
마스터 제목 스타일 편집

Multi-channel Source Separation 1

안인규 (Inkyu An)

Speech And Audio Recognition
(오디오 음성인식) 

https://mairlab-km.github.io/
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• Goal: extract K sources from the noisy mixture w/o (or with 
very little) information about the mixing process

• We know denoising and specific guided separation, how can we 
apply DL here?

Mix

Source 1

Source 2

Source 3

Single-channel audio
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• Goal: extract K sources from the noisy mixture of multi-
channel audio

• How can we measure the multi-channel audio signal?

Mix (4-ch)

Source 1

Source 2

Source 3

Multi-channel audio
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• Microphone Array 
• Consider the Uniform Linear Array

• What’s different about the audio collected at 
each microphone?
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• Microphone Array 
• Consider the Uniform Linear Array

• What’s different about the audio collected at 
each microphone?

???
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• Microphone Array 
• Consider the Uniform Linear Array

• What’s different about the audio collected at each microphone?

𝜽𝟎

𝒅

Plane wave 
model

Wavefront of 
plane wave
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• Microphone Array 
• Consider the Uniform Linear Array

• What’s different about the audio collected at each microphone?

𝜽𝟎

𝒅

Plane wave 
model

Wavefront of 
plane wave

Difference of 
propagation 
distance
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• Microphone Array 
• Consider the Uniform Linear Array

• What’s different about the audio collected at each microphone?

𝜽𝟎

𝒅

Plane wave 
model

Wavefront of 
plane wave

Difference of 
propagation 
distance
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• Microphone Array 
• Is it possible to extract only the audio signal coming from a specific 

direction? → Beamforming

• What is the beamforming algorithm?
• Focusing a specific direction, 𝜽, by using beamforming weights (spatial filter)

𝑦 𝜽, 𝒕 = 𝒘 𝜽,−𝒕 𝑯 ∗ 𝒙 𝒕
Beamforming 

output
Weight

(Spatial filter)

Measured 
pressure signals

𝑦 𝜽,𝝎 = 𝒘 𝜽,𝝎 𝑯 𝒙 𝒘

FFT & iFFT
Convolution
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• Microphone Array 
• Is it possible to extract only the audio signal coming from a specific 

direction? → Beamforming

• A simple method? → Add all the multi-channel signals together

Microphone

https://medium.com/@itberrios6/introduction-to-beamforming-part-1-92767408f483
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• Microphone Array 
• Is it possible to extract only the audio signal coming from a specific 

direction? → Beamforming

• A simple method? → Add all the multi-channel signals together

Microphone
Wavefront

Array output
How about coming from

different directions?

https://medium.com/@itberrios6/introduction-to-beamforming-part-1-92767408f483
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• Microphone Array 
• Is it possible to extract only the audio signal coming from a specific 

direction? → Beamforming

• What is the beamforming algorithm?
• Focusing a specific direction, 𝜽, by using beamforming weights (spatial filter)

𝑦 𝜽, 𝒕 = 𝒘 𝜽,−𝒕 𝑯 ∗ 𝒙 𝒕
Beamforming 

output
Weight

(Spatial filter)

Measured 
pressure signals

𝑦 𝜽,𝝎 = 𝒘 𝜽,𝝎 𝑯 𝒙 𝒘

FFT & iFFT
Convolution



마스터 제목 스타일 편집Multi-channel Source Separation

13

• Microphone Array 
• Convolution:

Example of Convolution

𝑓 𝑡

0 t

𝑔 𝑡 = 𝛿 𝑡

0 t

Dirac delta function 𝛿 𝑡 = ቊ
0, 𝑥 ≠ 0
∞, 𝑥 = 0

න
−∞

∞

𝛿 𝑡 𝑑𝑡 = 1

𝑓 ∗ 𝑔 𝑡 ?
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• Microphone Array 
• Convolution:

Example of Convolution

𝑓 𝑡

0 t

𝑔 𝑡 = 𝛿 𝑡

0 t

Dirac delta function 𝛿 𝑡 = ቊ
0, 𝑥 ≠ 0
∞, 𝑥 = 0

න
−∞

∞

𝛿 𝑡 𝑑𝑡 = 1

𝑓 ∗ 𝑔 𝑡 ?

0 t
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• Microphone Array 
• Convolution:

Example of Convolution

𝑓 𝑡

0 t

𝑔 𝑡 = 𝛿 𝑡 − 1

0 t

Dirac delta function 𝛿 𝑡 − 1 = ቊ
0, 𝑥 ≠ 1
∞, 𝑥 = 1

න
−∞

∞

𝛿 𝑡 − 1 𝑑𝑡 = 1

𝑓 ∗ 𝑔 𝑡 ?
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• Microphone Array 
• Convolution:

Example of Convolution

𝑓 𝑡

0 t

𝑔 𝑡 = 𝛿 𝑡 − 1

0 t

Dirac delta function 𝛿 𝑡 − 1 = ቊ
0, 𝑥 ≠ 1
∞, 𝑥 = 1

න
−∞

∞

𝛿 𝑡 − 1 𝑑𝑡 = 1

𝑓 ∗ 𝑔 𝑡 ?

1
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• Delay-and-Sum Beamformer
• Consider the propagation delays!

https://medium.com/@itberrios6/introduction-to-beamforming-part-1-92767408f483
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• Delay-and-Sum Beamformer
• Consider the propagation delays!

https://medium.com/@itberrios6/introduction-to-beamforming-part-1-92767408f483

Do Convolution with the Dirac delta function!

