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Abstract—Multiplexing fiber-optic sensors is an effective way to
perform large-area quasi-distributed sensing. Among many sen-
sor multiplexing and interrogation methods, frequency-shifted in-
terferometry (FSI) emerges as a unique low-cost technique that
is capable of resolving sensor locations using a continuous-wave
broadband source, a bidirectional optical frequency shifter, and a
slow photo detector. An acousto-optic modulator is typically used
as the frequency shifter in FSI due to its high modulation effi-
ciency and bidirectional operation. But its relatively low modu-
lation bandwidth results in low spatial resolution, on the order
of meters. To improve spatial resolution, single-arm FSI (SA-FSI)
that employs an electro-optic modulator (EOM) as the frequency
shifter was proposed, but the EOM’s broad modulation bandwidth
cannot be fully utilized because conventional EOMs cannot sup-
port bidirectional modulation at gigahertz frequencies due to the
speed mismatch between the optical wave and the applied RF wave,
especially when the two are counter propagating. In this paper, we
modified a commercial EOM to increase the modulation efficiency
of the counter-propagating optical wave and used it to interro-
gate 15 weak fiber Bragg gratings (FBGs) in an array, achieving
a spatial resolution of ~3 cm and a sensing range of >1 km.
A signal-to-noise ratio as high as ~18 dB was obtained with a
15-mW broadband amplified spontaneous emission source without
any optical amplification. This is the first demonstration of both
spatially resolved and spectrally resolved SA-FSI, and it is the first
time that FBGs are interrogated with the SA-FSI technique.

Index Terms—Fiber Bragg gratings, fiber-optic sensing,
frequency-shifted interferometry, sensor array multiplexing.
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I. INTRODUCTION

PTICAL sensing using fiber Bragg grating (FBG) ar-
O rays is one of the most commonly employed method to
achieve multi-point sensing, such as in structural health mon-
itoring [1]-[3] and temperature sensing [4]. Frequency shifted
interferometry (FSI) [5] has emerged in recent years as a prac-
tical technique to interrogate fiber-optic sensor arrays [6], [7].
Utilizing asymmetric frequency shifts in a common-path inter-
ferometer, FSI can perform location-resolved sensing using a
low cost broadband source and a slow detector [5]. Compared
to the wavelength-division multiplexing (WDM) technique [8]
for sensor multiplexing, FSI can work with FBGs reflecting in
the same (or different) wavelength regions, significantly increas-
ing the dynamic range of the FBG sensors, as well as reducing
the fabrication cost of the FBG arrays. Compared to the time-
division-multiplexing (TDM) techniques [9], FSI does not re-
quire short pulse laser sources, optical amplifiers, or high-speed
detectors, significantly reducing the cost of the overall system.
Compared to the more recently reported optical-carrier-based
microwave interferometry (OCMI) [10], FSI does not require
high-bandwidth detectors, nor does it require any hardware for
vector analysis in the microwave domain. FSI exhibits a num-
ber of similarities with frequency-domain optical reflectometry
(OFDR) [11], but unlike OFDR which requires a reference beam
for interference, FSI is based on self-interference (or common-
path interference) where the two interfering beams go through
exactly the same optical path. As a result, FSI can use incoher-
ent, non-polarized light sources for location-resolved sensing.
The combination of these advantages, namely, relaxed require-
ments on FBG fabrication, polarization-insensitivity, the use of
a low-cost slow detector, and the use of continuous-wave inco-
herent light source without the need for amplification, makes
FSI an attractive new technology rivaling WDM, TDM, OCMI,
and OFDR technologies. Recently, FSI has been employed to in-
terrogate a large array of hundreds of FBGs [12], demonstrating
its potential for practical applications.

The conventional FSI uses a Sagnac loop with an acousto-
optic modulator (AOM) as the frequency shift element [13].
With this implementation, FST has a spatial resolution limited by
the modulation bandwidth of the AOM. For example, if the AOM
modulation bandwidth is 20 MHz (from 90 MHz — 110 MHz),
the theoretical spatial resolution of the resulting AOM is 5 m
[14]. Single-arm FSI (SA-FSI) [15], [16] employing an electro-
optical modulator (EOM) not only has a simpler configuration, it
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Fig. 1. (a) Experimental setup of SA-FSI with a broadband source (BBS),
an optical circulator (Cir), an electro-optical modulator (EOM), a tunable filter
(TF), and a slow photo-detector (PD). (b) An array of 15 fiber Bragg gratings
(FBGn). (c¢) 1 km fiber followed by the same 15-FBG array.

can also take advantage of the GHz modulation bandwidth of the
EOM to achieve orders-of-magnitude higher spatial resolution.

