photodetector, which is typically a lim-
iting factor in high-speed applications because it does not
allow the photodetector to charge and discharge quickly
enough for the peak-to-peak amplitude to be detected. By
using a lower frequency signal, such as the 50 MHZ-150
MHz signal of the present embodiment a lower frequency
response photodetector may be used. It is typically advan-
tageous to use the lower frequency photodetector because
they are generally easier to build than high-speed photode-
tectors, which commonly must be built smaller to limit their
capacitance. Further, for the high-speed photodetector to
operate successfully, the TIA typically may need to be
placed in proximity to the photodetector itself, and not
integrated into the IC.

[0061] Since the control laser operates at a significantly
lower frequency, the average optical power and the peak-
to-peak optical power may be determined for the control
laser on a real time basis, instead of having to wait for a
suitable data pattem so that these parameters may be
detected. The average optical power and the peak-to-peak
optical power may then be provided in a timely fashion to
the feedback loops which adjust the modulation and bias
currents.

[0062] The control laser is useful in high-speed applica-
tion such as Gigabit Ethernet applications or other applica-
tions where repeated bit streams are limited in number such
that low speed photodetectors are not practical to detect
average and peak to peak values for feedback purposes. The
capability to use slower photodetector diodes may result in
simplified assembly and manufacture, which in tum may
lead to reduction in cost. The lower frequency parameter
detection also requires reduced high-speed considerations
such as impedance matching, transmission lines, and issues
associated with parasitic capacitance, inductance, etc. Fur-
ther, the capability to operate at low frequency may simplify
the use of the TIA, allowing it to be located further away
from its photodiode and placed in an IC with less power
dissipation than would otherwise have been required.
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[0063] The laser driver array may support various dilferent
signaling formats including but not limited to SONET
(Synchronous Optical NETwork) that uses pseudo random
signal formats as well as Gigabit Ethemet and other appli-
cations that do not use pseudo random signal ‘formats. The
embodiment using the control laser supports applications
that do not use pseudo random signal formats as well as
those that do. However, for applications that use pseudo
random signal formats, a data laser may be used instead of
the control laser to provide feedback sigials to adjust Imd
and lbw. Use of the data laser instead of the control laser
eliminates the need to supply power to the control laser, and
thus results in reduced overall power requirements.

[0064] B. Use of Data Laser for Feedback

[0065] One of the data lasers may be used to provide
feedback in one embodiment of the present invention when
the application is for a system with pseudo random signal
formats, such as, for example, SONET, a commonly used
network used in optical communication equipment. In this
embodiment, the control laser may be disabled to reduce
power dissipation by using a control laser select signal
provided to the control laser driver circuit 306. This embodi-
ment may be used with other data formats other than
SONET. It may work with any system for dealing with
pseudo random data, anything that allows for a long string
of 1’s sufiicient to allow a photodetector used with the
system to reach substantially a peak value of the signal. The
data is not required to be pseudo random if a suflicient
number of successive 1’s are periodically present. If a
suflicient number of successive 1’s are periodically present
a photodetector may reach substantially the peak value (and
a suflicient number of successive 0’s are present to allow the
photodectector to discharge to the level corresponding to a
logical zero light intensity). Statistically a suflicient number
of repeated bits are necessary to allow the photodector to
charge or discharge to levels representative of limit values.
The present embodiment, however, will be descnbed in
detail primarily in reference to a SONET system for illus-
trative purposes.

[0066] SONET specifications are commonly prescribed
and used in optical communication systems. A SONET data
signal is a pseudo random signal which provides a high
statistical probability that a sufiicient number of consecutive
bits will be present and therefore may be received and
accumulated within a parasitic capacitance of the photode-
tector to allow the photodetector to charge to a maximum
(and discharge to a minimum) value even for very high-
speed applications. Abit may be a “1” or a “0”. Although the
following discussion will refer to bits as “1’s” and will
u the accumulated charge associated with having a
suflicient number of repeating “ls” (high power level) in a
data sequence, it should be understood that the same applies
to repeating “Os” (low power level) in a data sequence. In
other words though a sequence of “ls” will be used to
illustrate the photodetector charging to a maximum value, a
sequence of “Os” is equivalently necessary to discharge the
photo detector to a minimum value.

[0067] FIG. 6 shows an exemplary arrangement for the
embodiment in which one of the data lasers is used to

provide the feedback signal. It can be seen that the photo-
detector (PD) arrangement may be a reflection arrangement
or a rear exit arrangement, which have been discussed above
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in reference to FIG. 5. The use of the data laser to provide
feedback typically does not provide for direct monitoring of
the optical signal from the data laser because the optical
signal is transmitted to an optical medium and any direct
monitoring would necessarily attenuate or otherwise com-
promise the transmitted signal. Therefore, one of reflection
and rear exit arrangements commonly are used. The TIA
used may be a low power TIA.

[0068] FIGS. 7A-C illustrate the effect that the photode-
tector capacitance may have upon a propagated optical
signal. FIG. 7A shows a general case in which a photode-
tector is modeled as a low pass filter (LPF) receiving a
waveform representing a laser signal. It can be seen that the
rise and fall times of the peak-to-peak signal have been
increased, as the high frequency components of the signal
are attenuated. FIG. 7B shows the effect of low capacitance,
high bandwidth photodetectors and shows that the peak-to-
peak amplitude is approximated, even though the limited
bandwidth still results in somewhat slower rise and fall

times than the original signal. Such high frequency response
photodetectors are ditlicult and expensive to make and are
not therefore commercially practical. FIG. 7C shows the
elfect on a laser signal of a low bandwidth, high capacitance
photodetector. It can be seen that the peak-tcrpeak informa-
tion regarding the signal is generally lost, as the photode-
tector does not have the high frequency response necessary
to produce a good approximation of the original signal.

[0069] In SONET and other pseudo random signal gen-
eration applications, it is assumed that the pseudo random
data signal provides a statistical probability that a sufiicient
number of repeating “1’s” in a data sequence will be
provided to allow a capacitance of a photodetector to charge
sulficiently to approximate the peak value of the signal. An
example of a suflicient number of consecutive “ls” being
received to allow a photodetector to charge to essentially a
maximum value is shown in FIG. 8. If a suflicient number

of consecutive 1’s are received to charge a capacitor to
approximately the peak value, a representation of that peak
can be obtained using a photodetector operating at a lower
speed than the transmit data rate.

[0070] The data sequence shown in FIG. 8 is intended to
be exemplary only, and various other data sequences can be
obtained in SONET and other pseudo random signal gen-
eration applications. It should be understood that SONET
and other pseudo random signal generation applications may
insure statistically that a sufiicient number of “1’s” in a data
sequence will be provided to accumulate and provide an
approximation of the peak amplitude. Accordingly an inte-
grated circuit may be designed to provide for fast charging
and slow discharging to assure that the statistical probability
of repeating “1’s” will allow sufiicient charge accumulation
to produce a signal of approximately the maximum ampli-
tude, thus assuring accurate peak value detection.

[0071] For example, in order for an approximation of a full
amplitude signal to be detected, the time constant for the
discharge time should be controlled. Configuring die dis-
charge time at a sufliciently large value by providing a high
resistance and/or high capacitance, in the discharge circuitry,
increases the discharge time constant of the circuit. A
peak-to-peak detection circuit with a long discharge is
illustrated at 312 in the laser driver array 300 of FIG. 4. In
one embodiment, the capacitance of the signal accumulation
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capacitor Cpk 330 in FIG. 4 may be maintained at a
sufliciently high value. As discussed above however a high
capacitance will limit the high frequency response and so it
is preferable to produce a long time constant by increasing
resistance rather than capacitance. Additionally higher
capacitance tends to require increased integrated circuit real
estate.

[0072] Thus, one of the data lasers operating at high-
speed, e.g., 2.5 GBPS, may be used for feedback when
single or array lasers, including but not limited to shortwave
and longwave VCSEIS for SONET or other signal formats
using pseudo random data transfer, or signal formats with
sufficient number of repeating data bits, are used. The
capability to use slower photodetector diodes may result in
simplified assembly and manufacture, which in tum may
lead to reduction in cost. The operations at lower frequency
also typically reduces the need to resolve issues related to
impedance matching, transmission lines, and issues associ-
ated with parasitic capacitance, inductance, and the like.

[0073] Further, the capability to operate at low frequency
may allow for the use of simplified TIAlocated further away
from photodiode. Such a TIA may be placed in IC and
dissipate less power than otherwise would be required. In
addition, through the use of the slow discharge implemen-
tation, SONET or other applications using pseudo random
signal formats may be supported without the added power
dissipation required by an additional control laser.

[0074] IV. Slow Discharge Implementation by Use of
Transistor Base Leakage

[0075] The slow discharging may also be realized through
use of high resistance in the peak-to-peak detector. Romm-
ing now to FIG. 4, when a resistor is used in the peak-to-
peak detector 312 to form a RC-circuit with the Cpk 30,
longer discharge times may be realized by using higher
value resistors. Therefore, increasing the resistance of the
resistor coupled to the signal accumulation capacitor Cpk
may also increase the discharge time. However, it is often
undesirable or impractical to implement a high value resistor
in an integrated circuit due to space and other limitations.
Additionally high resistances may be difficult to control
accurately in fabrication.

[0076] Therefore, in one embodiment of the present inven-
tion, the high resistance of the resistor is simulated by using
transistor base current, which may be provided in accor-
dance with the circuitry of a peak-to-peak detector 700
shown in FIG. 9. Of course, a peak-to-peak detector may
include other components, and the input circuitry shown in
FIG. 9 is for illustrative purposes only. The peak-to-peak
detector 700 includes an input 702 via which the peak-to-
peak detector receives an output of the feedback photode-
tector via a TIA. The input 702 is provided to a base of an
illustrative NPN input transistor 704. An emitter of the input
transistor provides output voltage V1 at a base of a discharge
time control transistor 706. The output voltage V1 depends
on the photodetector voltage, which is provided as an input
702 via a TIA.

[0077] An emitter of the input transistor 704 provides the
current to charge the capacitor 710. The base of the dis-
charge time control transistor 706 provides the discharge
path for capacitor Cpk 710. The input transistor 704 serves as
a rectifier/diode of the electrical signal received from the
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photodetector. Since transistor 706 is limited to an emitter
current of (illustratively) 35 ;4Amps the base leakage current
of transistor 706 is limited to a value equal to the emitter
current divided by B, the current amplification of transistor
706. Accordingly the base current of transistor 706 is limited
to 35 ;zAmps/B, that is a small value that generally results in
a relatively long discharge time, thus providing a similar
elfect as adding a large resistor.

[0078] The signal accumulation capacitor CF,‘ 710 controls
discharge time according to the equation I=Cpkdv/dt. Cpk
may be on the order of 5.5 pf but other capacitance values
may be used alternatively. The current source 708 that
provides the discharge current may supply 35 ;rA or any
other suitable current. In summary, the use of the capaci-
tance and the discharge current that controls the charge and
discharge time constants allows for the accumulation of a
suflicient number of comecutive “1’s” provided by SONET
or other pseudo random signal formats to enable the peak
and peak-to-peak values to be detected and provided to the
dual feedback loops.

[0079] Use of fixed base current to simulate high resis-
tance is described in reference to the specific circuit, how-
ever, it should be noted that it is applicable to any circuit
where it is desirable to create a sufliciently long discharge
time, especially when addition of a high value resistor to the
circuit or large capacitance is undesirable.

[0080] V. Laser Driver Split Power Supply 2.5/3.3 Volt
Feature

[0081] To further reduce power consumption, a dual
power supply 750 may be used in one embodiment of the
present invention, such as shown schematically in FIG. 10.
Two power supplies, a 2.5 V power supply and a 33 V
power supply, may be used to power various pans of the
laser driver array, which may be implemented on an inte-
grated circuit (IC). A power supply set at a nominal value of
3.3 volts, for example, is used to power laser output stage
ftmctions 754 to drive lasers 756, and a second power supply
set at a lower voltage, for example 2.5 volts, is used to power
other components 752 of the integrated circuit. The use of
the 2.5 volt power supply in parts of the integrated circuit
may reduce the overall power consumption of the integrated
circuit.

[0082] Thus, use of the split power supply reduces power
consumption by powering selected functions in the laser
output stage with a 3.3 Volt supply voltage and remaining
function with a 25 Volt supply. In other embodiments, an
option to use either a single 3.3 Volt supply or a split power
supply of 2.5/3.3 Volt may be allowed to a laser driver array
integrated on a single IC. The power consumption is reduced
when two supplies are used. The split_ power supply may be
used in the laser driver array to reduce power consumption.
The split power supply may also be used in any other circuit
that may benefit from reduced power consumption due to
such split power system.

[0083] VI. Low Off-Voltage Laser Driver for Longwave
VCSELS

[0084] Longwave VCSl3Is may or may not have an ofi
voltage, also referred to as a low voltage, that dilfcrs from
those of typical shortwave VCSEIs

[0085] FIG. 11 is a simplified circuit diagram of a circuit
800 for driving a laser 806. The laser 806 may be a single
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VCSEL or it may represent an array of VCSELs. In the IC
802, power consumption may be altered by operating at
voltage levels at me driving point 804 that are appropriate
for the longwave VCSEL in question. Exemplary longwave
VCSEL 806 has a low voltage, e.g., 1.5V or less, which is
lower than the typical low voltage for an exemplary short-
wave VCSEL. The circuit 800 allows direct current coupling
with no AC coupling capacitor required, thus reducing PCB
(printed circuit board) space requirements. The elimination
of AC coupling reduces power consumption by eliminating
losses in the capacitor. Those of ordinary skill in the art will
appreciate that the low voltage of a particular longwave
VCSEL may in fact be less than, comparable to or greater
than that of a typical shortwave VCSEL, and that the circuits
described herein may be used or modified in accordance
with the voltages of the VCSEL in question.

[0086] VII. Feedback to Reduce Baseline Wander and ISI
(Inter Symbol Interference) for Low Bandwidth PNP Source

[0087] One of the consideratiom that may be addressed in
designing any data communication system is the shape of
the waveform transmitted. A distorted waveform may not be
detected correctly at the receiving end, thus resulting in
error. FIG. 12A, for example, illustrates a desired waveform
810 for a data communication system, such as, for example,
the optical communication system embodiment of the
present invention.

[0088] When a PNP current mirror circuit having an NPN
sink, such as the one that may be implemented with PNP
transistors 824, 836 and NPN transistors 830, 838 of FIG.
13A, is used as a current source to drive the laser (e.g. 840)
an undesirable low frequency dip may occur in an AC
magnitude response. Such a frequency dip is illustrated in
frequency response plot 816 of FIG. 12B. The low fre-
quency dip may distort the waveforms. A waveform 812 of
FIG. 12A illustrates such distorted waveform, for example,
at an OC-3 data rate (155 Mbps). An eye diagram 814 of
FIG. 12A suffers from baseline wander, for example, at an
OC-48 data rate (2.5 Gbps) due to the low frequency dip.

[0089] The low frequency dip, such as the one in the
frequency response plot 816, may be substantially flattened
by adding a feedback resistor 862 to a PNP current minor of
the laser driver circuit, such as a laser driver circuit 860 of
FIG. 13B. The resistance of the feedback resistor may be
adjusted until a desired frequency response is achieved. The
circuit may be applied to laser drivers including VCSELs.
The feedback resistor may also be added to any driver,
which uses a PNP current mirror source to drive a digital
load, to substantially flatten the low frequency dip.

[0090] Additionally adding a series resistor-capacitor cir-
euit as illustrated at 801 and 803 or 805 and 807 can lessen

any deterministic jitter at the load 840 or 880. The resistor-
eapacitor circuit may have different values, which will vary
depending on the circuit parameters. Typical values for
resistor 801 Or 805 are between 1(1) and 300 ohms and

typical values for capacitor 803 or 807 are between 0.5 to 3.0
picofarads. The values may be adjusted depending on imple-
mentation and circuit details. The deterministic jitter and
need for the feedback resistor 822 may also be diminished
by the placement of an inductor 809 between the collector of
PNP transistor 836 and the junction of transistor 838 and the
load 840.

[0091] It should be emphasized that the above-described
embodiments are intended to be exemplary only. For
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example, the terms “laser" and “VCSEL” are used inter-
changeably to emphasize that the embodiments of the
present invention may find application in optical systems
using both VCSEI5 and other lasers. The laser array may
include copy of various numbers of data lasers. Furthermore,
the specific arrangement of the components of the integrated
circuit and the details of the method generally covered by the
integrated circuit, are exemplary only. The integrated circuit
including the laser driver array of the present invention may
be integrated into larger integrated circuits including other
features, without departing from the scope and spirit of the
inventive concepts disclosed herein. Further, the embodi-
ments described herein may be useful for individual lasers as
well as arrays.

What is claimed is:

1. An apparatus for driving lasers, the apparatus compris-
ing:

a laser current controller for providing a modulation
signal and a bias signal;

a plurality of high-speed current drivers that accept the
modulation signal and the bias signal and produce a
plurality of laser drive signals; and

a disable input that selectively disables power to at least
one high-speed current driver when the high-speed
current driver is not in use.

2. The apparatus of claim 1 wherein the apparatus is
integrated on an integrated circuit.

3. ‘The apparatus of claim 2 further comprising an inte-
grated array of lasers coupled to the plurality of high-speed
current drivers for receiving the plurality of laser drive
signals.

4. The apparatus of claim 1 wherein the laser current
controller comprises:

an automatic power control (APC) input that accepts a
digital APC signal; and

circuitry that adjusts the modulation signal and bias signal
to the high-speed current drivers.

5. The apparatus of claim 1 further comprising

a high-speed current driver that drives a feedback laser;
and

a feedback circuit that accepts a signal from the feedback
laser and generates a modulation feedback signal and a
bias feedback signal and provides them to the laser
current controller.

6. The apparatus of claim 5 wherein the feedback circuit
comprises:

a peak to peak detector that generates the modulation
feedback signal; and

an average value detector that generates the bias feedback
signal.

7. The apparatus of claim 1 further comprising at least one
high-speed current driver, which does not have a disable
input.

8. The apparatus of claim 6 further comprising a photo
detector that detects laser light produced by a laser driven by
one of the high-speed current drivers of the integrated driver
and provides it to the peak detector and the average value
detector.

May 30, 2002

9. The apparatus of claim 8 wherein the laser, which
provides light to the photodetector, is a control laser, which
is modulated by a signal of substantially lower frequency
than a maximum frequency of the data lasers.

10. The apparatus of claim 8 wherein the modulating
frequency is approximately 100 MHZ.

11. The apparatus of claim 9 wherein the frequency
response of the photodetector is less than a maximum
frequency of the data lasers and equal to or greater than the
modulating frequency.

12. The apparatus of claim 8 wherein the peak detector
comprises:

an input that accepts an output of the photo detector;

a capacitance that accepts the output of the photodetector
from the peak detector input and holds the output of the
peak detector; and

means for producing a slow discharge of the capacitance.
13; The apparatus of claim 12 wherein the means for

producing a slow discharge of the capacitance comprises:

a transistor, having a base collector and emitter, wherein
the base of the transistor provides a discharge path for
the capacitance; and

a constant current source coupled to the emitter circuit of
the transistor.

14. The apparatus of claim 2 wherein the plurality of
high-speed current drivers receive power from a first power
supply, and the remainder of the integrated circuit receives
its power from a second power supply thereby reducing the
overall power consumed.

15. The apparatus of claim 10 further comprising a
modulator that modulates the control laser with a signal
having a lower frequency than a maximum frequency of any
of the data lasers.

16. The apparatus of claim 15 wherein the maximum
frequency response of the photo detector is lower than a
maximum frequency of any of the data lasers.

17. An apparatus for driving lasers, the apparatus com-
prising:

a laser current controller for providing a modulation
signal and a bias signal;

a plurality of high-speed current drivers that accept the
modulation signal and the bias signal and produce a
plurality of laser drive signals; and

a feedback circuit that detects laser light produced by a
laser driven by one of the high-speed current drivers to
produce a modulation feedback signal and a bias feed-
back signal for provision to the laser current controller.

18. An apparatus as in claim 17 wherein the laser current
controller and the plurality of high-speed current drivers are
integrated on an integrated circuit.

19. The apparatus of claim 18 further comprising a laser
array integrated on the integrated circuit.

20. The apparatus of claim 17 wherein the feedback
circuit further comprises a photo detector having lower
frequency response than a maximum frequency of any of the
data lasers.

21. An apparatus as in claim 17 further comprising a
signal generator that generates a modulating signal that
modulates the laser producing the laser light detected by the
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photo detector, said modulation signal being of substantially
lower frequency than a maximum frequency of any of the
data lasers.

22. An apparatus as in 17 wherein the feedback circuit
comprises:

a photodetector that accepts the laser light and produces
a proportional voltage;

a peak detector that accepts an output of the photo
detector,

a capacitance that holds the output of the peak detector;
and

means for producing a slow discharge of the capacitance.
23. An apparatus as in claim 22 wherein the means for

producing a slow discharge of the capacitance comprises:

a transistor, wherein the base of the transistor provides a
discharge path for the capacitance; and

a constant current source within the emitter circuit of the
transistor.

24. The apparatus of claim 18 wherein the plurality of
high-speed current drivers receive power from a first power
supply, and the remainder of the integrated circuit receives
its power fiom a second power supply thereby reducing the
overall power consumed.

25. An apparatus for driving lasers, the apparatus com-
prising:

a laser current controller for providing a modulation
signal and a bias signal;

a plurality of high-speed current drivers that accept the
modulation signal and the bias signal and produce a
plurality of laser drive signals;

a disable input that disconnects power from a high-speed
current driver when the high-speed current driver is not
in use;

a feedback laser that is driven from one of the plurality of
high-speed current drivers; and

a feedback circuit, including a photodetector that accepts
fight from the feedback laser and produces a modula-
tion feedback signal and a bias feedback signal, said
photodetector having a cutoff frequency lower than the
maximum frequency of the high-speed current drivers.

26. The apparatus as in claim 25 further comprising a
signal generator that modulates the feedback laser with a
signal having a lower frequency than the maximum fre-
quency of the high-speed current drivers.

27. An apparatus as in claim 25 wherein the feedback
circuit further comprises:

a peak detector that accepts an output of the photo
detector,

a capacitance that holds the output of the peak detector;
and

means for producing a slow discharge of the capacitance.
28. An apparatus as in claim 27 wherein the means for

producing a slow discharge of the capacitance comprises:

a transistor having a collector, emitter and base, wherein
the base of the transistor provides a discharge path for
the capacitance; and
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a constant current source within the emitter circuit of the
transistor.

29. The apparatus of claim 28 wherein the high-speed
current driver and the laser current controller are integrated
on the same integrated circuit.

30. The apparatus of claim 29 wherein the plurality of
high-speed current drivers receive power from a first power
supply, and the remainder of the integrated circuit receives
its power from a second power supply thereby reducing the
overall power consumed.

31. A method for controlling a laser the method compris-
mg:

providing an integrated high-speed current driver in an
integrated circuit;

driving an array of lasers from the integrated high-speed
current driver;

accepting laser light from one of the array of lasers in a
photodetector;

determining a maximum and a minimum level of light
received from the laser that is providing light for the
photodetector;

using the maximum and the minimum level of light
received from the laser to produce a modulation feed-
back signal and a bias feedback signal;

using the modulation feedback signal and the bias feed-
back signal to produce a modulation and a bias signal;
and

using the modulation signal and the bias signal to set the
modulation and bias in the integrated high-speed cur-
rent driver.

32. Amethod as in claim 31 wherein accepting laser light
from one of the array of lasers in a photodetector comprises
accepting laser light from a laser being modulated at a
frequency less than the maximum frequency of the high-
speed current driver.

33. Amethod as in claim 31 wherein accepting_laser light
from one of the array of lasers in a photocell comprises
accepting laser light from a laser being modulated at a
frequency of approximately 100 MHZ.

34. A method as in claim 31 wherein detennining a
maximum and a minimum level of light received from the
laser that is providing light for the photocell comprises;

accepting a signal representative of the intensity of the
laser light into a peak detector circuit; and

discharging the peak detector circuit by coupling a sam-
pling capacitor, which holds peak detector voltage, to
the base of an transistor and controlling the current of
the transistor using a constant current supply.

35. An apparatus for driving a laser the apparatus com-
prising:

a current sink;

a differential pair of PNP transistors, each transistor
having a base, emitter and collector the bases being
coupled together, and the emitters being coupled to a
supply voltage Vcc,

a differential pair of NPN transistors, each transistor
having a base, emitter and collector the emitters being
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joined at a junction with the current sink, the bases
providing the input across which and input signal is
developed, and

a load junction of the collector of one of the PNP
transistors and one of the collectors of one of the NPN

transistors that is coupled to a laser load.
36. An apparatus as in claim 35 wherein the load junction

is coupled to the base junction of the PNP transistors by a
feedback resistor.

37. An apparatus as in 36 wherein the feedback resistor is
coupled between the load junction and the base of a PNP
feedback transistor; and

the emitter of the PNP feedback transistor is coupled to
the base junction of the PNP difierential transistor pair.

38. An apparatus as in claim 35 wherein the load junction
is further coupled to a first end of a series resistor-capacitor
circuit and the second end of the series resistor-capacitor
circuit is coupled to ground.

39. An apparatus as in claim 35 wherein the load junction
is further coupled to a first end of a series resistor-capacitor
circuit and the second end of the series resistor-capacitor
circuit is coupled to a power supply.

40. An apparatus as in claim 35 further comprising an
inductor disposed between the load junction and the load.

41. A laser driver for driving a laser, the laser driver
comprising:

a first control circuit for receiving power from a power
supply and for providing current to drive a first laser;
and

a switch located between the power supply and the control
circuit,

wherein the switch is used to control the current provided
to the laser.

42. The laser driver for driving a laser of claim 41, the
laser driver further comprising:

a second control circuit for receiving power from the
power supply and for providing current to drive a
second laser, wherein the second control circuit is
coupled to the power

supply with no switch between the second control circuit
and the power supply.

43. The laser driver for driving a laser ofclaim 42 wherein
the switch deactivates the first control circuit upon amnion
of a power down select signal, while the second control
circuit is not alfected by the power down select signal.

44. A laser driver for driving a laser comprising:

a first feedback loop for adjusting a modulation current
provided to the laser; and

a second feedback loop for adjusting a bias current
provided to the laser.

45. The laser driver for driving a laser ofclaim 44 wherein
the modulation current and the bias current are used to drive

an array of lasers.
46, The laser driver for driving a laser of claim 44 wherein

the modulation current is adjusted to control a peak-to-peak
amplitude of a laser output.

47. The laser driver for driving a laser of claim 44 wherein
the bias current is adjusted to control an average optical
power of a laser output.
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48. The laser driver for driving a laser of claim 44 further
comprising an array of laser drivers, each laser driver for
driving a corresponding laser, wherein the first feedback
loop and the second feedback loop are used to adjust the
modulation and bias currents for the array of laser drivers.

49. The laser driver for driving a laser of claim 44 wherein
the first feedback loop includes a transimpedence amplifier
(TIA) for converting a current generated by a feedback light
into a feedback voltage used to adjust the modulation
cunent.

50. The laser driver for driving a laser of claim 44 wherein
the second feedback loop includes an amplifier for gener-
ating a feedback voltage used to adjust the bias current.

51. The laser driver for driving a laser of claim 48 wherein
a particular laser corresponding to a particular laser driver is
used to provide a feedback light to both the first and second
feedback loops.

52. The laser driver for driving a laser of claim 48 wherein
data transmitted using the laser has a pseudo random signal
format or a format in which the data has a high statistical
probability of having a suflicient number of consecutive
“1’s” so as to sufliciently charge a charge accumulation
capacitor to enable detection of a value that is close to a peak
value of a laser output.

53. The laser driver for driving a laser of claim 48 further
comprising a control laser driver for driving a control laser,
wherein the control laser is used to provide a feedback light
to both the first and second feedback loops, and an oscilla-
tion frequency of a signal that drives the control laser driver
is significantly lower than a frequency of a data signal
provided to the array of laser drivers.

54. The laser driver for driving a laser of claim 52 wherein
capacitance of the charge accumulation capacitor is adjusted
to control a discharge time of the charge accumulation
capacitor.

55. The laser driver for driving a laser of claim 52 wherein
a base leakage cunent of a transistor is used to discharge the
charge accumulation capacitor so as to lengthen a discharge
time of the charge accumulation capacitor.

56. A laser driver for driving a laser comprisingz.

first circuitry for receiving approximately 25V power to
perform various laser driver frmctions; and

second circuitry for receiving approximately 3.3V power
to perform laser output stage functions.

57. A laser driver for driving a longwave VCSEL com-
prising:

control circuitry; and

laser output circuitry,

wherein a voltage lower than a typical low voltage for
shortwave VCSEL is used to power the laser driver.

58. The laser driver for driving a longwave VCSEL of
claim 57 wherein the voltage lower than the typical low
voltage for shortwave VCSEL is less than or equal to
approximately 1.5V.

59. The laser driver for driving a longwave VCSEL of
claim 18 wherein a direct coupling is used to provide power
to the laser driver so as to reduce power consumption
associated with ac coupling.

60. A laser driver for driving a laser comprising:

A PNP current mirror to supply current for driving the
laser,
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wherein the PNP current mirror includes a feedback

resistor that can be adjusted to flatten a low frequency
dip in an ac magnitude response of a laser output.

61. An integrated circuit comprising:

means for setting a bias current- and a modulation current
and for delivering each of said bias current and said
modulation current to each laser driver of an array of
laser drivers, each laser driver driving a laser of a
corresponding array of lasers;

means for accepting PM; information regarding an aver-
age optical output power of said lasers of said array of
lasers;

means for accepting Ppeakfimk information regarding
peak-peak power amplitude of said optical output of
said lasers of said array of lasers;

means for adjusting said bias current based upon said Png
information; and

means for adjusting said modulation current based upon
said I’peak_pe_k information.

62. The integrated circuit as in claim 61, further compris-
ing a photodetector and associated circuitry capable of

developing said Pug information and said Ppaflbpuk infor-mation.

63. The integrated circuit as in claim 61, wherein said
lasers comprise VCSEls.

64. The integrated circuit as in claim 61, further compris-
ing:

a further laser;

means for providing a pilot signal having a first frequency
to said further laser, and

means for delivering a data signal to each laser of said
array of lasers, each data signal having a second
frequency being greater than said first frequency,

wherein said Pm; information and Ppeabpcak information
are obtained from light emitted from said further laser.
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65. A method for driving a VCSEL comprising:

providing a VCSEL and a corresponding VCSEL driver;

providing a bias current and a modulation current to said
VCSEL driver to effectuate said VCSEL emitting a
light signal including a first average power: level and a
first peak-to-peak power amplitude;

providing a data signal having a first data rate to said
VCSEL driver;

detecting a second average power level and a second
peak-to-peak power amplitude of a light signal emitted
from a further VCSEL responsive to a further data
signal having a further data rate being less than said
first data rate; and

adjusting each of said bias current and said modulation
current to maintain said VCSEL emitting light at said
first average power level and said first peak-to-peak
power amplitude based on said detecting.

66. A method for driving a VCSEL, comprising:

(a) providing a VCSEL and a corresponding VCSEL
driver;

(b) providing each of a bias current and a modulation
current to said VCSEL driver;

(c) providing a data signal having a first data rate being
greater than 2.0 GBPS to said VCSEL driver;

(d) detecting an average power and a peak-to-peak power
amplitude of an optical signal emitted by said VCSEL
using a photodetector operating at a data rate being less
than said first data rate; and

(e) adjusting each ofsaid bias current and said modulation
current to urge said VCSEL to emit a light signal
having a desired average power and a desired peak-to-
peak power amplitude.
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(57) ABSTRACT

Adrive circuitry that drives a vertical cavity surface emitting
laser is provided. The drive circuitry includes a modulator,
a negative peak timer and a limiter. 'l11e negative peak timer
causes the modulator to rapidly decrease the magnitude of
the output signal of the modulator to dissipate charge stored
on the laser. Thus, the vertical cavity surface emitting laser
quickly turns off.
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METHOD OF CONTROLLING THE TURN OFF
CHARACTERISTICS OF A VCSEL DIODE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuing application of U.S.
patent application Ser. No. 10/012,776 filed Nov. 6, 2001
which claims the benefit of U.S. provisional applications
No. 06/246,301 filed Nov. 6, 2000, No. 06/246,325 filed
Nov. 6, 2000 and No. 06/246,407 filed Nov. 6, 2000, which
are hereby incorporated by reference as if set forth in full
herein.

BACKGROUND

[0002] The present invention relates generally to semicon-
‘ ductor lasers, and, in particular, to methods and circuits to

decrease the turn olI time for a vertical cavity surface
emitting laser.

[0003] Semiconductor lasers are widely used in high speed
data communications. Modulated light from the lasers are
used to carry information through fiber optic lines. For some -
data formats, generally, when a laser emits light the data
value is considered a logical one and when the laser is
largely off the data value is considered a zero.

[0004] Vertical cavity surface emitting lasers (VCSELS)
are one type of laser used in data communication networks.
VCSELs are generally relatively easy to manufacture using
semiconductor processes. Drive circuitry for VCSELS pro-
vide a VCSEL with sufiicient current to mm “on”, i.e.,
causing the VCSEL to emit light. Likewise, the drive
circuitry removes or prevents current from flowing to the
VCSEL to tum the VCSEL to tum “ofi”, i.e., causing the
VCSEL to largely not emit light. However, when VCSEIs
turn on, electrical charge is stored on the anode of the
VCSEL. Removing this electrical charge decreases the tum-
ofl time of the VCSEL, and thereby increases the maximum
data rate the VCSEL can support. Furthermore, removing
the excess charge can be diflicult as it is often desirable to
maintain a low bias current when the VCSEL is in the “ofl”
state. The bias current allows the VCSEL to be turned on

faster. Thus, although the extra electrical charge is removed
from the VCSEL to tum off the VCSEL, bias current to the
VCSEL still should be maintained.

SUMMARY OF THE INVENTION

[0005] The present invention provides methods and sys-
tems for driving semiconductor lasers such that tum-off time
of a laser is decreased. In one embodiment, a drive circuitry
that drives a semiconductor laser is provided. The drive
circuitry includes a modulator coupled to the semiconductor
laser and generates an output signal to control the semicon-
ductor laser. Anegative peak timer is coupled to the modu-
lator and a limiter is coupled to the negative peak timer and
the modulator. The negative peak timer causes the modulator
to rapidly decrease magnitude of the output signal of the
modulator to turn off the semiconductor laser.

[0006] In another embodiment, a drive circuitry is pro-
vided that drives a semiconductor laser. The drive circuitry
includes a limiter which receives a difierential input and is
configured to generate first differential output signals and
second difierential output signals. A negative peak timer is
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coupled to the limiter and receives the first differential
signals from the limiter. The negative peak timer is also
configured to generate third differential output signals. A
modulator is also coupled to the limiter and the negative
peak timer and receives the second difierential output sig-
nals fi'om the limiter and the third dilferential output signals
from the negative peak timer. The modulator is also con-
figured to generate an output pulse. Avertical cavity surface
emitting laser is coupled to the modulator and receives the
output pulse from the modulator to turn the laser on and off.
The modulator is also configured to remove excess charge
stored when the vertical cavity surface emitting laser is
turned otf. In one aspect of the invention, the output pulse is
a voltage pulse that has an adjustable undershoot. The
adjustable undershoot is determined by a negative pealdng
pulse from the negative peak timer.

[0007] In another embodiment, a method of driving a
semiconductor laser is provided. An output signal is gener-
ated from a modulator to control the semiconductor laser.

The modulator causes a rapid decrease in magnitude of the
output signal of the modulator to tum ofl' the semiconductor
laser.

[0008] Many of the attendant features of this invention
will be more readily appreciated as the same becomes better
understood by reference to the following detailed descrip-
tion and comidered in conjunction with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 illustrates a block diagram of drive circuitry
for a semiconductor laser;

[0010] FIG. 2 illustrates a circuit diagram of one embodi-
ment of the limiter of FIG. 1;

[0011] FIG. 3 illustrates a circuit diagram of one embodi-
ment of the modulator of FIG. 1;

[0012] FIG. 4 illustrates a circuit diagram of one embodi-
ment of the negative peak timer of FIG. 1;

[0013] FIG. 5a illustrates a timing diagram of the output
pulse generated by the negative peak timer of FIG. 4;

[0014] FIG. 5b illustrates a graphical representation of the
collector current of transistor 55b of FIG. 3;

[0015] FIG. 6 illustrates a graphical representation of the
output current from the modulator of FIG. 3 that is supplied
to a semiconductor laser; and

[0016] FIG. 7 illustrates a graphical representation of an
eye diagram of the output voltage of the drive circuitry of
FIG. 1.

DETAILED DESCRIPTION

[0017] FIG. 1 illustrates a block diagram of drive circuitry
for a semiconductor laser. The drive circuitry includes a
limiter 3, a negative peak timer 5, and a modulator 7. The
drive circuitry provides a signal to a vertical cavity service
emitting laser (VCSEL) 9. The limiter 3 receives an input
signal, a differential input signal as illustrated in FIG. 1, and
generates two differential output signals. One of the difier-
ential output signals is supplied to the negative peak timer.
The other dilferential output signal is supplied to the modu-
lator. The negative peak timer generates an output pulse
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having an adjustable pulse width which is supplied to the
modulator. Based on the output pulse from the negative peak
timer and the differential output signal from the limiter, the
modulator generates current to drive the VCSEL.

[0018] FIG. 2 illustrates a circuit diagram of one embodi-
ment of the limiter of FIG. 1. The limiter receives a

differential input at inputs IN 11 and IP 13 which are
supplied to bases of transistors 15a and 15b. The resistors
101a-f are coupled to inputs 11 and 13 and the potentials

VC and VH3, and form voltage dividers that provides
sufificient biasing for transistors 15a and 15b. The resistors
also provide impedance matching to improve the quality of
signals received at IN and ll’.

[0019] As transistors 15a and 15b receive a dilferential
signal, the transistors 15a and 15b tum on and off at difierent
times. In other words, transistors 15a and 15b form a
dilferential pair 15. The collector of transistor 15a is coupled
to the base of emitter follower transistor 17a. Similarly, the
collector of transistor 15b is coupled to the base of emitter
follower transistor 17b. Accordingly, voltage is provided by
the respective transistors 15a and 15b to the transistors 17a
and 17b. The voltage level of the provided voltage is based
on transistor 43a and resistor 451: acting as a current source
and resistors 20a and 20b coupled to voltage potential
VCCZA‘

[0020] The emitter of transistor 17a is coupled to the base
of transistor 19a and the emitter of transistor 17b is coupled
to the base of transistor 19b. Transistors 19a and 19b form

the diflerential pair 19. The transistor 17a and 17b level shift
the voltage from the differential pair 15 and allow connec-
tion from the collector load resistors, resistors 20a and 20b,
of the differential pair 15 to be applied to the difl°erential pair
19. Similar to the dilferential pair 15, the differential pair 19
turn on and offbased on the dilferential signals applied to the
respective bases of the transistors 19a and 19b.

[0021] Voltage from the dilferential pair 19 is supplied to
the emitter follower transistors 21a and 21b. The voltage
level of the supplied voltage is based on the transistor 43d
and resistor 45d acting as a current source and resistors 20c
and 20d coupled to voltage VCCZA. Transistors 21a and 21b
level shift the voltage from the differential pair 19 and allow
connection from the collector load resistors, resistors 20c
and 20d, of the differential pair 19 to be applied to dilfer-
ential pair 23. FET 4111 and 41b, respectively coupled to the
emitters of transistors 21a and 21b further elfect a level shift

to the voltage from the diflerential pair 19, which is supplied
to differential pair 23. Differential pair 23 is formed by
transistors 23a and 23b. Voltage output from the differential
pair 23 is based on the transistors 43g,h and resistors 45g,h
acting as current sources and resistors 27a-c coupled to
voltage VCCZA. The voltage is also supplied as an output via
outputs 31 and 33 to a negative peak timer (FIG. 1).

[0022] Additionally, the voltage is supplied to respective
emitter follower transistors 25a and 25b. Like the other

emitter follower transistors 25a and b respectively level shift
the voltage from the differential pair 23 and output the
voltage via outputs 35 and 37 to a modulator (FIG. 1).
Resistor 27a provides a common mode level shift for
outputs 31, 33, 35 and 37.

[0023] The emitters of transistors 4311-)’ are coupled to the
respective resistors 45a-j and act as current sources. For
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instance, when emitter follower transistors 17a,b, 21a,b, and
25a,b are on, current is forced through the transistors by
respective current sources, transistors 43b,c,e,j;i and j. Tran-
sistors 49a,b and 47a and resistors 47b and 49c bias tran-
sistors 43a-j based on current from input 311. Therefore, the
input 311 allows for control of currents provided by tran-
sistors 43a-j.

[0024] Thus, the limiter receives diflerential input signals
via inputs 11 and 13 and amplifies and shapes the inputs
using differential pairs 15, 19, and 23 and emitter follower
transistors. As a result, the limiter generates output voltage
pairs at outputs 31, 33, 35 and 37, with the voltage at outputs
35 and 37 being in phase with outputs 31 and 33 but with a
DC level voltage difference, the base to emitter voltage of
respective transistors 25a and 25b.

[0025] FIG. 3 illustrates a circuit diagram of one embodi-
ment of the modulator of FIG. 1. The modulator includes

two difierential amplifiers 55 and 57. The first dilfercntial
amplifier includes transistors 55a and 55b. Likewise, the
second differential amplifier includes transistors 57a and
57b. Bases of transistors 55a and 55b receive respective
dilferential inputs 51a and 51b. Bases of transistors 57a and
57b also receive respective differential inputs 53a and 53b.
The output of both differential amplifiers 55 and 57 are
coupled to the modulator output 65. The first and second
dilferential amplifiers 55 and 57 are respectively coupled to
current sources 61 and 63. Source 61 includes transistor 6111
and resistor 61b and load 63 includes transistor 63:: and

resistor 63b. The sources 61 and 63, respectively, set the
current for the respective differential amplifiers 55 and 57.
Sources 61 and 63 are coupled to respective current minor
circuits 67 and 69. Mirror circuit 69 includes transistors 67a
and 67b and resistor 67c. Transistor 67a receives a current

from input El. Likewise, mirror circuit 69 includes transis-
tors 69a and 69b and resistor 69c. The base of transistor 69a

receives a current from input E2.

[0026] The modulator also includes a current mirror 71
which includes transistors 71a and 71b. Current flowing
through transistor 71b is mirrored by transistor 7111. The
current mirror 71 supplies a bias current at the drain of
transistor 71a. The current mirror is controlled by an ibias
input coupled to the gates of the transistors 71a,b. The
output signal 65 is coupled to the drain of transistor 71a.
Also coupled to the drain of transistor 71a are the differential
amplifiers 55 and 57. Thus, the output signal 65 depends on
the input signals 51a, 51b and 53a, 53b and the extent to
which the dilferential amplifiers 55 and 57 pull current from
the current mirror 71 and the output 65. In one embodiment,
the differential signals 51a and 51b are both aligned with the
falling edge of the dilferential signals 53a and 53b. The
amplitude of the output current thus corresponds to the drain
current flowing through transistor 71a minus the collector
current flowing through transistor 57b and the collector
current flowing through transistor 53b. Also, the shape of the
output current is determined by the input signals 51a, 51b,
53a and 53b. Thus, the modulator turns the semiconductor
laser on or off using output 65 based on the differential
inputs 51a and 51b received from the negative peak timer
and the differential input signals 53 and 53b received from
the limiter.

[0027] FIG. 4 illustrates a circuit diagram of one embodi-
ment of the negative peak timer of FIG. 1. The negative
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peak timer receives differential inputs L1 and L2 from the
limiter of FIG. 1. The negative peak timer subsequently
provides difierential outputs N1 and N2 which are supplied
to the modulator of FIG. 1. The differential inputs are
buffered by respective transistors 81:1 and 81b. The emitters
of transistors 81a and b are coupled to the collectors of the
respective transistors 901c,d which are coupled to the
respective resistors 903c,d and act as current sources. The
dilferential inputs are also supplied to a difierential amplifier
83. The differential amplifier includes transistors 83a and
83b. Current flowing through respective transistors 81a and
81b are also supplied to inputs of a differential amplifier 85.
Differential amplifier 85 includes transistors 85a and 85b.
Differential outputs from differential amplifier 83 are sup-
plied to transistors 87a and 87b. Likewise, differential
outputs from the dillerential arnplilier 85 is supplied to
transistors 89a and 89b. Two capacitors 91a and 91b are
coupled in parallel and coupled to the sources of transistors
89a and 89b together. Also, coupled, respectively, to tran-
sistors 89a and 89b are transistors 93a and 93b. The tran-

sistors 93a and 93b are respectively coupled to resistors 93c
and d and act as current sources for the respective transistors
89a and 89b. The capacitors 91a and 91b couples node A1
to node B1.

[0028] The signal swing is detennined by resistors 97a
and 97b respectively coupled to bases of transistors 89a and
89b and the current set by the transistor 99c and the resistor
99e, acting as a current source. Transistors 905a,b,d and
resistors 905c and 905e sufliciently bias transistor 99c based
on the input signal from input 315. The capacitors 91a and
91b cause a slope to be added to the original input signal
provided at inputs L1 and L2. By adjusting the amount of
collector current of transistors 93a and 93b, the slopes of
current at nodes A1 and B1 also change. Higher collector
cunent causes the capacitors 91a and 91b to charge faster
which thus causes shorter rise and fall times. Conversely,
lower collector cunents cause the capacitors to charge
slower and thus cause longer rise and fall times. Transistors
99a and 99b and resistor 99d control the amount of current

flowing through transistors 93a and 93b and respective
resistors 93d and 93c, based on the input 109 provided to the
transistors. Nodes A1 and B1 are coupled to transistors 95a
and 95b and are compared to the diflerentzial inputs supplied
to transistors flu and 83b. The time delay between the
differential signals at node A1 and node Bl, as compared to
the dilferential inputs L1 and L2, are thus used to generate
the pulse output N1 and N2. The pulse output is proportional
to the capacitors 91a and 91b and collector currents of
transistors 99c and 93b.

[0029] Initially, transistors 83a and 9541 are both on. A
voltage drop is thus caused at resistors 103 and ill as the
collector current of transistor»95a flows through resistors
I03 and 111. Initially, no current llows through transistor
83a. When the input signal L1 and [.2 changes polarity,
transistor Eb turns on. However, due to the time delay on
nodes A1 and B1, current continues to flow through tran-
sistor 95a and resistors 103 and 111. Thus, voltage drop on
resistors 103 and ].11 remains. Once the time delay has
ended, transistor 95b tums on. As a result, current is routed
to transistor 83b and voltage drop on resistors 103 and 111
persists. When the input signal L1 and [.2 changes polarity
again, current from transistor 95b is routed through transis-
tor 83a thus causing a voltage drop on resistors 105 and 1.11,
as current flows through the resistors. When the time delay
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has passed, the transistor 95a turns on and a voltage drop on
the resistors 103 and D1 is generated, as collector current
flows through the resistor. As a result, a difierential voltage
is generated between the two transistors 87a and 87b. The
differential voltage has an amplitude that corresponds to the
voltage drop on the resistors 103 and 105. The transistors
87a and 87b thus drive the modulator coupled to the
negative peak timer. The transistors 87a and 87b also
provide level shifting. In one embodiment, the value of the
resistors 103 and 105 correspond to each other and to a
predetermined resistance value. As such, the resistor has a
constant difierential signal swing equal to the current deter-
mined by the transistor 107a times the predetermined resis-
tance value. The transistors 107a coupled to resistor 107b
act as a current source for the dilferential amplifier com-
prised of transistors 95a and 95b. Similarly, transistors 901a
and 901b are respectively coupled to resistors 901a and
901b and act as current sources for the respective transistors
87a and 87b.

[0030] FIG. 5a illustrates a timing diagram of the output
pulse 203 generated by the negative peak timer of FIG. 4.
Voltage levels 201 of the output pulse are shown in relation
to various levels of current applied to transistors 99a and
99b. The pulse width changes inversely to the current
applied to the transistors 99a and 99b.

