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Abstract—As the a priori signal-to-noise ratio (SNR) contains
crucial information about a signal’s mixture of speech and noise,
its estimation is subject to steady research. In this paper, we in-
troduce a novel a priori SNR estimator based on synthesizing an
idealized excitation signal in the cepstral domain. Our approach
utilizes a source-filter decomposition in combination with a cepstral
excitation manipulation in order to recreate an idealized excitation,
which is subsequently shaped by an immanent envelope. In con-
trast to the well-known decision-directed approach by Ephraim
and Malah, an instantaneous estimate is obtained, which is less
prone to sudden acoustic environmental changes and musical noise.
Additionally, the proposed estimator is able to preserve weak har-
monic structures resulting in a spectrum that is more full-bodied.
We present both a speaker-independent and a speaker-dependent
variant of the new a priori SNR estimator, both showing more
than 2 dB ASNR improvement versus state of the art, without any
significant increase in speech distortion.

Index Terms—A priori SNR, speech enhancement.

I. INTRODUCTION

priori SNR estimation has long been an important topic
A in speech enhancement. Having only a single mixture at
hand most likely impedes enhancement tasks since no knowl-
edge about the individual components of the observed mixture
is available. Consequently, the need to estimate an a priori SNR
arises and has been subject to research in several publications
[1]-[7]. Algorithms such as voice activity detection [8], speech
presence probability estimation [9] and, most importantly, spec-
tral weighting rules for noise reduction algorithms [1], [2], [10],
[11] take great profit from reliable a priori SNR estimates.

The decision-directed (DD) approach to estimate the a pri-
ori SNR by Ephraim and Malah [1] has been published along
with a spectral amplitude estimator for noise reduction and is
basically a weighted sum of two components. The first compo-
nent is depicting the ratio of the previous frame’s squared clean
speech amplitude estimate and the provided noise power esti-
mate also taken from the previous frame. The second component
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is an instantaneous estimate derived from the current frame’s a
posteriori SNR. The weights of both components sum up to
unity and as proposed in [1] the weight for the first compo-
nent is chosen close to unity. The approach has been thoroughly
analyzed in [12] and [13], where the analysis of Cappé [12]
has shown, that the DD a priori SNR estimate follows the a
posteriori SNR! with a delay of one frame.

Cohen proposed a non-causal estimator which buffers a few
frames and thus is capable of differentiating between onsets of
speech and bursts of noise allowing less musical tones and dis-
tortion of transient speech regions [3]. The approach is also less
sensitive to changes in the underlying speech model compared
to the DD technique. In practice all this comes at the price of
some frames of delay.

Breithaupt ef al. proposed an estimator [5] which employs a
quefrency-selective smoothing of a maximum likelihood (ML)
speech power spectral density derived from the a posteriori
SNR and the noise power estimate. In the cepstral domain the
coefficients corresponding to the excitation and the envelope are
smoothed differently. As a result they obtain an a priori SNR
estimate that yields better results in a noise suppression frame-
work than the one in [1] w.r.t. spectral distortion and musical
tones, especially in non-stationary environments. However, the
clean excitation is not directly modeled, still leaving potential
for improvement.

A data-driven approach based on the DD formula has been
published in [6]. The two components of the weighted sum
are both input to two different neural networks, discriminating
speech active and inactive frames, with the ideal a priori SNR
as a target during the training process. In a practical system
both networks are evaluated and a linear combination of the
provided outputs yields the final a priori SNR estimate. The
authors are able to show a reduction of speech distortion during
speech onsets while maintaining a high noise attenuation during
speech pause. As the training process requires noise signals the
approach is not entirely independent of the noise type.

Our latest work [7] shows that a simple Gaussian mixture
model (GMM), representing clean speech spectral amplitudes,
is able to provide a ML clean speech amplitude estimate when
preliminary denoising is applied to the observation and subse-
quently the GMM is evaluated. The provided estimate is then
used as numerator for an intermediate a priori SNR estima-

IPlease note that the term “a posteriori SNR” in [12] differs from its use in
mainstream literature as introduced in [1].
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tion and continuously improved by repeated filtering and re-
estimation.

Motivated by Cappé’s observation, Plapous et al. propose
a so-called two-step noise reduction (TSNR) technique [14]
which is able to compensate for the one-frame delay. It is used
as a preliminary noise reduction for their harmonic regeneration
noise reduction (HRNR) introduced in [4]. The HRNR approach
employs an improved a priori SNR estimator which applies a
non-linear function to an enhanced time-domain signal in order
to restore lost harmonics in the spectrum. The enhanced signal
is subsequently mixed with the preliminary denoised signal,
according to the calculated gains of the TSNR, and then used
as numerator for the a priori SNR estimate. The applied non-
linearity produces an unnatural harmonic and leads to audible
artifacts in certain low-frequency noise types.

A recent analysis [15] deals with the over- and underestima-
tion of estimated a priori SNR. The authors propose to use a
correction term based on an empirically obtained distribution of
the true bias in dependency of the a priori and a posteriori SNRs.
The distribution is then subject to a vector quantizer which is
later on used to estimate the bias on real data to compensate for
the aberration. They show how to improve the DD and also the
TSNR approach and additionally state that the proposed method
could be used together with any spectral weighting rule.

In this paper we introduce a novel approach that consequently
exploits the a priori knowledge that comes along with a model-
based approach, while staying fully independent of noise types.
The proposed method for instantaneous a priori SNR estimation
without the need for lookahead is based on the source-filter
model representing human speech production and also embraces
the convenience a cepstral representation offers in terms of pitch
estimation and cosine synthesis.

Furthermore, we also address a problem known to occur with
approaches that model solely the spectral shape as they typically
lack the fine structure of the speech spectrum and thus are not
able to suppress noise between the harmonics [16].

In a first stage we employ a preliminary noise reduction driven
by a noise power estimator such as [17]-[19], suitable state-of-
the-art a priori SNR estimation [1], [5]-[7], and a weighting
rule of choice, e.g., [1], [2], [10], [11]. In a second stage we
utilize linear predictive coding (LPC) analysis to decompose
the preliminary denoised signal into its spectral envelope and
excitation followed by a transformation of the excitation signal
to the cepstral domain. Subsequently, we detect the pitch, and,
as a core of our approach, we synthesize an idealized excita-
tion which is shaped by the spectral envelope of the preliminary
denoised signal. The resulting spectrum is finally used as clean
speech amplitude estimate for an instantaneous a priori SNR
numerator. We then extend our approach to using two variants
of excitation manipulation (synthetic and template-based) and
show improvement of the template-based over the purely syn-
thetically created excitation. Finally, we investigate the potential
of a speaker-dependent (vs. a speaker-independent) setup of our
estimator.

The structure of this paper is as follows: In Section II we
introduce our mathematical notations and some baseline esti-
mators, which serve as reference in the evaluation. Next, we
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present our cepstral processing methodology in Section III fol-
lowed by the two proposed manipulation schemes in Section I'V.
In Section V we present the experimental results and discussion
separately, and conclude the paper in Section VL.

II. NOTATIONS AND BASELINES

We assume an additive model for the microphone signal y(n)
in the time domain as

y(n) = s(n) +d(n), M

with s(n) being the clean speech signal we are interested in, and
d(n) being the noise signal we aim to suppress. The discrete-
time sample index is n. The corresponding frequency-domain
representation by applying the discrete Fourier transform (DFT)
is

Yi(k) = Se(k) + De(k), 2

with frame index ¢ and frequency bin index k being restricted
by the DFT size K to 0 < k < K — 1. Furthermore, as most
approaches do, we assume that the speech and noise signals are
zero-mean and statistically independent of one another.

A. Noise Power Estimation

An estimate of the noise power, which is denoted by 67 (k)?,

is required for noise reduction and can be obtained by several
algorithms which have been published in the past. Among those
is the minimum statistics (MS) approach [17], which is a com-
monly utilized estimator with good performance in stationary
and non-stationary environments. Besides, there are further es-
timators such as the minima-controlled estimator proposed in
[18], or estimators based on the minimum mean-square error
(MMSE), e.g., [20].

B. Spectral Weighting Rules

The desired clean speech spectral estimate is generally ob-
tained by applying a real-valued gain function, also referred
to as spectral weighting rule G (k), to the observed signal as
follows

Si(k) = Yi(k) - Go(k). A3)

Thereby, the noisy phase is usually maintained as motivated in
[1], [21], [22], although some more recent publications support
phase-aware speech enhancement [23]-[25]. As the potential of
amplitude-based speech enhancement seems not yet exhausted,
we feel comfortable to focus on these in the following.

Amongst the most famous weighting rules utilized to calcu-
late gain functions Gy (k), we find the well-known Wiener filter
(WF) [10], the MMSE short-time spectral amplitude estimator
(MMSE-STSA) [1], the MMSE log-spectral amplitude estima-
tor (MMSE-LSA) [2], and the super-Gaussian joint maximum a
posteriori (SG-)MAP) estimator [11]. The aforementioned var-
ious frequency bin-selective gain functions Gy (k) are mostly
(nonlinear) functions f(-) of the a priori SNR
o} (k)*

(k) = 01%) (k)2

“)
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and partly also of the a posteriori SNR

_ (k)P
Ye(k) = P (k) &)
allowing us to compute Gy (k) as:
Go(k) = f (&(k), e (k) - (6)

Since both entities require quantities that are not available in
practice they need to be estimated (or at least components of
them). We denote estimated entities with a hat (*) as accent.

C. A Priori SNR Estimation

In this section we briefly sketch three baseline approaches
which will later serve to compare our approach against.

1) Decision-Directed (DD): The historic breakthrough to
estimate the a priori SNR is the already mentioned DD ap-
proach by Ephraim and Malah [1]. In summary, the DD formula
narrows down to

PP (k) =

& 2 @)
(1= Bpp) - max {4, (k) — 1,0} + Bpp %7
)
with Spp and (1 — Bpp ) being the weights of both components
as mentioned in the introduction. Subsequently, as proposed in
[12], the a priori SNR estimate is lower-bounded to a certain
&min to avoid musical tones.

