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Abstract 
Data integrity has become more critical with the growth in remote semi-automated machine health 

monitoring. The mounted resonance frequency of an accelerometer, if correctly mounted on a flat surface, 

is normally quite repeatable, for example at different locations on the same object. A method has recently 

been developed which largely separates forcing and transfer functions in response signals, by applying an 

exponential window in the cepstrum. This technique can show the resonance peaks in response spectra at 

all measurement points. Changes in the natural frequencies of the structure should show up equally in all 

measurements, but deterioration in the mounting condition of an individual accelerometer would only affect 

the mounted resonance frequency for that transducer. This paper demonstrates these principles using 

measurements on a gear test rig, operating with a range of different speed profiles, with two similar 

accelerometers, one having correct and then faulty mounting.  

1 Introduction 

With the increase in remote online monitoring of machines, it has become critical to have a means of 

checking the integrity and repeatability of vibration measurements, as made by accelerometers. When 

mounted correctly, usually using a screwed stud to attach the transducer on a smooth flat surface, these can 

give repeatable measurements up to very high frequencies, often in the range of 10-20 kHz or more. This is 

limited by the mounted resonance frequency, which is maximised by having a solid contact over the entire 

base of the accelerometer, which gives a much higher stiffness than that of the screw stud alone. Response 

will be linear up to 1/3 of the mounted resonance frequency, but the signals are often analysed up to 2/3 of 

the latter, as long as the mounting is repeatable, since it is usually changes in response levels, rather than 

the levels themselves, which indicate developing faults, so the frequency response does not have to be 

completely uniform, just repeatable. If the contact pressure is not maintained across the whole base, the 

stiffness, and mounted resonance frequency, will drop, compromising the validity of the measurements. 

We have recently developed a method to separate measured responses into the components from the forcing 

functions and transfer functions (ie modal properties) by applying an exponential window to the response 

cepstrum. This has for example been used to pre-process response signals to greatly reduce problems 

associated with operational modal analysis of rotating machines, where forcing functions can be very 

complicated [1]. In this paper we use that technique to identify the accelerometer mounting frequencies, 

along with other structural resonances, in the high frequency range of the responses. As long as several 

measurements are being made with different transducers, it should be possible to distinguish between actual 

changes in the measurement object, which should be the same for all transducers, and changes in the 

mounted resonance of an individual transducer. Even if the accelerometer resonance frequency is outside 

the normal measurement range, it is likely that the frequency range could be extended to cover it for 

occasional periodic measurements, or when there is some suspicion of the integrity of the measurements.  
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2 Separation of forcing and transfer functions 

2.1 Application of the real cepstrum to response measurements 

The cepstrum is defined as the inverse Fourier (or z-) transform of a log spectrum [2]. Thus: 

 ( )  ( ) 1 1( ) log ( ) ln ( ) ( )cC F f A f j f − −=  =  +  (1) 

where   ( )( ) ( ) ( ) j fF f f t A f e =  =  (2) 

in terms of the amplitude and phase of the spectrum. ( )cC   is called the “complex cepstrum”, since it retains 

the phase information from the spectrum. However, it can only be applied to transient signals, such as 

impulse responses, since in requires the phase to be unwrapped to a continuous function of frequency. If the 

phase in Eq. (1) is set to zero, the so-called “real cepstrum” is obtained, as in Eq. (3): 

 ( ) 1( ) ln ( )rC A f −=   (3) 

This can be applied to (sections of) continuous stationary or non-stationary signals, and if the cepstrum is 

edited (“liftered”, from “filtered”) the modified log amplitude spectrum can be obtained by a forward 

transform. As shown in Refs. [1, 2], the modified log amplitude spectrum can be combined with the original 

phase spectrum to form edited time signals, but in this paper, only the modified log spectrum is used. 

The complex cepstrum of a transfer function can be expressed in terms of its poles and zeros in the z-plane, 

as shown by Oppenheim and Schafer [3], and in [2] it is shown that for a single degree-of-freedom (SDOF) 

system, with one complex conjugate pair of poles inside the unit circle, and no zeros, it can be expressed as: 
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where c and c* are the poles, n is quefrency (time) sample number, t  is time sample spacing (so that  

t n t=  ), and  is the damping constant corresponding to the exponential decay 
n

c . The cepstrum is thus 

seen to have the same form as the impulse response function (complex exponential), but additionally 

weighted by 2/n. Zeros have the same form as (4), but with negative sign, since they are negative poles on 

a log amplitude scale, and the cepstrum of the whole transfer function can be obtained by adding those of 

the individual conjugate pole and zero pairs. 

