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Abstract
In this paper, we investigate a new method for extracting use-
ful information from the group delay spectrum of speech. The
group delay spectrum is often poorly behaved and noisy. In the
literature, various methods have been proposed to address this
problem. However, to make the group delay a more tractable
function, these methods have typically relied upon some modi-
fication of the underlying speech signal. The method proposed
in this paper does not require such modifications. To accom-
plish this, we investigate a new function derived from the group
delay spectrum, namely the group delay deviation.We use it for
both narrowband analysis and wideband analysis of speech and
show that this function exhibits meaningful formant and pitch
information.
Index Terms: group delay deviation, spectral analysis, speech
processing.

1. Introduction
The majority of speech processing applications are based on
the short-time magnitude spectrum, while relatively little at-
tention is paid to the short-time phase spectrum. This is true
for both automatic speech / speaker recognition (ASR), as well
as speech enhancement. The aversion toward using the phase
spectrum can be accounted for by two primary reasons. Firstly,
the phase spectrum is difficult to interpret and process. To ex-
tract useful information, the phase spectrum requires significant
processing. Furthermore, it suffers from many tractability is-
sues, including the phase unwrapping problem [1]. In contrast,
the magnitude spectrum requires no such post-processing. The
visual cues that manifest within the magnitude spectrum corre-
late very well with our understanding of speech. Formant and
pitch frequency are both readily seen in the magnitude spec-
trum. The second reason for avoiding phase can be attributed
to several well known perceptual experiments [2, 3, 4], which
show marginal phase spectrum intelligibility over short (20-
40 ms) window durations. Contrary to these findings, it has
recently been shown that stimuli constructed from the short-
time phase spectrum can convey intelligibility comparable to
its magnitude-only counterpart [5]. This result is supported by
many studies which highlight a strong relationship between the
two spectra - notably the recovery of magnitude spectrum from
phase [6] and vice versa [7]. While the short-time magnitude
and phase spectrums contain similar information, they manifest
such information in very different ways. Because of this, we in-
vestigate the phase spectrum as a possible source of additional
speech information to be leveraged.

The short-time phase spectrum is a function of time as well
as frequency. While there can be many ways to derive mean-
ingful representations from the phase spectrum, two possible
ways that come to mind are those obtained by taking its deriva-

tive. Differentiation along the frequency axis yields group delay
(GD) and differentiation along the time axis gives instantaneous
frequency [8]. Both group delay and instantaneous frequency
are much more meaningful than the unprocessed phase, and
both can be tied to physically relevant phenomena [9]. It has
been shown previously, that magnitude-like information can be
derived from the short-time instantaneous frequency spectrum
[10]. In this paper, we are interested in deriving a meaningful
spectral representation from the short-time group delay spec-
trum.

Given the signal x(n), n = 0, 1, ..., N −1, the group delay
spectrum is defined as the negative frequency-derivative of the
phase spectrum.
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where signal spectrum X(ω) is given by,

X(ω) =

N−1X
n=0

w(n).x(n)e−jωn. (2)

Here w(n) is the analysis window of length N and the phase
spectrum θ(ω) is given as the argument of X(ω). The group
delay spectrum may also be given by [11]

τ (ω) =
XR(ω)YR(ω) +XI(ω)YI(ω)

|X(ω)|2
, (3)

where Y (ω) is defined as the Fourier Transform of the signal
n.x(n), and R and I are the real and imaginary component mod-
ifiers. Typically, group delay is used to characterize digital filter
design and communication channel characteristics. For infor-
mation carrying signals – such as speech, the definition is less
clear cut. Furthermore the group delay of speech is often ob-
served to behave poorly, having many impulsive regions. From
Eq. 3, we can see that zeros in X(ω) correspond to poles in
the group delay. In the regions near these zeros, the group delay
becomes both large and chaotic – masking more useful features.
While some research has gone into choosing appropriate win-
dow functions for GD speech analysis, in practice it is difficult
to predict where the group delay poles will appear. Because
of this, the majority of group delay methods do not use Eq. 3
directly, but rather compute modified spectrums.

The rest of this paper is organized as follows. In section 2,
we cover the main approaches to using group delay covered in
past literature. In section 3, we introduce our proposed group
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delay function, and show its characteristics for both narrowband
and wideband speech analysis. Finally, in section 4, we present
concluding remarks.

2. Group delay processing for speech
2.1. Modified group delay spectrum

Since zeros within the magnitude spectrum |X(ω)| are a direct
cause of GD intractability, Yegnanarayana and Murthy [11] re-
placed |X(ω)| by a cepstrally smoothed magnitude spectrum
S(ω). The updated group delay function is given as follows.