2) Selective Cepstro-Temporal Smoothing (CTS): This
method, proposed by Breithaupt et al. [5], is utilizing prop-
erties of the cepstral representation to obtain a more precise a
priori SNR estimate. The core of this approach is an adaptive,
first-order recursive smoothing of the cepstrum of the ML clean

speech estimate ¢ "" (m) according to

& (m) = ag(m) - & (m) + (1 — ag(m)) - &

(m), (8)

where ¢ (m) is the smoothed version of the cepstrum and
m e M ={0,1,..., K — 1} is the cepstral bin index. The cep-
strum of the ML clean speech estimate in this particular case is
obtained as

(" ()

with

1 G o
, = IDFT { (log IS}:"IL(’f)F)k:o } O

m=

S (R)P = 6 (k)? - max {§" (k). &)1

The ML a priori SNR floor £ME
numerical stability, while

& (k) = v (k) - 1, (11)

as shown in [5]. Parameter ay(m) is not only time-variant,
but also quefrency-selective. Cepstral coefficients with small
indices controlling the shape of the spectral envelope are to
be smoothed only slightly, whereas the higher-indexed cepstral
coefficients are supposedly related to noise and thus heavily
smoothed. An exception is made for bins related to the fun-
damental frequency as these are suggested to be smoothed

(10)

> 0is a small number yielding
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even less than the envelope-related quefrencies. Therefore, this
method relies on a cepstral pitch estimation. For the detailed
smoothing scheme we refer to [5]. After a bias compensation
required due to the smoothing in the logarithmic domain and in-
verse transformation the final a priori SNR estimate is obtained

as
: Se(k)?
&5 (k) = max { |&;’((k))2 7fmin} )

12)

with

(|S*(;,(ic)|2);1 — exp (;-; + DFT { (af (m))i_:D . (13)

and  being a log-amplitude spectrum bias compensation. In
our simulations an improved bias compensation term has been
used as presented in [26]. The noise power estimation is not
further restricted to any specific method. Finally, note that an
instantaneous extension to CTS could be employed as being
done in [27].

3) Harmonic Regeneration (HRNR): The HRNR approach
by Plapous et al. [4] is based on the DD estimator, but taking
Cappé’s observation into account to compensate for the one-
frame delay of the a priori SNR, underlying some preliminary
spectral weights GED (k). The authors employ a two-step noise
reduction technique (TSNR) to accomplish the delay compen-
sation. Therefore, they introduce a second gain function

GPSN (k) = F(E75NT (k). Fe (k) (14)
with an updated a priori SNR
(1) . (DD (1|2
crow gy _ [Y2(h) - GPP () s

A0

being responsible for the actual compensation. A harmonic spec-
tral regeneration method operates on the TSNR-enhanced sig-
nal Yy (k) - GTSNR(k), applying a simple non-linear function
in the time domain, here half-wave rectification, and thereby
boosting the harmonics of voiced frames. After transformation
the spectrum is depicted as Sy (k), which is not directly used
for clean speech estimation but for another a priori SNR esti-
mate £['®NR(E). To obtain this estimate, Sy (k) is mixed with
the TSNR-enhanced signal according to the corresponding gain
function as follows

T (k) =

(k) - Yo (k) - GESNR(B))? + (1 — (k) - |Su(k) > (10)
57 (k)2

where the authors propose to use weights o (k) = GFSNE (k).

This constitutes the final a priori SNR estimate; again, the
noise power estimator can be chosen from available literature
for each of the proposed stages.

Throughout this paper we refer to a system that is com-
posed of a noise power estimator (Section II-A), an a priori
SNR estimation (Section II-C), and a spectral weighting rule
(Section II-B) as either a common or a preliminary noise
reduction.
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Fig. 1.

Block diagram of the cepstral processing framework for our proposed a priori SNR estimation. The preliminary noise reduction consists of the MS

noise power estimation algorithm, the DD a priori SNR estimation approach, and the MMSE-LSA spectral weighting rule.

III. NEW CEPSTRAL PROCESSING FRAMEWORK FOR A PRIORI
SNR ESTIMATION

In this section we present the cepstral processing frame-
work of our a priori SNR estimator, and provide some moti-
vation for cepstral domain processing. Fig. 1 depicts its overall
architecture.

A. Preliminary Noise Reduction

Similar to [4], we also employ a preliminary denoising stage
before applying the actual approach. The motivation is to fa-
cilitate the extraction of required information for the proposed
a priori SNR estimation. As it will rely on a pitch estimation,
our approach benefits from the preliminary noise reduction ren-
dering pitch estimation more robust, even in very low-SNR
conditions. We target the preservation of harmonics which are
often strongly attenuated, especially in adverse environments.
In practice, this preliminary noise reduction is not limited to
any specific components or approaches, but we propose to rely
on a common noise reduction scheme being composed of some
noise power estimation (e.g., minimum statistics [17]), the DD
approach to a priori SNR estimation [1], and the MMSE-LSA
spectral weighting rule [2] (referring to the left light gray block
in Fig. 1).

B. Source-Filter Decomposition

Decomposing the preliminary denoised signal into its enve-
lope and excitation (e.g., by LPC analysis) allows us to break
down the enhancement task into two individual problems, thus
enabling specific enhancement methods to be applied to each of
the components, separately. However, in this paper we focus on
the excitation only.

Our proposed method exploits knowledge about the process
of human speech generation, especially of voiced speech. There-
fore, it is important to have a reliable pitch estimation which is
on the one hand supported by the preliminary denoising stage,
and on the other hand by analyzing the excitation signal. For
these reasons, we decompose the preliminary denoised signal
Y, (k) into the spectral excitation R, (k) and its spectral envelope
Hy(k), which is understood as the source and the filter, respec-
tively. In each frame ¢ the spectral envelope H, (k) is obtained
by first applying the K -point inverse discrete Fourier transform
(IDFT) to the squared magnitude spectrum |Y;(k)|?, resulting

in the sequence of autocorrelation coefficients
7.7 K-1 S
(o1 ()y—y =IFT{(Vi(k)P),, } -

The first N +1< K elements ¢}’ (v), v € {0,1,...,N}
are used to compute a set of N LPC coefficients a (i),
i€{1,2,...,N} by the Levinson-Durbin recursion. The LP
analysis filter in the DFT domain (1 — A,(k)) is then simply
obtained by applying the K -point DFT to a sequence of the pre-
viously calculated N LPC coefficients, padded with K’ — N — 1
Zeros:

(A =

K-1

k=0 a7

DFT {(0, as(1),...,a;(N),0,...,0)}. (18)

The LP analysis filter is employed to process the preliminary
denoised signal Y; (k) to retrieve the respective residual signal
as [28]:

Re(k) = Yo(k) - (1 = A(k)) , (19)
while the spectral envelope is given by the inverse filter as
1
H =—\ 2

LPC analysis is an established method for source-filter de-
composition [28]. An alternative to computing the envelope
could have been simple liftering in the cepstral domain (i.e., tak-
ing only the lower part of the cepstrum), which, however, does
not provide the exact same results as the Levinson-Durbin re-
cursion of LPC analysis [29, Sec. 9.5.1].

Further investigations towards the processing framework as
shown in Fig. 1 have also shown that a residual signal obtained
via LPC analysis, being subsequently transformed into the cep-
stral domain, is better suited for later manipulation. This is
further elaborated on in Section IV-B.

C. Cepstral Excitation Representation

Next, we obtain a cepstral representation of a signal by ap-
plying the discrete cosine transform of type II (DCT-II), but
also an IFFT could have been chosen as in [5]. Additionally,
we present some of its inherent, convenient properties we take
advantage of. To further analyze the spectrum of the excitation
signal in a first step we compute the cepstral coefficients upon
the excitation signal’s logarithmic magnitude spectrum as [30]

K1
clf(m) = Z log (|R¢(k)|) - cos [rm (k+0.5) =] (1)
k=0
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Fig. 2. Example gf an idealized synthetic excitation for X' = 256. Upper

panel: Cepstrum c¢,* (m) with mp, = 64 and cf (64) = 60, representing a
single zero-mean cosine in the log-spectral domain. Lower panel: Log-spectrum
201og; |Re (k)| according to (22), showing only % + 1 bins.

withm € M ={0,1,..., K — 1}. The obtained cepstrum has
a doubled resolution since we compute it on the whole spectrum
(and not only on % + 1bins). The inverse DCT-II (IDCT-II) will
be required in a later stage at the end of the cepstral excitation
manipulation (CEM) and is calculated as

R (k)| =

R

K-1
exp ( G2+ 3 3 cfm) -cos [om (3-+.0.5) 4]
m=1

(22)

After the manipulations, the residual signal is mixed with the
spectral envelope of the preliminary denoised signal as

[Se(k)| = [Re (k)| - [He(F)|
which is used as numerator for the final a priori SNR estimate
in an instantaneous fashion as follows

2o 1Se(k)?

One of the most important properties of the cepstrum is the
possibility to find a quefrency corresponding to the pitch by
simple peak picking [31]. Thus, we estimate the pitch bin index
mp, in a very naive way by a maximum search of the cepstrum
in a defined range specified by naturally occurring pitch values.
Our focus is restricted to pitch frequencies Fy from about 50 Hz
to 500 Hz. Using® f = 2}; = the resulting cepstral bin indices at
sampling frequency f; = 8 kHz are therefore in the range m €
Mg, = {mso0 = 32,...,ms0 = 320}. Pitch estimation on the
basis of the residual signal after preliminary noise reduction is
then simply performed according to

(23)

(24)

mp, = arg max (cfg12 (1)) (25)

HEMPp
A further convenience is now the ability to easily synthesize
a cosine in the log-spectral domain, by creating a cepstrum
with only one non-zero bin. An example of such an idealized
synthetic excitation is given in Fig. 2. The idea behind it is
the fact that in voiced speech production harmonics occur at
multiples of the fundamental frequency Fy, starting at Fj. A

2The factor 2 stems from the doubled resolution of our cepstrum definition
(21).