[0031] FIG. 5b illustrates a graphical representation of the
collector current 205 of transistor 55b of FIG. 3. The

collector current is directly alfected by the output pulse from
the negative peak timer of FIG. 4. By adjusting the collector
current of transistor 61a, the magnitude of the collector
current of transistor 53b may be adjusted. As discussed in
reference to FIG. 3, the collector cunent of transistor 53b is
subtracted from the current supplied by the transistor 7111.
As such, an increase in the collector current of transistor 53b
causes a decrease in the current supplied by transistor 71a to
the output of the modulator. Thus, as the semiconductor laser
is turning off, the amount of collector current of transistor
53b controls the depth of a negative peak which in turn
decreases the speed at which the semiconductor laser turns
olf.

[0032] FIG. 6 illustrates a graphical representation of the
output current from the modulator of FIG. 3 that is supplied
to a semiconductor laser. The current signal 305 that graphi-
cally represents the current from the output of the modulator
describes a pulse in which the semiconductor laser is tumed
on at approximately 4 nano seconds from an arbitrary
starting point and begins to tum off at approximately 1.6
nano seconds. The slope 301a is close to one, i.e., vertical
thus represents a rapid fall time. Undershoot 303 represents
the ellect on the output current of the modulator by the
negative peak timer.

[0033] FIG. 7 illustrates a graphical representation of an
eye diagram of the output voltage of the drive circuitry of
FIG. 1. Undershoot 401 of the eye diagram illustrates the
elfect of the negative peak timer on the output from the
modulator. As previously discussed, the undershoot causes
the semiconductor laser to turn off quickly as current sup-
plied to the semiconductor laser is removed faster than it was
supplied to the laser when the laser was tumed on. Also, the
amount of current is significantly below the amount of bias
current supplied to the semiconductor laser and thus charge
stored on the semiconductor laser is quickly removed.
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[0034] Accordingly, the present invention provides meth-
ods and systems that decrease the turn off time for a vertical
cavity surface emitting laser. Although this invention has
been described in certain specific embodiments, many addi-
tional modifications and variations would be apparent to
those skilled in the art. For instance, although bipolar
devices are illustrated and described, CMOS devices could
be used instead to provide the same functionality, but
perhaps for a lower data rate. It is therefore to be understood
that this invention may be practiced otherwise than as
specifically descfibed. Thus, the present embodiments of the
invention should be considered in all respects as illustrative
and not restrictive. The scope of the invention to be deter-
mined by the appended claims, their equivalents and claims
supported by the specification rather than the foregoing
description.
What is claimed is:

1. A drive circuitry driving a semiconductor laser, the
drive circuitry comprising:

a modulator coupled to the semiconductor laser and
generating an output signal to control the semiconduc-
tor laser;

a negative peak timer coupled to the modulator;

a limiter coupled to the negative peak timer and the
modulator;

wherein the negative peak timer causes the modulator to
rapidly decrease magnitude of the output signal of the
modulator to turn off the semiconductor laser.

2. The drive circuitry of claim 1 wherein the negative peak
timer comprises a plurality of dilferential amplifiers config-
ured to receive input signals from the limiter and generate an
output pulse.

3. The drive circuitry of claim 2 wherein the output pulse
has a pulse width having a variable rise and fall time.

4. The drive circuitry of claim 3 wherein the variable rise
and fall time is controlled by a plurality of capacitors.

5. The drive circuitry of claim 4 wherein the plurality of
capacitors bridge nodes between the output of a first one of
the plurality of differential amplifiers to input of a second
one of the plurality of differential amplifiers.

6. The drive circuitry of claim 4 wherein the plurality of
capacitors accelerate fall times of the output signal of the
modulator.

7. The drive circuitry of claim 2 wherein one of the
dilferential amplifiers draws current supplied to the semi-
conductor laser away from the semiconductor laser.

8. The drive circuitry of claim 1 wherein an undershoot
condition is created in which charge stored on the semicon-
ductor laser is disipated.

9. The drive circuitry of claim 1 wherein the semicon-
ductor laser is a vertical cavity surface emitting laser.
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10. A drive circuitry driving semiconductor lasers, the
drive circuitry comprising:

a limiter receiving a ditferential input signal and config-
ured to generate first dilferential output signals and
second differential output signals;

a negative peak timer coupled to the limiter and receiving
the first dillerential output signals from the limiter, the
negative peak timer configured to generate third dif-
ferential output signals;

a modulator coupled to the limiter and the negative peak
timer and receiving the second differential output sig-
nals from the limiter and the third differential output
signals from the negative peak timer, the modulator
configured to generate an output pulse; and

a vertical cavity surface emitting laser coupled to the
modulator and receiving the output pulse from the
modulator tuming the vertical cavity surface emitting
laser on and off;

wherein the modulator is configured to remove excess
charge stored when the vertical cavity surface emitting
laser is tumed off.

11. The drive circuitry of claim 10 wherein the output
pulse is a voltage pulse having an adjustable undershoot.

12. The drive circuitry of claim 10 wherein the output
pulse has an variable width and amplitude as determined by
the negative peak timer.

13. The drive circuitry of claim 11 wherein the adjustable
undershoot is determined by a negative peaking pulse from
the negative peak timer.

14. The drive circuitry of claim 11 wherein the adjustable
undershoot is determined by a positive peaking pulse from
the negative peak timer.

15. A method of driving a semiconductor laser, the
method comprising:

generating an output signal from a modulator to control
the semiconductor laser; and

causing the modulator to rapidly decrease magnitude of
the output signal of the modulator to turn ofl' the
semiconductor laser.

16. A drive circuitry driving a semiconductor laser, the
drive circuitry comprising:

means for generating an output signal to control the
semiconductor laser;

means for causing a rapid decrease in magnitude of the
output signal of the modulator to turn olf the semicon-
ductor laser.
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[57] ABSTRACT

The light output of light emitting diodes on an LED
printhead for a photosensitive printer is temperature
compensated so that light output remains constant re-
gardless of temperature changes of the LED chips. An
LED chip has a plurality of exposure LEDs and a
dummy LED. The voltage across the dummy LED is
sensed and combined with an adjustable reference volt-
age. This provides the input to an op-amp, the output of
which provides a chip reference voltage which controls '
the current to the LEDs.

25 Claims, 1 Drawing Sheet
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LED PRINTHEAD TEMPERATURE
COMPENSATION

BACKGROUND OF THE INVENTION

It has become desirable to employ non-impact xero-
graphic or other photosensitive printers for text and
graphics. In a xerographic printer, an electrostatic
charge is formed on a photoreceptive surface of a mov-
ing drum or belt, and selected areas of the surface are
discharged by exposure to light. A printing toner is
applied to the drum and adheres to the areas having an
electrostatic charge and does not adhere to the dis-
charged areas. The toner is then transferred to a sheet of
plain paper and is heat-fused to the paper. By control-
ling the areas illuminated and the areas not illuminated,
characters, lines and other images may be produced on
the paper. ‘

One type of non-impact printer employs an array of
light emitting diodes (commonly referred to herein as
LEDs) for exposing the photoreceptor surface. A row,
or two closely spaced rows, of minute LEDs are posi-
tioned near an elongated lens array so that their images
are arrayed across the surface to be illuminated. As the
surface moves past the line of LEDs, they are selec-

tively activated to either emit light or not, thereby ex-
posing or not exposing, the photoreceptive surface in a
pattern corresponding to the LEDs activated.

To form good images in an LED printer, it is desir-
able that all of the light emitting diodes produce con-
trolled light output when activated. This assures a uni-
form quality image all the way across a paper for black
and white printing, and control of exposure for grey
scale printing. The light output from an LED depends
on a number of factors including current and tempera-
ture.

Light emitting diodes for print heads are formed on
wafers of gallium arsenide or the like, suitably doped to
conduct current and emit light. Long arrays of LEDs
are formed on a wafer which is cut into separate chips
each having an array of LEDs. A row of such chips are
assembled end-to-end on the print head. The LEDs are
driven by power supplies on nearby integrated circuit
chips. Typically, an integrated circuit chip provides
constant current for all the LEDs on an LED chip, or
sometimes two integrated circuit chips each provide
current for half of the LEDs on an LED chip.

The light output of an LED varies with temperature.
It is important for some applications such as grey scale
printing that the light output be uniform over time. For
black and white printing it is important that the light
output be reasonably uniform across the width of the
printhead. Depending on the past history of power
dissipation in the printhead, some LED chips may be
much warmer than others, thereby causing a significant
nonuniformity in light output. Hence, exposure of the
photosensitive medium temperature may also vary with
time.

The light output varies as much as —-0.9% per degree
Centigrade and since appreciable temperature differ-
ences may occur during operation of the printhead,
there may be substantial exposure differences as temper-
ature varies across the head and as a function of time. It

is therefore desirable that compensation be provided for
temperature changes that may occur during operation
of an LED printhead.
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SUMMARY OF THE INVENTION

There is, therefore, provided in practice of this inven-
tion according to a presently preferred embodiment, a
temperature compensated power supply for a light
emitting diode print head. Such a printhead has a plural-
ity of LED chips, each of which has a plurality of expo-
sure LEDs. A dummy diode is provided for each chip
with means for passing current through the diode and
sensing voltage across the diode. The current passed
through the exposure LEDs on the respective chip are
then adjusted in response to the sensed voltage across
the dummy diode. Preferably the dummy diode is an
LED on the same chip as the exposure LEDs.

In an exemplary embodiment, the temperature com-
pensated LED printhead has a compensation op-amp
and means for generating a compensation voltage as a
function of the sensed voltage. The compensation volt-
age is applied to the inverting input of the compensation
op-amp. The op-amp output is used for generating a
chip reference voltage which controls current through
the exposure LEDs.

BRIEF DESCRIPTION OF THE DRAWING

These and other features and advantages of the pres-
ent invention will be appreciated as the same becomes
better understood by reference to the following detailed
description when considered in connection with the
accompanying drawing which illustrates a temperature
compensated power supply circuit for an LED chip.

DETAILED DESCRIPTION

An exemplary light emitting diode (LED) printer has
a printhead with a row of LED chips along its length.
An exemplary chip 7 has a plurality of exposure LEDs
8 along its length. The exposure LEDs are selectively
activated for exposing the photosensitive surface of a
xerographic printer in desired patterns. During print-
ing, selected ones of the LEDs are activated for expos-
ing selected pixels in a row across the surface. A short
interval later selected LEDs across the row are again
activated. Thus, the exposure comprises a series of rows
of exposed dots. There is a brief interval between the
rows. During this short interval temperature of the
LED chip is sensed in the practice of this invention.

Power is supplied to the LEDs from integrated cir-
cuit chips mounted in close proximity to the LED
chips. In an exemplary embodiment, an integrated cir-
cuit chip is located on each side of each LED chip and
contains circuits for delivering current to half of the
LEDs on the LED chip. Thus, an exemplary integrated
circuit chip may have 48 current sources for the respec-
tive LEDs. Such a chip may include a variety of other
print head operational circuits which do not form a part
of this invention. For example, data signal multiplexing
circuits may be included on the chip. The drawing
illustrates schematically the power supply portion of an
integrated circuit chip for providing current for activat-
ing the LEDs on an LED chip. The components illus-
trated are repeated several times across a printhead.

There may be differences between the various LED
chips on the printhead due to processing variables dur-
ing manufacture of the chips. It may also have different
temperatures due to differences in the cycle during
printing. Thus, power is separately controlled to each
LED chip. Generally it is desirable that the current
available for each LED on a chip be substantially the
same so that the light output of each LED is substan-
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tially the same. For this purpose a plurality of current
mirrors controlled by a high reference voltage are em-
ployed.

Each integrated circuit chip is provided with a refer-
ence resistor R,, the value of which may be selected for
assuring that all of the integrated circuit and LED chips
on a given print head produce substantially the same
light output.

A portion of the circuits on a representative inte-
grated circuit chip are illustrated in the drawing. In this
drawing, the dashed line indicates the portion on the
LED chip. The balance or the circuit elements are

typically on the integrated circuit chip, except for the
reference resistor and a capacitor mentioned later.
Contact pads for making connections to the chips are
omitted from the drawing, as are many other details of
circuits which are not material to an understanding of
this invention.

A reference voltage, VR, is applied to the noninvert-
ing input to a difference amplifier 9 (commonly referred
to as an op-amp) of a reference current cell on each

chip. There is nothing remarkable about the op-amp
current controller, and its internal circuits are, there-
fore, not illustrated. It comprises a conventional com-
parator circuit, an output buffer for the comparator, a
compensation capacitor to prevent oscillations, and a
bias circuit for the comparator and buffer. The op-amp
circuits are formed by the same processes employed for
the balance of the circuitry on the integrated circuit
chips.

The op-amp output is connected to the gate of an
n-channel insulated gate field effect transistor 11
(IGFET or FET) which acts as a current regulator or
current limiter. The source of the n-channel current

regulator FET is connected to both the inverting input
to the op-amp and the external reference resistor R,.
The drain of the current regulator FET is connected to
the drain of a p-channel current source reference FET
12. The reference FET 12, as well as other components
which provide current to the LEDs, are powered by a
current supply voltage, V,, common to the entire printhead.

In the reference current cell the op-amp controls the
gate of the n-channel current reference FET 12 and

increases or decreases the gate voltage until the voltage
at the reference resistor R, matches the reference volt-

age VR at the non-inverting input to the op-amp. The
result is a chip reference current equal to V12/R,. Thus,
the reference current cell produces a chip reference
voltage at the drain of the reference FET 12. The inter-
nal or chip reference voltage is not the same as the
external or system reference voltage V3.

The chip reference voltage is tied to the gate of the
reference FET. It is also connected to the gate of each
of a plurality of similar p—channel output driver FETS
13 which provide current for respective exposure light
emitting diodes 8. By having the gates of all of the
output driver FETs 13 tied together to the chip refer-
ence voltage, the current for each driver is substantially
identical. These can be thought of as current mirrors
with the same current flow as in the constant reference
current cell, or if desired, scaled to a uniform different

current by having different parameters for the output
FETS 13 as compared with the parameters of the refer-
ence FET 12.

Each of the output drivers 13 is in series with a p-
channel data FET 15. The data FETs act as switches in

response to presence or absence of a data signal D1, D2.
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. . D,. applied to the gate of the respective data FET. By
having independent drivers for each LED, the light
output, rise time and the like is substantially identical for
all of the LEDs. The current from each driver, and the
respective rise and fall time, for each LED is substan-
tially independent of the number of LEDs enabled.
Nominal values for the reference resistor and chip refer-
ence voltage generate a nominal output current of five
milliamps.

In addition to the exposure LEDs 8 on the LED chip,
there is a dummy LED 16 which is essentially the same
as the exposure LEDs but is covered with an opaque
material so that light emitted by the dummy LED does
not expose any of the photosensitive surface in the
printer. A suitable opaque material is the metal used for
making electrical contacts on the LED chip.

The dummy LED is in series with a driver FET 17,
the gate of which is connected to the internal reference
voltage, the same as the other driver FETs 13. The
driver FET 17 for the dummy LED differs from the
others by providing an appreciably lower current to the
dummy LED, for example, in the order of 100 micro-
amperes. The dummy LEd and its driver 17 are in series
with a switching FET 18 which has a signal line D,
connected to its gate. During the interval between the
periods when the exposure FETs are turned on for
exposing a line on the photosensitive surface, the signal
D, switches the switching FET on for providing cur-
rent to the dummy LED.

The dummy LED is used for sensing the temperature
of the LED chip. The thermal conductivity of the chip
material is high enough that the chip is substantially
isothermal and a single dummy LED may be used for
compensating for temperature variations for the entire
chip. In an alternative embodiment, more than one
dummy LED may be used on the chip and signals com-
bined for providing a more sensitive temperature mea-
surement and common mode rejection.

Temperature of the chip is sensed by sensing the
forward voltage V}: across the dummy LED 16. This
voltage is then used to adjust the reference voltage VR
applied to the op-amp 9. The temperature dependence
of the light output of an LED can be very well repre-
sented by the equation L=L0e(‘T/T0) where To is on
the order of 110° C. The actual To may vary from chip
to chip. Hence, the temperature coefficient for the chips
may differ. Data representing the actual temperature
coefficients for each LED chip are stored in a PROM
(not shown) on the printhead and read out during oper-
ation of the printhead for adjusting the temperature
compensation circuit as hereinafter described.

In addition, the light output of an LED is given as a
function of current by the equation

L/1: = I + (2/2) — ‘i(z/2);; + 21

where k is a constant, I is current and z is a measure (in
amperes) of the nonradiative current losses of the LED.

The forward voltage of a GaAsP diode emitting at
685 nanometers has the form

VF=1_54£,-0.00|45(T-25)

where T is the temperature in degrees Centigrade. This
forward voltage is sensed and used for compensating
the LED chip for temperature changes. Briefly stated,
the forward voltage is amplified, combined with a con-
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stant voltage and the resulting compensation voltage
used to set the LED current by way of the intemal
reference voltage applied to the driver FETs 13. In this
way the light output of the LEDs on the chip is substan-
tially uniform regardless of changes in temperature.

The forward voltage V}: across the dummy LED is
used for charging an LED sensing capacitor CL which
thereby stores the voltage. At the same time a reference
capacitor C, is charged by an external reference voltage
V, which thereby stores the reference voltage. These
capacitors are switched for storing the voltages during
the interval when the switching FET 18 is ON for pass-
ing current through the dummy LED.

The capacitors are then switched to an output where
the two capacitors are, in parallel, connected to the
inverting input of a compensation op-amp 21. At the
same time, a feedback capacitor C1: is switched across
the output to input of the compensation op-amp for
influencing the gain of the op-amp. The output of the
compensation op-amp provides the reference voltage
VR which is applied to the noninverting input to the
reference current op-amp 9.

A storage capacitor C3 is connected to the reference
voltage line for remembering the reference voltage
during the interval when the compensation op-amp is
essentially tumed off while the other capacitors are
switched to sensing the LED forward voltage and the
reference voltage. During this off period, the feedback
capacitor CF is shorted for draining its charge and not
influencing the feedback of the compensation op-amp in
the next compensation cycle. It may be desirable to
have the storage capacitor C33. discrete component off
of the silicon integrated circuit chip so that it can have
substantial capacitance and maintain the reference volt-
age without significant draining.

By switching the LED and reference capacitors CL,
C, in parallel as shown in the drawing, the combined
capacitance of the capacitors is applied to the input to
the compensation op~amp 21. The input compensation
voltage V; to the compensation op-amp is then

V‘ _ .CLVF + C,V,I _ Cr ‘l’ CL

The gain of the compensation op~amp is

C, + CL
CF

If we represent the voltage across an LED by the for-
mula V1—"=V1:'o+l(AT, then the current in an LED as a
function of temperature is

l
R,CpIL = C,V,- — CLV}:‘g + CLkAT

The reference capacitor C, and LED voltage sensing
capacitor CL are adjustable by way of data stored in a
PROM (not shown) on the printhead. As is well known,
adjustable capacitors can be provided in an integrated
circuit by having a plurality of capacitive areas of dif-
ferent sizes which are selectively switched into parallel
to provide a desired capacitance. The data stored in the
PROM for setting the adjustable capacitors is provided
in an initial calibration of the printhead.

The technique for adjusting the reference and LED
sensing capacitors comprises, in effect, measuring the
external reference voltage V, ambient temperature for-
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6

ward voltage VF0 of the dummy LED and the constant
k. A simple way to do this is to initially set the two
adjustable capacitors to their nominal values by loading
some beginning data into the PROM. In an exemplary
embodiment where the external reference voltage is 2.5
volts, the ambient temperature forward voltage V1.3, of
the LED is nominally 1.6 volts, the constant k is nomi-
nally 2 millivolts per degree Centigrade and the re-
quired compensation in the LED current IL is about 1%
per degree Centigrade, the capacitance of the LED
sensing capacitor CL should be about 1.5 times larger
than the reference capacitor C,.

After the nominal capacitance values are set, the
capacitors are adjusted up and down together maintain-
ing the 1.5:] ratio until the appropriate LED current IL
is obtained. Then by measuring the coefficient of
change of LED current IL with small changes in the
reference capacitance C, and LED sensing capacitance
CL, the ratio of changes in capacitance Rc that will the
LED current IL constant can be determined.

Then the printhead is heated up to some temperature
such as 50“ C. The LED sensing capacitance CL (which
helps determine the gain of the temperature compensa-
tion) is then adjusted to give the same light output from
an LED at 50° C. as it had at the starting temperature.
However, when the LED sensing capacitance CL is
changed, the reference capacitance C, is also changed
by the ratio RC previously determined. This assures

that the nontemperature-dependent part of the LED
current remains constant during the adjustment of the
temperature compensation. By adjusting the two capac-
itances to give the proper current at two temperatures,
the proper current is obtained throughout the tempera-
ture range.

Although but one embodiment of temperature com-
pensated power supply for an LED printhead has been
described and illustrated herein, many modifications
and variations will be apparent to those skilled in the
art. Thus, for example, although the switched capaci-
tance technique for applying the sensed forward volt-
age of the dummy diode to an op-amp provides a simple
technique easily implemented on a silicon integrated
circuit chip, other techniques for employing the for-
ward voltage of the LED for adjusting the chip refer-
ence voltage may be employed.

The calibration technique described adjusts the refer-
ence capacitor and the LED voltage sensor capacitor
for obtaining the desired temperature compensation.
This is probably the simplest calibration technique. One
could, however, adjust the op-amp feedback capaci-
tance instead of one of the input capacitances. The
algorithm for doing this is somewhat more complicated
and may require iterations to obtain the desired accu-
racy of calibration.

The temperature compensation is described as occur-
ring between each line of printing, and that probably
provides the optimum. It will be apparent that compen-
sation between pages or at other intervals may also be
practiced. '

One may also choose to employ a diode on the silicon
‘integrated circuit chip instead of the dummy LED on
the LED chip. An approximation of the temperature
compensation may be obtained since coefficients are
similar and the temperature of the integrated circuit
chip tends to be proportional to the temperature of the
LED chip. This is the case since both are mounted on a
common heat sink and the power dissipations in the
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LED chip and integrated circuit chip are proportional
during operation of the printhead.

The invention has also been described in the context

of a xerographic printer where the surface exposed is
selectively discharged by exposure to light. It will be 5
apparent that this invention may be used with other
photo—sensitive elements such as photographic film or
paper.

With such possible variations in mind, it will, there-

fore, be understood that within the scope of the ap- 10
pended claims the invention may be practiced other-
wise than as specifically described.

What is claimed is:

1. A method for compensating for temperature varia-
tions in a light emitting diode printhead for a photosen- 15
sitive printer comprising the steps of:

sensing the voltage across a dummy light emitting
diode on the same chip with a plurality of exposure
diodes; and

adjusting a chip reference voltage which controls 20
LED current as a function of the sensed voltage for
compensating for changes in the temperature of the
dummy light emitting diode.

2. A method as recited in claim 1 wherein the adjust-
ing step comprises combining the sensed voltage and a 25
constant voltage for obtaining a compensation voltage,
and applying the compensation voltage to the input of
an op-amp, the output of the op-amp providing the chip
reference voltage. -

3. A method as recited in claim 2 further comprising
the step of adjusting the gain of the op-amp as a function
of variation of LED light output with respect to tem-
perature.

4. A method as recited in claim 2 wherein the adjust-
ing step comprises:

applying the compensation voltage to the inverting
input of an op-amp; and

adjusting the gain of the op-amp based on the light
output of the LEDs as a function of temperature.

5. A method as recited in claim 1 comprising sensing 40
the voltage across the dummy LED when the exposure
LEDs are turned off.

6. A method as recited in claim 1 comprising the step
of storing the reference voltage during an interval when
the exposure LEDs are enabled.

7. A method as recited in claim 1 comprising the stepsof:

storing a reference voltage in a capacitor;
storing the sensed voltage in a capacitor; and
connecting both capacitors in parallel to the input of 50

an op-amp, the output of the op-amp providing the
chip reference voltage.

8. A method as recited in claim 7 wherein each of the

capacitors is adjustable and is set at a capacitance value
which collectively represents the temperature coeffici-
ent of the LEDs.

9. A method for compensating for temperature varia-
tions in a light emitting diode chip having a plurality of
exposure diodes comprising the steps of:

sensing the voltage across a dummy diode;
adjusting an amplifier output as a function of the

sensed voltage; and
applying the amplifier output as a chip reference

voltage for controlling current to the exposure
diodes.

10. A method as recited in claim 9 wherein the

dummy diode comprises a light emitting diode on the
same chip as the exposure diodes.
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11. A method as recited in claim 9 wherein the adjust-
ing step comprises adjusting the gain of the amplifier as
a function of variation of LED light output with respect
to temperature.

12. A method as recited in claim 9 wherein the adjust-
ing step comprises capacitively connecting the sensed
voltage to the input of the amplifier.

13. A method as recited in claim 12 wherein the step
of capacitively coupling comprises:

storing the sensed voltage in a first capacitor;
storing a constant voltage in a second capacitor; and
connecting both capacitors in parallel to the input of

the amplifier.
14. A method as recited in claim 9 wherein the adjust-

ing step comprises adjusting the gain of the amplifier in
response to variation LED light output as a function of
temperature.

15. A method as recited in claim 9 wherein the adjust-
ing step comprises combining the sensed voltage and a
constant voltage for providing a compensation voltage,
and applying the compensation voltage to the input of
the amplifier.

16. A method as recited in claim 9 comprising the
steps of:

storing a reference voltage in a first capacitor;
storing the sensed voltage in a second capacitor; and
connecting both capacitors in parallel to the inverting

input of an op-amp, the output of the op-amp pro-
viding the chip reference voltage.

17. A temperature compensated LED printhead for a
photosensitive printer comprising:

a light emitting diode chip having a plurality of expo-
sure LEDs;

means for generating a compensation voltage bearing
a known relation to the temperature of the chip;

a compensation op-amp; '
means for applying the compensation voltage to the

inverting input of the compensation op-amp;
means for adjusting the op-amp gain in response to

changes in LED light output as a function of tem-
perature;

means for generating a chip reference voltage as a
function of the output of the op-amp; and

means for controlling current through the exposure
LEDs in response to the chip reference voltage.

18. A temperature compensated LED printhead as
recited in claim 17 wherein the means for generating a
compensation voltage comprises a dummy LED on the
Chip, and the compensation voltage is a function of the
voltage across the dummy LED. ‘

19. A temperature compensated LED printhead as
recited in claim 17 wherein the means for generating a
compensation voltage comprises:

a diode having a voltage drop which is a function of
temperature;

means for sensing a voltage across the diode; and
means for combining the voltage with a constant

voltage for generating the compensation voltage.
20. A temperature compensated LED printhead as

recited in claim 17 wherein the means for applying the
compensation voltage to the compensation op-amp
comprises:

first capacitive means for storing the compensation
voltage;

second capacitive means for storing the sensed volt-
age; and

switching means for switching both capacitive means
in parallel to the input of the compensation op-amp.
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21. A temperature compensated LED printhead for a

photosensitive printer, having a plurality LED chips on
the printhead and a plurality of exposure LEDs on each
chip comprising:

a dummy diode for each chip;
means for passing current through the diode;
means for sensing voltage across the diode; and

means for adjusting the current passed through the
exposure LEDs on the respective chip in response
to the sensed voltage.

22. A temperature compensated LED printhead as

recited in claim 21 wherein the dummy diode comprises
a dummy LED on each chip.

23. A temperature compensated LED printhead as
recited in claim 21 comprising:

a capacitor selectively connectable across the diode

for storing the sensed voltage;
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means for combining the sensed voltage with a con-
stant voltage for providing a compensation volt-
age;

an amplifier; and
means for applying the compensation voltage to the

input of the amplifier, the current passed through
the exposure LEDs being a function of the output
of the amplifier.

24. A temperature compensated LED printhead as
recited in claim 23 wherein:

the means for combining comprises an adjustable
capacitor for storing the constant voltage; and

means for applying the voltages stored in both capac-
itors in parallel to the input of the amplifier.

25. A temperature compensated LED printhead as
recited in claim 24 wherein the amplifier comprises an
op-amp and comprising means for applying a feedback
capacitor across the op-amp.* * * * *



United States Patent [191

Uebbing et al.

[54]

[75]

[73]

[21]

[22]

[51]

[52]
[58]

METHOD AND APPARATUS FOR
IMPROVING THE UNIFORMITY OF AN
LED PRINT]-IEAD

Inventors: John J. Uebbing, Palo Alto; Peter H.
Mnhowald, Mountain View, both of
Calif.

Assignee: Hewlett-Packard Company, Palo
Alto, Calif.

Appl. No.: 377,186

Filed: Jul. 7, 1989

Int. Cl.5 ..................... .. GOID 15/14; GOID 2/45;
H04N 1/036

U.S. Cl. ............................... .. 346/107 R; 346/160
Field of Search ................. .. 346/107 R, 108, 160,

346/153.1, 154; 358/300, 302

[11] Patent Number: 4,982,203

[45] Date of Patent: Jan. 1, 1991

[56] References Cited
U.S. PATENT DOCUMENTS

4,730,731 1o/1933 Creutzmann .................... 346/107R

Primary Examt'ner—Mark J. Reinhart
Assistant Examiner—Scott A. Rogers

[57] ABSTRACT

An apparatus and method are provided to correct for
the amount of degradation in light output of the light
source used with an electrophotographic recording
medium of an optical printer. The percentage amount of
degradation due to aging is predicted by measuring
degradation over a short interval and used to adjust the
light output of the individual LEDs by pulse width
modulation or current modulation so that there is a

uniform light output. Similarly, the percentage amount
of degradation due to temperature changes is predicted
and used to adjust the light output.

25 Claims, 3 Drawing Sheets

 
 
 
 

 

.4091; .57fl916E
/I’/E/I//49V

 
/9/?flC2-13.5019

3’-1z@ZAE!. -//V
.55?//11. -&V7'

P561575/€

Afl&/(WP 7/73.45’
JV?/1/M

5E/?/AZ. -//V
P/L9/Mlfl "&fl7’

PEG/575?

P/9//V77/£340"

/1’/fl/V/7/’?//V6
.5‘)575/14

 
 

 
 

 

 

Que:
 .9/9//V7/‘/540 

055'/RED 56943/JPE D/47/7



U.S. Patent Jan. 1,1991 Sheet 1 of3 4,982,203

£52

 
cfigl
4’

3

Z
5

 
5

‘@ é
____ {____: PHPER

<————
F/Z55?

7



4,982,203

WKVQ\W@\\mNQ\\.QQKIWXWNQ.
  
 

X\»\W\.n:WNMVWKQ\\L\Q\V‘ 

QvxW\.\\K\_\\®\Q\

  
 

BVow
2

t\\
wLuS

W\.Nk.m.1\%H4W\

k\\,%n§\\%wW‘‘
xxwxwxw\_\\I%u.Vw3\W$m\1 %\~\\W\\.\\\V%\V.%QvQ\x§\\w¢

1L

mQMkm;\%Mw\J.N\\.Q|NMVVTW$\Q\l$\N\\Iwvxxwxwm;IMQ
 

NM.S“
US Patent

‘9



US. Patent Jan. 1, 1991 Sheet 3 of3



4,982,203
1

METHOD AND APPARATUS FOR IMPROVING
THE UNIFORMITY OF AN LEDP 

BACKGROUND OF THE INVENTION

Non-impact optical printers are becoming increas-
ingly popular for producing texts and graphics, particu-
larly in gray scale applications. In gray scale printing,
multiple gradations and shades of gray can be printed in
addition to black-and-white and “write white” or

white-on-black printing. Gray-scale printing is typically
used to create pictures rather than text.

In xerographic printers, an electrostatic charge is
formed on the surface of a moving drum or belt. Se-
lected areas of the drum or belt are discharged by expo-
sure to light, e.g. from light emitting diodes (LEDs) or
lasers. A printing toner is applied to the drum and ad-
heres to the areas which have an electrostatic charge.
The printing toner does not adhere to the discharged
areas on the drum. The toner is then transferred from

the areas on the drum having the electrostatic charge to
a sheet of plain paper and is heat fused to the paper
using well known methods. Characters are constructed
in the well-known dot matrix fashion, with each charac-

ter comprising a number of illuminated dots. Optical
character generation devices are well known and are
described in previous U.S. patents (e.g. U.S. Pat. No.
4,596,995).

In gray-scale printers, the shade of gray is determined
by the amount of the electrostatic charge on the photo-
receptive surface. Such printers may be used for repro-
ducing photographs. For example, one type of optical
printer uses arrays of light emitting diodes (LEDs) as
the light source which exposes the photoreceptor sur-
faces. To create high quality images with an LED
printer, each of the individual LEDs should produce
the same amount of light output when they are acti-
vated by a specified signal. It is particularly important
that each of the LEDs produce a uniform light output
when the printer is a gray-scale printer. As the light
output from each LED tends to vary significantly, a
number of systems have been proposed to correct the
variance in light output.

The amount of time that each LED has been on (its
age) is one of two important time dependent factors
which affect the amount of light output ofeach LED. It
is believed that the rate at which the LED light output
is reduced due to repeated use is unique to the particular
LED. It is believed that the degradation rate is related
to the number of defects or dislocations at the junctions
in the crystalline lattice structure of the doped semicon-
ductor of which LEDs are comprised as well as being
related to the amount of strain in the material. There-

fore, the degradation rate due repeated use or aging for
an LED printhead is non-uniform between individual
LEDs.

The other important time-dependent factor in the
light output of the LED is the temperature of the junc-
tion. The light output decreases as the temperature
increases, and by measuring the amount of decrease in
light output due to temperature during manufacture and
measuring the temperature during the operation of the
printhead, the light output can be predicted. Compensa-
tion for the amount ofdegradation in light output due to
temperature can therefore be accomplished. Since the
amount of degradation due to temperature does not
vary substantially from pixel-to-pixel, the compensation
may be either performed by pulse-width modulation or
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by modifying the current at which the LEDs operate.
With either technique, modifying the current or pulse-
width modulation, it is unnecessary to measure the light
output during operation, which increases the cost.

Prior art systems, such as U.S. Pat. No. 4,780,731
(Creutzmarm), continuously monitor temperature and
the LED light output and correct the light output at
regular intervals based on the measured data. Such
systems are expensive and a need has developed for a
more cost effective system which does not sacrifice
accuracy.

BRIEF SUMMARY OF THE INVENTION

It is, therefore, an object of the present invention to
provide a low cost, highly uniform and accurate print-
head suitable for precision gray scale electrophoto-
graphic printing. As an LED is used, the light output as
a function of current will typically degrade due to ag-
ing. The present invention eliminates the necessity for
repeated measurement of the light output as a
prerequisite for correcting for the age degradation. The
present invention provides a uniform LED light output
to within as little as i. 15 percent error. The uniformity
of the light output can be improved by approximately
an order of magnitude using the present invention as
compared to a LED printhead with no correction cir-
cuitry.

In addition to the array of LEDs, the system hard-
ware of the present invention may include a micro-
processor, memory and circuitry to control the current
applied to the LEDs or the LED on-time during expo-
sure, and optionally, a device for measuring light out-
put.

To obtain the compensation for aging, before the
printhead is installed in the printer, the amount of light
output of each LED is measured first and then mea-
sured again after the printhead has been operating for a
specified length of time. The amount of degradation is
defmed using the difference between the two measure-
ments of the light output. After the printhead is in-
stalled, only the aging is measured by measuring the
amount of time the printhead is on. The light output of
the LEDs is adjusted based on predictions made from
measuring the aging. Predicting the amount of degrada-
tion for each pixel is accomplished using a mathematical
relationship between the LED on-time and the percent-
age amount of degradation. The predicted amount of
degradation for each LED is stored in memory located
on the printhead.

To obtain the amount of compensation for degrada-
tion in light output due to temperature increases, the
average amount of light output for the printhead is
measured at various temperatures before the printhead
is installed, and a table of values of light output at vari-
ous temperatures is stored in memory. After the print-
head is installed, the temperature is measured and the
light output is adjusted using the values stored in mem-
ory from the pre-installation measurements of tempera-
ture versus light output.

The light output can be expressed mathematically as
a function of the current, the temperature, a current
non-linearity coefficient, and a temperature dependent
coefficient. A mathematical equation relating light out-
put to current and temperature is used to predict the
amount of correction needed at a later time to obtain

uniformity. At least two different values of current and
light output are needed to solve the equation for the
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current non-linearity coefficient and the temperature
dependent coefficient.

The amount of correction required for each LED to
achieve uniformity with all the other LEDs is com-
puted using the equation in a software program. The
parameters of the mathematical equations for each
LED are stored in memory. The LED exposure-time
(i.e. duty factor) and the drive current of the printhead
system are adjusted using the correction factor which
was computed by the microprocessor.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages of the pres-
ent invention will be appreciated as the same becomes
better understood by reference to the following detailed
description when considered in connection with the
accompanying drawings wherein:

FIG. 1 illustrates, in block diagram form, an exem-
plary optical xerographic printing apparatus;

FIG. 2 is an enlargement of the printhead portion 0
the block diagram shown in FIG. 1;

FIG. 3 is a block diagram illustrating the interconnec-
tion of the control electronics and the printhead of the
present invention;

FIG. 4 is an exemplary light output measurement
circuit; and

FIG. 5 a circuit diagram illustrating an exemplary
embodiment of the LED driver for the printhead of the
present invention.

DETAILED DESCRIPTION

An exemplary, conventional, light emitting diode
(LED) printer is shown in a block diagram in FIG. 1 to
provide an overview of the environment of the present
invention. A selected area of a rotating drum 2 receives
an electrostatic charge from a charging station 3. Expo-
sure to light from a printhead 4 causes selected areas
within the charged area to be discharged. A printing
toner 5 is applied to the drum and adheres to the areas
which are charged and will not adhere to those areas
which are not charged or have been discharged. Char-
acters or images may be constructed by charging and
then darkening appropriate pixels on the drum with
toner. The toner is then transferred and heat-fused to

the paper 6 at a fusing drum 7. The surface of the drum
is thoroughly discharged and cleaned of any remaining
toner at a cleaning station 8 before being recharged.

A block diagram of an exemplary printhead 4 is illus-
trated in FIG. 2 with a row of LEDs 9 , a lens 10 to

focus the light emitted by the LEDs, and circuitry to
control the actuation of the LEDs fabricated on an

integrated circuit 11. The integrated circuit 11 receives
power from a current supply voltage, Vc, which is typi-
cally five volts.

The interconnection of the major hardware compo-
nents used in this invention can be seen in FIG. 3. A

microprocessor 20 is interconnected to various memory
elements, i.e. a look up table static random access an -
ory (SRAM) 26, and a local memory storage 24,
through the system bus 28. The microprocessor 20 is
also interconnected to the printhead 4 through the sys-
tem bus. The microprocessor is connected to the print-
head monitoring system 32 through a parallel-in, serial-
out (PISO) register 34. The printhead monitoring sys-
tem measures the amount of light output of at least some
of the LEDs and the temperature of various parts of the
printhead. The signal representing the measured
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amount of light output is input to the microprocessor
through a serial-in, parallel-out (SIPO) register 36.

The structure and operation of the printhead 30 will
now be discussed. Referring to FIG. 5, power is sup-
plied to a array of LEDs 9 (only one row is shown)
from an integrated circuit (IC) chip 11 which is in elec-
trical connection with, and mounted in close proximity
to, the LEDs. Each of the cells 120, 121, 122, . . . 12,, cells
are circuits for controlling each LED, 91, 92, . . 9,.. The
LEDs are driven by output drivers which may advanta-
geously be p-chaxmel field effect transistors (FETs)
131,132,. . .13,. and switching FETs 151, 152, . . 15,.
Transistor pairs 131 and 151, 132 and 15;, etc. are con-
nected in series with each other and the LEDs. By

having the gates of all the output driver transistors 13
connected to the chip reference voltage Vc, the magni-
tude of the current through each driver transistor is
substantially identical.

Varying the system reference voltage, V}; controls
the light output of all the LEDs in the array. The instan-
taneous current through each of the LEDs is VR di-
vided by R, so that increasing the voltage V}; increases
the current flow through the LED and increases the
light output. Thus, VR can be set to a desired level
which also sets the magnitude of the current. Varying
VR is one method for compensating for the degradation
in light output for variations in temperature if is as-
sumed that the temperature of all the LEDs in the array
is approximately the same. Altematively, pulse width
modulation can be used to separately control groups of
LEDs (which can be as small as two) using the different
measured temperatures of the LED groups.

The first cell of the printhead circuit, 120, sets the
current through the LEDs. Cell 120 includes an opera-
tional amplifier 10 (also referred to as an “op-amp”).
The output of the op-amp 10 is input to the gate of an
n-channel, current setting FET 17. The source of the
current setting FET 17 is the non-inverting input of the
op-amp 10. In this configuration the op-amp increases
its output voltage, until the inverting input to the op-
amp is equal to VR. When the voltage at the source 19
of the current setting FET 17 is equal to the system
reference voltage, VR, the voltage at its drain 18 is equal
to Vc, the chip reference voltage. The current at the
source 19 of the current setting FET 17 is the same as
the current at the drain 18, which is equal to V12/R,.
The current through each of the LEDs 9 is the same as
the current at the source 18 of the current setting FET
17 and equal to VR/R; when there is an actuating pulse
D at the gate of each driver FET 15. Global changes in
the current may be accomplished by varying the system
reference voltage VR, or the reference resistor Rr.

In contrast to the system reference voltage VR which
controls the overall printhead current, adjustments to
the pixel-by-pixel light output are made by pulse width
modulation: Individual LEDs are controlled by regulat-
ing their exposure time, that is, the amount of time each
LED is on. The switching FETs 15 (FIG. 5) act as
switches in response to the presence or absence ofa data
signal D1, D2, . . . D, applied to the respective gates of
the switching FETS 15. Each of the signals D1, D2,
...D,. is typically a series of square-wave pulses which
turn the switching transistors 15 “on” or “off”. The
signals have varying pulse widths which are equal to
the exposure times for each LED.

In order to provide compensation for the variations in
light output between LEDs due to aging, the amount of
degradation in light output is predicted. By predicting
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the percentage amount of degradation, Dg, in light out-
put and increasing the exposure time by the same per-
centage, compensation for the amount of degradation
due to varying effects of age on each LED is accom-
plished.

The percentage degradation is defined in terms of the
light output, q, at time t and time 0:

(2)

Percentage degradation = D3 = [1 £9-] 100%_ 9(0)

For example, if the first measurement of the light output
of LED using a photodetector is 100 nanovolts and the
second measurement of the same LED is 90, the per-
centage amount of degradation is 10 percent.

Dg=[l— (q(t)/ q(0))] l00%=[l-90/100]1oo% = 10%

Therefore, the pulse width of the actuating pulse D1,
which is equal to the exposure time, is increased by 10%
to compensate. The actuating pulse for the second
LED, D2, may be corrected by 9.5%, for example, and
so on. The different values for D1, D2, ...D,, are stored
in a look-up table in memory for later use in controlling
the exposure time of the LEDs. A fast static RAM 26
(SRAM) may advantageously be used as the memory
device for storing the look-up table. In gray scale print-
ers it is advantageous to place the look-up table within
the picture data processing subsystem. In gray-scale
printing applications, the different values for D1...D,,
are selected using the gray-scale exposure data.

It has been discovered that the percentage degrada-
tion as a function of time may be modeled by the equa-
tion:

D8=kD¢m (3)

where kp is a constant which is a characteristic of each
LED and t is the amount of time that the printhead has

' been operating. The constancy of kg for each LED
allows the future light output of a specific LED to be
accurately predicted when the LED age is known.
Each LED has a different Value for kg. The value ofkg
for each LED may be calibrated during the manufac-
ture of the printhead by measuring the degradation at
two different measurement times before the product is
released from production.

The percentage amount of degradation Dg is pre-
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dicted using equation (3) by substituting the amount of 50
time the printhead has been operating for the variable, t.
It will be appreciated that the operation time of the
printhead may be determined in a number of different
ways. One way is to approximate the operation time by
keeping a count of the number of pages and estimating
the resulting usage of each LED from number of pages.

The microprocessor 20 calculates kp t1/3 by retriev-
ing the values of kp stored in the look-up table 26 for
each LED. The system software multiplies each value
of kp by the cube-root of the operating time, t1/3 to
obtain a value for the percentage degradation, Dg, for
each LED.

The duty factor (the amount of time on divided by
the amount of time off) of the LEDs is adjusted by
increasing the pulse width of the actuating pulses D for
each LED by the percentage degradation, Dg, to com-
pensate for the degradation in output due to aging.
Thus, the pulse widths of the signals D, are modulated
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to compensate for the amount of aging that each LED
has experienced.

The vast majority of the LED’s follow equation (3).
However, a certain small percentage require additional
correction. The LEDs which require more correction
than predicted by Equation (3) can be located before
manufacture and either removed from use or an extra

correction made in order to increase the accuracy.
Another way to estimate the amount of age-caused

degradation of the LEDs, without using Equation (3), is
to measure the degradation in light output of a few
selected LEDs, e.g. those in close proximity to the
center of the printhead. The light output may be mea-
sured at repeated intervals and the degradation mea-
sured during operation of the printer between the print-
ing of each page. After a preselected time period, which
has been found to be from a few minutes to a day of
printhead operation, the light output of each of the
selected LEDs may again be measured which will have
decreased due to aging of the LEDs. The measured
percentage amount of degradation is then used to in-
crease the pulse width(s) ‘of signal D by the same per-
centage to compensate for the aging.

Compensation for temperature variations will now be
discussed. Increases in ambient temperature result in
global degradation in the light output of all the LEDs.
Before the printhead is installed, the system is calibrated
by taking measurements of light output of each LED at
two different amounts of current using the equation:

M 2

77;-=-’;——\i(%j +(xI) +1
where q is the light output, I is the current, k is the
temperature-dependent coefficient, x is the current non-
linearity coefficient. By substituting the two measured
values of q and I, the values of the temperature depen-
dent coefficient k and the current non-linearity coeffici-
ent x can be determined. The values of k and x are

stored in memory on the printhead.
The temperature is continuously monitored with a

conventional temperature sensor 31. For example, a
temperature transducer, which produces an output volt-
age proportional to the temperature, may be used. If the
temperature has changed after a predetermined opera-
tion time, e.g. 2 minutes, a new value for the tempera-
ture dependent “efficiency” coefficient, k, is calculated
from equation (5) relating k to the temperature:

(4)

k=k0 e‘ 77To (5)

where T is the measured temperature and To and kg are
constants. Typically, T,,is equal to 111° C.. Equation (4)
is solved for the current I and the calculated value of k

from equation (5) is substituted for k and a new value
for the current I is calculated by the system software.
The value of the reference voltage VR may be adjusted
by a global correction signal generated by the micro-
processor 20. The magnitude of the instantaneous cur-
rent flowing through all the LEDs is changed to corre-
spond to the newly-calculated value of I, thereby effect-
ing a global change in the light output.

Alternatively, because of the substantial computation
time required for the software to make the necessary
calculation using Equation (4) an approximation of the
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change in current, I, required to compensate for the
increase in temperature, T, may be made to reduce the
calculation time:

8

light emitting diodes less than the total number of light
emitting diodes.

4. An apparatus for improving the uniformity of a
light emitting diode array printhead comprising:

a: (6) 5 means for predicting the amount of degradation in
M = a7‘ AT light output of each light emitting diode compris-

4:5. ing means for calculating kdtl/3 wherein kd is aconstant for each LED and t is the operation time
of the printhead;

means for generating correction data to compensate
for the amount of degradation in the light output of
each light emitting diode using said predicted
amount of degradation; and

means for adjusting the amount of light emitted by
each light emitting diode using said correction
data.

5. The apparatus of claim 1 further comprising:
means for measuring the temperature of a selected

group of light emitting diodes and generating a
temperature signal representing the measured tem-
perature for each of said groups; and

means for adjusting the amount of light emitted by
each of said groups of light emitting diode using
said temperature signal.

6. The apparatus of claim 2 wherein the means for
predicting the amount of degradation includes a means
for measuring the light output of a number of selected
light emitting diodes less than the total number of light
emitting diodes.

7. The apparatus of claim 2 wherein the means for
predicting the amount of degradation comprises means

. for calculating kdt1/3 wherein kg is a constant for each
LED and t is the operation time of the printhead.

8. The apparatus of claim 2 wherein said means for
controlling the amount of light output includes a means

where qis the average light output for the printhead.
The software approximates the partial derivatives in
equation (6) by calculating the slope of equation (4). A
similar approximation using partial derivatives may be
used in lieu of Equation (3) if minimizing the computa-
tion time is more desirable than maximizing the accu-
racy.

