APPLICATION NOTE 140-1

Detecting Sources of Vibration
and Noise Using HP Fourier Analyzers

Summary of this Note
The use of spectrum analysis in tracing sources of noise and vibration is limited by the resolution
of the spectrum analyzer and by the presence of similar frequencies in the various noise sources,
If, however, a transducer can be placed on one or more of the sources, then these problems can
be overcome by implementing a coherence function program in the Fourier Analyzer, This method
also permits the suspected source to be measured independent of such extraneous influences as
transducer gain. The techniques described in this Note find application by manufacturers of

rotating equipment, automotive components, and by engineers involved in ship silencing.
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DETECTING SOURCES OF VIBRATION AND NOISE
USING THE HP FOURIER ANALYZERS

I. INTRODUCTION

It is frequently desirable to monitor the noise created by a mechanical
system such as a ship or automobile at some point, either internally or
externally, to determine the major components of the noise and to identify
the subsystems that create them. The simplest, most straightforward
approach to this problem is to measure the spectrum of the noise and to
identify the origin of the noise by equating its major component with the ro-
tational or vibrational frequencies of various subsystems. While simple
spectrum analysis is useful for resolving the frequency and strength of
components of a given noise signal, it has several limitations in identi-
fying the source of a particular component. The first is that, within the
limits of reasonable spectral resolution, there may be several possible
sources for a given spectral component. In a ship, for example, several
electrical induction motors may turn at almost the same rate, say
18000 r.p.m. Thus, there may be several sources for a 5 Hz noise which
can be differentiated only by very small frequency differences due to dif-
ferent loads on the various motors. In the automobile example, the major
noise may come from only one wheel, but since all wheels rotate at almost
the same frequency spectral analysis may not be capable of resolving the
source. The second problem with using a simple spectrum to trace noise
sources is that the path connecting two measurement points may not have
a flat transmission characteristic with frequency, and transducers used at
the two points may not have the same gain characteristics vs. frequency,
so the apparent spectrum signature at the measurement control point and
the source may be different.

To circumvent these difficulties, a simply measured spectrum called the
coherence function (¥2) can be used. The coherence function is capable
of determining if two measurements that produce a spectral line, are cor-
related. The resolution is better than the resolution of the spectrum an-
alyzer used. This is accomplished by examining the phase from several
spectrum measurements so that frequency differences, so small as to
appear to be only variations in phase, can identify spectral lines as being
from different sources. In addition, the coherence function is normalized
at all frequencies in such a way that it only can have values between 0 and
1. A 72 of 1 means that the spectral line at the monitored point is com-
pletely coherent with the measured source, while values of .5 and 0 mean
that 50% and 0% of the power at a given frequency at the monitored point is
coherent with the measured source. The way in which the coherence func-
tion is normalized across the measurement band removes both the gain of
the transducer and the transmission path from the measurement. Thus,
percent of power at a monitored point from a given source may be com-
pared to the noise from other sources on an absolute 0 to 1 scale with no
need to compare transducers. The basic requirements for measuring the
coherence function are that the auto power spectrum can be measured at
both the monitored point and the suspected source and that the power spec-
trum between the points can be measured. These measurements can be
made with HP Fourier analyzers since they have two channel simultaneous
sampling ADC's and multiple data blocks for signal processing.

1=



. EXAMPLE

Before examining the theory behind the measurement procedure described
above, let us look at an example of the results that may be obtained. A
measurement set up to monitor the acoustic noise due to fans and trans-
formers radiating from the top of an electronic instrument is shown in
Figure 1. To determine if the sounds monitored by the microphone were
generated by the instrument or caused by external noise sources an ac-
celerometer is placed on the cover of the instrument under test, The
power spectrum of the noise measured at the microphone (G y) is shown
in Figure 2. From this measurement we might be tempted to say that
there are three major bands of noise being emitted from the instrument
case. The first is a broad and fairly strong band from approximately 10
to 50 Hz. The second is a very narrow, but strong component at 120 Hz.
The third is a weaker, but significant tonal component at 500 Hz. An
examination of the normalized integrated noise power spectrum (Figure 4)
yields further insight into how the acoustic power measured by the micro-
phone is distributed in the spectrum. We see that 35% of the power is dis-
tributed in the broad band below 60 Hz and that an additional 45% is con-
tained in the 120 Hz line. While the 500 Hz line contains less than 5% of
the total power, its sharp tonal quality will probably make its perceived
affect on a human observer far more significant.