IEEE/ACM TRANSACTIONS ON AUDIO, SPEECH, AND LANGUAGE PROCESSING, VOL. 25, NO. 8, AUGUST 2017

R | . . Start/End | | 7
¢ (m) Manipulation 3 IDCT-II exp Decay [T ‘R/(k”
»
M E,
Pitch
Estimation
Cepstral Excitation Manipulation
Fig. 3. Block diagram of the proposed cepstral excitation manipulation

based on an idealized synthetic excitation.

cosine in the log-spectral domain models this quite well already,
as the maxima are located directly at the fundamental frequency
and due to the periodicity also at the harmonics.

IV. CEPSTRAL EXCITATION MANIPULATION (CEM)

In the following, we introduce ways to manipulate the exci-
tation in the cepstral domain (referring to the upper right gray
block in Fig. 1). These methods form the core of our proposed
approach. First, a manipulation towards an idealized synthetic
excitation is introduced and second, a template-based alternative
is presented.

A. Idealized Synthetic Excitation (CEMp )

The first option we propose to manipulate the excitation in
the cepstral domain is to completely replace it by an ideal-
ized synthetic one, followed by the IDCT-II (22) and some
final manipulation of the start and the end of the log-spectrum
(see Fig. 3). Having found the index mp, of the cepstral peak
amplitude which corresponds to the pitch according to (25),
we overestimate its amplitude and transfer it into our synthetic
cepstrum

cf(mp,) = el (mp,) - as(mp,), (26)

while the remaining quefrencies, except for (m = 0), are as-
signed a zero amplitude:

Am)=0, Vm¢{0,mp}.

In order to retain the energy of the preliminary denoised signal’s
residual, we preserve the cepstral energy coefficient (m = 0):

el (0) = ¢ (0).

The proposed overestimation factor «y(m) > 1 could be
time-variant and cepstral bin-dependent. While Fig. 2, upper
panel, shows an example cepstrum, Fig. 4, upper panel, de-
picts the same cepstrum with applied cepstral overestimation
factor. The resulting effect on the log-spectrum can be seen in
Fig. 4, center panel, where a one-view comparison of both log-
spectra is provided. Now, the benefit of the directed amplitude
overestimation becomes obvious: The overestimation allows a
narrower modeling of the harmonics (positive half waves), and
also a correspondingly strong emphasis of the valleys (negative
half waves) resulting in an increased attenuation between the
harmonics. Note that this effect would not be obtained when
boosting the harmonics in a shaped or already power-adjusted
spectrum with a simple overestimation factor, as this would re-
sult only in a shift of the spectrum leaving the negative half

27)

(28)
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Fig. 4. Example of an idealized synthetic excitation with overestimation

factor oy (mp, ) = 2.2, DFT length K = 256, and optionally with preserved
cepstral energy coefficient. Upper Panel: Cepstrum c? (m) with mp, = 64

and (/ (64) = 60 - 2.2 = 132, representing a single zero-mean cosine in the
log-spectral domain. Center Panel: Log-spectra 20 logy |R¢ (k)| (bold, dotted
line from Fig. 2, lower panel) and 20 log; |R¢ (k)| (dashed line, using (26)).
Lower panel: Log-spectra 20 log; |R/ (k)| from center panel (dashed line),
and power-adjusted log spectra with additional cf (0) = 90 (solid line). All
log-spectra show only + 1 bins.

waves unmodified. Besides, since our manipulation is in the
cepstral domain, our approach translates consistently to all har-
monics. This effect is difficult to achieve when operating in the
spectral domain.

An overestimation of the energy coefficient would result in
a scaling of the whole spectrum which is not desired here, as
explained above. An example spectrum depicting the effect of
(28) is shown in Fig. 4, lower panel, solid plot.

Naturally, spectral content of voiced human speech starts to
occur at the fundamental frequency (after one period of the
cosine), then being followed by the corresponding harmonics at
multiples of the fundamental frequency, but there should be no
spectral content prior to the fundamental frequency. Motivated
by our observations during the training of excitation templates,
we assume a similar effect at high frequencies (see Fig. 5, upper
panel). Thus, a continuation of the cosine beyond the highest,
fully representable harmonic is also not desired.

Similarly, in the HRNR approach [4, Fig. 8] a continuous
harmonic log-amplitude spectrum is obtained. A problem that
has been left unattended there is the falsely introduced half
period at low frequencies, which is caused by the non-linear
function in [4], applied in order to regenerate harmonics.

To tackle this issue, we propose a simple continuation of
the decay of the cosine at low and high frequencies (instead of
Fig. 4, lower panel, solid line, now Fig. 5, lower panel). To iden-
tify the first local minimum prior to the fundamental frequency
we utilize f = % to obtain the corresponding pitch frequency

INSTANTANEOUS A PRIORI SNR ESTIMATION BY CEPSTRAL EXCITATION MANIPULATION
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Fig. 5. Upper panel: Example of a log-spectrum excitation template for
mp, = 64, obtained as described in Section IV-B. Lower panel: Example of
an idealized synthetic excitation log-spectrum with preserved cepstral energy
coefficient, overestimation factor «s (m Fu) = 1.5, and applied start and end
decay to remove the two false half periods.

I based on the estimated cepstral bin index mp, from (25).
We now convert the pitch frequency Fj to its correspondrng
real-valued frequency-domain ”bln index” as k:pO = Fy-+,o0n

basis of the simple relation that £ corresponds to f : and ev-
ery frequency bin index contammg a related frequency can be
obtained by linear interpolation. Due to the periodicity of the co-
sine we compute the integer bin index of the first local minimum
according to

INCF
kmin = ’VTO—‘ )

The maximum for the high frequencies is found by analyzing
whether the highest possible harmonic frequency and thus the
corresponding period of the Cosine fits into the non-redundant
frequency range as limited by ‘, or not, according to (30)
shown at the bottom of the page.

Here, we have to distinguish between two cases: either, the
highest depictable harmonic frequency (Fj - 2%0 |) including

kmin € {Oala"'aKfl}' (29)

its falling edge (Jr%) fits into the non-redundant frequency
range (< %) or it overlaps (> %) For the former we simply
calculate the frequency of the last local minimum at the end
of the falling edge of the last harmonic (Fj - L2 Foj + %) and

calculate its corresponding frequency bin index (- £). For the lat-
ter, since this frequency would be outside of the non-redundant
frequency range, we calculate it for the last but one harmonic
(LQJ; | — 1), accordingly. For more clarity we refer to the lower

panel of Fig. 5, depicting ki, kFO ,and also Ky ax.

For all £ < ki, and k > k. the real-valued cosine in the
log-spectral domain is discarded and simply to be extended
linearly with the slope around k = ki, and k = Ky, a«, respec-
tively. The proposed mechanism is one possibility to solve the
issue quite well already, as a comparison of Fig. 5, upper and
lower panel, suggests. Alternatively, different monotonically

KFO HFOJ +%>ﬂ’
KF" ' ([2’2‘” —1) + 0

kmax =

s E s
forFo-bj;nJ—i-T”S% 0
(30)

K s E s
'JTJ’ for Iy - bj;oJ + 5> %
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Fig. 6. Block diagram of the proposed cepstral excitation manipulation

based on excitation templates.

increasing and decreasing functions could be applied to model
the start and end decay as required.

B. Cepstral Excitation Templates (CEMg;, CEMgp )

In the cepstral excitation manipulation as described before,
the idealized synthetic excitation carries no specific information
except for the location of harmonics and a proper energy coeffi-
cient. However, further investigations have shown that a resid-
ual signal that is obtained via LPC analysis and subsequently
transformed into the cepstral domain holds non-negligible infor-
mation in the remaining bins. As a consequence, the synthetic
excitation lacks attributes of the human vocal chords and lungs,
being responsible for the naturalness of the modeled excitation
signal. Thus, with the now described alternative approach we
aim at modeling these components in more detail by creating ex-
citation templates based on excitation signals originating from
LPC analysis. A high-level diagram of the cepstral excitation
manipulation is depicted in Fig. 6. We obtain cepstral excita-
tion templates in two different ways, depending on whether they
are going to be speaker-independent (SI) or speaker-dependent
(SD). In the following we describe a general way which is used
for both, SI and SD templates, where for the latter it is just a first
stage towards a more speaker-specific modeling. In general, the
idea is to have a cepstral excitation template for each detectable
pitch bin value m € Mp, . For this, clean speech training ma-
terial is analyzed and subsequently the DFT spectrum Sy (k) of
each frame / is separated into spectral envelope and excitation
signal (see Fig. 1 and assume Y (k) = Sy (k)). The DCT-II is
employed to transform the excitation signal into the cepstral
domain and the pitch bin index mp, is estimated as explained
in Section III-C. Accordingly, we collect the set

Conp, = {cF el (mp,) > ¢ (W)Y € Mg} (B1)

of all cepstral vectors in the training material belonging
to each particular pitch bin index mp, € Mg, with c¢ff =
(cl(0),...,cft(m),...,cf'(K —1)). Now, the cepstral repre-
sentation allows us to average per bin over all cepstral excitations
in a given set and to obtain a representative excitation template
for each pitch bin index mp, as

R 1

¢t (mp,) = |

- > et Ymp, i [Cay, | >0, (32)
mE,

R
clieC,
m FO

where | - | is the cardinality of a certain set. If a set is empty, the
codebook entry is assigned an all-zero vector. Furthermore, we
drop the frame index / as it is only required during the collection
of the training material in (31).
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The templates can be obtained either in an SI or an SD fashion,
only depending on the training data. We propose to use the
following adaptation scheme to create SD templates on basis
of SI templates. At first, we separately obtain the SI templates
¢f'(mp,) and preliminary SD templates é%(mp,) stemming
from much less data of the target speaker, both according to
(31) and (32), differing only in the training material. The actual
adaptation is a weighted mixture of both, SI and SD templates
for each given pitch bin index my, as

¢ (mp,) = B(mg,) - (mp,) + (1 = B(mp,)) - €"(mp,)
(33)
with
ICon, |
|é771p(] | +6- |émpo |

Bme,) = (34
where § > 1 allows to compensate for the typical lack of SD
training material and to artificially emphasize the SD material.

