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Abstract: The influence of modulating frequency, operating wavelengths and external temperature on the stability 
in distance measurement by an Electro Optic (EO) multi-wavelength distance sensor has been studied in this work. 
Previously, we reported the compatibility of EO phase modulation to replace the Piezoelectric Transducer (PZT) 
based mechanical phase modulation, for performing faster distance measurement in a multi-wavelength 
interferometer. Here, we have presented an extension of the previous work to investigate the cause of the distance 
drift observed for a new prototype of the EO sensor (having lower driving voltage requirement ~ 5 V) under 
1.25 kHz and 5 kHz modulating frequency when the target was kept fixed. The results reflected that the 
measurement stability is independent of modulating frequency for the case of EO sensor compared to PZT which 
suffered from rapid distance change when it was made to operate at higher driving frequency. The drift of the four 
wavelengths from the diode laser source was between ~ 0.0001 - 0.0002 nm in 14 hours signifying their negligible 
effect on the observed distance change for the EO sensor. Furthermore, the synchronicity in the distance 
measurement by each of the employed wavelengths has been tested for the EO sensor at both 1.25 kHz and 5 kHz. 
Finally, the dependence of the change in measured distance on the external temperature has been studied and the 
result showed substantial correlation between the environmental temperature variation and the observed  
distance drift. 
 
Keywords: Multi-Wavelength Interferometry, Interferometric stability, Phase modulation, Electro-Optic sensor, 
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1. Introduction 
 

Interferometry is a method by which small 
deformation in wavefront can be measured with high 
accuracy [1-2]. An interferometer is capable of 
determining the aberrations present in an optical 
component by producing interference between the 
reference and the aberrated target wave. Thus, it serves 
as an important device in optical metrology for non-
contact surface measurements [3-4]. The process of 

distance (d) measurement using interferometry 
requires careful observation of fringes and 
simultaneous tracking of interference phase (Φ) while 
displacing the target/reflector from its reference 
position [5]. The phase ‘Φ’ is an important parameter 
which needs to be calculated precisely to unwrap the 
proper information of ‘d’ [6]. However, a single 
wavelength (λ) interferometer is not immune to 
sudden measurement interruptions because of its 
comparatively shorter unambiguity range (~λ/2) [7-9]. 
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Hence, any occurrence of unexpected disturbance 
while performing distance measurement with a single 
wavelength interferometer, brings unclarity in phase 
calculation which is widely known in the field as the 
problem of ‘2π phase ambiguity’. Fig. 1 shows an 
example to explain the problem of erroneous phase 
while performing measurement with modulo λ. 

 
 

 
 

Fig. 1. Analogy to explain ‘2π phase ambiguity’. Here, the 
first micrometer (top) can give the distance information 
correctly as the calibrated Linear Scale (LS) can count how 
many times the Circular Scale (CS) has been rotated. 
However, the unmarked LS (bottom) represents the situation 
of performing distance measurement with phase ambiguity. 
The CS reading of second micrometer (bottom) repeats itself 
after one complete rotation similar to the wavelength of light 
which repeats its phase with modulo 2π. Hence, if the 
number of turns of the CS cannot be recorded properly due 
to the uncalibrated LS then it is impossible to extract the 
correct distance information. This situation has similarity 
with such cases of interferometric distance measurements 
which have been suddenly interrupted and lost the fringe 
count (like losing the information on how many times the CS 
of the micrometer has made complete rotations) leading to 
unclarity in phase measurement.  
 
 

Multi-Wavelength Interferometry (MWLI) helps 
to extend the range of unambiguousness by employing 
synthetic wavelength (Λ) which is designed from a 
suitable combination of two close wavelengths λଵ	and λଶ [10-16]. 

