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This paper investigates the influences of a semiconductor laser with narrow linewidth on a fibre-optic distributed

disturbance sensor based on Mach—Zehnder interferometer. It establishes an effective numerical model to describe the

noises and linewidth of a semiconductor laser, taking into account their correlations. Simulation shows that frequency

noise has great influences on location errors and their relationship is numerically investigated. Accordingly, there is

need to determine the linewidth of the laser less than a threshold and obtain the least location errors. Furthermore,

experiments are performed by a sensor prototype using three semiconductor lasers with different linewidths, respectively,

with polarization maintaining optical fibres and couplers to eliminate the polarization induced noises and fading. The

agreement of simulation with experimental results means that the proposed numerical model can make a comprehensive

description of the noise behaviour of a semiconductor laser. The conclusion is useful for choosing a laser source for

fibre-optic distributed disturbance sensor to achieve optimized location accuracy. What is more, the proposed numerical

model can be widely used for analysing influences of semiconductor lasers on other sensing, communication and optical

signal processing systems.
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1. Introduction

Fibre-optic  distributed disturbance
(FDDS) has attracted a lot of interests for differ-

ent applications in intrusion detection,!~17 pipeline

Sensor

monitoring" =17} and acoustic emission sensing.'®!
Interferometric FDDS is greatly utilized in these ap-
plications due to its high sensitivity and capability
of locating the disturbance in comparison with the

s.1=19 The configurations

other sensing approache
of the interferometric FDDSs can be classified into
the following categories: Sagnac interferometer (SI)
and Mach-Zehnder interferometer (MZI),!*2l ST and
Michelson interferometer (MT),[3~6 dual SIs,[" =1 sin-
gle ST, =131 ST with dual-wavelength"*'%) or working
in dual-model'®! and differentiating ring.['”!

When SI merges with MZI or MI to form an
FDDS, one problem is that a low coherent light source

is required for SI, while a highly coherent stable laser

TCorresponding author. E-mail: liangsheng2008@yahoo.com.cn

source is needed for the MZI or MI. In the single
SI configuration, the locating arithmetic is compli-
cated and the sensitivity depends on the location of
For dual SIs and single SI with dual-
wavelength or working in dual-mode, the high cost

disturbance.

for double light sources and photo-detectors, mod-
ulators with different frequency for dual-mode sys-
tem and wavelength division multiplexing (WDM) for
dual-wavelength system prevent the further practical
applications. In contrast, owing to its simple config-
uration and straightforward location arithmetic, MZI
is considered as a low cost and effective approach to
produce an FDDS.[18:19]

For MZI-based FDDS, location accuracy is the
most important characteristic for practical applica-
tions. Also, the type of the used light source is very
crucial for interferometric sensors. A semiconductor
laser (SCL) is often employed for high coherence ap-

plications due to its unique advantages such as low
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cost, convenient use and compactness.po_”] However,
noises from an SCL limit the resolution and accuracy
of an interferometric sensor. Therefore, it is neces-
sary to investigate the influences of an SCL on the
location accuracy of an MZI-based FDDS. So far, sev-
eral works have been presented to establish the inter-
nal numerical models for SCLs to optimize the design
and improve the performances.?324 Some works have
also been reported to analyse the influences of SCLs
on fibre-optic communication systems?® and coherent

[26] However,

optical frequency domain reflectometry.
no particular work provided detailed analysis and ex-
planation of the influences of SCLs on interferometric
fibre-optic distributed sensors, which is focused in this

paper.

2. Principle of MZI-based FDDS

The schematic diagram of the proposed MZI-
based FDDS is illustrated in Fig. 1. The light from
a laser source launches into a 3-dB optical coupler
(coupler 1) and splits into two paths: one operates
in the clockwise MZI and the other operates in the
counter-clockwise MZI. Once a disturbance exists on
the fibre, a change in phase Ag between the two

arms of MZI will occur. The signals received by

photo-detectors (PDs) 1 and 2 from the clockwise and
counter-clockwise MZIs, respectively, can be expressed
as