The values for VR and/or R, are selected to provide
a little more current than is required to produce the
maximum amount of desired light output so that the
values of D,,, the pulse widths, will always be less than
100%. It will be appreciated that Va/Rr is the typical
instantaneous current of the printhead circuit, while the
pulse width-modulated current through the LEDs re-
sults from the varying pulse lengths of the signals D.

If the embodiment in which the light output of a few
selected LEDs is periodically measured is used, there
are a number of different circuits which can be used for

measurement of the light output. Measurement of the
light output is generally accomplished using photocon-
ductive devices, such as a photodiode, placed in suffi-
cient proximity to each LED to receive the light from
the LEDs. An exemplary measurement circuit is shown
in FIG. 7. A photodiode 42 is connected in series with
a resistor Rm. Op-amp 44 measures the voltage across
the resistor which is proportional to the light output.
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The invention has been described in detail with par-
ticular reference to preferred embodiments thereof.
However, it will be understood that variations and
modifications may be effected within the spirit and
scope of the invention.

What is claimed is:

1. An apparatus for improving the uniformity of a
light emitting diode array printhead comprising:

means for predicting the amount of degradation in
light output of each light emitting diode as a func-
tion of time; v

means for generating correction data to compensate
for he amount ofdegradation in the light output of
each light emitting diode as a function of time using
said predicted amount of degradation; and

means for adjusting the amount of light emitted by
each light emitting diode using said correction data
and the operating time of the light emitting diodes.

2. The apparatus of claim 1 further including:
means for measuring the temperature of said print- 55

head and generating a temperature signal repre-
senting the measured temperature;

means for generating a correction factor signal using
said temperature signal; and

means for controlling the amount of light output of 60
all of the light emitting diodes as a group using said
correction factor signal whereby said light output
is increased to compensate for the degradation in
light output caused by increases in temperature of
the printhead.

3. The apparatus of claim 1 wherein the means for
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predicting the amount of degradation includes a means
for measuring the light output of a number of selected

for calculating the temperature-dependent coefficient,
from said temperature signal and a means for calculat-
ing the current required to drive the light emitting di-
odes to compensate for a change in temperature of the
light emitting diodes.

9. The apparatus of claim 2 wherein the light emitting
diode array includes a system reference voltage and said
means for controlling the amount of light output in-
cludes a means for adjusting said system reference volt-
age.

10. The apparatus of claim 8 wherein said means for
calculating said temperature dependent coefficient and
said current comprises a microprocessor and a software
program.

11. The apparatus of claim 9 wherein said means for
adjusting said system reference voltage includes a mi-
croprocessor.

12. The apparatus of claim 10 wherein ko e-‘T/To is
calculated to obtain the temperature dependent coeffici-
ent where Ta and koare constants and T is said tempera-
ture.

13. The apparatus of claim 4 wherein said calculating
means includes a microprocessor and a software pro-
gram.

14. A method of improving the uniformity of a light
emitting diode array printhead having a means for con-
trolling the light output of each LED, said method
comprising the steps of:

measuring the amount of degradation in light output
of a selected group of light emitting diodes after a
preselected time period;

using said measured amount of degradation to predict
the amount of correction required for each light
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emitting diode to compensate for the amount of
degradation in the light output of each light emit-
ting diode occurring at times later than the time at
which the degradation was measured; and

adjusting the light output of each light emitting diode 5
using said predicted amount of correction for each
light emitting diode and the operating time of the
light emitting diodes.

15. The method of claim 14 wherein the adjusting
step is accomplished by varying the input of said means
for controlling the amount of light output of each light
emitting diode.

16. The method of claim 14 wherein the adjusting

step is accomplished by pulse width modulation of each 15
light emitting diode.

17. The method of claim 13 further including:
measuring the temperature of said printhead; and
adjusting the light output of light emitting diodes as a

group using said measured temperature. 20
18. The method of claim 14 further including:
measuring the temperature of a selected group of

light emitting diodes and generating a temperature
signal representing the measured temperature for
each of said groups; and adjusting the amount of 25
light emitted by each of said groups using said
temperature signal.

19. The method of claim 18 wherein said adjusting
step is accomplished by pulse width modulation.

20. The method of claim 17 further including: 3°
determining the values for the temperature dependent

coefficient and the current non-linearity coeffici-
ent.

21. A method for compensating for non-uniform age 35
degradation of a plurality of light emitting diodes com-
prising the steps of:

measuring the light output from light emitting diodes
after the light emitting diodes have been on for a
first interval of usage; 40

predicting the aging of each light emitting diode after
an additional interval of usage;

measuring the time of an additional interval of usage
of the light emitting diodes; and
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applying a selected additional increment of current to
each light emitting diode after such an additional
interval of usage and based on the predicted aging
of each light emitting diode for obtaining substan-
tially uniform light output from each of the light
emitting diodes.

22. The method of claim 21 wherein said additional

increment of current is applied by increasing the on-
time of the light-emitting diode.

23. The apparatus of claim 1 wherein the means for
correction data comprises measuring the amount of
time each light emitting diode has been operating.

24. Apparatus for improving the uniformity of light
output from a plurality of light emitting diodes compris-
ing the steps of:

means for determining the amount of time at least a
portion of the light emitting diodes have been oper-
ating;

means for storing a time dependent correction factor
for at least a portion of the light emitting diodes;

means for determining the degradation of each such
light emitting diode as a function of a stored cor-
rection factor and the time the light emitting diode
has been operating; and

means for adjusting the duty cycle of each light emit-
ting diode as a function of the degradation deter-
mined.

25. A method for correcting for aging of light emit-
ting diodes comprising the steps of:

measuring the light output of a light emitting diode;
measuring the light output of the light emitting diode

after an interval of operation;
determining a correction factor based on the degrada-

tion of light output between the two measurements;
storing the correction factor;
determining an additional time the light emitting

diode has been in operation;
predicting the degradation of light output from the

light emitting diode as a function of the stored
correction factor and the additional operating time;
and

adjusting the duty cycle of the light emitting diode
for compensating for the predicted degradation.3 3 3 3 3
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[57] ABSTRACT

A light output monitor for a light emitting diode print-
head has a light detector internal to the printhead for
measuring the light output power of each light emitting
diode along a printhead. Calibration factors relating the
light output power measured by the detector to the
light output power transmitted to the photoreceptive
surface of the printer are stored in memory on the print-
head. An exposure control device regulates the amount
of time each light emitting diode in the printhead ex-
poses the photoreceptive surface with light. A proces-
sor periodically and aperiodically uses the light output
measurements and the calibration factors to compensate
the exposure control device for light output power
non-uniformities and temporal irregularities.

20 Claims, 3 Drawing Sheets
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1

LIGHT OUTPUT POWER MONITOR FOR AN LED
‘ PRINTHEAD

FIELD OF THE INVENTION

This invention is directed generally to a print quality
regulator for a character generating electrophoto-
graphic printhead, and more specifically, to an appara-
tus and method for improving the uniformity of an
LED printhead’s light output power by periodically
detecting and adjusting the light output of individual
LEDs within the printhead.

BACKGROUND OF THE INVENTION

An LED printhead is part of a non-impact printer
which employs an array of light emitting diodes (com-
monly referred to herein as LEDs) for exposing a
photoreactive surface. The resulting pattern impressed
upon the photoreactive surface is then transferred onto
paper, or like material, in a way well known in the art.

In a typical LED printer, a row, or two closely
spaced or staggered rows, of minute LEDs are posi-
tioned near an elongated lens array so that their images
are focused onto the surface to be illuminated. The

LEDs are driven by constant current integrated circuit
power supplies which are switched on or off to create
the desired image on the photoreactive surface.

In such a printer, all of the LEDs must produce sub-
stantially similar light output power (LOP) to produce
a uniform print quality. However, left uncompensated,
the light output of LEDs can vary greatly. Non-unifor-
mities are introduced to the LOP in a variety of ways.

One cause of non-uniformities in LED output power
is the variation in LED efficiency (light output as a
function of current) due to the materials used in the
LED wafers and fabrication of the LEDs themselves.
Another cause of non-uniformities is variations in the

drive current supplied by integrated power supplies due
to similar concerns. These non-uniformities are inherent

in the light output of the LEDs and they exist regardless
of controlling other operating parameters such as tem-
perature.

These non-uniformities are typically eliminated by
individually calibrating the exposure time of each LED,
thereby ensuring that the light output power for each
LED exposure is approximately uniform. This is ac-
complished by measuring the LOP of each printhead
LED, calculating the exposure time for each LED
needed to produce a uniform LOP, and storing the
calculated values in memory on the printer itself.
Thereafter, when the printer is in use, these pre-deter-
mined values are used to control the exposure time of
the LEDs.

This “one time" calibration of LED exposure power
is often insufficient where precision LOP is required
Temporal instability in the LED light output produces
non-uniformities that must be eliminated on a periodic
basis. One source of temporal instability is the long-term
degradation of the LED light output power as the total
LED on-time increases. This degradation is caused by
the increase in the concentration and/or the cross sec-
tion of non-radiative recombination centers near the

LED junction. The concentration and type of crystal-
line defects associated with this recombination depends
on many factors related to the fabrication of the LEDs
and the magnitude of the degradation varies from LED
to LED.
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A second temporal instability is caused by the varia-
tion of LED light output power due to the heating and
cooling of the entire printhead in use and to ambient
temperature changes. For example, under normal oper-
ation, the printhead as a whole may see up to a 30° C.
temperature rise which will cause a 27% loss in LOP.

A third source of temporal instability is the variation .
in LOP from LED to LED over short periods of time
due to spatially varying power inputs into the LED
printhead. Such non-uniformities are caused by the
local heating of each LED as it and its neighbor LEDs
are turned on and off. While the long-term temporal
instabilities occur on the order of hundreds of hours, the
short term spatially varying instabilities occur on the
order of seconds. All of these non-uniformities must be

corrected in a high precision and high speed printer.
U.S. Pat. No. 4,780,731, to Creutzmann discloses an

electrophotographic printer that incorporates a “one
time” calibration of LED exposure power on an LED-
to-LED basis. The electrographic printer also includes
a photoresponsive element positioned for acquiring the
LOP transmitted onto the recording medium. To be
precise, the photodetector element is positioned outside
of the lens and is thus susceptible to toner build-up on its
photoreactive surface. Also, the photodetector element
is swivelably secured to the printhead and must be piv-
oted into the path of the focused light emitted from the
lens each time the LOP is measured, thus adding to the
mechanical complexity of the printhead. The LOP mea-
sured by the photodetector element is used periodically,
in conjunction with -the other operating parameters, to
uniformly define a common operating parameter, such
as LED drive current, for all of the LEDs. The assignee
of the Creutzmann patent, Siemens Aktieageseilschaft,
has published data specifications for a product imple-
menting the subject matter. of the Creutzmann patent
which further discloses that several LED drive currents

may be defined for each of a plurality of groups of
LEDs. The printer thus compensates for the long-term
temporal instabilities in the printhead which are uni-
form to all LEDs, or groups of LEDs.

However, as previously described, high precision
printers are susceptible to other temporal instabilities
that vary from LED to LED. It is desirable, therefore,
to provide an LOP monitor and feedback system for an
LED printhead that intermittently compensates for
non-uniformities in LOP on an LED-to-LED basis, or
at least in groups of LEDs.

SUMMARY OF THE INVENTION

Thus, there is provided in practice of this invention
according to a presently preferred embodiment, a light
output power monitor for an light emitting diode print-
head having a row of light emitting diodes (LEDs) and
a lens array for focusing light from the LEDs onto a
photoreactive surface. The light output of each LED is
controlled by modulating the exposure time of the
LEDs supplied by a substantially constant current for
all of the LEDs. The monitor has a detection means

positioned between the LED array and the lens for
measuring the light output power of the LEDs. Calibra-
tion memory means permanently store the ratio of LED
power detected by the detection means and the power
transmitted to the photoreactive surface. Exposure con-
trol means regulate the amount of time during which
each LED is activated or deactivated. Correction

means calculate exposure data for the exposure control
means corresponding to each LED in response to the



5,016,027
3

light output power measured by the detection means
and calibration ratios for each LED stored in the cali-
bration means.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages of the pres-
ent invention will be better understood by reference to
the following detailed description when considered in
connection with the accompanying drawings wherein:

FIG. 1 is a schematic representation of a longitudinal
view of an embodiment of an LED printhead and re-
lated components;

FIG. 2 is a block diagram of the LP monitor circuit;
and

FIGS. 3 and 4 illustrate altemate embodiments of the

LED printhead shown in FIG. 1.

DETAILED DESCRIPTION

Referring to FIG. 1, a row of light emitting diodes
(LEDs) 11 can be viewed from the end of an exemplary
printhead in a printer assembly. FIG. 1 is merely a sche-
matic representation showing the relative positioning of
various elements within a printhead. In such an exem-
plary embodiment, the row of LEDs includes 4992
individual LEDs formed on 39 semiconductor LED

chips, each chip having 128 LEDs. The LED chips are
bonded to a plurality of tiles 12 and the tiles are placed
side-to-side on the printhead to form the row of LEDs
11. Integrated circuit driver chips 13 are attached to the
tiles on either side of the LEDs. The driver chips 13
contain circuitry to control the illumination of the
LEDs in the LED chips. Other circuitry necessary for
control are not shown in this figure. The driver chips
are electrically connected to the LED chips with wire
bonds 14.

In an exemplary embodiment of the present inven-
tion, only a section of the LED row may be activated.
For example, although the printhead may have 39 LED
chips with 4992 total LEDs, an embodiment may only
activate 4864 LEDs on the first 38 LED chips. Further,
the number of LEDs activated may be a number which
is not a multiple of 128. For example, 4820 LEDs may
be activated, where all of the LEDs on 37 LED chips
are used, and only 84 of the 128 LEDs on the thirty-
eighth LED chip is used. The number of LEDs acti-
vated for a particular implementation depends upon the
desired image width to be printed.

Illumination from the LED chips is focused onto a
photoresponsive surface 16 by a conventional lens array
17 running the length of the row of LEDs. Samples of
the LED light output are absorbed by a photodetector
18 which is located on the printhead inside of the lens
array. The internal placement of the photodetector
protects its detecting surface from collecting pollutants,
such as printing toner, which can corrupt LOP mea-
surement. These samples are used by the light output
power monitor and control circuitry to regulate the
illumination of the LEDs.

FIG. 2 shows a block diagram of the light output
power monitor along with associated components in the
printer assembly. The dashed line 20 represents the
boundary between the printhead and the rest of the
printer assembly. All elements shown below and to the
right of the dashed line reside on the printhead itself.
The photodetector 18 has an array of photodiodes 19
running the length of the row of LEDs. All of the pho-
todiodes are connected in parallel. The cathode of each
photodiode is connected to a common voltage Vc while
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the anode of each photodiode is connected to the non-
inverting input of an operational amplifier (op-amp) 21.
In an exemplary embodiment, fifty photodiodes are
used to make up the photodetector 18. The photodiodes
indiscriminately sense LOP from any of the LEDs. For
example, when light from one of the LEDs 11 illumi-
nate the photodetector 18, one or more of the photodi-
odes 19 are activated and begin to generate a current.
The parallel orientation of the photodiodes causes the
current generated in each photodiode to be added to-
gether to produce a composite LOP measurement.
Thus, assuming that two LEDs have comparable LOP,
the photodetector will produce comparable LOP mea-
surements for each LED even if one LED is aligned
adjacent to a photodiode 19, and the other LED is
aligned somewhere between two photodiodes 19 in the
photodetector 18.

A feedback resistor 22 and feedback capacitor 23 are
connected between the inverting terminal and the out-
put terminal ofthe op-amp 21. The non-inverting termi-
nal of the op-amp is connected to one end of an offset
resistor 24. The other end of the offset resistor is con-

nected to ground. The op-amp 21 amplifies the current
generated by the detector and converts it to a voltage.
The offset resistor 24 provides an adjustable offset set-
ting for the op-amp 21.

The output of the op-amp is connected to an input of
a multi-channel analog to digital converter (ADC) 26
which converts the analog voltage representation of the
detected light measured by the detector to'a l0-bit digi-
tal word. In an exemplary embodiment, the ADC 26 has
six channels. One channel is used to convert the light
output power data from the operational amplifier 21,
and the other five channels are used to convert tempera-
ture information from temperature sensors placed
throughout the printhead.

By turning on a single LED with a standard drive
current, the light output power (LOP) of the LED is
measured. The resulting value is digitally subtracted
from the value of the LOP measured at a time when no

LEDs are turned on. Likewise, the LOP of the very
same LED can be measured on the far side of the lens

array 17 shown in FIG. 1 (ie. in the proximity of the
photoreactive surface 16). This measurement represents
the light output power that appears at the photoreactive
surface 16. These measurements are used to calculate

drive factor ratios where the drive factor (DF) for each
LED equals the LOP of that LED (LOP) minus the
LOP with all LEDs off (LOP0,y), this value then di-
vided by the LOP of the same LED measured at the
photoreactive surface (LOPL), the drive factor is given
by the equation:

DF= (LOP-LOPo,7)/LOP;

In other words, the drive factor compensates for
losses, etc., due to the lens system. An initial calibration
of the printhead determines these losses and the resul-

tant drive factor is stored for making corrections of
LOP during operation of the printer.

The drive factor for each LED is stored in a drive

factor FROM 28. The PROM contains 8k bytes of
memory, each drive factor using one byte of the avail-
able memory. An address counter 29 is connected to the

drive factor PROM 28 to select memory locations cor-
responding to the LED positions along the printhead.
Since the detector 18 only measures light coming from
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the LEDs 11 at a point on the LED side of the lens
array 17, it cannot compensate for LED-to-LED varia-
tion in the transmission of light through the lens array,
or variation in exposure density caused by variation in
the end-to-end spacing of the LED chips. The drive
factors for each LED stored in the drive factor PROM

28 are used to compensate LOP measurements output
from the ADC 26 for these variations.

In an exemplary embodiment, the exposure energy of
each LED is controlled by pulse width modulation. The
modulation is accomplished by loading a 6-bit parallel
exposure data word 45 for each LED into a 6-bit expo-
sure register 34 corresponding to that LED. The words
loaded are the data for a line of printing. The output of
each exposure register 34 is connected to one input of a
comparator 36. The other input to the comparator is '
connected to the output of a 6-bit up/down counter 37.
The output of the up/down counter 37 begins at zero,
counts up to 63 and back down to zero for each line of

10

15

printed image to be formed. A comparator 36 operates 20
such that each time equality exists at its two inputs, the
output of the comparator switches between two logic
states. The output of each comparator is connected to a
switchable current source 38 each of which provides
current for an LED. The magnitude of the current is set
by a reference voltage, VR5;.-and the time during which
the current is applied to the LED is determined by the
comparator 36 output.

For example, at the beginning of each exposure cycle, 30
where an exposure cycle is the interval when one line of
text is printed, the up/down counter begins to count up
from zero. When the output of the up/down counter
equals the value loaded into the exposure register 34 of

a particular LED, the comparator 36 switches the cur- 35
rent source 38 ON for that LED and the LED begins to
produce light. The up/down counter continues to count
up to 63, at which point it begins to count down to zero.
When the output of the up/down counter again reaches
a value equal to the number loaded into the exposure
register as it counts down from 63 to 0, the comparator
turns the current source OFF.

Since there is a separate exposure register 34, com-
parator 36 and current source 38 corresponding to each
LED 11, the LOP of each individual LED can be inde-
pendently controlled. In an exemplary embodiment, a
separate up/down counter is used in each driver chip
13.

As previously mentioned, non-uniformities and tem-
poral instabilities may occur in the LOP of the print-
head.'A non-uniformity occurs when adjacent LEDs or
groups of LEDs do not produce the same LOP when
supplied with equivalent current. Temporal instabilities
occur when the LOP of individual LEDs or the entire

printhead drift over a period of time.
To compensate for these LOP variations, a pair of

correction curve Fast PROMs 40, 41 are used to com-
pensate raw exposure data 42. The correction curve
PROMs contain a family of curves which are indexed
by correction curve index numbers generated by a pair
of correction RAMs 43, 49. The correction curve Fast

PROMs 40, 41 are addressed by the raw exposure data
for each LED position, and by the seven-bit correction
curve index number output of the correction RAMs 43,
44. The correction curve Fast PROMs 40, 41 operate to
correct raw exposure data 42 using data" stored in the
correction RAMs 43, 44 and thus producing exposure
data 45 for the LEDs.
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The correction curves loaded in the correction curve

Fast PROMs essentially create a look-up table multi-
plier for the two inputs to the Fast PROMs (i.e. the raw
exposure data and the correction curve index numbers).
The correction curve index numbers are calculated

based on LOP measurements by the photodetector 18 ,
and indicate the factor that the raw exposure data must
be multiplied by to achieve the desired exposure time
for each LED and thus a stable LOP output. In an
exemplary embodiment, the relationship between LOP
and exposure time is linear. The correction curve index
number is then linearly related to the multiplier that the
raw exposure data is multiplied by. >

Memory locations for these memory devices are par-
titioned between even and odd LEDs. For example,
correction curve number for odd numbered LEDs are

stored in the odd correction RAM 43, and correction
curve numbers for even numbered LEDs are stored in

the even correction RAM 44. Likewise, exposure data
for odd numbered LEDs are compensated with "the odd
correction curve Fast PROM 41, and exposure data for
even numbered LEDs are compensated with the even
correction curve Fast PROM 42. A RAM address

counter 46 is connected to the address inputs of the
correction RAMs 43, 44.

The correction curve index numbers are computed
with a data processor 47 based on information gener-
ated by the drive factor PROM 28 and the ADC 26.
The outputs of the drive factor PROM and the ADC
are connected to the inputs of a local parallel-in/serial-
out data register (PISO) 48. The output of the local
PISO leaves the printhead and is connected to the input
of a remote serial-in/parallel-out data register (SIPO)
49. The output of the remote SIPO 49 is connected to
the data processor 47 via a bidirectional parallel data
bus 51. The data bus is also connected to the data inputs
to the correction RAMs 43, 44. This configuration pro-
vides for the transmission of data from the ADC 26 and

drive factor PROM 28 to the data processor 47 and
from the data processor to the correction RAMs 43, 44.

Data is returned from the data processor 47 to the
printhead electronics by connecting the data bus 51 to
the inputs of a remote PISO 52. The serial output of the
remote PISO 52 is connected to the input of a local
SIPO 53. The outputs of the local SIPO 53 are con-
nected to an eight-bit digital-to-analog converter
(DAC) 54 which produces the reference voltage VREF.

The correction curve index numbers stored in the

correction RAMs are intermittently updated while the
printer is in service. New values for the correction
curve index numbers are determined by one of two
algorithms, a long-term compensation algorithm and a
short-term compensation algorithm. The long-term
compensation algorithm is performed, in an exemplary
embodiment, each time power is applied to the print-
head or perhaps once every day if the printer is left on
around the clock. This algorithm individually measures
and calibrates every LED on the printhead.

First, VR1,-pis set by data from the data processor 47
to a standard value used each time the LOP is cali-

brated. Next, the first LED is turned on and the LOP is

measured by the detector 18 and converted to a digital
representation by the ADC 26. Next, the drive factor
corresponding to the first LED is read from the drive ,
factor PROM 28. The next step is to calculate, using
integer arithmetic, the correction curve index number
(CN) for the first LED. The data processor 47 takes the
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measured LOP and the drive factor (DF) for the first
LED and computes the curve number by

C,\-'=(DF127/LOP)-127

The correction curve index number is then stored in the

odd correction RAM 43 and the process is repeated for
each LED position, the only deviation being that curve
numbers for even numbered LEDs are stored in the
even correction RAM 44. Some of the LOP measure-

ments are stored in scratch pad memory for use in the
short-term compensation algorithm. A random access
memory 56 is connected to the data processor for this
purpose.

The correction curve index numbers stored in the

correction RAMs 43 and 44 are used by the correction
curve Fast PROMs 41, 42 to compensate the raw expo-
sure data 42 until the correction curve index numbers

are updated. These numbers are periodically updated
between long-term compensation by performing the
short-term compensation algorithm. It should be under-
stood that the monitoring process implementing these
algorithms can also be performed aperiodically. In an
exemplary embodiment, the short-term algorithm is
performed between each printed page. Because of time
limitations, it may not be feasible to measure each of the
LED’s light output power that often. Therefore, the
LEDs are divided into groups and the LOP of only one
LED from each group is measured. The single LOP
measurement for each group is used to calibrate the
LOP for each LED in the group.

In an exemplary embodiment, the LOP of one LED
per LED chip is measured, and in the short-term algo-
rithm that measurement is used to calibrate all of the

LEDs on that LED chip. Therefore, the LOP of thirty-
nine individual LEDs will be measured. It should be

understood that it is not necessary for this many mea-
surements to occur. Temporal instabilities can be re-
moved from the printhead LOP with as little as six
individual LOP measurements per printhead for most
printer applications.

For the sake of simplicity, the short-term algorithm is
described using 38 LED groups of 128 LEDs each (i.e.,
the row of 4864 active LEDs of the entire row of 4992

LEDs, is divided into six groups). This algorithm re-
quires both the current LOP (LOP,,e.,) and the previous
LOP (LOP.,1,1) for each of the six measurements. Thus,
the applicable LOP measurements are stored in scratch
pad memory 56. This algorithm also reads curve correc-
tion index number data from the correction RAMs.

Generally, the short-term algorithm measures the LOP
of one LED and uses that measurement to calculate

correction curve index numbers (CN) for that LED and
the 127 LEDs that follow it. This is repeated for the
remaining 37 groups of 128 LEDs along the printhead.
The algorithm for calculating correction curve index
numbers for each LED group in the above embodimentis

 

factor = (LOPU/,1-255)/LOP,,m
fori = 0 to 127

Cjvfi] = factor - (C/v[i] + 127)/255) — 127
next i 

The number of active LEDs and size of the LED

groups may differ in alternative embodiments. Accord-
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ingly, the short-term algorithm may be generalized as
follows:

for h = 0 to x —- 1
fori = 0 to y - 1
factor[h] = (LOP,,1,1[y - h] - 255)/LOP,,g,,.[y - h]
C,\‘[h.i] = factor[h] - (CN[h,i] + 127)/255) - 127
next i
next h

where x equals the number of LED groups and y equals
the number of LEDs in each group.

The long-term compensation and the short-term com-
pensation methods described above overcome short-
comings of the prior art wherein the LOP of the LEDs
were uniformly compensated on an interim basis. The
present invention allows for the individual compensa-
tion 'of each LED, or groups of LEDs, on an interim
basis. In doing so, the present invention corrects for
long-term and short-term temporal instabilities, such as
aging and local temperature variations, that individu-
ally effect LEDs.

In addition to these two algorithms which compen-
sate the LOP based on measurement of LOP, the pres-
ent invention also compensates LOP based on measure-
ment of printhead temperature. In an exemplary em-
bodiment, five temperature sensors are connected to the
printhead in the vicinity of the LEDs. The temperature
sensors are connected to the ADC 26 to produce a
digital word that can be manipulated by the data pro-
cessor 47. A rise in temperature will cause a lower LOP
at a constant LED drive current. Thus, when a rise in
temperature occurs, the data processor adjusts the ref-
erence voltage Vggpby changing the digital inputs to
the DAC 54. VR1;-pin turn, uniformly adjusts the cur-
rent sources to produce a larger current for the LEDs.

This compensation method is used in conjunction
with the LOP monitoring system where the tempera-
ture compensation provides a fairly rough correction
and the LOP monitoring system provides fine tuning to
enhance the printhead LOP.

For example, in an exemplary embodiment, the LED
printhead is initially compensated for focusing losses in
the lens array 17 by measuring the light output power of
each LED and determining a correction drive factor for
each LED. The drive factor for each LED is stored on

the printhead and used in the operation of the printhead
so that the ON-time of each LED is proportional to the
respective stored drive factors. Long-term instabilities
are roughly compensated by measuring the temperature
of the printhead in the vicinity of the LEDs and then
adjusting the current supplied to the LEDs. Long-term
instabilities are further corrected by intermittently mea-
suring the light output power of each LED and select-
ing a correction curve for each LED in response to the
measured light. The ON-time ofeach LED is thereafter
adjusted in proportion to the respective selected correc-
tion curve. Short-term instabilities in the light output
power of the printhead are corrected by intermittently,
over a relatively shorter interval than the long-term
correction, measuring the light output power ofa repre-
sentative LED in a group of LEDs. These measure-
ments are used to individually select a correction curve
for each LED within the group in response to the light
output power of the represenative LED. The ON-time
of each LED is then adjusted in proporation to the
newly selected correction curve.
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In the exemplary embodiment shown in FIG. 1. the
detector‘ is placed directly in the path of the light ema-
nating from the LEDs. Alternative embodiments are
shown in FIGS. 3 and 4 wherein the light from the
LED is focused onto the detector via an elongated
elliptical mirror 56 and a cylindrical detector lens 57,
respectively. Use of these focusing methods reduces the
size of the photodiodes 14 needed in the detector to
produce an LOP measurement. The placement of the
photodetector in each of these embodiments overcomes
shortcomings in the prior art which required that the
detector swivel into a position where it could measure
LOP. In the present no moving parts are required to
perform LOP measurements.

It should be apparent to one skilled in the art that
other embodiments exist that are within the nature and

principle of this invention. For example, other arrange-
ments can be imagined to focus light from the LED
onto the detector surface. Further, within the frame-

work of the present invention, additional algorithms
may be used to compensate for particular inconsisten-
cies in the printhead LOP. One example is the use of
arbitrary correction curve contents in the correction
curve PROMs 43, 44 along with a variable frequency
up/down counter 37 to accommodate highly nonlinear
electrophotographic process corrections. It is, there-
fore, intended that the above description shall be read as
illustrative and not as limited to the preferred embodi-
ments as described herein.

What is claimed is:

1. A light output power monitor for an LED print-
head which has an array of individually time modulated
LEDs for exposing a photoreactive surface through a
lens array, comprising:

detector means for detecting light output power of
each LED in the LED array;

calibration means for storing calibration ratios corre-
sponding to the loss of light output power through
the lens array for each LED;

means for selectively supplying current to each LED;
exposure control means for individually regulating

the activation and deactivation times of each cur-

rent supply means in response to modified exposure
data; and

correction means coupled to the exposure control
means for acquiring raw exposure data, light out-
put values from the detection means and calibra-
tion ratios from the calibration memory means and
individually defining modified exposure data for
each LED controlled by the exposure control
means based on the detected light output values,
the raw exposure data and the stored calibration
ratios.

2. A light output power monitor as recited in claim 1
wherein the detector means is located inside the print-
head.

3. A light output power monitor as recited in claim 2
wherein the detector means is immovably secured in the
printhead. ;

4. A light output power monitor as recited in claim 1
wherein the correction means comprises:

processing means for calculating index numbers cor-
responding to each LED based on the light output
values and calibration ratios;

memory means for storing the index numbers; and
multiplier means coupled to the memory means and

exposure control means for correcting the raw
exposure data corresponding to each LED based
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on the calculated index numbers corresponding to
each LED, each index number selecting a unique
multiplication curve, a point on which comprises
the modified exposure data selected by the correc-
tion means based on the raw exposure data.

5. A light output power monitor as recited in claim 4 .
wherein the multiplier means comprises a programma-
ble read-only-memory.

6. A light output power monitor as recited in claim 1
wherein the detection means detects the light output
power of selected LEDs in the LED array.

» 7. A light output power monitor as recited in claim 1
further comprising:

temperature sensing means for measuring the print-
head temperature; and

compensation means coupled to the temperature
sensing means and the current supply. means for
uniformly adjusting the current supplied to each
LED in response to the printhead temperature.

8. An LED printhead comprising:
illumination means for generating unfocused light in

response to exposure data;
photoreactive means for generating an image in re-

sponse to light;
means for focusing the unfocused light from the

LEDs onto the photoreactive means; and

monitor means for detecting the unfocused light and
for compensating the exposure data to remove
non-uniformities and temporal instabilities in the
focused light, the monitor means including calibra-
tion memory means for storing calibration ratios
corresponding to the loss of light output power
through the focusing means.

9. An LED printhead as recited in claim 8 further
comprising means for concentrating a portion of the
unfocused light onto the monitor means.

10. An LED printhead as recited in claim 9 wherein
the concentrating means comprises an elliptically
shaped mirror.

11. An LED printhead as recited in claim 9 wherein
the concentrating means comprises a optical lens.

12. An LED printhead as recited in claim 9 wherein
the monitor means comprises a row of photodiodes
connected in parallel along the printhead.

13. An LED printhead as recited in claim 9 wherein
the illumination means comprises a plurality of light
emitting diodes in a row along the printhead.

14. An LED printhead as recited in claim 13 further
comprising means for compensating for variations in
light output power of each light emitting diode due to
light output power loss through the focusing means.

15. A method for stabilizing the light output power
from a plurality of light emitting diodes on a light emit-
ting diode printer wherein each diode is illuminated for
a length of time determined by a raw exposure value
and a correction curve, the method comprising the steps
Of:

providing current to each light emitting diode for a
calibrating length of time;

measuring the light output power of each light emit-
ting diode;

selecting a correction curve for each light emitting
diode in response to the measured light output
power;

calculating modified exposure data as a function of
the raw exposure data and the selected correction
curve;
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thereafter, each time each light emitting diode is illu-
minated, adjusting the time each light emitting
diode is turned ON in proportion to the modified
exposure data; and

repeating the providing current, measuring and se-
lecting steps.

16. A method as recited in claim 15 wherein the re-

peating step is performed each time power is applied to
the printer.

17. A method for stabilizing the light output power
from a plurality of light emitting diodes on a light emit-
ting diode printer for printing images on paper sheets
wherein each diode is illuminated for a length of time
determined by a raw exposure value and a correction
curve, the method comprising the steps of:

providing current to each light emitting diode for a
calibrating length of time;

dividing the plurality of light emitting diodes into
groups;

measuring the light output power of one light emit-
ting diode within each group;

selecting a correction curve for each light emitting
diode in a group in response to the measured light
output power of the measured light emitting diode
in that group;

calculating modified exposure data as a function of
the raw exposure data and the selected correction
curve;

thereafter, each time each light emitting diode is illu-
minated, adjusting the time each light emitting
diode is turned ON in proportion to the modified
exposure data; and

repeating the providing current, measuring and se-
lecting steps periodically.
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18. A method as recited in claim 17 wherein the re-

peating step is performed in the time between each
printed sheet.

19. A method as recited in claim 17 wherein the re-

peating step is performed aperiodically.
20. A method for minimizing light output variations

in an LED printhead in which LED output is pulse
width modulated, comprising the steps of:

measuring light output power of each LED in an
array of LEDs and determining a correction drive
factor for each LED;

storing the drive factor for each LED;
adjusting the time each LED is turned ON in propor-

tion to the respective stored drive factor;
intermittently over a relatively longer interval mea-

suring light output power of each LED;
selecting a correction curve for each LED in re-

sponse to the intermittently measured light output
power;

adjusting the time each LED is turned ON in propor-
tion to the respective selected correction curve;

intermittently over a relatively shorter interval mea-
suring light output power ofa representative LED
in a group of LEDs;

changing the correction curve, as appropriate, for
each LED in the group in response to the light
output power of the representative LED;

adjusting the time each LED is turned ON in propor-
tion to the changed correction curve in lieu of the
selected correction curve; '

measuring temperature in the vicinity of the LEDs;
and

adjusting current for the LEDs in response to
changes in temperature.* >I= * * *
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[57] ABSTRACT

A semiconductor laser drive device modulates optical
output of a semiconductor laser in accordance with an
extemally provided modulation signal comprises a com-
pensation circuit for calculating a compensation coeffi-
cient and for generating a compensation modulation
signal, a threshold value current generation circuit for
generating and a threshold value current to the compen-
sation modulation signal and sending the added current
as a drive current, and a current drive circuit for driving
the semiconductor laser based on the drive current sent

from the threshold value current generation circuit. In
accordance with the semiconductor laser, the optical
output error caused by the temperature change of the
semiconductor laser is compensated.
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SEMICONDUCTOR LASER DRIVE DEVICE

BACKGROUND OF THE INVENTION

The present invention relates to a semiconductor
laser drive device used in exposure apparatuses. More
particularly, the present invention relates to a semicon-
ductor laser drive device which modulates the intensity
of a laser beam corresponding to an extemally provided
digital modulation signal.

Related Art

In a semiconductor laser drive device which electri-

cally drive a semiconductor laser based on an analog
control signal converted from an externally provided
digital modulation signal and modulates the intensity of
optical output of the semiconductor laser, various mea-
surements are taken in order to minimize the error of

the optical output caused by temperature change of the
semiconductor laser. Such measures include, for in-

stance, temperature control by keeping the temperature
of the semiconductor laser constant and threshold value
current compensation in which a threshold value cur-
rent, which changes in accordance with the tempera-
ture change of the semiconductor laser, is detected and
the operating point of the semiconductor is accordingly
adjusted. ‘

The above temperature control of a semiconductor
laser is effected by heating a semiconductor laser or
storing a semiconductor in a constant temperature oven.
However, since this measure is incapable of accurate
temperature control and not a reliable measure, the
other measure, threshold value current compensation is
ordinarily adopted to minimize an error.

A semiconductor laser drive device provided with a
mechanism to compensate a threshold value current
detects change in the threshold value current by moni-
toring the optical output of a semiconductor laser using
a photodetective element such as a photodiode. Then,
the semiconductor laser drive device controls the drive
current of the semiconductor laser based on the de-

tected change in the threshold value current and com-
pensates for the change, thus minimizing the error of
the optical output corresponding to a digital modulation
signal even though the threshold value current changes
due to the temperature change of the semiconductor
laser.

As explained above, the optical output change is
caused by threshold value current change which in tum
is caused by the temperature change of a semiconductor
laser. Moreover, external differential quantum effi-
ciency which is the luminous efficiency of a semicon-
ductor laser (referred to as slope efficiency hereinafter)
also changes corresponding to the temperature change.

FIG. 3 shows the relation between the optical output
P of a semiconductor laser and the drive current IF. If

the threshold value current is 1,}, at a certain tempera-
ture and slope efficiency, which is the ratio of an in-
crease of the drive current I}-‘ to an increase of the opti-
cal output P, is 11, P is expressed as follows:

P=(I1=—1m)n (1)

As shown in FIG. 4, the change in slope efficiency is
known to be in approximate proportion to the change in
temperature. Therefore, in a semiconductor laser drive
device which modulates the optical output of a semi-
conductor laser corresponding to an extemally pro-
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vided digital modulation signal, compensation of
threshold value current alone does not solve the prob-
lem of an error of the optical output occurring due to a
change of slope efficiency caused by the temperature
change.‘ More specifically, as shown in the above equa-
tion (1), when the temperature of a semiconductor rises,
slope efficiency decreases, thus reducing the optical
output. On the other hand, when the temperature low-
ers, slope efficiency increases, thus increasing the opti-
cal output. The variable slope efficiency has made it
difficult to obtain stable optical output which is in pro-
portion to an extemally provided digital modulation
signal.

SUMMARY OF THE INVENTION

The object of the present invention made to over-
come the above-identified problem is to provide a semi-
conductor laser drive device that can stably modulate
the output of a semiconductor laser without causing an
output error by compensating change in threshold value
current and slope efficiency caused by temperature
change of the semiconductor laser. '

The present invention attains the above-mentioned
object by adding a slope efficiency compensation means
to a semiconductor laser drive device provided with a
threshold value current compensation means.

A semiconductor laser drive device of the first em-

bodiment of the present invention comprises: a D/A
conversion circuit for converting an externally pro-
vided digital modulation signal to an analog signal
based on a reference voltage; a current drive circuit for
electrically driving a semiconductor laser based on the
output signal sent from the D/A conversion circuit; and
a threshold value current generation circuit for generat-
ing a threshold value current of the semiconductor laser
based on which the drive current of the semiconductor

laser is compensated. The semiconductor laser further is
also provided with areference voltage compensation
means for calculating a compensation coefficient, which
is the reciprocal of the slope efficiency, based on the
temperature information of the semiconductor laser and
compensating the reference voltage of the D/A conver-
sion circuit _with the compensation coefficient.

In operation, the threshold value current generation
circuit reduces the error in optical output modulation
caused by change in the threshold value current while
the reference voltage compensation means reduces the
error in optical output modulation caused by changes in
slope efficiency. Consequently, the optical output of a
semiconductor laser can be accurately modulated in
proportion to an extemally provided digital modulation
signal.

A semiconductor laser drive device of a second em-

bodiment of the present invention is provided with a
threshold value current compensation means for com-
pensating change in the threshold value current and a
slope coefficient compensation means for compensating
change in slope efficiency. More particularly, a semi-
conductor laser drive device of the second embodiment

that modulates optical output of a semiconductor laser
in accordance with an extemally provided modulation
signal comprises: a compensation circuit for calculating
a compensation coefficient, which is the reciprocal of
slope efficiency, based on the temperature of the semi-
conductor laser and for generating a compensation
modulation signal obtained by multiplying the exter-
nally provided modulation signal by the compensation
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coefficient; a threshold value current generation circuit
for generating and a threshold value current to the
compensation modulation signal and sending the added
current as a drive current; and a current drive circuit for
driving the semiconductor laser based on the drive
current sent from the threshold value current genera-
tion circuit.

In the operation of the semiconductor laser drive
circuit of the second embodiment, the compensation
circuit sends a compensation modulation signal which
has been compensated for the change in slope efficiency
due to the temperature change of a semiconductor laser
to the threshold value current generation circuit. The
threshold value current generation circuit drives the
semiconductor laser by sending a drive current which is
the addition of a threshold value current variable to the

temperature change and the compensation modulation
signal. Then, the semiconductor laser is driven to gener-
ate the optical output in proportion to the modulation
signal which has been compensated for slope efficiency
and threshold value current. In other words, the semi-
conductor laser accurately generates the optical output
without making little error caused by the temperature
change.

BRIEF EXPLANATION OF THE ATTACHED
DRAWINGS

FIG. 1 is a block diagram of a semiconductor laser
drive device of a first embodiment of the present inven-
tion.

FIG. 2 is a wiring diagram of a D/A conversion
circuit included in FIG. 1.

FIG. 3 is a graph showing characteristics of the opti-
cal output and the drive current of a semiconductor
laser.

FIG. 4 is a graph showing the relationship between
the slope efficiency and the temperature of a semicon-
ductor laser.

FIG. 5 is a block diagram of a semiconductor laser
drive device of a second embodiment of the present
invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

First Embodiment

A semiconductor laser embodying the present inven-
tion is explained in reference to FIGS. 1 and 2 hereinaf-
ter.

As shown in a block diagram of FIG. 1, the semicon-
ductor laser drive device comprises a D/A conversion
circuit 1 for converting an externally provided digital
modulation signal into an analog signal based on a refer-
ence voltage Vx, which is explained below, a current
drive circuit 3 for electrically driving a semiconductor
laser 2 according to an output voltage Vout of the D/A
conversion circuit 1, a threshold value current genera-
tion circuit 4 for generating a threshold value current of
the semiconductor laser 2, and a reference voltage com-
pensation circuit 5 for compensating for change in slope
efficiency of the semiconductor laser 2.

The threshold value current generation circuit 4 gen-
erates a threshold value current corresponding to the
temperature of the semiconductor laser 2 based on a
signal sent from a photodetective element, such as pho-
todiode 6, photocoupled with the semiconductor laser
2. Then, the threshold value current generation circuit 4
adds the threshold value current corresponding to the
temperature of the semiconductor laser 2 to output
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current ID, thereby compensating for variations the
output of the semiconductor laser 2 caused by change in
the threshold value current.

The reference voltage circuit 5 determines a compen-
sation coefficient, which is the reciprocal of slope effi-
ciency, based on the temperature of the semiconductor
laser 2 sent in the form of temperature information from
a temperature sensor 7 that is thermally coupled with
the semiconductor laser 2. The reference voltage circuit

5 compensates a reference voltage V0 with the compen-
sation coefficient and sends a compensation reference
voltage Vx, which is the compensated reference voltage
V0, to the D/A conversion circuit 1.

More detailed explanation of the compensation oper-
ation is given below.

As shown in FIG. 2 explaining the constitution of the
D/A conversion circuit 1, an addition circuit 9 pro-
vided with operation amplifier 8 uses a ladder-like resis-
tance circuit 10 to receive the compensation reference
voltage Vx. The resistance circuit 10 is weighted by 2",
where n is the number of bits in a digital notation signal
code. The compensation reference voltage Vx is applied
to the resistance circuit 10.

Therefore, in the resistance circuit 10 of the D/A

conversion circuit 1, weighted currents flow through

each resistor based on the compensation reference volt-
age Vx and, if switched on, which is determined by the
state of each bit of the digital modulation signal code,
combines the currents and generates a composite cur-
rent 10 therefrom. The current 10, which flows at a ter-
minal OUTI, is expressed by the following equation:

(2)6
E 5'’ bnn=l1o

In the equation (2), I is the input current; and bn is the
state of each bit, either 1 or O.

The output voltage Vout of the D/A conversion
circuit 1 is expressed by the following equation:

(3)6

Vout = ——R1:3 - 1- El bn/2"
II

In the equation (3), RF}; is the feedback resistance. In
the present circuit, R1-‘gis designed to be R.

Because V,,=R I=R;:D I, the equation (3) is ex-
pressed by the following equation:

6 4
2 1711/2" ( )n=lVout = — V, -

The output voltage Vout of the D/A conversion
circuit 1 is sent to the current drive circuit 3. The output
current ID of the current drive circuit is expressed by
the following equation:

ID=K-Vaur (5)

In the equation (5), K (a constant) is the drive capac-
ity of the current drive circuit 3; and ID is the output
current.

The output current ID is added to the threshold value
current I,;, (see FIG. 3 for reference) to obtain current
I}: which is expressed by the following equation:

IF=ID-i-I1): (6)
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The current Ipdrives the semiconductor laser 2. As is

the equation (1) explained above, the optical output P of
the semiconductor laser 2 is expressed by the following
equation:

P=(iF‘-[lh)"’I (7)

In the above equation (7), 1) is the slope efficiency.
The reference value circuit 5 calculates a compensa-

tion coef‘ficient’which is the reciprocal 1/1) of slope
efficiency 1) and determines the compensation reference
voltage V,‘ to be sent to the D/A conversion circuit 1
after compensating the reference voltage V9 by the
compensation coefficient. The compensation reference
voltage V, is expressed by the following equation:

Vx= -1/'0-Va (3)

V Therefore, if the right sides of the equations (7) and
(5) are substituted for IF and ID, respectively, in the
equation (7), the following equation is obtained:

(9)(10 + 1m — Iii)?!

'0 - In

1; - K Vout

Furthermore, if the right sides of the equations (4)
and (8) are substituted for Vout and Vx, respectively,
the following equation is obtained:

6 10
2 brz/2" ( )P: 1,.K.(_.Vx). n=l

6

=1;-K-1/'nV,, Elbn/2"
fl:

6
=K V,,- E bu/2"n=l

The equation (10) clearly shows that change in either
the threshold value current In, or the slope efficiency 1]
due to the temperature change of the semiconductor
laser 2 does not cause the error of the optical output of
the semiconductor laser 2: the semiconductor laser 2

sends accurate optical output in proportion to the exter-
nally provided digital modulation signal.

While the described embodiment represents the pre-
ferred form of the invention, it is to be understood that
changes and variations can be made without departing
from the spirit and the scope of the invention.

For example, the added signal of the digital data
corresponding to the threshold value current of a semi-
conductor laser and the digital data of the extemally
provided modulation signal may be converted to an
analog signal by the D/A conversion circuit.

Second Embodiment

A second embodiment of the present invention is
explained hereinafter, referring to a block diagram of
FIG. 5 showing the overall constitution of the present
embodiment of the semiconductor laser drive device.

