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Abstract  
The torsional vibrations of a rotor can provide invaluable information with regards to the structural health of the 

rotor itself and its subcomponents such as rotor blades.  Rotor angular measurement instruments such as shaft 

encoders and toothed wheels are very well suited to this application although these instruments may present 

difficulties with regards to physical installation.  Torsional Laser Doppler Vibrometers (TLDVs) in contrast 

allow the measurement of rotor torsional vibrations without the need of any physical installation on the rotor, 

making the sensor very attractive for mobile monitoring applications.  TLDVs are however greatly affected by 

speckle noise which is pseudo-random in nature.  Since the speckle pattern is repeated for every shaft revolution, 

this results in the noise being manifested in the output signal at the rotor speed and its harmonics over a large 

frequency range.  This can be detrimental towards the detection of low level torsional vibrations in the signals 

and as such, a technique is required to remove these effects from the measurements.  In this paper various 

techniques are discussed that can be applied to accomplish the removal of speckle noise from TLDV 

measurements.  From experimental testing on a laboratory test rotor, the effectiveness of the considered 

techniques is evaluated. 
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1.  Introduction 
 

Users of turbo-generators such as found at power stations are faced with various issues related 

to rotor blade health.  One such issue concerns the torsional excitation of the rotor in the form 

of impulses exerted by the generator due to electrical grid disturbances.  As a result blade 

modes that couple with rotor torsional modes are excited by these impulses.  This in turn 

affects the remaining life of especially the more flexible blades in low pressure turbines [1].  

Thus it is important to have knowledge of the occurrence frequencies of these events as well 

as the severity of blade natural frequency excitation. 

 

Several techniques exist to measure turbomachinery blade vibrations and are mainly divided 

into direct and indirect techniques.  Direct blade vibration measurement techniques include 

strain gauge installation directly on blades, blade tip time-of-arrival measurements [2] and 

Eulerian laser Doppler vibrometry [3].  Blade vibrations can indirectly be obtained by means 

of shaft torsional vibration measurements, although the prerequisite for this is that at least one 

of the blade modes of interest should couple with shaft torsion [4], which is the case here.  

Torsional vibration measurements on rotors can in turn be acquired using strain gauge 

telemetry systems as well as rotary encoders where the latter may employ a shaft encoder, 

toothed wheel or zebra strip.  Strain gauge telemetry systems and rotary encoders have the 

disadvantage though that they require a stationary rotor for both installation and trouble-

shooting, which generally is not a readily available option at power stations.  This limitation 

can however be overcome with the use of a torsional laser Doppler vibrometer (TLDV) such 
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as the Polytec 4000 series rotational vibrometer, which employs two parallel laser beams to 

obtain the torsional vibration signature [5]. 

 

TLDVs nevertheless suffer from the speckle noise phenomenon which significantly reduces 

the instruments’ signal to noise ratios (SNR).  A speckle pattern is formed when light from a 

coherent light source (such as a laser beam) shines onto an optically rough surface and 

consists of a random distribution of light and dark spots.  When the target surface moves 

perpendicular to the laser beam, the speckle pattern undergoes translation, boiling or both.  

This leads to Doppler signal amplitude modulation as well as phase modulation of the 

demodulated TLDV output, both in a random fashion [6].   The latter mechanism is a 

significant contributor to signal noise.  A rotating target represents a worst case scenario as far 

as speckle noise is concerned [7].  In such an application the random speckle pattern is 

repeated once per revolution, resulting in the noise having a pseudo-random nature.  This 

leads to relatively equal amplitude peaks in the frequency spectrum at the first rotor order up 

to the high order harmonics, and is indistinguishable from genuine vibration information [7]. 

 

In order to reduce the effects of speckle noise in TLDV measurements, several experimental 

and post-processing approaches can be followed.  One experimental approach is to randomize 

the axial measurement position of the TLDV, which serves to destroy the periodicity of the 

speckle pattern.  This can be accomplished in a controlled manner by means of TLDV 

scanning [8] or by operating the instrument in a hand-held fashion [9].  A second approach is 

to apply an oil film at the axial measurement location which optically distorts the speckle 

pattern randomly [8].   

 

In terms of post-processing approaches, it is possible to remove the order domain content of 

rotating equipment signals by means of angular domain (AD) fast Fourier transform (FFT) 

editing [10].  This approach firstly entails converting the time domain signal into the AD.  

Using a complex FFT, the order peaks are manipulated by setting them to the complex 

minimum of the adjacent FFT sample values.  After obtaining the modified AD signal by 

means of inverse FFT calculation, the signal is converted back into the time domain.  The 

resulting spectrum thus excludes order domain content with the remaining spectrum content 

unaffected.  It must be noted that the total AD record length should contain an integer number 

of periods of the fundamental frequency.  All harmonics of the periodic signal will then be 

located at single lines in the resulting FFT [11].  

 

This paper is concerned with evaluating the different experimental and post-processing 

techniques discussed above in order to identify a suitable approach for industrial 

implementation.  In order to accomplish this, tests were conducted on a simple laboratory test 

rotor as explained in the next section.   