τp(ω) =
XR(ω)YR(ω) +XI(ω)YI(ω)

S(ω)2γ
, (4)

where γ ≈ 0.9 is a tuning paremeter. The modified group delay
function (MGDF), then has its dynamic range altered

MGDF (ω) = sign [τp(ω)] .|τp(ω)|α, (5)

where α ≈ 0.4. For values of γ �= 1, the modified GD function
directly incorporates magnitude spectrum information. In fact,
setting γ = 0, yields a direct multiplication of the power and
group delay spectrums – the so called product spectrum [12].
Since the dynamic range of the magnitude spectrum is com-
paratively larger than that of the group delay, the MGDF and
product spectrum exhibit primarily magnitude spectrum infor-
mation. Even when γ = 1, the modified group delay func-
tion implicitly leverages the power spectrum through use of
the smoothed magnitude S(ω). As the level of smoothing in-
creases, the modified group delay approaches a product spec-
trum. Because of this, we view the MGDF as leveraging group
delay information to modify / enhance the magnitude spectrum,
rather than vice-versa.

2.2. Chirp transform group delay

Since spectral zeros lying on, or near the unit circle are the pri-
mary cause of group delay volatility, it can be beneficial to com-
pute group delay characteristics with a modified Fourier trans-
form. The chirp transform group delay (CGD) analysis [13]
involves two stages. First, the explicit elimination of zeros out-
side of the unit circle – thereby reducing a speech signal to its
minimum phase form. And secondly, evaluation of the resulting
Z transform over a circle whose radius is greater than unity (typ-
ically radius ρ ≈ 1.1). Unlike the MGDF, the chirp group delay
function does not primarily leverage magnitude information –
using only the phase spectrum of the modified signal. However,
CGD has high computational overhead required for extraction
of the signal zeros.

3. Group delay deviation
Previous studies [11] have already characterized many GD
spectrum characteristics – notably its ability to detect useful
speech features such as formants and harmonics. However, to
show such information special attention needs to be paid to re-
ducing the volatility introduced by spectral zeros. In the pre-
vious sections, we have shown two methods used to overcome
this problem. This study takes a different approach. Unlike the
MGDF (and related product spectrum), we attempt to derive
a GD function free from the influence of the power spectrum.
Also, we seek a function that can process group delay with-
out alteration to the underlying signal – as is done with CGD.
To accomplish this, we direct our attention away from the group

delay spectrum, and instead focus on the related group delay de-
viation – how much the group delay deviates from an expected
value. We follow an approach similar to the one used in our
earlier paper, where we derived meaningful, magnitude spec-
trum like information from the instantaneous frequency spec-
trum [10].

For a non-causal symmetric window (defined between
−T/2 ≤ t ≤ T/2), high power spectral components are gen-
erally observed to have group delays close to zero. However,
these group delays are often hard to see, due to the surrounding
noisy components. Taking the inverse however, allows these
regions to be pushed above the surrounding noise. For practi-
cal cases, a causal, symmetric window is used for analysis. In
this case, high power regions are observed to have a group de-
lay close to (N − 1)/2, where N is the length of the analysis
frame. We can thus define a new quantity η(ω) as the inverse
group delay deviation (IGDD) spectrum.

η(ω) = |τw − τ (ω)|−1 , (6)

or with log compression,

log η(ω) = − log |τw − τ (ω)| , (7)

where τw is the expected group delay, which for a symmetricN
point window is given by (N−1)/2. For practical applications,
it should be noted that while the proposed function does remove
some group delay noise, but it does not eliminate it altogether.
In speech, formant and harmonic peak regions typically produce
small GD deviations. However, low power regions are generally
unpredictable and noisy. Because of this, we apply smoothing
to the group delay spectrum. The inverse group delay deviation
is smoothed with filterH(ω),

η̂(ω) = η(ω) ∗H(ω), (8)

where ∗ is the convolution operator. The following sections
detail some of the properties of the group delay deviation.

3.1. Group delay deviation for synthetic signals

A complex sinusoid signal x(n) = A0e
jω0n, windowed by an

N-point symmetric window can be shown to have group delay
equal to (N − 1)/2. Therefore, we start our analysis by an-
alyzing a signal that consists of two complex sinusoids. If an
N-point window w(n) is applied to this signal, its short-time
Fourier transform is given by

X(ω) = X0(ω) +X1(ω)

= A0W (ω − ω0) +A1W (ω − ω1).
(9)

WhereAk is a complex number representing the magnitude and
initial phase of the k’th sinusoidal component, ωk is the sinu-
soid frequency andW (ω) is the Fourier transform of the anal-
ysis window. Solving for the group delay yields

τ (ω) = −Im ∂

∂ω
log [X0(ω) +X1(ω)]

= −Im ∂

∂ω
log [X0(ω)]− Im ∂

∂ω
log

h
1 + V (ω)ejψ

i
,

(10)

where,

V (ω) =

˛̨̨
˛X1(ω)

X0(ω)

˛̨̨
˛ , (11)
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and
ψ(ω) = ∠

»
X1(ω)

X0(ω)

–
. (12)

Looking at group delay of Eq. 10, we can see that the first term
simply evaluates to (N−1)/2. Thus we can think of the second
term as a deviation measure – how much the actual group delay
is pushed off from the expected group delay. We define the
group delay deviation as follows

τw − τ (ω) =
N − 1

2
− τ (ω)

=
∂

∂ω
Im log

h
1 + V (ω)ejψ(ω)

i
.

