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Chapter 2
Single-Channel Speech Enhancement
with a Gain

There are different ways to perform speech enhancement in the frequency domain
from a single microphone signal. The simplest way is to estimate the desired signal
from the noisy observation with a simple complex gain. This approach is investigated
in this chapter and all well-known optimal gains are derived. We start by explaining
the single-channel signal model for speech enhancement in the time and frequency
domains.

2.1 Signal Model

The noise reduction or speech enhancement problem considered in this study is one
of recovering the desired signal (or clean speech) x(¢), t being the time index, of zero
mean from the noisy observation (microphone signal) [1-3]

y() =x() +v(), (2.1)

where v(t) is the unwanted additive noise, which is assumed to be a zero-mean
random process white or colored but uncorrelated with x(¢). All signals are considered
to be real and broadband.

Using the short-time Fourier transform (STFT),! (2.1) can be rewritten in the
frequency domain as

Y(k,m)= X(k,m)+ V(k, m), (2.2)

where the zero-mean complex random variables Y (k, m), X (k, m), and V (k, m) are
the STFTs of y(¢), x(¢), and v(¢), respectively, at frequency-bink € {0, 1, ..., K —1}
and time-frame m. Since x(f) and v(¢) are uncorrelated by assumption, the variance
of Y(k, m) is

' Note that the concepts presented in this work can be applied to any other transformed domain.
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16 2 Single-Channel Speech Enhancement with a Gain
drk,m) = E[ 1Y (k.m) |
= ¢x(k,m) + ¢y (k, m), (2.3)

where E[-] denotes mathematical expectation, and

dx(k,m) = E [1X (k. m) ] 24)

pv(k,m) = E[IVk,mP?], (2.5)

are the variances of X (k, m) and V (k, m), respectively.

2.2 Microphone Signal Processing with a Gain

In this chapter, we try to estimate the desired signal, X (k, m), from the noisy obser-
vation, Y (k, m), i.e.,

Z(k,m) = H(k,m)Y (k, m), (2.6)

where Z(k, m) is supposed to be the estimate of X (k, m) and H (k, m) is a complex
gain that needs to be determined. This procedure is called the single-channel speech
enhancement in the STFT domain with a complex gain.

We can express (2.6) as

Z(k,m) = H(k,m)[X(k,m)+ V(k,m)]
= de(k’ m) + Vrn(k, m)» (27)

where
Xga(k,m) = H(k,m)X (k, m) (2.8)
is the filtered desired signal and
Vin(k,m) = H(k, m)V (k, m) (2.9)
is the residual noise.
Since the estimate of the desired signal is the sum of two terms that are uncorre-

lated, the variance of Z(k, m) is

¢z (k, m) = |H(k, m)|*> py (k, m)
= ¢, (k, m) + by, (k, m), (2.10)
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where

Pxy (ks m) = |H &k, m)|* px (k, m), 2.11)
Py (ko m) = |H(k, m)* v (k, m), (2.12)

are the variances of Xgq(k, m) and Vi, (k, m), respectively.

2.3 Performance Measures

The first attempts to derive relevant and rigorous performance measures in the context
of speech enhancement can be found in [1, 4, 5]. These references are the main
inspiration for the derivation of measures in the studied context throughout this
work.

In this section, we are going to define the most useful performance measures for
single-channel speech enhancement with a gain in the STFT domain. We can divide
these measures into two categories. The first category evaluates the noise reduction
performance while the second one evaluates speech distortion. We are also going to
discuss the very convenient mean-square error (MSE) criterion and show how it is
related to the performance measures.

2.3.1 Noise Reduction

One of the most fundamental measures in all aspects of speech enhancement is
the signal-to-noise ratio (SNR). The input SNR is a second-order measure which
quantifies the level of noise present relative to the level of the desired signal.