I (t) = [i{1 + K cos[Ap(t — t1) + wol}, (1)
Iy(t) = Io{1 + Ky cos[Ap(t — ta —t3) + wol}, (2)

where t1, to, t3 are the propagating time through the
fibres L1, Lo, L3, respectively. Here the distances from
laser source to coupler 1 and from PD 2 to coupler 2
are neglected. The I; and I are determined by the in-
put intensity of the interferometers and the total loss
of the fibre. The Ky and K are the visibilities of the
dual MZIs and approximately equal 1 for simplicity
by neglecting the polarization induced fading in the
single mode fibre. The g is the initial phase caused
by the difference between the two arms of MZI. There
is a time delay difference At between I1(t) and I5(t):
At = ty + t3 — t1. Hence the location of disturbance

can be obtained from the time delay difference At,

L %(L — eAt/n), (3)

where L = L1 + Lo + L. Calculating the cross corre-
lation function of I1(¢) and I5(t), and finding the time
value according to the extremum of the cross correla-

tion function, we can obtain At.
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Fig. 1. Schematic illustration of the MZI-based FDDS.
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3. Noises of semiconductor laser

Generally, SCL is considered as a relatively low-
noise light source, however, there are still some noises
which prevent further applications with requirement
of improved performances. In general, noises of an
SCL can be mainly classified into four types: dynami-
cal, cavity, thermal and acoustic noises.[?3~44 Dynam-
ical noises are associated with direct perturbations to
the dynamical variables of the laser, namely the pump,
gain medium and laser field, and induced by the spon-
taneous emission and variation of the real refractive
index with carrier density fluctuations. Cavity noise
(or kinematic noise) is associated with perturbations
to the resonant structure including passive medium.
Thermal and acoustic noises are external noises such
as self-heating associated with nonradiative transi-
tions. In this paper, the dynamical noises of SCL are
investigated as the main internal noises, which make
great influences on the interferometric sensor.

Due to its dynamical noises, SCL presents fre-
quency noise (FN), phase noise (PN) and relative in-
tensity noise (RIN).

Considering the noises, we can express the instan-

taneous frequency of laser as
vo(t) = vo + Avo(t), (4)

where vy is the work frequency and the fluctuation
of frequency Awvg(t) is defined as FN, which consists
of white, 1/f (or flicker) and other components. The

formula expression of FN can be written as

Avg(t) = FN(t) = FNynito(t) + FNy£(2)
+ FNothcr(t)a (5)

where F'Nyupite(t) is the white FN, FNy /¢ (t) is the 1/ f
FN and F Nother () is the FN induced by other factors,
such as mode hopping, 39~ which is neglected in our
analysis for simplicity because mode hopping has been
effectively suppressed in commercial SCLs.

The power spectral density of FN can be ex-

pressed as[28—39

Sex(f) = C/P 4+ K/ f + Sother (f), (6)

where C/P denotes the white component and K/f
is the 1/f component, C = 1.5 x 10* Hz/W and
K = 58 x 10" Hz2.[? At low frequencies (0 to
100 kHz), FN is dominated by 1/f noise, whose ori-

gin can be considered as arising from fluctuations of

the charge carriers or the pumping. For frequencies
above 100 kHz, white noise induced by spontaneous
emission tends to play a main role, though it scales
inversely with laser power. In contrast, the magni-
tude of 1/ f noise is essentially independent of the laser
power. Therefore, 1/ f noise becomes more significant
than the spontaneous emission noise in the limit of
high output powers.

Accordingly, the PN is induced through an unbal-

anced MZI and can be derived by

PN(t) = 2mneg - AL - Avg(t)/c
= 2mnes - AL - FN(t)/c, (7)

where neg is the effective refractive index of fibre core
and AL is the length difference between the two arms
of MZI.