The semiconductor laser drive device comprises a
compensation circuit 12 for compensating an externally
provided modulation signal D,, for change in slope effi-
ciency 1; of a semiconductor laser 11, a threshold value
current generation circuit 13 for generating a threshold
value current of the semiconductor laser 11, a current
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drive circuit 14 for electrically driving the semiconduc-
tor laser 11, a temperature sensor 15 for detecting the
temperature of the semiconductor laser 11 and sending
a electrically converted signal to the compensation
circuit 12, and a photodiode 16, a photodetective ele-
ment, for converting the optical output of the semicon-
ductor laser 11 to an electrical signal and sending the

electrical signal to the threshold value current’genera-
tion circuit 13. The temperature sensor 15 is thermally
coupled with the semiconductor laser 11 and sends
information conveying the temperature of the semicon-
ductor laser 11 that determines slope efficiency. The
photodiode 16 is photocoupled with the semiconductor
laser 11 and sends a signal which determines the thresh-
old value current of the semiconductor laser 11 to the

threshold value current generation circuit 13.
The following is a more detailed explanation of the

operation of the semiconductor laser drive device of the
present embodiment.

The compensation circuit 12 calculates a compensa-
tion coefficient l/1], which is the reciprocal of slope
efficiency 1), and generates a compensated modulation
signal Du 1/7) obtained by multiplying the compensation
signal 1/1) by the externally provided modulation signal
D”.

The threshold value current generation circuit 13
generates a threshold value current I,;, corresponding to
the temperature of the semiconductor laser 11 based on
the signal sent from the photodiode 16 and send a drive
current Da/'n+I,;,, which is the addition of the gener-
ated threshold value current I,;, and the compensation
modulation signal Da/1] from the compensation circuit
12, to the current drive circuit 14.

To generate a threshold value current, the threshold
value current generation circuit 13 first sends only the
threshold value current by blocking the modulation
data sent from the compensation circuit 12 upon receiv-
ing a control instruction signal externally provided at
regular intervals. Second, the threshold value current is
gradually raised from zero until the photodiode 16 de-
tects the rapidly increasing optical output of the semi-
conductor laser 11 reaching a predetermined level. At
the predetermined level the threshold value current I,;,
is fixed. Consequently, the block of the modulation data
sent from the compensation circuit 12 is removed.

The current drive circuit 14 drives the semiconductor

laser 11 based on the drive current (Du/71+ I,;,) from the
threshold value current generation circuit 13. The opti-
cal output P is expressed by the following equation in
accordance with the graph of FIG. 3:

P=(IF"I!h)77 (11)

In the equation, IF is the drive current.
If the drive current Da/7) -+-1,}, of the present embodi-

ment is substituted for Ipin the equation (ll), the optical
output P is expressed by the following equation:

= (12)(Da/‘’l 4- Ill: - lily)?!

= D”

As shown in the equation (12), the optical output of
the semiconductor 11 is in proportion to the extemally
provided modulation signal Du, not affected by change
in the threshold value current In, or slope efficiency.
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As shown in the foregoing explanation, in accordance
with the present invention, a threshold value current
generation means compensates the optical output for
change in a threshold value current cased by tempera-
ture change of the semiconductor laser while a slope
efficiency compensation means compensates the optical
output for change in slope efficiency. Therefore, tem-
perature change of a semiconductor laser does not af-
fect the stable optical output and guarantees accurate,
reliable optical output in proportion to extemally pro-
vided modulation signal. Furthermore, because it is not
necessary to keep the temperature of a semiconductor
laser constant, size-reduction and weight-reduction can
be easily achieved.

What is claimed is:

1. A drive circuit for driving a semiconductor laser,
comprising:

control signal generating means electrically coupled '
to the semiconductor laser for generating a control
signal for driving the semiconductor laser based on
an extemally provided modulation signal;

detecting means for detecting a temperature of the
semiconductor laser;

compensating means electrically coupled to the con-
trol signal generating means for altering the control
signal based on the temperature of the semiconduc-
tor laser to compensate for changes in slope effi-

. ciency 7) of the semiconductor laser.
2. The drive circuit of claim 1, in which the compen-

sating means compensates for changes in slope effi-
ciency 1) by altering the control signal based on a com-
pensation coefficient 1/7).

3. The drive circuit of claim 2, in which each com-
pensation coefficient 1/1) is predetermined for a plural-
ity of temperatures of the semiconductor laser.

4. The drive circuit of claim 1, in which the compen-
sating means alters the control signal by multiplying the
modulation signal by a compensation coefficient 1/7).

5. The drive circuit of claim 1, in which the modula-
tion signal is converted from binary form into an analog
signal based on a reference voltage, and the compensat-
ing means alters the control signal by multiplying the
reference voltage by a compensation value equal to 1/1).

6. The drive circuit of claim 1, in which:

the control signal comprises a drive current If for
driving the semiconductor laser; and

the slope efficiency 7) is the ratio of an increase of the
drive current Ifto an increase of an optical output
P of the semiconductor laser.

7. The drive circuit of claim 6, in which the relation
of the output P of the semiconductor laser to the slope
efficiency 1; is given by the following equation:

P=(1f-1m)‘n.

where I,;, is a threshold current representing a drive
current of the semiconductor laser at which the

optical output P of the semiconductor laser rapidly
begins to increase.

8. The drive circuit of claim 7, further comprising
threshold current determination means for determining
the threshold current I;;,.

9. A drive circuit for driving a semiconductor laser,
comprising:

threshold current determination means electrically
coupled to the semiconductor laser for determining
a threshold current, where the threshold current is
a drive current of the semiconductor laser at which
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the optical output P of the semiconductor laser
rapidly begins to increase;

detecting means for detecting a temperature of the
semiconductor laser;

reference voltage generating means for generating a
compensated reference voltage based on a refer-
ence voltage and the temperature of the semicon-
ductor laser;

digital/analog converting means for converting an
externally provided modulation signal into an out-
put voltage based on the compensated reference
voltage; and

control current generating means for generating a
control current based on the output voltage and the
threshold current, where the control current con-

trols an optical output of the semiconductor laser.
10. The drive circuit of claim 9, in which:

the control current comprises a drive current for
driving the semiconductor laser; and

the slope efficiency 1) is the ratio of an increase of the
drive current to an increase of the optical output of
the semiconductor laser.

11. The drive circuit of claim 9, in which the refer-

ence voltage generating means generates the compen-
sated reference voltage to compensate for changes in
slope efficiency 1) of the semiconductor laser.

12. The drive circuit of claim 11, in which the com-

pensating means compensates for changes in slope effi-
ciency 1) by multiplying the reference voltage by a
compensation coefficient equal to 1/7).

13. The drive circuit of claim 12, in which each com-

pensation coefficient 1/'q is predetermined for a plural-
ity of temperatures of the semiconductor laser.

14. The drive circuit of claim 13, in which the control

current generating means generates the control current
by generating a drive current from the output voltage
and adding the drive current to the threshold current.

15. The drive circuit of claim 9, in which the thresh-

old current determination means comprises:
a photodiode for. generating an output signal indicat-

ing the optical output of the semiconductor laser;
and

a threshold value generation means for generating the
threshold current by determining a drive current at
which the output signal begins to change rapidly.

16. A drive circuit for driving a semiconductor laser,
comprising:

detecting means for detecting a temperature of the
semiconductor laser;

compensating means for generating an altered modu-
lation signal from an extemally provided modula-
tion signal based on the temperature of the semi-
conductor laser;

threshold signal determination means for determining
a threshold signal and adding the threshold signal
to the altered modulation signal to form a control
signal, where the threshold signal corresponds to a
drive current at which an optical output of the
semiconductor laser rapidly begins to increase; and

drive means for generating a control current based on
the control signal, where the control current drives
the semiconductor laser to generate an optical out-
put. ‘

17. The drive circuit of claim 16, in which:

the control current comprises a drive current for
driving the semiconductor laser; and
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the slope efficiency 1) is the ratio of an increase of the
drive current to an increase of the optical output of
the semiconductor laser.

18. The drive circuit of claim 17, in which the com-

pensating means generates the altered modulation signal
by multiplying the modulation signal by a compensation
coefficient equal to 1/71.

19. The drive circuit of claim 18, in which each com-

pensation coefficient 1/1) is predetermined for a plural-
ity of temperatures of the semiconductor laser.

20. The drive circuit of claim 19, in which the thresh-
old signal determination means determines the thresh-
old signal by generating a plurality of test threshold
signals, generating a plurality of corresponding test
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control signals only from the test threshold signals, and
setting the threshold signal equal to the test threshold
signal for which the optical output of the semiconduc-
tor laser approximates a predetermined value.

21. The drive circuit of claim 16, in which the thresh-

old current determination means comprises:

a photodiode for generating an output signal indicat-
ing the optical output of the semiconductor laser;
and ,

a threshold value generation means for generating the
threshold current by determining a drive current at
which the output signal begins to change rapidly.It It It It It
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[S 7] ABSTRACT

A laser diode controller uses a programmed microcon-
troller to accurately control the process of tuming on
and selecting the operating point of the laser diode. The
laser diode has a front facet for transmitting light, and a

RECENER CHAINEL

back facet for monitoring the laser diode’s optical out-
put power. Once the back facet of the laser diode is
calibrated, the controller can accurately monitor the

laser diode’s operating characteristics, and can select
the best operating point current based on the current
operating characteristics of the laser diode. During
calibration of the laser diode, the controller can check

the linearity of the laser diode’s optical output power as
a function of drive current, and can thereby detect
defects in the laser diode. In a full duplex optical link,
the controller of the present invention prevents the laser
diodes from generating light at their full normal inten-
sity until the integrity of the link has been established,
thereby preventing light from the laser diode’s from
accidentally damaging user’s eyes. Furthermore, the
controllers can use the full duplex link to establish
lower operating point drive currents that would other-
wise be used, thereby significantly lengthening the life-
time of the laser diodes. A laser diode’s operating char-
acteristics change over time in such a way as to enable
the controller to predict when the laser will fail. The
controller records the operating characteristics of the
laser diode in a nonvolatile memory, analyzes changes
in those characteristics, and generates a failure warning
message when those changes match predefined failure
prediction criteria.

25 Claims, 7 Drawing Sheets
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SEMICONDUCTOR LASER DIODE CONTROLLER
AND LASER DIODE BIASING CONTROL

METHOD

The present invention relates generally to semicon-
ductor laser diodes and particularly to the controllers
and control methods used to bias and drive laser diodes.

BACKGROUND OF THE INVENTION

Referring to FIG. 1, there is shown a laser diode 100
and a prior art analog laser diode controller 102. The
laser diode 100 has a front facet 110 which emits coher-

ent light that is to be transmitted, usually into some
optical component such as an optical fiber 112, and a
back facet 114. Light emitted by the back facet 1.14 is
received by a photodiode 116 which is used to continu-
ously monitor the optical power being output by the
laser diode 110. In general, the amount of optical power
output by the front facet 110 is directly proportional to
the optical power output by the back facet 114:

Power(front facet)=Power(back facet) / K
While K is often equal to 1, the amount of back facet
power received by the photodiode 116 varies considera-
bly from package to package, and therefore must be
separately calibrated for each laser diode.

Typically, the laser diode 100, the back facet photodi-
ode 116, and the outgoing optical fiber 112 (or a mecha-
nism for holding the outgoing optical fiber) are all
mounted on a common platform or housing 118. In
some cases, the housing 118 includes a solid state ther-
moelectric cooler for maintaining the laser diode 100 at
a specified temperature.

Referring to FIG. 2, the optical output power of the
laser diode is a non-linear function of the laser diode’s

drive current. In particular, when forward bias current
is applied to a semiconductor laser it begins to emit light
in a manner similar to light emitting diodes (LEDs).
This type of emission is known as spontaneous emission
because it happens randomly from excited atoms in the
laser diode’s cavity, and is commonly called LED
mode.

At a certain drive current, herein called the threshold

current, In}, the laser diode’s efficiency in converting
current into light increases dramatically. This is the
point where the laser diode changes from the LED
mode of operation to the lasing mode of operation.

While various classes of laser diodes will have thresh-

olds in the same general range of currents, the threshold
current In; varies considerably among laser diodes of
the same type and also varies with the temperature and
age of the laser diode. For example, the threshold cur-
rent of some laser diodes can vary by as much as fifty
percent or more with changes in temperature. The ef-
fect of this temperature sensitivity is that at a given
drive current the laser diode could be operating above
its recommended levels at one temperature while not
even lasing at another temperature.

When the laser diode is operating in the lasing mode,
that is at a drive current in excess of the threshold cur-

rent, there is a characteristic slope that determines the
laser diode’s efficiency. More specifically, each laser
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diode’s “slope efficiency” is equal to the ratio of 65
changes in the laser’s optical output power to changes
in the drive current while operating in the lasing mode.
Slope efficiency varies from laser diode to laser diode,

2

and also varies with temperature and with the age of the
diode.

The “operating point” or bias current, Iop, for a
diode laser is a generally set by the user of the laser
diode so that it is within the current range for lasing
mode of operation, and so that the laser diode remains in
lasing mode when the current is modulated by an input
signal. Thus, if the maximum variation of the input
signal below the operation point is MV, the operation
point must be greater than ITH+MV. In addition, the
operation point must be set sufficiently high that a re-
ceiving photodiode will be able to receive the transmit-
ted light, and yet the operation point must not be set so
high as to burn out the laser diode.

Referring back to FIG. 1, prior art diode controllers
102 typically contain an analog feedback loop 120 cou-
pled to a potentiometer 122, or some other similar
mechanism, for manually adjusting the laser’s operating
point. The user typically tums the gain of the feedback
loop 120 down before powering on the laser diode’s
controller, and then manually adjusts the gain upwards
until the desired amount of optical output power is
achieved. Optical output power is typically measured
using another photodiode coupled to the front facet by
an optical fiber 112, or by some similar set up (not
shown in FIG. 1). After the laser diode’s controller 102
is calibrated using potentiometer 112, signals to be
transmitted are superimposed on the laser diode’s oper-
ating point current Iopby a capacitor 124, thereby mod-
ulating the output power of the laser diode 110. Some
analog controllers employ multiple potentiometers to
separately set threshold current, operating bias current
and back facet photodiode feedback control, which
components make such analog controllers both difficult
to tune and expensive to manufacture.

In general, any laser diode will be destroyed if its
optical output power exceeds a certain limit. Given the
very sharp slope of the optical output when operation in
lasing mode, it is generally quite easy to destroy a laser
diode while trying to select its operating point. In fact,
many very expensive lasers, such as those used by tele-
phone companies for transmitting telephone signals
over optical fibers and those used in the cable television
industry, have been destroyed during calibration. Such
losses may be caused by adjusting the calibration poten-
tiometer too quickly, by problems in the equipment
monitoring the output of the front facet during calibra-
tion, causing the laser diode to be tumed on too hard,
and by many other hazards.

In general, the setup procedure for calibrating laser
diodes is time consuming and expensive, and subject to
various forms of operator error.

Another important limitation in prior art laser diode
controllers is that they cannot be used to predict device
failures in advance of when it occurs. Many semicon-
ductor laser diodes are used in vital communications

systems, and when such lasers fail, they can cause entire
communications systems to fail. If the failure of laser
diodes could be accurately predicted, a preventative
maintenance program could be implemented to prevent
system failures by replacing such laser diodes prior to
the time that failure is predicted. Currently, such laser
diodes are replaced solely based on their time in service
without regard to their actual operability.

SUMMARY OF THE INVENTION

In summary, the present invention is a laser diode
controller which uses a programmed digital controller
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to accurately measure a laser diode’s operating charac-
teristics and to control the process of turning on and
selecting the operating parameters of the laser diode.
Light from the laser diode’s front facet is used for trans-
mitting light and light from the laser diode’s back facet
is used for monitoring the optical output power gener-
ated by the laser diode. Once the back facet photodiode
of the laser diode is calibrated, the controller can accu-

rately monitor the laser diode’s operating characteris-
tics, and can select the best operating point current
based on the current operating characteristics of the
laser diode.

During calibration of the laser diode, the controller

can check the linearity of the laser diode’s optical out-
put power as a function of drive current,'and can
thereby detect defects in the laser diode. A unique tran-
sistor d.c. power and a.c. signal connection arrange-
ment is used to reduce RF noise.

In a full duplex optical link, with digital controllers
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used at _both ends of the optical link, the controller of 20
the present invention prevents the laser diodes from
generating light at their full normal intensity until the
integrity of the link has been established. Once the link
is established, the controller continues to monitor the

integrity of the link and reduces the laser diode’s output
power if the link is interrupted. In this way the control-
ler can prevent light from the laser diode’s from acci-
dentally damaging user’s eyes. Furthermore, the con-
trollers can use the full duplex link to establish lower
operating point drive currents that would otherwise be
used, thereby significantly lengthening the lifetime of
the laser diodes.

The operating characteristics of a laser diode change
over the device’s lifetime in such a way as to enable the
controller to predict when the laser diode will fail. The
controller of the present invention records the operat-
ing characteristics of the laser diode in a nonvolatile
memory, analyzes changes in those characteristics, and
generates a failure warning message when those
changes match predefmed failure prediction criteria.

BRIEF DESCRIPTION OF THE DRAWINGS

Additional objects and features of the invention will
be more readily apparent from the following detailed
description and appended claims when taken in con-
junction with the drawings, in which:

FIG. 1 is a block diagram of a prior art laser diode
and controller. FIG. 1A shows a prior art RF choke
arrangement used with some prior art laser diodes.

FIG. 2 depicts a graph of the relationship between
drive current and optical output power for a laser di-
ode.

FIG. 3 is a block diagram of a laser diode controller
in accordance with the present invention.

FIG. 4 depicts the connection of a laser diode and its
controller to a light meter for calibration of the laser’s
back facet photodiode.

FIG. 5 is a block diagram of a full duplex optical link.
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FIG. 6 depicts a graph of the aging characteristics of so
a typical laser diode.

FIG. 7 depicts data stored in nonvolatile memory in
the preferred embodiment of a laser diode controller.

FIGS. 8 and 9 are flow charts of the laser diode cali-

bration and initialization method of the present inven-tion.

FIG. 10 is a flow chart of a method of initializing
each laser diode in a full duplex optical link.

65
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FIG. 11 depicts the display generated by the user
interface of the preferred embodiment of a laser diode
controller.

FIG. 12 is a block diagram of a multichannel laser
diode controller in accordance with the present inven-
tion.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring to FIG. 3, there is shown a laser diode 100
and back facet photodiode 116 which are mounted onto
a thermoelectric cooler 150. The purpose of the thermo-
electric cooler 150 is to permit the laser diode 100 to
operate in a constant temperature or temperature con-
trolled environment. In addition, there is a temperature
sensor 152 (e.g., a thermocouple) mounted near or adja-
cent the laser diode 100 for measuring the temperature
of the laser diode.

The operation of the laser diode 100 is controlled by
a digital controller 160. The central component of the
digital controller 160 is a microcontroller 162, such as a
68HCl1 or 68HC05 (both of which are manufactured
by Motorola). Software for the microcontroller 162 is
stored in a read only memory (ROM) or in an (erasable)
electrically programmable read only memory
(EPROM) 164, including a power on sequence control
program 390, and a continuously running device moni-
toring and control program 392. Device characteristics
of the laser diode 100, as measured by the controller
160, are stored in an nonvolatile memory 166 such as an
EEPROM, as will be described in more detail below.

«A multicharmel analog to digital (A/D) converter
170 is used by the microcontroller to monitor the output
signals generated by the laser’s temperature sensor 162,
the back facet photodiode 116, and an ambient tempera-
ture sensor 172. The ambient temperature sensor 172 is
monitored by the microcontroller 160 so that the laser
diode 100 can be shut down when excessive ambient

temperatures are experienced. Typically, the thermo-
electric cooler 150 will not be able to keep the laser
diode 100 at a satisfactory temperature when the ambi-
ent temperature rises above a specified level. By auto-
matically shutting the laser diode down when an over-
temperature condition is detected, valuable laser diodes
can be protected from buming out.

The multichannel A/D converter 170 can also be

used to monitor the stability of the controller’s power
supply 174. Laser diodes are particularly susceptible to
electronic damage from surge currents or other power
supply variations. Therefore, in one preferred embodi-
ment the digital’ controller 160 is programmed to mea-
sure the power supply 174 for stability before initial-
izing the laser diode 100 and to continue to monitor it
after start up as well.

A multichannel digital to analog (D/A) converter
180 is used (1) to set the bias current of the laser diode
100, (2) to control the gain of an input signal attenuator
184, and (3) to control the thermoelectric cooler 150. In
particular, the microcontroller 162 generates a digital
value for the laser diode’s bias current, and the D/A
converter 180 converts that into an analog voltage sig-
nal. The resulting signal is then low passed filtered by
an RC filter 176 with along time constant (on the order
of 0.1 to 0.5 seconds, depending on the embodiment of
the invention being used), and the filtered control signal
on line 178 drives the bases of a PNP transistor 182,
which in tum drives the laser diode 100.
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The controller 160 measures the current flowing
through the laser diode by monitoring the voltage drop
across a high precision resistor 179, in particular by
monitoring the Vcc voltage from the power supply 174
and the voltage at node B on the emitter of transistor
182. As shown in FIG. 3, both of these voltages are read
by the microcontroller 162 via the A/D converter 170.
The laser diode current is then computed by using
Ohm’s law: current equals the voltage drop across the
resistor divided by the resistance of the resistor. That
computed value could then be reduced by the base
current, which is a known fraction (1/Beta) of the emit-
ter current, but this correction is usually so small that it
is not necessary. The microcontroller 162 computes a
running average of the laser diode current so as to filter
out the effects of any current fluctuations caused by
input signals being transmitted, which modulate the‘
laser diode’s drive current

Many laser diode manufacturers and optical link
builders have found it advantageous to either feed a.c.
signals to the laser diode through the base of a drive
transistor 102, as shown in FIG. 1, or to use the RF

choke arrangement shown in FIG. 1A. One supplier has
actually placed the RF choke shown in FIG. 1A inside
the hermetic laser diode’s package so as to minimize the
capacitance of the a.c. signal feed line and to thereby
reduce RF coupling problems (e.g., signal distortion).

It is unexpectedly advantageous to use the collector
of transistor 182 as a high impedance d.c. source for the
laser diode 100. No RF choke is used. The bipolar tran-
sistor 182 is preferably a transistor with very low collec-
tor capacitance, typically an “RF” transistor, which
will create minimal RF bandwidth attenuation of the

a.c. input signal being transmitted. This d.c. power
sourcing arrangement is believed to generate signifi-
cantly less noise than the best commercially available
link using the RF choke arrangement.

Because the “RF” transistor 182 has very fast re-
sponse as well as low capacitance, it is important to
have a RC filter 176 which protects the laser diode 100
from current spikes. In general, it has been found that
the lifetime of laser diodes is significantly degraded by
current spikes. As will be described in more detail be-
low, the RC filter 176 is modified so as to change its RC
time constant to a value of about 0.01 seconds in full

duplex link applications so that the d.c. signal level of
the link can be used to transmit information between a

pair of laser diode controllers.
An optical, electronically tunable (i.e., variable) at-

tenuator 184 controls the amplification or attenuation of
input signals that are to be optically transmitted by the
laser diode 100. Thus the control signal from the D/A
converter 180 on line 186 is essentially an automatic
gain control signal. The attenuated input signals are a.c.
coupled to the laser diode’s drive line 188 by a capacitor
190. Input signals are typically high frequency digital or
analog signals that are generated externally to the laser
diode controller 160.

However, in one embodiment of the present inven-
tion a multiplexer 192 is provided on the input signal
path so that the microcontroller 162 can transmit data
over the optical link. For this purpose the microcon-
troller 162 generates an input selection signal on line 194
for controlling the multiplexer 192, and sends data to be
transmitted on line 196 to one of the mu1tiplexer’s input
ports. This capability is used in certain embodiments of
the invention in which a pair of full duplex link control-
lers  B`■ the optical power used for transmitting
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information over the optical link, as will be described in
more detail below.

The amount of cooling by the thermoelectric cooler
150 depends on the amount of current running through
the cooler 150, which is in turn controlled by the mi-
crocontroller 162 by sending a digital control signal to
the D/A converter 180, which converts the control

signal into analog form and then transmits the resulting
signal on line 198 to the cooler 150.

If a solid state thermoelectric cooler (TEC) 150 is
present, the controller unit must use a feedback signal
from a thermistor 152 or other temperature sensing
device inside the laser diode’s housing (not shown). The
controller is set up to hold the laser diode at a particular
temperature over the life of the laser diode.

In general it is difficult to specify an operating tem-
perature to an analog controller. Moreover, analog
controllers have been known to overdrive and bum out

the TEC 150 by trying to maintain a set point tempera-
ture even during conditions in which it is impossible for
the TEC to maintain that temperature. In fact, it has
been found that TEC failure is a significant failure
mechanism for packaged laser diodes.

The digital controller of the present invention over-
comes the prior art problems with TEC bumout (1) by
specifying the laser diode operating temperature such
that TEC operation is minimal and only for stabilization
rather than for gross continual cooling, and/or (2) by
specifying, in software, temperature boundaries for
“normal operation”, and curtailing full power operation
of the laser diode (i.e., forcing the laser diode to operate
at lower output power) when the operating conditions
fall outside the normal operation specifications so as to
avoid damaging or excessively aging the laser diode.
Furthermore, the drive current for the TEC is limited
to a predefined maximum value at which it is known
that the TEC can operate indefinitely, thereby prevent-
ing TEC burnout.

An RS232 input/output port 200 couples the mi-
crocontroller 162 to extemal devices, such an ASCII

terminal or desktop computer 202. The computer 202
can read data stored in the EEPROM 166, and can set

parameters for the controller 160, such as the target
temperature for the laser diode, a target optical output
power setting, and so on. The RS232 port 200 is also
used during initial calibration of the back facet photodi-
ode 116, as will be described in more detail below.

The digital controller often runs a fiber optic data link
for some type of computer host, and thus the link can be
considered to be a subsystem of a host computer. The
RS232 port can also be used by the host computer sys-
tem to communicate with the data link subsystem. In-
formation such as link status, laser diode aging, are
passed up to a monitoring software routine running in
the host computer system. The host computer can also
command the link to preform various functions such as
self test, automatic gain control, and so on.

Finally, a set of front panel LEDs 204 are coupled to
the microcontroller 162. The LEDs 204 communicate

the status of the laser diode 100 without having to plug
a computer 202 into the microcontroller’s communica-
tion port 200. In particular, there is a green LED denot-
ing normal operation, a yellow LED denoting that the
controller 162 is in the process of initializing the laser
diode, and a red LED denoting that the laser diode has
either failed or is in need of replacement.
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RECEIVER CHANNEL.

One preferred embodiment of the present invention is
a controller for a full duplex optical channel, and there-
fore the controller 160 is also coupled to a receiver
channel 220 that will be described next. However, it

should be understood that many features of the present
invention apply to unidirectional laser channels.

The receiving channel 220 has an incoming optical
link 222, which is typically an optical fiber of standard
construction. The light transmitted by the optical link
222 is converted into an electric signal by a photodiode
224. The resulting signal, which has both d.c. and a.c.
components is asserted on line 226. The a.c. component
of the received signal is separated from the d.c. compo-
nent by a capacitor 230, and the resulting a.c. signal is
amplified by a variable gain amplifier 232 before being
transmitted on line 234 to devices extemal to the con-

troller 160 for whatever type of signal processing is
required.

The gain of the a.c. signal amplifier 232 is controlled
by the microprocessor 162 via the D/A converter 180.
In particular, the gain of the a.c. signal amplifier 232 has
a nominal standard setting, corresponding to a prede-
fined digital value set in the microprocessor 162. The
gain of the amplifier can then be increased if a.c. compo-
nent of the received signal is observed (using peak de-
tector 242, discussed below) to be weaker than normal,
or decreased if the received signal is stronger than nor-
mal.

The d.c. component of the received optical signal is
monitored by using an operational amplifier 240 to mea-
sure the d.c. signal level on line 226, and transmitting
the resulting value to the microcontroller 226 via the
A/D converter 170. The magnitude of the output a.c.
signal on line 232 is monitored by using a peak detector
242 to measure the magnitude of the a.c. signal.

AUTOMATIC SELF INITIALIZATION OF
LASER DIODE, AND INITIAL CALIBRATION

OF BACK FACET PHOTODIODE.

Referring to FIGS. 3, 4 and 5, there are three primary
physical situations to be considered when initializing
the laser diode upon powering on the laser diode con-
troller.

The first situation is the one shown in FIG. 3, in
which it is not known where the output of the laser
diode 100 is being sent. Thus, there is no feedback, other
than that provided by the back facet photodiode 116 as
to the operation of the laser diode 100. This situation
requires that the controller’s control software be pro-
vided some a priori knowledge of the back facet photo-
diode’s characteristics and its coupling to the laser di-
ode.

The second situation, shown in FIG. 4, is used when

the controller 160 and its laser diode 100 are being
turned on for the first time. In this situation, a light
meter 250 is coupled to the output of the front facet of
the laser diode 100, typically via an optical fiber 112.
The light meter is coupled both to the output of the
laser diode 100 and to a computer or work station 202
that is used during the laser calibration process. The
computer 202, in turn, is coupled to the communications
port 200 of the controller.

In the preferred embodiment, the light meter 250
monitors the optical output of the laser diode 100 until
the optical output power reaches a specified level,
which is 1 milliwatt in the preferred embodiment. When
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the measured optical output power reaches that level,
the light meter sends a signal to the computer 202, and
the computer sends a corresponding message to the
controller’s microcontroller via the communications

port 200. In this way, the controller 160 can determine
what reading from the laser’s back facet photodiode
corresponds to a predefined level of optical output
power from the front facet.

The ratio of back facet to front facet optical output
power can vary considerably among laser diodes. How-
ever, this ratio is constant for any single laser diode, and
therefore only this one measurement is required for
calibrating the back facet photodiode of the laser diode,
providing the photodiode responds linearly to the laser
diode. The measured calibration value, which is the
back facet photodiode measurement value for 1 milli-
watt of optical output power on the front facet, is stored
in the controller’s nonvolatile memory 166. From this
point on, the controller can determine the amount of
optical output power being generated by the front facet
of the photodiode as being:

Power(front facet)=Power(back facet) / K
where “Power(front facet)” is measured in units of
milliwatts, “Power(back facet)” is measured in terms of
the current flowing through photodiode 116, digitized
by the A/D converter 170, and K is the calibration
value for the back facet of the laser diode which is

stored in the nonvolatile memory 166.
Some laser diode packages have back facet photodi-

odes which do not respond linearly to the laser diode’s
optical output. In this case the controller is pro-
grammed to use a more complex mathematical equation
to specify the relationship between photodiode mea-
surements and the laser diode’s output power, such as a
second or third order polynomial. To determine the
coefficients of such an equation the relationship be-
tween back facet photodiode measurement and front
facet optical output power must be calibrated at several
points (typically at eight to twelve points) distributed
over the expected operating range.

The third situation, shown in FIG. 5 depicts a full
duplex optical link, including two interconnected laser
diodes 300 and 310. Each laser diode has its own digital
controller 302, 312, and the optical transmitting port
304, 314 of each laser diode is coupled to a receiving
port 306, 316 of the other laser diode by an optical fiber
308, 318.

Control functions for each of these three situations
will be discussed below with reference to the flow
charts shown in FIGS. 8, 9 and 10.

An important characteristic of laser diodes is that
these devices age with use, even when the devices are
not exposed to excessive currents and temperatures, and
eventually fail. FIG. 6 depicts a logarithmically scaled
graph of the aging characteristics of a typical laser
diode, using drive current measurements taken over a
period of time at constant operating temperature. As
shown, the drive current required for generating a con-
stant level (e.g., one milliwatt) of optical output power
increases with the age of the laser diode. Typically,
there will be very little increase in the required drive
current during the first thousand hours of operation of
the laser diode, an acceptable level of increase through
a few tens of thousands of hours of operation, with a
large increase in the required drive current shortly be-
fore device failure.
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Storing measurement data in the nonvolatile memory
166 of the controller 160, as shown in FIG. 7, enables
the preferred embodiment of a laser diode controller to
predict failure of the laser diode and to send a warning
to a host computer, prior to failure of the device, that
the laser diode needs to be replaced. In particular, when
the controller finds that drive current required for gen-
erating a predefmed level of optical output power ex-
ceeds the original level of drive current needed when
the device was new by a predefmed percentage (e.g.,
ten percent), after compensating for any temperature
differences between the measurements being compared,
failure of the device is imminent and the controller 162

will generate a warning message.
As shown in FIG. 7, the memory locations in the

nonvolatile memory 166 are structured and used by the
microcontroller 162 to store the back facet calibration

factor for the laser diode 3 (slot 330), device measure-
ments for the laser diode taken when the laser diode is

tumed on for the first time (slot 332), device measure-
ments after 10, 100, 1000, and 10,000 hours of operation
(slots 334, 336, 338, 340), the number of hours of opera-
tion of the laser diode (slot 344). Furthermore, device
measurements are taken by the controller periodically
during operation of the laser diode (e.g., once every ten
hours of operation) and the last of those device mea-
surements is stored in slot 346 of the nonvolatile mem-

ory 166. Each set of device measurements comprises the
measured threshold current for the laser diode, the
drive current required for one milliwatt of optical out-
put power, and the operating temperature of the laser
diode at the time that the measurements were made.

Also stored in slot 348 of the nonvolatile memory are
set point values for the laser diode’s drive current, oper-
ating temperature and RF power.

When the laser diode 100 and its controller are ini-

tially manufactured, the EEPROM 166 contains no
data.

Referring to FIGS. 8 and 9, whenever the laser diode
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controller is powered on, it performs a sequence of self 40
initialization steps, under the control of a power on
sequence program 390, before turning on the laser di-
ode. During this initialization sequence, a front panel
LED flashes, indicating that the laser diode is being
initialized.

The controller checks the stability of the power sup-
ply 174 by measuring the voltage provided by the
power supply, and waits for that value to settle down
before proceeding any further (step 400).

If the laser diode is a high performance laser diode
which includes a thermoelectric cooler (step 402), the
controller turns on the thermoelectric cooler and waits

until the laser diode’s temperature sensor indicates that
the temperature has stabilized at the specified target
temperature for the laser diode 404. The controller
continues thereafter to run a background temperature
control routine 404 which modulates the TEC’s drive

current so as to try to maintain the laser diode at the
specified temperature. In the preferred embodiment, the
temperature control routine prevents TEC bumout by
preventing the drive current for the TEC from exceed-
ing a predefmed level at which it is known the TEC can
operate indefinitely without burning out. If the TEC is
unable to keep the laser diode close to its specified
target temperature, the temperature control routine
forces the controller to reduce the optical output power
by a predefined percentage, such as twenty-five per-
cent, so as to reduce the amount of heat generated and
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so as to prevent premature aging of the laser diode.
Altemately, the temperature control routine can simply
shut down the laser diode subsystem until better operat-
ing conditions are restored.

Next, the microcontroller accesses nonvolatile (EE-
PROM) memory 166 to see whether there is a calibra-
tion value stored in that memory (box 406). If no cali-
bration value is stored, that indicates that this is the first
time that the laser diode has been turned on, and there-
fore proceeds with the next step, which is to determine
whether a light meter is coupled to the output of the
laser diode (box 408) using a physical connection sce-
nario such as the one shown in FIG. 4. The presence of
a light meter is determined by sending a message via the
communications port 200. If a light meter is in place, the
computer 202 sends back a corresponding message.

If a light meter is not connected to the laser diode, the
power on sequence control program will use a default
calibration value for the back facet photodiode, and the
program will skip over the calibration step 410. The
default calibration value used is an “average” value for
the type of laser diode and photodiode being used (step
412). While this is tolerable, in some embodiments of the
present invention, if the laser diode has not yet been
calibrated, the power up sequence program for the
controller will prevent operation of the laser diode until
a light meter is connected so as to enable calibration.

Calibration (step 410) is performed by slowly increas-
ing the drive current of the laser diode until the light
meter signals that the optical output power has reached
a predefmed level such as one milliwatt. Typically, the
drive current will be started at a low value, such as 10
milliamps, and then increased at a very slow rate, such
as 1 milliamp per second, with a limit on the maximum
drive current, such as 50 milliamps (plus a temperature
compensation value, if necessary). When the light meter
signal is received, the drive current is held steady while
the back facet photodiode current is measured and then
stored in location 330 of the nonvolatile memory 166 as
the calibration value, thereby establishing the ratio of
back facet photodiode current to front facet optical
output power. If the back facet photodiode is nonlinear,
measurements are made at the additional calibration

required for computing the coefficients of a nonlinear
equation which defines the relationship between back
facet photodiode current and front facet optical output
power.

Next, the routine for measuring the laser diode’s de-
vice characteristics is called (step 414). That routine is
shown in FIG. 9, and will be discussed below. That
routine measures the optical output of the laser diode at
a range of drive currents, and then computes the slope
efficiency of the laser diode, the threshold current for
the laser diode, and the operating current for a prede-
fined level of optical output power, such as one milli-
watt. .

At step 416 the power up sequence routine then
stores the threshold current for the laser diode, and the
operating current for the predefined level of optical
output power, as well as the current operating tempera-
ture in the appropriate location in the EEPROM 166. If
this is the first time that the laser diode has been tumed

on (as can be determined by inspecting location 332 of
the EEPROM to see whether it is empty), these values
are stored location 332. Otherwise, they are stored in
location 346 of the EEPROM.

Next, at step 418 the device measurements from step
414 are compared with a set of predefmed device failure
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criteria. For example, in one preferred embodiment the
device failure criterion is that the drive current required
to generate the predefined optical output level, after
any required temperature compensation has been taken
into account, be greater than the original drive current
required (when the device was new) by ten percent or
more. If that criterion is met, failure of the device is
imminent, and therefore the failure LED 204 on the
front panel of the controller is enabled, and a failure
prediction message is transmitted via the contro11er’s
output port 200.

Assuming that the laser diode has not failed, the drive
current of the laser diode is increased by the controller
to the level required for normal operation, which is
typically specified as a particular d.c. optical output
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power level (step 420). The drive current required is ,
computed from the threshold current and the slope
efficiency of the laser diode, both of which were previ-
ously determined during step 414. Furthermore, the
output power is checked, by measuring the current
generated by the back facet photodiode and scaling that
measurement by the calibration value for the laser di-
ode, and adjusted if necessary by adjusting the drive
current. Then the “normal operation” LED on the
front panel of the controller is enabled, and a “ready to
transmit” message is sent to the host computer 202 via
the communications port. The “ready to transmit” mes-
sage indicates to the host computer that the optical link
coupled to the laser diode is ready for normal operation.

After the laser diode begins normal operation, steps
414 through 418 are repeated periodically (step 422),
such as once every ten hours of operation, so that the
controller can monitor the operability of the laser di-
ode. The data from these periodic maintenance checks
are stored in the appropriate locations in the EEPROM
216, which also allows this maintenance data to be re-

trieved and analyzed by the host computer 202.
Referring to FIG. 9, the routine for measuring the

device characteristics of the laser diode (called by step
414 of the program shown in FIG. 8) sta.rts at step 440,
which measures the slope of the laser diode’s optical
output power in the LED mode. To do this, the drive
current of the laser diode is slowly increased from an
initial low value, such as 5 milliamps, measuring the
optical output power at each 1 milliamp interval, and
computing the slope of the optical output power. The
optical output power is measured using the back facet
photodiode, as described above. This sequence contin-
ues until the slope of the optical output power begins to
increase, indicating that the laser diode is entering las-
ing mode.

At step 442, the drive current for the laser diode
continues to be slowly incremented in small steps, mea-
suring the slope of the optical output power until four
or more points are measured which produce a consis-
tent slope, thereby indicating that the laser diode is
lasing. This slope is the slope efficiency for the laser
diode at the current operating temperature.

Next, at step 444, the threshold value for the laser
diode is determined by finding the intersection of the
optical output power lines for LED mode and for lasing
mode, as measured by steps 440 and 442. Furthermore,
the slope efficiency of the laser diode in lasing mode is
used to compute the operating current required for
generating a predefined level of optical output power,
such as one milliwatt.

Additional quality assurance checks can be per-
formed using the controller, such as for checking a
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batch of laser diode that were not thoroughly checked
by the manufacturer. Typically, these additional quality
assurance checks will be performed only the first time
that the laser diode is tumed on.

If further quality assurance checking is enabled (step
446), the routine will first check that all the parameters
previously measured are within predefmed normal op-
erating limits (step 448). If not, a “device failure” mes-
sage is sent to the host computer 202, and the device
failure LED on the control1er’s front pane is enabled
(step 450).

If the first quality assurance check is passed (step
446), the routine next checks the linearity of the laser
diode. This is done by stepping the laser diode through
a number of drive current values, covering the entire
normal operating range of the laser diode, such as the
drive currents required for generating optical output
power levels ranging from 0.5 milliwatt to 4.0 milli-
watts, using the previously measured slope efficiency
value (step 452). The optical output power at each drive
current is measured, using the back facet photodiode,
and then these measurements are checked to see if they
all fall along a line (step 454). Linearity is checked by
performing a least squares fit on the measurement data
to determine the position of the line which best fits the
measurement data, and then finding the distance of each
measurement point from that line. If the distances of the
points from the line exceed a predefined value, particu-
larly at the highest normal output powers, this is an
indication that the diode may be damaged (e.g., dark
line defects), and a device failure message is sent to the
host computer 202 (step 450). If the laser diode mea-
surements show that the laser diode passes the linearity
test of step 454, a “device okay” message is sent to the
host computer.

Note that when the characteristics of the laser diode

are being rechecked pursuant to step 422 of FIG. 8, step
440 is omitted because the LED phase of the laser does
not change significantly over the life of the laser diode.
Furthermore, in the preferred embodiment the d.c.
drive current is tested only over a small range so as not
to interfere with the transmission of data over the opti-
cal link. This range of test points need only vary the d.c.
drive current by a small amount, such as ten percent of
the previously selected bias point, so as to enable the
controller to recompute the slope efficiency of the laser
diode and the threshold value of the laser diode by
finding the intersection of the lasing mode characteristic
with that of the previously measured LED phase char-
acteristic curve (see .FIG. 2). In an alternate embodi-
ment, just before performing the periodic self tests, the
controller sends a message to the host computer 202 via
the RS232 port 200 telling it to stop data transmissions
until the self test is completed.

FULL DUPLEX LINK INITIALIZATION.

The power up sequence is somewhat different for full
duplex optical links (see full duplex link in FIG. 5). In
particular, step 420 in FIG. 8, at which point the drive
current is increased to initiate normal operation of the
laser diode, is replaced for full duplex links by the se-
quence of‘ steps shown in FIG. 10.

Laser diodes emit very bright and coherent radiant
energy that is normally invisible to the human eye. This
energy could cause harm to human eyes if the output of
the laser diode is misdirected. In the context of a full

duplex link, it is possible to use the digital controller of
the present invention to insure that the link is intact
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before the controller enables normal operation of the
laser diode.

In particular, after the initial device measurements
are performed, and after step 418 in FIG. 8 has been
performed, the power up sequence control program for
full duplex links switches to step 470 in FIG. 10. At step
470, the drive current for the laser diode is initially set
so as to output much less power than during normal
operation, such as ten percent of normal power (e.g.,
0.20 milliwatts instead of 2.0 milliwatts). This initial
output level is selected so as to be sufficient for the two
controllers 302 and 312 shown in FIG. 5 to test the

integrity of the full duplex link. Note that such links can
be designed to have a predictable and often very low
amount optical loss (i.e., a low loss of power caused by
the transmission of the generated light through optical
fiber 308 or 318) eVen for links which are up to a couple
of kilometers in length. Furthermore, note that both
controllers 302 and 312 in FIG. 5 will be executing the
same power up sequencing routine, and therefore the
steps shown in FIG. 10 are executed more or less in
parallel in the two controllers.

After turning on the laser diode at a low optical out-
put level, the controller measures the d.c. component of
the optical power received at its receiver port 306 (step
472). If the link is intact, and the other laser diode has
been powered on, the received optical power will be
sufficient to indicate that the link is intact (step 474). If
the required level of optical power is not being re-
ceived, this means that either the link is not intact, or the
other laser diode has not been tumed on. In either case,
the routine waits for a short period of time (step 476),
and then repeats steps 472 and 474 until the presence of
an intact optical link is established.

Once the presence of an intact link has been estab-
lished, the drive current for the laser diode is increased

to the level required for,normal operation (step 478).
Then, after a short wait (step 480), the controller once
again measures the d.c. component of the optical power
received at its receiver port 306 (step 482). Since link
operation assumes both devices are working, if each
receiver does not sense full power operation in a reason-
able period of time (typically less than one hundred
milliseconds) then the system resets to step 470 and the
start up procedure for the link begins again.

In an alternate embodiment, the full duplex link is
brought up by first transmitting at five percent of full
power on the outgoing link until light above a threshold
level is received on the incoming link, at which point
the transmitted optical power is increased to a slightly
higher level which is still much less than full power,
such as ten percent of full power. When, and if, the
intensity of light received on the incoming link in-
creases by a similar amount, then the integrity of the
outgoing link has been established and the outgoing link
is brought to full power and data transmission is en-
abled. This alternate methodology avoids transmission
at full power until such time that the integrity of both
branches of the full duplex link has been fully estab-
lished. ’

The controller also computes the ratio of a prede-
fined “ideal” received optical power level to the actual
received d.c. optical power level. Note that the useful
life of a laser diode can be approximately doubled by
halving the optical output power used during normal
operation. Therefore the “ideal” received optical power
will typically be a relatively low power level, such as
0.75 milliwatts. In any case, the computed ratio is then
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transmitted by the controller over the optical link. The
purpose of the transmitted message is to notify the con-
troller on the other end of the link as to how it should

modify the optical output power of its laser diode. In
most situations, this will enable the controller to use a

significantly lower optical output power than would be
required in a system without this capability, thereby
significantly extending the lifetime of the laser diodes
being used. The reason that the output power will be
lower than would otherwise be required is that systems
without this power adjustment feature need to be able
to handle “worst case” situations. Therefore such sys-
tems must generate sufficient optical output power to
make an link operational in a wide variety of environ-
ments, even though most links will not actually need to
use such a high optical output level in order to function
properly.

In one preferred embodiment, this transmission is
performed by modulating the d.c. level of the laser
diode (i.e., modulating the signal on line 178 shown in
FIG. 3), using a relatively slow data transmission rate,
such as ten or twenty bits per second. Since the entire
message needed is only about sixteen bits long (e.g., five
synchronization bits, plus an eight bit ratio value, plus a
three bit error correction code), this process will only
take one or two seconds, even at such slow data rates.
The reason that data transmission is so slow is due to the

need to protect the laser diode from sudden current
fluctuations through the use of an RC circuit 176 having
a relatively long time constant, as explained above.

In other embodiments, the transmission is performed
by sending data through multiplexer 192. This allows
data transmission at much higher rates, such as 100
kilobits per second. However, in these embodiments the
controller must have a data receiver circuit (not shown
in the Figures) in the receiver channel for receiving
such messages, which significantly increases the cost of
the controller.

In the preferred embodiment, the transmitted ratio
value is 100 if no adjustment in power is required. Val-
ues above 100 indicate that the output power should be
increased by X percent, where X is the transmitted
value divided by 100. Values below 100 indicate that
the output power should be decreased, where the ideal
output power is the current output power multiplied by
X and then divided by 100.

In any case, at about the same time that the controller
is transmitting its power ratio message over the link, the
other controller at the other end of the link is doing the
same thing. Therefore, the controller will receive a
corresponding message with an output power ratio
value from the other laser diode controller at the other

end of the link (step 484). Then the controller adjusts its
output power in accordance with the received power
ratio value X, as follows:

New Power Level=(Old Power Level)><X/100.
In addition, the gain of the controller’s transmission

data attenuator 184 will be adjusted in a similar fashion
so that the depth of modulation caused by data transmis-
sion remains at approximately the same as before.

At this point, both controllers at both ends of the link
will enable data transmission over the link (step 486).

Finally, the controller monitors the peak-to-peak
amplitude of the a.c. portion of the received optical
signal, waiting for the receipt of modulated optical
signals. Once data transmission begins, the controller
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measures the amplitude of the a.c. portion of the re-
ceived optical signal, and adjusts the gain of the ampli-
fier 232 in the receiver channel, if necessary, so as to
ensure reliable data transmission (step 488).