We define the subband and fullband input SNRs at time-frame m as [1]

iSNR(k,m):M, k=0,1,...,K —1, (2.13)
¢y (k, m)
K—1
iSNR(m) = M (2.14)
zk=o oy (k, m)
It is easy to show that [1]
K—1
iSNR(m) < Z iSNR(k, m). (2.15)
k=0

To quantify the level of the noise remaining after the noise reduction processing
via the complex gain, we define the output SNR as the ratio of the variance of the
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filtered desired signal over the variance of the residual noise. We easily deduce the
subband output SNR

_|H(k,m))? ¢x (k, m)
| H(k,m)[? ¢y (k, m)
_ ¢x(k,m)
~ pv(k,m)’

oSNR [H (k, m)]

k=0,1,....,K —1 (2.16)

and the fullband output SNR

_ o [Hk m)P ¢x (k. m)
Ko 1H(k, m)* gy (k, m)

oSNR[H (:, m)] (2.17)

We notice that the subband output SNR is equal to the subband input SNR, so the
subband SNR cannot be improved with just a gain but the fullband output SNR can.
It can be verified that [1]

K—1
oSNR[H(:, m)] < Z iSNR(k, m). (2.18)
k=0

The previous inequality shows that the fullband output SNR is always upper bounded
no matter the choices of the H(k, m).
For the particular gain H (k, m) = 1, we have

oSNR [1(k, m)] = iSNR(k,m), k=0,1,..., K — 1, (2.19)
oSNR [1(:, m)] = iSNR(m). (2.20)

With the identity gain, 1, the SNR cannot be improved.

The noise reduction factor [4, 5] quantifies the amount of noise whose is rejected
by the complex gain. This quantity is defined as the ratio of the variance of the noise
at the microphone over the variance of the residual noise. The subband and fullband
noise reduction factors are then

¢y (k, m)
HI'[H(ks )]=
: " TH G m) 2y (k, m)
1
=—— k=0,1,...,K — 1, 2.21
|H (k, m)|* 220

S K vk, m)
K TH (e, m)? gy (k, m)

K—1
- 2o #vk.m) (2.22)

K e H (K, m) gy (kom)

e [H(:, m)] =
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and we always have

K-1

b [HGm)] < D o [H(k,m)]. (2.23)

k=0

The noise reduction factors are expected to be lower bounded by 1 for appropriate
choices of the H(k, m). So the more the noise is reduced, the higher are the values of
the noise reduction factors.

2.3.2 Speech Distortion

In practice, the complex gain distorts the desired signal. In order to evaluate the level
of this distortion, we define the speech reduction factor [1] as the variance of the
desired signal over the variance of the filtered desired signal. Therefore, the subband
and fullband speech reduction factors are defined as

dx (k, m)
sr[H(ka )]Z
: "= TH G m) 2 o (e, m)
1
=— k=0,1,...,K — 1, 2.24
|H (k, m)|? (229

S E ) ox(k, m)
Ko 1H (k, m)|? ¢x (k, m)

K ox(k,m)

s [H(:,m)] =

= koo , (2.25)
k=0 &sr [H(k,m)] ¢x (k,m)
and we always have
K—1
Er [H(:,m)] = Z s [H (k, m)]. (2.26)
k=0

The speech reduction factor is equal to 1 if there is no distortion and expected to be
greater than 1 when distortion occurs.
By making the appropriate substitutions, one can derive the relationships:

OSNR[H (k,m)]  &n [H (k, m)]
iSNR(k,m) &g [H(k,m)]’

OSNR [H (:,m)]  &ur [H(:,m)]
iSNR(m) &g [H(.m)]

=0,1,...,K — 1, 2.27)

(2.28)

These expressions indicate the equivalence between gain/loss in SNR and distortion
for both the subband and fullband cases.
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Another way to measure the distortion of the desired speech signal due to the
complex gain is the speech distortion index [1, 4, 5], which is defined as the mean-
square error between the desired signal and the filtered desired signal, normalized
by the variance of the desired signal, i.e.,

_ E{IH(K, m)X (k, m) — X (k, m)|*}
B ¢x (k. m)
=|Hk,m —17, k=0,1,....,K — 1 (2.29)

vsd [H (k, m)]

in the subband case and
S Ko E{IH Gk, m)X (k, m) — X (k, m)|?}

Si0 ¢x(k, m)
_ Diso vsa [H (k. m)] fx (k, m)

vsd [H(:, m)] =

= (2.30)
>y bx(k.m)
in the fullband case. It can be verified that
K—1
v [HG,m)] < D va [H(k, m)]. (2.31)

k=0

However, the speech distortion indices are usually upper bounded by 1 for optimal
gains.

