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2
weighted may result in different values of σSNR
as illustrated in Fig. 1. Hence, the subjective impression is not
reasonably predicted by the standard SNR.

Abstract
Evaluations of speech enhancement systems are typically
based on artificially generated noisy speech signals. A
common approach to quantify the weighting of speech
and background noise is the signal-to-noise power ratio
(SNR). In contrast to the perception of human listeners the SNR is calculated based on the power of speech
and noise signals separately, irrespective of their spectral distributions. For this contribution, listening tests
were performed to determine the influence of the spectral
distribution of noise on the audio impression of human
listeners. Based on our experimental results, we evaluate objective measures and their capability to predict the
subjective rating.
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Figure 1: Illustration of the expected mismatch between
SNR and human perception. Two scenarios are perceived as
equally weighted, however, the SNR scales are shifted.

For this contribution, listening tests were performed to
determine the influence of the spectral distribution of
noise on the hearing impression of human listeners. In
the following, the test setup and the experimental results are described. Based on the experimental results,
we investigate the mismatch between SNR and human
perception. Subsequently, alternative objective measures
and their capability to predict the subjective rating are
discussed.

Introduction
Evaluations of speech enhancement systems, such as
hands-free telephony or in-car communication, are typically based on artificially generated noisy speech signals.
A clean speech signal s(n) can be superimposed by background noise b(n)
x(n) = s(n) + b(n) · σ −1 .
| {z }
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Experimental Setup

Thereby, the signalsPare assumed
P to be normalized to
the same power, i.e. n s2 (n) = n b2 (n). The ratio between speech and noise components in the resulting noisy
signal is controlled by σ 2 . To obtain realistic test signals,
the factor has to be chosen carefully. Typically, the original speech signal is recorded under low-reverberant conditions, e.g., with a closed-talk microphone in an anechoic
chamber. In this case the clean speech signal s(n) results
from the original speech signal filtered with a measured
room impulse response [3].

In each test of the experiment, two examples of noisy
speech signals with different spectral distributions of
noise were pairwise presented to the test subjects. The
reference example was mixed with a fixed σ 2 whereas the
ratio of the other example was adjusted by the subjects.
The subjects were instructed to adjust the noise such that
the speech similarly sets apart from the noise as much as
the reference example does1 . In Fig. 2 the user interface
for performing the experiment is shown.
For the experiment, six different noise signals that cover
a wide range of scenarios were chosen: white noise and
three bandpass filtered noises exciting different frequency
ranges, noise recorded in an automotive environment at
a speed of 100 kph exhibiting low frequency components,
as well as babble noise with non-stationary components
recorded in a cafe. Their spectral distributions are shown
in Fig. 3.

A common approach to quantify the weighting of speech
and background noise is the signal-to-noise power ratio
(SNR)
P 2
s (n)
2
.
(2)
σSNR = Pn
2
n b̃ (n)
The definition directly follows from (1). The power of
the clean speech signal s(n) and noise signal b̃(n) are
calculated separately, irrespective of their spectral distributions. The subjective perception of human listeners,
however, depends significantly on the spectral distributions of speech and noise signals used for signal mixing
[1]. We expect that two scenarios perceived as equally

In order to achieve an almost phonetically balanced
speech signal, the text ’Nordwind und Sonne’ was chosen
1 German instruction: ”Stellen Sie [. . . ]
das Geräusch des
rechten Hörbeispiels so ein, dass sich die Sprache ähnlich von dem
Geräusch abhebt wie im Referenzbeispiel.”
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Figure 2: Screenshot of the GUI presented to the test subjects.

Experimental Results
The experimental results are depicted in Fig. 5. For
a given ratio σ 2 of the reference, the adjustable ratio
2
σsubj
, which resulted into a similar subjective hearing
impression,
The logarithmic SNR shift
 was determined.

2
2
10 log10 σsubj /σ can be interpreted as the mismatch
between the standard SNR and human perception.
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When the white noise scenario is compared to the automotive scenario a significant SNR shift can be observed.
On average, the SNR for automotive noise was adjusted
about 16 dB worse than in the white noise case until both
examples where perceived as equally weighted. The small
inter-quartile range ensures consistent results over all test
subjects.
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Figure 4: Hardware setup used in the experiment.

[5]. The text was recited by a female and male speaker
without developing a Lombard effect. For each test, one
of the speech signals was mixed with two different background noises to create the two examples. The spectra
for both speech signals are also depicted in Fig. 3.
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We obtained similar results when the babble noise scenario was presented as reference. The SNR was perceived similar compared to the white noise and much
worse (about 16 dB) compared to the automotive noise.
Again, we see a shift of 16 dB between white noise and
automotive noise.
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Figure 3: Spectra of the noise and speech signals used in the
experiments.

The mixed signals (44.1 kHz sampling rate) were presented to the test subjects in a semi-anechoic chamber.
A combination of one loudspeaker and a sub-woofer was
employed for correct playback even of the low frequency
automotive noise. The sound pressure level of the speech
signal was calibrated to 62 dBA in 1 m distance from the
loudspeaker according to [6]. A sketch of the hardware
setup is shown in Fig. 4.

As a tendency, the SNRs of the bandpass noises were
adjusted lower than the SNR of white noise for equally
perceived weightings. The average shift is in the magnitude of 10 dB. However, the results are less consistent
as indicated by an increased inter-quartile range. This
observation confirms a frequent comment that was expressed by several subjects: the high frequency components of bandpass 3 were perceived as annoying. The
latter makes it difficult to rate the different weightings
of speech and noise. As no spectral overlap occurs, the
speech component sets apart very well, even when the
noise level starts to get painful.

