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Abstract: This paper aims to provide an overview of the dual Mach-Zehnder interferometric perimeter intrusion 

detection system (DMZIPIDS), propose a simulation model for the system, and give advice on the design of the 

system in accordance with simulation results. In this paper, the basic optical phase modulation mechanisms in 

optical fibers are described at first to clearly elaborate how the system works. Then, an introduction to the system, 

including its system structure, theory of operation, and noise sources as well as polarization-induced effects in the 

system, is described. A noise-involved and MATLAB-based simulation model of the system is proposed in order 

to predict the performance and study the characteristics of the system. Simulation results are presented and 

discussed. 
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INTRODUCTION              

 

A perimeter intrusion detection system (PIDS) is a 

device deployed in an outdoor environment at the 

boundaries or around sensitive areas, such as airport, 

nuclear power plants, oil refineries, power stations, 

prisons, and international borders, in order to monitor, 

detect, and locate intruders in real time for security 

assessment and reaction. Various techniques such as 

infrared [1], radar [2], microwave [3], electric fence 

[4], accelerometer [5], and fiber optic have been 

adopted to implement the PIDS. Among them, PIDSs 

using fiber optic interferometric sensors are of interest 

since they have plenty advantages, such as 

lightweight, immunity to electromagnetic interference 

and multiplexing, high-temperature performance, low 

energy requirement, high corrosion resistance, high 

environmental resistance, high sensitivity, water 

proof, and so on. 

A number of studies regarding to PIDSs based on 

fiber optic sensors have been reported in the literature. 

For instance, phase-sensitive optical time domain 

–OTDR) and scattering effects based 

sensors[6-7] as well as fiber optic interferometric 

sensors such as merged Sagnac-Michelson 

interferometric sensors [8], dual Sagnac 

interferometric sensors [9-10], and Mach-Zehnder 

interferometric sensors [11-13] are used to detect and 

even locate intruders by sensing vibration. In general, 

at least two reverse transmitted fiber optic 

interferometers are used for locating intruders by 

using some time delay estimation (TDE) techniques. 

–OTDR and scattering effects based 

sensors use some different methods to locate 

intruders. This paper uses a dual Mach-Zehnder 

interferometer (DMZI) architecture to construct the 

PIDS. Firstly, a fiber optic dual Mach-Zehnder 

interferometric perimeter intrusion detection system 

(DMZIPIDS) is described and analyzed. Various 

noise sources in the system are discussed. A noise-

involved and MATLAB-based simulation model of 

the DMZIPIDS is then proposed. Some advices on the 

design of the system are given in accordance with 

simulation results.  
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MODELING AND ANALYSIS 

 

The Mach-Zehnder Interferometer 

Figure 1 shows an all-fiber Mach-Zender 

interferometer. Assume that in ideal case there are 

neither optical loss nor noise of any sort, the optical 

fields at one output of the Mach-Zehnder 

interferometer originating from the two arms, named 

arm 1 and arm 2 are then 

 

Figure 1 All-fiber Mach-Zehnder interferometer. 

 

Figure 2 Signal fading problem in the MZI
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where E0 and are optical field and angular frequency 

of the input light, respectively, 1and 2 are optical 

phase delay of light traveling through arm 1 and arm 2, 

respectively. Consequently, the output intensity of the 

Mach-Zehnder interferometer can be expressed as 
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where I0 is the intensity of the input light and  = 1-

2 be the phase difference between the two arms. If one 

of two arms (or both two arms) is exposed to some 

external influences, then the optical phase of the light 

 is modulated by the environmental field to be detected. 

Assume that the phase difference between the two arms 

are divided into a signal of amplitudes and angular 

frequency and a slowly varying phase shift d, i.e., 

d + ssint, then  

The interferometer is operated 

around the quadrature point.

The interferometer 

is operated around 

the minima.
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Depending on d and s, signal fading problem could 

occur as illustrated in figure 2. 

 

The DMZIPIDS 

 

Figure 3 depicts the schematic diagram of DMZIPIDS. 