2.3.3 Mean-Square Error Criterion

Error criteria play a critical role in deriving optimal gains. The MSE [6] is, by far,
the most practical one.

In the STFT domain, the error signal between the estimated and desired signals
at the frequency-bin k and time-frame m is

Ek,m) = Z(k,m) — X(k,m)
= H(k,m)Y(k,m) — X (k, m), (2.32)

which can also be written as the sum of two uncorrelated error signals:
Ek,m) = Eq(k, m) + & (k, m), (2.33)
where

Ealk,m) = [H(k,m) — 11 X (k, m) (2.34)
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is the speech distortion due to the gain and
E(k,m)y = H(k,m)V (k, m) (2.35)

represents the residual noise.
The subband MSE criterion is then
J[H(k,m)] = E [|E(k, m)|?]
= ¢x(k.m) + |H(k,m)|* ¢y (k. m) — 2R [H (k. m)¢y x (k. m)]
= ¢x(k,m) + |H(k,m)|* ¢y (k, m) — 2R [H (k, m)¢x (k, m)]
= Ja (k,m) + J; (k, m), (2.36)

where R[-] is the real part of a complex number,

pyx(k,m) = E[Y(k,m)X*(k,m)]
= ¢X(kv m)

is the cross-correlation between the signals Y (k, m) and X (k, m), superscript *
denotes complex conjugation,

JaLH (k)] = E [ |, m) ]

= |H(k,m) — 11> px (k, m)
= vga [H (k, m)] x (k, m), (2.37)

and

Jo[Hk,m)] = E [lé’r(k, m)|2]

= |H (k, m)|* ¢y (k, m)
ov (k, m)

= — 2.38
Enr [H (k, m)] ( )

Two particular gains are of great interest: H (k, m) = 1 and H (k, m) = 0. With
the first one (identity gain), we have neither noise reduction nor speech distortion and
with the second one (zero gain), we have maximum noise reduction and maximum
speech distortion. For both gains, however, it can be verified that the output SNR is
equal to the input SNR. For these two particular gains, the subband MSEs are

J 1k, m)] = J; [1(k, m)] = ¢pv (k, m), (2.39)
J[0(k, m)] = Jq [0(k, m)] = ¢px (k, m). (2.40)
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As aresult,

[0k, m)]

(2.41)

We define the subband normalized MSE (NMSE) with respect to J [1(k, m)] as

TUH Kk, m)] = %

= ISNRGk, ) - v [ e )]+ e
= ISR ) v L T+ o R TR . m)l] e [H (K, m)] ] ’
(2.42)

where

vgd [H(k, m)] = %, (2.43)
iSNR(k, m) - vgg [H (k, m)] = %, (2.44)
e [H (K, m)] = % (2.45)
oSNR [H (k, m)] - & [H (k, m)] = % (2.46)

This shows how this subband NMSE and the different subband MSEs are related to
the performance measures.
We define the subband NMSE with respect to J [0(k, m)] as

- _ JHGEm)]
J[H(k,m)] = T 100k ]
1
SN Y7 A T T TR
and, obviously,
TLH (k, m)] = iSNR(k, m) - T[H (k, m)]. (2.48)

We are only interested in gains for which

Ja[l(k,m)] = Ja[H (k,m)] < Ja [0(k,m)], (2.49)
Je [0k, m)] < Jr [H(k,m)] < Je [1(k,m)]. (2.50)
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From the two previous expressions, we deduce that

0 < v [Hk,m)] < 1, 2.51)
1 < &nr [H(k, m)] < 00. (2.52)

It is clear that the objective of noise reduction in the STFT domain is to find
optimal gains that would either minimize J [H (k, m)] or minimize Jq [H (k, m)] or
Jr [H (k, m)] subject to some constraint.

In the same way, we define the fullband MSE at time-frame m as

1 K—-1
e > JH Kk, m)]
k=0

J[H(:,m)]

1 K—-1 1 K—-1
o 2 JalH k)] + 2= > Je [H (k, m)]
k=0 k=0

=Ja[HC,m)]+ L [H(G m)]. (2.53)

We then deduce the fullband NMSEs at time-frame m:
JIH(, m)]

JIHG,m)] =K ——>—""
> by (k.m)

: ' 1
— ,m
JIHG,m)] =K —— 20
>0 ¢x(k.m)
= v [H(G,m)] + ! . (2.55)

OSNR[H (:, m)] - § [H (:, m)]

It is straightforward to see that minimizing the subband MSE at each frequency-bin
k is equivalent to minimizing the fullband MSE.