 Λ =	 λଵ ∙ λଶ|λଵ െ λଶ| (1) 

 

The MWLI system presented in this study is 
operated with four wavelengths ranging from  
~ 1530 -1630 nm. The highest unambiguity range can 
be produced ~1.25 mm which is almost ~1000 times 
larger than the range of unambiguousness of a typical 
single wavelength interferometer (operated with λ	~1550 nm) [17]. However, the speed and precision 
of absolute distance measurement for the MWLI setup 
depend on the associated phase modulation technique 
[18]. For the present system the phase modulation is 

achieved by introducing the sinusoidal optical path 
length modulation with a Piezoelectric Transducer 
(PZT) on the target path [19]. Eq. (2) represents the 
intensity (I) distribution of the phase modulated signal,  
 Iሺd, tሻ = Iୈେ ൅ I୅େ ∙ cos ൬2πλ ∙ d ൅ π (sin(ω୮t)൰ (2) 

 
where Iୈେ = (Iୖ	+ I୘), is the sum of the reference (Iୖ) 
and the target (I୘) beam intensities. I୅େ = 2ඥIୖI୘ and 
‘d’ is the round trip optical path difference. ‘ωp’ is the 
phase modulating angular frequency and ‘t’ represents 
time. However, there are some disadvantages in the 
PZT based mechanical phase modulation process 
when it comes to operating it at a higher modulating 
frequency for achieving faster measurements [20]. 
The limitations of the PZT sensor in our MWLI system 
are mainly the restricted value for the modulating 
frequency (~ 1.25 kHz) and the requirement of 
comparatively higher driving voltage (peak to peak 
voltage ~ 64 – 96 V for the present system). Therefore, 
in our previous study [21-22], we confirmed the ability 
of linear EO phase modulation as an alternative 
method for replacing the mechanical phase 
modulation to perform faster distance measurement 
using the MWLI setup. we also showed simultaneous 
phase modulations of the four source wavelengths 
using the prototype EO sensor with half wavelength 
voltage (Vπ) ~ 12-14 V and checked distance 
measurement ability under static and moving target 
conditions. In this work, our goal is to find the reason 
behind the gradual change in the measured distance for 
the case of the EO sensor at 1.25 kHz and 5 kHz 
modulating frequency when the target was kept fixed. 
Hence, we have studied the dependence of the suffered 
distance drift on the external and measurement-driving 
parameters like environmental temperature, operating 
wavelengths and modulating frequency. Experiments 
have been performed using a new prototype of LiNbO3 

based EO sensor for which the phase modulation was 
achieved at a significantly lower value of Vπ ~ 5 V 
(Section 4.1). The distance measurement using the 
PZT and the EO sensor under the static target 
condition for 1.25 kHz and 5 kHz has been given in 
Section 4.2 to check the influence of modulating 
frequency on the observed drift. The stability in the 
values of the four operating wavelengths of the 
interferometer has been presented in Section - 4.3 
where the change in λ (i.e. Δλ) was recorded for 
14 hours. The synchronicity in distance measurement 
by each of the wavelengths has been shown in  
Section 4.4 to ensure that the drift is not a result of an 
atypical measurement behaviour of any of these 
employed wavelengths which can cause the gradual 
distance change by introducing error in the phase 
calculation. In Section 4.5, the dependence of the 
distance drift on the external temperature has been 
studied where the result showed correlation between 
the environmental temperature variation and the 
observed distance drift. 
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2. Present MWLI Setup with PZT Sensor 
 

Fig. 2 shows the schematic diagram of the present 
MWLI set up. The working principle is related to 
Fizeau-homodyne interferometry. The MWLI system 
is used for industrial applications like quality control 
of optical components, aspheric lenses or free-forms. 
The diode laser source sends out four wavelengths 
ranging from 1530-1630 nm which are coupled by a 
4×1 coupler into a single fiber to enter the PZT 
operated sensor. The PZT makes periodic movement 
of the reference with modulating frequency  
~ 1.25 kHz for performing the phase modulation. The 
reference beam is separated by a partial back reflection 
from the end face of the fiber ferrule. The other part of 
the light gets reflected by the target and coupled back 
into the sensor to interfere with the reference beam. 
The four phase modulated interference signals are then 
separated by the Demultiplexer (DeMux) and get 
detected by the photo-diodes for further data analysis 
to unwrap the phase information. 

 
 

 
 

Fig. 2. Schematic diagram of present MWLI setup 
with mechanical phase modulation. 

 
 

Experiments have been carried out to check the 
performance of the PZT sensor at higher modulating 
frequency to have faster measurements using the 
MWLI system. Fig. 3 shows the distance drift suffered 
by the PZT sensor when the modulating frequency was 
increased. The change in distance is a result of initial 
heat dissipation within the PZT sensor as the 
modulating frequency was increased from 1 kHz to 
5 kHz. The result justifies the reason for replacing the 
mechanical phase modulation for obtaining faster 
measurement. The PZT based system is getting 
affected by the internally generated heat at higher 
modulating frequency resulting in system instability 
for interferometric distance measurement. 