However, the SA-FSI requires bidirectional modulation of the
EOM. Due to the mismatch of the propagation speeds between
the RF wave and the optical wave inside the EOM [17], its mod-
ulation efficiency is drastically different for the co-propagating
and the counter-propagating optical wave (with respect to the
propagating RF wave) when the RF frequency is increased be-
yond 2 GHz or so. For this reason, the modulation bandwidth
in [16] was limited to 1 GHz, leading to the coarse spatial res-
olution of 30 cm. The signal strength for [16] also suffers due
to low modulation efficiency. As a result, only broadband facet
reflections were detected, and no demonstration of narrow-band
FBG multiplexing was attempted using SA-FSI so far.

In this paper, we demonstrate SA-FSI with bidirectional EOM
modulation with a modulation bandwidth of 6 GHz (ranging
from 2 GHz to 8 GHz), providing a spatial resolution of ~3 cm.
The bidirectional modulation is made more efficient by remov-
ing the termination impedance of the EOM, creating a reflection
of the RF wave at the termination. As a result, much higher
modulation efficiency was achieved for the counter-propagating
optical wave. Using this bidirectional EOM, we demonstrate
multiplexing of 15 spectrally overlapped FBGs in a series with
centimeter spacing between adjacent gratings. We obtained the
reflection spectrum of each of the gratings using a tunable filter
before the detector. Therefore, spectrally and spatially resolved
interrogation of near identical FBGs in an array is achieved for
the first time using an incoherent light source.

II. PRINCIPLE OF OPERATION

A generic SA-FSI configuration is illustrated in Fig. 1(a). The
output of a continuous wave (CW) broadband source (BBS),
typically an ASE source, is first modulated by an EOM before
propagating down the fiber sensor array. The reflected light from
the sensors propagates in the backward direction through the
EOM and is modulated a second time. Either amplitude or phase
modulation can be used, because the purpose of modulation is
to create frequency sidebands. The driving RF frequency of the
EOM is swept during a measurement, and both spectral and
location information of the sensors can be obtained by detecting
the reflected spectral light intensity as a function of the RF
frequency.

The principle of operation and mathematical derivation can
be found in [16], but [16] did not take into account of the
different modulation efficiencies experienced by the co- and
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counter-propagating optical waves. Here, we briefly summarize
the approach taken in [16] and introduce new analysis to ac-
count for the frequency-dependent modulation efficiencies due
to the speed mismatch between the optical and the RF wave, for
both co- and counter-propagating optical waves. The frequency-
dependent modulation efficiencies in both cases can be deter-
mined experimentally (see next section), and are used to verify
our analysis.

The output of an incoherent broadband source (Fig. 1(a))
can be considered as a summation of narrow-band frequency
components. For each frequency component, the RF modulation
of the EOM creates frequency-shifted sidebands. The amount of
frequency shift is equal to the RF driving frequency, f. Both the
sidebands and the baseband propagate down the fiber and are
reflected by various sensors. When the reflected light from the i
sensor is returned to the EOM, new sidebands will be generated.
In other words, the old sidebands were generated when light is
propagating in the forward direction, while the new sidebands
are generated later, when the reflected light is propagating in
the backward direction. The phase difference between the old
and the new sidebands is AY; = 2w(2nL; /c) f, where n is the
effective index of the fiber mode, L; is the distance between the
i™ sensor and the EOM, c is the speed of light, and fis the RF
frequency, positive for the upshifted sidebands and negative for
the downshifted sidebands. The detected intensity ([,) at the
optical frequency v contains the interference between the old
and the new sidebands. Assuming an amplitude modulator is
used, driven by sinusoidal RF waves, then I, has the following
general form [16]:

L,(f) < DC + J} (aZ) J? (o)
-sin?(me) Y Ri (v) cos (QW%ﬁ M

3

where Jy, J; are the Bessel functions of the first kind of order
0 and 1, respectively, « = Vgp/V, is the modulation depth
defined by the ratio of the applied RF voltage amplitude Vi p
to the half-wave voltage V;. of the EOM, ¢ = (Viias—Vinin)/Va
is the bias parameter related to the DC bias voltage Vj,ia5 to the
modulator (where Vy,;, is the bias voltage at which the EOM’s
output is minimized), and R;(v) is the reflectivity of the i
sensor at the optical frequency v. The first DC term in (1) is
the constant background intensity. In deriving (1), only the first-
order sidebands are kept, and higher-order terms are omitted.
From (1) one can see that the spectral information of the sensor
R; (v) is contained in the amplitude of the detected signal, while
the location information L; is contained in the phase.

Equation (1) derived in [16] assumes that the modulation
depth « and the bias parameter ¢ are independent of RF
frequency f, and independent of the direction of propagation
of the optical wave. While the DC bias parameter ¢ is inde-
pendent of frequency, the modulation depth o does in fact
vary with frequency f, because of material dispersion (i.e.,
frequency dependence of the electro-optic coefficient) and
more importantly, because of the frequency-dependent speed
mismatch between the RF modulating wave and the optical
wave. The speed mismatch is different for co-propagating and
counter-propagating optical waves, with respect to the prop-
agating direction of the RF wave. We therefore introduce
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an effective V. that is frequency-dependent and direction-
dependent, denoted as Vg p . ( f), where F and B refers to
the forward and backward propagation, respectively. As a
result, the modulation depth is also a function of frequency and
propagation direction, which is denoted by ar 5 (f). Equation
(1) then needs to be modified as:

L(f) < DC+Jo (ar5) Jo (%) Ji (arF) Ji (as})
-sin’(7e) > Ri(v) cos (2772“(%f +o(f))

(2)

where
Vir

Ve B (f)
and ¢(f), an additional phase factor due to the speed mismatch,
varies slowly with the RF driving frequency f. For simplicity,
we will leave out effect of ¢(f) in the subsequent discussion. In

(3), the effective half-wave voltage, Vr g - ( f ). in the presence
of speed mismatch is

app (f) = 3)

Va(f)

Vesalf) = Sotnfatrs)

“)
where Atp g = |VrF —Vopt|LEOM /(VRF Vopt ), and vpp and
Uop are the propagation speeds of the RF and the optical wave,
respectively, inside the EOM of length Lzo,. The physical
interpretation for A¢p p is the amount of temporal walk-off
between the optical wave and the RF wave after propagating
through the modulator. Note, in this convention v, is positive
for co-propagation and negative for counter-propagation. When
RF wave is applied in the backward direction, as is the case in
our experiment (Fig. 1(a)), v, is negative (positive) for the for-
ward (backward) propagating optical wave. With a larger speed
mismatch |vgp — Vo], as in the case of counter-propagation,
the effective half-wave voltage increases, and the modulation
depth decreases.

While the modulation depth « determines the strength of
the interference signal I, in (2), a more intuitive parameter to
describe the modulation efficiency, which is also experimentally
measurable, is [19]

nrp(f) =212 (aF,Bg>

which is the ratio of the sideband optical power (when V.5 =
Viin) to the input optical power. In deriving (5), we consider
the input optical E field as E, cos (wt), and the RF driving field as
Vrrsin (2 ©ft). Then, when the EOM is biased at minimum, the
output optical E field is [19] E,sin (ap g msin (27ft)/2)sin (wt +
¢). Using the approximation that sin (xsinf) = 2J; (x)sinf, we
arrive at (5). Fig. 2(a) shows the simulated modulation efficiency
for the co- and counter-propagating optical waves. One can see
that the modulation efficiency for the counter-propagating op-
tical wave is at least 13 dB lower than for the co-propagating
case. This is due to the vastly different effective half-wave volt-
ages for the two cases, as expressed by (4). The much reduced
modulation efficiency for the counter-propagating optical wave
results in much reduced interference signal strength obtained by
FSIL.