Having obtained and stored the cepstral excitation templates,
their application is very similar to the scheme in Section I'V-A.
After having detected the pitch bin index m g, according to (25),
the SD (33) or SI (32) cepstral excitation template addressed by
mp, is taken. Here, e.g., for SI templates:

Vm ¢ {0,mp, }.

The subsequent manipulations from (26) to (28) are applied as
before in order to obtain a level consistent with the preliminary
denoised signal where (27) is replaced by (35). The proposed
start and end decay from (29) and (30) can optionally be ap-
plied to compensate for aberrations due to noise in the training
material.

If an empty template (originating from [Cy,, | =0 during
training) has been selected by the detected pitch bin index mp,,
we do not apply the manipulations from (26) to (28). Instead,
we continue with the all-zero cepstral template ¢ (m, ) which
results in a flat spectrum with unity amplitude. Thus, in such a
situation of uncertainty, we do not harm the signal nor do we
necessarily enhance it since the clean speech estimate | Sy (k)|
then reduces to solely the envelope | H, (k)|. Alternatively, one
could also employ the idealized approach in such cases or learn
missing templates in an adaptive manner. We comment on the
amount of empty templates and their selection frequency during
test at the end of Section V-D.

R

¢t (m) = et (mp,,m) (35)

V. EXPERIMENTAL EVALUATION

We embed the proposed and the baseline a priori SNR esti-
mators in a common noise reduction algorithm to evaluate their
performance and analyze their behavior in four different noise
types, six different SNR conditions and with two commonly em-
ployed spectral weighting rules. Four different quality measures
are utilized to compare the different approaches.

A. Experimental Setup

Throughout the whole experimental section of this contribu-
tion we employ a sample rate f; = 8 kHz with a frame size of
32 ms, corresponding to K = 256 samples, and a 50% frame



ELSHAMY et al.: INSTANTANEOUS A PRIORI SNR ESTIMATION BY CEPSTRAL EXCITATION MANIPULATION

shift by 128 samples. As analysis and overlap-add synthesis
window we utilize a periodic square root Hann window and
for the source-filter decomposition we compute N = 10 LPC
coefficients.

The NTT super wideband database [32] is used as a basis
and thus downsampled to 8 kHz. We only use the American
and British English sets which consist of eight and six speakers,
respectively, where each set offers an equal number of speakers
per gender. The database comes with 120 utterances for each
American English and 100 for each British English speaker.
Thus, we decided to artificially decrease the amount to 100 files
for American English speakers by random picking, amounting
to a total of 14 speakers and 1400 utterances. Next, we use 80%
of each speaker’s material for training and the remaining 20%
for SI and SD testing. For our SI experiments, we decided to
use a leave-one-out method to increase the amount of training
material. For this, we generate a training set for each speaker
separately containing the training material of the 13 other speak-
ers consisting of 13 x 80 = 1040 utterances. The training ma-
terial for the SD adaptation is represented by the 80 utterances
of each speaker which have been left out during the SI train-
ing. The training itself of the SI and SD templates is conducted
according to Section IV-B with applied start and end decay.

The four different noise types are taken from the ETSI [33]
database and represent road, car, office, and pub noise. Each
segment used to generate the microphone signal is randomly
extracted matching the length of the clean speech file. We pro-
cess the files at six different SNR conditions ranging from —5 dB
up to 20 dB in steps of 5 dB. The level of the clean speech and
the noise is measured by the active speech level and the root-
mean-square level, respectively, according to ITU-T P.56 [34]
and both adjusted also according to P.56 prior to superposition.
In total we process 14 x 20 x 4 x 6 = 6720 files for each a
priori SNR estimator under test. Please note that for the SD
experiments, we switch the SD templates corresponding to each
speaker being processed, accordingly.

The evaluation of the different a priori SNR estimators is
placed in a common noise reduction system with MS noise
power estimation, one of the a priori SNR estimators under
test (DD, HRNR, CTS, CEMp, CEMg;, CEMgp) and the two
spectral weighting rules (MMSE-LSA and SG-]MAP) used to
calculate the final gains Gy (k) which are limited to Gy, =
—15dB.

The DD approach is tuned with optimal parameters® adopted
from [35] for each of the weighting rules.

For the HRNR approach a preliminary noise reduction is
required for which we also use the MS noise power estimation,
DD a priori SNR estimation with Spp = 0.985 and &,i, =
—15 dB as it is just an intermediate step. Furthermore, GPP (k)
and GJSNR (k) are calculated using the WF as proposed and we

30ptimal parameters for DD a priori SNR estimation for the two weighting
rules:

MMSE-LSA: Bpp = 0.975, Emin = —15 dB
SG-jMAP: Bpp = 0.993, Emin = —14 dB.
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follow the author’s suggestion and utilize oy (k) = GF5N® (k)
as weights for the mixing in (16) .

The CTS implementation was kindly provided by the authors
and thus the parameters left as originally initialized.

Our three proposed estimators CEMp, CEMg;, and CEMgp,
share the same preliminary noise reduction with the HRNR
approach except for the weighting rule being MMSE-LSA (in-
stead of the WF) as mentioned in Section III-A. The overes-
timation factor for (26) is empirically determined and set to
ay(mp, ) = 2. The required parameter to compensate the lack
of speaker-dependent data is found for this particular training
set with 6 = 30.

B. Quality Measures

To measure the quality of our proposed a priori SNR esti-
mator in two example noise reduction contexts, we employ the
so-called white-box approach [36], i.e., we calculate the gains
G (k) and subsequently apply it not only to the microphone
signal Yy (k) in order to obtain the enhanced signal, but also
to the clean speech component Sy (k) and the noise component
Dy (k), separately. The obtained components after IDFT and
overlap-add are called the filtered clean speech component §(n)
and the filtered noise component a?/(n) respectively, which is
applicable by assuming (2). The measures are operating not on
the enhanced signal 5(n), but only on the filtered and unfiltered
components with the latter as a reference.

The segmental noise attenuation (NA) [37] is calculated as

1
NAseg = 101logyy |J£| ZNA(@ ) (36)

lel

with
SN d(v 4 EN)?

NA(¢) = —=v=0 :
@ Sy d(v 4+ N + A)?

where ¢ defines a segment of length N = 256 samples, A is
compensating the sample delay of the filtered signal, and |17| is
a normalization factor since |£| is the cardinality of the set £,
containing all frames. The segmental NA depicts the average
of a local frame-wise ratio of the noise component and the
corresponding filtered noise component and is sought to be
high.
Different from that we define a global measure

ASNR = SNRy — SNRyy, (37)

where SNR;, is the SNR of the clean speech and noise com-
ponent measured according to ITU P.56 [34], and SNR,, cor-
respondingly for the filtered components. This measure gives
a more general information of the achieved noise suppression
over the whole file compared to the segmental NA. A positive
ASNR indicates an improved SNR after processing.

Please note that the segmental NA and the ASNR are not
directly related due to their different scopes (local and global)
and have to be interpreted separately, as a high segmental NA
is not necessarily indicating great SNR improvement and vice
versa.
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TABLE I

DETAILED EVALUATION OF SEGMENTAL NA, ASNR, PESQ MOS-LQO, AND SEGMENTAL SSDR, FOR THE FOUR DIFFERENT NOISE TYPES, FIVE SNR
CONDITIONS, THE BASELINES VS. THE PROPOSED A Priori SNR ESTIMATORS, AND THE MMSE-LSA SPECTRAL WEIGHTING RULE

SNR [dB]

NAseg [dB]
-5 0 5 10

15

mean -5

0

ASNR [dB]

5 10 15 mean

PESQ MOS-LQO
55 0 5 10 15 mean

-5

0

SSDRyeg [dB]
510

15 mean

12.43 12.24 12.02 11.80
14.00 13.66 13.23 12.83
12.15 11.98 11.86 11.77
13.81 13.53 13.24 12.94
13.80 13.55 13.29 13.03
13.79 13.54 13.28 13.03

11.60
12.46
11.67
12.65
12.78
12.79

11.91
13.05
11.83
13.08
13.16
13.16

9.96
11.34
8.25
11.83
12.05

10.21
11.57
8.73

11.92
12.08

10.12 9.81 942 9.74
10.94 9.86 8.51 9.85
8.69 840 7.94 823
11.52 10.75 9.66
11.73

3.63 3.83 3.98 4.10 4.21 4.01
3.15 3.39 3.57 3.75 3.92 3.64
3.68 3.89 4.02 4.13 4.21 4.04

10.66 3.60 3.80 3.97 4.11 4.22 4.00
11.14 10.39 11.14 3.60 3.79 3.95 4.09 4.21 3.99
12.06 12.09 11.74 11.17 10.45 11.18 3.60 3.79 3.95 4.09 4.21 3.99 10.71

10.69
6.46
9.54
9.56
10.51

14.21
9.19

13.47
13.20
14.32

18.19 22.09 25.24 19.63
12.55 16.22 20.02 14.65
17.69 21.67 24.87 19.06
17.38 21.55 25.00 19.00
18.46 22.24 25.22 19.66

14.51 18.60 22.34 25.28 19.78

11.82 11.80 11.74 11.66
12.86 12.39 11.96 11.61
12.23 12.27 12.25 12.20
14.54 14.41 14.26 14.05
14.60 14.51 14.41 14.27
14.60 14.51 14.41 14.28