The light from the laser is polarization controlled, split 

equally by a coupler and input to the dual Mach-

Zehnder interferometer (DMZI). Two beams of light 

then propagate in opposite directions and interference 

at the end coupler respectively. To be specific, one 

beam of light travels along the path 1→2→3→4 (CW), 

which is in clockwise direction. While another beam of 

light travels along the path a→b→c→d (CCW), which 

is in counter-clockwise direction. Finally, the 

interference signals are detected by two photodetectors, 

sampled and processed by the data acquisition system 

(DAS). Figure 3(b) shows that an optical fiber cable 

which contains four optical fibers is used to implement 

DMZIPIDS. Two of four optical fibers in the cable are 

selected to be the sensing arms of the MZIs. Depicted 

in figure 4 shows the optical cable of the interference 

region of  DMZIPIDS mounting on a fence. 

 Intruders who try to cross over the fence at the 

event position may cause significant signal at the 

outputs due to the vibration of fence. This signal is then 

detected by the system. As can be seen from figure 

3(a), assume that the length of the interference region 

is L. The length between the point 3 (or point b, which 

is the start of the interference region) and the event 

position is x. As a result, the interference signals travel 

along counterclockwise and clockwise paths to the two 

photodetectors with the length of x and 2L–x, 

respectively. The desired time delay D between the two 

interference signals can be expressed as 

,
x2

ncnc

xL
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where n is the refractive index of the optical fiber and c 

is the speed of light in vacuum. The event position x 

can be calculated from the estimated time delay  ˆ D that 

is close to D, thus “locate” the intruders. To locate 

intruders in the presence of noises and polarization-

induced effects in the output signals, accurately is 

another important challenge of DMZIPIDS. Noises and 

polarization-induced effects that appear in the output 

signals may affect the positioning accuracy and 

positioning error severely thus degrades the 

performance of DMZIPIDS. They may as well make it 

hard to discriminate between nuisance events and 

intrusion events. 
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Figure 3(a) Schematic diagram of DMZIPIDS; (b) Use of a single fiber cable to implement DMZIPIDS. [14] 

 

 

Figure 4 Implementation of DMZIPIDS on a fence. 

 

Noise Model of the DMZIPIDS 

The noise sources in the DMZIPIDS may come from 

electronics thermal noise, electronics shot noise, 

transimpedance circuit noise, laser’s optical intensity 

noise, optical phase noises due to frequency instability 

of laser and optical phase noise due to thermal drifts, 

and environmental perturbations induced phase noise. 

Polarization-induced effects include polarization-

induced phase shift (PIPS) and polarization-induced 

fading (PIF) [15]. PIPS and PIF in the MZI occurs due 

to two sources of polarization wandering: that in the 

two arms of the interferometer itself and that occurring  

 

in the input fiber, which changes the input SOP of the 

light, to the system. It can be shown that  
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where CW, CCWare the PIPS generated, and VCW, 

VCCWare the polarization-induced visibility change. 

For DMZIPIDS with zero retardation, then CW = CCW= 

0 in ideal case. There are no polarization-induced 

effects present. But in practice, CW and CCW may not 
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be equal, which would cause the positioning error of 

DMZIPIDS. 

In summary, the general noise-involved model of 

interference signal in DMZIPIDS can be expressed as 
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where I0 is the intensity of the laser, is the optical 

loss, nI(t) is the intensity noise of the laser, f(t) is the 

phase difference between the two arms of the 

interferometer caused by intrusion perturbation, na(t) 

and n(t) are the visibility and phase noise caused by  

 

PIF and PIPS, np(t) is the phase noise of the laser, and 

ne(t) is the phase noise caused by environment 

perturbations. 

Therefore, the general noise-involved time delay model 

of interference signals in DMZIPIDS of interest is 

given by 
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where L is the physical length of the interference 

region, x is the length between the starting point of 

the interference region and the event position (from 

now on, the convention of the number line is 

followed such that x is defined to be the event 

position), c is the velocity of light in vacuum, n is the 

refractive index of the optical fiber, D is the desired 

time delay between I1(t) and I2(t). It should be noted 

that the phase noises n(t), np(t), and ne(t) are 

indistinguishable from f(t) such that in order to obtain 

an estimated time delay  ˆ D that is close to D, 

n(t)+np(t)+ne(t) must be close to 0. 

The intensity outputs of DMZIPIDS are to be 

converted to electrical currents by photodetectors. 

