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Abstract

The production and analysis of an optimal interference pattern for the optical
fiber interferometer of a 193.1THz continuous laser source was simulated. This was
achieved by comparing the spectral spectroscopy of the two arms of the
interferometer, to be used as a heterodyne detector, in sensing the body range, speed,
and direction of movement by delaying the time between the arms.
The study showed that it is possible to make calculations through the interference
model to give a range of 1.5, 3, and 4.5 mm using free spectral range (FSR) of 0.1,
0.05, and0.03 THz and velocity of 77625, 38812, and 23287 m/s, by the Doppler
shift in frequency (Af) of 0.1, 0.05, and 0.03 THz, respectively. Also, distancing or
approaching of bodies was determined by increasing or decreasing the fringe spatial
frequency (FSF).

Keywords: Optical Interferometer; Laser Doppler Velocimetry; Fiber optic Sensor;
Heterodyne detection system.
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Introduction "
Laser Doppler Velocimeters (LDVSs) are very precise sensors for measuring movement across a big

field of frequencies. LDVs accuracy depends on the interference measurement. The body movement
under the test is automatically converted into the fringe shift [1].
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The ideal model of fringe is achieved in practical interferometers via a coherent wave transmitted by
separate paths due to the wave of light to generate constructive and deconstructive fringes at
sequential spatial points due to different optical pathways and phase differences [2].

Interferometers are classified, according to the number of overlapping optical beams, into two-beam or
multiple-beam devices. The most common interferometers are the Fizeau, the Michelson, the Mach —
Zehnder and the Sagnac interferometers, while the most well-known multi-beam device is the Fabry-
Perot interferometer [3-4].

Optic fiber interferometric sensors have been used in wide practical applications such as monitoring of
mechanical deformation of aircrafts, bridges. and buildings, as well as biomedical sensitization to
health monitoring systems [4].

Optical fiber was used as a sensor through a heterodyne detection technique, which depends on optical
interference of pressure sensing, stress, temperature, rotation, velocity measurement of particles, as
well as sensitivity in the electrical and magnetic fields [5-8]. In the heterodyne detection system, a
reference laser beam is introduced to measure the Doppler direct frequency as a result of the optical
interference of the reference wave with the reflective wave which is reflected by the particle. It is also
applied to improve the resolution of measured frequency strength, increase the accuracy by reduction
of the beat frequency, and reduce the size of the interference area and then improve the accuracy of
spatial analysis of measurement [9-10].

The objective of this study is to simulate a perfect optical interference model by using the delay
interferometer and continuous laser, as a high-coherence source. The package of Optisystem programs
is used as a sensor to measure the range, the velocity, and the direction of the body by analyzing the
spectral distribution of the interference generated, based on the effect of time delay between the arms
of the interferometer.

Theory

The optical interference spectrum can be described as a modified intensity based on the
wavelength of the optical spectrum and the result of the phase differences between the optical beams.
The peaks of the modified spectrum mean that beams are in phase and out-of-phase, in the modulus of
2n [4]. Since the interferometers give a lot of temporal and spectral information as their beams, the
measurement can be determined by various changes in the wavelength, intensity, frequency, phase and
so on. Hence, they can give remarkable performance in large dynamic range, high sensitivity, and high
accuracy [4].

A phase difference of 2x rad (for constructive interference) corresponds to the optical path difference

(OPD) of A . The mathematical relation between path difference 6 and phase difference ¢ was
¢

described by the ratio ; =5 which gives [7]:
0= e @)

In LDVs which are based on heterodyne detection system, a reference laser beam is introduced to
directly measure the beat frequency of the Doppler shift as a heterodyne result of high interference
with the light scattered by the particle. It is also applied to improve the frequency measurement
resolution and accuracy as the signal frequency is reduced and to improve the measurement spatial
resolution [9, 10].