 
 

3. Experimental Setup with Electro Optic 
Phase Modulation 

 
The Electro Optic Modulator (EOM) was designed 

using a Lithium Niobate (LiNbO3) crystal having 

Titanium (Ti) indiffused waveguides [23-24], 
following the same approach as reported in our 
previous study. In order to reduce the value of Vπ the 
dimension of the crystal was changed compared to the 
previously reported prototype [21-22]. Because of the 
dependence of Vπ on the crystal dimensions according 
to Eq. (3) [25], we have chosen a LiNbO3 crystal with 
length ~ 21.57 mm and electrode separation ~ 20 µm. 
 V஠ = ௘ଷ݊ߣ ∙ ଷଷݎ 	ቀ݈ݓቁ (3) 

 

The extra ordinary refractive index (ne) is ~ 2.14 
and ݎଷଷ is the EO coefficient ~ 30.8 pm/V for LiNbO3. ݓ and ݈ refer to the width and length of waveguide 
respectively. The calculated value of Vπ (considering 
the optical path length travelled by the target beam 
which passed through the distance between the fiber 
ferrule and the target twice before interfering with the 
reference) is ~ 2.4 V but the experimentally obtained 
value was ~ 5 V. Fig. 4 shows the experimental setup 
of the EOM sensor and Fig. 5 depicts the schematic 
diagram of the MWLI system with the EOM sensor for 
performing distance measurement. 

 
 

 
 

Fig. 3. Distance change due to initial heat dissipation in the 
PZT sensor when the modulating frequency was increased. 

 
 

 
 

Fig. 4. Experimental setup for the EOM sensor. 
 
 

4. Results and Discussions 
 

4.1. π- phase Modulation with EOM Sensor  
 

Fig. 6(a) and Fig. 6(b) show the phase modulated 
signal governed by Eq. (2) from the EOM sensor at 
1.25 kHz and 5 kHz respectively.  
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Fig. 5. Schematic diagram of the experimental setup 
for distance measurement using the EOM sensor. 

 
 

 

 
Fig. 6. Phase modulated signal from the EOM at Vπ ~ 5 V 

for modulating frequency (a) 1.25 kHz and (b) 5 kHz. 
 
 

Here, the π- phase modulation has been achieved 
using the same MWLI system but with significantly 
lower driving voltage Vπ ~ 5 V. 
 
 
4.2. Comparison on Distance Measurement 

Using PZT and EOM  
 

Fig. 7(a) and Fig. 7(b) show the performance of the 
EOM sensor on distance measurement using the 
MWLI set up when the target/mirror was kept fixed. 

The distance drift as monitored by the EOM  
sensor ~ 70 nm and ~ 100 nm in 600 seconds at 
modulating frequency 1.25 kHz and 5 kHz 
respectively. The reason behind this optical path 
length drift can be an effect of external temperature 
variation which has been explained in Section 4.5. 
However, it should be noted that the EOM has not 
shown any rapid distance drift like in the case of the 
PZT sensor within the first 180 seconds (= 3 minutes) 
after starting the measurement. The EOM exhibited 
more stable behavior compared to the fast distance 
change with higher rate as experienced by the PZT 
because of the initial heat dissipation. This behavior is 
noticeable for both 1.25 kHz and 5 kHz modulating 
frequency (inset of Fig. 7(a) and Fig. 7(b)) where the 
PZT has suffered ~ 90 nm and ~ 260 nm continuous 
distance drift but the EOM showed much stable 
behavior with comparatively less drift ~ 10-15 nm 
despite of the higher value of modulating frequency. 
Hence, the results suggest that unlike the case of PZT, 
the distance drift observed in EOM is not dependent 
on the driving frequency which gives it the freedom 
for performing faster measurement without hampering 
the interferometric system stability.  