In evaluating the results of such a measurement, it is very important to
evaluate the effect of other noise sources on the measurement, While in
this simple case the noise measurement could have been made in a quiet
area, in many situations it is not possible to isolate the assumed noise
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Figure 1. Test Set up to Determine Sources of Noise Monitored Above
an Electronic Case



source from other potential contributors. To simulate this problem, the
measurement shown in Figure 1 was made in a lab environment with many
other sources of noise. As a first attempt to determine what components
in the microphone spectrum radiated from the instrument, the power spec-
trum from the accelerometer mounted on the instrument case was mea-
sured. The accelerometer measured the vibration on the instrument case
which was coupling to the air to produce radiated noise. (The assumption
here was that even though not all noise had to be radiated from the case,
i.e., some of the noise came from the fan mounted on the rear plate, all
significant components would appear as case vibrations to enough of an ex-
tent to allow themselves to be identified.) A spectrum of the noise at the
assumed source (Gxx) is shown in Figure 3. Here we see that the energy
below 60 Hz is not significant except for a small line at about 48 Hz and a
stronger one at 60 Hz. The low energy content here suggests that the
monitored noise between 10 and 60 Hz may be due to external sources.
However, without some additional knowledge of the transfer mechanism
between case and air such suggestions must be assumed to be conjecture.
It is interesting to note that the 60 Hz component is much stronger relative
to other components in the accelerometer signal than in the microphone
signal which does not help in the interpretation of possible sources. The
120 Hz and 500 Hz lines on the other hand, are clearly present in the
accelerometer spectrum and can at least in part be attributed to the source
being measured. However, even here there is some difficulty in establish-
ing the reliability of the result since the ratio of the 120 Hz to 500 Hz tones
is 10 dB from the microphone spectrum and 6 dB from the accelerometer.

In order to establish the degree to which the monitored power spectrum,
Gyy, is caused by the source it is necessary to find some cross relation
between the measurement at X and Y. The cross power spectrum is such
a relation. The cross spectrum differs from the two auto spectrums used
above in that it is the cross conjugate product between the linear spectrum
at X and Y rather than the self-conjugate product as are Gxx and Gyy. The
utility of the cross power spectrum lies in the fact that it has both an in
phase (co) and quadrature (quad) component. Thus, the phase relation be-
tween X and Y is preserved in the cross power spectrum. If a component
in the microphone power spectrum is caused by a similar component in the
vibrational spectrum on the instrument case, the phase will be constant
from record to record. However, if a component in Y is not coherent with
the same frequency in X the phase will not be constant in the cross spectrum.
When a number of sample records of the cross spectrum are averaged,
those components which are coherent and have constant phase will be re-
inforced while those whose phase is random will average to 0.

The cross spectrum for the situation in Figure 1 is shown in Figure 5.
While the cross spectrum does indeed show those frequencies that are
common between X and Y it is not possible to establish clearly from this
function alone the degree to which the monitored spectrum at Y is caused
by that at X. This is true because the magnitude of Gyx depends on the
spectrum level at Y and X, the transducer gains at both Y and X, and the
transmission gain between them. As we shall show in the next section, a
combination of the averaged power spectrums Ggx, ny, and ny called
the coherence function defined by

2 1S5l 2
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resolves these problems.
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Figure 4. Integral of Microphone Power Spectrum Normalized to 100%

The coherence functionyields the fraction of the power at Y whichis coher-
ent with the source X independent of the levels at X and Y and the trans-
mission gain between them. Figure 6 shows the coherence function for
this measurement. From this it is clear that there are only a few com-
ponents of the noise spectrum that can be considered to originate as noise
radiated from the instrument case. Using the coherence function it is pos-
sible to modify the measured spectrum at the microphone to reflect only
the noise due to the assumed source. This is done by multiplying the moni-
tored noise by ¥2 (the fraction due to X).