Particle velocity V was calculated by measuring the Doppler frequency f,; , or transit time of the
particle passing through a fringe t =1/ f; (Figure-1) [10]
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Figure 1-Fringe pattern and signal burst. Image courtesy: Dantec Dynamics [10].
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where d¢ is the fringe spacing or fringe separation and 0 is the angle between two beams [9].
Equation (2) does not specify the direction of speed. Thus, in order to solve this problem one of the
two interference beams is shifted, by Bragg frequency known as fg, practically ~ 40MHz, using the
Bragg cell, to become the equation (2), as shown in the equation (4). If the Doppler frequency

increases, this gives an indication of the object's approximation and vice versa.
V=l @
In standard dual beam configuration, an LDV system is not able to differentiate the traveling

direction of a particle . From the fringe theory, the still fringe pattern within the same probe will be in
motion after one of the laser beams is frequency shifted by some mechanical-optical or electric-optical
means [11]. The fringe motion makes the difference in Doppler frequencies in opposite directions
across the probe volume [11].

Figure-2 shows the delay interferometer which consists of two independent arms, the reference and
the sensing arms. Fiber coupler splits the light into the two arms, which is then recombined by another
fiber coupler. Because of the presence of optical path difference between the arms, optical
interference will occur at the recombined. For sensing purposes, the reference arm is maintained for
external changes and the variable or sensing arm remains exposed to external changes. This can be
sensitive to temperature, stress, and refractive index changes [12].

Input signal Output1/reference
& Y
§+A0
Fiber coupler Fiber coupler
'_
: >
0 Output?/sensing

Figure 2- General schematic of the optical delay interferometer [12].

Results and Discussion:-
Figure-3 shows the schematic diagram for light interference production by delay interferometer.
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The continuous laser frequency of 193.1 THz was the source with 0 dBm as a coherence source ideal
for interference. The specifications of the used interferometer are listed in Table-1.
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Optical Spectrum Analyzer_1
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CW Laser Delay = 0.01 ns
Frequency = 193.1 TH2 IL=30 dB
Power=0 dBm Reference Wavelength = 193.1 THz

Figure 3-Schematic diagram for light interference production by optical fiber interferometers
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Figure 4-The spectrum of CW monochromatic laser source with a maximum power 0 dBm at 193.1
THz

Table 1-Specification parameters of delay interferometer [12]

=1

Parameters Value
Delay Time 0.01 ns
PDF, Polarization-dependent frequency shift 700 MHz
IL, Maximum insertion loss 30 dB
PDL, Polarization-dependent loss 0.05dB
Additional loss 0.35dB
Reference frequency 193.1THz
Reference wavelength 1552.5nm

Figure-4 shows the spectrum of the continuous monochromatic laser displayed by optical spectrum
analyzer with a maximum power 0dBm at 193.1THz and by a resolution of 0.01 ns. The time delay t
between the two arms was fixed around 0.01 ns. Figure-5 shows the spectrum of interference at the
reference output within a spectral range of 192.8-193.4 THz. It is consisting of seven luminous fringes
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with the same width and variable intensity separation by a frequency of 0.1THz symmetrical about the
maximum intensity of the zero-order fringe at 193.1THz, within a spectral range of 193.05-193.15
THz. Furthermore, six dark fringes of similar width and variable intensity.
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Figure 5-The spectrum of interference at reference output of the interferometer.
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Figure 6- The spectrum of interference at sensing output of the interferometer

Figure-6 presents the spectrum of interference at the sensing output within the same range of the
spectrum. Note that the spectral pattern is affected by the time delay. The shift in the fringes by the
inverted time delay, and thus the maximum intensity positions of the lateral illuminations in Figure-5,
was changed by dark positions in Figure-6. Also, the luminous fringes were degrade to become five,
with the dark position is confirmed and the zero fringe width is doubled and shifted into various
regions of the spectrum (193 -193. 2 THz). Therefore, the path difference was calculated as the change
in the width of the zero fringe. As a result, the central fringe increased by the inverted time delay
between the arms of the interferometer. Also, time delay appears as a frequently spatial difference of
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intensity. However, the free spectral range "FSR" and the interval adjacent fringes for both figures are
constant, based on the inverted time delay only. Table-2 shows data for the interferometer output.