 
 

 

 
Fig. 7. Comparison on distance drift observed for the PZT 
and the EOM sensors at (a) 1.25 kHz and (b) 5 kHz, when 
the target/mirror was kept fixed. The inset graphs show the 
measurement stability of the EOM compared to the PZT 
in first 180 seconds after starting the experiment. The drift 
in the case of the EOM sensor is due to external temperature 
variation where the PZT has suffered from internal  
heat generation. 
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4.3. Experiment on the Stability of the Four 
Wavelengths from the Diode Laser 
Source 

 
Experiment has been carried out to check the drift 

in the source wavelengths in order to find the reason 
behind the gradual drift observed for the EOM. Fig. 8 
shows the amount of change in wavelength (λ) from 
its initial value (i.e. Δλ) recorded for 14 hours for the 
four operating wavelengths. The result shows that the 
amount of Δλ for λ1, λ2, λ3 and λ4 are ~ 0.00018 nm,  
~ 0.0002 nm, ~ 0.0001 nm and ~ 0.00018 nm 
respectively. The values of Δλ stayed within  
0.0001 - 0.0002 nm which are not much capable of 
bringing significant amount of additional distance 
change during the measurement. For example, in our 
case the maximum distance between the target and the 
reference for the EOM prototype is ~ 30 mm and the 
average value of the distance change induced by Δλ of 
the four wavelengths will be approximately ~ 3.18 nm 
after 14 hours. Hence, the stability in the values of the 
employed four wavelengths suggest negligible 
contribution for the observed distance drift in the case 
for EOM as shown in Fig. 7. 

 
 

 
 

Fig. 8. Wavelength drift (Δλ) of the four source 
wavelengths observed in 14 hours: (a) Δλ1 ~ 0.00018 nm,  

(b) Δλ2 ~ 0.0002 nm, (c) Δλ3 ~ 0.0001 nm  
and (d) Δλ4 ~ 0.00018 nm. 

 
 

4.4. Synchronicity in Distance Measurement 
by the Source Wavelengths 

 
The data obtained from the distance measurement 

by the EOM has been checked with the measured 
distances by each of the wavelengths to test the 
synchronicity. Fig. 9(a) and Fig. 9(b) depict that the 
amount of distance change (as shown in Fig. 7(a) and 
Fig. 7(b)) seen by each of the wavelengths are nearly 
same at both 1.25 kHz and 5 kHz. The projection of 
the measurements made by the four wavelengths on 
the two-dimensional plane of ‘Distance vs. Time’ (the 
ZX plane of Fig. 9(a) and Fig. 9(b)) shows that the 
plots have overlapped with each other. The result 

ensure that the drift is not due to the unusual behavior 
of any of the four operating wavelengths which can be 
a reason behind adding up error in measurement 
resulting in a gradual distance change. Hence, it can 
be said that the distance drift suffered by the EOM 
sensor does not have significant dependency on the 
measurement related parameters like the operating 
wavelengths and the modulating frequency. 

 
 

 

 
Fig. 9. Synchronicity in distance measurement by the four 

operating wavelengths at (a) 1.25 kHz and (b) 5 kHz. 
 
 

4.5. Influence of the Environmental 
Temperature Variation on the Distance 
Drift Suffered by the EOM Sensor 

 
To check the influence of the environmental 

temperature variation on the distance drift experienced 
by the experimental setup of the EOM sensor, a long-
term measurement has been done for 14 hours. Fig. 10 
shows the effect of the environmental temperature on 
distance measurement. The temperature variation has 
a clear correlation with the drift in the optical path 
length sensed by the EOM. However, the rate of 
distance drift with temperature in the first 2 hours does 
not have similarity with the rate which has been 
observed later. This might be a result of other external 
perturbing influences as the experimental set up is 
open and is susceptible of getting affected by the 
environmental factors like – slow response of the 
thermal sensor to record rapid changes in the room 
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temperature, presence of the experimenter near the set 
up or, the air turbulence near the EOM crystal 
resulting in erroneous distance drift due to the slight 
misalignment in the set up. Hence, the next step  
is to build an encapsulation for the EOM sensor  
and enclose the entire set up to minimize the  
influence of external temperature and other 
environmental perturbations. 

 
 

 
 

Fig. 10. Distance drift due to external temperature variation 
in the experimental setup with the EOM sensor.  