2.2 Identification of resonances by exponential liftering  

Thus, it can be seen that if the response cepstrum is multiplied by the exponential window  0t
e

−
, it adds 

0  to the damping of every mode of the system, but this can in principle be compensated for after analysis 

(as for an exponential window used in impact testing).   equals half the 3 dB bandwidth (in rad/s) of the 

corresponding resonance. Such a weighting in the cepstrum is called a “lifter”, from filter by analogy with 

cepstrum-spectrum and quefrency-frequency. As will be seen in later results, most of the modal information 

is at low quefrency (ie slowly varying with frequency) while most forcing functions are at high quefrency 

(eg closely spaced harmonics and sidebands in gear response spectra). This is seen to apply even when the 

harmonics/sidebands are not separated but smeared as a result of speed variations [1]. 

In [1] it is shown that the cepstra of multiple responses to a single force (ie a single input/multiple output or 

SIMO system) are the sum of the cepstra of the forcing function and of the transfer functions to the response 

measurement points, and this allows them to be curve-fitted for the poles and zeros of each transfer function, 
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and ultimately to the reconstruction of the latter. However, even in the case of a multiple input (MIMO) 

system, all the poles are the same, even if the zeros differ, and the cepstra can be curve-fitted for the poles. 

In the current paper, use is only made of the fact that the poles (resonances) of a MIMO system can be 

recognised in the log amplitude spectrum of a response signal, after removal of most forcing function effects 

by applying an exponential lifter to the cepstrum. 

3 Test object, measurements, and analysis techniques 

3.1 Test object and measurements 

Measurements were made on a gearbox test rig as shown in Figure 1(a). This is a single stage parallel gear 

reducer with ratio 19:52, driven by an induction motor with variable frequency drive, and driving a brake 

with controllable torque load. The actual accelerometer types and positions used in this study are shown in 

Fig. 1(b). All were attached with screw studs to mounting pads cemented onto the casing rim with epoxy 

cement. The accelerometer type whose mounting integrity was to be tested is the Brüel & Kjær (B&K) type 

4370, which has a nominal mounted resonance frequency of 15 kHz. One of them (denoted R for “Ref”) 

was always mounted tightly, while the other (denoted T for “Test”) was mounted tightly in one set of 

measurements, but was loosened by a quarter turn on the thread (denoted as “faulty”) in other tests. A B&K  

 

    

Figure 1: Gear test rig  (a) Overall view  (b) detail of accelerometer positions 

 

type 4394 accelerometer, with nominal mounted resonance frequency close to 50 kHz, was mounted close 

to the 4370T, and a B&K type 4396, with nominal mounted resonance frequency close to 26 kHz was 

mounted close to the 4370R. 

Figure 2 compares PSD spectra for the different accelerometers for different recordings, representing 

different speed profiles, as follows, with the test accelerometer (4370T) tight for Record 1, but loose for the 

other records. Note that the dB scales are not properly calibrated here, but are arranged to be comparable. 

A number of recordings were made, but those in the following list are used in this paper: 

Record 1 – 20 s constant at 10 Hz (input), followed by 80 s harmonic profile – 10 Hz mean, +/-5%, 60 s 

modulation period – Accelerometer 4370T tightened. 

Record 5 – As for Record 1, but Accelerometer 4370T loose. 

(a) (b) 

4370 (Test) 4370 (Ref) 

4394 

4396 
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Figure 2: Comparison of PSD spectra for different accelerometers and speed profiles 

 

Record 8 – 20 s constant at 20 Hz, followed by 80 s harmonic profile - 20 Hz mean, +/-20%, 2 s modulation 

period –  Accelerometer 4370T loose.  

Record 11 –  The last 250s of the speed profile from a wind turbine, originally of total length 550s, around 

a mean speed of 25 Hz, scaled to a length of 60s with +/-20% variation around the mean speed 20 Hz. 

This speed profile is described in detail in Ref. [4]. 

Record 1, const speed, 4396 Record 1, const speed, 4394 

Record 1, const speed, 4370R Record 1, const speed, 4370T 

Record 5, var speed, 4370R Record 5, var speed, 4370T 

Record 8, var speed, 4370R Record 8, var speed, 4370T 
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A nominally constant input torque of 15 Nm was maintained for all the recordings. The signals were sampled 

at 100 kHz, but while the valid linear frequency range would be 40 kHz, the results presented here are 

limited to 25 kHz. 