 

2.  Experimental setup 

 
The test setup is shown in Figure 1 and consisted of a ø31 mm solid steel shaft with two ø150 

mm disks between two rolling element bearings.  The rotor was driven by a speed controlled 

motor and the drive end (DE) disk was installed with eight 120 mm long, 2 mm thick flat 

blades.  No blades were installed on the non-drive end (NDE) disk.    
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transformation.  Since it is rarely feasible to install rotary encoders on industrial machinery, 

the question is raised of whether it is possible to obtain satisfactory results using a 1 PPR 

tachometer signal or, ideally, no tachometer signal at all.  The 1 PPR tachometer signal was 

obtained from the normal measurements in the previous section by considering only the 

reference pulse of the zebra strip encoder. 

 

An approach exists were an acceleration signal of a gearbox can be used to extract 

instantaneous shaft speed information [12].  With this approach, rotor harmonic peaks are 

band-pass filtered and instantaneous shaft speed is then obtained from frequency 

demodulation.  However, satisfactory results could not be obtained when applying this 

approach to the measurements considered in this paper. 

 

Instead an approach was followed which works on the assumption that the speckle noise 

pattern is indeed purely pseudo-random and cyclostationary throughout each measurement.  

Using a part of the signal that is devoid of external torsional vibration excitation and that 

spans at least one shaft revolution, correlation coefficients between the reference signal and 

the remaining signal are calculated in the time domain using a sliding window.  Since it is 

assumed that the speckle pattern repeats itself at each shaft revolution, the correlation 

coefficient will peak each time the measured signal correlates with the reference speckle 

pattern.  These peaks are then treated as synthetic 1 PPR tachometer pulses.  It is inherently 

assumed that the speckle noise signal distortion in the time domain as a result of rotor speed 

fluctuation is negligible, which implies a limitation on speed fluctuation for this approach to 

perform effectively. 

 

Figure 10 compares the rotor speed signatures at 600 RPM extracted from this synthetic 

speckle noise tachometer (SNT) to that from the zebra strip tachometer signal and it is seen 

that these two signals correlate very well.  It is also clear that the rotor speed resolution 

obtained from the speckle noise tachometer is considerably coarser than that from the zebra 

strip tachometer signal.  This is because the TLDV signal was sampled at a lower rate than the 

zebra strip signal.  To investigate whether any advantage can be gained by artificially refining 

the SNT rotor speed resolution, the SNT rotor speed signature was low-pass filtered in the 

angular domain and the modified SNT signal was then obtained via integration. 

 

Figure 11 compares the PSDs obtained after performing AD FFT editing at 600 RPM using 

the three tachometer signatures discussed above, to that obtained from AD FFT editing using 

the 235 PPR zebra strip encoder signal.  It is seen that the 1 PPR zebra strip tachometer signal 

yields results almost identical to that from the 235 PPR zebra strip encoder signal (blue 

curves).  The SNT signal’s results are significantly noisier, although still yielding an 

improvement from the unedited PSD (Figure 7a).  It is noted that the filtered SNT signal does 

indeed show some improvement on the unfiltered SNT signal results.   

 

In Figure 12 the PSDs are compared at 1500 RPM.  It is observed that the 1 PPR zebra strip 

tachometer signal result is still very close to that from the 235 PPR zebra strip encoder signal, 

although less so than the results at 600 RPM.  Both the unfiltered and filtered SNT results are 

significantly better at the higher rotor speed and compare very well with the 235 PPR zebra 

strip encoder results.  This is a direct result of a finer rotor speed resolution being available 

due to the higher rotor speed.  The filtered SNT results show slight improvements on the 

unfiltered SNT results. 
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4.  Conclusions 

 
In this paper different experimental and post-processing approaches were considered towards 

the reduction of speckle noise and its effects on TLDV measurements.  It was found that 

experimental speckle pattern randomization using pseudo-random TLDV scanning as well as 

oil film speckle pattern distortion are effective in reducing speckle noise related harmonic 

peaks in the measured spectra.  However, at the same time these two approaches increase the 

measurement noise floor thereby reducing the SNR significantly which is detrimental towards 

detecting the low vibration levels associated with the coupled blade vibration modes.  AD 

FFT editing was found to be very effective in reducing speckle noise effects in a normal 

measurement setup using a shaft encoder.  It was also demonstrated that similar results are 

yielded using a 1 PPR tachometer signal for AD transformation.  Furthermore it was shown 

that the cyclostationary characteristic of speckle noise patterns can be exploited in order to 

yield a synthetic 1 PPR tachometer signal.  Since the ADC sampling rate affects the resolution 

of the resulting rotor speed signal, this approach was found to yield better results in terms of 

AD FFT editing at higher speeds as the rotor speed could be estimated more accurately.  AD 

low-pass filtering of the synthetic tachometer signal was found to yield some improvement in 

results at lower rotor speeds. 

 

Further work is envisaged in validating the presented approach on industrial data as well as 

refining the extraction of a synthetic SNT and extending it to extract a synthetic multiple PPR 

speckle noise encoder signal. 
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