 
 

5. Conclusions 
 

We presented an extension of our previously 
reported work [21] which showed the efficiency of EO 
effect for replacing the PZT based mechanical phase 
modulation in a MWLI system. Here, our goal was to 
look for the cause behind the gradual distance drift 
observed in the case of the EO sensor at 1.25 kHz and 
5 kHz modulating frequency under static target 
condition to bring system stability for long-term 
measurement. Hence, in this work we have presented 
an analysis on how the interferometric measurement 
using a new prototype of the EO sensor is affected by 
the changes in the operating wavelengths, modulating 
frequency and external temperature variation. Here, 
the experiments have been done on a LiNbO3 based 
EO sensor where the π phase modulation of the four 
wavelengths has been achieved at a significantly lower 
value of Vπ ~ 5V by suitably choosing the crystal 
dimensions. The Vπ of the current PZT sensor for 
obtaining the π phase modulation is ~ 32-48 V and 
compared to it the EOM took much less driving 
voltage. Results on the comparison of distance drift 
suffered by the PZT and the EO sensor suggest that the 
PZT has significant dependency on the driving voltage 
frequency. As, the modulating frequency was 
increased the distance change experienced by the PZT 
also increased because of initial heat dissipation. 
However, in contrast to the behavior of PZT, the EO 
sensor showed much better system stability when the 
modulating frequency was increased. This suggests 
that the distance drift observed for the EOM is not 
dependent on modulating frequency. The stability 
measurements of the source wavelengths showed the 
drift in the four operating wavelengths over the time 
of 14 hours, is between ~ 0.0001-0.0002 nm which has 

negligible effect on bringing additional error in the 
distance measurement. The synchronicity among the 
measured distances by each of these wavelengths has 
also been checked. The result showed that the 
measured distance data by each of the four 
wavelengths overlapped with each other suggesting 
the drift is not due to the unexpected measurement 
behavior of any of these operating wavelengths which 
might bring error in distance calculation. Finally, the 
influence of external temperature variation on the 
observed distance drift was monitored for 14 hours. 
The result showed that the present experimental setup 
with EOM is getting affected by the changes in 
environmental temperature which can be a dominant 
reason behind the suffered distance drift. Hence, the 
future task is to minimize such external influences and 
encapsulate the system for bringing measurement 
stability to have the final design of this EO-
interferometric distance sensor. The sensor is expected 
to significantly improve the speed of the absolute 
distance measurement using the MWLI system.  

 
 

Acknowledgements 
 

This project is funded by the European Union's 
Horizon 2020 research and innovation programme 
under the Marie Sklodowska-Curie grant agreement 
No. 641272. 
 
 

References 
 
[1]. D. Malacara, M. Servín, Z. Malacara, Interferogram 

Analysis for Optical Testing, 2nd Ed., Taylor & 
Francis, 2005.  

[2]. J. C. Wyant, K. Creath, Applied Optics and Optical 
Engineering, Volume XI, R. R. Shannon and  
J. C. Wyant, Academic Press, Inc., 1992. 

[3]. G. Berkovic, E. Shafir, Optical methods for distance 
and displacement measurements, Advances in Optics 
and Photonics, Vol. 4, Issue 4, 2012, pp. 441–471.  

[4]. R. Leach, Optical Measurement of Surface 
Topography, R. Leach, Springer, 2011. 

[5]. H. J. Tiziani, Heterodyne Interferometry using two 
wavelengths for dimensional measurements, SPIE, 
Vol. 1553, 1991, pp. 490-501.  

[6]. K. Meiners-Hagen, R. Schödel, F. Pollinger, A. Abou-
Zeid, Multi-Wavelength Interferometry for Length 
Measurements Using Diode Lasers, Measurement 
Science Review, Vol. 9, Issue 1, 2009, pp. 16-26.  

[7]. C. Yang, A. Wax, R. R. Dasari, M. S. Feld, 2π 
ambiguity-free optical distance measurement with 
subnanometer precision with a novel phase-crossing 
low-coherence interferometer, Optics Letters, Vol. 27, 
Issue 2, 2002, pp. 77-79.  

[8]. P. J. de Groot, Extending the unambiguous range of 
two-color interferometers, Applied Optics, Vol. 33, 
Issue 25, 1994, pp. 5948-5953.  

[9]. P. J. de Groot, Unusual techniques for absolute 
distance measurement, Optical Engineering, Vol. 40, 
Issue 1, 2001, pp. 28–32.  