In total 7 female and 13 male test subjects participated
the subjective experiment. All subjects were between 23
and 42 years old and had a command of German on a
native speaker level. In order to achieve significant test
results, a various number of noise scenario combinations
were presented to the subjects, which allows to crosscheck the obtained results.

To analyze the dependency between the SNR shift and
the absolute SNR, the test was repeated for different values of the reference SNR. In Fig. 6, the absolute SNR
of white noise is plotted against the absolute SNR for
automotive noise which was perceived equal. The result
suggests that the shift of 16.4 dB is independent from the
absolute SNR for the considered combination.

For verification, the noisy signals were recorded with two
binaural microphones located close to the test subject
as shown in Fig. 4. The audio impression during the
experiment can be reproduced based on these signals,
however, they are not employed for the evaluations in
this contribution.
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Figure 5: SNR differences between reference noise scenarios (columns) and noise scenarios with adjustable noise power (rows).
The noise power was adjusted until the speech similarly sets apart from noise in both scenarios. The box plot of median and
the quartiles, as well as the individual results of the test subjects indicated by circles are displayed.
Absolute SNR [dB]

as well as a weighting function
w(n, ω) = Φ̂SS (n, ω)0.2

automotive

10

are determined. To estimate the PSDs at frame index
n and frequency index ω, we employ a FFT of length
NFFT = 4096 at a sampling rate of 44.1 kHz. To reduce
the influence of outliers, SNRdB (n, ω) is limited to values between -10 dB and 35 dB. The frequency-weighted
segmental SNR then is calculated by
P
n,ω w(n, ω) · SNRdB (n, ω)
2
P
10 log10 σfwSNRseg =
. (5)
n,ω w(n, ω)
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In contrast to the standard SNR definition, averaging
thereby is performed over logarithmic values.

Figure 6: Dependency of absolute SNR for white and automotive noise. The circles indicate SNR combinations that
were perceived as equal. The median and quartiles for different reference SNRs are displayed by the boxes. The diagonal
line was fitted using the median over all data-points. The
result suggests that the SNR shift of 16.4 dB between both
scenarios is independent from the absolute SNR in the considered interval.

We use another alternative measure that adopts averaging over logarithmic values but avoids calculation of a
weighting function. Based on Φ̂SS (n, ω) and Φ̂BB (n, ω),
the average spectra (as depicted in Fig. 3) are estimated
and the ratio in dB is averaged over frequency
P
Φ̂SS (n, ω)
1 X
2
10 log10 P n
10 log10 σlogMean =
.
NFFT ω
n Φ̂BB (n, ω)
|
{z
}

Objective Measures

SNRdB (ω)

Based on our experimental results, we evaluate several
dedicated objective measures and their capability to predict the subjective rating. In addition to the standard
SNR as defined in Eq. (2), we examine alternative definitions that consider the spectral distribution of speech
and noise.

(6)

The averaging operation can be interpreted as a geometric mean over frequency which implies that the result may
be dominated by small values ≈ 0 (=−∞
ˆ
dB). Therefore,
we limit SNRdB (ω) again to values between -10 dB and
35 dB.

As a first modification, A-weighting is applied to the
2
noise and the speech signal before the ratio σA-weighted
is calculated analogous to Eq. (2).

By applying the objective measures to the data collected
in the subjective experiment, we determine their capability to predict the subjective impression. Analogous to
the results for the standard SNR depicted in Fig. 5, we
calculate the shift between two scenarios that were perceived as equally weighted. Thereby, we only consider
the median over the subjects answers. The results for all
objective measures are summarized in Fig. 7.

2
For the ratio σmodified
SNR based on the modified definition of SNR in [1], the A-weighting is applied only to
the speech signal, the noise signal is filtered with the frequency characteristic according to ITU-R 468 instead.

To explicitly address the spectral overlap between speech
and noise, we employed a frequency-weighted segmental
SNR [2, pp. 509][4]. Based on the estimated power spectral densities of speech Φ̂SS (n, ω) and noise Φ̂BB (n, ω),
a local SNR
SNRdB (n, ω) = 10 log10

(4)

Φ̂SS (n, ω)
Φ̂BB (n, ω)

As already stated, the standard SNR fails to predict the
subjective rating especially when comparing white noise
with the automotive scenario. The significant shift of
about 16 dB suggests to employ a different objective measure.
By using the A-weighted SNR, the shift for automotive
noise can be corrected. The A-weighting considers the

(3)
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Figure 7: Median shifts calculated with different objective measures. Optimally, an objective measure predicts the subjective
impression. In this case, the SNR shift is next to 0 dB for equally perceived weightings.

Conclusions

reduced sensitivity of the human ear for low frequencies
which results in a reasonable match of objective and subjective rating. When comparing white, automotive, and
babble noise, the shift is almost completely removed. In
contrast, between white noise and bandpass noise still a
shift of about 10 dB occurs.

For this contribution, we investigated the effect of the
spectral distribution of noise on the perception of human
listeners. Specifically, we determined the SNR shift between two scenarios where the weighting between speech
and noise was perceived as being equal. The subjective
results of our experiments was then compared to the outcome of different objective measures. As expected, the
standard SNR fails to predict the subjective impression,
especially for low-frequency automotive noise. This effect
can be avoided by applying A-weighting to speech and
noise signals before calculating the SNR. Other measures
that average the local SNR in dB reasonably predict the
human perception.

In our experiments, no improvements are achieved by
employing different weightings for speech and noise.
The measure according to Eq. (5) (fwSNRseg) in our experiment outperforms the other measures. For white and
automotive noise, the results are similar to A-weighting
but also for the bandpass scenarios a reasonable prediction of the subjective impression is achieved.
The last measure according to Eq. (6), based on averaging over logarithmic values, generates slightly worse
results compared to fwSNRseg. Nevertheless, because of
its simplicity it could be preferred.
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