11.54
11.29
12.12
13.78
14.09
14.11

11.65
11.85
12.18 6.99
14.08 14.22
14.29 14.40

7.04
6.99

7.28
6.68
6.91
14.22
14.41

7.35
5.72
6.72 6.49
14.07 13.73
14.34 14.16 13.85

7.38
4.65

7.36
3.78
6.25

7.29
5.15
6.56

4.19 4.28 4.34 4.39 4.43 4.35 20.54 23.90 26.53 28.17 28.99 26.25

3.78 3.96 4.13 4.25 4.32 4.13
4.19 4.28 4.34 4.39 4.42 434

13.41
20.09

18.03 22.22 25.09 27.08
23.47 26.14 27.94 28.93
13.18 13.62 4.17 4.29 4.35 4.40 4.44 4.35 20.66 24.27 26.74 28.19 28.97
14.08 4.15 4.27 4.34 4.40 4.43 4.34 21.53
14.30 14.40 14.42 14.34 14.17 13.88 14.10 4.16 4.27 4.34 4.40 4.43 4.34 21.64 24.40 26.47 27.84 28.67

24.32 26.40 27.78 28.61

22.36
25.99
26.37
26.29
26.36

811 7.99 7.87 17.76
9.71 943 920 9.03
9.42 928 9.20 9.14
10.21 9.98 9.79 9.64
10.16 9.97 9.81 9.67
10.16 9.97 9.82 9.68

7.66
8.90
9.11
9.52
9.55
9.56

7.83
9.18
9.21
9.76
9.77
9.77

1.47
0.86
1.44
3.02
3.31
3.37

2.03
1.91
2.27
3.74
4.02
4.05

2.32
2.48
2.67
4.06
4.32
4.35

2.44
2.68
2.85
4.11
4.38
4.40

2.47
2.64
2.88
4.01
4.29
4.32

2.20
2.18
2.49
3.80
4.08
4.11

3.56 3.78 3.94 4.07 4.18 3.97
3.01 3.28 3.50 3.68 3.85 3.55
3.61 3.83 3.98 4.09 4.17 3.99
3.48 3.74 3.92 4.07 4.18 3.94
3.47 3.73 3.91 4.05 4.18 3.94
3.48 3.74 3.91 4.06 4.18 3.94

11.36
6.21
10.27
9.52
9.91
10.11

14.85 18.60 22.21 25.17

8.56
13.85
13.20
13.81
14.01

19.92
11.78 15.65 19.63 14.17
17.81 21.57 24.67 19.18
17.57 21.89 25.34 19.18
18.02 21.93 25.00 19.30
18.19 22.04 25.06 19.43

772 759 746 737
10.29 10.06 9.83 9.66
9.44 925 9.11 9.04
939 9.12 889 8.74
9.22 9.00 8.80 8.66
9.21 8.99 8180 8.66

7.31
9.55
9.02
8.62
8.54
8.54

7.46
9.81
9.15
8.88
8.78
8.77

1.49
1.22
1.55
1.37
1.81
1.91

2.42
3.14
2.90
3.04
3.35
3.41

2.90
4.31
3.60
3.75
3.99
4.03

3.06
4.83
3.86
3.88
4.09
4.12

3.04
4.86
3.84
3.72
3.92
3.95

2.64
3.84
3.23
3.20
3.47
3.52

3.16 3.51 3.76 3.94 4.07 3.77
2.65 2.85 3.15 3.44 3.67 3.27
3.26 3.58 3.80 3.96 4.08 3.81
2.90 3.33 3.70 3.92 4.07 3.68
2.91 3.35 3.69 3.90 4.06 3.68
2.92 3.36 3.69 3.90 4.06 3.69

8.19
4.29
6.80
5.62
6.14
6.29

11.32 14.83 18.62 22.33

6.18
9.86
9.05
9.70
9.89

16.79
11.58
15.95
15.92
16.12
16.23

9.01 12.80 16.71
13.74 17.98 22.05
13.55 18.36 22.81
14.06 18.50 22.57
14.24 18.61 22.62

10.02 9.90 9.77 9.65
11.72 11.38 11.06 10.78
10.81 10.70 10.60 10.54
11.99 11.76 11.55 11.34
11.95 11.76 11.58 11.41

11.94 11.75 11.58 11.41 11.25 11.50

9.53

10.55
10.48
11.14
11.24

9.71

10.97
10.59
11.45
11.50

4.99
5.10
4.56
7.61
7.89
7.94

5.49
5.83
5.20
8.23
8.47
8.49

5.67
5.86
5.42
8.35
8.59
8.61

5.67
5.51
5.40
8.12
8.44
8.47

5.57
4.95
5.23
7.64
8.11
8.15

5.47
5.25
5.13
7.82
8.19
8.23

3.63 3.85 4.01 4.13 4.22 4.02
3.15 3.37 3.59 3.78 3.94 3.65
3.68 3.89 4.04 4.14 4.22 4.04
3.54 3.79 3.99 4.12 4.23 4.00
3.53 3.78 3.97 4.11 4.22 3.99
3.54 3.79 3.98 4.11 4.22 3.99

12.69 16.07 19.53 22.77 25.43 20.65

7.59

11.68
11.34
12.02
12.19

10.49
15.16
14.93
15.54
15.70

13.89 17.44 20.86 15.69
18.85 22.29 25.13 20.05
18.81 22.50 25.53 20.12
19.24 22.61 25.35 20.34
19.38 22.71 25.41 20.45

The first measure to assess the quality of the filtered clean
speech component is the segmental speech-to-speech-distortion
ratio (SSDR) [37] calculated as
(38)

1
SSDRy, = T > SSDR(Y)

(el

where £, depicts the set of speech active frames obtained by a
simple energy threshold-based voice activity detection operat-
ing on the clean speech signal s(n). Additionally, SSDR(¥) is
limited to values between —10 dB and 30 dB by

SSDR(¥) = max {min {SSDR’(¢), Ruax } s Rmin} -

The actual ratio necessary for computation is obtained by

N-1 2
SSDR/(g) =10 10g1o 211/\‘7:701 S(V + eN)
Yoo €(v+IN)?

where the speech distortion is
e(v+{¢N)=5(v+{¢N+A)—s(v+{N).

A high segmental SSDR indicates low speech distortion and
thus good preservation of the speech component.

Furthermore, we employ the PESQ mean opinion score
(MOS-LQO) [38] to obtain another measure for the quality
of the filtered clean speech component. Please note that in line
with P.1100 [39, Sec. 8] we do not utilize the enhanced speech
§(n) in the PESQ measure but the separately processed speech

component §(n) as PESQ has not been validated for potential
artifacts caused by noise reduction algorithms. We aim at being
more compliant to P.862 [38] by doing so.

C. Experimental Results: Details

We provide a detailed evaluation for both the MMSE-LSA
and the SG-JMAP spectral weighting rule in the following
Tables I and II. Each table depicts the four quality measures
for all of the noise types in the SNR conditions from —5 dB
to 15 dB averaged over the whole test set, where the best
scores are highlighted in boldface. For the computation of the
mean over SNRs also the 20 dB SNR condition has been in-
cluded, which is, however, left out as separate column simply
due to space restrictions. This allows for a very extensive anal-
ysis of the tested a priori SNR estimators for each condition
separately.

In Table I the performance results for the MMSE-LSA spec-
tral weighting rule are shown. In terms of noise suppression
(measures NA, and ASNR) the CEM approaches clearly show
the strongest performance for each SNR condition, averaged
over all four noise types. Both the DD and the CTS baselines
show poor performance, and have only few SNR/noise type con-
ditions with convincing performance. The HRNR approach is
on average in many cases the best of the baseline approaches
w.r.t. noise suppression, showing particularly good performance
in pub noise (in NA,, and for medium to high SNRs also best
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TABLE II
DETAILED EVALUATION OF SEGMENTAL NA, ASNR, PESQ MOS-LQO, AND SEGMENTAL SSDR, FOR THE FOUR DIFFERENT NOISE TYPES, FIVE SNR
CONDITIONS, THE BASELINES VS. THE PROPOSED A Priori SNR ESTIMATORS, AND THE SG-JMAP SPECTRAL WEIGHTING RULE

ASNR [dB]

NAgee [dB]
5 10 15 mean -5 0 5 10

SNR [dB] -5

PESQ MOS-LQO SSDRe¢ [dB]

mean -5 0 5 10 15 mean -5 0 5 10 15 mean

13.25
13.36
12.57 12.40
13.78 13.53
13.78 13.55
13.77 13.55

13.06
13.08

12.84
12.73
12.25
13.26
13.31
13.31

12.64
12.40
12.16
13.00
13.07
13.08

12.45 12.75 10.61 10.80 10.66 10.39
12.12 12.59 10.44 10.23 9.36 8.86
12.07 12.24 898 9.19 9.05 8.82
12.76 13.14 11.98 12.03 11.71 11.04
12.86 13.20 12.11 12.14 11.87 11.34
12.87 13.21 12.11

9.91
7.59
8.34
10.18
10.70
12.14 11.87 11.35 10.74

10.27 3.63 3.75 3.90 4.05 4.18 3.97 11.22 15.08 19.31 23.27 26.18 20.50
8.72 3.41 3.58 3.80 4.01 4.17 3.87 11.36 15.65 20.22 24.23 26.91 21.14
8.69 3.76 3.86 4.00 4.14 4.24 4.05 11.85 16.22 20.66 24.44 27.03 21.45
11.01 3.69 3.82 3.97 4.11 4.23 4.02 11.06 15.21 19.73 23.77 26.67 20.80
11.35 3.68 3.80 3.95 4.10 4.23 4.01 11.63 15.83 20.19 23.93 26.61 21.06
11.37 3.68 3.80 3.95 4.10 4.23 4.02 11.76 15.94 20.27 23.99 26.64 21.13