Linewidth of SCL is correlative to the FN, which
is assumed to result from the phase fluctuation of
the laser field induced by two independent processes,
one of which is the phase change caused directly by
each spontaneous emission event and the other is the
change of the cavity resonance frequency due to the
refractive index change caused by the carrier density
fluctuation. 2839
The linewidth of SCL is determined by FN and

can be expressed as

Av(t) = Avg(t) + Ave(t) + Avother(t)
7w Sw_rn(t)+7- Sl/f—FN(t)
+ AUother (t)a (8)
where Av(t) is the linewidth, Avy(t) is the linewidth
induced by the white FN, Auv.(t) is the residual
linewidth due to the 1/f FN and r is the coefficient

of residual linewidth. The Avgther(t) is the linewidth
induced by other factors, such as modulation of cur-

rent which is neglected here. It is worth while noting
that the linewidth broadening induced by side mode is
neglected due to the high side mode suppression ratio
(40 dB). The resulting line shape of SCL is the con-
volution of the Lorentzian shape due to the white FN
and the approximate Gaussian shape arising from 1/ f
FN. The convolution of a Lorentzian and a Gaussian
shape presents a Voigt profile.[*344 However, avail-
able approximation can be achieved by a Gaussian
line shape especially for the case of narrow linewidth.

The power fluctuation of SCL is defined by the

intensity noise and can be calculated by

Io(t) = Ip + Alo(t) = Io(1 + \/RIN(t) - B), (9)
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where Iy(t) is the instantaneous power, I is the work
power, Aly(t) is the fluctuation of power, RIN(t) is
the relative intensity noise (RIN) of unit bandwidth,
and B is the detection bandwidth.

4. Simulation and results

Assuming that the spectrum of an SCL is Gaus-

sian profile, we can derive the coherent function as

va(7,t) = exp[—2(t) /47¢ (1)), (10)
where the coherent time is given by

7(t) = 1/4w A f(t), (11)

where Af(t) = ANt)/NE(t), AN(t) = Av(t)/[v3(t) - ]
and Ao (t) = ¢/vg(t) is the wavelength of laser.

The intensity of interference light can be ex-

pressed as
I(t) = L%(t){l + yc[7(¢),t] - cos[2muo(t) - 7(¢)]}, (12)

where 7(t) = 79 + dis(t) is the time delay difference
between the two interference beams, 79 = neg - AL/c
is the time delay difference related to the length differ-
ence between the two arms of MZI, dis(t) is the time
delay modulation caused by the disturbance.

The optical signals detected by the PDs 1 and
2 from clockwise and counter-clockwise MZIs can be

expressed as

L(t) = w{l +yc1[T(t+ At), t + At] - cos[2mvg1 (t + At) - 7(t + At)]}, (13)
L(t) = Iin;(t) {1+ vaa[r(t),t] - cos[2mvea(t) - T(2)]}, (14)

where At is the time delay between the two signals from the two MZIs.

Taking into account the laser noises, we find that the two beams arriving at a particular disturbance point

P (see Fig. 1) undergo different time durations, so that the instantaneous frequency and power of the two light

beams are different. Frequency of the clockwise and counter-clockwise light beams can be expressed respectively

as

U()l(t) = Vg +A’U0(t* At) = Vo +FN(t* At)

v + FNwhite(t - At) + FNl/f(t - At) + FNother(t - At)a (15)

Uog(t) = vg + A’Uo(t) = Vg + FN(t) = Vg + FNwhite(t) + FNl/f(t) + FNother(t)~ (16)

Accordingly, the linewidth is given by

Avl (t) = Avwhitc (t — At) + Avrcsidual(t — At) =T- FNwhitc(t — At) —+7r- FNl/f(t — At), (17)
Avg (t) = AUghite (t) + AUresidual(t) =7- FNwhite(t) “+7r- FNl/f(t). (18)

The power can be derived by

Iin1 (1) = [Io + ALin(t — At)]/2 = {Ip[1 +

RIN(t — At) - B]}/2, (19)

Tina(t) = [To + Alin(1)]/2 = {To[1 +  RIN(t) - B]}/2. (20)

To simplify the analysis, the noise from PD is neglected and the used SCL is assumed to be temperature

stabilized. The thermal noise is also neglected. The simulation is carried out by using the MATLAB and the

initialized parameters of both SCL and FDDS are summarized in Table 1.

In an MZI-based FDDS, the most significant characteristic is the location accuracy, which is usually decided

by calculating the maximal location error with several measurements of disturbances at a particular location.

