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( A Novel Fiber Bragg Grating Sensing Interrogation Method Using
Bidirectional Modulation of a Mach-Zehnder Electro-Optical Modulator )
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Abstract

We have proposed and experimentally demonstrated a novel fiber Bragg grating (FBG) sensing interrogation method
using bidirectional modulation of a Mach-Zehnder electro-optical modulator (MZ-EOM). The proposed structure consists
mainly of a broadband light source (BBS), FBG, MZ~EOM, chirped fiber Bragg grating (CFBG), and photodetector (PD).
We have obtained the transfer functions of the proposed structure and calculated the time delay from the change in the
free spectral range (FSR) for ten wavelengths over the frequency range of 505 MHz to 525 MHz. The results show that
the time delay and the wavelength variation have a good linear relationship with a gradient of 129 ps/0.2 nm, which can
be usefully applied to FBG strain or temperature sensors and other multiplexed sensor applications.

Keywords : Sensing interrogation method, Fiber Bragg grating (FBG), Chirped fiber Bragg grating (CFBG),
Mach-Zehnder electro-optical modulator (MZ-EOM), Bidirectional modulation

I. Introduction weight, offer low power consumption and
multiplexing capability, are resistant to
The use of FBGs in sensor applications has been electromagnetic waves interference, and offer high

studied extensively for twenty years. FBGs are light sensitivity to strain and temperature. FBG sensors,

because of their small size, are ideally suited for

C s T BANY-TAAR ARG WAs|E health monitoring of smart structures since they can
e easily be embedded inside structural members”.
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. . . Several FBG sensor interrogation systems which can
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o) =EL 20089 AR(ZSHI|ER) Yo be classified into passive detection and active
ST ATFATY A YL o} PP A7 detection have been reported”. The successful
(DO0307) schemes include the scanning Fabry-Perot or
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acoustic filters, tuning lasers and charge coupled
device (CCD) spectrometers. Each of them has its
own advantages, and commercial systems that make
use of these techniques are now available.

Recently, FBG sensor interrogation systems
employing MZ-EOM have started research attention
due to the capability of MZ-EOM in handling fast
signal processing speed. By adopting the fiber
Sagnac-loop-based microwave photonic filtering, the
high-frequency wavelength variation of a sensing
FBG can be converted into the intensity change of
the recovered RF signal®. An FBG interrogator, by
using a dispersion compensation fiber, can convert
the sensing wavelength variation measurement to
time-domain measurement at a speed of the order of
megasamples per second”. Bidirectional modulation of
MZ-EOM has been used to find the optical fiber

chromatic dispersion measurement™.

In this paper,
based on the microwave photonic technique and
active detection, we have proposed and demonstrated
a novel FBG sensing interrogation method using

bidirectional modulation of an MZ-EOM.

. Proposed Interrogation Structure and
Operational Principle

As we know, the principle of FBG sensor is that
the measured information is wavelength-encoded in
the Bragg reflection of the grating. Especially, FBGs
are sensitive to strain and temperature, then any
applied strain or temperature shifts the resonance
wavelength and this variation can be measured to
calculate the strain change or amount of temperature
applied. For example, the Bragg wavelength variation
AAp resulting from a change of the applied strain ¢,
at constant temperature is

A4,
2’B

=(1-p,)¢€, )]
where p. is the effective strain-optic constant.
Typically, the Bragg wavelength variation with strain
is ~0.64 pmy/jie near the Bragg wavelength of 830 nm,
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Fig. 1. Proposed FBG sensing interrogation structure,

~1 pm/ue near 1300 nm, and ~1.2 pm/pe near 1550
nm'®, So, the primary work for the FBG sensor lies in
the wavelength interrogation of the Bragg reflection.
The general theory is to convert the wavelength
variation measurement to other easily measured
parameter, such as amplitude, phase or frequency.
Fig. 1 shows our proposed structure of a novel
FBG sensing interrogation method,” which consists
mainly of a BBS, FBG, MZ-EOM, CFBG and PD.
Light from BBS launches into port 1 of a four-port
circulator, and is reflected by a sensing FBG in port
2. After passing through port 3 and the polarization
controller #1, the light is modulated by an RF signal
the MZ-EOM with co-propagation
propagation in the same direction as the light and as
indicated by the arrow on the diagram of the
MZ-EOM shown in Fig. 1. The unidirectional
modulated light is reflected by the CFBG, passes
through the polarization controller #2 again, and is
modulated by an RF signal via the MZ-EOM with
counter-propagation l.e. propagation in the opposite
direction to the light and as indicated by the arrow
on the diagram of the MZ-EOM shown in Fig. 1.
The bidirectional modulated light is received by the

via 1e.
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Fig. 2 Equivalent model of bidirectional modulation with

an MZ-EOM and a CFBG.