With regard to the security of data transmitted over
optical links, it has been established that it is a relatively
easy matter to tap into an optical link by bending an
optical fiber, causing a portion of the optical energy in
the fiber to be transmitted and “lost” through the fiber’s
cladding. The light exiting the fiber at the location of 10
the bend can be read using standard optical and electro-
optical components, thereby compromising the security
of the transmitted data. Once the integrity of an optical
link has been established, the controller of the present
invention can be programmed to detect decreases in the
received optical power. For example the controller can
be programmed to detect any decrease of more than
five percent, as compared to the previously established
level of received d.c. power, and to transmit a message
to a host computer whenever such a fluctuation is de-
tected. Such a message will notify the system monitor
that the security of the optical link may have been com-
promised.

USER INTERFACE.

Referring to FIGS. 3 and 11, the controller’s soft-
ware includes a user interface routine 392 which allows
the user to access status information in the controller

via a host computer 202, to view the data stored in the
controller’s nonvolatile memory 166, and to set and/or
reset various parameters such as the optical output
power (i.e., the number of milliwatts of optical output
power to be produced by the laser), the target tempera-
ture for the laser diode if it is coupled to a thermoelec-
tric cooler, and the attenuator setting for controlling the
RF power of the signals being transmitted.

FIG. 11 shows the display generated by the user
interface routine 392 on the display of the host com-
puter, and also shows the commands used to modify the
laser diode’s parameters. The displayed “XX.X” values
are measurements calculated by converting count val-
ues for the A/D and D/A converters. The displayed
“ZZZZ” values are raw A/D converter values, and the
displayed “YYYY” values are raw D/A converter val-
ues. The displayed “SS.S” values are specified set point
values in units of milliwatts for the optical output power
and RF transmission power, and in units degrees Centi-
grade for temperature.

The display items in the boxed area are optionally
displayed items that are viewed if the keyboard com-
mand <CNTRL>D is entered. The four parameters
shown in this boxed area can be modified by selecting
“Manual Control” from the Main Menu on the bottom

half of the display and then adjusting the displayed
values up or down using the commands shown in FIG.
11.

The three set point values shown in the display can be
modified by selecting “Set Point Control” from the
Main Menu, when enables the user to adjust the set
points up or down using the commands shown in the
Figure.

The Debug command on the Main Menu brings up a
new display, not shown, which lists the supply voltages
in the device, the data stored in the EEPROM, and also
allows the user to view all the initialization data for the

laser diode. Thus the Debug command is primarily
intended for use by the manufacturer when first testing
new laser diodes and when performing post mortems on
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laser diodes that have either failed initial tests or which

have aged or otherwise become nonfunctioning.

ALTERNATE EMBODIMENTS

It is important to note that the back facets of some
laser diodes are coated with a reflective material, such
as aluminum, making the back facet unavailable for
monitoring the optical output power of the device. In
such laser diodes, the front facet is tapped so as to divert
a portion of the laser diode’s power to a monitoring
photodiode. Typically a beam splitter is coupled to or
placed near the front facet with a photodiode positioned
to receive the diverted portion of the laser diode’s opti-
cal output. This laser diode/photodiode configuration is
functionally equivalent to the apparatus in the preferred
embodiment, and thus the more general term for the
“back facet photodiode” is “a photodiode for monitor-
ing the laser diode’s optical output power".

Referring to FIG. 12, another link configuration
which is envisioned by the inventor is using a single
digital controller to control the operating point and
other operating parameters of multiple laser diodes. For
example, four laser diodes may be used in the link be-
tween a computer and a color monitor, with distinct
optical channels being used for red, green, blue and
synchronization signals. A single controller can be used
for multiple laser diodes because it takes very little time
to execute the software required for setting up and
monitoring each laser diode, and because the quantity
of data required to be stored for each laser diode in
nonvolatile memory is typically much, much less than
the amount of such memory which is available in either
a single EEPROM device or even in an EEPROM
embedded in a microcontroller.

While the present invention has been described with
reference to a few specific embodiments, the descrip-
tion is illustrative of the invention and is not to be con-

strued as limiting the invention. Various modifications

may occur to those skilled in the art without departing
from the true spirit and scope of the invention as defined
by the appended claims.

What is claimed is:

1. A controller for a laser diode, comprising:
an optical power sensor which receives a portion of

the light emitted from a laser diode and generates
an optical power measurement signal correspond-
ing to the optical power of the light received by

_ said power sensor;
a drive current circuit, coupled to said laser diode,

which applies a specified level of drive current
through said laser diode; and

a digital data processor, coupled to said optical
power sensor and to said drive current circuit,
which sets said specified level of drive current
applied to said laser diode and receives said optical
power measurement signal from said optical power
sensor; said digital data processor being pro-
grammed to step said drive current through a se-
quence of values, to compute operating character-
istics of said laser diode based on received optical
power measurement signals for each drive current
value, and to select a drive current level for said

laser diode based on said received optical power
measurement signals.

2. The laser diode controller of claim 1, further in-
cluding a nonvolatile memory coupled to said digital
data processor,



5,019,769
17

said digital data processor being further programmed
to detect aging of said laser diode by (A) storing
data denoting said computed operating characteris-
tics of said laser diode in said nonvolatile memory,

and (B) periodically checking the operability of
said laser diode by stepping said drive current
through a sequence of values, computing a set of
operating characteristics of said laser diode based
on received optical power signals for each drive
current value, and generating an error signal when
said computed set of operating characteristics fail
to meet predefined criteria with respect to said
operating characteristics stored in said nonvolatile
memory.

3. The laser diode controller of claim 1, said digital
data processor being further programmed to perform
quality assurance tests on said laser diode, where said
quality assurance tests compare said computed operat-
ing characteristics of said laser diode with predefined
criteria and generate an error signal when said com-
puted operating characteristics fail to meet said prede-
fined criteria.

4. The laser diode controller of claim 1, said digital
data processor being programmed to test said laser
diode for linearity based on said received optical power
measurement signals, wherein linearity comprises a
consistent rate of increase in optical power with in-
creases in drive current, and to generate an error signal
when said laser diode fails to meet predefined linearity
criteria.

5. The laser diode controller of claim 1, further in-
cluding a receiver channel, for receiving light gener-
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ated by a second laser diode, said two laser diodes form- -
ing a full duplex optical link;

monitoring means, coupling said receiver channel to
said digital data processor, for generating a re-
ceived power signal corresponding to the d.c. opti-
cal power of said received light from said second
laser diode;

said digital data processor including means for receiv-
ing said received power signal; said digital data
processor being programmed (A) to compare said
received power signal with predefined criteria and
to thereby determine whether a full duplex optical
link has been established between said two laser

diodes; (B) to set said drive current level for said
laser diode at a first level prior to determining that
a full duplex link has been established; and (C) to
set said drive current level for said laser diode at a

second level after determining that a full duplex
link has been established;

wherein said second drive current level causes said

laser diode to generate at least twice as much opti-
cal output power as said first drive current level.

6. The laser diode controller of claim 5, said digital
data processor being programmed to monitor said re-
ceived power signal so as to detect a breach of said full
duplex link and to reset said drive current level back to
said first level after detecting said breach.

7. The laser diode controller of claim 5, said digital
data processor being programmed to detect decreases
of at least a preselected magnitude in said received
power signal, and to generate a warning signal when-
ever such a decrease is detected; whereby said digital
data processor can detect an attempt to eavesdrop on
data transmitted via said full duplex optical link.

8. The laser diode controller of claim 1, said drive
current circuit comprising:
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a bipolar transistor having an emitter coupled to a

power source, a base coupled to said digital data
processor, and a collector directly connected to
said laser diode; and

a capacitor, connected to said collector, which a.c.
couples said collector to an input signal line, said
input signal line carrying high frequency signals to
be optically transmitted by said laser diode.

9. The laser diode controller of claim 1, further in-

cluding a nonvolatile memory coupled to said digital
data processor,

said digital data processor being further programmed
to store data in said nonvolatile memory denoting a
calibration coefficient for said optical power sen-
sor, initialization values, and said computed operat-
ing characteristics of said laser diode, and to use
said stored data to set said drive current level for
said laser diode each time that said controller is

turned on;
whereby said laser diode can be restarted each time

that said controller is turned on without having to
recalibrate and reinitialize said controller.

10. Multichannel laser diode apparatus, comprising:
a plurality of laser diodes;
a separate optical power sensor positioned near each

of said laser diodes so as to receive a portion of the
light emitted from said laser diode, said optical
power sensor generating an optical power mea-
surement signal corresponding to the optical
power of the light received by said power sensor;

a separate drive current circuit coupled to each said
laser diode, each said drive current applying a
separately specified level of drive current through
a corresponding one of said laser diodes; and

a single digital data processor, coupled to all of said
optical power sensors and to all of said drive cur-
rent circuits, which sets said specified drive current
levels applied to said laser diodes and which re-
ceives said optical power measurement signals
from said optical power sensors; said digital data
processor being programmed to step said drive
current for each laser diode through a sequence of
values, to compute operating characteristics of
each said laser diode based on received optical
power measurement signals for each drive current
value, and to select a drive current level for each

said laser diode based on said received optical
power measurement signals.

11. The multichannel laser diode apparatus of claim
10, each said drive current circuit comprising:

a bipolar transistor having an emitter coupled to a
power ‘source, a base coupled to said digital data
processor, and a collector directly connected to
said laser diode; and '

a capacitor, connected to said collector, which a.c.
couples said collector to an input signal line, said
input signal line carrying high frequency signals to
be optically transmitted by said laser diode.

12. The multichannel laser diode apparatus of claim
10, further including a nonvolatile memory coupled to
said digital data processor,

said digital data processor being further programmed
to detect aging of each said laser diode by (A)
storing data denoting said computed operating
characteristics of said laser diode in said nonvola-

tile memory, and (B) periodically checking the
operability of said laser diode by stepping said
drive current through a sequence of values, com-
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puting a set of operating characteristics of said laser
diode based on received optical power signals for
each drive current value, and generating an error
signal when said computed set of operating charac-
teristics fail to meet predefined criteria with re-
spect to said operating characteristics stored in said
nonvolatile memory.

13. The multichannel laser diode apparatus of claim
10, further including a nonvolatile memory coupled to
said digital data processor,

said digital data processor being further programmed
(A) to store data in said nonvolatile memory denot-
ing a calibration coefficient for each said optical
power sensor, initialization values for said laser
diodes, and said computed operating characteris-
tics of said laser diodes, and (B) to use said stored
data to set said drive current levels for said laser

diodes each time that said controller is turned on;
whereby said laser diodes can be restarted each time
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that said controller is turned on without having to 20
recalibrate and reinitialize said controller.

14. A controller for a laser diode having a back facet
and a front facet, including:

a back facet photodiode which receives light emitted
from a laser diode’s back facet and generates an 25
optical power measurement signal corresponding
to the optical power output by said back facet of
said laser diode;

a drive current circuit, coupled to said laser diode,
which applies a specified level of drive current
through said laser diode; and

a digital data processor, coupled to said back facet
photodiode and to said drive current circuit, which
sets said specified level of drive current applied to
said laser diode and receives said optical power
measurement signal from said back facet photodi-
ode; said digital data processor being programmed
to step said drive current through a sequence of
values, to compute operating characteristics of said
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laser diode based on received optical power mea- 40
surement signals for each drive current value, and
to select a drive current level for said laser diode

based on said received optical power measurement
signals.

15. A method of controlling a laser diode, the steps of
the method comprising:

applying a drive current to a laser diode so as to
generate light;

measuring said generated 1ight’s optical power;
providing a digital data processor; and
under control of said digital data processor, automati-

cally stepping said drive current through a se-
quence of values, receiving said optical power
measurement for each drive current value, comput-
ing operating characteristics of said laser diode
based on said received optical power measurement
for each drive current value, and selecting a drive
current level for said laser diode based on said

received optical power measurement signals.
16. The method of controlling a laser diode set forth

in claim 15, further including the steps of
storing data denoting said computed operating char-

acteristics of said laser diode in a nonvolatile mem-
ory, and

periodically checking the operability of said laser
diode by stepping said drive current through a
sequence of values, receiving a measurement of
optical power for each drive current value, com-
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puting a set of operating characteristics of said laser
diode based on said received optical power mea-
surement for each drive current value, and generat-
ing an error signal when said computed set of oper-
ating characteristics fail to meet predefined criteria
with respect to said operating characteristics
stored in said nonvolatile memory.

17. The method of controlling a laser diode set forth
in claim 15, further including the steps of

comparing said computed operating characteristics of
said laser diode with predefined criteria; and

generating an error signal when said computed oper-
ating characteristics fail to meet said predefined
criteria.

18. The method of controlling a laser diode set forth
in claim 15, further including the steps of

testing said laser diode for linearity based on said
received optical power measurements, wherein
linearity comprises a consistent rate of increase in
optical power with increases in drive current, and
generating an error signal when said laser diode
fails to meet predefined linearity criteria.

19. The method of controlling a laser diode set forth
in claim 15, further including the steps of

providing a receiver channel which receives light
generated by a second laser diode, said two laser
diodes forming a full duplex optical link;

measuring the d.c. optical power of said received
light from said second laser diode;

under the control of said digital data processor, re-
ceiving said d.c. optical power measurement for
said second laser diode, comparing said d.c. optical
power measurement with predefined criteria and to
thereby determining whether a full duplex optical
link has been established between said two laser

diodes, setting said drive current level for said laser
diode at a first level prior to determining that a full
duplex link has been established, setting said drive
current level for said laser diode at a second level

after determining that a full duplex link has been
established;

wherein said second drive current level is higher than
said first drive current level.

20. The method of controlling a laser diode set forth
in claim 19, further including the steps of

monitoring said d.c. optical power measurement so as
to detect a breach of said full duplex link, and reset-
ting said drive current level back to said first level
after detecting said breach.

21. The method of controlling a laser diode set forth
in claim 19, further including the steps of

detecting decreases of at least a preselected magni-
tude in said d.c. optical power measurement, and
generating a warning signal whenever such a de-
crease is detected; whereby attempts to eavesdrop
on data transmitted via said full duplex optical link
are detected.

22. The method of controlling a laser diode set forth
in claim 15, said step of applying a drive current includ-
ing the steps of providing a bipolar transistor having an
emitter coupled to a power source, a base coupled to
said digital data processor, and a collector directly con-
nected to said laser diode; and providing a capacitor,
connected to said collector, which a.c. couples said
collector to an input signal line, said input signal line
carrying high frequency signals to be optically transmit-
ted by said laser diode.
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23. The method of controlling a laser diode set forth
in claim 15, further including the steps of

storing data denoting said computed operating char-
acteristics of said laser diode in a nonvolatile mem-

ory, a calibration coefficient for measuring said
generated light’s optical power, and initialization
values; and

setting said drive current level for said laser diode
each time that said controller is turned on using
said data stored in said nonvolatile memory.

24. A method of controlling a plurality of laser di-
odes, the steps of the method comprising:

applying a separate drive current to each of a plural-
ity of laser diodes, thereby causing each laser diode
to generate light;

measuring said generated light’s optical power for
each laser diode;

providing a single digital data processor; and
under control of said single digital data processor,

automatically stepping said drive current for each
laser diode through a sequence of values, measur-
ing optical power for the light generated by each
laser diode at each drive current value, computing
operating characteristics of each said laser diode
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based on said measured optical power for each
drive current value, and selecting a drive current
level for each said laser diode based on said optical
power measurements.

25. The method of controlling a plurality of laser
diodes set forth in claim 24, further including the steps
of:

providing a nonvolatile memory coupled to said digi-
tal data processor,

under the control of said digital data processor, de-
tect aging of each said laser diode by (A) storing
data denoting said computed operating characteris-
tics of said laser diode in said nonvolatile memory,
and (B) periodically checking the operability of
said laser diode by stepping said drive current
through a sequence of values, computing a set of
operating characteristics of said laser diode based
on measurements of optical power for each drive
current value, and generating an error signal when
said computed set of operating characteristics fail
to meet predefined criteria with respect to said
operating characteristics stored in said nonvolatile
memory. It It It It It
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DEVICE AND IVIETHOD TO CONTROL THE
OUTPUT POWER OF LASER DIODES

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to a device for controlling the
output power of laser diodes likely to be coupled to an
optical fiber for the transmission of digital signals on
optical fibers.

- Laser diodes are widely used in the field of digital
transmissions on optical fibers, but have the drawback
of showing major variations of the luminous power
emitted in response to a change in temperature or an
ageing of the diode.

The diagrams of FIGS. 3 and 4 can be referred to for
a clearer understanding of these phenomena.

FIG. 3 shows the variations of the characteristic

curve of a laser as a function of the temperature. For a
temperature T=20° C., the curve C1 is obtained and for
a temperature T=60° C., the curve C2 is obtained. It is
thus observed that, for a constant supply current I, the
optical power emitted when the temperature is equal to
20° C. is greater than the optical power emitted when
the temperature is equal to 60° C.

FIG. 4 shows two characteristic curves of laser di-

odes, one of which corresponds to a new laser diode
and the other to a laser diode at the end of its lifetime.

These characteristic curves have been plotted for a
constant temperature equal to 9 °C.

It can also be seen in this FIG. 4 that the optical
power emitted is weaker for a given current I when the
laser is at the end of its lifetime.

2. Background of the Invention

There is a regulation method used to compensate for
the variations in the output power emitted by the diode
laser that are due to a variation of the temperature. This
method consists in carrying out an analog regulation of
the luminous power emitted by a laser diode by compar-
ing a signal representing said power with a reference
signal to obtain an error signal that is used to modify the
electrical supply current of the laser diode.

It has been observed that this method has the draw-

back of very low efficiency when the sending out ofthe
data is periodic. Indeed, the loop which achieves a
continuous regulation is found wanting for, as a repre-
sentative signal, it uses a signal representing the spo-
radic power emitted.

Another known method consists solely of a tempera-
ture regulation. The regulation is done by cooling by
means of a Peltier effect element controlled by a nega-
tive feedback loop, the input signal of which is consti-
tuted by the difference between the measured tempera-
ture of the laser and an instructed value of temperature.
This servo-control system has the drawback of being
costly and of consuming a great deal of energy, and of
not taking account of the drift due to the ageing of thelaser.

There also exist systems that foresee the end of the

lifetime of the laser diode. These systems have a regula-
tion arrangement to overcome the effects of variation
due to the ageing of the diode, and also an active ele-
ment to keep the operating temperature constant. Thus,
the maximum current I indicating the end of the lifetime
of the laser takes a fixed value, depending on the operat-
ing temperature which is kept constant. The diagnosis
then amounts to a simple comparison of the value ofthe
supply current of the laser with the value of current
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Imax that was fixed beforehand. A rudimentary system
such as this remains costly and consumes a great deal of
energy.

Apart from these drawbacks, the present applicant
has also observed that there is a loss of optical power
due to the coupling of the laser diode with the optical
fiber, and that there is no system, at present, that enables
total mastery to be achieved over this phenomenon.
The applicant has also observed that the element which
enabled the image of the information to be retrieved,
generally a photodiode on the rear face of the laser, is
generally disturbed by a change in temperature and
that, consequently, the signal representing the luminous
power emitted, is also subjected to variations due the
variations in temperature. No existing regulation system
enables this phenomenon to be taken into account.

SUMMARY OF THE INVENTION

The present invention is aimed at overcoming all
these problems.

An object of the invention, more particularly, is a
device to control the output power of the laser diodes
capable ofbeing coupled to an optical fiber, comprising:

a photodiode that can be used to acquire a character-
istic signal of the power emitted by the laser diode;

digital means to drive the laser diode;
program memorizing means;
parameter memorizing means;
a communications channel.

The device may comprise a temperature sensor if
necessary. The digital means for the driving of the
diode are capable of receiving and processing the char-
acteristic signal to give a current drive signal so as to
maintain a constant luminous output power of the laser
diode, these means comprising a central processing unit
associated with servo-control computation program
memorizing means, keeping a constant output power
whatever may be the drift and change of slope of the
characteristic of the laser diode in response to ageing
phenomena or to a change in temperature or to a loss of
power due to the coupling of this diode with an optical
fiber or to variations in the response of the photodiode
as a function of the temperature.

The program memorizing means are also loaded with
an alarm management program that can be used to
trigger alarms upon the detection of an operating anom-
aly. The parameter memorizing means are loaded with
characteristic parameters of the laser diode, alarm pa-
rameters and fiber coupling parameters that are deter-
mined beforehand.

The communications channel enables the processing
unit to send information elements to and/or receive

information elements from a management center.
According to another aspect of the invention, the

device can be made in the form of a component in
which the driving means are formed by a single inte-
grated circuit chip on a substrate according to a bi-
CMOS technology.

According to another aspect of the invention, the
device may be made in the form of a hybrid component
in which the driving means, the laser diode and the
photodiode are formed by integrated circuit chips on
distinct substrates.

BRIEF DESCRIPTION OF THE DRAWINGS

Other features and advantages of the invention shall
appear clearly in the following description, given on a
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non-restrictive, exemplary basis with reference to the
appended drawings, of which:

FIG. 1 shows a drawing of the device according to a
first embodiment;

FIG. 2 shows a drawing of the device according to a
second embodiment;

FIG. 3 shows two response curves of a laser diode as
a function of the variations in the temperature;

FIG. 4 shows two response curves of a laser diode at
the beginning and end of its lifetime;

FIG. 5 shows response curves of a laser diode as a
function of the temperature variations and of the photo-
diode giving the characteristic signal of the power emit-
ted by the laser diode, also as a function of the tempera-
ture variations;

FIG. 6 shows a functional diagram of the device
according to the invention;

FIGS. 7 and 8 show a timing diagram illustrating a
mode of transmission in alternation between a system A
and a system B;

FIG. 9 shows the structural diagram of the servo-
control computation according to the invention;

FIG. 10 is used to illustrate the power differences as
a function of temperature on the response curve of a
laser diode;

FIG. 11 shows an exemplary embodiment of the cir-
cuit 150;

FIG. 12 shows an exemplary embodiment of the cir-
cuit 158;

FIG. 13 shows an exemplary embodiment of the cir-
cuit 152. ’

DESCRIPTION OF PREFERRED
EMBODIMENTS

The device for the control of the output power of
laser diodes liable to be coupled to an optical fiber may
be made, as already mentioned, in the form of a mono-
chip or hybrid component as the case may be.

FIG. 1 illustrates a monochip component. The com-
ponent has digital driving means made by means of a
microprocessor core and peripherals, such as analog-
digital-analog converters, a temperature sensor, ROM,
Flash EPROM or EEPROM type memories and a cur-
rent drive for the laser head.

The monochip component bearing the reference 100
in FIG. 1 will therefore be liable to carry out the func-
tion of digital driving of a laser head mounted in a hy-
brid component 200. The component has one input to
receive a clock signal, one transmission data input, one
input to receive a characteristic signal of the power
emitted by the laser head, one input to receive the tem-
perature prevailing around the laser head, one output
corresponding to the laser head modulation current,
and one interface towards a communications channel

enabling an operating system or a monitoring system to
be connected through this communications channel to
the components and to monitor the component and,
possibly, to modify parameters recorded in an electri-
cally erasable non-volatile memory.

FIG. 2 corresponds to the schematic diagram of an
alternative embodiment of a device such as this wherein

a microprocessor 102, a current drive 101, the laser chip
201 and the photodiode 202 are brought together in a
hybrid type component. The component also has a
clock input, a data input and a link with the switch-over
channel. Naturally, in both variants, coupling means
that are standard per se enable an optical fiber 300 to be
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coupled to the laser chip so that the power emitted by
the laser head is transmitted by the fiber.

The diagram of FIG. 6 is a functional diagram of the
device according to the invention. The component 100
enables a current drive signal to be given to the laser
diode 201 which sends signals, under the control of the
component, to the optical fiber 300 which is at constant
power.

The photodiode supplies the component with a cur-
rent that is characteristic of the power emitted by the
laser diode.

A circuit 150 is used to obtain a function V=f(I) so as
to obtain two information elements on emitted power
from the current IP, namely the maximum power and
the minimum power or the peak power and the mean
power. Hereinafter in the description, the terms PMax
and PMin shall be used to designate maximum power
and the minimum power respectively, and PPeak,
PMean shall be used to designate the peak power and
the mean power respectively. These two information

elements are applied to the inputs of the analog/digital
converter 151 which transmits them, after digitization,
to the microprocessor 153. The microprocessor further-
more receives a set of parameters and, especially, servo-
control parameters, alarm parameters and fiber cou-
pling parameters that come respectively from memory
zones 154, 155 and 156 of an EEPROM or Flash

EPROM type memory.
A temperature sensor 157 is planned in order to pro-

vide an information element on the ambient tempera-
ture. This information element is converted by a circuit
158 which enables the obtaining of the function
V =f(T), namely the obtaining of a voltage as a function
of the temperature. This voltage is applied to the input
of an analog/digital converter 159 which transmits the
digitized temperature signal to the microprocessor 153.
This function is active when the laser diode and the

control circuit are located in a same hybrid circuit. This
same converter, through an input of the circuit 100, can
also receive another information element on tempera-
ture, namely external temperature, which may be given
by a temperature sensor 203 placed in the vicinity of the
laser diode. This function is active when the laser diode
and the control circuit are located in two distinct com-
ponents.

There is also provision for a circuit 160 used to supply
a voltage reference to the various analog/digital con-
verters, it being possible for this circuit to be made in a
manner that is standard per se.

The microprocessor 153 and the different programs
that perform the servo-control computation, the man-
agement of the alarms and the correction of the fiber
coupling, which are loaded in a ROM or EEPROM or

Flash EEPROM used to provide signals for adjusting
the maximum and minimum current levels of the laser
current and the mean level of this current.

The microprocessor 153 gives two information ele-
ments on power to be emitted. These information ele-
ments may be either the power values PMax and PMin
or SP and Pmean, 6P being a difference between PMax
and PMin.

A digital/analog converter 161 converts these infor-
mation elements on power into analog signals which are
applied to the inputs of a current drive circuit 162 of the
laser diode.

This laser drive circuit 162 has a current source 163
and an upline circuit to modulate the current ofthe laser
diode as a function of the transmission data elements.
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The device may also include means 204, 205 for the
regulation of the temperature by Peltier effect con-
trolled by the processing unit 153. The signal is given by
the unit 153, converted by the digital-analog amplifier
164 and applied to a power amplifier 204 which trans-
mits it to the Peltier element 205.

Hereinafter, for a clearer understanding of the inven-
tion, a description shall be given of the working of a
circuit such as this, applied to a system of alternating
digital transmission on optical fiber.

It may be recalled that the alternation is actually a
time-division multiplexing of both directions of trans-
mission. This transmission system is used to give the
perfect illusion of a duplex mode integral to the user. In
each direction, the digital information to be transmitted
is memorized temporarily and then cut up into blocks
and sent alternately. The term “Ping Pong” transmis-
sion is sometimes used. The instantaneous flow rate of
the transmission of the information element into a block
should be greater than twice the real flow rate of the
resultant digital channel to be transmitted in order to
compensate for the effect of the propagation times in
each direction. For a clearer understanding, reference
may be made to the drawing of FIG. 7 which illustrates
the principle of the alternation. A transmission by opti-
cal fiber is achieved between a system A and a system B.
The duration Tp corresponds to the propagation time
taken, in the fiber, to go from the system A to the sys-
tem B and vice versa.

The duration Te corresponds to the time taken to
send the data block.

The duration Tg corresponds to the standby time of
the remote system. ’

The duration Ta corresponds to the cycle time of the
system.

It is noted that the transmission of data from the

system A to the system B is done during the period Te”,
this being done during the period Ta” as shown in FIG.
8. To make it easier to set up the receiver, the power
sent by the transmitter may be done at three levels:

PMax for a “binary 1” level,
PMin for a “binary 0” level,
PMean when there is no data element.

According to the exemplary embodiment that is de-
scribed, the photodiode 202 enables the component to
prepare two information elements reflecting the maxi-
mum level of power (value corresponding to the send-
ing of a data element in the state 0) and the minimum
power level (value corresponding to the sending of a
data element in the low state) emitted by the laser in the
form of an analog voltage as shown in FIG. 6.

The element chosen is preferably a photodiode hav-
ing a response curve that varies very little with the
operating temperature, it being possible however for
this variation to be modelized and recorded in the mem-

ory in the form of a table of values of points of the
characteristic curve Y=f(T).

The diode laser enables the system to be controlled at
two levels so that it is possible to adjust the levels
PMean (mean power) and 6P (maximum power—-
minirnum power) coming out of the laser.

According to the exemplary application that has been
taken, an information block is sent during ‘"I‘a” and this
is done every “Ta” with, quite naturally Te<Ta. A
VALID signal frames the transmission data (the
VALID signal is in the state 1 during Te"). The laser
diode is servo-controlled in such a way that it emits
constant power levels in the course of time. ‘The level
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6
PMean is sent when there are no data elements. The
images of the information elements PMax and PMin

produced by the photodiode are available only during
the transmission of the data elements (Cf. FIG. 8).

The signal VALID is used to interrupt the micro-
processor which can then convert the available infor-

mation elements of the photodiode to use them in the
servo-control algorithm loaded in the program mem-
ory.

The structural diagram of this algorithm is shown in

FIG. 9. The principle of the algorithm is based on the
use of two proportional-integral discrete regulators to
enable the controlling of the laser diode in terms of
PMean and SP.

The discrete regulator prepares a discrete control
quantity as a function of the difference in discrete ad-

justment obtained between the information resulting
from the photodiode and a fixed reference with a well-

defined value. This regulator is a combination of a pro-
portional regulator and an integrating regulator. The
function that it fulfils may be defined from the basic
relationship given here below in which u*(k) is the
discrete control quantity and e*(K) is the discrete ad-
justment divergence:

u’[K] = x’[k — 1] + KP,-e’[k]

avec x‘[k — 1] = K; `9■ e‘[]]]=O

= x’[k — 2] + K,e’[k — 1]

In this relationship, the asterisk means that the values
are discrete values (of samples), k corresponds to the
numbers of samples, K to the proportional factor, j to
the index of variation of the samples.

In the drawing of FIG. 9, the blocks bearing the
reference A/D are analog/digital converters, the
blocks bearing the indications “ +” or “—” are adders/-
subtractors, the blocks bearing a fraction bar are divid-
ers, the blocks bearing a factor K,-or Kp;are multipliers,
the blocks bearing the reference 2-1 introduce delays
into the samples.

The discrete control values that are prepared accord-
ing to this example are:

InfoPMax and InfoPmin

The discrete adjusting differences are PMean and SP.
The adjusting algorithm that is implanted in the mi-

croprocessor is therefore the following:
Acquisition of the information elements InfoPMax

and InfoPMin
Evaluation of the command PMean

 

InfoPMean=(InfoPMax+InfoPMin)/2
RefPMean=(RefPMa.x+TabMax (T°) +RefPMin+TabMin(T°)/2e0ldPMean= ePMean
ePMean=RefPMea.n— InfoPMea.n
PMean= Kpi.ePMean+OldPMea.n
OldPMean=eOldPMmn+Ki.eOldPMean 

Evaluation of the command 8P:

 

Info6P=InfoPMax— InfoPMin,
Ref8P=RefPMax+TabMax(T°) — RefPMin+TabMin(T°)eOld8P= e8P
e81’=Ref8P— Info8P
8P:Kpi.E6p +Old6P
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-continued
Old8P=Old8P+ Ki.eOld6P
 

 

The reference Old signifies the former value for a
given information element, for example eOldPMea.n
signifies the former value of the divergence of ePMean.

According to the invention, the variations of the
slope of the characteristic curve of the photodiode as a
function of the operating temperature of the laser are
taken into account. For this purpose, we consider the
references RefPMax and RefPMin which are variable

as a function of the temperature in the algorithm. Natu-
rally, this characteristic curve which has been shown in
FIG. 5 and will be in the form of a table loaded in the
memory will have been modelized beforehand.

Indeed, if a temperature of 20° is taken as the starting
point, a laser working at 60° must have a correction of
6Max60° for REfPMax and 6Min60° for RefPMin as

can be seen in FIG. 9. Knowing the drift of the slope as
a function of the temperature for each laser head, a
correction table is prepared as a function of the temper-
ature TabMax and TabMin. These tables may be loaded
or remote-loaded through the communications channel,
whenever the component is put into operation.

According to the invention, the alarm management
program will make it possible to indicate the end of the
lifetime of the laser which depends on its working tem-
perature. To this end, an alarm will be triggered by the
component when the current IMean sent to the laser
exceeds a value IMaxMean which depends on the tem-
perature contained in the table TabMax.

An alarm will be triggered to indicate a lack ofpower
of the laser when the laser current IMean is lower than
a value IMeanMin.

An alarm will be triggered to indicate an abnormal
temperature of the laser when the measured tempera-
ture of the laser is greater than a value TempMax.

All the specific laser values used are loaded into the
component or remote loaded through the communica-
tions channel when the component is put into operation.

The following is the algorithm corresponding to the
generation of the alarms:

 

if IMean>temperature Max('l“')
then alarm: end of laser life
end if
then IMean<IMeanMin
then alarm: lack of laser powerend if

if laser Ternperature>TemperatureMax
then alarm abnormal Temperature of the laserend if 

According to the invention, the program memory
comprises a program to achieve a cut-off of the laser

diode. The program consists in causing a minimum
current to be sent to the laser head.

According to the invention, the program memory has
a control program to determine the characteristic curve

of the laser diode. The program consists in stopping the
transmission of data, successively sending a constant
current to the laser and recovering, through the photo-

» diode, the power emitted by the laser. The results ob-
tained are transmitted by the communications channel
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According to this example, the circuit 150 comprises a
transimpedance amplifier 15. The output PMax of this
amplifier 15 is taken at the terminals of a capacitor 18
through the passage of a diode 17. The output PMean is
taken at the terminals of a capacitor 19 through the
passage in a resistor 16.

FIG. 12 shows an exemplary embodiment of the cir-

cuit 158 that can be used to obtain a function of the type
V=f(T°).

The circuit 158 according to this example has a
Wheatstone bridge 20 including a thermistor 21. The

voltage Vb obtained at the output of the two opera-
tional amplifiers 22 and 23 varies as a function of the

temperature. A voltage Vo proportional to the voltage
Vb is obtained at the output of this circuit. This voltage
Vo is taken at the output of an operational amplifier 24
and is defined by the relationship VO= —Vb(R2/R1).

FIG. 13 shows an exemplary embodiment of the cir-
cuit 162.

This circuit has a logic circuit 25 and two differential
pairs.

The first differential pair 26 can be used to adjust the
level IMax—IMin ofthe current II from 6P. The second

differential pair 27 enables the adjusting of the level
IMean of this current II from PMean.

Furthermore, this circuit 160 is used to obtain a volt-

age reference internally. This voltage reference is used
for the analog-digital converters.

A voltage reference such as this can be obtained by
means of a commercially available component.

Thus, according to the invention, the device com-

prises a driving element made by a microprocessor in
which the ROM or EEPROM or Flash EPROM con-

tains the program that can be used to manage all the
difierent functions of the optical head:

servo-control computation,
management of the alarms (end of the lifetime of the

laser, abnormally high temperature, lack of recep-
tion power, line cut-off etc.), ’

cut-off of the laser,

correction of the coupling to the fiber,
management of the communications channel; the

information elements stored in the Flash EPROM

(or EEPROM) memory enable the individualizing
of each laser head used. The fact that the Flash

EPROM has the particular feature of keeping the
information even when there is no power supply
means that it is possible, in this way, to avoid
reconfiguring the laser head after a cut-off in the
power supply. The information elements stored

will therefore be the following ones:
servo-control references (to adjust the levels of lumi-

nous power at output of the laser);
parameters of the fiber-laser coupling (this function

having been modelized);
parameters of the variation of the response curve of

the photodiode as a function of the temperature;
alarm parameters (triggering thresholds of the differ-

ent alarms).

Provision may be made for choosing a Flash-
EPROM of a fairly large capacity for the storage

and enable the making of the characteristic curve of the 65 therein Of the main program (apart from a Small Partlaser.

FIG. 11 shows an exemplary embodiment of the cir-

cuit 150 used to obtain a function of the type V=f(I).

corresponding to the booting) to enable updatings ofthe
software through the communications channel.

What is claimed is:
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1. A device to control the output power of a laser
diode capable of being coupled to an optical fiber, com-
prising:

a photodiode which acquires a characteristic signal of
the power emitted by said laser diode; and 5

a digital laser diode driver capable of receiving and
processing said characteristic signal to give a cur-
rent drive signal so as to maintain a constant lumi-
nous output power of said laser diode, said driver

comprising memorizing means and a central pro-
cessing unit associated with a servo-control com-
putation program for carrying out a servo-control
of the output power on the basis of two levels of
power emitted by said laser diode and two levels of

power given by the recorded characteristic param- 15
eters of said laser diode, maintaining a constant
output power despite changes in drift and change
of slope of said characteristic signal of said laser
diode in response to aging phenomena or to a
change in temperature or to a loss of power due to
the coupling of said laser diode with an optical
fiber or to variations in the response of the photodi-
ode as a function of the temperature.

2. A control device according to claim 1, comprising
program memorizing means to achieve a cut-off of the 25
laser diode.

3. A control device according to claim 1, comprising
control program memorizing means to determine the
characteristic curve of the laser diode.

4. A control device according to claim 1, wherein the 30

processing unit carries out a servo-control of the output
power on the basis of two levels of power emitted by
the laser diode and two levels of power given by the
recorded characteristic parameters of the recorded laser
diode.

5. A control device according to claim 1, comprising
means for the acquisition of the two levels of power
emitted by the laser diode and means for the analog/-
digital conversion of these two levels of power.

6. A control device according to claim 5, wherein the 40
current drive signal corresponds to two output power
levels, wherein the device furthermore comprises
means for the supply of current to the laser diode com-
prising two inputs and digital/analog conversion means
to convert the two output power levels and apply them 45
to the current supply means.

7. A control device according to claim 1, comprising
means to measure the ambient temperature prevailing
around the laser diode and means for the analog/digital
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10
measurement of the measurements to be made in order

to transmit them to the processing unit.
8. A control device according to claim 1, comprising

means for the regulation of the temperature by Peltier
effect controlled by the processing unit.

9. A control device according to claim 1, wherein the

program memorizing means comprise a reading mem-
ory (ROM or EEPROM or Flash EEPROM), wherein
the reference parameter memorizing means comprise an
electrically erasable programmable memory (EE-
PROM).

lfl. A control device according to claim 1, wherein
the processing unit comprises a microprocessor further-
more associated with a reading and writing working
memory (RAM).

11. A control device according to claim 1, wherein
the means for the acquisition of the two levels of power
emitted comprises a transimpedance receiver.

12. A control device according to claim 6, wherein
the current supply means comprise a differential ampli-
fier connected at output to a current source.

13. A device according to claim 1, made in the form
of an electronic component in which the driving means
are formed by a single integrated circuit chip on a sub-
strate according to a bi-CMOS technology.

14. A device according to claim 1, made in the form
of a hybrid component in which the driving means, the
laser diode and the photodiode are formed by inte-
grated circuit chips on distinct substrates.

15. A method of servo-controlling the output power
of a laser diode, said method comprising the steps of:

acquiring a characteristic signal, said characteristic
signal including two levels of output power emit-
ted by said laser diode;

accessing recorded characteristic parameters of said
laser diode; and

driving said laser diode with current on the basis of
said characteristic signal and said characteristic
parameters.

16. The method of claim 15, wherein the two levels of
power are the maximum output power and the mini-
mum output power emitted by said laser diode.

17. The method of claim 16, wherein the recorded
characteristic parameters of said laser diode are the
mean output power and the difference between the

maximum output power and minimum output power
stored as a function ofdrive current and of temperature.* * * * *
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[57] ABSTRACT

A laser data transfer system includes a laser for transmitting
data, a communication link and a receiver which detects
light transferred over the link and monitors the data encoded
by the light for transmission errors. There are numerous
causes for transmission errors, including: laser fatigue due to
aging, fluctuations in temperature, a partially or fully
occluded optical data path, or a laser lens which is out of
focus. The receiver compensates for these errors by com-
municating occurrences to the transmitting processor which
reacts by adjusting the laser drive current.

22 Claims, 4 Drawing Sheets
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ERROR-RATE-BASED LASER DRIVE
CONTROL

GOVERNMENT FUNDING

This invention was made with Government support under
Contract Number Fl9628-90-C-0002 awarded by the
Department of the Air Force. The Government has certain
rights in the invention.

RELATED APPLICATION

This application is a continuation of application Ser. No.
08/125,534 filed on Sep. 22, 1993 now abandoned.

BACKGROUND OF THE INVENTION

Optical data communication systems rely heavily on
semiconductor lasers as optical sources. Such lasers present
a number of reliability problems. In the field of telecommu-
nications, where lasers have become quite popular, many of
these problems have been resolved.

As a laser ages, it fatigues and becomes less efiicient.
More power is then required to drive the communication
link. Temperature variations can also affect the laser’ s ability
to drive the channel. A laser which is running hot requires
more power for proper operation.

The simplest approach to resolving these problems is to
fix the laser drive current at a level which provides accept-
able performance over expected laser temperature extremes
and expected laser lifetime. The problem with this approach
is that higher drive current levels hasten laser fatigue,
resulting in premature aging. Elevated drive current also
increases temperature levels, which can shorten component
lifetimes.

Another solution, widely used in telecommunication net-
works, employs an analog feedback loop to control the laser
drive current. A photodetector, mounted in close proximity
to the laser source, monitors the laser light as it is emitted.
The photodetector generates an analog signal proportional to
the intensity of the laser light. This signal is amplified and
fed back to adjust the laser drive current.

Recent advances in optical technology suggest that optical
charmel interconnects will soon be viable for use in mas—

sively parallel processing systems. Such systems require
large laser arrays to provide for interprocessor communica-
tion. Designers of these systems are inclined to borrow from
existing telecommunication technology.

SUMMARY OF THE INVENTION

Analog feedback drive current controllers are not practi-
cal for use in systems which involve massively parallel
optical data charmels. For very wide charmels, redundant use
of photodetectors and feedback circuitry would consume
space and power which otherwise would be available for
additional circuitry. Neither of the above drive control
methods is capable of detecting a communication link
anomaly, such as a partial or complete blockage in an optical
path or a lens that is out of focus.

The present invention is directed to a laser data transfer
system and method for controlling laser drive current by
monitoring transmission errors. The system includes a laser
used for transmitting data, a communication link and a
receiver which detects light from the laser passed through
the communication link. The receiver detects errors in the
transmitted data and communicates with the transmitter for
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controlling drive to the laser based on the occurrence of data
errors.

Drive current may be adjusted based on transmission error
rate. An error rate above allowed limits indicates that the
drive current should be increased. An error rate below
allowed limits indicates that the drive current should be

decreased. Error rate may be controlled by the receiver, and
that rate may be sent to the transmitter for a control decision.
Alternatively, a simple control command may be sent to the
transmitter.

Error detection may be embedded in an error correction
process. In that case, retransmission of data would not be
required, but the laser drive would be controlled to minimize
the correction rate as well as the possibility of larger errors
than can be handled by the correction system.

This system elirrrinates the need for extraneous feedback
circuitry which consumes board space and power, while still
providing adequate laser drive current control. This system
compensates for laser fatigue and temperature fluctuations
and, unlike prior systems, can detect communication link
anomalies.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features and advantages
of the invention will be apparent from the following more
particular description of preferred embodiments of the
invention, as illustrated in the accompanying drawings in
which like reference characters refer to the same parts
throughout the diflerent views. The drawings are not nec-
essarily to scale, emphasis instead being placed upon illus-
trating the principles of the invention.

FIG. 1 schematically depicts the major components of a
laser data transfer system with software-based laser drive
current control.

FIG. 2 schematically depicts a preferred embodiment of a
laser data transfer system with software-based laser drive
current control.

FIG. 3 is a plot of the relationship between laser drive
current and laser light output power for a semiconductor
laser.

FIG. 4 schematically depicts a semiconductor laser drive
current control circuit.

FIG. 5 is a state flow diagram for semiconductor laser
drive control software.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIIVIENT

FIG. 1 is a block diagram of a laser data transfer system
in accordance with the present invention. The system
includes a laser transmitter 10 for producing a stream of light
encoded binary data which is passed over a communication
link 12 to a data receiver 14. The data receiver 14 detects

errors in the data transmitted by the laser light and uses the
receiving processor 16 to communicate an error signal 20
back to the transmitting processor 18. The transmitting
processor 18 processes the error signal 20 and compensates
for the error.

A preferred embodiment of the laser data transfer system
is illustrated in FIG. 2. The entire system is digital, with the
exception of the laser driver 54 itself and the digital-to-
analog (D/A) converters 50, 60 controlling it.

The transmitting processor 18 produces a serial stream of
error detection encoded binary data 30 which is sent to the
laser driver 54. The laser diode 32 converts the binary data
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30 from electrical energy into light energy 34 which is
channeled over an optical medium 36 to the receiver 22. A
photosensitive diode 38 reconverts the light encoded data 34
from light energy to electrical energy. The reconverted data
40 is then passed to the receiving processor 16.

The receiving processor 16 checks the data for errors and
communicates transmission error occurrences to the trans-

mitting processor 18 by sending an error signal 20. The error
signal may be returned with each error, or the receiving
processor 16 may compute an error rate and occasionally
return the rate or a laser drive command to the transmitting
processor 18. The error signal 20 can be sent by any of the
several methods of interprocessor communication, including
shared memory, interrupt, shared stack, shared data bus,
serial port, parallel port, or optical link. The transmitting
processor 18 processes the error signal 20 and compensates
for the error.

After receiving an error signal, the transmitting processor
18 may choose to compensate by adjusting the laser drive
current to an appropriate level. Laser drive current is a
combination of the laser pulse current 64 and the laser bias
current 62. The transmitting processor 18 may also resend
the data which was erroneously transmitted.

The transmitting processor 18 controls the laser bias
current 62 by programming a digital-to-analog converter 60
which in tum produces an analog signal for the proper laser
bias current level 62. The transmitting processor 18 sends a
binary word 66 to the digital-to-analog converter 60 which
quantizes the binary word 66, producing an analog voltage
level 70. The analog voltage level 70 is used by the laser
driver 54 in controlling the laser bias current 62. The laser
pulse current 64 would be adjusted in a similar fashion.

Many factors contribute to high error rates, including: age
of the laser driver 54, temperature fluctuations and degra-
dation of the optical path 36. The transmitting processor 18
compensates for high error rates by elevating the laser drive
current. The higher drive current produces a stronger, more
reliable laser light signal 34. A low transmission error rate
indicates that the channel may operate with reduced laser

drive current. By reducing the laser drive current, the power
consumption of the transmitter 10 is decreased, conserving
power and extending the life of the laser diode 32.

To transmit data via a laser, one may employ any of a
number of modulation techniques, such as frequency, phase,
or amplitude modulation. The preferred embodiment uses
the simplest, most widely used laser modulation method:
on-off signalling.

FIG. 3 graphically depicts the relationship between laser
drive current, on the I axis, and laser light output power, on
the L axis, for a semiconductor laser. To achieve the desired

laser light output power level L_on or “laser light on” the
laser drive current must be raised to a corresponding current
level I_on.

The level for L_off or “laser light of’ must be distin-
guishable from the L_on level. The easiest method for

setting the laser light to “ofl”, would simply involve setting
the drive current to zero. However, this solution is not
practical for use in high speed applications, since the laser
output will take considerable time to increase from zero light
to the level corresponding to I_th or “threshold current”.
The laser operates as a light emitting diode for drive currents
less than I_th 100. Once drive current is raised above I_th,
lasing commences at 102. Therefore, high speed operation
requires that a bias current I_bias be applied to the laser, so
that it never operates in the light emitting diode realm, and
is continuously able to lase. In a preferred embodiment
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I_bias would be set at I_th so that the corresponding level
for L_off is at the threshold for lasing.

FIG. 4 schematically depicts a laser drive circuit which
satisfies the constraints discussed above. The current source

I_bias 150 is constantly applied to the laser diode 156 and
the current source I_pulse 152 is applied depending on the
input data Data_in 154. When Data_in is high, transistor
151 conducts and transistor 153 tums off, so diode 156 does
not lase. When Data_in is low, transistor 151 is off, tran-
sistor 153 is on and the diode lases. When the laser is
emitting light at an intensity level which would be consid-
ered “on”, a current equal to I_on is flowing through the
laser diode 156, with I_bias 150 and I_pulse 152 both
contributing to I_on. When the laser is operating at the
intensity level “ofi°’, the current I_off is flowing through the
laser diode 156. I_bias 150 alone contributes to I_off,
exclusive of I_pulse 152. The following equations describe
how I_bias 150 and I_pulse 152 contribute to laser inten-
sity levels:

I_off=I_bias

I_on=I_bias+I_pulse
Laser wear out failures can be modeled as a gradual

increase in laser threshold current over time. As the laser
ages, it fatigues, resulting in a decrease in laser light output
unless the laser drive circuit compensates by increasing the
drive current to the new lasing threshold level. Each indi-
vidual laser driver has its own unique threshold current
level.