[10]. Y.-Y. Cheng, J. C. Wyant, Two-wavelength phase 
shifting interferometry, Applied Optics, Vol. 23, 
Issue 24, 1984, pp. 4539–4543.  



Sensors & Transducers, Vol. 225, Issue 9, September 2018, pp. 1-7 

 7

[11]. J. Gass, A. Dakoff, M. K. Kim, Phase imaging without 
2π ambiguity by multiwavelength digital  
holography, Optics Letters, Vol. 28, Issue 13, 2003, 
pp. 1141–1143.  

[12]. T. Suzuki, T. Yazawa, O Sasaki, Two-wavelength 
laser diode interferometer with time-sharing 
sinusoidal phase modulation, Applied Optics, Vol. 41, 
Issue 10, 2002, pp. 1972–1976. 

[13]. R. Dändliker, K. Hug, J. Politich, E. Zimmermann, 
High-accuracy distance measurement with multiple-
wavelength interferometry, Optical Engineering, 
Vol. 34, Issue 8, 1995, pp. 2407–2412. 

[14]. K. Creath, Step height measurement using two-
wavelength phase-shifting interferometry, Applied 
Optics, Vol. 26, Issue 14, 1987, pp. 2810–2816. 

[15]. Y.-Yen Cheng, J. C. Wyant, Multiple-wavelength 
phase-shifting interferometry, Applied Optics, Vol. 24, 
Issue 6, 1985, pp. 804–807. 

[16]. T. D. Nguyen, J. D. R. Valera, A. J. Moore, Optical 
thickness measurement with multi-wavelength THz 
interferometry, Optics and Lasers in Engineering, 
Vol. 61, Issue 6, 2014, pp. 19-22. 

[17]. J. Petter, Multi Wavelength Interferometry for High 
Precision Distance Measurement, in Proceedings of 
the Conference on OPTO of SENSOR+TEST, 2009, 
pp. 129-132. 

[18]. P. J. de Groot, Handbook of Optical Metrology: 
Principles and Applications, edited by Toru 
Yoshizawa, CRC Press, 2015. 

[19]. H. Schreiber, J. H. Bruning, Optical Shop Testing, 
edited by D. Malacara, John Wiley & Sons, Inc., 2007. 

[20]. D. Su, M. Chiu, C. Chen, A heterodyne interferometer 
using an electro-optic modulator for measuring small 
displacements, J. Optics, Paris, Vol. 27, Issue 1, 1996, 
pp. 19-23. 

[21]. S. Sharma, P. Eiswirt, J. Petter, Electro optic sensor 
for high precision absolute distance measurement 
using multi-wavelength interferometry, Optics 
Express, Vol. 26, Issue 3, 2018, pp. 3443-3451. 

[22]. S. Sharma, P. Eiswirt, J. Petter, Linear Electro Optic 
Effect: An Alternative Method for Replacing 
Mechanical Phase Modulation to Improve the Speed 
of Absolute Distance Measurement in a Multi-
Wavelength Interferometer, in Proceedings of the 1st 
International Conference on Optics, Photonics and 
Lasers (OPAL' 2018), Barcelona, Spain, 9-11 May 
2018, pp. 127-130. 

[23]. S. Sanna, W. G. Schmidt, Lithium niobate X-cut,  
Y-cut, and Z-cut surfaces from ab initio theory, 
Physical Review B, Vol. 81, 2010, pp. 214116-1 – 
214116-11. 

[24]. D. Kip, M. Wesner, Photorefractive Materials and 
their Applications 1, Peter Günter and Jean Pierre 
Huignard, Springer-Verlag New York Inc., 2006.  

[25]. B. E. A. Saleh, M. C. Teich, Fundamentals of 
Photonics, John Wiley & Sons, Inc., 1991. 

 

 
__________________ 

 

 

Published by International Frequency Sensor Association (IFSA) Publishing, S. L., 2018 
(http://www.sensorsportal.com). 

 
 
 
 
 
 

 
 

 

http://www.sensorsportal.com/HTML/BOOKSTORE/Digital_Sensors.htm
http://www.sensorsportal.com/HTML/BOOKSTORE/Digital_Sensors.htm
http://www.sensorsportal.com/HTML/BOOKSTORE/Digital_Sensors.htm
http://www.sensorsportal.com/HTML/BOOKSTORE/Digital_Sensors.htm