13.00 12.97
12.94 12.55
12.56 12.59
14.65 14.54
14.69 14.61
14.69 14.61

12.89
12.09
12.56
14.42 14.26
14.52 14.41
14.52 14.41

12.82
11.72
12.51

12.73 12.84 6.66
11.40 11.98 5091
12.45 12.51 6.21
14.06 14.29 14.12
14.28 14.44 14.36
14.29 14.44 14.36

6.90 6.94
5.57 5.05
6.29 6.19
14.12 14.01
14.39 14.32

7.01
3.93
6.12
13.78
14.18

6.95
3.18
5.97
13.39
13.96
14.38 14.32 14.19 13.97

6.89 4.15 4.25 4.33 4.39 4.43 4.33 21.66 24.94 27.34 28.60 29.19 26.87
4.35 3.99 4.15 4.27 4.34 4.39 4.26 22.26 25.53 27.76 28.90 29.46 27.26
6.10 4.21 4.30 4.37 4.41 4.44 4.36 22.73 25.88 27.94 29.00 29.46 27.44
13.70 4.21 4.30 4.36 4.41 4.44 4.36 22.83 25.96 27.87 28.87 29.38 27.42
14.14 4.19 4.29 4.36 4.40 4.43 4.35 22.96 25.74 27.59 28.64 29.20 27.27
14.14 4.19 4.29 4.36 4.40 4.43 4.35 23.01 25.79 27.63 28.66 29.22 27.30

8.45 835
8.16 7.98
8.82 8.71
9.72 9.55
9.75 9.60
9.75 9.61

8.26
7.82
8.65
9.41
9.49
9.49

8.19
7.72
8.62
9.32
9.40
9.40

8.16
7.68
8.65
9.27
9.35
9.36

8.26
7.85
8.70
9.42
9.49
9.49

1.49
1.25
1.44
2.87
3.05
3.08

1.96
1.60
1.98
3.44
3.62
3.64
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1.51
2.24
3.68
3.86
3.87

2.31
1.56
2.32
3.72
3.92
3.93

2.33
1.17
2.36
3.68
3.89
3.90

2.10
1.32
2.09
3.50
3.69
3.71

3.57 3.75 3.89 4.02 4.15 3.94
3.38 3.63 3.81 3.98 4.13 3.86
3.73 3.87 3.99 4.10 4.21 4.03
3.65 3.83 3.97 4.10 4.21 4.01
3.63 3.81 3.96 4.09 4.20 4.00
3.64 3.81 3.96 4.09 4.20 4.00

12.02
11.95
12.57
11.47
11.61
11.76

15.97 19.99 23.60 26.29 20.99
16.53 21.05 24.76 27.23 21.70
16.90 21.18 24.70 27.14 21.85
15.92 20.63 24.58 27.20 21.40
16.06 20.54 24.27 26.86 21.29
16.19 20.63 24.32 26.87 21.36

785 7.74
7.67 17.53
8.54 8.40
8.66 8.46
8.59 8.42
8.59 8.42

7.65
7.44
8.32
8.31
8.29
8.29

7.61
7.40
8.30
8.23
8.22
8.22

7.60
7.39
8.34
8.19
8.18
8.18

7.68
7.48
8.39
8.34
8.31
8.31

1.35
1.20
1.25
1.30
1.51
1.56

2.31
2.09
2.39
2.62
2.71
2.80

2.75
2.35
2.90
3.12
3.26
3.28
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2.46
3.06
3.22
3.36
3.38

2.93
2.48
3.08
3.14
3.28
3.30

2.52
2.15
2.62
2.73
2.89
291

3.26 3.54 3.72 3.87 4.02 3.76
3.01 3.36 3.64 3.83 4.00 3.66
3.51 3.71 3.85 3.98 4.10 3.89
3.24 3.59 3.80 3.95 4.10 3.82
3.24 3.58 3.78 3.94 4.09 3.80
3.24 3.58 3.78 3.94 4.09 3.81

8.47
797
8.38
7.10
7.33
7.45

12.10 16.03 20.07 23.83 17.86
12.27 16.94 21.49 25.35 18.64
12.58 17.21 21.63 25.30 18.80
11.52 16.57 21.40 25.24 18.25
11.72 16.56 21.13 24.90 18.17
11.84 16.63 21.15 24.90 18.23

10.64 10.53
10.53 10.28
10.62 10.52
11.70 11.52

10.41
10.02
10.44
11.35

10.31
9.81
10.40
11.20

10.24
9.65
10.38
11.07

10.38
9.97
10.46
11.30

11.70 11.55 11.40 11.27 11.16 11.36
11.70 11.55 11.40 11.28 11.17 11.36

5.02
4.70
4.47
7.57
7.76
7.78

5.49
4.87
4.96
8.05
8.23
8.24

5.64
4.57
5.09
8.13
8.33
8.34

5.66
4.20
5.08
7.94
8.20
8.21

5.53
3.61
4.94
7.60
7.96
7.98

5.44
4.13
4.87
7.73
8.02
8.03

3.65 3.82 3.96 4.08 4.19 4.00
3.45 3.68 3.88 4.04 4.17 3.91

13.34
13.38

3.80 3.93 4.05 4.16 4.25 4.09 13.88

3.70 3.89 4.03 4.14 4.24 4.05
3.68 3.87 4.01 4.13 4.24 4.04

13.12
13.38

17.02 20.67 23.89 26.37 21.55
17.49 21.49 24.85 27.24 22.19
17.90 21.75 24.94 27.23 22.39
17.15 21.20 24.66 27.12 21.97
17.34 21.22 24.49 26.89 21.95

3.69 3.87 4.01 4.13 4.24 4.04 13.49 17.44 21.29 24.53 26.91 22.01

in ASNR). On the contrary, in the SNR = —5 dB condition,
HRNR’s ASNR in pub noise is worst among all schemes, while
it yields the best NA, in road noise at that SNR. The proposed
CEM schemes are much more consistent in terms of NA, and
ASNR over SNR conditions and noises: The speaker-dependent
CEMgp is best in all cases, except only for NA, in very low
SNR, where CEMyp, is slightly ahead.

In terms of the speech component quality (PESQ, SSDR,)
the picture is partly different: On average over the noise types
CTS performs best in PESQ in most SNRs, being ahead up to
0.15 MOS points vs. the worst CEM approach. Interestingly,
however, in car noise, CEMjp is slightly better than CTS in
most SNR conditions. The classical DD approach performs on
a par with other approaches with regard to the PESQ metric,
while HRNR consistently fails to provide an acceptable speech
component quality, both in PESQ and SSDRg,. Surprisingly,
DD delivers very good SSDR, performance in office and pub
noise, while the CEM approaches perform best in car and road
noise.

In Table II the performance results for the SG-jMAP spectral
weighting rule are shown. In terms of noise suppression (mea-
sures NA, and ASNR) the CEM approaches, especially the
speaker-dependent variant CEMgp, clearly perform best in each
SNR condition, averaged over all four noise types. Both the DD
and here the HRNR baselines show poor performance, and have
no single SNR/noise type condition with convincing NA, per-
formance. Considering ASNR, none of the three baselines has

a single SNR/noise type condition with superior performance.
The CTS approach is on average in most cases the best of the
baseline approaches w.r.t. NA.,, showing particularly good per-
formance in pub noise for medium to high SNRs. Interestingly,
for the SG-JMAP, the DD approach is on average the best base-
line w.r.t. ASNR, showing that sophisticated spectral weighting
rules are able to heal some shortcomings of earlier processing
stages such as the SNR estimation. The proposed CEM schemes
are much more consistent in terms of NAy, and ASNR over
SNR conditions and noises: The speaker-dependent CEMgp, is
best in all cases.

In terms of the speech component quality (PESQ, SSDR.,)
the picture again is partly different: On average over the noise
types, CTS performs best in PESQ for all SNRs, being ahead
up to 0.12 MOS points vs. the worst CEM approach. In car
noise, however, CEM|p is on a par with CTS in most SNR
conditions. On average, the DD approach performs quite well
in PESQ, while HRNR consistently settles for the worst score.
The SSDRg, is also mostly in favor of the CTS approach, and
opposite to PESQ, the HRNR approach is found to be slightly
ahead of the DD estimator on average.

Please note that the advantage of a speaker-dependent ap-
proach vs. all other speaker-independent approaches is of course
somehow expected, yet CEMgp, is only slightly ahead of our
speaker-independent method CEMg;.

We can summarize for both weighting rules, that on aver-
age over the noise types the CEM approaches perform best in
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types for the different a priori SNR estimators under test with the SG-jMAP
spectral weighting rule.

terms of NA., and ASNR, and almost on a par with the best
performing method w.r.t. PESQ and SSDR.,. The baselines all
show an imbalanced performance being inferior in one of the
two main categories: For both weighting rules, they are infe-
rior w.r.t. NAg, and ASNR (DD, HRNR and CTS). For the
MMSE-LSA weighting rule, HRNR shows poor performance
w.r.t. PESQ and SSDRy.,, where for the SG-JMAP weighting
rule HRNR performs poorly w.r.t. PESQ, while DD is only
slightly inferior in SSDReg.

D. Discussion

To enable further analysis of the results, we plot the
SSDRg, for the two spectral weighting rules over the ASNR
(Figs. 7 and 8) and the NAy, (Figs. 9 and 10), respectively.
The plots simplify the interpretation on a more global level
compared to the tables as only two dimensions are considered
at a time. Each plot is a visualization of the mean section from
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noise types for the different a priori SNR estimators under test with the SG-
JMAP spectral weighting rule.

the corresponding table. In each figure the different estimators
are specifiable by their respective marker, being + for DD, x
for HRNR, and x for CTS, the three illustrating the baseline
algorithms. The proposed techniques are distinguishable by o
for the idealized synthetic approach CEM|p, U for the template-
based variant CEMg|, and finally ¢ for the speaker-dependent
template-based implementation CEMgp. Each marker depicts
one of the SNR conditions from —5 dB to 20 dB in steps of
5 dB, where the lowest corresponds to the worst and the high-
est to the best condition, respectively. The further a marker is
located to the top right hand corner of each plot, the better is
the performance. The range and scaling of each axis showing its
respective measure is the same to ensure comparability across
the two spectral weighting rules.