There is also a more immediate laser threshold current

problem: temperature dependence. Laser threshold current
increases exponentially with temperature, so the controller
must compensate for this as well.

In a wide data charmel with many optical data links
operating in parallel, there can be significant non-uniformity
in the characteristics of the various links which form the

charmel. One must cope not only with device variations due
to age and temperature, but also with inherent variations
among the links which comprise the channel. With the
fixed-current method of laser drive control, the drive current
must be set to accommodate the hottest, oldest and weakest

link that is likely to be used during charmel operation. The
software-based method of drive control disclosed here, in
addition to its other advantages, allows for individual con-
trol of each link, and therefore can compensate for indi-
vidual lir1k variations without having to change the drive
level for the entire channel.

In the preferred embodiment, software rurming on the
receiving processor 16 monitors the communication link
error performance to make decisions regarding laser drive
current levels. The algorithm operates according to a simple
rule: if the measured error rate is below threshold error rate,
then decrease the drive current; if the measured error rate is
above threshold error rate, then increase the drive current.

When making adjustments, the feedback algorithm treats
bias and pulse currents equally. However, more sophisti-
cated software could adjust them individually with greater
precision. For example, when faced with an excessively high
error rate, the software could assume that only the bias
current need be increased, and proceed to increase the pulse
current only if the bias current increase does not resolve the

problem. Sophisticated control software may decrease the
drive current in response to an increased error rate, or
vice-versa, if the situation arose where the light power
output was so high that the receiver was over-driven.

FIG. 5 depicts a flow diagram for the drive current control
algorithm. The program increases or decreases the bias and
pulse currents depending on the performance of the bit error
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rate. An acceptable threshold for bit error rate is unique to
each system. The bit error rate may be monitored periodi-
cally, either frequently or infrequently, depending on system
requirements. For the preferred embodiment, one current
step represents approximately 1% of the normal operating
level.

Beginning in State 1, if measured error rate is greater than
the threshold error rate, then the bias current and pulse
current levels are increased by one step 204. The increase
continues, step by step, until the measured error rate equals
the threshold error rate, at which time, the pulse current is
decreased by one step 206 and State 2 becomes active, with
State 1 becoming inactive.

While in State 2, the pulse current is decreased one step
at a time 208 until the measured error rate becomes too high.
When the measured error rate becomes greater than the
threshold error rate, the pulse current is increased by 2 steps
and the bias current is decreased by one step 210. State 2
then becomes inactive, and State 3 is activated.

While in State 3, if the measured error rate is less than the
threshold error rate then the bias current is decreased by one
step 212. This continues, one step at a time, until the
measured error rate once again becomes too high, at which
point the bias current is increased by two steps 214, State 3
is deactivated, State 1 again becomes active, and the process
starts all over again.

This algorithm assures that the laser is operating with just
enough bias current and pulse current to keep the measured
error rates within tolerable limits. This method is energy
elficient, limiting extraneous power consumption. This
method also increases component lifetime. Reduced current
levels result in lower component temperatures, which can
have a positive impact on the lifetime of the laser and any
surrounding circuitry.

Another embodiment may employ error correction tech-
niques in providing feedback to the laser drive controller. In
that case, minimization of the correction rate, rather than the

error rate, would be the primary factor in making drive
current control decisions. With data correction, retransmis-
sion of the data would not be required.

Drive current control decisions may be based on many
factors including: occurrence of a single error, occurrence of
multiple errors, error rate, and correction rate. Error rate may
be calculated by the receiving processor 16 and that rate
could be sent 20 to the transmitting processor 18 for a
control decision. Altematively, the receiving processor 16, if
programmed to make control decisions, could send a simple
control command 20 to the transmitting processor 18, which
would act on that command. Error rate could be calculated

by the transmitting processor 18, if the receiving processor
16 were programmed to send an error signal 20 when a
single error or multiple errors occurred.

This laser current drive control method is software depen-
dent, unlike the existing hardware-based analog feedback
drive control method. The analog feedback loop is an
excellent approach for telecommunications applications,
where the size, optical complexity, and expense of such a
feedback loop is easily absorbed in an already large and
expensive support system for each laser.

However, the multiprocessor context is diiferent. When
one considers the use of dozens of lasers on each channel,

and many thousands of lasers in each system, the complexity
and size of each laser link becomes much more relevant.

Implementation of an analog feedback loop in a multipro-
cessor network would require an oppressive hardware over-
head. Fortunately, we can exploit the software based laser
drive control method previously described by applying it in
a massively parallel environment.
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By virtue of the fact that the feedback loop comprises both
the transmitter 10 and receiver 14, this software-based laser
drive control method is capable of detecting communication
link anomalies, unlike the hardware-based analog feedback
loop method. The software-based system is capable of
detecting partial or full occlusions in the optical link, a laser
lens which is out of focus, and many other optical link
problems.

The addition of the two digital-to-analog converters 50,
60 may seem like a significant increase in complexity, but
this application is particularly undemanding for the digital-
to-analog converters 50, 60, requiring neither high speed,
nor high precision, nor high accuracy. They are easily
implemented in large quantities using very—large-scale—inte-
gration (VLSI) integrated circuit technology. As space and
power consumption concerns are minimal, they lend them-
selves well to use in a massively parallel semiconductor
laser array.

Further details of an initial implementation of the inven-
tion can be found in the Massachusetts Institute of Technol-

ogy Ph.D. Thesis of James J. Olsen, 1993, which is incor-
porated herein by reference.

While this invention has been particularly shown and
described with references to preferred embodiments thereof,
it will be understood by those skilled in the art that various
changes in form and details may be made therein without
departing from the spirit and scope of the invention as
defined by the appended claims.

What is claimed is:

1. A data transfer system comprising:

a transmitter having a laser for transmitting data, said data
being encoded for error correction;

a communication link;

a receiver for detecting light from the laser through the
communication link; and

a processor for detecting data with error correction and for
detecting data error rate in data transmitted by the laser
light, the processor communicating with the transmitter
such that the data error rate controls drive current to the

laser during data transmission.
2. A data transfer system as claimed in claim 1 wherein

drive current to the laser is increased with increased data
error rate.

3. A data transfer system as claimed in claim 2 wherein
drive current to the laser is decreased to a level which

provides acceptable data error rate.
4. A data transfer system as claimed in claim 1 wherein the

receiver communicates error rate to the transmitter for

controlling drive current to the laser.
5. A data transfer system as claimed in claim 1 wherein the

laser is operated at a drive current level which is less than
that required for elimination of transmission errors.

6. A data transfer system as claimed in claim 1 wherein the
laser is operated at a drive current level which is less than
that required for elimination of transmission errors.

7. The system of claim 1 wherein the processor controls
drive current to the laser without regard to the detected light
level.

8. A method of transferring data in a data transfer system,
comprising the steps of:

transmitting data by laser over a communication link to a
receiver;

detecting the communicated laser light;

detecting data error rate in the transmitted data; and

controlling the laser drive current with the data error rate
without regard to the detected light level; such that the
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system operates with an acceptable error rate regardless
of changes in system characteristics which result in a
varying relationship between error rate and drive cur-
rent.

9. A method of transferring data as claimed in claim 8
wherein the step of controlling the laser drive current causes
the laser drive current to be increased when error rate
increases.

10. A method of transferring data as claimed in claim 7
wherein the step of controlling the laser drive current causes
the laser drive current to be decreased to a level which

provides acceptable data error rate.
11. A method of transferring data as claimed in claim 6

wherein the receiver communicates error rate to the trans-

rnitter for controlling drive current to the laser.
12. A method of transferring data as claimed in claim 6

wherein the data is encoded for error correction to enable the
receiver to detect and correct errors in the transmitted data.

13. A method of transferring data as claimed in claim 8
wherein the laser is operated at a drive current level which
is less than that required for elimination of transmissionerrors.

14. A method of transferring data as claimed in claim 8
wherein the step of controlling the laser drive current is in
response to the monitoring of data error rate by the receiver
during data transmission.

15. A method of transferring data as claimed in claim 13
wherein the data is encoded for error correction to enable the
receiver to detect and correct errors in the transmitted data.

16. A method of transferring data as claimed in claim 14
wherein the laser is operated at a drive current level which
is less than that required for elimination of transmissionerrors.

17. A data transfer system comprising:

a transmitter having a laser for transmitting data encoded
for error correction;

a communication link;

a receiver for detecting light from the laser through the
communication link; and

a processor for detecting data error rate in data transmitted
by the laser light, the processor monitoring data error
rate during data transmission and communicating with
the transmitter for controlling drive current to the laser
during data transmission based on the data error rate,
the receiver being able to detect and correct errors in
the transmitted data and the laser being operated at a
drive current level which is less than that required for
elimination of transmission errors; such that the system
operates with an acceptable error rate regardless of
changes in system characteristics which result in a
varying relationship between error rate and drive cur-
rent.
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18. A data transfer system as claimed in claim 17 wherein
data error rate controls the drive current to the laser.

19. A method of transferring data in a data transfer system
comprising the steps of:

transmitting data encoded for error correction by laser
over a communication link to a receiver;

detecting the communicated laser light;

monitoring the data error rate in the transmitted data
during data transmission; and

controlling the laser drive current during data transmis-
sion based on data error rate without regard to the
detected light intensity level, the receiver detecting and
correcting errors in the transmitted data and the laser
being operated at a drive current level which is less than
that required for elimination of transmission errors;
such that the system operates with an acceptable error
rate regardless of changes in system characteristics
which result in a varying relationship between error
rate and drive current.

20. A method of transferring data as claimed in claim 19
wherein the step of controlling further comprises the step of
controlling the laser drive current with the data error rate.

21. A data transfer system comprising:

a transmitter having a laser for transmitting data;
a communication link;

a receiver for detecting light from the laser through the
communication link; and

a processor for detecting data error rate in data transmitted
by the laser light, the processor communicating with
the transmitter for controlling drive current to the laser
based solely on the data error rate; such that the system
operates with an acceptable error rate regardless of
changes in system characteristics which result in a
varying relationship between error rate and drive cur-
rent.

22. A data transfer system comprising:

a transmitter having a laser for transmitting data;
a communication link;

a receiver for detecting light from the laser through the
communication link; and

a processor for detecting data error rate in data transmitted
by the laser light, the processor communicating with
the transmitter such that the data error rate controls

drive current to the laser without regard to the detected
light level; such that the system operates with an
acceptable error rate regardless of changes in system
characteristics which result in a varying relationship
between error rate and drive current.

* * =l< * >l<
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OPTOELECTRONIC TRANSCEIVER
MODULE LASER DIODE STABILIZER AND

BIAS CONTROL METHOD

BACKGROUND OF THE JNVENTION

The present invention relates generally to optoelectronic
transceiver modules which utilize semiconductor laser

diodes for transmitting data. and in particular to a power
stabilizer and a stabilization method for biasing the laser
diodes.

Optoelectronic transceiver modules provide an interface
between an electrical system and an optical transfer medium
such as an optic fiber. Correspondingly, most optoelectronic
transceiver modules contain electrical and optical conver-
sion circuitry for transferring data both to and from the
electrical system and the optical transfer medium.

Normally, transceiver modules use laser diodes, which
produce coherent light, for performing high speed data
transfers between the electrical system and the optical
transfer medium. Typically. each laser diode is packaged
with optical power-monitoring circuitry. For example, the
RLD-85PC diode package by ROHM, Inc. contains both a
laser diode for transmitting data and a photodiode for
performing power-monitoring.

The power-monitoring photodiode within the diode pack-
aging provides a monitor current I,,, which varies as the
optical power being generated by the laser diode changes.
Normally, the changes in the monitor current I", are directly
proportional (i.e., linear) to the changes in the optical power
generated by the laser diode. However, the ratio of monitor
current I,,, with regard to the laser diode’s optical power can
vary widely from one diode package to the next. Therefore,
each diode package must be calibrated separately in order to
determine its specific ratio of monitor current In, to laser
diode optical power.

The primary purpose of providing a monitor current In, is
for ensuring that, during operation, the laser diode is within
its lasing mode of operation. The minimum current which
must be supplied to the laser diode to cause lasing is referred
to as the threshold current I,,,.

When the current being supplied to the laser diode is less
than the required threshold current I,,,, the laser diode is said
to be operating in the LED mode. In the LED mode, the
current supplied to the laser diode is only suflicient enough
to excite atoms in the laser diode’s cavity which cause light
to be emitted in a manner similar to that produced by light
emitting diodes (LEDs).

When the current being supplied to the laser diode reaches
a level which is either greater than or equal to the threshold
current I,,,, the laser diode’s efficiency of converting elec-
trical current into light will increase dramatically and thus
the laser diode changes from the LED mode of operation to
the lasing mode of operation.

While various classes of laser diodes will have threshold

currents in the same general range, the threshold current I,,,
can still vary considerably between laser diodes. For
example. the threshold current of some types of laser diodes
can vary by as much as fifty percent between their typical
and maximum values.

Furthermore, when the laser diode is operating in the
lasing mode, there is a characteristic slope that is used to
determine the laser diode’s output efliciency T1. As com-
monly known in the art, the output efficiency 1] is defined as
the ratio of the changing in the laser diode’s optical output
power in relation to the changing in the operating current
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while in the lasing mode. However. as with the monitor
current Im, the actual output efliciency 1] varies from one
laser diode to another.

Based on the variance in the monitor current I,,,, the
threshold current I,,,, and output efficiency 1] of each laser
diode, the operating current range for a given laser diode
must be calibrated in order to ensure that the laser diode will

always be operating within the lasing mode while transmit-
ting data.

The primary method of ensuring that a laser diode will
remain in the lasing mode is to provide the diode with a
suflicient bias current. In addition, the laser diode is nor-
mally supplied with a second signal which is superimposed
onto the bias current and corresponds to the data signals to
be transmitted. Thus, the data signals are optically transmit-
ted by the modulation of the laser diode’s optical power
output which is caused by the superimposing of the data
signals onto the bias current. Typically, the bias current and
the superimposed data signal are generally referred to as the

laser diode’s operating current lap.
As indicated previously, great care must be taken to

ensure that the maximum variation caused by superimposing
the data signals onto the bias current will not cause the laser
diode’ s operating current to fall below the required threshold
current level I,,,. If the laser diode’s operating current falls
below the required threshold current level I,,,, then as
indicated above, a failure to transmit data will occur because
the laser diode will revert to the LED mode of operation.

In addition, besides not going below the threshold current
level, the operating current must also be maintained at a
sufiiciently high enough level that a receiving photodiode
can detect the modulated light signal. Furthermore, the laser
diode’s operating current must not be allowed to go so high
as to bum out or significantly reduce the useful life of the
laser diode.

Normally, transceivers use an analog feedback loop
coupled to a mechanical potentiometer for manually adjust-
ing the laser’s output power. The optical power is set by
adjusting the reference voltage for the analog feedback loop,
via the mechanical potentiometer, until the desired amount
of optical output power is achieved.

The use of a mechanical potentiometer for setting the
output power level presents many problems due to the
electrical characteristics of laser diodes. For example, as
indicated above, a laser diode will be destroyed if its optical
output power exceeds a certain limit. However, accidentally
exceeding the laser diode’s power limit by trying to set the
bias current is generally quite easy since laser diodes typi-
cally have a very sharp optical output efliciently slope T]
once they are in the lasing mode of operation. Thus, losses
are commonly caused by adjusting the calibration potenti-
ometer too quickly. Correspondingly, the setup procedure
for calibrating laser diodes is generally time consuming and
expensive since extreme care must be used in setting the
output power via a mechanical potentiometer.

One method proposed for solving the problems of tuning
laser diodes is to use a programmed digital controller as set
forth by U.S. Pat. No. 5.019,769 which is incorporated
herein by reference. The digital controller is used to measure
the laser diode’s operating characteristics and to control the
process of turning on and selecting the operating parameters
of the laser diode. However, the use of a digital controller is
expensive, consumes additional power, and occupies an
inordinate amount of circuit board real estate. Thus, the use

of a digital controller is adverse to the wave of inexpensive,
low-power, and miniaturized circuitry which is required of
today’s electrical products.



5,638,390

3

Furthermore. the use of a digital controller in the control
loop (i.e.. power stabflizer circuitry) of the laser diode
results in adjustments to the laser bias current being made in
only certain discrete time intervals, with the time intervals
being defined by the operating speed of the digital controller
and its software algorithm. Accordingly, the use of a digital
controller cannot immediately compensate for power fluc-
tuations which may occur in the optical power output of the
laser diode due to power spikes. noise. and other variations
in the system.

In view of the above, it is an object of the present
invention to provide an optoelectronic transceiver which
employs a power stabilization and a stabilization method for
efficiently biasing the operating current supplied to a laser
diode.

It is another object of the present invention to prevent the
destruction of a laser diode during calibration of the output
power.

It is still another object of the present invention to provide
a cost effective and automated means for selecting the bias
current supplied to a laser diode.

A further object of the present invention is to provide a
means for biasing a laser diode while minimizing the
amount of circuit board space required for such laser diode
biasing.

A still further object of the present invention is to provide
a stable means for laser diode biasing.

Another object of the present invention is to immediately
compensate for power fluctuations which may occur in the
optical power output of a laser diode.

Furthermore, other objects, features, and advantages of
the present invention will be apparent from the following
detailed description taken in connection with the accompa-
nying drawing.

SUMMARY OF THE INVENTION

In one form of the invention, a power stabilizer is pro-
vided for maintaining a constant power level from a laser
transmitter. The laser transmitter has a laser diode which

produces an optical output which corresponds to the level of
bias current received. In addition, the laser transmitter has a
photodiode which produces a feedback signal which corre-
sponds to the optical output power being produced by the
laser diode. Furthermore, the power stabilizer consists of a
digitally controlled potentiometer for producing a reference
input signal and an op-amp for comparing the feedback
signal with the reference input signal to produce a control
signal to supply bias current.

In a further embodiment, the invention also includes a
bias current drive transistor which supplies bias current
when the control signal is received. In addition. the control
signal may be filtered by an RC circuit or an integrator.

In addition, the invention also provides for a method of
maintaining a constant level of output power from a laser
transmitter wherein the laser transmitter has a laser diode

and a photodiode. The laser transmitter’s laser diode pro-
duces an optical output power which corresponds to the
level of bias current received. In addition, the laser trans-
mitter’s photodiode produces a feedback signal which cor-
responds to amount of optical output power produced by the
laser diode. Based on the above, the method consisting of:
(1) setting the resistance of a digitally controlled potenti-
ometer to produce a reference input signal at a specific
voltage level; and (2) comparing the feedback signal with
the reference input signal to produce a control signal to
supply bias current to a laser diode.
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Various means for practicing the invention and other
advantages and novel features thereof will be apparent from
the following detailed description of an illustrative preferred
embodiment of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

There is shown in the drawing a presently preferred
embodiment of the present invention, wherein like numerals
in the various figures pertain to like elements, and wherein:

FIG. 1 is a functional block diagram of a transceiver
module;

FIG. 2 is a detailed schematic circuit diagram of an AC
driver and a laser transmitter constructed in accordance with

the present invention; and

FIG. 3 is a detailed schematic diagram of a power
stabilizer constructed in accordance with the present inven-
tion.

DETAILED DESCRIPTION OF THE
PRESENT'LY PREFERRED EMBODIMENTS

Referring to the drawing. and particularly to FIG. 1, a
functional block diagram of a transceiver module 10 is
depicted with an AC driver 12, laser transmitter 14, power
stabilizer 16, optical receiver 18, signal detector 20, and data
receiver 22. Within the functional bock diagram a single
block may indicate several individual circuits which collec-
tively perform a single function; a single line (for example,
“data input” to the AC driver 12) may indicate a set of
similar electrical connections or signals which collectively
perform a single function or transmit a similar collection of
data. From this level of description, it would be clear to one
of ordinary skill in the art, after perusal of the specification,
drawing, and claims herein, how to make and use the
invention, without undue experimentation.

The AC driver 12, laser transmitter 14, and power stabi-
lizer 16 shown in FIG. 1 provide the electrical-to-optical
conversion circuitry required to transfer data from an elec-
trical system to an optical transfer medium. The AC driver
12 receives data input, in the form of electrical signals, and
supplies a corresponding data signal to the laser transmitter
14 for transmittal onto the optical transfer medium.
Furthermore, the laser transmitter 14 receives a bias signal
from the power stabilizer 16 and transmits a corresponding
monitor (i.e., feedback) signal in order to keep the laser
transmitter 14 within the lasing mode of operation.

Turning to the portion of the transceiver module 10 which
provides for optical-to-electrical signal conversion, the
required circuitry consists of the optical receiver 18, signal
detector 20, and data receiver 22 which are of standard
construction. The optical receiver 18 is used to receive data
signals, in the form of optical signals, from an optical
transfer medium. The optical signals which are received by
the optical receiver 18 are converted into electrical signals
by conventional means such as a photodiode. The optical
receiver 18 then transmits the electrical signals to both the
data receiver 22 and the signal detector 20.

Furthermore, the electrical signals received by the signal
detector 20 are used to provide a signal detect output which
indicates when optical power is sufficient to allow for proper
detection and conversion of optical signals into electrical
data by the transceiver 10. Likewise, the signals received by
the data receiver 22 are processed for transmission as data
output, in the form of electrical signals.

Since transceiver modules are well known in the art. no

further explanation is provided of the circuitry or method-
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ology of the transceiver circuitry required to convert optical
signals into electrical signals. Conversely. the conversion of
electrical signals into optical signals in accordance with the
present invention is further described below.

Turning to FIG. 2, the preferred embodiment of the
circuitry required for the AC driver 112 and the laser
transmitter 114 is depicted. The AC driver 112 is shown to
consist of a di.fl’erential receiver U4 for receiving electrical
data signals at the differential input terminals labeled TD+
and TD—. Likewise, the di.fl’erential receiver U4 supplies a
data signal to pin 1 of the laser diode U2 which corresponds
to the logic levels supplied to the inputs TD+and TD—. Both
of the difl’erential inputs TD+ and TD— are provided with
blocking capacitors C7 and C6, respectively, which provide
for the AC coupling of the input signal paths associated with
the di.fl’erential receiver U4. Furthermore, each of the input
signal paths to U4 are connected to resistors R10 and R11,
respectively, which have their opposite ends connected to a
grounded capacitor C14. Both the resistors R10.R1l and the
capacitor C14 provide for AC termination of the input
signals TD+ and TD—.

As previously indicated above, the di.fl"erential outputs of
the differential receiver U4 are provided by pins 7 and 6. Pin
6 of the differential receiver U4 is connected to resistors R13

and R6 with resistor R6 being tied to ground and resistor
R13 being tied to a grounded capacitor C8. The resistors
R13,R6 and the capacitor C8 provide for the proper tami-
nation of the signal transmitted by pin 6 of the di.fl"erential
receiver U4. Resistors R12 and R13 provide necessary pull
down of the U4 outputs.

Correspondingly, pin 7 of the differential receiver U4 is
connected to a resistor R5 and a capacitor C10 with the other
ends of both the resistor R5 and the capacitor C10 being tied
to capacitor C9. Furthermore, the opposite end of the
capacitor C9 is tied to the anode of the laser diode U2. The
combination of R5, C10, and C9, provides for a termination
impedance matched with the output pin 6 of the di.fl"erential
receiver U4 and for the attenuation of the output signal
transmitted by pin 7. The attenuation of the output signal
provided by pin 7 allows for the data signal to be superpo-
sitioned on the bias current as described further herein while

still providing adequate optical power modulation without
causing the laser diode to revert to the LED mode.
Furthermore, capacitor C9 provides for decoupling of the
output signal provided by U4 so that only the AC component
of the data signal will be provided to the anode of the laser
diode U2.

Also connected to the anode of the laser diode U2 is a bias

current signal from the power stabilizer circuitry 116 shown
in FIG. 3. The bias current signal, as described above,
consists of a variable current which ensures that the laser

diode U2 will continuously operate in the lasing mode of
operation. The power stabilization circuitry 116 is used to
generate the bias current signal as described further herein.
In addition. the power stabilization circuitry 116 requires a
monitor current signal (i.e., feedback) from the laser trans-
mitter 116. Correspondingly, as indicated above, both the
laser diode and the photodiode shown in FIG. 2 are provided
by U2. The cathode of the laser diode is tied to ground along
with the anode of the photodiode. Thus. the reverse biased
photodiode U2 is used to provide the monitor current signal
(i.e., feedback signal) to the power stabflizer circuitry 116.

Referring back to FIG. 3, a detailed schematic diagram of
a power stabflizer 116 constructed in accordance with the
present invention is provided. As stated above, the power
stabilizer 116 monitors the feedback signal provided by the
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photodiode U2 and thus produces a corresponding bias
current to the laser diode U2. As shown in FIG. 3, the power
stabflizer 116 uses an operation amplifier U7 (i.e., “op-
amp”), which is configured to operate like a high gain
difi’erence amplifier, to monitor the feedback signal. The
output of the op-amp U7 is used to provide a corresponding
signal which controls the bias current supplied to the laser
diode U2. Thus, when the output voltage of the op-amp
decreases, the bias current to the laser diode U2 will be

increased. Likewise, when the output voltage of the op-amp
increases, the bias current to the laser diode U2 will be
reduced.

Attached to the non-inverting and inverting inputs of
op-amp U7 are resistors R1 and R17, respectively. The
opposite ends of resistors R1 and R17 are tied to a +2.5
voltage reference which is provided by the reverse biased
reference diode U3.

Also attached to the inverting input of the op-amp U7 is
the monitor current signal (i.e., feedback signal) from the
photodiode U2 along with a capacitor C1 which is tied to
ground The capacitor C1 provides for the removal of the
modulated signal current provided by the differential
receiver U4, via capacitor C9, and also provides for a “soft
start” in supplying bias current to the photodiode U2 during
initial power on. Thus, after power on, capacitor C1 ensures
that the op-amp U7 will only respond to changes in the bias
current and thus the capacitor C1 removes the effect of the
AC portion of the optical signal detected by the monitor
photodiode U2.

Furthermore, since the feedback signal generated by the
photodiode U2 will cause a voltage drop across R17, the
resistor R17 and the +2.5 voltage reference diode U3 pro-
vide a means for generating a feedback input signal at the
inverting input of the op-amp U7 which corresponds to the
level of feedback generated by the photodiode U2.

Likewise, attached to the non-inverting input of the
op-arnp U7 is the wiper terminal VW (i.e., pin 5) of a
digitally controlled potentiometer U6 which provides a
means for producing a reference input signal voltage the
non-inverting input of the op-amp U7. Also capacitor C2 is
connected to the op-arnp non-inverting input. This capacitor
prevents reference diode noise from being amplified by the
op-amp U7. In the preferred embodiment, the digitally
controlled potentiometer U6 operates as a resistor array
which consists of 99 resistive elements with tap points being
located between each resistive element and accessible by the
wiper.

The position of the wiper is controlled by the chip select
input -CS (i.e., pin 7), up/down input U/-D (i.e., pin 2), and
increment input -INC (i.e., pin 1) of the potentiometer U6.
In the preferred embodiment, the increment input -INC and
the up/down input U/-D are unconnected. Additionally, the
chip select input -SC is connected to a pullup resistor R15
which is connected to +5 volts.

The digitally controlled potentiometer U6 also has a high
terminal VH (i.e., pin 3) and a low terminal VL (i.e., pin 6)
which are equivalent to the fixed terminals of a mechanical
potentiometer. In the preferred embodiment, the low termi-

nal VL of the potentiometer U6 is unconnected and the high
terminal VH is tied to a resistor R16 which is connected to

ground

With the potentiometer U6 connected as described above,
the potentiometer provides for resistance trimming of the
total resistance between the non-inverting input of the
op-amp U7 and ground. Controlling the ratio of R1:[R16+
U6] sets the voltage of the reference input signal seen at the
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non-inverting input of the op-amp U7. It is preferred that the
maximum resistance provided by the potentiometer be 10K
ohms. Therefore, the digital potentiometer U6 provides
resistance values in increments of 101 ohms since, as
described above. the potentiometer provides a resolution
which is equal to the maximum resistance value divided by
99. In addition, since the high terminal VH of the potenti-
ometer U6 is tied to resistor R16, the resistance provided at
the wiper terminal VW is equal to the value selected by the
digital controlled potentiometer U6 plus the resistance value
of R16.

In the preferred embodiment, the potentiometer U6 con-
sists of the X9C103 digitally controlled potentiometer
manufactured by )flCOR. Compared to a digital controller
as prescribed by U.S. Pat. No. 5,019,769, the use of a digital
potentiometer requires the use of substantially less circuit
board area. Furthermore. the digitally controlled potentiom-
eter is less expensive, less complex, and thus more cost
effective, than using a complex digital microprocessor.

Referring to the output of op-amp U7, the op-amp’s
output is connected to a resistor R7 which is connected to a
pullup resistor R22, a capacitor C13, and the base of a PNP
transistor Q2. Furthermore, the opposite ends of the pullup
resistor R22 and the capacitor C13 are connected to +5 volts
and the emitter of the PNP transistor, respectively.

The pullup resistor R22 tums transistor Q2 oif when the
output voltage of op-amp U7 reaches its maximum In
addition. resistors R7 and R22. along with capacitor C13,
result in an RC filter with a time constant on the order of 50

nsec. Furthermore, the emitter of the transistor Q2 is also
tied to a resistor R8 and a capacitor C12 which are connected
to +5 volts and ground, respectively. The resistor R8 and
capacitor C12 are use to provide filtering of the +5 volts
supplied to the emitter of transistor Q2. In addition, the
collector of the PNP transistor Q2 is used to provide the bias
current to the laser diode U2.

As indicated above, before the laser transmitter 114 is
ready to begin transmitting data, the bias current to the laser
diode must initially be set. The laser diode output power
level is set by adjusting the resistance of the digital con-
trolled potentiometer U6. To adjust the wiper resistance of
the potentiometer U6, the device is selected by pulling the
potentiometer’s chip select -CS input (i.e., pin 7) to a low
logic level. Once the -CS input is pulled low, the -INC input
(i.e., pin 1) is used to either increase or decrease the
resistance at the wiper terminal VW, while the output power
of the laser diode is monitored by a calibrated power meter.
Correspondingly. the resistance is increased by pulling the
U/-D input to a high logic level and, conversely, the resis-
tance is decreased by pulling the U/-D input to a low logic
level. This procedure allows the operator to set the laser
output power level via control of the digital potentiometer.

Once the laser power is selected, the resistor U15 is
allowed to pull the chip select input -CS of the potentiometer
U6 to a high logic level. Furthermore, in the preferred the
embodiment, the potentiometer U6 has a nonvolatile
memory so that it is capable of storing the position of the
wiper. Therefore, the same wiperposition will be maintained
upon a subsequent power-on operation.

Correspondingly, in a preferred embodiment, the position
of the wiper in the potentiometer U6 is pre-set by its
manufacturer so that the highest resistance value is
provided. via the wiper terminal VW, when power is first
applied to the potentiometer. Therefore. only minimal bias
current will be supplied to the laser diode U2 when power
is first applied to the stabilizer circuitry 114.
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In the preferred embodiment, the optical power output of
the laser diode is measured by conventional means as known
by those persons skilled in the art. Furthermore, since the
optical power of the laser diode corresponds to the feedback
supplied by the power stabilization circuitry 116. the poten-
tiometer U6 allows for the power stabilization circuitry 116
to be adjusted so that it provides a specific bias current
which corresponds directly to the feedback.

Using the digitally controlled potentiometer U6 to adjust
the voltage of the reference input signal, and thus the bias
current supplied by the power stabilizer circuitry 116, will
eliminate the possibility of accidently destroying the laser
diode U2 and provides for a stable means of setting the laser
output power. The laser output power can be eifectively set
since the resistance of the potentiometer U6 cannot be
adjusted without supplying toggled signals to the -]NC
input. Therefore, the reference input signal. and thus the
corresponding optical power output of the laser diode,
cannot be accidentally adjusted since only deliberate steps
will cause changes to the voltage level of the reference input
signal.

In addition, the use of a digital potentiometer allows for
the automatic adjustment of the reference voltage and there-
fore the laser output power. Automatic adjustments can be
accomplished by having a device, such as a properly cali-
brated optical power meter traceable to the standards estab-
lished by the National Institute of Standards andTechnology
(NIST), receive the optical output power from the laser
diode U2 and, based on the level of optical output power
measured, a device such as a computer or microprocessor
can transmit control signals to the potentiometer U6 to either
increase or decrease the optical power output of the laser
diode U2 accordingly.

Operationally speaking, the power stabilization circuit
116 will either increase or decrease the bias current supplied
to the laser diode depending, respectively, on if the feedback
signal supplied by the photodiode U2 is too low or too high.
As depicted in FIG. 3 and indicated above. the feedback
signal effectively governs the inverting input received by the
op-arnp U7. In addition, the voltage level at the non-
inverting input of op-amp U7 (i.e., the reference input
signal) is selected by adjusting the potentiometer U6 as
described above. Therefore, a comparison of the feedback
signal and the reference input signal determines the output
voltage level of op-amp U7.

Consequently. the PNP transistor Q2 will increase the bias
current to the laser diode U2 as the output voltage level of
the op-amp U7 decreases due to the feedback signal being
too low. Likewise, the transistor Q2 will decrease the bias
current to the laser diode U2 as the output voltage level of
the op-amp U7 increases due to the feedback signal being
too high.

It should be noted that the bias current supplied by the
collector of transistor Q2 will only be gradually changed due
to the RC circuitry provided by R7, R22, and C13 on the
output of op-amp U7. Furthermore, as stated above, the
feedback generated by the photodiode U2 will vary directly
with changes in the optical power being generated by the
laser diode U2.

Consequently. the use of analog circuitry in the power
stabilizer as described above provides for the immediate
compensation of power fluctuations which may occur in the
optical power output of a laser diode.

Once the resistance of the digital potentiometer U6 is set
to the correct level. the AC driver 112 and laser transmitter

114 are ready to convert electrical data input signals into
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optical data output signals. As shown in FIG. 2. the AC
driver 112 receives differential data input signal via inputs
TD+ and TD—. The data input signals TD+ and 'I‘D— are AC
coupled by capacitors C6 and C7, received by the differen-
tial receiver U4, and terminated by R10, R11. and C14. The

data input signals received by the ditferential receiver U4 are
then transmitted via pins 6 and 7.

Output pin 6 of the differential receiver U4 is terminated
by resistors R13. R6. and capacitor C8. Likewise, output pin
7 of the di.fl’erential receiver U4 is attenuated by resistor R5
and capacitor C10. Furthermore, the output provided by pin
7 is AC coupled by capacitor C9 so that only the AC
component of the output signal, which directly corresponds
to the electrical signal received by the AC driver, is super-
imposed onto the bias current signal used to drive the laser
diode U2. Therefore, the optical power output of the laser
diode will vary in accordance with the electrical signals
received by the AC driver and will be transmitted as data
output over an optical medium such as an optic fiber.

For completeness in the disclosure of the above-described
AC driver 112. laser transmitter 114, and power stabilizer
116, but not for purposes of limitation, the following rep-
resentative values and component identifications are sub-
mitted These values and components were employed in a
transceiver that was constructed and tested and which pro-
vides a high quality performance. Those skilled in the art
will recognized that many alternative elements and values
may be employed in constructing the circuitry in accordance
with the present invention.

Part TYPE or VALUE

c1 .1 uF
c2 .1 uF
c6 .1 11F
c7 .1 11F
cs .1 ur
c9 .1 11F
C10 5 pF
c11 .1 IF
c12 .1 IF
C13 100 pF
c14 .1 uF
c16 .1 uF
R1 100 ohms
Rs 46.4 ohms
R6 51 ohms
R7 1K ohms
R8 26.7 ohms
R10 51 Ohms
R11 51 ohms
R12 180 Ohms
R13 180 ohms
R14 1K ohms
R15 1K ohms
R16 1K ohms
R17 100 ohms
R22 11; ohms
Q2 MRF5211
U2 RLD-85PC
U3 LM404001M3-2.5
U4 MC100ELl6
U6 x9c1o3
U7 TA75SO1F

Although the above power stabilizer 116 depicted in FIG.
3 is used in a transceiver module, it should be understood
that the power stabilizer could be used in any application
where a laser diode is used for transmitting optically
encoded data onto an optical transfer medium.

Furthermore, it should also be understood that other
various changes and modifications to the presently preferred
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embodiment described herein will be apparent to those
skilled in the art. Such changes and modifications may be
made without departing from the spirit and scope of the
present invention and without diminishing its attendant
advantages. For example, the digitally controlled potenti-
ometer can be constructed using various discrete compo-
nents. Therefore, it is intended that such changes and modi-
fications be covered by the appended claims.

We claim:

1. A power stabilizing circuit for maintaining a constant
level of output power from a laser transmitter, wherein said
laser transmitter includes a laser diode configured to emit an
optical output signal having an output power level corre-
sponding to a bias current input to said laser diode. and a
photodiode for monitoring said optical output signal, pro-
viding a voltage feedback signal proportional to said output
power level, said power stabilizing circuit comprising:

a) a digitally controlled potentiometer, said potentiometer
including a wiper contact having a variable output
resistance for supplying an adjustable voltage reference
signal; and

b) an op-amp having first and second inputs, said adjust-
able voltage reference signal connected to said first
input, and said voltage feedback signal connected to
said second input, such that said op-amp compares said
voltage reference signal and said voltage feedback
signal to generate an output control signal correspond-
ing to the voltage difference between said first and
second input: and

c) a bias current driver driven by said output control signal
for supplying said bias current to said laser diode.

2. The power stabilizing circuit of claim 1, wherein said
current driver comprises a current drive transistor, having a
base electrically connected to said output control signal, a
collector connectted to said laser diode, and an emitter
connected to a voltage source, whereby said transistor
provides a bias current to said laser diode inversely propor-
tional to said output control signal.

3. The power stabilizing circuit of claim 2, further com-
prising an RC filter disposed between said op-amp and said
transistor such that said output control signal is filtered prior
to connection to said base of said transistor.

4. The power stabilizing circuit of claim 1 wherein said
potentiometer provides resistance trimming of said adjust-
able voltage reference signal by selectably altering said
output resistance in a number in a number of incremental
steps between a maximum resistance value and zero ohms.

5. The power stabilizing circuit of claim 4 wherein said
maximum resistance is 10k ohms.

6. The power stabilizing circuit of claim 4 wherein said
number of incrimental steps equals ninety-nine.

7. An apparatus for transmitting electrical data signals
onto an optical transfer medium, said apparatus comprising:

a) an AC driver for receiving said electrical data signals
and providing corresponding data signal;

b) a laser transmitter having a laser diode and a
photodiode, said laser diode for producing optical
power modulated by said data signal and transmittable
over said optical transfer medium, and said photodiode
for producing a feedback signal proportional to said
optical output power produced by said laser diode; and

c) a power stabilizing circuit comprising;
i) a digitally controlled potentiometer for producing a

reference input signal;
ii) an op-amp for comparing said feedback and said

reference input signal, said op-amp generating a
output control signal; and
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iii) a bias current drive transistor. responsive to said
control signal. for supplying said bias current to said
laser diode.

8. A method of maintaining a constant level of output
power from a laser transmitter, comprising the steps of:

a) providing a laser transmitter having a laser diode and
a photodiode. said laser diode responsive to a reference
voltage input which produces a level of bias current to
produce a corresponding level of optical output power
and said photodiode responsive to said optical output

12

signal to produce a feedback signal which corresponds
to said optical output power produced by said laser
diode;

b) setting the resistance of a digitally controlled potenti-
ometer to produce a reference input signal; and

c) Comparing said feedback signal and said reference
input signal to produce a control signal to supply said
bias current.
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  1. A power stabilizing circuit for maintaining a constant level of

output power from a laser transmitter, wherein said laser transmitter includes a

laser diode configured to emit an optical output signal having an output power

level corresponding to a bias current input to said laser diode[.], and a photodiode

for monitoring said optical output signal, providing a voltage feedback signal

proportional to said output power level, said power stabilizing circuit comprising:

 

  
  

 a) a digitally controlled potentiometer, said potentiometer including a
wiper contact having a variable output resistance for supplying an
adjustable voltage reference signal; [and]

 
  
 
 

 an op-amp having first and second inputs, said adjustable voltage

reference signal connected to said first input, and said voltage
feedback signal connected to said second input, such that said op-

amp compares said voltage reference signal and said voltage

feedback signal to generate an output control signal corresponding
to the voltage difference between said first and second input[:]; and

 
 

  
  

 a bias current driver driven by said output control signal for
supplying said bias current to said laser diode.  



UNITED STATES PATENT AND TRADEMARK OFFICE

CERTIFICATE OF CORRECTION

PATENT NO. : 5,638,390 page 3 of 4
DATED : June 10, 1997

|NVENTOR(S) : Patrick B. Gilliland, et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is herebycorrected as shown below:

4) The power stabilizing circuit of claim 1 wherein said potentiometer
provides resistance trimming of said adjustable voltage reference signal by
selectably altering said output resistance in a number [in a number] of
incremental steps between a maximum resistance value and zero ohms.

7) An apparatus for transmitting electrical data signals onto an optical
transfer medium, said apparatus comprising:

a) an AC driver for receiving said electrical data signals and
providing a corresponding data signal;

b) a laser transmitter having a laser diode and a photodiode, said laser
diode for producing optical power modulated by said data signal
and transmittable over said optical transfer medium, and said

photodiode for producing a feedback signal proportional to said
optical output power produced by said laser diode; and



UNITED STATES PATENT AND TRADEMARK OFFICE

CERTIFICATE OF CORRECTION

PATENT NO. : 5,638,390 Page 4 of4
DATED : June 10, 1997

lNVENTOR(S) : Patrick B. Gilliland, et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
corrected as shown below:

c) a power stabilizing circuit comprising;

i) a digitally controlled potentiometer for producing a
reference input signal;

ii) an op-amp for comparing said feedback and said reference

input signal, said op—amp generating a output control
signal; and

iii) a bias current drive transistor, responsive to said control
signal, for supplying said bias current to said laser diode.

Signed and Sealed this

'I‘vvc11ty-liftli Day of August, 1998

A rm1.-  d  §
BRUCE Ll-ZHMAN

/\!l€.Tf/Ilg ()fi71'('r (-'”,""l4‘>4$l'],'fl7 :1} Patents and 'I'rmlz'mm'ks



 
 
 
  
 

  
 
 
 

 

  
 

 
 
 
 

 
 
 
 
 

 
  

 
 

USO05734672A

Umted States Patent [19] [11] Patent Number: 5,734,672

McMinn et al. [45] Date of Patent: Mar. 31, 1998

[54] SMART LASER D1001: ARRAY AssEM3Ly 5,284,790 2/1994 Karpinskj ................................ 437/129
AND OPERATING METHOD Usmc SAME 5,287,375 2/1994 Fupmoto .. .. 372/38

5,305,344 4/1994 pm ■=■■ .. 372/50

[75] Inventors: Theodore S. McMinn. St. Peters; Dana ■ Z 0/■■ al `■■ ■
A. Marshall. Frontenac‘, Michael A. 5’325’384 6/1994 Hertha; 3] ' " 372/36
H°P‘* B‘°““”°°d‘ G°°‘f""3' 0' 5:337:325 s/1994 Hwang .....:.' '.'. 372/36
H°b°F1"~ Ch°5‘°ffi°1d- 311 0‘ M°- 5,351,259 9/1994 Ishimori et al .. 372/75

_ _ , 5,394,426 2/1995 Joslin ....... .. 372/50
[73] Asslgneci Cllfitmg Edge Olitronlcs. Inc.. St. 5,402,436 3/1995 Paoli 0_■■ .. 372/50

L0u1s.Mo- 5,402,437 3/1995 Mooradian .. .. 372/92
5,438,580 8/1995 Patel et a1. t■ .. 372/36

mm } 2~2:2~2:: 2/:32: @w 2:3/:3;
[22] F1led: Aug. 6, 1996 OTHER PUBLICATIONS

[51] Int. Cl.‘ ...................................................... .. H0lS 3/19 Th _CSF S . d S ifi P ka S _
[52] U.S. Cl. ............................... .. 372/50; 372/33: 372/38: °‘.“S°“ .°."“°°" “°‘°‘ P“ ‘1“°5' 3'“ 3? P°°"

372/43.‘ 372/36; 372/68 f1cat1on(schemat1c). p. 3 (one page) (no date of publ.1cat1on).
[53] Field of Search ............................. .. 372/7. 9. 29. 33. C°h"’e“‘ L35“ G‘°“P~ 135°’ Di°““ and Ba” (““i°1") (5

372/34. 36. 43. 45. 50. 68. 103. 109. 38 P“8°S) <“° ‘W °f P“"“°“"°“)-

. Primary Examiner—Brian Healy
[561 References Cited Attorney, Agent, or Firm—.Arnold. White & Durkee

U.s. PATENT DOCUMENTS [57] ABSTRACT
3,339,151 8/1967 Smith P■ 372/50x , _ ,
3,590,243 6/1971 Chane,-on, ;,_ P■ 372/43 X A laser d.l0dC array assembly includes a laser diode array and
3,771,031 11/1973 Kay . . . . . . . . . . . . . . .. 372/43 x a memory devlce integrally packaged wlth the may. The
3,962,655 6/1976 Selway et al. C■ . 372/43 X memory device includes operational information concerning
4.315225 2/1982 Allen, Jr. 61 81 - - 372/36 X the array. The memory device is accessible by a host external
4393-393 7/1933 A1199» Jr‘ 9‘ 31‘ - - 372/43 X operating system which determines the manner in which the
4.454.6{E 6/1984 Smith ................ ■ 372/36 array is to be Powered based on the operational 1'nf0l.m_afi0n_
4’-”6‘568 12/1987 Sciges at 3]‘ ‘ P■ 372/36 The memory device may have the capability to be written to
4,831,629 5/1989 Paoh et al. ■■ 372/50 h th t th at ti t d . th4,847,848 7/1989 Inoue et a1. ■ .. 372/50 5"“ 3 ° °’‘“’"‘ °PC”‘ "3 W5 5'“ C3“ ‘"0’ 1“ C
4,901_330 2,1990 Wolfram at 3]‘ `j■ 372,75 memory device significant events such as extreme opera-
4‘975.9Q3 12/1990 Bugs 6; a]_ _ , _ _ _ _ , H 372/50 tional conditions. operational faults. and the on-time or
5,022,042 6/1991 Bradley ■ ■■ 372/75 shot-count of the array. The assembly may include sensors
5,040,187 8/1991 Karpinski .. -■ 372/50 to which the operating system is coupled. The assembly may
5.073,838 12/1991 Ames ....................... .. 372/36 X further include 3 processing means to monitor the sensors
5,lO5.429 4/1992 Mundinger et a1. @D■ ■ 372/34 and provide reapm-n¢ updates to the cxtemal opal-ating

5112313214 1:]/1:992 K?"Pi“5k1 ■■ ' 372/50 system such that laser diode array is continuously powered
5,1 3, 992 Kim et al. P■ . 372/50 in an opmmu manna5,212,699 5/1993 Masuko et al. g■ 372/34
5,216,263 6/1993 Paoli  B■ . 372/50X
5,216,688 6/1993 K0111 et a1. ............................. .. 372/75 76 Claims, 12 Drawing Sheets

 





U.S. Patent Mar. 31, 1998 Sheet 2 of 12 5,734,672

0
('0

FIGURE1B



U.S. Patent Mar. 31, 1998 Sheet 3 of 12 5,734,672





U.S. Patent Mar. 31, 1998 Sheet 5 of 12 5,734,672

91
91om

9:



U.S. Patent Mar. 31, 1993 Sheet 6 of 12 5,734,672



U.S. Patent Mar. 31, 1998 Sheet 7 of 12 _ 5,734,672

202

O6

  
 

 [-1Ffim



mmmmmm_n_



5,734,672U.S. Patent

mmmmmE





U.S. Patent Mar. 31, 1993 Sheet 11 of 12 5,734,672

CONTROLLER

FIGURE9
en

2
Z
O
1:
I-
0
Lu
_J
1.1.:



U.S. Patent Mar. 31, 1993 Sheet 12 of 12 5,734,672

LASER DIODE LASER DIODE LASER DIODE
PUMP ASSEMBLY I PUMP ASSEMBLY 2 PUMP ASSEMBLY N

DRIVELINES,+/- SENSORLINES DRIVELINES+/ SENSORLINES DATAINTERFACELINES COOLANTLINES DRIVELINES,+/- SENSORLINES DATAINTERFACELINES
«/3
NJ

Z.1
LU
L)
<LL
:2:LL]
I-
Z
<
I-
<(
D

LASER SYSTEM DRIVER/CONTROLLER & CHILLER

330

FIGURE 1 0



5 ,734.672

1

SMART LASER DIODE ARRAY ASSEMBLY
AND OPERATING METHOD USING SAME

FIELD OF THE INVENTION

The present invention relates generally to lasers diodes
and. in particular. to an assembly that includes a laser diode
array. an integral memory device storing operational infor-
mation about the laser diode array. and an integral process-
ing device that records information to and retrieves infor-
mation from the memory device.