(&)
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Fig. 2. (a) Simulated modulation efficiency for co-propagating (solid line)
and counter-propagating (dashed line) optical waves as a function of frequency,
according to (3)—(5). (b) The simulated interference signals as expressed by the
AC terms in (2) (blue) and (1) (orange), respectively. The blue curve shows a
reduced signal strength as well as a frequency-dependence, both are the result of
considering speed mismatch. The envelopes of the interference signals, referred
to as the signal strength, is also plotted for the two cases in black solid and
dashed lines, which correspond to the product of the Bessel functions in (1)
and in (2), respectively. The following simulation parameters are used: VR =
1.5V, V, =5.7V,the length of the EOM (Lg s ) is 3.1 cm, and the speed
mismatch |[vp p —vop¢| is 0.87¢ and 0.13c¢ for counter- and co-propagation,
respectively, where ¢ is the speed of light in vacuum.

In Fig. 2(b), we compare the interference signal strengths,
with and without considering speed mismatch, as defined by the
second term (the AC term) of (2) and of (1), respectively. Ref
[16] did not consider the speed mismatch, and the AC signal
amplitude in (1) is simply Jo%(a/2)J;>(an/2), independent of
frequency (solid black line in Fig. 2(b)). However, after includ-
ing the speed mismatch, the signal amplitude in (2) becomes
Jo(apm/2)]y(apgn/2)] (apm/2)]; (ap7/2) (dashed black line in
Fig. 2(b)). There are two effects as the result of including speed
mismatch in our model: One is that the overall signal strength
is lower, due to the much reduced modulation efficiency for
the counter-propagating optical wave; The second effect is that
there is a frequency-dependent amplitude modulation (or enve-
lope) on the interference signal. In practice, as this amplitude
modulation has an oscillation period much larger than those cor-
responding to the cosine terms in (2), this amplitude modulation
effect can be removed in data post processing. However, the first
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effect, i.e., the reduced signal strength, is still a critical problem
to be addressed.

To improve signal strength, we use passive RF reflection
inside the EOM, causing RF waves to propagate both in the
forward and backward direction. We will show experimentally
and through simulation that this indeed results in a significant
improvement to the signal strength in the next section.

The sensing range and spatial resolution of the SA-FSTI has the
same form as the conventional FSI and are discussed in detail
in [5]. For reader’s convenience, we provide the formula for the
sensing range Ly.qpge:

C
4nfstep

where f., is the RF frequency step taken in the measurement.
As well, the formula for the spatial resolution JL is

(6)

Lra,ng(z =

_c
- 2nAf

oL 7
where fis the RF frequency sweep range.

From (7) we can easily see that the large modulation band-
width of the EOM allows us to access multi-gigahertz of fre-
quency sweep range (Af), greatly increase the spatial resolution
of the technique. However, this comes with a condition: that
the EOM must be able to operate bi-directionally over the large
frequency sweep range. In other words, the EOM must maintain
sufficient modulation efficiency for both forward and backward
propagating lightwaves.

III. EXPERIMENT
A. Experimental Characterization of a Bi-Directional EOM

The bidirectional EOM we use (Micro Photonix Integration
0OC-192) has two RF ports, in addition to a DC bias port (see
Fig. 1(a) inset). The two-RF-port configuration allows the user
to input RF waves either in the forward or backward direc-
tion. Normally the unused port should be terminated with a
50 €2 impedance to minimize reflection of the RF power, mak-
ing the EOM a uni-directional device. Only the optical wave
that is co-propagating with the RF wave will be efficiently
modulated. In our case, however, to use it for bidirectional
modulation, we intentionally leave the unused port open cir-
cuit to create a strong reflection of the RF power, such that
both forward and backward propagating optical wave will be
modulated.

The modulation efficiencies of the EOM for both forward and
backward propagating optical waves are characterized as a func-
tion of RF driving frequency, and compared to simulation results
(Fig. 3). We applied the RF driving signal from an RF signal
generator (HP83620B) with its output set to 15 dBm to RF Port
2 of the EOM (Fig. 1(a)). The frequency is tuned from 2.0 GHz
to 10 GHz. We bias our EOM at minimum transmission using
an automatic bias feedback circuit (PlugTech MBC-MZM-01),
and measure the ratio of the output sideband light power with
modulation to the output light power without modulation. (Note
this is the same definition as in (5), except the insertion loss
of the EOM is calibrated out.) We measured the modulation
efficiencies while varying the RF frequency for all four cases,
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Fig.3. Measured (symbol) and simulated (line) modulation efficiencies of the
EOM (a) with and (b) without 50 € termination. The co-propagation (optical
wave is backward) cases are illustrated with circles and blue lines, and the
counter-propagation cases (optical wave is forward) are with the triangles and
red lines. The nominal incident RF power is 15 dBm and the indicident optical
power is —2.0 dBm. The EOM is biased at minimum. A (a) 2% and (b) 100%
RF power reflection is assumed in the simulation for the case with and without
50 € termination, respectively. The simulation uses the measured RF incident
power to the EOM, and account for the RF power loss through the EOM. Other
parameters used in the simulation are: V. (f) = 5.7 V — 0.2f, where f is the
RF frequency (in GHz). Lpoy = 3.1cem, |vgpp —vop¢| is 0.87c and 0.13¢
for counter- and co-propagation, respectively, where c is the speed of light in
vacuum.

