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ABSTRACT

In this paper, we investigate amplitude-based speech en-
hancement for asynchronous distributed recording. In an
ad-hoc microphone array context, it is supposed that differ-
ent asynchronous devices record speech. As a result, the
phase information is unreliable due to sampling frequency
mismatch. For speech enhancement based on the amplitude
information instead of the phase information, supervised non-
negative matrix factorization (NMF) is introduced in the time-
channel domain. The basis vectors, which represents the gain
of the transfer function from a source to each microphone,
are trained in advance by using single source observation.
The experimental evaluations show that this approach is well
robust against the sampling frequency mismatch.

Index Terms— Speech enhancement, ad-hoc microphone
array, sampling frequency mismatch, nonnegative matrix fac-
torization, time-frequency masking

1. INTRODUCTION

Asynchronous distributed microphone arrays provide a frame-
work in which to use multiple independent recording devices
for multichannel observation. Since the arrangement of the
recording devices is flexible in this framework, it is easy
to place the microphones near target speakers for recording
with a high signal-to-noise ratio (SNR). However, the phase
difference between asynchronous recording devices changes
with time during digital signal processing due to the deviation
of the sampling frequency of these devices. Since the phase
difference is generally essential information for array signal
processing, the synchronization must be corrected when we
perform conventional microphone array signal processing
[1, 2]. Therefore, researchers have studied the synchroniza-
tion correction of asynchronous recording to allow them to
apply the conventional microphone array signal processing
to asynchronous recording [3, 4]. In this case, array signal
processing performance is affected by the errors that arise
during synchronization. In this study, we focus on the anal-

ysis of gain, which is not very sensitive to synchronization
errors because amplitude information is not very sensitive
to the synchronization error. If we can assume that each
microphone is placed near one speaker, the gain ratios are
regarded as being unique to the sources. To utilize such gain
differences for speech enhancement, we employ nonnega-
tive matrix factorization (NMF) where the transfer function
gain is treated as the basis [5] (hereafter, transfer function
gain NMF). By supervised the training of the basis using a
single-source section, time-frequency masking with super-
vised NMF in the time-channel domain can realize robust
speech enhancement of an asynchronous recording.

2. TIME-FREQUENCY MASKING WITH
SUPERVISED NMF IN TIME-CHANNEL DOMAIN

2.1. Conventional linear mixing model

In this paper, a signal is expressed in the short-time Fouri-
er transform (STFT) domain. Also, let [xij ]ij ∈ CI×J be
a matrix with the size I × J such that the ij-th entry is a
complex-valued xij .

In using a conventional synchronized microphone array, a
multichannel observation can be expressed as

X(ω) = A(ω)S(ω), (1)
X(ω) = [Xmn(ω)]mn ∈ CM×N , (2)

A(ω) = [Amk(ω)]mk ∈ CM×K , (3)

S(ω) = [Skn(ω)]kn ∈ CK×N , (4)

where ω is the frequency index, Xmn(ω) is the observed sig-
nal at the m-th microphone in the n-th time frame, Skn(ω) is
the k-th source signal in the n-th time frame, and Amk(ω) is
the transfer function from the k-th source to the m-th micro-
phone. Also, K, M and N represent the number of sources,
the number of microphones, and the number of time frames,
respectively.

Eq. (1) represents a conventional linear mixing model
where A(ω) represents a linear time-invariant mixing matrix.
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Fig. 1. Channel-time domain representation of observed sig-
nals for each frequency bin.

However, if we use an asynchronous distributed microphone
array, Eq. (1) is not valid because the sampling frequency
mismatch between devices causes phase drift, and then, A(ω)
can be time-varying. Therefore, we propose a model that
works without the phase information, and which can even be
applied to asynchronous recording.

2.2. Mixing model in amplitude domain

In the following, all modeling and processing can be carried
out at each frequency bin. Therefore, we omit ω for simplici-
ty.

We assume an asynchronous recording case. Since the
sampling frequency mismatch affects the phase, the ampli-
tude of A (transfer function gain) can be time-invariant.
Then, we assume that the linear mixing model in the ampli-
tude domain in the following is approximately satisfied.