In Figure Ta the original measured noise spectrum is shown. In Figure Tb
the measured noise spectrum is corrected by ¥2 so that only the noisethat
is coherent with X is shown. Here we see that only a few significant com-
ponents are coherent with the source and thus can be attributed to noise
radiated from the instrument case. There is a strong component at 48 Hz
in Figure Tb which is masked by the incoherent background in a. The
components at 500 Hz and 120 Hz are also quite strong as was suspected.
(Note that some caution must be exercised when treating high coherence
for power line frequencies. This is covered later in this note.) However,
the broad band noise below 60 Hz is clearly shown to be due to extraneous
sources as is most of the noise around 60 Hz. Figure 7b shows clearly
that the strongest acoustic component from the top of the instrument
(120 Hz) is due to magnetostriction in the power transformer and fan motor.
The next two components at 50 and 500 Hz appear to be due to mechanical
rotation of the fan motor. This experiment clearly shows the ability of the
HP Fourier Analyzer using its two channel input and its multiple data block
capacity to provide the user with noise identification procedures that can-
not be implemented on non-digital spectrum analysis equipment.
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Figure 4. Integral of Microphone Power Spectrum Normalized to 100%

The coherence functionyields the fraction of the power at Y whichis coher-
ent with the source X independent of the levels at X and Y and the trans-
mission gain between them. Figure 6 shows the coherence function for
this measurement. From this it is clear that there are only a few com-
ponents of the noise spectrum that can be considered to originate as noise
radiated from the instrument case. Using the coherence function it is pos-
sible to modify the measured spectrum at the microphone to reflect only
the noise due to the assumed source. This is done by multiplying the moni-
tored noise by y2 (the fraction due to X).

In Figure Ta the original measured noise spectrum is shown. In Figure Tb
the measured noise spectrum is corrected by ¥2 so that only the noise that
is coherent with X is shown. Here we see that only a few significant com-
ponents are coherent with the source and thus can be attributed to noise
radiated from the instrument case. There is a strong component at 48 Hz
in Figure Tb which is masked by the incoherent background in a. The
components at 500 Hz and 120 Hz are also quite strong as was suspected.
(Note that some caution must be exercised when treating high coherence
for power line frequencies. This is covered later in this note.) However,
the broad band noise below 60 Hz is clearly shown to be due to extraneous
sources as is most of the noise around 60 Hz. Figure Tb shows clearly
that the strongest acoustic component from the top of the instrument
(120 Hz) is dueto magnetostriction in the power transformer and fan motor,
The next two components at 50 and 500 Hz appear to be due to mechanical
rotation of the fan motor. This experiment clearly shows the ability of the
HP Fourier Analyzer using its two channel input and its multiple data block
capacity to provide the user with noise identification procedures that can-
not be implemented on non-digital spectrum analysis equipment.
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III. ANALYSIS

In the above example we have stated that a measurement of the coherence
function allows for the correction of a noise spectrum to show only the
noise due to a given source independent of the transmission path and the
transducer gains. It is a simple matter to prove these statements. Fig-
ure 8 shows a diagram of the typical measurement situation. The noise
is being monitored at point Y which receives energy from source X and a
number of other sources lumped into Z. The measurement is implemented
by measuring the signals at X and Y with transducers having gain ay and
oy, These two signals are Fourier transformed to give the linear spec-
trum at X and Y modified by the transducer gain. (These spectrums are
referred to as linear since they are made up of a linear inphase, cosine
term, and quadrature, sine term.) The linear spectrum measured at X is

while that measured at Y is
Sy = ozy (HSx + SZ)

(A primed term here denotes a value measured by a transducer, )

The term HSy is the spectral component at Y due to X, while S, is dueto ex-
traneous noise sources. The measured power spectrum at Xand Y is found
by multiplying the linear power spectrum by its own complex conjugate.

Thus the power spectrum from transducer X is

G (2)

TRANSMISSION

PATH
H
X Y
TRANSDUCER TRANSDUCER
(GAIN=a, ) [GAIN=Qy)
SPECTRUM SPECTRUM
a, s, ay Sy

Figure 8. Model of Measurement Procedure
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where Gyx is the actual power spectrum at X and the * indicates the com-
plex conjugate. In the same way the measured power spectrum at Y can
be computed as

! 2 * % * % * *
G =g HI 88 +HS8 8. 4+H.8 +88)
vy y x"x z°X T Rz

B e -
ny = ozy (|H] Gxx + Hsz £ Hze + GZZ) (3)

In equation (3) a set of terms appear that are the cross products of the ex-
traneous source Z with the spectrum due to X. If the other sources that
make up Z are uncorrelated with X these terms will average to 0. The
average power spectrum at X and Y are

' ., JE—

Gxx = O Gxx (4)
v 2 e

ny i |H| G +G (5)

In both cases the spectrum values are modified by the transducer gains.
In addition, the spectrum monitored at Y indicates not only the spectrum
due to X, IHI xx but also the noise from other sources Gzz

The cross power spectrum G__ improves our ability to remove the ex-
traneous sources since %

8 t 'k

YR

t *
ny = ay (HSX + Sz) oS,

ny = a0y (HG,, +G, ). (6)

In (6) a cross term between Z and X again appears which cancels out on
averaging to give

ny = aycyx H Gxx ("

The cross power spectrum when averaged does not contain extraneous
sources, but it does make reference to both transducers gains. In addi-
tion, since the power at point Y due to X is |H|2 Gy, the term H Ggy
does not yield a result for power at Y that can be fully interpreted without
knowledge of H.

