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(57) Abstract: An echo cancellation system that performs audio beamforming to separate audio input into multiple directions and
determines a target signal and a reference signal from the multiple directions. For example, the system may detect a strong signal as-
sociated with a speaker and select the strong signal as a reference signal, selecting another direction as a target signal. The system
may determine a speech position and may select the speech position as a target signal and an opposite direction as a reference signal.
The system may create pairwise combinations of opposite directions, with an individual direction being selected as a target signal
and a reference signal. The system may select a fixed beamformer output for the target signal and an adaptive beamformer output for
the reference signal, or vice versa. The system may remove the reference signal (e.g., audio output by the loudspeaker) to isolate
speech included in the target signal.
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ADAPTIVE BEAMFORMING TO CREATE REFERENCE CHANNELS

CROSS-REFERENCE TO RELATED APPLICATION DATA
This application claims priority to U.S. Patent Application No. 14/973,274 filed

on December 17, 2015 which is incorporated herein by reference in its entirety.

BACKGROUND
In audio systems, automatic echo cancellation (AEC) refers to techniques that are
used to recognize when a system has recaptured sound via a microphone after some delay
that the system previously output via a speaker. Systems that provide AEC subtract a delayed
10 version of the original audio signal from the captured audio, producing a version of the
captured audio that ideally eliminates the “echo” of the original audio signal, leaving only
new audio information. For example, if someone were singing karaoke into a microphone
while prerecorded music is output by a loudspeaker, AEC can be used to remove any of the
recorded music from the audio captured by the microphone, allowing the singer’s voice to be
15 amplified and output without also reproducing a delayed “echo” the original music. As
another example, a media player that accepts voice commands via a microphone can use
AEC to remove reproduced sounds corresponding to output media that are captured by the

microphone, making it easier to process input voice commands.

20 BRIEF DESCRIPTION OF DRAWINGS
For a more complete understanding of the present disclosure, reference is now
made to the following description taken in conjunction with the accompanying drawings.
FIG. 1 illustrates an echo cancellation system that performs adaptive beamforming
according to embodiments of the present disclosure.
25 FIG. 2 is an illustration of beamforming according to embodiments of the present
disclosure.
FIGS. 3A-3B illustrate examples of beamforming configurations according to
embodiments of the present disclosure.
FIG. 4 illustrates an example of different techniques of adaptive beamforming
30 according to embodiments of the present disclosure.

FIGS. 5A-5B illustrate examples of a first signal mapping using a first technique
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according to embodiments of the present disclosure.
FIGS. 6A-6C illustrate examples of signal mappings using the first technique
according to embodiments of the present disclosure.
FIGS. 7A-7C illustrate examples of signal mappings using a second technique
5 according to embodiments of the present disclosure.
FIGS. 8A-8B illustrate examples of signal mappings using a third technique
according to embodiments of the present disclosure.
FIG. 9 is a flowchart conceptually illustrating an example method for determining
a signal mapping according to embodiments of the present disclosure.
10 FIGS. 10A-10B illustrate an example of a signal mapping using a fourth technique
according to embodiments of the present disclosure.
FIG. 11 is a flowchart conceptually illustrating an example method for
determining a signal mapping according to embodiments of the present disclosure.
FIG. 12 is a block diagram conceptually illustrating example components of a

15 system for echo cancellation according to embodiments of the present disclosure.

DETAILED DESCRIPTION
Typically, a conventional Acoustic Echo Cancellation (AEC) system may remove

audio output by a loudspeaker from audio captured by the system’s microphone(s) by

20 subtracting a delayed version of the originally transmitted audio. However, in stereo and
multi-channel audio systems that include wireless or network-connected loudspeakers and/or
microphones, a major cause of problems is when there are differences between the signal sent
to a loudspeaker and a signal played at the loudspeaker. As the signal sent to the loudspeaker
1s not the same as the signal played at the loudspeaker, the signal sent to the loudspeaker is

25  not a true reference signal for the AEC system. For example, when the AEC system attempts
to remove the audio output by the loudspeaker from audio captured by the system’s
microphone(s) by subtracting a delayed version of the originally transmitted audio, the audio
captured by the microphone is subtly different than the audio that had been sent to the
loudspeaker.