X̄ ≈ ĀS̄ (5)
X̄ =

[
X̄mn

]
mn
∈ RM×N

+ (6)

Ā =
[
Āmk

]
mk
∈ RM×K

+ (7)

S̄ =
[
S̄kn

]
kn
∈ RK×N

+ (8)

Here, X̄mn, Āmk and S̄kn represent the amplitudes of Xmn,
Amk and Skn, respectively, and R+ represents a set of non-
negative real numbers. Note that such a mixing model in the
power or the amplitude domain has frequently been assumed
in the NMF context. So, we can also consider employing N-
MF for X̄ to estimate S̄ shown in Fig. 1. However, unlike
NMF in the time-frequency domain, the number of micro-
phones M does not greatly exceed the number of sources K
in a usual case, and then, unsupervised NMF does not work
well. Hence, we consider a supervised NMF [6] approach.

2.3. Supervised training of transfer function gain

To obtain the transfer function gain Ā consisting of Āmk, this
paper employs the multiplicative update rule according to N-

MF with β-divergence [7, 8] .

Āmk←Āmk
(∑

nX̄mn(
∑
kĀmkS̄kn)

β−2S̄kn∑
n(
∑
k ĀmkS̄kn)

β−1S̄kn

)ψ(β)
(9)

ψ(β) =


1

2−β β < 1

1 1 ≤ β ≤ 2
1

β−1 β > 2
(10)

Incidentally, the update rule corresponds to the Itakura-Saito
divergence, I divergence, and Frobenius norm, respectively,
with β = 0, 1, and 2. Moreover, Āmk and S̄kn are normalized
in each update by

Āmk ← Āmk∑
m Āmk

, (11)

S̄kn ←

(∑
m

Āmk

)
S̄kn. (12)

Since the transfer function gain NMF uses the transfer func-
tion gain associated with each unique speaker as a basis, we
can assume that a solution close to the optimum one is ob-
tained by training the transfer function gain in a single-source
section containing the voice activity of only one speaker.
Therefore, we obtain the basis matrix of the transfer func-
tion gain, āk = [āmk]m1 ∈ RM×1

+ with rank one, from the
training in the single-source section of the k-th sound source
with the update rule according to Eqs. (9) and (14), which is
introduced in the next section. Then, by coupling these basis
matrices of the transfer function gain associated with each
sound source, we construct the whole basis matrix of transfer
function gain Ā =

(
ā1 · · · āK

)
.

Incidentally, assuming that the k-th source is close to the
k-th microphone, we set initial value of the basis matrix as

āmk =

{
1 (m = k)
α (m ̸= k)

, (13)

where α < 1 is the initialization parameter of the transfer
function gain of nontarget signal and is an arbitrary positive
real number that satisfies α < 1.

2.4. Estimating source by supervised NMF

In estimating source activation S̄ by supervised NMF, trans-
fer function gain Ā obtained in advance is given as the initial
basis matrix and only S̄ is obtained by applying the multi-
plicative update rule given by

S̄kn←S̄kn
(∑

mX̄mn(
∑
k ĀmkS̄kn)

β−2Āmk∑
m(
∑
k ĀmkS̄kn)

β−1Āmk

)ψ(β)
.(14)
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Fig. 2. Arrangement of microphones used in evaluation.

2.5. Time-frequency masking using Wiener filter

For speech enhancement in the time-frequency domain, the
enhanced k-th target signal Y(k) = [Ymn(k)]mn ∈ CM×N

is obtained by

Ymn(k) =Wmn(k)Xmn. (15)

Here, the signal Xmn is obtained from the m-th microphone
at the n-th time frame, and Wmn(k) is the time-frequency
domain mask that enhances the signal from the k-th sound
source. In this study, the mask Wmn(k) based on a Wiener
filter in the time-frequency domain, and designed to enhance
the target signal from the k-th sound source, is given accord-
ing to the following equation using the estimated power of the
signal from the k-th sound source,

(
ĀmkS̄kn

)2
, as

Wmn(k) =

(
ĀmkS̄kn

)2∑
k

(
ĀmkS̄kn

)2 . (16)