2010 78 MXS%E =BA M 47THSDE AT R 19

PD and measured by the network analyzer (NA). The
modulating process of bidirectional modulation in Fig.
1 can be considered in terms of the equivalent model
shown in Fig. 2, which has two MZ-EOMs cascaded
in series.

The travel time 7(A) according to the wavelength
of the proposed structure can be written as,

2Lﬁber + (ﬂo "’3')'2LCFBG
vg A’?’chirp ' vg (2)
(for 2n A, <A<2n,A, )

T(A) = T, + Tem(A) =

where Twer is the travel time spent in optical fiber
between MZ-EOM and CFBG, 7crse is the travel
time spent in CFBG”, Lpme is the length of optical
fiber between MZ-EOM and CFBG, Lcrge is the
grating length of CFBG, v, is the group velocity of
light in optical fiber, Ay is the central wavelength of
CFBQG, Algirp is the chirped bandwidth of CFBG, ng
is the effective index of the refraction of CFBG, Ao
and Ajme are the shortest period and the longest
period in the CFBG, respectively. In Eq. (2), the
wavelength of the sensing FBG has to be in the
range of the chirped bandwidth of CFBG which is
determined by the shortest and longest period in the
CFBG.

The time delay Az, which is the difference of the
travel time for two wavelengths (4, A») can be
expressed as,
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Fig. 3 The transfer functions of co- and counter-
propagating modulation of an MZ-EOM.
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where A\gp is the wavelength variation of the sensing
FBG. Eq. (3) shows that the time delay is proportional
to the length of the CFBG and is inversely proportional
to the chirped bandwidth of the CFBG. The wider
chirped bandwidth of the CFBG with the shorter length
makes increases the accuracy of the proposed
structure. We can find the time delay according to the
wavelength variation of the sensing FBG for the given
CFBG.

In the course of propagation, the first MZ-EOM
causes the right-handed propagating light in Fig. 1 to
experience the co-propagating modulation by the RF
signal fit). On the other hand, the second MZ-EOM
causes the left-handed propagating light in Fig. 1 to
experience the counter-propagating modulation by the
RF signal fit-7). Fig. 3 shows the transfer functions
of an MZ-EOM with a bandwidth of 10 GHz for co-
and counter- propagating modulation.

Assuming that the modulation indices are very
small, and with the biasing set at the quadrature
point, we can obtain an expression for the output
optical power Pt} at the PD in the form,

P ()= 2L mH,(f)c0s27 1)
[+ m,H,(f)cos2z f(t—71)]
=R'”—f’—[l+mlHl(f)c0527rﬁ 4)

+m,H,(f)cos2x f(t—7)
+mm, H,(f)H,(f)cos2x ft
-c0s27 f(t—1)]

where P, is the input optical power, Tp is the
coupling and optical transmission losses of the
structure, my and my are the modulation indices of
co—propagating and counter-propagating modulation,
respectively, and Hi(f) and Hy(f) are the transfer
functions for co—propagating and counter-propagating
modulation of the MZ-EQOM, respectively.

The DC and harmonic components in Eq. (4) are
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eliminated at the PD and the NA because all vector
NAs use a tuned-receiver (narrow-band) architecture
o reject signals.
Consequently, assuming that my=mp=m, the {otal
transfer function H(f) measured at the NA can be
written as,

harmonic and  spurious

H(f)= A[H )+ H ()] )

where A=mRGnWPinTo/4, R is the responsivity of the
PD, and G, is the gain of the RF amplifier. The FSR
is formed by the ripples in the transfer function
which depends on the travel time in Eq. (5), and the
travel time is related to the period of the ripples
strongly®. For each wavelength, FSR can be
expressed as,

FSR, = L (6)

(1)

Using Eq. (2), (3), and (6), the travel time and the
time delay can be calculated by measuring the
change in the FSR according to the Wavelexagth
variation.

HI. Simulation Analysis and Experiment Results

Fig. 4 shows simulation result of the FSRs for
thxee different optical fiber lengths between the
MZ-EOM and the CFBG over the modulation
frequency range from 0 to 1000 MHz, assuming a
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Fig. 4. FSRs for three different optical fiber lengths
between MZ-EOM and CFBG.