30 There may be a difference between the signal sent to the loudspeaker and the
signal played at the loudspeaker for one or more reasons. A first cause is a difference in

clock synchronization (e.g.. clock offset) between loudspeakers and microphones. For

2
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example, in a wireless “surround sound” 5.1 system comprising six wireless loudspeakers
that each receive an audio signal from a surround-sound receiver, the receiver and each
loudspeaker has its own crystal oscillator which provides the respective component with an
independent “clock™ signal. Among other things that the clock signals are used for is

5 converting analog audio signals into digital audio signals (“A/D conversion™) and converting
digital audio signals into analog audio signals (“D/A conversion™). Such conversions are
commonplace in audio systems, such as when a surround-sound receiver performs A/D
conversion prior to transmitting audio to a wireless loudspeaker, and when the loudspeaker
performs D/A conversion on the received signal to recreate an analog signal. The

10 loudspeaker produces audible sound by driving a “voice coil” with an amplified version of
the analog signal.

A second cause is that the signal sent to the loudspeaker may be modified based
on compression/decompression during wireless communication, resulting in a different signal
being received by the loudspeaker than was sent to the loudspeaker. A third case is non-

15 linear post-processing performed on the received signal by the loudspeaker prior to playing
the received signal. A fourth cause is buffering performed by the loudspeaker, which could
create unknown latency, additional samples, fewer samples or the like that subtly change the
signal played by the loudspeaker.

To perform Acoustic Echo Cancellation (AEC) without knowing the signal played

20 by the loudspeaker, devices, systems and methods may perform audio beamforming on a
signal received by the microphones and may determine a reference signal and a target signal
based on the audio beamforming. For example, the system may receive audio input and
separate the audio input into multiple directions. The system may detect a strong signal
associated with a speaker and may set the strong signal as a reference signal, selecting

25  another direction as a target signal. In some examples, the system may determine a speech
position (e.g., near end talk position) and may set the direction associated with the speech
position as a target signal and an opposite direction as a reference signal. If the system
cannot detect a strong signal or determine a speech position, the system may create pairwise
combinations of opposite directions, with an individual direction being used as a target signal

30  and areference signal. The system may remove the reference signal (e.g., audio output by
the loudspeaker) to isolate speech included in the target signal.

FIG. 1 illustrates a high-level conceptual block diagram of echo-cancellation

3
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aspects of an AEC system 100. As illustrated, an audio input 110 provides stereo audio
“reference” signals x;(n) 112a and x»(n) 112b. The reference signal x;(n) 112a is transmitted
via a radio frequency (RF) link 113 to a wireless loudspeaker 114a, and the reference signal
X2(n) 112b is transmitted via an RF link 113 to a wireless loudspeaker 114b. Each speaker
5 outputs the received audio, and portions of the output sounds are captured by a pair of
microphones 118a and 118b as “echo™ signals y,(n) 120a and y»(n) 120b, which contain some
of the reproduced sounds from the reference signals x;(n) 112a and x,(n) 112b, in addition to
any additional sounds (e.g., speech) picked up by the microphones 118.
To isolate the additional sounds from the reproduced sounds, the device 102 may
10 include an adaptive beamformer 104 that may perform audio beamforming on the echo
signals 120 to determine a target signal 122 and a reference signal 124. For example, the
adaptive beamformer 104 may include a fixed beamformer (FBF) 105, a multiple input
canceler (MC) 106 and/or a blocking matrix (BM) 107. The FBF 105 may be configured to
form a beam in a specific direction so that a target signal is passed and all other signals are
15  attenuated, enabling the adaptive beamformer 104 to select a particular direction. In contrast,
the BM 107 may be configured to form a null in a specific direction so that the target signal is
attenuated and all other signals are passed. The adaptive beamformer 104 may generate fixed
beamforms (e.g., outputs of the FBF 105) or may generate adaptive beamforms using a
Linearly Constrained Minimum Variance (LCMV) beamformer, a Minimum Variance
20  Distortionless Response (MVDR) beamformer or other beamforming techniques. For
example, the adaptive beamformer 104 may receive audio input, determine six beamforming
directions and output six fixed beamform outputs and six adaptive beamform outputs. In
some examples, the adaptive beamformer 104 may generate six fixed beamform outputs, six
LCMYV beamform outputs and six MVDR beamform outputs, although the disclosure is not
25  limited thereto. Using the adaptive beamformer 104 and techniques discussed below, the
device 102 may determine the target signal 122 and the reference signal 124 to pass to an
acoustic echo cancellation (AEC) 108. The AEC 108 may remove the reference signal (e.g.,
reproduced sounds) from the target signal (e.g., reproduced sounds and additional sounds) to
remove the reproduced sounds and isolate the additional sounds (e.g., speech) as audio output
30 126
To illustrate, in some examples the device 102 may use outputs of the FBF 105 as

the target signal 122. For example, the outputs of the FBF 105 may be shown in equation (1):
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