2.4 Optimal Gains

In this section, we are going to derive the most important gains that can help mitigate
the level of the noise picked up by the microphone.

2.4.1 Wiener

By minimizing J [H (k, m)] [Eq.(2.36)] with respect to H (k, m), we easily find the
Wiener gain
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E[IX(k,m)|*]
E[1Y (k. m)[?]
CE[IVkm)P]

E[IY (k,m)?]

N ox (k. m)

~ px(k.m) + py (k,m)
iSNR (k, m)

T 1FiSNR(k, m)’

Hy(k,m) =

(2.56)

We see that the noncausal Wiener gain is always real and positive. Furthermore,
0 < Hw(k,m) < 1,Vk, m, and

lim  Hw(k,m) =1, (2.57)
iSNR (k, m)— o0
lim  Hw(k,m) = 0. (2.58)

iSNR (k, m)—0

We deduce the different subband performance measures:

T Hw k. m)] = —SNRGm) (2.59)
’ 1 +iSNR(k, m) — :

1 2
Sor [Hyw (k,m)] = [1 * m} =

=& [Hw(k, m)], (2.60)
1
oo [Hw (k, m)] = <1 2.61
v L (k. m)] = e < (2.61)
The fullband output SNR is

K1 iSNR(k, m) 7

k=0 Px(k, m) [—}
SNR [Hy (:;, m)] = 1+ ISNR(k, m) (2.62)

iSNR(k, m) T ’

K-1
St ovem |k

We observe from the previous expression that if the subband input SNR is constant
across frequencies then the fullband SNR cannot be improved.

Property 2.1 With the optimal STFT-domain Wiener gain given in (2.56), the full-
band output SNR is always greater than or equal to the fullband input SNR, i.e.,
oSNR [H (:, m)] > iSNR(m).

Proof We can use exactly the same techniques as the ones exposed in [1] to show
this property.
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Property 2.2 We have

iSNR (m) < TLHwC, my] < —SNR@m) 2.63)
I+ oSNR [Hw (o] = 7 WG = T2 50RR oy ‘
{1+ 0SNR [Hw (:, m)]}? _
ISNR(n) - oSNR [Hy ., my] — o WG ]
_ L1+ iSNR@m)1 {1 +ZoSNR[HW(:,m)]}’ 2.64)
iSNR? ()
1
S H 5
(L4 oSNR [Hy G, ]2 = D WG]
1 4 0SNR [Hy (:, m)] — iSNR (m) 265

= T £ iSNR(m)] {1 + oSNR [Hw .01}

Proof We can use exactly the same techniques as the ones exposed in [1] to show
these different inequalities.

2.4.2 Tradeoff

The tradeoff gain is obtained by minimizing the speech distortion with the constraint
that the residual noise level is equal to a value smaller than the level of the original
noise. This is equivalent to solving the problem

Hr&in)Jd [H(k,m)] subjectto J;[H(k,m)] = Boy(k,m), (2.66)
where

Ja[H(k, m)] = |H (k, m) — 11> ¢x (k, m), (2.67)

Je [H (k, m)] = |H (k, m)|* ¢y (k, m), (2.68)

and 0 < B < 1 in order to have some noise reduction at the frequency-bin k. If we
use a Lagrange multiplier, ;« > 0, to adjoin the constraint to the cost function, we
get the tradeoff gain

¢x (k, m)
¢x (k,m) + gy (k, m)
¢y (k, m) — ¢y (k,m)

" gy, m) + (1 — Dy (k. m)
iSNR (k, m)

= L +iSNR(Kk, m)’

HT,;A(kv m) ==

(2.69)
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This gain can be seen as a STFT-domain Wiener gain with adjustable input noise
level oy (k, m). The particular cases of u = 1 and p = 0 correspond to the Wiener
and distortionless gains, respectively.