𝑔 𝑡 = 𝛿 𝑡 + 𝑡1
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• Microphone Array 
• Is it possible to extract only the audio signal coming from a specific 

direction? → Beamforming

• What is the beamforming algorithm?
• Focusing a specific direction, 𝜽, by using beamforming weights (spatial filter)

𝑦 𝜽, 𝒕 = 𝒘 𝜽,−𝒕 𝑯 ∗ 𝒙 𝒕
Beamforming 

output
Weight

(Spatial filter)

Measured 
pressure signals

𝑦 𝜽,𝝎 = 𝒘 𝜽,𝝎 𝑯 𝒙 𝝎

FFT & iFFT
Convolution

𝜹 𝒕 + 𝒕𝟏
FFT & iFFT

𝒆+𝒋𝝎𝒕𝟏 𝒚 𝜽,𝝎 =
𝒆+𝒋𝝎𝒕𝟏

…
𝒆+𝒋𝝎𝒕𝑪

𝑯

⋅ 𝒙 𝝎
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• Delay-and-Sum Beamformer
• Consider the propagation delays!

https://medium.com/@itberrios6/introduction-to-beamforming-part-1-92767408f483

Do Convolution with the Dirac delta function!

𝑔 𝑡 = 𝛿 𝑡 + 𝑡1
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Audio

Encoder

Masking

Decoder

Audio(?s)

raw-format (e.g., wav)

STFT?, Mel?, or ??

Some deep network

Inverse STFT? or ??

Saperated raw-format

Alex 
& 

noise

Denoised 
Alex

Denoising
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Audio

Encoder

Masking

Decoder

Audio(?s)

Multi-channel audio

STFT

Beamforming (Apply the spatial filter)

Inverse STFT

Saparated single audio
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• The problem of the Delay-and-Sum Beamformer
• The beamforming pattern of DAS beamformer is not sharp enough!

Side lobes
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• The problem of the Delay-and-Sum Beamformer
• The beamforming pattern of DAS beamformer is not sharp enough!

Dir. for 
speaker 1

Dir. for 
speaker 2

Speaker 1

Speaker 2

Delay-and-Sum 
beamformer
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• The problem of the Delay-and-Sum Beamformer
• The beamforming pattern of DAS beamformer is not sharp enough!

• How to reduce the response for the speaker 2?
when focusing on the speaker 1...

Speaker 1

Speaker 2

Side lobe

Focusing 
direction

MVDR beamformer!
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• MVDR beamformer
• Design a spatial filter 𝑤 that only responds to a specific direction

• Design a spatial filter 𝑤 that minimizes the total beamforming power 
but maintain the response in the aiming angle

Speaker 1

Speaker 2

Reduce the response

Focusing 
direction

Maintain the 
response

𝐌𝐢𝐧𝐢𝐦𝐢𝐳𝐞 𝜷 = 𝒘𝑯𝐸 𝒙 𝝎 𝒙 𝝎 𝑯 𝒘 𝐒𝐮𝐛𝐣𝐞𝐜𝐭 𝐭𝐨 𝒘𝑯𝐡 = 𝒃𝟎

Plane wave model
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• MVDR beamformer
• Design a spatial filter 𝑤 that minimizes the total beamforming power 

but maintain the response in the aiming angle

Minimize the response 
for speaker 2

𝐌𝐢𝐧𝐢𝐦𝐢𝐳𝐞 𝜷 𝜽 = 𝒘 𝜽 𝑯𝑹𝒘 𝜽 𝐒𝐮𝐛𝐣𝐞𝐜𝐭 𝐭𝐨 𝒘 𝜽 𝑯𝐡 𝜽 = 𝒃𝟎

Preserve the response 
for speaker 1 

Speaker 1

Speaker 2
Focusing 
direction
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• MVDR beamformer
• Design a spatial filter 𝑤 that minimizes the total beamforming power 

but maintain the response in the aiming angle

Minimize the response 
for speaker 2

𝐌𝐢𝐧𝐢𝐦𝐢𝐳𝐞 𝜷 𝜽 = 𝒘 𝜽 𝑯𝑹𝒘 𝜽 𝐒𝐮𝐛𝐣𝐞𝐜𝐭 𝐭𝐨 𝒘 𝜽 𝑯𝐡 𝜽 = 𝒃𝟎

Preserve the response 
for speaker 1 

Speaker 1

Speaker 2
Focusing 
direction

𝒘 𝜽 =
𝑹−𝟏𝐡 𝜽

𝐡 𝜽 𝑯𝑹−𝟏𝐡 𝜽
𝒃𝟎
∗

solve
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• MVDR beamformer

Speaker 1

Speaker 2
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• The limitation of the beamformer!
• We have to know the direction-of-arrival (DoA) of the sound

• However, It is have to find out the accurate DoA...

𝑦 𝜽, 𝒕 = 𝒘 𝜽,−𝒕 𝑯 ∗ 𝒙 𝒕
Beamforming 

output
Weight

(Spatial filter)

Measured 
pressure signals

𝑦 𝜽,𝝎 = 𝒘 𝜽,𝝎 𝑯 𝒙 𝝎

FFT & iFFT
Convolution
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• We have to know the direction-of-arrival (DoA) of the sound

• However, It is have to find out the accurate DoA...
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Beamforming 

output
Weight
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Measured 
pressure signals
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