BACKGROUND OF THE INVENTION

Semiconductor laser diodes have numerous advantages.
They are small in that the widths of their active regions are
typically subrnicron to a few microns and their heights are
usually no more than a fraction of a millimeter. The length
of their active regions is typically less than about a mil.li-
meter. The internal reflective surfaces. which are required in
order to produce emission in one direction. are formed by
cleaving the substrate from which the laser diodes are
produced and. thus. have high mechanical stability.
Additionally. high efficiencies are possible with semicon-
ductor laser diodes with pulsed junction laser diodes having
external quantum efficiencies near 50% in some cases.

The cost and packaging of laser diodes are problems that
has limited their commercialization. It is only recently that
both the technology and availability of laser diode bars. and
a method for packaging them. has made two dimensional
laser diode pump arrays a commercial reality. One technique
for producing such a two dimensional laser diode array is
demonstrated in the U.S. Pat. Nos. 5.040. 187 and 5.128.951

to Karpinski. Also. newer techniques have been used to
make more efficient an older packaging approach whereby
individual diodes are sandwiched between two metallic
foils. The advent of lower cost laser diodes and eflicient

packaging has led to the possibility of producing very large.
solid-state laser systems which use many pump arrays.

While laser diode pump arrays have a relatively long life
when compared to the traditional flash-lamp or arc-lamp
pump sources. they are still considered consumable items
that require periodic replacement. In some cases with modu-
larized laser diode arrays. one may even wish to replace only
a portion of the array. For pulsed lasers. the number of shots
which the laser diode arrays have fired is recorded. For
continuous-wave (CW) lasers. the amount of time the laser
diode arrays have operated (time-on) is of interest. Typically.
these values are monitored and stored within the external

electronic control systems which operate these laser sys-
tems. These electronic control systems must contain a shot-
counter or time-on counter for each laser diode pump array
to determine the relative age of each laser diode array
thereby permitting the development of a replacement sched-
ule for each laser diode array. However. when a laser diode
pump array is replaced. these shot-counters or on-timers
must have the ability to be reset to zero if a new laser diode
array is used. If a used laser diode array is installed. then
these shot-counters or on-timers must have the ability to be
reset to a predetermined value. Furthermore. when a laser
diode array is removed from a system for replacement. a
diificulty arises in that there is no longer a shot count or
on-tirne associated with the pump array. unless written
records are meticulously kept.

In addition to the shot-count. there is other information

about a diode array that is of particular interest. such as the
serial number of the array. the number and frequency of
over-temperature fault conditions. and the voltage drop (i.e.
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the resistance rise) across the array. These characteristics are
useful for selecting an application for a used laser diode
array. or for determining the causes of its failure. These
characteristics are also important for warranty purposes.
However. the operator of the system has no interest in
recording these data since it may limit his or her ability to
rely on the warranty when a failure arises. On the other hand.
the manufacturer has a keen interest in knowing the opera-
tional history of an array for warranty purposes.

When semiconductor laser diodes are used as the optical
pumping source for larger. solid-state laser systems. the
emitted wavelength is critical. Laser diode pump arrays
achieve efiicient pumping of the laser host material (e.g.
Neodymium-doped. Yttrium-Aluminum Garnet) by emit-
ting all of their light energy in a very narrow spectral band
which is matched to the absorption spectrum of the gain
media (i.e. slabs. rods. crystals etc.). typically within 2-6
nanometers full-width at the half-maximum point (fwhm).
The laser diode pump array emission wavelength is a
function of the temperature at which the pump array is
operated. The pump array temperature is a complicated
function of many interrelated variables. The most important
of these variables are the temperature of the coolant flowing
to the diode array. the operational parameters of the diode
array. and the configuration of the heat exchanger on which
the laser diodes are mounted. The operational parameter of
21 CW driven array is simply the drive current. But for pulsed
laser systems. the peak drive current. the repetition rate. and
the pulse width of the drive current are all important
operational parameters. Because the performance of the
laser diode array changes during the service life of a laser
diode array. the host external system controller has to
compensate for any degradation of performance (output
power or wavelength) by modifying these input operational
parameters except for the heat exchanger configuration.
Often. the altering of the operational parameters requires
manual calibration of the arrays using external optical
sensors. This is a tedious job and requires a skilled techni-
cian who understands the ramifications of modifying the
interrelated variables which change the output power and
wavelength. Even when the laser diode array’s operational
parameters are properly calibrated. rapid changes in the
performance of the laser diode array may go unnoticed until
the next scheduled maintenance. This manual calibration

also is often required during the initial installation of the
laser diode array assembly.

Therefore. a need exists for a laser diode array assembly
that includes an integral means for recording operational
events and maintaining this information with the assembly
throughout its service life. It would also be beneficial for this
laser diode array assembly to have the capability of instruct-
ing the external laser operating system on the input drive
parameters that should be used to provide for optimal output
of the laser diode array assembly.

SUMMARY OF THE INVENTION

A modular laser diode array assembly includes at least
one laser diode array. an intermediate structure on which the
array is mounted. and an integral memory device. The laser
diode array has a plurality of laser diodes which are in
electrical contact with at least one other of the plurality of
laser diodes. The assembly further includes means for sup-
plying external power to the laser diode array. The memory
device stores operating information for the laser diode array
and is mounted on the intermediate structure which may be
a printed circuit board. The memory device communicates
with an external operating system. After the assembly is
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installed in and connected to the external operating system.
a system controller accesses the memory device to obtain the
operating information (temperature. input power
parameters. etc.) which enables the system controller to
properly apply power to. or set conditions for. the laser diode
array.

In another embodiment. the assembly includes sensors for
sensing the operating conditions experienced by the laser
diode array. The extemal operating system monitors the
sensors to assist in determining the operational parameters at
which the system is to be operated. These sensors may be
optical power sensors. optical wavelength sensors. electrical
input power sensors. temperature sensors. vibration sensors.
etc.

In yet another embodiment. the assembly includes pro-
oessing means that communicates with the extemal operat-
ing system. The processing means is coupled to the sensors
for directly monitoring the operating conditions of the laser
diode array and is also coupled to the memory device. Based
on the operating conditions monitored. the processing means
instructs the external operating system to supply the opti-
mum operating parameters. Thus. the assembly is self-
calibrating in that it monitors the operating conditions and
instructs the external operating system to provide input
power in a manner that allows for the optimum output.

Using the integral memory device and the processing
means provides numerous benefits. For example. the shot-
count or on-time value becomes physically a part of the
assembly as it is stored within the integral memory device.
This integral memory device could then be read from and
updated. as necessary. by the control electronics of the
external operating system or the processing means when one
is used.

There are many additional pieces of data which could be
stored in this memory device. such as: the array serial
number; the number and times of fault conditions such as

over temperature or activation of protection circuitry; the
voltage drop across the array and the time of the occurrence
if it changes significantly (this may be an indication of
individual laser bar failures): and the arrays spectral and
power response to difierent operational conditions. The
memory device may also record the ambient environmental
conditions such as the ambient temperature. the ambient
shock environment. ambient humidity. or electrostatic dis-
charge (FSD) events resulting from the environment around
the array.

The above summary of the present invention is not
intended to represent each embodiment. or every aspect. of
the present invention. This is the purpose of the figures and
the detailed description which follow.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects and advantages of the invention will
become apparent upon reading the following detailed
description and upon reference to the drawings in which:

FIG. 1A is a perspective view of a laser diode array used
in the present invention;

FIG. 1B is a perspective view of another laser diode array
used in the present invention;

FIGS. 2A—2D are views of a multiple-array assembly
having an integral memory device and a sensor;

FIGS. 3A—3C are views of a multiple-array assembly
having an integral processing device including a memory
device. a sensor. and multiple photodetectors;

FIGS. 4A—4B are views of a single-array assembly having
an integral processing device including a memory device. a
sensor. and a photodetector;
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FIG. 5 is a plan view of a single-array assembly having an
integral memory device. a temperature sensor. and a pho-
todetector;

FIG. 6 is a plan view of a multiple-array assembly having
an integral processing device including a memory device. a
temperature sensor. multiple photodetectors. and an input
power sensing device;

FIG. 7 is perspective view of the multiple-array assembly
of FIGS. 3A—3C including a connector and being installed
on a heat exchanger;

FIG. 8 is a perspective view of a multiple-array assembly
having an printed circuit board positioned at approximately
90° degrees from the plane in which the emitting surfaces
reside;

FIG. 9 is a schematic view of a multiple-array assembly
incorporating the present invention and being installed in an
extemal operating system; and

FIG. 10 is a schematic view of an external operating
system being coupled to multiple assemblies labeled 1-N.

While the invention is susceptible to various modifica-
tions and alternative forms. a specific embodiment thereof
has been shown by way of example in the drawings and will
herein be described in detail. It should be understood.
however. that it is not intended to limit the invention to the

particular forms disclosed. Quite to the contrary. the intent
is to cover all modifications. equivalents. and alternatives
falling within the spirit and scope of the invention as defined
by the appended claims.

DETAILED DESCRIPTION OF THE
INVENTION

Referring initially to FIG. 1A. a laser diode array 10 is
illustrated in a perspective view. The laser diode array 10
includes a plurality of laser diodes packages 12 each of
which includes a laser diode 13 sandwiched between a heat

sink 14 and a lid 17. The laser diode packages 12 are
arranged in a parallel fashion commonly referred to as a
stack. At the ends of the stack are endcaps 18 and 19 through
which power is supplied to the stack of laser diode packages
12. Atherrnal backplane 20. usually made of an electrically
insulative material. such as beryllium oxide. is the surface to
which each of the packages 12 is mounted. The laser diode
array 10 is one type of array that can be used in the present
invention.

In FIG. 1B. a second type of laser diode array 30 is
illustrated. The laser diode array 30 includes a substrate 32
made of an electrically insulative material and a plurality of
grooves 34 which are cut in the substrate 32. Within each
groove 34 is a laser diode bar 36. To conduct electricity
through the plurality of laser diode bars 36. a metallized
layer is placed within each groove 34 and connects adjacent
grooves 34. The bottom of the substrate 32 is the baclrplane
through which heat flows to the heat exchanger positioned
below the bottom Although the number of grooves 34 is
shown as ten. the application of the array 30 dictates the
amount laser diode bars 36 and. therefore. the number of

grooves 34. Laser diode array 30 is another type of laser
diode array that can be used with the present invention.

FIGS. 2A—2D are views of an assembly 40 having six
laser diode arrays 30. an integral memory device 42. and a
sensor 44. The memory device 42 and the sensor 44 are
mounted on a printed circuit board (PCB) 46. The informa-
tion on the memory device 42 can be accessed and the sensor
44 can be monitored through contact pads 47 located on the
PCB 46. A board heat sink 48 is disposed on the back of the
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PCB 46 and is the surface to which the backplanes of the
laser diode arrays 30 are attached. The diode arrays 30 can
be soldered to this heat sink 48 or fastened in other ways
which {■ the thermal resistance across the interface

of the heat sink 48 and the laser diode array 30.

The sensor 44 can be of a type that measures output power
or output wavelength (assuming it receives the emitted
light). More commonly. the sensor 44 is a temperature
sensor since the temperature of the arrays 30 is critical to
their operation. If the sensor 44 is a temperature sensor. it
could be moved to a location closer to the backplanes of the
arrays 30. The sensor 44 may also be an ESD sensor or one
that measures the shot-count or on-time of the array 30.
Furthermore. the PCB 46 may contain multiple sensors
although only one sensor 44 is shown.

The memory device 42 preferably is a non-volatile
memory device such that the information stored therein is
not altered when power is removed from the memory device
42. An example of such a memory device 42 is the model
24632. manufactured by Microchip. of Chandler. Ariz.

Tb protect the emitting surfaces of the laser diode arrays
30. a protective window 50 can be affixed to the assembly
40. The protective window 50 is supported by a retainer
frame 52. The frame 52 and the window 50 may merely act
to protect the upper emitting surfaces. Alternatively. the
frame 52 and window 50 may completely seal the six laser
diode arrays 30 by placing a sealing material between the
frame 52 and the window 50. The window 50 can be made

of a variety of materials including acrylic with an anti-
reflective coating. Besides the window 50 that is shown. the
window 50 could be replaced by a diifractive. binary. or
two-dimensional array of lenses to provide focusing and
collimation to the beam of energy. FIG. 2D illustrates the
assembly 40 without the window 50 and retainer frame 52.

The laser diode arrays 30 require electrical energy to
produce the emitted radiation. Thus. a pair of contact pads
54a and 54b are located on the PCB 46. To provide electrical
energy to the laser diode arrays 30. a pair of leads 56a and
56b are disposed between the endcaps of the two end arrays
30 and the pads 54a and 54b. Adjacent arrays 30 are
connected in electrical series through jumpers 57. In the case
where the window 50 and the frame 52 seal the laser diodes

30. the leads 56a and 56b can be potted or bonded onto the
window frame 52. The host external operating system makes
electrical contact with the assembly 40 through the contact
pads 54a and 54b.

The PCB 46 and the board heat sink 48 include holes 58

through which fasteners will pass to connect the assembly
40 to the ultimate heat sink which is typically a high
efliciency heat exchanger. Also provided are indexing holes
60 which align the PCB 46 and. therefore. the array 30 on
the ultimate heat sink.

Although the PCB 46 is shown as the intermediate
structure between the array 30 and the memory device 42.
other structures could be used. For example. merely provid-
ing an epoxy layer which adheres the memory device 42 to
the array 30 may suflice if the epoxy provides electrical
insulation.

The memory device 42 contains the operating information
for the laser diode arrays 30. The types of information can
range from the basic to the complex. For example. the
identity of the laser diode array assembly 40 can be recorded
in the memory device. This can include the wafer number of
the wafers t:hat were used to produce the laser diode bars that
are contained in each array 30. It may also include the lot
number of the bars comprising the arrays 30 or the laser
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diode bar number. It may also include an inspector number
associated with the individual who approved of the bar in the
quality control department.

The memory device 42 can also be loaded with perfor-
mance data on the laser diode array assembly 40. For
example. the center wavelength can be given as well as the
wavelength shift as a function of temperature (i.e. Gallium
Arsenide laser diodes shift at about 1 nanometer per about
3-4°C). The wavelength distribution of the arrays 30 can be
stored so as to provide the full-width at half maximum value
(FWHM) (i.e. the difference between the wavelengths at the
point on the wavelength distribution curve where the inten-
sity is at one-half of its maximum value). This FWHM value
is critical when the assembly 40 is used for solid-state laser
pumping applications. The wavelength can also be given as
a function of spatial orientation along the assembly 40.

Information related to the output power can be included as
well. For example. the output power can be given as a
function of the efficiency of the arrays 30. the current and
voltage at which the arrays 30 are driven. or the threshold
current (i.e. the current after which lasing occurs). The
output power can also be given as a function of spatial
orientation along the assembly 40. Also. the estimated
output power degradation of the array 30 over its service life
can be stored.

The memory device 42 can also include extreme design
values for various operating conditions that should not be
exceeded for a particular array. For example. the maximum
or minimum design operating temperature can be recorded
as can the maximum design drive parameters such as
current. pulse-width. duty-cycle. voltage. etc. This allows
for a real-time comparison between the actual operating
conditions and the extreme design conditions to ensure that
no damage will occur to the laser diode array 30. The
external operating system may use such a comparison to
shut-down the system when the extreme design values are
exceeded.

Although the memory device 42 has been described thus
far as having operational information that has been recorded
before its delivery to the customer. the memory device 42
can also be updated with information throughout its service
life. Typically. the extemal operating system is monitoring
various environmental conditions including temperature.
vibration. shock. humidity. and also the input drive param-
eters. Since the operating system is configured to read from
the memory device 42. the only difference needed to achieve
the goal of updating the memory device 42 is merely having
an external operating system with the capability to write to
the memory device 42. Consequently. the memory device 42
then captures the operational history of the array 30 which
is advantageous for determining the cause of failures and for
warranty purposes.

The types of operational information related to the service
life of the array 30 that can be recorded in the memory
device 42 is quite extensive. For example. the shot-count of
a pulsed laser diode array 30 or the on-time of a CW laser
diode array 30 can be recorded. This is a very important
value when considering the warranty of the array 30.

The extreme operating conditions whidr the laser diode
array 30 experiences can be recorded in the memory device
42 which is also useful for warranty purposes and for
determining the cause for failures. Thus. the maximum and
minimum operating temperature can be recorded in the
memory device 42. Other operating conditions such as the
maximum shock. vibration. and humidity can be recorded as
well. The maximum drive parameters (current. voltage.
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pulse width. frequency. etc.) can also be recorded in the
memory device 42. Additionally. the extreme ambient con-
ditions of the environment surrounding the array 30 or
surrounding the entire external operating system can be
stored as well (nonoperational or operational).

A list of incident reports may be recorded in the memory
device 42. This may include the over-temperature failures.
over-current failures. over-voltage failures. reverse-voltage
failures (i.e. wrong bias across the arrays 30). coolant-flow
interrupts (to the heat exchanger). and electrostatic dis-
charge events. These faults can be recorded as merely an
aflirmative response to whether the fault occurred or as the
value of the condition. Additionally. a drop in the voltage
across the array 30 is indicative of a single laser diode failure
and may be recorded. For example. a typical voltage drop
across one good laser diode is approximately 2.0 Volts and
about 0.5 volt after certain types of failures. The number of
laser diode bar failures can be estimated by such a voltage
drop. Other types of fault conditions may be included as
well. including those fault conditions recorded by sensors
monitoring the output of the arrays 30 (i.e. wavelength and
power).

Thus far. only fault conditions. operating conditions. and
non-operating conditions have been discussed as being data
that are recorded in the memory device 42. However.
recording the dates and times of these conditions is also
worthwhile and can be accomplished by having the external
operating system write the times that these conditions occur
in the memory device 42. When the time values are
recorded. the memory device 42 then can be used to store a
variety of parameters as a function of time (temperature.
input power. output power. output wavelength. etc. v. time).

FIGS. 3A—3C illustrate an assembly 140 having multiple
arrays 30 similar to the assembly 40 of FIGS. 2A—2D. The
assembly 140 includes a processor 143 and a temperature
sensor 144 that are mounted on a PCB 146. A heat sink 148
is located on the backside of the PCB 146 and is the structure

to which the arrays 30 are attached. Each array 30 has a
corresponding photodetector 149 which measures the output
characteristics of the emitted light. As shown best in FIG.
3C. the emitted light reflects partially on‘ the inside surface
of the window 150 and then hits the photodetector 149. The
photodetector 149 may measure the power of the reflected
light which corresponds to the output power of the entire
array 30. Alternatively. the photodetector 149 may be of a
more advanced type that measures the output wavelength of
the reflected beam which corresponds to the output wave-
length of the emitted output.

The processor 143 as shown includes a memory portion
which allows basic information to be stored therein (extreme
operating temperatures. input powers. etc.) If a larger
amount of information is to be stored. then it may be
desirable to include a separate memory chip on the PCB 146.
like the memory device 42 in FIG. 2. and couple it to the
processor 143 for storing the additional data. This may be
required when the operational history of the laser diode
array 30 is to be recorded

The processor 143 is coupled to the temperature sensor
144 and to the photodetectors 149 through traces on the PCB
146. The processor 143 is also coupled to an external
operating system through contact pads 147. In this way. the
processor 143 determines the appropriate drive levels to be
supplied by the extemal operating system based on the
conditions it monitors through the temperature sensor 144
and the photodetectors 149. The processor 143 also instructs
the external operating system to supply the coolant at a
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temperature and a rate that maintains the temperature of the
temperature sensor 144 at the desired value. The processor
143. therefore. provides a self-calibrating system in that any
deviations seen in the output power and wavelength can be
altered by instructing the operating system to change the
input drive parameters and the coolant characteristics.

The processor 143 would typically be an Application
Specific Integrated Circuit (ASIC) or a hybrid. custom-
manufactured model.

FIGS. 4A and 4B illustrate an assembly 180 having a
single array 182. a processor 184. a photodetector 186. and
a temperature sensor 188. The array 182 holds substantially
more bars than arrays 10 and 30 of FIGS. 1A and 1B. The
photodetector 186 and the temperature sensor 188 are
mounted on a PCB 190 and are coupled to the processor 184
which is also mounted on the PCB 190. The array 182 is
mounted to a heat sink 189 below the PCB 190. Power is

supplied to the array 182 via a pair of contacts 192 and 194
which are coupled to the array 182 via leads 192a and 194a.
A trace l94b runs within the PCB 190 from the lead 194a to

the endcap of the array 182 adjacent the photodetector 186.

The processor 184 has internal memory portion with
enough capacity to perform the required tasks. Alternatively.
a memory device can be mounted on the PCB 190 and
coupled to the processor 184.

Also connected to the processor 184 is a circuit 196 which
limits high power being received by the processor 184. This
circuit 196 is coupled to the input power leads and allows the
processor 184 to determine the voltage drop across the array
182 or the current therethrough. Because the array 182 is
usually coupled in series with a field efiect transistor (FET)
and a known voltage drop occurs across the diode array 182
and the FET. the processor 184 could also monitor the
voltage drop across the PET to determine the voltage drop
across the array 182. The change in the voltage drop across
the array 182 is indicative of a failure of the individual laser
diode bars within the array 182. The circuit 196 may include
a fuse for guarding against high voltage or high current.

The use of such a circuit 196 also permits the counting of
each shot supplied to the array 182 or the amount of on—time
if array 182 is a CW laser. Thus. the processor 184 would
count and store these values.

Although the circuit 196 has been described as one which
measures the voltage drop across the array 182 or counts
shots. it could also include :1 reverse-bias sensor (possibly an
electrical diode) that permits the flow of current in one
direction. If a voltage is applied in the wrong direction. then
the current will flow through the electrical diode instead of
the array 182 which decreases the likelihood of any harm to
the array. Thus. the processor 184 can monitor the occur-
rence of a reverse-bias fault.

The circuit 196 can also include components for moni-
toring a electrostatic discharge across the array 182. Thus.
the processor 184 could monitor this circuit 196 for such an
event and record it as well.

FIG. 5 illustrates an assembly 200 having a single array
202. a memory device 204. a photodetector 206. and a
temperature sensor 208. These memory device 204 and the
photodetector 206 are mounted on a PCB 210 while the
array is mounted on a heat sink on the bottom of the PCB
210. Thus. this single-array assembly 200 does not have the
processing capability of assembly 180 in FIG. 4. Instead.
assembly 200 supplies to the external operating system the
operational information needed to operate the array 202.
Also. the memory device 204 can be configured to receive
and record information (fault conditions. operating
conditions. etc.) from the external operating system.
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The extemal operating system communicates with the
memory device 204 by the contact pads 212 at the edges of
the PCB 210. Likewise. the external operating system com-
municates with the photodetector 206 and the temperature
sensor 208 via the pads 212.

FIG. 5 also illustrates the geometrical configuration of the
assembly 200. The emitting surfaces of the laser diode array
202 are within an area defined by LDY multiplied by LDX.
The area of the PCB 210 is defined PCBX multiplied by
PCBY. It is desirable to keep the ratio of the PCB area to the
emitting area as low as possible such that the assembly 200
having these additional components (e.g. sensors. memory
devices. processors. etc.) is not much larger that just the
array. This is important for retrofitting purposes. Generally.
the ratio of the PCB area to the emitting area is less than
approximately 10 to 1. In a preferred embodiment. the ratio
is in the range from about 5 to 1 to about 7 to 1. When a
connector is added to the PCB 210 (see FIGS. 7 and 9
below). the ratio is less than about 14 to 1.

FIG. 6 illustrates an assembly 230 having six arrays 30
which is very similar to the assembly 140 shown in FIGS.
3A—3C. However. the processor 232 is coupled to the
contacts 233 and 234 through circuits 236 and 238. These
circuits 236 limit the high power to the processor 232 so as
to allow the processor 232 to determine the voltage drop
across the six arrays 30.

Again. circuits 236 and 238 may instead. or in addition to
what is described above. provide for electrostatic discharge
sensing.

Circuits 236 and 238 may also be used for counting the
shots of a pulsed laser or the on-time for a CW laser since
the processor 232 can receive a signal from these circuit
each time power is supplied to the assembly 230.
Altematively. if circuits 236 include an electromagnetic
sensor (e.g. a Hall’s Effect sensor) then they just need to be
in close proximity to the arrays 30 or the contact pads 233
and 234 such that each time a high-current pulse is supplied
to the assembly 200. the Hall’s Effect sensor is tripped by the
resultant electromagnetic field. The processor 232 then
receives the signal after each shot.

The arrays 30 have a finite life which is in a large part a
function of the temperature at which they are operated and
the power is supplied thereto. Because the processor 232
monitors both the temperature and the input power. the
processor 232 can compare these values to a range of
standard. assumed. operating conditions. Then. the proces-
sor 232 modifies the estimated life at a predetermined rate
programmed in the processor 232 based on the actual
conditions under which the arrays 30 are being operated. In
a preferred embodiment. not only would the processor 232
inform the extemal operating system of the amount of
service that is remaining. but the processor 232 would also
inform the external operating system of the amount that the
estimated life has been adjusted based on the actual oper-
ating conditions.

FIG. 7 illustrates an assembly 250. similar to the one
shown in FIGS. 2A—2D. that is mounted on a heat exchanger
252 having an inlet port 254 and an outlet port 256. The
assembly 250 further includes a connector 258 to which the
extemal operating system is coupled. The arrays 30 are
connected to the heat sink 257 of the PCB 259. The heat sink

257 of the PCB 259 is mounted on the heat exchanger 252
by a series of fasteners 260.

The connector 258 is coupled to a memory device 261. to
a sensor 262 (i.e. one of the types discussed thus far). and to
power supply contact pads 264 and 266. Each of these
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devices is mounted on the PCB 259 and is coupled to the
connector 258 through traces located on the PCB 259. The
connector 258 provides for an easy connection between the
assembly 250 and the extemal operating system.

FIG. 8 illustrates an alternative embodiment in which an

assembly 290 includes a PCB 292 that is located in a plane
that is generally perpendicular to the emitting surfaces of
arrays 30. Consequently. the arrays 30 are elevated slightly
from a base 294 which attaches the assembly 290 to a heat
exchanger. Again. the assembly 290 includes a memory
device 296 and two sensors 297 and 298. Typically. sensor
298 is a temperature sensor and sensor 297 is a photode-
tector. Each of the sensors 297 and 298 and the memory
device 296 are coupled to contact pads 299 at the end of the
PCB 292 through t1'aces (not shown) in the PCB 292. The
assembly 290 communicates with the external operating
system through these contact pads 299.

FIG. 9 illustrates the assembly 250 of FIG. 7 installed in
the external operating system. Thus. a system controller 300
is coupled to drive electronics 302 which supply the elec-
trical power needed to operate the diode arrays 30. The
system controller 300 is also coupled to a chiller 304 which
supplies the cooling fluid to the heat exchanger 252 (FIG. 7).
The system controller 300 receives operational information
from the memory device 261 via the connector 258. For
example. the operational information received from the
memory device 261 may inform the controller 300 that to
obtain X watts of output power at 808 nanometers. the
temperature at the temperature sensor 262 must be 31° C.
and the arrays must be driven at 110 amps with a rate of 30
Hz. and a pulse width of 220 microseconds. The system
controller 300 then causes the drive electronics 302 to

supply the requested input power and causes the chiller 304
to provide coolant at a rate and a temperature that will
maintain sensor 262 at 31 °C.

Although the cooling system has been described as a
chiller 304. the system could also be one which utilizes
solid-state thermoelectric coolers such as those manufac-

tured by Marlow Industries of Dallas. Tex. The cooling
capacity of these devices varies as a function of the input
power. Thus. the system controller 300 would control the
electrical power to the thermoelectric coolers such that their
cooling capacity would result in the desired temperature at
the arrays 30.

The controller 300 also may store in the memory device
261 operational conditions if the configuration of the
memory device 211 allows for this information. Thus. the
controller 300 could record to the memory device 261
extreme operating conditions (temperature. humidity. shock.
vibration. the amount of on-time or the number of shots.

etc.). extreme non-operating conditions (temperature.
humidity. shock. vibration). extreme input powers (current.
voltage. duty cycle. etc.). and fault conditions (coolant
non-flow condition. electrostatic discharge. over-
temperature fault. over-power fault. reverse-bias faults).
Clearly. sensors (vibration sensors. shock sensors. humidity
sensors. etc.) which measure these types of operating con-
ditions would need to be incorporated onto the PCB or be
adjacent the assembly 250 and monitored by the cont:roller
300.

If a processor is used on the assembly 250. then the
processor may monitor these sensors instead of the control-
ler 300 monitoring them. Additionally. a processor could
monitor the output of the assembly 250 and provide real-
time modifications to the instructions sent to the system
controller 300. Thus. the basic operating information stored
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in the memory device 261 would serve as a starting point for
operation and be modified based on the conditions sensed by
the sensors and monitored by the processor.

FIG. 10 is a schematic illustrating a concept similar to
what is shown in FIG. 9 except that the external operating
system 330 is coupled to multiple assemblies 332. 334. 336
to produce the desired output. For example. the desired
output from each assembly may by X watts at 808 nanom-
eters. The operating system 330 then receives information
from each assembly 332. 334. and 336 through the data
interface lines which indicates the temperature and input
power require to produce this output. Each assembly 332.
334. and 336 will usually require slightly difierent operating
parameters (e.g. 33° C.. 36° C.. and 32° C.; or 105A. 108A.
and 101A) to achieve the desired output. Consequently. the
operating system 330 supplies coolant and input power at
difierent levels to each assembly 332. 334. and 336. The
operating system 330 may monitor sensors on the assem-
blies 332. 334. 336 through the sensor lines. Alternatively. if
a processor is present on each of the assemblies 332. 334.
336. the processor may monitor the sensors and instruct the
operating system 330 accordingly through the data interface
lines.

The present invention is quite useful for numerous rea-
sons. For example. one of the main factors alfecting yield
and. therefore. the cost of laser diode pump arrays. is
selecting only laser diode bars within a small spectral range
for incorporation into one array. There is a significant cost
savings if it is possible to use pump arrays which have a
larger range in their peak emission spectra. since the system
control electronics will be able to compensate for the array’s
spectral differences by using the stored thermal and spectral
(wavelength) information. Furthermore. storing the thermal!
spectral data within the assembly considmably simplifies
replacement of a used or damaged assembly by allowing for
the automatic compensation for the new assembly by merely
accessing this data within the assembly’s memory device.
There is no longer the need to build a replacement array that
exactly matches the used or damaged array.

Because the shot count or timer is integral with the
assembly. rather than with the external control system
electronics. the records are accurately maintained And. a
simplified way of recording significant events (faults.
extreme conditions. etc.) is provided. Consequently. the
need for meticulously recording this type of information on
paper is obviated and. therefore. the integrity of the opera-
tional information on the array is greatly improved. Access-
ing this information from the memory device of the assem-
bly is also useful for later analyzing the problems experience
by the assembly.

The safety features of the assembly are greatly improved
by providing in-situ monitoring of such operating conditions
such as the array’s voltage. temperature. ambient humidity.
and the occurrence of fault conditions. This information can

be used to shut-down the assembly to avoid damage to the
assembly or injury to the operator of the assembly.

Each of these embodiments and obvious variations

thereof is contemplated as falling within the spirit and scope
of the invention. which is set forth in the following claims.

What is claimed is:

1. A modular laser diode array assembly. comprising:
at least one laser diode array having a plurality of laser

diodes. each of said plurality of laser diodes being in
electrical Contact with at least one other of said plural-
ity of laser diodes;

an intermediate structure to which said at least one laser

diode array is attached;
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a memory device mounted on said intermediate structure
for storing operating information for said at least one
laser diode array. said memory device for communi-
cating with an external operating system.

2. The modular laser diode array assembly of claim 1.
wherein said operating information includes the serialization
identity of said at least one laser diode array.

3. The modular laser diode array assembly of claim 1.
wherein said operating irtformation includes an estimate of
output energy degradation over the service life of said at
least one laser diode array.

4. The modular laser diode array assembly of claim 1.
wherein said operating information includes a wavelength of
output energy as a function of temperature of said at least
one laser diode array.

5. The modular laser diode array assembly of claim 1.
wherein said operating information includes output energy
of said at least one laser diode array as a function of input
power.

6. The modular laser diode array assembly of claim 1.
wherein said extemal operating system records in said
memory device updated operating information based on the
performance of said at least one laser diode array.

7. The modular laser diode array assembly of claim 1.
wherein said extemal operating system records in said
memory device operating conditions experienced by said at
least one laser diode array.

8. The modular laser diode array assembly of claim 7.
wherein said operating conditions include a maximum tem-
perature of said at least one laser diode array.

9. The modular laser diode array assembly of claim 7.
wherein said operating conditions include a maximum
power supplied to said at least one laser diode array.

10. The modular laser diode array assembly of claim 7.
wherein said operating conditions include a total on-time or
shot-count of said at least one laser diode array.

11. The modular laser diode array assembly of claim 7.
wherein said operating conditions include a maximum ambi-
ent condition to which said at least one laser diode array is
subjected.

12. The modular laser diode array assembly of claim 7.
wherein said operating conditions include a fault condition
experienced by said at least one laser diode array. said fault
condition being one of the group consisting of a reverse—bias
fault. a coolant flow fault. an extreme power input fault. an
extreme temperature fault. and an electrostatic discharge
fault.

13. The modular laser diode array assembly of claim 7.
wherein the time that one of said operating conditions said
operating conditions occurs is recorded in said memory
device.

14. The modular laser diode array assembly of claim 1.
further including a temperature sensor for providing said
extemal operating system with a temperature of said at least
one laser diode array.

15. The modular laser diode array assembly of claim 14.
wherein said external operating system includes means to
remove heat from said at least one laser diode array. said
extemal operating system controlling the operation of said
heat removal means in response to said temperature moni-
tored via said temperature sensor.

16. The modular laser diode array assembly of claim 1.
further including an optical sensor for providing said exter-
nal operating system with optical characteristics of said
array.

17. The modular laser diode array assembly of claim 1.
wherein said intermediate structure includes a printed circuit
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board on which said memory device is mounted. said printed
circuit board further having a surface on which said at least
one laser diode array is mounted.

18. The modular laser diode array assembly of claim 17.
wherein said at least one laser diode array includes an
emitting surface. said emitting surface being in a plane that
is askew with said printed circuit board.

19. The modular laser diode array assembly of claim 17.
wherein said printed circuit board includes a connector to
which said external operating system is coupled.

20. A modular laser diode array assembly. comprising:

at least one laser diode array having a plurality laser
diodes. each of said plurality of laser diodes being in
electrical contact with at least one other of said plural-
ity of laser diodes;

an intermediate structure to which said at least one laser

diode array is mounted;

at least one sensor for sensing operating conditions expe-
rienced by said at least one laser diode array;

a memory device for storing operating information of said
at least one laser diode array and being mounted on said
intermediate structure; and

processing means being mounted on said intermediate
structure and being coupled to said at least one sensor
for monitoring said operating conditions. said process-
ing means being coupled to said memory device and to
an extemal operating system

21. The modular laser diode array assembly of claim 20.
wherein said operating information includes the serialization
identity of said at least one laser diode array.

22. The modular laser diode array assembly of claim 20.
wherein said operating information includes an estimate of
output energy degradation over the service life of said at
least one laser diode array.

23. The modular laser diode array assembly of claim 20.
wherein said operating information includes a wavelength of
output energy as a function of temperature of said at least
one laser diode array.

24. The modular laser diode array assembly of claim 20.
wherein said operating information includes output energy
of said at least one laser diode array as a function of input
power.

25. The modular laser diode array assembly of claim 20.
wherein said memory device is integral with said processingmeans.

26. The modular laser diode array assembly of claim 20.
wherein said processing means records said operating con-
ditions sensed by said at least one sensor in said memory
device.

27. The modular laser diode array assembly "of claim 26.
wherein said recorded operating conditions include a maxi-
mum temperature of said at least one laser diode array.

28. The modular laser diode array assembly of claim 26.
wherein said recorded operating conditions include a maxi-
mum power supplied to said at least one laser diode array.

29. The modular laser diode array assembly of claim 26.
wherein said recorded operating conditions include a total
on-time or shot-count of said at least one laser diode array.

30. The modular laser diode array assembly of claim 26.
wherein said recorded operating conditions include a maxi-
mum ambient condition to which said at least one laser diode

array is subjected.
31. The modular laser diode array assembly of claim 26.

wherein said operating conditions include a fault condition
experienced by said at least one laser diode array. said fault
condition being one of the group consisting of a reverse-bias

10

15

20

25

30

35

45

50

SS

65

14

fault. a coolant flow fault. an extreme power input fault. an
extreme temperature fault. and an electrostatic discharge
fault.

32. The modular laser diode array assembly of claim 20.
wherein said at least one sensor includes a temperature
sensor measuring a temperature of said at least one laser
diode array.

33. The modular laser diode array assembly of claim 20.
wherein said at least one sensor includes an optical sensor
for measuring the output energy of said at least one laser
diode array.

34. The modular laser diode array assembly of claim 20.
wherein said at least one sensor includes an optical sensor
for measuring the output wavelength of the output energy of
said at least one laser diode array.

35. The modular laser diode array assembly of claim 20.
wherein said at least one sensor includes a voltage sensor for
measuring the voltage across said at least one laser diodearra .

36. The modular laser diode array assembly of claim 20.
wherein said at least one sensor includes a current sensor

positioned between said power contacts pads for measuring
the current through said at least one laser diode array.

37. The modular laser diode array assembly of claim 35.
wherein said voltage sensor includes a fuse for relieving a
high-voltage condition.

38. The modular laser diode array assembly of claim 36.
wherein said current sensor includes a fuse for relieving a
high-current condition.

39. The modular laser diode array assembly of claim 20.
wherein said processing means instructs said external oper-
ating system to drive said at least one laser diode array at a
power level delineated by said operating information stored
in said memory device.

40. The modular laser diode array assembly of claim 39.
wherein said power level is updated based on said operating
conditions monitored by said processing means via said at
least one sensor.

41. The modular laser diode array assembly of claim 40.
wherein said sensor is a temperature sensor measuring a
temperature of said at least one laser diode array.

42. The modular laser diode array assembly of claim 40.
wherein said sensor is an optical sensor measuring optical
characteristics of said at least one laser diode array.

43. The modular laser diode array assembly of claim 20.
wherein said external operating system includes means to
remove heat from said at least one laser diode array and said
at least one sensor includes a temperature sensor. said
processing means instructing said external operating system
to operate said heat removal means at a specified level in
response to a temperature monitored via said temperature
sensor.

44. The modular laser diode array assembly of claim 20.
wherein said intermediate structure includes a printed circuit
board on which said memory device and said processing
means are mounted. said printed circuit board further having
a surface on which said at least one laser diode array is
mounted

45. The modular laser diode array assembly of claim 44.
wherein said at least one laser diode array includes an
emitting stuface. said emitting surface being in a plane that
is askew with said printed circuit board.

46. The modular laser diode array assembly of claim 44.
wherein said at least one sensor is mounted on said printed
circuit board.

47. The modular laser diode array assembly of claim 44.
wherein said printed circuit board includes a connector to
which said external operating system is coupled.
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48. The modular laser diode array assembly of claim 44.
wherein said at least one sensor includes a temperature
sensor and an optical sensor. said temperature sensor and
said optical sensor being mounted on said printed circuit
board.

49. The modular laser diode array assembly of claim 20.
further including a window disposed above an emitting
stuface of said at least one laser diode array.

50. A modular laser diode array assembly. comprising:

at least one laser diode array having a plurality laser
diodes. each of said plurality of laser diodes being in
electrical contact with at least one other of said plural-
ity of laser diodes. said at least one laser diode array
having an emitting region where energy is emitted from
each of said laser diode arrays. said emitting region
defining an emitting area;

a printed circuit board mechanically coupled to said at
least one laser diode array. said printed circuit board
including a plurality of contact pads and having a board
area. the ratio of said board area to said emitting area
being less than approximately 10.

a memory device for storing operating information on
said plurality of laser diodes and being mounted on said
printed circuit board. said memory device being
coupled to said plurality of processing contact pads for
communicating with an extemal operating system.

51. The modular laser diode array assembly of claim 50.
wherein said ratio is in the range from about 5 to about 7.

52. The modular laser diode array assembly of claim 50.
further including at least one sensor for monitoring an
operating condition of said at least one laser diode array. said
sensm being electrically coupled to said printed circuit
board.

53. The modular laser diode array assembly of claim 52.
further including processing means monitoring said at least
one sensor and being coupled to said external operating
system.

54. The modular laser diode array assembly of claim 53.
wherein said printed circuit board includes a connector
thereby increasing the area of said board to a second area.
the ratio of said second area to said emitting area being
increased to approximately 14.

55. A method of operating a laser diode array comprising
the steps of:

providing a laser diode array having an associated
memory device;

storing operating data for said laser diode array in said
associated memory device;

assembling said laser diode array into an operating system
having drive electronics and a controller. said drive
electronics being coupled to said laser diode array. said
controller being coupled to said drive electronics and to
said associated memory device;

instructing said controller to retrieve said operating data
from said associated memory device; and

powering said drive electronics at an electrical drive state
corresponding to said operating data to produce output
energy from said laser diode array.

56. The method of claim 55. further including the steps of:

monitoring an operating condition of said laser diode
array with at least one sensor;

selecting other operating data in response to said operat-
ing condition monitored by said at least one sensor: and
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instructing said controller to retrieve said other operating
data so as to modify said electrical drive state.

57. The method of claim 56. wherein said at least one

sensor is a temperature sensor measuring a temperature of
said laser diode array.

58. The method of claim 56. wherein said at least one

sensor is an optical output sensor for monitoring the output
energy of said laser diode array.

59. The method of claim 56. wherein said at least one

sensor is a wavelength sensor for monitoring a wavelength
of the output energy of said laser diode array.

60. The method of claim 55. wherein said operating data
is capable of being extemally altered throughout the lifetime
of said laser diode array.

61. The method of claim 60. wherein said controller of

said operating system alters said operating data by recording
in said memory device updated operating data.

62. The method of claim 56. wherein said at least one

sensor includes a temperature sensor and said other operat-
ing data includes output energy as a function of temperature.

63. The method of claim 55. wherein said associated

memory device is integral with said laser diode array.
64. A method of determining an operating history of a

laser diode array comprising the steps of:

providing a laser diode array assembly having an integral
memory device;

assembling said laser diode array into an operating system
having drive electronics and a controller. said drive
electronics being coupled to said laser diode array. said
controller being coupled to said drive electronics and to
said integral memory device;

powering said drive electronics to produce output energy
from said laser diode array;

monitoring operating conditions of said laser diode array;
and

recording said operating conditions in said integral
memory device.

65. The method of claim 64. further including a step
recording a serialization identity of said laser diode array
assembly in said memory device.

66. The method of claim 64. wherein said step of moni-
toring said operating conditions includes the step of sensing
said operating conditions with at least one sensor integrally
packaged with said laser diode array assembly.

67. The method of claim 66. wherein said laser diode

assembly further includes processing means coupled to said
memory device and to said sensor. said processing means
monitoring said operating conditions via said sensor and
recording said operating conditions in said integral memory
device.

68. The method of claim 66. wherein step of recording
said operating conditions includes the step of said controller
monitoring said at least one sensor and said step ofrecording
said operating conditions is accomplished by said controller.

69. The method of claim 64. wherein said step of moni-
toring said operating conditions includes the step of sensing
said operating conditions with a sensor positioned adjacent
to said laser diode array.

70. The method of claim 64. wherein said step of moni-
toring and recording said operating parameters further
includes the step of monitoring and recording an amount of
total on—time or shot—eount of said laser diode array.

71. A method of predicting an operating life of a laser
diode array comprising the steps of:
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(a) providing a laser diode array having an integral
memory device;

(b) recording in said memory device an estimated life
based on a standard operating temperature and a stan-
dard input power;

(c) assembling said laser diode array into an operating
system having drive electronics and a controller. said
drive electronics being coupled to said laser diode
array. said controller being coupled to said drive elec-
tronics and to said integral memory device;

(d) powering said drive electronics to produce output
energy from said laser diode array;

(e) monitoring an actual operating temperature and an
actual input power;

(f) comparing said actual input power to said standard
input power;

(g) comparing said actual operating temperature to said
standard operating temperature; and

(h) adjusting said estimated life to an adjusted estimated
life based on steps (f) and (g).

72. The method of claim 71. wherein said estimated life

is given in a value of number of shots.
73. The method of claim 71. wherein said steps (e) though

(h) are repeated when at least one of said actual input power
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and said actual operating temperature is outside a predeter-
mined range. said standard input power and said standard
operating temperature being within said predetermined
range.

74. The method of claim 71. further including the step of

instructing said controller of operating system of said
adjusted estimated life.

75. The method of claim 71. further including the steps of:

monitoring an amount of total on-time or shot-count of
said laser diode array;

periodically instructing said controller of operating sys-
tem of the difference between said amount of total

on-time or shot-count and said adjusted estimated life.
76. The method of claim 71. wherein said steps (b). (e).

and (g) further include. respectively. the steps of:

recording in said memory device an estimated life based
on standard ambient condition;

monitoring an actual ambient condition; and

comparing said actual ambient condition to said standard
ambient condition.
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1
LASER DRIVER WITH TEMPERATURE
SENSOR ON AN INTEGRATED CIRCUIT

This application claims benefit of Provisional application
Ser. No. 60,012,378 filed Feb. 27, 1996.

TECHNICAL FIELD

This invention relates generally to laser drivers or
transmitters, and particularly to laser drivers having tem-
pcraturc compensation.

BACKGROUND OF THE INVENTION

The optical output (light) of a laser diode or laser is a
nonlinear function of the current driving the laser. The
light-current characteristic of a laser is also temperature
dependent. The minimum driving current that causes the
laser to operate in a lasing mode is known as the threshold
current. Over the temperature operating range of a laser,
higher operating temperatures require higher threshold cur-
rents to cause the laser to operate in a lasing mode.
Correspondingly, lower operating temperatures require
smaller threshold currents to cause the laser to operate in a
lasing mode. The threshold current is a function of the
operating temperature of the laser and may vary as much as
an order of magnitude over the temperature operating range
of the laser.

Integrated circuits are employed to modulate data onto the
laser output. The laser is turned on and oif by a driving
current commensurate with the data to be modulated. The

driving current is generally comprised of two components,
a bias current that maintains the laser at the edge of
operating in the lasing mode and a modulation current. The
bias current has been controlled to be the threshold current

of the laser. Since a laser will not operate in the lasing mode
until the threshold current has been reached (or exceeded) it
is important that the bias current be controlled precisely to
be the threshold current at the temperature at which the laser
is operating. Should the bias current fall below the threshold
current, an unacceptable laser turn—on delay occurs. A turn-
on delay is particularly undesirable when the laser operates
at high switching speeds. A bias current higher than the
threshold current is also undesirable because an extinction

ratio problem is introduced into the laser output. An extinc-
tion ratio problem occurs when the light emitted by the laser
should decrease to zero, and not be offset from zero, when
the modulation current component of the laser drive circuit
is zero, however the light emitted by the laser does not
decrease to zero due to the bias current being higher than the
threshold current. It is thus desirable to maintain the bias

current precisely at the threshold current level for the
temperature at which the laser is operating.