The noise influences of the SCL on the maximal location error are analysed in simulation.

As a particular example, figures 2, 3 and 4 show FN of SCL, power spectrum density of FN and RIN of

SCL respectively. We use the parameters shown in Table 1 in calculations, especially AL = 50 m, Av = 50 kHz,
L1 =30 km, RIN = —155 dB and the location error is 0 m in this case.

124217-4
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Table 1. Summary of initialized SCL and FDDS parameters for simulation.

symbol description value unit
parameters of SCL
ApN amplitude of FN 10~107 kHz
RIN amplitude of RIN —155~—125 dB
r coefficient for residual linewidth ~1 -
Av linewidth of SCL 1~2x103 kHz
Ao wavelength of SCL 1550 nm
parameters of FDDS
fs sampled frequency 10 MHz
L monitored length 50 km
AL difference between two arms of MZI 0~50 m
L1 location of disturbance O~ L m
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Fig. 2. The FN of SCL.
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Fig. 3. Power spectrum density of F'N.
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Fig. 4. The RIN of SCL.

The variations of maximal location errors as a
function of FN amplitude and laser linewidth at dif-
ferent disturbance locations (L) are shown in Figs. 5

and 6, respectively. We implement ten times simu-
lations for each particular disturbance location with
the same parameters except using different noise se-
quences. The maximal location errors are decided

from the ten simulation results.
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Fig. 5. Relationship between maximal location error and
amplitude of FN with different locations (L1).
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Fig. 6. Relationship between maximal location error and
linewidth with different locations (L1).

It can be seen from Fig. 6, the distribution of max-
imal location errors exhibits a “high pass”-like curve
except for the case of Ly = 50 km, which illustrates
that a threshold of laser linewidth exists in order to
achieve zero location errors. In addition, the laser
linewidth threshold is independent of the disturbance
location when L; # 50 km. In our simulation, a typi-
cal threshold for SCL linewidth is about 100 kHz.

In fact, the coherent length of an SCL with a 100-

kHz linewidth is about 2.5 km, which is much larger
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than the length difference between two arms of MZI
(10 m for this case). It is also known that, the location
accuracy is greatly affected by the FN of an SCL if the
linewidth exceeds the threshold. The reason is that
for the distributed interferometric sensor, the instan-
taneous frequency vg of the light wave modulated by
a disturbance at position P is stochastic, and thus the
initialized phase (¢g) and modulated signal phase (¢s)
between the clockwise and counter-clockwise MZIs are
different. As a result, the correlation between two sig-
nals from MZIs is destroyed. Hence, the location error
occurs. The fluctuation of the location errors is led by
the statistical characteristic of noises, when FN and
linewidth exceed threshold.

For the special case with L; = 50 km, the time
durations of light wave transmitting from the SCL to
position P through clockwise and counter-clockwise
are same. Hence, there is no influence of FN on the
location error.

To understand the impact of the length differ-
ence between two arms of MZIs (AL) on the laser
linewidth threshold, the maximal location error and
FN (linewidth) with different AL are analysed and
shown in Figs. 7 and 8, respectively, in both the cases,
Ly is fixed at 30 km. It is clear that there is no dis-
tinct influence on the SCL linewidth threshold when

B o

2 9 +AL=0m

= 15/®AL=10m

£ s AL=20m

3 +AL=30m

g 10

g 0.5

= )

=

=

.g o 1 5 s 10
= 10° 10° 10 10

Amplitude/Hz

Fig. 7. Relationship between maximal location error and
amplitude of FN with different differences between two
arms of MZI (AL).
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= 10° 10! 10? 10
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Fig. 8. Relationship between maximal location error and
linewidth with different differences between two arms of
MZI (AL).

AL # 0. While AL decreases to 0, the threshold
of FN and linewidth increases. Because in the case of
AL= 0, the influence of difference of initialized phases
(¢0) between clockwise and counter-clockwise MZIs is
eliminated. It should be noted that, AL = 0 is an
ideal case, and for practical applications, AL cannot
equal O strictly.