Thus, the time delay model represented by 

photocurrents is given by 
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where is the responsivity of the photodetectors; ic(t) 

is the total electronics current noises that is additive. 

By using the transimpedance amplifier to convert the 

current into voltage, the time delay model represented 

by voltage is given by 
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where V1c(t) and V2c(t) represent the RMS value of 

the total electronics voltage noise. 

Finally, in order to simulate DMZIPIDS, assume that 

the model of the phase difference between the two 

arms of the interferometer caused by the intrusion 

event is in the form of 
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SIMULATION 

 

To estimate the intrusion location in the simulation 

and experiment of the DMZIPIDS, Four time delay 

estimation (TDE) techniques are used, namely cross-

correlation (CC), phase transform (PHAT), maximum 

likelihood (ML), and average squared difference 

function (ASDF).Based on the laser and electronic 

components used in building the DMZIPIDS, the 

pertinent noise models for laser intensity noise, 

electronics thermal, shot noise, and Opamp electronic 

noise can be found from the datasheets. Table 1 lists 

the values of the parameters used in the model of 

DNZIPIDS. Figure 5 shows the simulated relative 

intensity noise of laser, electronics thermal noise,  
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Figure 5 Simulated relative intensity noise of laser, thermal noise, shot noise, and OPAMP electronics noise. 

 

shot noise, and Opamp electronics noise accordingly.  

It should be noted that the electronics shot noise is 

simulated using Poisson process, while other noises are 

simulated as white Gaussian noise. 

Various noise corruption scenarios under 

different phase difference f(t) caused by intrusion are 

simulated. In each simulation case, due to the 

randomness, 100 sets of involved noise and intrusion 

location (or equivalently, the time delay D) are 

randomly generated and V1 and V2 signals are processed 

accordingly to estimate the time delay. Since the 

electronics noise is wideband, simulations are also 

conducted by passing V1 and V2 through a predesigned 

lowpass filter before time delay estimation. Some of the 

simulation results are illustrated below. Table 2 shows 

the effect of electronics noise corruption on the mean 

and standard deviation of time delay estimation error by 

the four methods (in term of number of samples) under 

different SNR situations (0(W)/electronic noise 

power) for f(t) =  

 

 

 

0.5+sin(2∙300∙t)∙e
-t/0.05

.It can be seen that the time-

domain TDE methods (CC and ASDF) yield better 

results than the frequency-domain TDE methods (ML 

and PHAT) in this situation. If the detector signalsV1 

and V2 are lowpass filtered before the TDE, then all four 

methods yield the near perfect time delay estimation 

results as shown in table 3. 

Table 4 lists the effect of environmental induced 

phase noise (White Gaussian) and electronics noise on 

the mean and standard deviation of time delay 

estimation error by the four methods under different 

RMS value of phase noise for f(t) = 

0.5+sin(2∙300∙t)∙e
-t/0.05

.  Again, the time-domain 

TDE methods (CC and ASDF) yield better results 

than the frequency-domain TDE methods (ML and 

PHAT) in this situation. If the detector signals V1 and 

V2 are lowpass filtered before the TDE, then all four 

methods yield the near perfect time delay estimation 

results as shown in table 5. 

Table 1 The values of the parameters used in the model of DNZIPIDS. 

Parameter Type Units 

Received Light Intensity I0 6  

Responsivity of Photodetectors 

Dark Current of Photodetectors 


idark 

0.9 

0.6 

A/W 

nA 

Feedback Resistance of TIA                               

Total Feedback Shunt Capacitance of TIA                     

Total Input Shunt Capacitance. of TIA 

Rf 

Cf 

Ci 

500 

5 

1.4 

K

pF 

pF 

Input Current Noise Density of Opamp 

Input Voltage Noise Density of Opamp 

in 

en 

10 

5.8 

HzfA  

HznV  



Tai-Lang Jong / Journal of Engineering and Science Research, 1(2) 2017, Pages: 101-109 

 