2o 9

sensing FBG with a central wavelength of 1550.0 nm,
a CFBG with a central wavelength of 15505 nm, a
grating length of 185 mm, and a chirped bandwidth
of 30 nm. Obvicusly, as the optical fiber lengths
increase, the FSRs reduce, as shown by the 05 m
(red line), 20 m (blue dash line), and 80 m (green
dot line).

The FSRs arising with an optical fiber length of
05 m for the different Wavelengths in the sensing
FBG of 15480 nm (blue line) and 1551.0 nm (green
dash line) are shown in Fig. 5 for a chirped
bandwidth in the CFBG of 3 nm. As the wavelength
of the sensing FBG increases, the FSR also
increases. It is helpful to distinguish the wavelength
variation using a CFBG with wide chirped bandwidth
over the high modulation frequency range, but the
phenomenon of aliasing cemeé out quickly at the
same time. Furthermore, the characteristic of two
transfer functions Hi(f) and Ha(f) are utﬁeﬂy unlike
except that the modulation frequency range is
significantly lower than the bandwidth of the
MZ-EOM, near a frequency of 500 MHz, as shown in
Fig. 3.

For the experimental set-up shown in Fig. 1, we
use a BBS with an outpuf power of -13 dBm/nm
around 1550 nm (Agilent 83438A), an MZ-EOM with
a bandwidth of 10 GHz (Photline MXAN-LN-10), a
CFBG with bandwidth of 2.880 nm and its grating
length of 185 mm, a PD with bandwidﬁl of 25 GHz
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Fig. 5 FSRs with the optical fiber length of 05 m
considering the chirped bandwidth of CFBG.
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(New Focus Model 1414), an RF amplifier with a
gain of 18 dB (New Focus Model 1422), and an NA
with an output RF signal of 1 dBm (Agilent N5230C).
Practically, the DC bias voltage is set at 225 V, the
optical fiber length between MZ-EOM and CFBG is
6.4 m, and the whole power loss of the arrangement
is around -18 dB under the test conditions. Due to
the problem of a weak optical signal, we use a
tunable laser source with an output power of 8 dBm
(Anritsu  MG9638A) instead of the FBG sensing
signal. This arrangement allowed us to demonstrate
the feasibility of the proposed interrogation method.
The simulation and experiment results of the transfer
function H{) for ten wavelengths (from 15480 nm to
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Fig. 6. Transfer function A for ten wavelengths in the
frequency range of 500 MHz to 550 MHz
{a} Simulation results and (b) Experiment resullts.

15498 nm in 0.2 nm steps) in the frequency range of
500 MHz to 550 MHz are shown in Fig. 6 (a) and
(b), respectively.

We can see that the simulation result and the
measured result shown in Fig. 6 (a) and (b) are in
good agreement. The travel time calculated from the
experiment results using Eg. (6) provides the time
delays for the ten different wavelengths used. Both of
the FSR (blue triangle) and time delay (red square)
variation as a function of wavelength are shown in
Fig. 7. Depending on the orientation of CFBG in use,
the FSR for each wavelength increases from
15556250 MHz to 15584375 MHz, corresponding to
the travel time decreasing from 64.2828 ns to 64.1668
ns. We note that the relationship between the time
delay and the wavelength variation is accurately
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linear with a gradient of 129 ps/0.2 nm. In order to
improve the stability of proposed structure, three
aspects should be necessary to pay attention to, the
number of sampling points of NA (we used 16001
points), the temperature influence (keep temperature
in 25C), and the measuring times (repeat no less
than 30 times). Moreover, combining Eq. (1) with the
calculated results, we also can find the expected
strain sensitivity at the sensing wavelength around
1550 nm is 0.2 nm variation in resonance wavelength
per 167 pe of the applied strain. Fig. 8 shows the
relations of both of the time delay (blue circle) and
wavelength (red diamond) with the applied strain.

IV. Conclusion

We have proposed and demonstrated a novel FBG
sensing interrogation method using bidirectional
modulation of an MZ-EOM. The transfer functions of
the proposed method obtained by using a combination
of simulation and experiment have been found, which
are in good agreement. The calculated travel time
from the transfer function results in the time delay
for ten different wavelengths over the frequency
range of 5056 MHz to 525 MHz. The time delay and
the wavelength variation that have a good linear
relationship with a gradient of 129 ps/0.2 nm. The
expected strain sensitivity at the sensing wavelength
around 1550 nm is 0.2 nm variation in resonance
wavelength per 167 pe of the applied strain.
Therefore, the proposed sensing interrogation method
shows a potential for the FBG strain or temperature
sensors and other multiplexed sensor applications.
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