However, a combination of the two averaged auto spectrums and the cross
spectrum removes these problems. This is called the coherence function
and is defined by
e
¥ (8)
Gxx ny

i, 18



Using equations (4), (5), and (7) in (8) with the relation that

2 *
Inyl ny' ny
we obtain
(S ST AT, |
9 ayaxH H Gxx
o o 02(|H|2G_+G )
Oy Yxx y XX zZ
f [Tir
[H|" G
¥ K (10)
|H| Gxx+Gzz

Thus ¥ expresses the fraction of the total power (IHI2 Gyx + Ggz) at Y
that is due to H2 Gxx, the power from X. This fraction is independent of
the level at Y or X, the transmission path H, and the transducer gains. It
is important to note the ¥2 differs significantly from a normalized cross
correlation function or cross power spectrum since it is normalized at
each frequency where the correlation functions can be normalized only for
total power. An important use of the coherence function is that shown in
Figure Tb where the measured power spectrum at the monitored point is
multiplied by ¥2 to reflect only the power due to X. This product yields

Y < =R, (11)

CONCLUSION

In the above example and analysis, we have shown how the concept of
coherence can be used to remove many of the ambiguities that arise when
the sources of noise are traced using only spectrum analysis, The key
element in this application is the use of cross power spectrum between the
sources which allows a test of phase coherence to be made between the
sources.

As powerful as this test of coherence is, however, care must be exercised
in its application. While it is obvious that the cross spectrum must be
measured from both measurement points simultaneously, what is not so
obvious is that the two auto power spectrums ny and Gy, must also be
measured from the same records. An examination of equations (7) through
(10) will show that the cancellation of the Gxx term in the numerator which
arises from a measurement of G, with the Gxx of the denominator due to
a measurement of Gxx would only be valid if Gg,x and Gxx are from the
same records. If they are not fromthe same sample records, the Ggx inthe
relation for the cross spectrum (H - Gxx) will be different than that mea-
sured at the input. In general, the least that could happen in such a situa-
tion is that the statistical variation in the measurement of ¥ 2 would be

~10-




totally incorrect if simultaneous sampling is not used, A similar argument
could be used to show that the assumption that Gyy is |H|2 Gxx requires
simultaneous sampling.

One further caution must be observed in the use of the coherence function
and that is the problem of multiple coherences. This situation arises when
two inputs that are assumed to be uncorrelated with each other are in
reality caused themselves by the same source. In our example, the com-
ponent present in the microphone signal due to the noise radiated bythe in-
strument, is in reality also coherent with the power line and hence coherent
with other sources driven by the same power source, It should be empha-
sized that this problem arises here only because the 120 Hz component due
to magnetostriction in the instrument under test, and other sources, is
exactly phase coherent with the power line, This problem would not arise
from such factors as induction motor rotation rates even though they are
driven from the same power source. To check the effect of the multiple
coherence with the power line, the 500 Hz component is used as a bench
mark, In the corrected microphone spectrum of Figure 7b, the 500 Hz
line is 10 dB below the 120 Hz line, However, in the accelerometer, Fig-
ure 3, there is only 6 dB difference. Thus, we have up to 4 dB of uncer-
tainty in our result. The problem of multiple coherence is covered in
some detail in Reference 1.

The HP Fourier Analyzers can be readily used to analyze noise spectrums
and their possible sources via the coherence function. The simultaneously-
sampling ADC and the ability to divide the data memory into several data
blocks provide the features needed to calculate the various power spec-
trums from simultaneous records. To implement a procedure for calcu-
lating power spectrum and coherence functions it is merely necessary to
keyboard in a routine which can then be executed any number of times
automatically. The keyboard routine used to make the measurements used
in this Note is shown in Figure 9.

Peter Roth
Santa Clara Division
January 7, 1971
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