3. EXPERIMENTAL EVALUATION

3.1. Experimental conditions

To confirm the performance of the time frequency mask-
ing with supervised NMF in the time-channel domain, we
evaluated our proposed method using an actual conference
speech recording given artificial sampling frequency mis-
match. Both synchronous and asynchronous recorded data
were used to demonstrate that our approach is robust to the
phase difference caused by the difference in the sampling
frequency between recording devices, as observed with asyn-
chronous recording. The microphones and speakers were
arranged as shown in Fig. 2. Table 1 shows a summary of
the recording conditions used for the synchronous distributed
microphone array. Here, we employed a relatively long frame
since in general longer frame is more robust to sampling
frequency mismatch. For quantitative evaluation, we first
recorded speech of each single speaker with 16000 Hz sam-
pling frequency, which was used as the ground truth. Then,
synchronous recording data was generated by summing all of

Table 1. Recording environment

Microphones SHURE SM57
Power amp. YAMAHA XM4080

AD/DA conv. Steinberg UR824

Table 2. Sampling frequencies of each microphone

Mic 1 16,000 Hz
Mic 2 16,001 Hz
Mic 3 16,002 Hz
Mic 4 16,003 Hz

Table 3. Experimental condition

Number of microphones 4
Number of sources 4

Frame length 4096 samples
Frame shift 2048 samples

Signal length for evaluation 10 sec
Signal length for supervised NMF training 10 sec

β-divergence 0, 1, 2
α (initialization parameter) 0.25
Number of NMF iterations 200

each source observation at each microphone. Asynchronous
recording data were generated by resampling with sampling
frequencies summarized in Table 2. The supervised training
of NMF was performed by using a different part of single
source observation from the evaluation. Table 3 shows a sum-
mary of the experimental conditions. The signal-to-distortion
ratio (SDR) and source-to-interference ratio (SIR) were used
as the evaluation measures [9]. SDR is a measure for evalu-
ating the distortion of the output signal and SIR is a measure
for evaluating the suppression of nontarget signals. As the
SDR and SIR increase the target sound is further enhanced.
SDR and SIR were calculated by the true source signals and
the estimated source signals at each microphone. The SDR
and SIR were independently calculated 1) without processing
(Unprocessed), 2) by using the supervised transfer function
gain NMF with the Itakura-Saito divergence (SNMF-ISdiv),
3) with the I divergence (SNMF-Idiv), and 4) with the Frobe-
nius norm (SNMF-Fnorm), and 5) by independent vector
analysis (IVA) [10]. The separation performance of IVA is
considered to be low for asynchronous recording because
IVA uses phase information to separate the sources.

3.2. Results of evaluation experiment

Figs. 4 and 5 show the SDRs for synchronous and asyn-
chronous recording, respectively. Figs. 6 and 7 show SIR
values for synchronous and asynchronous recordings, respec-
tively. For three types of supervised NMF, both the SDR and
SIR were significantly higher than without processing. More-
over, the SDR and SIR for synchronous recording were e-
quivalent to those for asynchronous recording, indicating that
time-frequency masking using transfer function gain NMF is
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Fig. 3. Spectrograms of observed signal in mic 4: reference source (left), unprocessed (center), and enhanced signal with
SNMF-Idiv (right).
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Fig. 5. The comparison of SDR between SNMFs and IVA in
a asynchronous recording case.

robust to the phase differences between recording devices and
appropriate for speech enhancement with an asynchronous
distributed microphone array. The result of sound source sep-
aration by IVA indicated that the SDR and SIR for asyn-
chronous recording were lower than those for synchronous
recording. From this results, the separation performance of
methods using phase information, as in IVA, was confirmed
to be low for asynchronous recording.

4. CONCLUSION

The performance of time-frequency masking with supervised
NMF in the time-channel domain was evaluated as a speech
enhancement method that is robust to asynchronous record-
ing. The results of experimental evaluations indicated that the

���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
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Fig. 7. The comparison of SIR between SNMFs and IVA in a
asynchronous recording case.

SDR and SIR of the signals obtained by the proposed method
were significantly improved compared with those of the ob-
served signals. It was confirmed that this approach is robust to
the phase difference and can be used as a speech enhancement
method for asynchronous recording.
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