107 
 

Gain–Bandwidth Product of Opamp GBW 90 MHz 

RMS Value of Thermal Voltage Noise 

RMS Value of Shot Voltage Noise 

RMS Value of Input Current Voltage Noise of 

Opamp 

RMS Value of Input Voltage Voltage Noise of 

Opamp 

RMS Value of Total Electronics Voltage Noise 

Vth 

Vsn 

Vin 

Ven 

Vc 

5 

36 

1.58 

78 

36.35 

mV 

mV 

V 

V 

mV 

Length of Interference Region 

Velocity of Light in Vacuum 

Refractive Index ofOptical Fiber 

Sampling Rate of DAS 

L 

c 

n 

Fs 

40 

3 

1.444 

2 

km 

108 m/s 

 

MS/s 

Table 2 Mean and std of estimated time delay error vs.0. V1(t) and V2(t) are corrupted by electronics noises under f(t) 

= 0.5+sin(2∙300∙t)∙e
-t/0.05

. 

0(W) /Mean of 

SNR 

CC PHAT ML ASDF 

mean std mean std mean std mean std 

6 3.62 3.27 156.96 232.96 156.96 232.96 4.27 3.27 

5 4.01 3.69 157.54 232.64 157.54 232.64 4.54 3.43 

4 5.01 4.35 180.76 248.8 180.76 248.8 5.26 4.06 

3 6.5 5.35 183.17 254.11 183.17 254.11 6.75 5.27 

2 9.13 7.62 175.32 257.91 175.32 257.91 9.36 7.35 

1 18.29 15.49 131.37 233.35 131.37 233.35 19.86 14.77 

 

Table 3 Mean and std of estimated time delay error vs. 0. Same condition but with V1, V2 lowpass filtered before 

time delay estimation. 

0(W) /Mean of 
SNR 

CC PHAT ML ASDF 

mean std mean std mean std mean std 

6 0 0 0 0 0 0 0 0 

5 0 0 0 0 0 0 0 0 

4 0 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 0 

2 0 0 0 0 0 0 0 0 

1 0.85 0.94 0 0 0 0 0.85 0.94 

 

Table 4 Mean and std of estimated time delay error vs. RMS values of phase noise. V1(t) and V2(t) are also corrupted by 

electronics noises under f(t) = 0.5+sin(2∙300∙t)∙e
-t/0.05

. 

RMS Values of 

Phase Noise (rad) 

CC PHAT ML ASDF 

mean std mean std mean std mean std 

0 3.9 3.38 195 270.25 195 270.25 4.2 2.96 

0.2 13.14 10.37 199.3 267.44 199.3 267.44 14.27 10.75 

0.4 19.25 17.62 177.85 250.68 177.85 250.68 20.24 15.56 
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0.6 28.82 24.58 188.25 232.33 188.25 232.33 30.27 22.86 

0.8 26.68 26.07 169.85 210.87 169.85 210.87 32.06 27.69 

1 34.46 32.71 183.82 219.39 183.82 219.39 39.57 31.48 

 

Table 5 Mean and std of estimated time delay error vs. RMS values of phase noise. Same condition but with V1, V2 

lowpass filtered before time delay estimation. 

RMS 

Values of 

Phase 

Noise 

(rad) 

CC PHAT ML ASDF 

mean std mean std mean std mean std 

0 0 0 0 0 0 0 0.01 0.1 

0.2 0.01 0.1 0 0 0 0 0.02 0.14 

0.4 0.02 0.2 0 0 0 0 0.03 0.22 

0.6 0.32 1.7 0 0 0 0 0.33 1.7 

0.8 1.15 5.39 0 0 0 0 1.16 5.39 

1 0.82 5.19 0 0 0 0 0.83 5.19 

 

CONCLUSION 

 

To conclude, electronics noises and environmental 

perturbations induced phase noises can typically be 

modeled as white Gaussian noises. The interference 

signals of DMZIPIDS that are corrupted by these 

noises can be reconstructed by using a digital lowpass 

filter. 

 

The simulation results show that after filtering 

the positioning errors approach 0 and positioning 

accuracies approach 100%. However, some other 

noises such as polarization-induced phase noise and 

phase noise caused by laser instability cannot be 

modeled as white Gaussian noise. These phase noises 

are indistinguishable from f(t) thus lead to positioning 

errors of DMZIPIDS. To improve the performance of 

DMZIPIDS, such phase noises must be alleviated or 

even eliminated. 
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