Figure 9 shows the effect of laser RIN to max-
imal location error at two different SCL linewidths
(one linewidth is above the threshold and the other
is below). It can be found that there is no distinct
influence of the RIN on the location error when RIN
is lower than —60 dB, which is generally realized by
current commercial SCL products.
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Fig. 9. Relationship between maximal location error and
RIN with different linewidths.

From above-mentioned simulation results, we be-
lieve that FN of an SCL is the most important factor
leading influence on the location error of an MZI-based
FDDS. It is important to choose an SCL with suit-
able linewidth. Not only SCL’s coherent length but
also the threshold of linewidth should be taken into
consideration. Furthermore, when laser linewidth can
be chosen in a range of values less than the threshold,
taking into account other cases such as suppression of
scattering noises and so on is necessary and feasible.
Considering the combined effect, we find that there
may be an optimum linewidth which can achieve the

optimum location accuracy.

5. Experimental results and dis-

cussion

To validate the simulation results, we imple-
mented an experiment by an MZI-based FDDS pro-
totype using three SCLs with different linewidths, re-
spectively. The SCLs employed in our experiments
are shown in Table 2. The polarization maintaining

optical fibres and couplers were utilized to eliminate
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the influences of polarization induced noises and fad-
ing. In the experiment, some parameters in Table 1
are changed due to our setup limitation. The moni-
tored length is 1 km, AL =~ 5 m, L; = 0 km and the
sampling frequency is 2 MHz. Simulation based on

these parameters is also carried out.

Table 2. Summary of employed SCLs in experiments.

NO. Av model
I 5 kHz denslight: DL-BF12
11 25 kHz emcore: 1792 ECCW
111 1 MHz emcore: 1772

T 08
2 04|
- 0
T -04
= —0.8
0 2 4 6 8 10
Time/ms

Fig. 10. Normalized signals from clockwise (A) and
counter-clockwise (B) MZI (Av = 25 kHz).

< 08
E- 0.4
2
= 0
& —0.4
5
2 —0.8
0 2 4 6 8 10
Time/ms
Fig. 11. Normalized signals from clockwise (A) and

counter-clockwise (B) MZI (Av = 1 MHz).
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Fig. 12. Normalized cross correlation function (Av =
25 kHz).
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Fig. 13. Normalized cross correlation function (Av =
1 MHz).

In the cases of Av = 25 kHz and 1 MHz, signals
from PDs 1 and 2 and cross correlation functions are
illustrated in Figs. 10-13, respectively. Furthermore,
simulated and experimental results of relationship be-
tween maximal location error and linewidth are shown
in Fig. 14. The maximal location errors are 0 km
(SCLs I and II) and 4 km (SCL III), respectively. The
numerically simulated and experimentally measured

results are in good agreement with each other.

~s-simulation
B experiment

e
[

X
(=]

—
(=]

Maximal location error/10% m
[ 3w
=}

0
10° 10! 102 103 104
Linewidth/kHz

Fig. 14. Experimental results of maximal location errors
using different lasers. Linewidth: 5 kHz (SCL I), 25 kHz
(SCL II) and 1 MHz (SCL III).

6. Conclusion

The influences of fibre-optic distributed distur-
bance sensor based on a Mach—Zehnder interferom-
eter have been demonstrated theoretically and exper-
imentally. A numerical model for semiconductor laser
is established to describe the frequency noise, rela-
tive intensity noise and linewidth taking into account
their correlation. Simulation results show that the
location error is determined by the frequency noise,
that is, laser induces zero location errors when the
frequency noise (laser linewidth) is less than a thresh-
old (a typical value for linewidth is 100 kHz in our
simulation), while location errors are caused when ex-

ceeding the threshold. Experiments are implemented
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by using a sensor prototype employing three semicon-
ductor lasers with different linewidths, respectively,
with polarization maintaining optical fibres and cou-
plers to eliminate the influences of polarization. The
satisfactory agreement of the simulation with the ex-
perimental results proves that the proposed numeri-
cal model can make a comprehensive description of
the noise behaviour of narrow linewidth semiconduc-

tor laser. The conclusion is useful for choosing laser

source for sensor. This numerical model can be widely
used for analysing influences of laser on other sensing,

communication and optical signal processing systems.
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