The MMSE-LSA estimator is depicted in Fig. 7 showing how
close DD and CTS are. The HRNR approach exhibits quite an
unbalanced behavior as ASNR performance is similar to the
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other baselines, but SSDR, is significantly lower. The CEM
approaches show highest ASNR in all conditions with compa-
rable or better speech component quality w.r.t. the baselines.
The flexion of the three curves also indicates a balanced work-
ing point in different SNR conditions. Using SG-jMAP (Fig. 8),
the relationships across the tested algorithms are quite simi-
lar, except that HRNR improves in SSDR,, and gets worse
in ASNR. The CEM algorithms obtain the best ASNR at very
comparable speech component quality. For both spectral weight-
ing rules, the CEM implementations among themselves show a
very consistent rank order such that CEMp, is marginally outper-
formed by the two template-based algorithms, which are almost
equivalent.

Interestingly, all approaches obtain an increased preservation
of the speech component quality with the SG-jMAP weighting
rule compared to the MMSE-LSA spectral weighting rule at
comparable (DD, CEM) or slightly lower (HRNR, CTS) ASNR
values. CEM is ahead of the baseline approaches by a ASNR of
at least 2.35 dB (MMSE-LSA) and 2.29 dB (SG-jMAP) on total
average.

Figs. 9 and 10 provide the same analysis but for the
SSDR, and the NA,. Fig. 9 depicting MMSE-LSA shows
that CTS outperforms DD in terms of noise attenuation, how-
ever, with comparable quality of the speech component. The
performance of HRNR is more difficult to interpret than before
as the working point clearly is shifted since the single SNR
conditions do not even roughly line up horizontally with the
other baseline approaches under test. This results in a decreased
speech component quality at substantially higher NA, values
for each condition. Still, the proposed CEM approaches man-
age to show exceeding performance in all SNRs. The SG-jMAP

spectral weighting rule is shown in Fig. 10. DD improves in
NAge, at similar SSDR, compared to Fig. 9 such that DD
and CTS are much closer now. However, CTS is still able to
consistently show a superior performance compared to the DD
approach. Using SG-JMAP, HRNR loses performance in NAcg,
and becomes better in SSDRg, resulting in a clearer picture
as opposed to Fig. 9. Best performing is again the CEM group,
showing a similar behavior amongst themselves as in the other
figures. In general, the range of NAg, is the most compressed,
considering the other two figures. CEM is ahead of the base-
line approaches by an NAse, of up to 1.79 dB (MMSE-LSA) and
1.39 dB (SG-jMAP) on total average.

We attribute the strong increase of NA,., and ASNR in car
noise mainly to the applied start decay as seen in Fig. 5, as it
causes a good suppression in low frequencies typical for car
noise. Moreover, for negative SNR conditions in pub noise we
encounter cases where some other approach provides the best
results with regard to the noise attenuation and speech compo-
nent quality metrics. This is most likely due to Fj estimation
errors caused by the naive pitch estimation which is unable to
track a target speaker due to the presence of other speakers. We
assume that the overall increase in NAy, and also ASNR is
caused by the introduced overestimation of the harmonics and
the simultaneous attenuation in between them as shown in Fig. 4,
center panel. Specifically, the attenuation between the harmon-
ics should account for the increased overall noise attenuation.
As there is usually a trade-off between noise attenuation and
speech component quality [40], the CEM approach seems to
mitigate this effect and allows us to be nearly on a par with the
best baseline on average in terms of SSDR,, and PESQ, while
maintaining a higher NA,, and ASNR.



1604

To facilitate a conclusive interpretation of Tables I and II
we provide bar charts depicting the overall mean values (last
column of the mean section of Tables I and II for each mea-
sure) in Figs. 11 and 12 for the MMSE-LSA and the SG-jMAP
weighting rule, respectively. Both figures show the advantage
of the proposed approaches on average over the baselines in
terms of NA, and particularly ASNR. The CEM approaches
are ahead of the baselines by at least 2 dB w.r.t. ASNR, while
maintaining a very comparable speech component quality in
both other measures, PESQ and SSDR.,. However, the qual-
ity improvement from CEMjp to CEMg; or even CEMgp is
only marginal. Nevertheless, CEMgp on average performs best
among the CEM approaches. The HRNR approach seems to
deliver a better speech component quality when used together
with SG-jMAP (as compared to MMSE-LSA), which is strongly
reflected in the SSDRe, measure at the cost of only a minor de-
crease in noise attenuation. Again, this shows how an advanced
weighting rule can mend estimation flaws of earlier compo-
nents in a noise reduction scheme. The DD and CTS baselines
show a quite consistent performance regardless of the applied
weighting rule.

In our experiments we encountered some empty templates
during the training, which is caused by a lack of training mate-
rial. A brief analysis has shown that mostly for lower cepstral
bin indices we find every other set being empty, indicating that
for some higher pitch frequencies (Fy > 400 Hz) no material
has been seen during training. However, we also obtain some
coherent clusters for the lower frequencies. One way to avoid
this could be to reduce the resolution of the cepstrum as we
would not have seen any empty sets with the normal resolution
but also would not have had the gain of the additional precision
reflected by the coherent clusters. Furthermore, we could verify
that an excitation template has been applied to 99.99% of the
frames processed by the template-based methods, showing that
empty templates do not have any significant relevance at this
point. In addition to that, informal listening tests have shown
that the proposed CEM methods also allow for almost musical
tone-free noise suppression due to the instantaneous nature of a
priori SNR estimation.*

VI. CONCLUSION

In this paper we have introduced three novel methods for in-
stantaneous a priori SNR estimation utilizing the source-filter
model for speech production. A preliminary denoised signal is
decomposed into its source and corresponding filter, allowing to
impose an idealized excitation on the degenerated source. The
cepstral domain is exploited to manipulate the excitation signal
at hand. We further enhance the technique by obtaining excita-
tion templates from clean speech in either a speaker-independent
or speaker-dependent fashion, where the latter is the slightly su-
perior approach on average. However, the idealized technique
shows some advantages over the codebook-based approaches,
especially in SNR conditions > 10 dB where it achieves equal
or even better speech component quality at the cost of slightly

4Audio samples can be found under: https:/www.ifn.ing.tu-bs.de/en/ifn/sp/
elshamy/2017-taslp-cem/
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lower noise suppression. We tested our algorithms and three
baseline estimators in a common noise reduction algorithm with
two different spectral weighting rules and managed to show a
ASNR improvement of more than 2 dB, while the amount of
speech distortion is largely kept on a constant level. Future work
will include an enhancement of not only the excitation but also
the envelope which is still taken from the preliminary denoised
signal. Also a more sophisticated approach to Fj estimation or
tracking could improve our approaches in low-SNR conditions
with multiple speakers.

ACKNOWLEDGMENT

The authors would like to thank T. Gerkmann for providing an
executable to simulate the CTS baseline and also the anonymous
reviewers for their constructive feedback helping to improve the
quality of this paper.

REFERENCES

[1] Y. Ephraim and D. Malah, “Speech enhancement using a minimum mean-

square error short-time spectral amplitude estimator,” IEEE Trans. Acoust.,

Speech, Signal Process., vol. ASSP-32, no. 6, pp. 1109-1121, Dec. 1984.

Y. Ephraim and D. Malah, “Speech enhancement using a minimum

mean-square error log-spectral amplitude estimator,” IEEE Trans. Acoust.,

Speech, Signal Process., vol. ASSP-33, no. 2, pp. 443-445, Apr. 1985.

I. Cohen, “Speech enhancement using super-Gaussian speech models and

noncausal a priori SNR estimation,” Speech Commun., vol. 47, no. 3,

pp. 336-350, Nov. 2005.

C. Plapous, C. Marro, and P. Scalart, “Improved signal-to-noise ratio

estimation for speech enhancement,” IEEE Trans. Audio, Speech, Lang.

Process., vol. 14, no. 6, pp. 2098-2108, Nov. 2006.

C. Breithaupt, T. Gerkmann, and R. Martin, “A novel a priori SNR esti-

mation approach based on selective cepstro-temporal smoothing,” in Proc.

IEEE Int. Conf. Acoust., Speech Signal Process., Las Vegas, NV, USA,

Mar. 2008, pp. 4897-4900.

S. Suhadi, C. Last, and T. Fingscheidt, “A data-driven approach to a priori

SNR estimation,” IEEE Trans. Audio, Speech, Lang. Process., vol. 19,

no. 1, pp. 186-195, Jan. 2011.

[7]1 S. Elshamy, N. Madhu, W. J. Tirry, and T. Fingscheidt, “An iterative

speech model-based a priori SNR estimator,” in Proc. INTERSPEECH,

Dresden, Germany, Sep. 2015, pp. 1740-1744.

J. Sohn, N. S. Kim, and W. Sung, “A statistical model-based voice activity

detection,” IEEE Signal Process. Lett., vol. 6, no. 1, pp. 1-3, Jan. 1999.

T. Gerkmann, C. Breithaupt, and R. Martin, “Improved a posteriori speech

presence probability estimation based on a likelihood ratio with fixed

priors,” IEEE Trans. Audio, Speech, Lang. Process., vol. 16,n0.5, pp. 910-

919, Jul. 2008.

[10] P. Scalart and J. V. Filho, “Speech enhancement based on a priori signal
to noise estimation,” in Proc. IEEE Int. Conf. Acoust., Speech Signal
Process., Atlanta, GA, USA, May 1996, pp. 629-632.

[11] T. Lotter and P. Vary, “Speech enhancement by MAP spectral amplitude

estimation using a super-Gaussian speech model,” EURASIP J. Appl. Sig-

nal Process., vol. 2005, no. 7, pp. 1110-1126, 2005.