(13)

When the term V (ω) � 1, the bracketed term in Eq. 13 is
almost constant. This means the scope for introducing group
delay deviation becomes small. V (ω) itself becomes small
whenever |X0(ω)| � |X1(ω)| or, (rearranging equation 10),
|X1(ω)| � |X0(ω)|. Because of this, the GD deviation can be
thought of as a crude measure of spectral purity – the smaller
the GD deviation, the more likely the energy inX(ω) originated
primarily from a single sinusoid.

This assumption also holds when analyzing multi-
component signals, where a signal is given by K sinusoids

X(ω) =
K−1X
k=0

Xk(ω), (14)

whereXk(ω) is the k’th sinusoidal component. It can be useful
to look at regions of the spectrum where a single sinusoid is
dominant. That is, in the region where X0(ω) is dominant, the
group delay deviation is then given by

τw − τ (ω) =
∂

∂ω
Im log

"
1 +

PK−1
k=1 Xk(ω)

X0(ω)

#

=
∂

∂ω
Im log

h
1 + V (ω)ejψ(ω)

i
.

(15)

It is of particular interest to look at the ratio that comprises
V (ω)

V (ω) =

˛̨̨
˛̨ PK−1

k=1 Xk(ω)

X0(ω)

˛̨̨
˛̨ . (16)

We can see that as V (ω) becomes small (as a result of X0(ω)
becoming dominant), the group delay deviation is again pushed
toward zero. This means that we can expect that at frequen-
cies where a single sinusoid is dominant (i.e. at sinusoid center
frequencies), the group delay deviation should be small.

3.2. Group delay deviation for voice signals

We apply the proposed group delay representation (Eq. 7) to a
short spoken sentence. We compare the proposed GD represen-
tation against an instantaneous frequency deviation function and
minimum-phase chirp group delay function. Since the prod-
uct spectrum and modified group delay functions are primar-
ily magnitude-based, they are not shown here. For narrowband
analysis, the spectrograms derived from the magnitude spec-
trum, the instantaneous frequency deviation spectrum [10], the
minimum-phase chirp group delay spectrum (CGD) [13], and
the proposed inverse group delay deviation (IGDD) spectrum
are shown in figure 1 a) through d), respectively. Correspond-
ing wideband analysis is shown in figure 2 a) through d), re-
spectively. The magnitude, instantaneous frequency deviation

and IGDD spectra use a 50 dB Chebyshev window, while CGD
spectrum uses the Blackman window suggested by the authors
[13]. We can see that both the CGD and IGDD display speech
information – though less than both the magnitude spectrum
and instantaneous frequency derived spectrum. For wideband
analysis, both group delay functions exhibit formant structure,
though for narrowband analysis, IGDD gains harmonic struc-
ture at the expense of formant structure. In comparison to the
instantaneous frequency representation proposed earlier by us
[10], the group delay deviation spectrum does not exhibit vocal
tract information as clearly.

4. Conclusion
In this paper, we have developed a new spectral representation
derived from the short-time phase spectrum. In particular, we
have focused on a phase derived quantity – the group delay devi-
ation. We have also shown that many speech features are readily
derived from the group delay spectrum. In particular, the har-
monic peaks are easily identified. Unlike previous studies on
speech-based group delay, our representation does not require
a minimum phase signal, or supplementary magnitude informa-
tion.

While this paper has focused on studying the characteristics
of group delay for speech based signals, it remains to be seen if
the proposed GD information can be used to derive features that
are complementary to existing magnitude-based cepstral fea-
tures. Furthermore, the proposed GD based function appears
to manifest less speech information than the instantaneous fre-
quency representation proposed earlier – both in its narrowband
and wideband forms. Because of this, more promising avenues
of utilizing GD information could include signal generation,
combined magnitude / phase enhancement and magnitude-only
signal reconstruction.
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Figure 1: Illustration of narrowband (32 ms frames) GD based spectrograms for a speech utterance. (a) Magnitude spectrogram, (b)
instantaneous frequency deviation, (c) chirp group delay spectrogram and (d) inverse group delay deviation spectrogram. Stimulus is
an 8 kHz sentence: ‘we find joy in the simplest things’, spoken by a male speaker.
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Figure 2: Illustration of wideband (4 ms frames) GD based spectrograms for a speech utterance. (a) Magnitude spectrogram, (b)
instantaneous frequency deviation, (c) chirp group delay spectrogram and (d) inverse group delay deviation spectrogram. Stimulus is
an 8 kHz sentence: ‘we find joy in the simplest things’, spoken by a male speaker.
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