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ABSTRACT

In this paper we present an improved method for the
spectral estimation of car noise in order to enhance the
performance of noise reduction systems. An algorithm
is developed that allows us to track changes in the noise
spectrum during speech activity. For this tracking, we
use the knowledge of the speed of the car and the revolutions of the engine. The paper starts with a detailed
analysis of the car noise. The proposed algorithm based
on this analysis rst removes the harmonic components
of the engine noise by selective ltering in time. The remaining wind and tyre noise is predicted during speech
activity, based on the last available estimate and the
vehicle speed.
1

INTRODUCTION

In recent years, speech processing systems for cars,
like hands-free telephones or voice controlled operations
have become more and more popular. They all require noise reduction, increasing both the communication comfort and the recognition rate of voice controlled
systems. A major problem inherent to all noise reduction methods which are based on the modi ed Wiener
lter [1] or the weighting rule of Ephraim/Malah [2],
is the estimation of the power spectral density of the
car noise. To estimate this density, one can make use
of minimum statistics [3] or voice activity detectors [4].
The disadvantage of each of these methods is that they
follow changes in the noise power, e.g. due to an acceleration of the car, insuÆciently when speech is present.
This degrades the performance of the noise reduction.
In this contribution, we rst present an analysis of the
di erent car noise components and show the dependence
of these components on car parameters like vehicle speed
and revolutions per minute (rpm) of the engine.
Then we will develop methods using the knowledge of
these parameters to enhance the estimation of the noise
spectrum, especially for tracking during speech activity.
For this, we use the information about the speed and
the rpm of the car, being available for modern cars on
the Controlled Area Network (CAN) bus.
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CLASSIFICATION OF THE DIFFERENT
CAR NOISE COMPONENTS

The three major components of car noise which are
weighted di erently according to the type of car and
engine, are
noise.
These three components are examined in detail in the
following and a dependence of these components on the
characteristic car parameters is worked out.
engine, wind, and tyre

2.1

Engine Noise

The rotating engine and the movement of the pistons
generate a harmonic noise spectrum having narrow band
spectral components. The frequency localization of
these components depends directly on the rpm of the
engine. A spectrogram for typical engine noise (runup and run-down) is depicted in Fig. 1. The harmonic
structure of the spectrum can be easily identi ed. To
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Figure 1: Spectrogram of a typical engine noise
underline the high power of the spectral components the
power spectral density of an engine noise at 3485 rpm
is depicted in Fig. 2. Engines normally exhibit spectral components at multiples of half the rpm frequency.
These multiples are marked explicitly in Fig. 2.
2.2

Wind Noise

For modern cars with low aerodynamic drag, wind noise
generally exhibits less power than tyre noise. Remarkable components normally only appear at higher speeds.

the spectral characteristics are not identical, they are
very similar. It is important to notice that frequency
shifts of spectral components do not appear when the
car speed changes.
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Figure 2: PSD of engine noise at 3485 rpm
Fig. 3 depicts the power spectral density of wind noise
for a car measured in a wind tunnel at two di erent wind
speeds. The higher noise power for the higher speed is
obvious. However, it is especially interesting that the
characteristic of the power spectral density stays nearly
the same.
10

Wind noise at 100 km/h
Wind noise at 140 km/h

Power Spectral Density [dB]

0
−10

ESTIMATION

BY

The analyses of the previous chapter showed that car
noise can be divided into two di erent classes: An engine noise that depends on the rpm, and the vehicle
speed-dependent wind and tyre noises. The engine noise
consists of harmonic spectral components at multiples
of half the rpm. Wind and tyre noises have a di erent
power depending on the speed of the car. However, their
frequency characteristic stays nearly the same.
For the calculation of the weighting coeÆcients of the
noise reduction,( q
NP SD k;n
Gopt > f ; (1)
XP SD k;n
Gopt (k; n) = 1
otherwise
f
an estimation of the power spectral densities of the
input signal,
XP SD(k; n)= fast XP SD(k; n 1)
(2)
+(1 fast ) jX (k; n)j
and the noise 8
slow NP SD(k; n 1) no voice
>
>
<+(1
slow ) jX (k; n)j detected (3)
NP SD(k; n)=
>
>
:
NP SD(k; n 1) otherwise
at time n and frequency k is necessary. X (k; n) denotes the spectrally analyzed noisy input signal, whereas
f and  are the spectral oor and the overestimation
factor, respectively.
Commonly used estimation methods for the power
spectral density of the noise cannot follow changes during speech activity (Eqn. 3) leading to a decrease in
performance of the noise reduction, especially when the
car accelerates.
In the following, we will develop methods for noise
reduction that can follow changes in the PSD of the noise
during speech activity. The rst step in Section 3.1 is
to cancel the harmonics of the engine noise that depend
on the rpm. The second step in Section 3.2 is to track
during speech activity the estimation of the remaining
noise spectrum, i.e. wind and tyre noise, that depend
on the velocity.
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Figure 3: Wind noise at two di erent speeds
Tyre / Rolling Noise

For tyre noise, a correlation of the power spectral density of the noise and the speed of the car can also be discerned. To con rm this, two di erent noise spectra are
0
130 km/h
90 km/h

−10
Power Spectral Density [dB]

NOISE

USING CAR PARAMETERS

−50

2.3

ENHANCED

−20

−30

−40

3.1
−50

−60
0

100

200

300

400

500

600

700

800

900

1000

Frequency [Hz]