O. Cappé, “Elimination of the musical noise phenomenon with the

Ephraim and Malah noise suppressor,” IEEE Trans. Speech Audio Pro-

cess., vol. 2, no. 2, pp. 345-349, Apr. 1994.

[13] C. Breithaupt and R. Martin, “Analysis of the decision-directed SNR
estimator for speech enhancement with respect to low-SNR and transient
conditions,” IEEE Trans. Audio, Speech, Lang. Process., vol. 19, no. 2,
pp. 277-289, Feb. 2011.

[14] C. Plapous, C. Marro, L. Mauuary, and P. Scalart, “A two-step noise
reduction technique,” in Proc. IEEE Int. Conf. Acoust., Speech Signal
Process., Montreal, QC, Canada, May 2004, pp. 289-292.

[15] M. Djendi and P. Scalart, “Reducing over- and under-estimation of the a
priori SNR in speech enhancement techniques,” Digit. Signal Process.,
vol. 32, pp. 124-136, Sep. 2014.

[16] F.Deng and C. Bao, “Speech enhancement based on AR model parameters
estimation,” Speech Commun., vol. 79, pp. 30-46, May 2016.

2

[

[3

—

[4

—

[5

—_

[6

[}

[8

=

[9

—

[12]



ELSHAMY et al.: INSTANTANEOUS A PRIORI SNR ESTIMATION BY CEPSTRAL EXCITATION MANIPULATION

[17] R. Martin, “Noise power spectral density estimation based on optimal
smoothing and minimum statistics,” I[EEE Trans. Speech Audio Process.,
vol. 9, no. 5, pp. 504-512, Jul. 2001.

I. Cohen, “Noise spectrum estimation in adverse environments: Improved
minima controlled recursive averaging,” IEEE Trans. Speech Audio Pro-
cess., vol. 11, no. 5, pp. 466—475, Sep. 2003.

S. Rangachari and P. C. Loizou, “A noise-estimation algorithm for highly
non-stationary environments,” Speech Commun., vol. 48, no. 2, pp. 220-
231, Feb. 2006.

T. Gerkmann and R. C. Hendriks, “Unbiased MMSE-based noise power
estimation with low complexity and low tracking delay,” IEEE Trans.
Audio, Speech, Lang. Process., vol. 20, no. 4, pp. 1383-1393, May 2012.
D.L. Wang and J. S. Lim, “The unimportance of phase in speech enhance-
ment,” I[EEE Trans. Acoust., Speech Signal Process., vol. ASSP-30, no. 4,
pp. 679-681, Aug. 1982.

P. Vary, “Noise suppression by spectral magnitude estimation—
Mechanism and theoretical limits—,” Signal Process., vol. 8, no. 4,
pp. 387-400, Jul. 1985.

K. Paliwal, K. W¢jcicki, and B. Shannon, “The importance of phase in
speech enhancement,” Speech Commun., vol. 53, no. 4, pp. 465-494, Apr.
2011.

P. Mowlaee, R. Saeidi, and Y. Stylianou, “INTERSPEECH 2014 spe-
cial session: Phase importance in speech processing,” in Proc. INTER-
SPEECH, Singapore, Sep. 2014, pp. 1623-1627.

J. Kulmer and P. Mowlaee, “Phase estimation in single channel speech
enhancement using phase decomposition,” IEEE Signal Process. Lett.,
vol. 22, no. 5, pp. 598-602, May 2015.

T. Gerkmann and R. Martin, “On the statistics of spectral amplitudes after
variance reduction by temporal cepstrum smoothing and cepstral nulling,”
IEEE Trans. Signal Process., vol. 57, no. 11, pp. 4165-4174, Nov. 2009.

T. Gerkmann, “Cepstral weighting for speech dereverberation without
musical noise,” in Proc. 19th Eur: Signal Process. Conf., Barcelona, Spain,
Sep. 2011, pp. 2309-2313.

J. E. Markel and A. H. Gray, Linear Prediction of Speech. Berlin,
Germany: Springer-Verlag, 1976.

J. Benesty, M. M. Sondhi, and Y. Huang, Eds., Springer Handbook of
Speech Processing. Berlin, Germany: Springer-Verlag, 2008.

X. Huang, A. Acero, and H.-W. Hon, Spoken Language Processing: A
Guide to Theory, Algorithm, and System Development, 1st ed. Upper
Saddle River, NJ, USA: Prentice-Hall, 2001.

A. M. Noll, “Cepstrum pitch determination,” J. Acoust. Soc. Amer., vol. 41,
no. 2, pp. 293-309, Feb. 1967.

“Super Wideband Stereo Speech Database,” NTT Advanced Tech-
nology Corporation (NTT-AT). [Online]. Available: http://www.ntt-
at.com/product/widebandspeech/

European Telecommunications Standards Institute, Speech Processing,
Transmission and Quality Aspects (STQ); Speech Quality Performance in
the Presence of Background Noise; Part 1: Background Noise Simulation
Technique and Background Noise Database, ETSI EG 202 396-1, Sep.
2008.

International Telecommunication Union, Objective Measurement of Active
Speech Level, Telecommunication Standardization Sector (ITU-T), Rec.
P.56, Dec. 2011.

H. Yu, “Post-filter optimization for multichannel automotive speech en-
hancement,” Ph.D. dissertation, Inst. Commun. Tech., Technische Univ.
Braunschweig, Braunschweig, Germany, 2013.

S. Gustafsson, R. Martin, and P. Vary, “On the optimization of speech
enhancement systems using instrumental measures,” in Proc. Workshop
Qual. Assessment Speech, Audio, Image Commun., Darmstadt, Germany,
Mar. 1996, pp. 36-40.

T. Fingscheidt, S. Suhadi, and S. Stan, “Environment-optimized speech
enhancement,” [EEE Trans. Audio, Speech Lang. Process., vol. 16, no. 4,
pp. 825-834, May 2008.

International Telecommunication Union, Perceptual Evaluation of Speech
Quality (PESQ): An Objective Method for End-To-End Speech Quality
Assessment of Narrow-Band Telephone Networks and Speech Codecs,
Telecommunication Standardization Sector (ITU-T) Rec. P.862, Feb.
2001.

International Telecommunication Union, Narrow-Band Hands-Free Com-
munication in Motor Vehicles, Telecommunication Standardization Sector
(ITU-T) Rec. P.1100, Jan. 2015.

J. Chen, J. Benesty, Y. Huang, and S. Doclo, “New insights into the
noise reduction wiener filter,” IEEE Trans. Audio, Speech Lang. Process.,
vol. 14, no. 4, pp. 1218-1234, Jul. 2006.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

(30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38

[39]

[40]

1605

Samy Elshamy received the B.Sc. degree in bioin-
formatics from Friedrich-Schiller-Universitat Jena,
Jena, Germany, in 2011 and the M.Sc. degree
in computer science from Technische Universitat
Braunschweig, Braunschweig, Germany, in 2013.
He is currently working toward the Ph.D. degree
in the field of speech enhancement at the Institute
for Communications Technology, Technische Uni-
versitat Braunschweig.

Nilesh Madhu received the Dr.-Ing. degree in electrical engineering and in-
formation technology from the Ruhr-Universitit Bochum, Bochum, Germany,
in 2009. Following this, he received a Marie-Curie fellowship for a two-year
postdoctoral stay at the KU Leuven, Belgium, where he successfully applied
his signal processing knowledge to the field of hearing prostheses. Since 2011,
he has been with NXP, Leuven, Belgium, and is currently a Principal Scientist
within the Product Line Mobile Audio Solutions, where he and his team work on
developing innovative algorithms for audio and speech enhancement for mobile
devices. He is passionate about signal processing, and is especially interested in
the field of signal detection and enhancement for various applications, not just
audio.

Wouter Tirry received the M.Sc. degree in physics
and the Ph.D. degree in solar physics from the Uni-
versity of Leuven, Leuven, Belgium, in 1994 and
1998, respectively. As a Postdoc, he further pursued
his research at the National Centre for Atmospheric
Research, Boulder, CO, USA. Since 1999, he has
been building up expertise in the domain of speech
enhancement for mobile devices at Philips and NXP,
Leuven, Belgium, as a Research Engineer and a Sys-
tem Architect. He is currently a Senior Principal at
the Product Line Mobile Audio Solutions, NXP, lead-
ing the speech technology development activities.

Tim Fingscheidt (S’93-M’98-SM’04) received the
Dipl.-Ing. degree in electrical engineering in 1993
and the Ph.D. degree in 1998 from RWTH Aachen
University, Aachen, Germany. He further pursued his
work on joint speech and channel coding as a Con-
sultant in the Speech Processing Software and Tech-
nology Research Department, AT&T Labs, Florham
Park, NJ, USA. In 1999, he entered the Signal Pro-
cessing Department of Siemens AG (COM Mobile
Devices) in Munich, Germany, and contributed to
speech codec standardization in ETSI, 3GPP, and
ITU-T. In 2005, he joined Siemens Corporate Technology in Munich, Ger-
many, leading the speech technology development activities in recognition,
synthesis, and speaker verification. Since 2006, he is a Full Professor in the In-
stitute for Communications Technology, Technische Universitat Braunschweig,
Braunschweig, Germany. His research interests include speech and audio signal
processing, enhancement, transmission, recognition, and instrumental quality
measures. He received several awards, among them a prize of the Vodafone Mo-
bile Communications Foundation in 1999, and the 2002 prize of the Information
Technology branch of the Association of German Electrical Engineers (VDE
ITG), where he is leading the Speech Acoustics Committee ITG FA4.3 since
2015. From 2008 to 2010, he served as an Associate Editor for IEEE TRANS-
ACTIONS ON AUDIO, SPEECH, AND LANGUAGE PROCESSING, and since 2011 as
a member of the IEEE Speech and Language Processing Technical Committee.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