The fullband output SNR is

iSNR(k, m) 7°

© + iSNR(k, m)i|
iSNR(k,m) 1%

i+ iSNR(k, m)]

S Ko x(k, m) [

oSNR [Hr . (:,m)] = (2.70)

K G0 ko) [

Property 2.3 With the STFT-domain tradeoff gain given in (2.69), the fullband
output SNR is always greater than or equal to the fullband input SNR, i.e.,
oSNR [Hr . (:, m)] = iSNR(m), Vi > 0.

Proof We can use exactly the same techniques as the ones exposed in [1] to show
this property.

From (2.70), we deduce that
38 éx (k. m)iSNR (k, m)

K—1
lim oSNR (Hrt ,(,m)| = < iSNR(k, m).
00 [ ] > Ko by (k, m)iSNR? (k, m) ,;)

(2.71)
This shows the trend of the fullband output SNR of the tradeoff gain.
The fullband speech distortion index is
k-1 Wox(k.m)
k=0 . 2
+ iSNR(k,
Usd [Hr,uGom)] = Lpe & ISNR(K, m)I” (2.72)

> K ox(k, m)

Property 2.4 The fullband speech distortion index of the STFT-domain tradeoff
gain is an increasing function of the parameter L.

Proof 1t is straightforward to verify that

dusa [Hr 1 (:,m)] ~0 (2.73)
du - '

which ends the proof.

It is clear that
0 < vsa [Hr,u.m)] < 1, Y = 0. (2.74)

Therefore, as w increases, the fullband output SNR increases at the price of more
distortion to the desired signal.
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The tradeoff gain can be more general if we make the factor 8 dependent on the
frequency, i.e., B(k). By doing so, the control between noise reduction and speech
distortion can be more effective since each frequency-bin k can be controlled inde-
pendently of the others. With this consideration, we can easily see that the optimal
gain derived from the criterion (2.66) is now

iSNR(k, m)

H k, = N )
Tk m) = e SNR (k. m)

2.75)

where p (k) is the frequency-dependent Lagrange multiplier. This approach can now
provide some noise spectral shaping for masking by the speech signal [7-12].

2.4.3 Maximum Signal-to-Noise Ratio

Let us define the K x 1 vector
h(m) = [H (0, m) H(l,m)---H(K—l,m)]T, (2.76)

where the superscript 7 denotes transpose of a vector or a matrix. The filter h(m)
contains all the subband gains. The fullband output SNR can be rewritten as

oSNR [H (:, m)] = 0SNR [h(m)]

_ WDy, mhon) 07
h# (m)Dy,, (m)h(m)
where the superscript  denotes transpose-conjugate and
Dy, (m) = diag [¢px (0, m), px(1,m), ..., ¢x(K — 1, m)], (2.78)
Dy, (m) = diag[¢y (0, m), py (1, m), ..., ¢y (K —1,m)], (2.79)

are two diagonal matrices. We assume here that ¢y (k, m) # 0, Vk, m.

In the maximum SNR approach, we find the filter, h(m), that maximizes the
fullband output SNR defined in (2.77). The solution to this problem that we denote
by hpmax (m) is simply the eigenvector corresponding to the maximum eigenvalue of
the matrix D7 ! (m)Dy, (m). Since this matrix is diagonal, its maximum eigenvalue
L ¢y X .
is its largest diagonal element, i.e.,

k
max Pxk,m) _ max iSNR(k, m). (2.80)

ko ¢y (k,m)

Assume that this maximum is the koth diagonal element of the matrix
D; Vl (m)Dgy, (m). In this case, the koth component of hyax (m) is 1 and all its other
components are 0. As a result,
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O0SNR [hyax (m)] =m]§1x iSNR(k, m)
=iSNR(kg, m). (2.81)
We also deduce that

OSNR [h(m)] < max iSNR(k, m). Vh(m). (2.82)

This means that with the Wiener, tradeoff, or any other gain, the fullband output SNR
cannot exceed the maximum subband input SNR, which is a very interesting result
on its own.

It is easy to derive the fullband speech distortion index:

_ ¢x (ko, m)
K exk,m)

which can be very close to 1, implying very large distortions of the desired signal.

Needless to say that this maximum SNR filter is never used in practice since
all subband signals but one are suppressed. But this filter is still interesting from a
theoretical point of view.

Usd [hmax (m)] =1 (2.83)
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