Figure 4: Tyre noise at di erent speeds
depicted in Fig. 4 for two di erent speeds. Even though

Engine Noise

Engine noise mainly occurs at multiples of half the engine frequency:
f
i 2 N:
(4)
fharm;i = i  engine
2
The engine harmonics have a remarkable power up
to an order of 15-17, or up to 400-500 Hz, respectively.
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Figure 5: Poles (*) and ze- Figure 6: Transfer funcros (o) of the second order tion H (z) of the second orhighpass H (z)
der highpass
A lter with these zeros and poles
exhibits K stopband frequencies at s = i U with i 2 [1; K ] and
can be denoted as: Q
(1 z i z )
(10)
G( ) = Q i
(1 z z ) :
2

0

Pi
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A speci c property of the harmonics is that they have
a very narrow-band character and that their frequency
localization can be determined very precisely based on
the rpm-signal. Nevertheless, it is not possible to predict their power which varies strongly and in an undetermined way with the rpm and time.
Therefore, our approach is to attenuate the engine
noise harmonics up to 400-500 Hz
Gopt (ki ; n) = L;
(5)
continuously, i.e. also during speech activity. Here L
denotes an attenuation value, e.g. 20 dB, n the time,
and ki the discrete frequency values of the harmonics.
This procedure requires a very selective attenuation in
frequency in order not to attenuate the speech components too much which would cause speech distortions.
Tests have shown that it is not possible to obtain the
required selectivity in the frequency domain, e.g. by
a STFT or lterbank analysis, without causing large
speech distortions. This is due to a long time period
of the signal that has to be analyzed in order to obtain
the required frequency resolution of a few Hertz. This
is equivalent to a large smoothing in time of the output
signal and leads to distortions of the instationary speech
components. For this reason we examine if it is possible
to achieve the required selective attenuation by ltering
in the time domain.
One possibility is to apply a notch lter of second
order to attenuate every engine harmonic separately.
The transfer function of the notch lter is given by:
1+
1 2 z +z
HN (z ) =
(6)
2 1 (1 + )z + z
with: = cos  f 2
(7)
8000Hz s
= cos(1! ) cos (1! ) 1 (8)
where f denotes the stop-band frequency and !
the 3 dB cuto frequency.
Due to the second order of the lter, the attenuation
that can be obtained is lower the more the lter is chosen
to be selective in frequency.
As a remedy to this problem, we developed a modi ed
notch lter of higher order that can be designed in two
steps:
1. Design of a higher order highpass lter H (z). The
zeros and poles of a possible lter of order two are
depicted in Fig. 5 and the corresponding transfer
function is shown in Fig. 6.
2. Shift and multiply of poles (zP = aP + j bP ) and
zeros (z = a + j b ) which is equivalent to oversampling by the factor U according to
 P;0

q
2
zP; i = U aP; + bP; ej U i U ; i 2 [ K; K ]: (9)
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Figure 7: Poles (*) and Figure 8: Transfer funczeros (o) of the modi ed tion of the modi ed notch
notch lter G(z)
lter G(z)
The position of the resulting poles and zeros is shown in
Fig. 7 and the corresponding transfer function in Fig. 8.
In comparison with comb- lters GK (z), which can be
generated by an oversampling of a highpass by the factor
M , i.e. GK (z ) = H (z M ), the modi ed notch lters have
the following advantages:
 They o er the possibility to continuously adjust the
stop-band frequency to the rpm, as U 2 R in contrast to M 2 N.
 The number of harmonics to attenuate can be determined with the constant K .
A selective ltering in frequency can now be performed
Hz
as follows: With the rpm fengine the factor U = fengine
can be determined and then, based on a xed prototype
highpass (s. Fig. 6), the position of the poles and the
zeros of the modi ed notch lter can be calculated whenever U changes. Combining successively two conjugatecomplex poles and zeros, we get IIR lters of second
order which are - one after the other - utilized to lter
the noisy speech signal.
Generally, only the engine harmonics up to 500 Hz exhibit a remarkable power such that it is worth applying
a selective attenuation. Thus, it is reasonable to rst
decompose the noisy signal with an 8-channel lterbank
in subsampled subband signals. Then the ltering with
+

8000

the modi ed notch lters has only to be applied to the
lowest band covering the frequency range up to 500 Hz
(s. Fig. 9). The advantage of this procedure is that the
poles and zeros of the modi ed notch lter are further
apart. Thus, the designed modi ed notch lter is less
sensitive to quantization errors of the lter coeÆcients.
Additionally, computational power is saved as the signal
x (l) is subsampled. The rst stage of the frequency de-
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Figure 10: Power of wind and tyre noise dependent on
the car speed referred to the power at 80 km/h
parameter depends on the car, the tyres, etc. For our
examinations, we determined the parameter with the
help of measured data. A real-time system could estimate this parameter by evaluating noise measurements
at di erent speeds.
4

RESULTS AND CONCLUSIONS

In this paper we presented methods to enhance noise
reduction by predicting and selectively attenuating car
noise components. The algorithm was tested with a frequency decomposition using a two stage lterbank, like
depicted in Fig. 9 and described in [5]. Thus, besides the
advantages for the cancellation of the engine harmonics,
it is possible to perform a high frequency resolution for
the low frequency bands and a high time resolution for
the high frequency bands adapted to the human hearing.
The performance of the algorithm was examined with
di erent speech and noise signals recorded in cars while
accelerating. In comparison to the methods for noise estimation known so far, we were able to obtain satisfying
and promising results.
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