Table 2-Interference parameter data for the reference and sensing output of the interferometer

Reference output Sensing output
Bandwidth for zero-order fringe (193.05-193.15)THz (193-193.2)THz
Luminous fringes humber 7 5
Dark fringes number 6 6
FSR =AF 0.1THz 0.1THz

To obtain more details about the parameters of this fringe model and to benefit from it later, we

used some known mathematical relationships in calculating these parameters, as follows: [1]

Fringe Spatial Frequency (FSF) = % =1 F=0.01ns x193.1THz =1931 rad™

Free Spectral Range (FSR) = ——= 2= —- = 0.1THz

OPD ~ r 0.01ns
Fringe Spacing = 1/ FSF = FSR / F = 1/1931= 0.000517 rad .

-60

Poweer {dBimj)
%£

i
I I | ||
a2+ ' |I =00 |
| delay=0 020
o delay=001rm |
E-- | 1
19287 19297 1937 19317 19327 19337 19347
Frequency (HE)

Figure 7-The interference spectrum at sensing output of the interferometer for three time delays
(0.01ns, 0.02ns, and 0.03ns).

Figure-7 shows the changes in the frequency modification of the interference pattern for three

times delays (0.01, 0.02, 0.03 ns). It is clear from the figures that the number of spectral fringes
increases with the delay between the interfering beams. It is also shown that the central width of zero-
order fringe is reduced as the time delay is increased. Figure-7 is similar to the case of monitoring the
movement of a target in the case of distancing or approaching. As the time delay increases, the body
moves away and the path difference is increased further. The fringe spatial frequency increases and the
fringes spacing decreases and, thus, the number of fringes is increased, and vice versa.
It is also possible to take into consideration the FSR, frequency shift (AF), as a means of sensing the
body range. It gives an indication of the time delay and then of the optical path difference, which is
rewarded as twice as the body range. The vibration of the fringes is sensitive to the body movement.
As can be seen from Figure-7, signals with FSR = 0.1THz, 0.05THz, and 0.03THz are equivalent to
time delays of 0.01nm, 0.02nm, and 0.03nm, representing OPD = 3mm, 6mm, and 9mm , which is
corresponding to three ranges of 1.5mm, 3mm , and 4.5mm , respectively. Also, the fringe spacing
expresses the Doppler shift in frequency, according to the equation: [8]
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_FSR _ AF _2v

Fs=5F
F F

Cc
where V is body velocity. Thus, the velocities according to Figure-7 are 77680 m/s , 38840 m/s ,
25634 m/s for delays of 0.01ns, 0.02ns, 0.03ns , respectively. Table-3 shows all data related to the use
of the interference spectrum of Figure-7 as a motion sensor.
Table 3-Data of the interference spectrum used as a motion sensor

Time Luminous

FSR=AF OPD Range Velocity FSF FS fringes
delay

number
0.01ns 0.1 THz 3mm | 1.5mm | 77680 m/s | 1931 Rad® | 0.51 mrad 5
0.02ns | 0.05THz 6mm | 3 mm | 38840m/s | 3862 Rad™ | 0.25 mrad 11
0.03ns | 0.033THz | 9mm | 45mm | 25634 m/s | 6372 Rad® | 0.15 mrad 17
Conclusions

This study showed that it is possible to make calculations for the interference pattern to employ it
as a motion sensor that provides information about the range of body, the velocity of body, and the
movement direction. The results showed that the interference model was sensitive to the range by the
FSR, to the velocity by the FS or Doppler frequency shift, and to the movement direction by the FSF .
It is also concluded from the results of the interference spectrum that the increase in the number of
fringes is an indication of the distancing the body, while the decrease indicates the approaching of the
body. Finally, the interference spectrum was a successful and accurate sensor system for phase
difference and frequency shift.
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