3.2 Discussion of PSD spectra 

Even though the dB scales have not been adjusted correctly here (they are for the later results in Section 4), 

the figures have been arranged so as to be roughly comparable in terms of amplitude. The comparison here 

is mainly about the spectrum shape. For Record 1 with constant speed 10 Hz, the gearmesh frequency is 

190 Hz, and a number of harmonics of this can be seen in the first four figures corresponding to this 

condition. Up to about 10 kHz, the spectra are very similar for the 4396 and 4370R, mounted adjacent to 

each other, and similarly for the 4394 and 4370T. A peak appears at about 16 kHz for accelerometer 4370R 

and at about 15 kHz for 4370T, and these are assumed to be the mounted resonance frequencies for these 

two accelerometers, since these peaks are not apparent for the 4396 and 4394 accelerometers. On the other 

hand, a peak appears just above 20 kHz for the 4396 (not apparent for the 4394) and this could be its mounted 

resonance, despite the theoretical value being 26 kHz. The reduction could be caused by the cement 

attaching the mounting base. The expected mounting resonance of the 4394 is not within the displayed 

frequency range. 

The spectrum levels are about 10 dB higher for the 20 Hz speed compared with the 10 Hz speed for the 

same accelerometer, and this is thought to be explained by higher forces at the higher speed. Otherwise, the 

shape of equivalent spectra appears very similar for the different speed profiles. 

It is seen that for the loose accelerometer 4370T, the response falls away above about 6 kHz, and the 

resonance peak at 15 kHz is no longer evident. 

3.3 Analysis techniques 

An exponential lifter was applied to all signals to separate the modal information (theoretically the same) 

from the very different forcing functions of the different speed regimes. The damping constant 0   was set 

to 800 rad/s, corresponding to 400 Hz and a time constant of 0.4 ms. Figure 3 shows a comparison of the 

original and liftered spectra for the specific case of 4370R from Record 5, variable speed. This confirms the 

accelerometer mounted resonance frequency of 16 kHz. The damping constant was chosen to be less than 

the apparent modal damping in this frequency range (measured 3 dB bandwidth 3000 Hz compared with 

800 Hz added damping from the lifter), but would most likely be too great for the lower resonances below 

1 kHz. It could be adjusted if modal analysis were to be done in the lower frequency bands.  

 

 

Figure 3: Comparison of original and liftered spectra  
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4 Discussion of results 

Figure 4 compares the liftered spectra, now correctly scaled, for each of the records (with variable speed). 

At low frequencies, up to 5 kHz, the spectra for the 4370R and 4396 (mounted adjacent to each other) are 

very close, but diverge as the 4370R approaches its mounted resonance of 16 kHz. The 4370T follows a 

similar pattern to the 4370R for Record 1, but differs by up to 5 dB, mainly because its resonance is slightly 

lower at 15 kHz, but also because of the different mounting position. For Records 5, 8 and 11, the 4370R 

and 4396 spectra are very similar to those for Record 1, but the spectrum for the 4370T, with loose mounting, 

diverges greatly from the 4370R above about 6 kHz, with differences well over 20 dB over a wide frequency 

range. A lower resonance frequency is not detectable, but this could be explained by much higher damping 

resulting from the looseness. 

It is therefore quite obvious that the loose mounting of this one accelerometer could be detected quite easily 

by the disappearance of the mounted resonance frequency of 15 kHz, at the same time as the other apparent 

resonance peaks, including those for the 4370R accelerometer (16 kHz) and 4396 accelerometer (21 kHz) 

remain unchanged. It would not be difficult to devise an automated procedure for detecting changes in the 

response of a single accelerometer, even if the response levels do change somewhat because of different 

operating conditions, such as speed and load. This will be the subject of future work. 

 

 

Figure 4: Comparison of liftered spectra for different records (varying speed). 
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5 Conclusion 

This paper demonstrates that the mounted resonance frequency of an individual accelerometer can be 

detected in the response spectra at that point, and compared with that of nominally identical accelerometers 

mounted elsewhere on the machine. Even if these frequencies do vary slightly with position, they should 

remain constant with time, and for different operating conditions, even if the response levels change for 

these conditions. A method is proposed, using exponential liftering in the real cepstra corresponding to the 

various response spectra, to expose the various resonances, not only of the transducers, but also of the 

structure itself. If the latter change, this should be apparent at most measurement points, but if a change in 

the resonance of a single accelerometer is detected, that would indicate a faulty mounting. 

The results presented in this paper confirm these conclusions, but further work is required to automate the 

detection of faulty mounting.   
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