In one known bias current control technique, such as
disclosed in U.S. Pat. No. 5,019,769, a laser and backface
diode are mounted on a thermoelectric cooler. The thermo-

electric cooler maintains the laser operating temperature at
a controlled set point. A laser temperature sensor, also
mounted on the thermoelectric cooler, senses the tempera-
ture of the thermoelectric cooler which is the same tempera-
ture as the operating temperature of the laser. A laser
controller employs a programmed microcontroller to sense
the laser temperature, control the thermoelectric cooler (and
hence the laser temperature), and control the process of
turning on and selecting the operating point of the laser.
Using a thermoelectric coder introduces additional cost and
requires more complex controls.

In another known technique, a temperature compensating
circuit is mounted in thermal contact with the laser. A

10

20

30

35

40

45

50

55

60

65

2

temperature compensating circuit produces a current com-
ponent for driving the laser that is proportional to the
operating temperature of the laser. This technique varies the
laser drive current to compensate for temperature variations,
without the need for a thermoelectric cooler.

SUMMARY OF THE INVENTION

In accordance with the present invention, a drive current
for a laser driver is generated by monitoring the temperature
of an integrated circuit that generates drive current for the
laser. The temperature sensed at the integrated circuit is
transformed to a corresponding temperature at the laser. A
drive current is generated for the laser that is dependent on
the corresponding temperature at the laser.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described by way of example in
which:

FIG. 1 is a block diagram illustration of a laser package,
including control electronics, in accordance with the present
invention;

FIG. 2 is a schematic diagram of a portion of the control
electronics in the block diagram of FIG. 1;

FIG. 3 is a graphical illustration of the optical output of
a laser, L, for a given drive current, i, at three temperatures
over the operating temperature range of a laser; and

FIG. 4 is a electrical representation of a thermodynamic
model of a laser transmitter package that may be used to
analytically determine, from a temperature at the integrated
circuit, a corresponding temperature at the laser over the
operating temperature range of the laser.

DETAILED DESCRIPTION

An illustrative embodiment of a laser driver 10 in accor-

dance with the present invention is shown in FIG. 1. Laser
driver 10 is enclosed in a package 12 which is represented
symbolically. Laser driver 10 includes a laser 14, a backface
diode 16, an integrated circuit 18 providing a multiplicity of
functions, and a look-up table 20 such as an electrically
erasable programmable read only memory (EEPROM). A
remotely sensed temperature at integrated circuit 18 is
translated through data stored in look-up table 20 to a
corresponding temperature at laser 14, and laser 14 is
controlled in response to the corresponding temperature at
the laser. Laser driver 10 may also include a lens 22 for
focusing light emitted by laser 14.

Laser 14 has a front facet 24 from which coherent light 26
is emitted. The coherent light, which may be passed through
lens 22, is passed into a fiber 28 for transmission. A small
portion of the light emitted from laser 14 is emitted from rear
facet 30. Aportion 32 of the light emitted from rear facet 30
impinges on backface diode 16. Since the optical power
output from front facet 24 of laser 14 is proportional to the
optical power output from rear facet 30, backface diode 16
continuously monitors the optical power output by laser 14.
The optical power output by laser 14 can be correlated to
heat generated by laser 14. Backface diode 16 provides a
signal, such as a current, over a conductor 34 to the control
portion 36 of integrated circuit 18.

The temperature within package 12 has local variations.
There is not a single temperature within package 12. Some
components generate or dissipate more heat than other
components, and some regions of the package may dissipate
heat transferred to it from heat generating components more
readily than other regions of the package. In accordance with
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the present invention, a temperature is measured on an
integrated circuit 18 within package 12 of laser driver 10,
remotely relative to laser 14. Thus, the temperature of laser
14 is not measured. The measured temperature may be less
than or greater than the temperature of laser 14. Typically,
the measured temperature will be lower than the temperature
of laser 14. The temperature is measured by a temperature
sensor 38 on integrated circuit 18, such as a temperature
sensitive circuit, varying a temperature sensitive parameter.
The temperature sensitive parameter either is or creates a
temperature sensitive signal. In the illustrative embodiment,
the temperature sensitive signal is converted from an analog
form to a digital form in analog-to-digital converter 40 on
integrated circuit 18, which in turn is converted by address
generator 42 to a corresponding address. The address so
generated is used to access look-up table 20 to retrieve data
stored at that address relative to operation of laser driver 10
at a corresponding temperature. Also retrieved may be other
data such as back face monitor setpoint, the value at which
to limit current to the laser should it fail which is the

extremum aging coefficient or current. The aging coefficient
is ratio of the actual laser threshold current, at a given
temperature, to the beginning—of—life threshold current at the
same temperature. This data may represent multiple chan-
nels 44 of data. The data stored in look-up table 20 is
predetermined from a model described below with respect to
FIG. 4. The measured temperature is a temperature on
integrated circuit 18 that corresponds to an operating tem-
perature of laser 14. The data predetermined and stored in
look-up table 20 is based on the temperature at the laser
corresponding to the measured temperature.

The data retrieved from look-up table 20 over channels 44
is provided to control 36 and may include a digital repre-
sentation of the backface diode current set point 46, a digital
representation of the desired bias and modulation currents
48 and 50 at the measured temperature, and maximum
allowed aging coeflicient 52. The current signal generated
by backface diode 16 is digitized by analog-to-digital con-
verter 54 for comparison in comparator 56 to the digital
representation of the backface diode current set point 46
retrieved from look-up table 20. If the digital representation
of the current signal is greater than the backface diode set
point 46, a feedback loop operates in that up-down counter
58 counts down. This correction is used to multiply, in
multipliers 62 and 64, the bias current 48 and modulation
current 50 retrieved from look-up table 20. This reduces the
drive current to laser 14, interalia, reducing the portion of
light 32 emitted from rear facet 30. This feedback loop
eliminates the difference between set point 46 and the digital
representation of the backface diode output. The counter
output, when multiplied with the digital representation of the
bias current, results in a modified bias current 48‘ that is
provided to driver 43, which in turn generates the drive
current to drive laser 14. If the digital representation of the
current signal from backface diode 16 is less than the
backface diode set point 46, the feedback loop operates in
that up-down counter 58 counts up, as limited by maximum
aging coellicient 52 in upper limit 68, increasing its output
to driver 43, which increases the drive current to laser 14 and

in turn increases the portion of light 32 emitted from rear
facet 30. Again, operation of the feedback loop eliminates
the diiference between set point 46 and the digital represen-
tation of the backface diode output.

If appropriate, modulation current 50 for the sensed
temperature is also retrieved from look-up table 20. As
shown in FIG. 2, either or both of the bias current 48 and
modulation current 50 can be modified, such as by multi-
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plication factors M1 and M2 respectively, in multipliers 62
and 64. The age compensated digital representation of bias
current is designated 48'. The age compensated digital
representation of modulation current is designated 50'. Note
that when factors M1 and M2 are set to 1, unmodified bias
current 48 and modulation current 50 are provided to driver
43. The digital representations of bias current 48‘ and the
digital representation of modulation current 50' are provided
driver 43 to be converted to an analog current signal to drive
laser 14. Data to modulate the operation of laser 14 is also
provided to driver 43. The data is used by driver 43 to switch
on and off the modulation current.

Upon power-up of laser driver 10, with the feedback loop
turned off, configuration information is downloaded from
look-up table 20. This is done since the same integrated
circuit and look-up table can be used for various configu-
rations in the physical packaging of laser driver 10. The
predetermined digital representations of drive current stored
in the look-up table are unique to the package and compo-
nents in the package. The temperature is sensed by tempera-
ture sensor 38 and once the temperature is sensed and the
various analog-to-digital and digital-to-analog converters
settle, the feedback loop is turned on to control operation of
laser driver 10.

The optical output, L, of a laser is a nonlinear function of
the forward bias and modulation currents, or drive current,
of the laser as shown in FIG. 3. When drive current is

applied to a laser, the laser does not commence lasing
operation until the drive current reaches a minimum, known
as the threshold current. The threshold current varies among
lasers, with laser aging, and as seen in FIG. 3, also varies
with temperature. FIG. 3 illustrates graphically the threshold
current variation with temperature of the laser being driven,
as well as how the drive current is temperature dependent.
The drive current is illustrated for three temperatures, a low
temperature TL, medium temperature TM and high tempera-
ture TH, over the operating range of the laser. The threshold
current for each of the low, medium, and high temperature
ranges is shown as IL, IM, and IH, respectively.

A thermal model is shown in FIG. 4 that may be used to
analytically evaluate the temperature of the laser based on
the temperature sensed by temperature sensor 38 on inte-
grated circuit 18. FIG. 4 represents a thermal model 400 of
laser driver 10. Node 402 represents the temperature mea-
sured at the integrated circuit 18, temperature sensor 38.
Node 404 represents the temperature at laser 14. Node 406
represents the temperature at the housing or case in which
the laser and integrated circuit are packaged. Node 408
represents the ambient, an infinite reservoir for heat dissi-
pation. Thermal resistance 410 represents the thermal resis-
tance between heat generated in integrated circuit 18 and the
housing or case in which the laser and integrated circuit are
packaged. Current generator 412 represents the heat gener-
ated by the drive circuit, which is a function of the drive
current provided to the laser. Thermal resistance 414 repre-
sents the thermal resistance between heat generated in the
laser and the housing or case in which the laser and
integrated circuit are packaged. Current generator 416 rep-
resents heat generated at laser 14, which is a function of the
laser drive current. Thermal resistance 418 represents a
thermal resistance between the case or housing and the
surrounding ambient.

By varying parameters in model 400, the thermal char-
acteristics of laser driver 10 can be modeled to determine the

appropriate laser drive current for measured temperatures at
integrated circuit 18 under the modeled conditions. While a
more complex thermal model could be employed, applicants
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have found this model to sullice. Model 400 is versatile and

can accommodate many variations in locating the integrated
circuit and laser relative to each other, various packaging
materials and shapes, as well as environmental factors such
as ambient air or forced air environment.

The model equations may be solved in any known manner
by one skilled in the art. Solving the model equations may
be recursive 11ntil a solution converges, as is known in the
art.

While the invention has been described as measuring the
temperature of an integrated circuit that generates drive
current for a laser and converting the temperature of the
integrated circuit to a corresponding temperature at the laser
and generating a drive current for the laser that is a function
of the corresponding temperature at the laser, it should be
readily recognized that once the relationship between the
temperature of the integrated circuit and the corresponding
temperature at the laser is determined, it is not necessary to
generate the actual temperature at the laser. In this manner,
it is contemplated that it is not necessary to generate the
actual temperature at the laser but rather be able to generate
a drive current for the laser that is a function of the

temperature at the laser.

While the invention has been described as predetermining
a plurality of discrete drive currents over a range of corre-
sponding laser temperatures, which suggests a digital
implementation, it is recognized that the invention could be
implemented in a total analog capability.

While the invention has been described as predetermining
digital representations of the bias and modulation current
data for the look-11p table using a thermal model, alterna-
tivcly the digital rcprcscntations of the bias and modulation
current data could be determined by empirical testing.

While the maximum aging current has been disclosed as
limiting the output of an up-down counter when counting up,
the invention is not limited thereto. Other techniques of
implementing the aging coefficient are contemplated within
the scope of the invention.

The invention claimed is:

1. A method of generating a drive current for a laser,
comprising the steps of:

monitoring the temperature of an integrated circuit that
generates drive current for a laser, the integrated circuit
remotely located with respect to said laser;

converting the temperature of the integrated circuit to a
corresponding temperature at the laser; and
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generating a drive current for the laser that is a function
of the corresponding temperature at the laser.

2. The method as recited in claim 1, wherein the convert-
ing step comprises entering a look-up table with a repre-
sentation of the integrated circuit temperature to obtain the
corresponding temperature at the laser.

3. The method as recited in claim 1, wherein the gener-
ating step comprises:

predetermining a plurality of discrete drive currents over
a range of corresponding laser temperatures; and

storing a digital representation of the plurality of discrete
drive currents in a look-up table.

4. The method as recited in claim 3, further comprising
the steps of:

entering the look-up table based on a temperature of the
integrated circuit; and

retrieving from the look-up table a digital representation
of one of the plurality of drive currents that correlates
to the temperature of the integrated circuit.

5. A laser transmitter, comprising
a laser for receiving a drive current and for emitting light

in response thereto;
an integrated circuit for generating the drive current for

the laser and remotely located with respect to said laser,
the integrated circuit comprising a temperature sensing
circuit that senses the temperature of the integrated
circuit, the integrated circuit converting the tempera-
ture at the integrated circuit to a representation corre-
sponding to the temperature at the laser;

a look-up table for receiving the representation corre-
sponding to the temperature at the laser and for gen-
erating a representation of a corresponding drive cur-
rent; and

a driver for converting the representation of the drive
current into a drive current, the drive current provided
to the laser.

6. The laser transmitter as recited in claim 5, wherein the
look-up table is stored in an electrically erasable program-
mable read only memory.

7. The laser transmitter as recited in claim 5, wherein the
representation of the corresponding drive current is a digital
representation.

8. The laser transmitter as recited in claim 7, wherein the
driver is a digital-to-analog converter.

* * $ * *
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1
OPTICAL TRANSMISSION DEVICE AND
METHOD FOR DRIVING LASER DIODE

TECHNICAL FIELD

The present invention relates to an optical transmission
device having a laser diode and a method for driving the
laser diode, and specifically to a technique for optimizing a
driving current of a laser diode even with respect to dete-
rioration in characteristic of the laser diode due to secular

changes, e.g., a technique effective for application to a
digital optical communication system.

BACKGROUND ART

A laser diode emits light when a driving current thereof
exceeds an oscillating threshold current (called simply
threshold current). The intensity or power of emission
thereof is proportional to a modulating current correspond-
ing to the current exceeding the threshold current. In order
to make fast the speed of response of an emitting operation
of the laser diode, the threshold current or a neighboring
current thereof is caused to flow at all times, and the
modulating current is allowed to flow as a pulse current
corresponding to a data signal in form superimposed on the
bias current. As a result, an optical pulse can be generated.

The stable execution of optical communications needs to
hold the intensity of light at its emission constant. At this
time, the emission characteristic of the laser diode greatly
depends on the temperature. Namely, the threshold current
becomes great as the temperature rises. Further, the modu-
lating current necessary to obtain predetermined emission
power becomes also great as the temperature rises. The
emission characteristic of the laser diode is deteriorated due

to secular changes, and the threshold current becomes great
as its using period becomes long. The modulating current
necessary to obtain the predetermined emission power is
also made great. Further, the characteristic changc corre-
sponding to the temperature and secular changes differs
between the threshold current and the modulating current.

In order to cope with such a characteristic change, an auto
power control technique has heretofore been adopted
wherein the mean level of emission power of a laser diode
is detected from a current flowing in a photodiode provided
so as to be opposed to the laser diode and a bias current is
increased by the amount equivalent to a reduction in the
detected level, whereby fixed emission power can be
obtained. Japanese Patent Application Laid-Open No. Hei
8-204268 is known as an example of a reference in which
the present technique has been described.

In the above-described prior art, however, only the bias
current is changed and no modulating current is controlled.
Therefore, if the bias current exceeds the threshold current,
then a quenching failure occurs. If the bias current is
excessively smaller than the threshold current in reverse,
then a quenching delay occurs. In a word, the prior art
merely controls the sum of the bias current and the modu-
lating current with respect to changes in threshold current of
the laser diode and modulating current for obtaining fixed
emission power of the laser diode due to a change in
temperature and secular changes.

On the other hand, a technique for controlling a driving
current of a laser diode while paying attention to both
changes in threshold current corresponding to the tempera-
ture and modulating current for obtaining fixed emission
power has been described in Japanese Patent Application
Laid-Open No. Hei 6-61555. Namely, current ratio control
data defining the ratio between the optimum bias current and

10

20

30

35

40

45

50

55

60

65

2

modulating current for each operating temperature of the
laser diode is prepared in a ROM or the like. The current
ratio control data is read from the ROM in accordance with

the result of detection of the operating temperatures of the
laser diode, and reference is made to the driving current of
the laser diode subjected to auto power control, whereby the
bias current and modulating current are determined accord-
ing to the current ratio control data with respect to the
driving current.

However, the aforementioned prior art has no taken into
consideration the deterioration in characteristic of the laser

diode due to the secular changes. According to the discus-
sions of the present inventors, it was revealed that if a
distinction between whether an increase in driving current
by the auto power control results from a change in ambient
temperature and whether it results from deterioration in
characteristic of the laser diode due to the secular changes
would not be done, it was difficult to optimize both the bias
current and the modulating current.

Further, the wavelength of output light also varies with the
deterioration of the laser diode. This occurs because the laser

diode is deteriorated and the driving current for obtaining
the required optical output increases to thereby increase the
temperature of an active layer of the laser diode and shift the
output wavelength to the long-wave side. If the temperature
of the active layer is lowered, then the wavelength of the
optical output is shifted to the short-wave side. Such changes
in wavelength cause a recognition error of a transmission
signal in, for example, a system for performing wavelength-
division multiplexing transmission.

An object of the present invention is to provide an optical
transmission device capable of improving the reliability of
light—based information transmission.

Another object of the present invention is to provide an
optical transmission device which reduces a quenching
failure and an emission delay to the minimum with respect
to deterioration in characteristic of a laser diode due to a

change in ambient temperature and secular changes to
thereby make it possible to hold an optical output constant.

A further object of the present invention is to provide a
method of reducing a quenching failure and an emission
delay to the minimum with respect to deterioration in
characteristic of a laser diode due to a change in ambient
temperature and secular changes to thereby drive the laser
diode.

A still further object of the present invention is to provide
an optical transmission device capable of relaxing a change
in the wavelength of ar1 emission output.

DISCLOSURE OF THE INVENTION

An optical transmission device according to the present
invention comprises a laser diode, a current supply circuit
for supplying a bias current and a modulating current
superimposed on the bias current to the laser diode as
driving currents, an automatic optical output control circuit
for supplementing the shortage of the driving currents so
that emission power of the laser diode is held constant, a
temperature detection circuit for detecting an ambient tem-
perature of the laser diode, memory means storing driving
control data for determining a modulating current and a bias
current necessary to obtain predetermined emission power
therein for each predetermined temperature, and control
means for obtaining driving control data corresponding to
the temperature detected by the temperature detection circuit
from the memory means, controlling each driving current to
be supplied from the current supply circuit to the laser diode,
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based on the obtained driving control data, measuring each
driving current actually supplied to the laser diode whose
emission power is held constant by the automatic optical
output control circuit, detecting whether the difference
between the measured driving current and a driving current
determined according to the driving control data correspond-
ing to the detected temperature at that time exceeds an
allowable range, and updating the driving control data
related to the corresponding temperature, on the memory
means so that the difference between the driving currents is
defined as each of increases in bias current and modulatingcurrent.

The range allowable for the increase in driving current is
a range in which a quenching failure and an emission delay
substantially show no problem when automatic optical out-
put control is effected on a driving current formed by driving
control data at a given temperature, for example. This can be
defined as a current corresponding to about a few % of the
driving current, for example.

According to the above-described means, the driving
control data corresponding to the detected temperature is
used to control the driving current of the laser diode. Upon
determination of the deterioration of the laser diode, the
ambient temperature of the laser diode is further measured
and a decision is made as to whether the difference between

a driving current defined by driving control data correspond-
ing to the newly measured temperature and an actual driving
current formed by the automatic optical output control
exceeds an allowable value. When the difference is found to

exceed the allowable value, it is determined that the dete-
rioration of the laser diode has been advanced. Thus, a
distinction between whether the increase in driving current
due to the automatic optical output control results from the
deterioration of the laser diode and whether it results from

a variation in ambient temperature is reliably done. The
driving control data corresponding to the corresponding
temperature is updated based on the difference between the
driving currents used to determine the deterioration of the
laser diode. After the renewal of the driving control data, the
driving current for the laser diode is controlled using the
corresponding updated driving control data. Thus, a quench-
ing failure and an emission delay are limited to the minimum
with respect to both the change in ambient temperature and
the characteristic deterioration of the laser diode due to

secular changes, whereby an optical output can be held
constant.

Once the driving control data is updated, the driving
currents under the corresponding temperature are set as a
bias current and a modulating current determined by the
updated driving control data. The subsequent detection of
the deterioration in the laser diode is carried out by deter-
mining whether the difference between the driving current
determined by the corresponding updated driving control
data and the driving current subjected to the automatic
optical output control exceeds the allowable value. Thus,
when the progress of the deterioration of the laser diode is
detected, the previously-stored driving control data is
renewed into driving control data including information for
defining the newly-acquired amount of correction. Thereaf-
ter, the driving current of the laser diode is determined
according to the updated correction driving control data.

The driving control data comprises initial data for initially
determining the bias current and the modulating current for
each predetermined temperature, and correction data subse-
quently added to the initial data. At this time, the correction
data can be set as data for defining the difference between
the driving currents as each of the increases in bias current
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and modulating current. Described more specifically, the
control means can include data about the difference between

the driving currents and a value obtained by increasing the
difference between the driving currents by a factor of a
constant ratio smaller than 1 in the correction data as data

about an increase in bias current. At this time, the control
means determines a bias current by the sum of the initial bias
current data included in the initial data and the data about the
increase in bias current included in the correction data when

the driving current for the laser diode is determined based on
the initial data and the correction data, and adds the initial
modulating current data included in the initial data to the
difference between the data about the difference between the

driving currents and the data about the increase in bias
current respectively included in the correction data, thereby
making it possible to determine a modulating current.

In order to relax a change in wavelength incident to a rise
in the temperature of the laser diode, a cooling device
capable of selectively cooling the laser diode is further
provided. The control means is capable of lowering an
ambient temperature of the laser diode by a predetermined
temperature by the cooling device each time the difference
between the measured driving currents reaches a predeter-
mined value with respect to a driving current defined by
initial driving control data or a driving current defined by
correction driving control data and the initial driving control
data.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram showing one example of an
optical transmission device according to the present inven-
tion with an optical transceiver as the core;

FIG. 2 is a block diagram schematically illustrating the
entire optical transmission device constructed as an interface
board.

FIG. 3 is a circuit diagram depicting one detailed example
of the optical transceiver;

FIG. 4 is a circuit diagram showing one example of a
switching control circuit for allowing a modulating current
to flow in a diode in pulse form;

FIG. 5 is an explanatory view illustrating one example of
a driving control data table;

FIG. 6 is an explanatory view depicting the relationship
between a driving current and emission power of an LD;

FIG. 7 is an explanatory view showing a temperature
characteristic of the LD;

FIG. 8 is an explanatory view illustrating deterioration-
life relationship between a driving current Id and emission
power Pf of the LD under a fixed temperature environment;

FIG. 9 is a flowchart depicting a procedure for generating
data for driving control of the LD using the driving control
data table and correction driving control data therefor;

FIG. 10 is an explanatory View showing, as an example,
the relationship between an increase 5Id in driving current
and an increase 61b in bias current by auto power control;

FIG. 11 is a flowchart illustrating the transition of the
driving control of the LD according to a progress in char-
acteristic deterioration of the LD; and

FIG. 12 is a flowchart showing one detailed example of a
cooling process.
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BEST MODE FOR CARRYING OUT THE

INVENTION

<<Optical Transmission Device>>
One embodiment of an optical transmission device is

illustrated in FIG. 1 with an optical transceiver as the core.
An optical transceiver IT and an optical receiver 1R are
typically illustrated in the optical transmission device 1
shown in the same drawing. Although not restricted in
particular, the optical transceiver IT is provided with a laser
diode module 10, a driver circuit 11, an input circuit 12, and
a microcomputer 17 respectively individually brought into
semiconductor integrated circuits. The optical receiver 1R
includes a pin photodiode 13, a pre-amplifier 14, a main
amplifier 15 and an output circuit 16 respectively individu-
ally brought into semiconductor integrated circuits.

The laser diode module 10 has a laser diode (also
described as LD) 100 and a photodiode (also described as
PD) 101 for monitoring. An optical output of the laser diode
100 is outputted to an optical output terminal OPOUT. The
pin photodiode 13 receives a light or lightwave signal from
an optical input terminal OPIN. The input circuit 12 is
connected to a data input terminal DTIN and a clock input
terminal CLIN, whereas the output circuit 16 is connected to
a data output terminal DTOUT and a clock output terminal
CLOUT.

The input circuit 12 has a buffer memory 120 and an input
buffer 121 such as a D type flip flop (F,/F) or the like. The
buffer memory 120 successively stores data signals sent
from the data input terminal DTIN in synchronism with a
clock signal inputted from the terminal CLIN. The data
stored in the buffer memory 120 is supplied to the input
buffer 121 in synchronism with the clock signal supplied
from the clock input terminal CLIN, where it is waveform
shaped, followed by supply to the driver circuit 11.

The driver circuit 11 has an LD driver 110 and an auto

power controller (APC) 111. The LD driver 110 allows a bias
current corresponding to a threshold current of the LD100 to
flow in the LD100 and selectively supplies a modulating
current for on/off-controlling the LD100 to the LD100 in
response to each data signal supplied from the input buffer
120.

The PD101 effects photoelectric conversion on light out-
putted from the LD100 to form or produce a current corre-
sponding to the intensity or power of emission of the LD100.
The APC111 auxiliarily controls a driving current supplied
to the LD100, based on the current flowing in the PD101 so
that the emission power of the LD100 becomes constant.
The microcomputer 17 performs basic control related to the
bias current and modulating current on the LD driver 110.
The details thereof will be described later. The optical output
of the LD100 is supplied from the optical output terminal
OPOUT to a transmission line such as an optical fiber or the
like.

The pin photodiode 13 detects the light signal supplied to
the optical input terminal OPIN from the transmission line
and converts or transforms it to a received signal current.
Thc rcccivcd signal currcnt is convcrtcd into a voltage signal
by the pre-amplifier 14. The converted voltage signal is
supplied to the main amplifier 15. The main amplifier 15
amplifies the input voltage signal up to an ECL level. The
output circuit 16, which receives the output of the main
amplifier 15 therein, has a timing extractor 160, a recognizer
or identifier 161 and an output buffer 162 like a flip-flop. The
timing extractor 160 divides the input signal into two
systems. Further, the timing extractor 10 delays one of them
and ANDs it and the other thereof to thereby produce a pulse
containing a clock component of, for example, 155.52 MHz.
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Only the clock component of 155.52 MHz is extracted
from the pulse by an unillustrated SAW (Surface Acoustic
Wave) filter and limit-amplified to produce a clock signal.
The identifier 161 sulliciently amplifies the input signal
supplied from the main amplifier 15 and waveshapes it into
a signal whose waveform’s upper and lower portions are
sliced. The output buffer 162 performs waveform shaping
(suppression on pulse-width distortion) on the so-sliced
signal, using the clock signal. The output of the output buffer
162 is supplied to the data output terminal DTOUT and the
clock signal produced by the timing extractor 160 is sup-
plied to the clock output terminal CLOUT.

The optical transceiver 1T shown in FIG. 1 is provided
with the microcomputer 17. Although not restricted in
particular, the microcomputer 17 is used even for control of
the optical receiver 1R.

Although not restricted in particular, the microcomputer
17 has a CPU (Central Processing Unit) 170, a RAM
(Random Access Memory) 171, a ROM (Read Only
Memory) 172, a flash memory 173 illustrative of one
example of an electrically erasable and programmable non-
volatile memory device, an input/output (I/O) circuit 174,
etc. They are connected to an internal bus 175. Although not
restricted in particular, the ROM172 is a mask ROM which
stores constant data or the like therein, whereas the RAM171
is defined as a work area or region of the CPU170. Further,
the flash memory 173 holds an operating program, driving
control data, etc. for the CPU170 therein so that they are
programmable.

The microcomputer 17 is a circuit for controlling the
optical transmission device I over its entirety. The driving
control data for the LD100 is stored in the flash memory 173.
When the LD100 is driven to transmit light, the CPU170
reads driving control data corresponding to a temperature
detected by a temperature sensor 112 to be described later
from the flash memory 173 and performs driving control of
the LD100 by the LD driver 110, based on the read data.
Namely, a data table (driving control data table) created
based on a temperature characteristic of the LD100 is
prepared in the flash memory 173. Thereafter, the CPU170
controls a driving current flowing in the LD100 in confor-
mity with the temperature characteristic of the LD100
according to the optical output, temperature, etc. necessary
for the LD100. The contents of control on the driving current
will be described later. In addition to the above, the micro-
computer 17 controls the gain of the pre-amplifier 14 by
switching.

The microcomputer 17 is connected to an unillustrated
protocol controller or the like lying within the optical
transmission device through a microcomputer interface ter-
minal (also called micon interface terminal) MCIF so as to
be supplied with instructions for transmission and reception
control, etc. The micon interface terminal MCIF is con-
nected to a mode terminal of the microcomputer 17 and a
predetermined port of the input/output circuit.

The microcomputer 17 has, for example, a boot mode in
addition to a uscr program modc. Whcn thc uscr program
mode is set to the microcomputer 17, the CPU170 executes
the operating program stored in the flash memory 173. The
boot mode is an operation mode for allowing the flash
memory 173 to be rewritten or programmed directly from
outside the microcomputer 17. When the boot mode is set to
the microcomputer 17, the input/output circuit 174 is
brought to a signal input/output state capable of externally
directly programming or rewriting the flash memory 173.
Namely, when the boot mode is set, a rewriting high voltage,
a program signal, addresses and data can be transferred to
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and from the flash memory 173 through the micon interface
terminal MCIF. By using the boot mode, the driving control
data can initially be written into the flash memory 173 and
the operating program for the CPU170 can be written into
the flash memory 173. It is also possible to rewrite the flash
memory 173. The writing and rewriting of data into the flash
memory 173 can be carried out even by the user program
mode of the microcomputer 17. The driving control data
written into the flash memory 173 can be reprogrammed
under the control of the CPU170.

FIG. 2 is an overall block diagram of the optical trans-
mission device. Although not restricted in particular, the
optical transmission device shown in the same drawing
constitutes one of a large number of interface boards which
make up of an ATM switch or the like. The optical trans-
ceiver IT and the optical receiver 1R are connected to an
optical trunk network by an optical fiber. A SUNI (Serial
User Network Interface) 3 is provided at a stage subsequent
to the optical transceiver IT and the optical receiver 1R.
Deserialization or serial-parallel conversion of data is done
at a portion of the SUNI3, which is connected to the optical
transceiver 1T, whereas serialization or parallel-serial con-
version of data is carried out at a portion of the SUNI3,
which is connected to the optical receiver 1R. When the
protocol controller 4 supports an ATM (Asynchronous
Transfer Mode), it performs assembly/de-assembly of each
data cell and multiplexing/de-multiplexing thereof. A trans-
mit signal is supplied to the protocol controller 4 through a
parallel input circuit 6 and a transmitting buffer 5. Areceive
signal is supplied from the protocol controller 4 to a parallel
output circuit 8 through a receiving buffer 7. The parallel
input circuit 6 and the parallel output circuit 8 are connected
to another switch through, for example, an unillustrated
interface cable or the like.

<<Optical Transceiver>>
FIG. 3 shows one detailed example of the optical trans-

ceiver 1T. The LD driver 110 has a transistor Trl for

determining a bias current fed through the LD100 and a
transistor Tr2 for determining a modulating current to be
supplied to the LD100, as current source transistors. Tran-
sistors Tr3 and Tr4 are switching transistors for controlling
on and off of the modulating current fed through the LD100.
The transistors Tr1 through Tr4 are constructed as npn type
bipolar transistors.

The transistors Tr3 and Tr4 are electrically connected in
parallel. A common emitter thereof is electrically connected
to the collector of the transistor Tr2. The emitter of the

transistor Tr2 is coupled to a ground voltage GND through
a resistor R2. The cathode of the LD100 is electrically
connected to the collector of the transistor Tr3. The anode of
the LD100 and the collector of the transistor Tr4 are com-

monly connected to a source voltage Vcc.
As one detailed example of a switching control circuit 114

for the transistors Tr3 and Tr4 is illustrated in FIG. 4, a series
circuit of transistors Tr5 and Tr6 and a series circuit of

transistors Tr7 and Tr8 are placed between the source
voltage Vcc and thc ground voltagc GND. Thc transistors
Tr5 through Tr8 are constructed as npn bipolar transistors.
The bases of the transistors Tr6 and Tr8 are biased by a
predetermined voltage and serve as load resistors for the
transistors Tr5 and Tr7. In other words, the series circuit of
the transistors Tr5 and Tr6 and the series circuit of the

transistors Tr7 and Tr8 respectively constitute emitter fol-
lower circuits. The emitter of the transistor Tr5 is electrically
connected to the base of the transistor Tr3, and the emitter
of the transistor Tr7 is electrically connected to the base of
the transistor Tr4.
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The bases of the transistors Tr5 and Tr7 are supplied with
a differential output produced from a differential output
amplifier AMP. When their inputs are reversed, the states of
potentials applied to the bases of the transistors Tr3 and Tr4
are inverted. The amplifier AMP is supplied with the output
of the selector 121.

When the potential applied to the base of the transistor Tr3
is brought to a high level, the transistor Tr3 is shifted to a
saturated state. When the base of the transistor Tr4 is brought
to the high level, the transistor Tr4 is shifted to the saturated
state. The transition of the transistors 'I‘r3 and 'I‘r4 to the

saturated states is complementarily carried out so that the
transistors Tr3 and Tr4 are complementarily switched, thus
causing a pulse-shaped modulating current to flow in the
LD100 through the current source transistor Tr2.

As shown in FIG. 3, the collector of the transistor Trl is
electrically connected to the collector of the transistor Tr3,
whereas the emitter thereof is electrically connected to the
ground voltage GND through a resistor R1. The transistor
Tr1 allows a bias current equivalent to a threshold current to
flow in the LD100 according to the base voltage applied
thereto.

The PD101 is electrically series-connected to a resistor
R3 and placed in a backward connected state between the
source voltage Vcc and the ground voltage GND. The
PD101 supplies a current corresponding to emission inten-
sity or power outputted from the LD100.

Referring to FIG. 3, the input/output circuit 174 of the
microcomputer 17 is illustrated in form divided into a
digital-analog converter (D/A) 176 for converting a digital
signal into an analog signal, an analog-digital converter
(A/D) 177 for converting an analog signal to a digital signal,
a timer 179 and another input/output circuit 178. The
D/A176 has three D/A conversion channels DAC1 through
DAC3, and the A/D177 has four A/D conversion channels
ADC1 though ADC4.

The D/A conversion channel DAC3 has an intrinsic

register accessed by the CPU7 and output a signal for
driving a cooling driver 201 to be described later. The D/A
conversion channels DAC1 and DAC2 respectively have
intrinsic registers accessed by the CPU170. Further, the D/A
conversion channels DAC1 and DAC2 convert values of the

corresponding registers into D/A form and outputs base bias
voltages for the transistors Trl and Tr2. Although not
restricted in particular, each of the D/A conversion channels
DAC1, DAC2 and DAC3 converts a 8-bit digital signal to an
analog signal in a 256-step gradation.

As described above, the modulating current to be fed
through the transistor Tr3 in accordance with on/oif-control
of the optical output is determined according to driving
control data set to the D/A conversion channel DAC2 by the
CPU170. 'Ihe bias current to be fed through the LD100 is
determined according to driving control data set to the D/A
conversion channel DAC1 by the CPU170.

Thus, the CPU170 is capable of individually and arbi-
trarily controlling the modulating current and bias current
capable of bcing supplied to thc LD100 in accordance with
the driving control data set to the D/A conversion channels
DAC1 and DAC2. Thus, the CPU170 sets data correspond-
ing to the temperature characteristic of the LD100 or the like
with respect to a use condition (use atmospheric
temperature) of the optical transmission module 1 to the D/A
conversion channels DAC1 and DAC2, in other words, the
CPU170 sets data corresponding to a bias current equivalent
to the threshold current of the LD100 at a use ambient or

environmental temperature at that time to the D/A conver-
sion channel DAC1 and sets data corresponding to a modu-
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lating current to be added to the bias current to the D/A
conversion channel DAC2 to obtain necessary emission
intensity or power under the temperature thereof, thereby
making it possible to light-produce and drive the LD100
without a quenching error and an emission delay.

The A/D conversion channels ADC1 through ADC4 are
successively assigned to their corresponding inputs of an
emitter voltage of the transistor Trl, an emitter voltage of the
transistor Tr2, an anode voltage of the PD101 and an output
voltage of the temperature sensor 112, and have registers
mherent in them, for holding the results of A/D conversion
of the assigned input voltages therein so as to be accessible
by the CPU170. Although not restricted in particular, the
A/D conversion channels ADCI through ADC4 respectively
have 10-bit conversion accuracy.

Thus, the CPU170 is capable of monitoring a bias current
fed through or flowing in the transistor Trl, a modulating
current flowing in the transistor Tr2, a current flowing in the
PD201, and the output of the temperature sensor 10 through
the A/D converter 177 as needed. Although not restricted in
particular, the operation of the CPU170 for monitoring their
information can be carried out each time the CPU170

receives a timer interrupt given from the timer 179.
The output of the monitor PD101 is made available even

to auto power control (automatic optical output control). The
APC111 shown in FIG. 1 is comprised of, for example, a
comparator 113 and an APC control circuit 115 shown in
FIG. 3. Namely, the comparator 113 receives an anode
voltage corresponding to a current fed through the PD101
according to actual emission power of the LD100, deter-
mines whether the input voltage is smaller than a reference
potential Vref corresponding to predetermined emission
power, superimposes a signal corresponding to the result of
determination over the signal outputted from the D/A con-
version channel DAC1 and supplies it to a base electrode of
the transistor Trl, and increases or decreases a bias current
fed through the LD100 through the transistor Trl. The APC
control circuit 115 is a circuit for forming the reference
potential Vref, which forms the reference potential Vref,
based on the mean value of current fed through the PD101
according to the emission power of the LD100 and the me an
value (mark rate) relative to the input signal of the amplifier
AMP at that time. Although not restricted in particular, the
auto power control is supplementary to bias current control
based on the output of the D/A conversion channel DAC1.
Namely, it supplements an error unable to be followed up by
the bias current and modulating current based on the output
of the D/A176.

The CPU170 can monitor the anode voltage of the PD101
through the A/D conversion channel ADC3, recognize the
actual emission intensity or power of the LD100, and detect,
for example, a state in which the actual emission power is
reduced with respect to target emission power. The CPU170
is capable of monitoring the emitter voltage of the transistor
Trl through the A/D conversion channel ADC1, converting
the monitored voltage to a current, comparing the val11e of
the converted current and a bias current to be fed through the
transistor Trl via the D/A conversion channel DAC1, and
detecting an abnormal variation in bias current, based on the
difference therebetween. Similarly, the CPU170 is capable
of monitoring the emitter voltage of the transistor Tr2
through the A/D conversion channel ADC2, converting the
monitored emitter voltage to a current, comparing the value
of the converted current and a modulating current to be fed
through the transistor Tr2 via the D/A conversion channel
DAC2, and detecting an abnormal variation in modulating
current, based on the difference therebetween.
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Further, the CPU1710 monitors the emitter voltages of the
transistors Trl and Tr2 through the A/D conversion channels
ADC1 and ADC2 respectively and converts the monitored
voltages to their corresponding currents, thereby making it
possible to measure a driving current (corresponding to the
sum of the bias current and the modulating current) fed
through the LD100 in practice. The measured current also
includes an increase in bias current by the auto power
control. Accordingly, the CPU170 is capable of grasping or
keeping track of the difference between the driving current
measured in this way and the driving current to be supplied
to each of the transistors Trl and Tr2 through each of the
D/A conversion channels DAC1 and DAC2.

<<Driving Control Data for LD>>
The driving control data for determining the modulating

current and the bias current to be supplied to the LD100 is
stored in a driving control data table. The driving control
data table includes data to be set to the D/A conversion
channels DAC1 and DAC2 for each use environmental

temperature in order to obtain a predetermined target optical
output and is formed in the flash memory 173 of the
microcomputer 170.

FIG. 5 shows one example of the driving control data
table TBL. The driving control data table TBL has an initial
data region Eini and a correction data region Ecor. The
respective regions Eini and Ecor are associated with each
other every temperatures.

Initial data corresponding to an initial temperature char-
acteristic of the LD100 is stored in the initial data region
Eini. The initial data is data for determining a bias curren
and a modulating current for obtaining the intended emis-
sion intensity or power every temperatures. For example,
data about an initial bias current Ib(0), data about an initia
modulating current Imod(0) and data about their total cur-
rent (driving current) Id(0) necessary to obtain a fixec
emission power like 0.8 mW are held in the initial data
region for each predetermined temperature.

The relationship between the driving current (Id) anc
emission power (P0) of the LD100 is shown in FIG. 6, for
example. Bias currents Ib(Ti), Ib(Tj) and Ib(Tk), thresholc
currents Ith(Ti), Ith(Tj) and Ith(Tk), and modulating currents
Imod(Ti), Imod(Tj) and Imod(Tk) at typically-illustratec
temperatures Ti, Tj and Tk are shown in the same drawing.
Each bias current referred to above is set to a curren

corresponding to about 90% of its corresponding thresholc
current, for example. As is apparent from FIG. 6, if the
temperature rises when attempt is made to obtain the fixec
emission power, then both the threshold and modulating
currents must be made great according to its rise. On the
other hand, a temperature characteristic of the LD100 is
shown in FIG. 7. Since the threshold current Ith and the

driving current Id respectively show a characteristic non-
linear with respect to the temperature as is apparent from the
same drawing, it is necessary to control even the bias current
Ib and the modulating current Imod non-linearly with
respect to the temperature ■■ in a manner similar to the
above. Particularly, since the threshold current Ith incrcascs
suddenly as the temperature rises, a control method for
varying the bias current Ib simply linearly with respect to the
temperature encounters difficulties in most suitably setting
the bias current Ib. Namely, when the temperature varies
during the execution of the auto power control, the driving
current of the LD100 increases or decreases so that the

intensity of light becomes constant. However, the setting of
the bias current cannot follow a variation in threshold

current Ith and hence the modulating current Imod cannot be
set to the optimum value either in a manner similar to the
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above. In the optical transceiver 1T, data about the optimum
bias current Ib(0) and modulating current Imod(0) corre-
sponding to the temperature characteristics related to the
initial threshold current Ith and driving current Id of the
LD100 are stored in the initial data region Eini for each
predetermined temperature. Thus, if the LD100 is driven
using the data about the initial bias current Ib(0) and initial
modulating current Imod(0) of the LD100, corresponding to
the respective temperatures, then an emission delay and a
quenching failure can substantially be solved.

The correction data region Ecor shown in FIG. 5 includes
data about a difference bias current 51b and data about a

difference driving current 6Id as correction data for defining
each current superimposed on a bias current and a modu-
lating current defined by the initial data. Data about a driving
current Id(t) stored in the correction data region Ecor is data
which means a current obtained by superimposing a current
defined based on the data about the difference driving
current old on a driving current Id(0) defined based on the
data about the initial bias current Ib(0) and the data about the
initial modulating current Imod PC■ Incidentally, while the
driving control data shown in FIG. 5 are illustrated as data
expressed in mA units for convenience, the driving control
data are actually defined as digital data set every tempera-
tures for defining such current values.

FIG. 8 shows the fore-and-aft relationship of life and
degradation between a driving current Id and emission
power Pf of the LD100 under a fixed temperature environ-
ment. In FIG. 8, (0) shows one example of an initial Id-Pf
characteristic of the LD100, and (t) indicates one example of
an Id-Pf characteristic of the I.Dl00 after the elapse of a
predetermined period. The characteristic indicated by (t) is
a characteristic deteriorated due to secular changes. Both the
bias current and modulating current must be increased to
obtain the same emission power. When the characteristic
changes from (0) to (t) due to the secular changes, the whole
driving current must be increased by 6Id with respect to the
characteristic indicated by (0) to obtain the same emission
power. The driving current with respect to the initial char-
acteristic indicated by (0) can be determined based on the
initial data. When the characteristic is deteriorated, the
CPU170 controls the driving current of the LD100 so that
the bias current is increased by 51b and the modulating
current is increased by 5Id—6Ib. Data for determining
increases in bias current and modulating current due to the
deterioration of the characteristic of the LD respectively
correspond to the data about the difference currents 61b and
61d. When the LD100 deteriorated in characteristic is driven

using data at a temperature of 73° C. shown in FIG. 5 when
the temperature of the LD100 is 73° C., for example, the bias
current is determined based on the value of Ib(0)+6Ib and
the modulating current is determined based on the value of
Imod(0)+8Id—8Ib.

Data about currents Ib(0), Imod(0) and Id(0) for each
predetermined temperature, each of which corresponds to
the intended emission power, are initially stored in the initial
data region Eini shown in FIG. 5. The data about those
currents Ib(0), Imod(0) and Id(0) are externally down-
loaded through the micon interface MCIF, for example. The
down—loaded data can be written into the flash memory 173
under the control of the CPU170. Alternatively, the data can
also be written therein in a boot program mode in a micro-
computer manufacturing process.

The correction data region Ecor shown in FIG. 5 is first
initially set to a value like “0”. The CPU170 calculates
correction driving control data according to the degree of
deterioration of the LD100 and stores it therein. The once-
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stored correction driving control data is updated each time
the deterioration of the LD increases or develops.
<<Driving Control of LD>>

Aprocedure for generating data for driving control of the
LD100 and correction driving control data therefor, using
the driving control data table will be explained based on
FIG. 9.

After power-on has been reset (S1), the CPU170 detects
the temperature through a cooling process to be described
later (S2). The temperature detection is carried out by
obtaining data detected by the temperature sensor 112
through the A/D conversion channel ADC4. The CPU170
reads initial driving control data and correction driving
control data corresponding to the detected temperature from
the driving control data table TBL (S3). The read data are
defined as the data about the initial bias current Ib(0), the
data about the initial modulating current Imod(0), the data
about the driving current Id(0) obtained by summing up
them, the data about the difference bias current 5Ib, the data
about the difference driving current 61d and the data about
the driving current Id(t). The CPU170 sets data of Ib(0)+6Ib
to the D/A conversion channel DAC1 based on the read data

and controls a bias current to be supplied to the LD100
through the transistor Trl (S4). Further, the CPU170 sets
data of Imod(0)+8Id—5Ib to the D/A conversion channel
DAC2 and controls a modulating current to be supplied to
the LD100 through the transistor 'I‘r2 (S5). Since the cor-
rection data region Ecor of the driving control data table
TBL is filled with such a predetermined initializing code that
all the bits are “0”, 6Id=0 and 6Ib=0 when the optical
transmission control device I is in first use. The emission

intensity or power is controlled fixedly by starting bias
current control and modulating current control and execut-
ing the auto power control by the APC111.

When a predetermined interval has elapsed, the CPU170
detects the temperature in a manner similar to the above
according to a timer interrupt or the like (S6) and reads data
about Id(0) and Id(t) in the column corresponding to the
detected temperature. If Id(t)=0, then the CPU170 recog-
nizes Id(0) as a driving current corresponding to the detected
temperature. If Id(t)¢0, then the CPU170 recognizes Id(t) as
a driving current corresponding to the detected temperature
at that time (S7) Since the so-recognized driving currents
(also called simply regulated driving currents Idregu) are
based on the temperature detected in the temperature detec-
tion Step S6 different from Step S2, the driving currents
might be different from the driving currents set in Steps S4
and S5 if an atmosphere temperature changes.

Next, the CPU170 obtains the values of voltages applied
to the emitters of the transistors Trl and Tr2 through the A/D
conversion cha11nels ADC1 and ADC2 to thereby measure a
driving current subjected to auto power control under the
driving current control in Steps S4 and S5 and actually
supplied to the LD100 (S8). The so-measured actual driving
current is simply called monitor driving current Idmoni.

The CPU170 determines whether the measured monitor

driving current Idmoni exceeds a range X allowable for the
regulated driving current Idregu and increases (S9) The
allowable range X is a range in which a quenching failure
and an emission delay due to an increase in bias current
under the auto power control substantially show no problem
in the regulated driving current Idregu at the temperature at
that time, for example. This is equivalent to a current
corresponding to a few % or so of the regulated driving
current Iregu, for example. Namely, whether the monitor
driving current Idmoni exceeds the range X allowable for
the regulated driving current Idregu will be defined as a