separately: forward optical waves in EOM with 50 () termina-
tion at RF Port 1 (Fig. 3(a)); backward optical waves in EOM
with 50 € termination at RF Port 1 (Fig. 3(a)); forward optical
waves in EOM without 50 €2 termination at RF Port 1, i.e., open
circuit (Fig. 3(b)); backward optical waves in EOM without 50 €2
termination at RF Port 1 (Fig. 3(b)). For calibration and simula-
tion purposes, we also measure the incident and transmitted RF
voltages through the EOM.

Based on (3) and (4), we have developed a simulation model
for the modulation efficiencies in the presence of speed mis-
match and RF reflection. In our model, the RF reflection is
included such that the optical wave is modulated by RF waves
in both directions. For co-propagating optical and RF waves, the
speed mismatch is moderate, but for counter-propagating opti-
cal and RF waves, the speed mismatch is large. In addition, RF
reflection coefficient and RF loss along the waveguide can be
included in the model. We use the following physical parameters
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Fig. 4. The simulated SA-FSI signal strength, or equivalently, the envelope
of the interference signal, with (dashed line) and without (solid line) 50 €2
termination at RF Port 1, using measured parameters obtained from Fig. 3.

of the EOM to fit the model calculation with the experimental
data: The length of the EOM waveguide 3.1 cm, which corre-
sponds to the physical measurement of the length between the
two RF ports (Fig. 1(a) inset). The RF propagation speed used is
0.37¢, and the optical propagation speed is 0.5¢, corresponding
to an effective refractive index of 2.0 for the optical mode. The
0.37c is selected to best fit the simulation data with experimental
data presented in Fig. 3. The RF reflectance is assumed to be
2% and 100% for with and without termination, respectively. A
frequency-dependent RF loss (from 3 dB at 2 GHz to 7.6 dB at
10 GHz, based on experimental measurements) is also included
in the model. The half-wave voltage V. used in the simulation
is 5.7 V at DC and linearly drops to 3.7 V at 10 GHz. These
values are largely in line with commercial LiNbO3-based EOMs
[20] and manufacturer’s data sheet. Therefore, all of the fitting
parameters used by the simulation are realistic for the EOM and
consistent with those reported in the literature.

The measured and simulated modulation efficiencies are to a
large extent in good agreement (Fig. 3). The small discrepancies
between the simulation and the measurement can be attributed
to several factors: The measured RF voltage may not represent
the actual voltage applied onto the EOM waveguide due to loss
and frequency response of the RF cables and connectors, and
the simulation uses a uniform voltage (which is the average of
the incident and transmitted RF voltage) along the waveguide,
instead of a decaying voltage due to RF power loss. In the cases
where the EOM is not terminated (open circuit at RF port 1), the
simulation takes into account of only one reflection, whereas
multiple reflections of RF waves can be at play since the RF
wave reflected at RF port 1 can be reflected again at the RF
source. (This second reflection can be eliminated using an
RF circulator between the source and the EOM in the future.)
Despite these factors, the good agreement between the simula-
tion and experiment gives us confidence on the physical EOM
parameters we used to fit the experimental data. Therefore, we
can use this model to further predict the signal enhancement we
obtain by introducing an RF reflection at Port 1.

Fig. 4 plots the model prediction of the interference signal
strength based on the model parameters used to fit the measure-
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ment data in Fig. 2. The signal enhancement (without 50 {2 ter-
mination versus with termination) is about 4-10 dB, significant,
but not spectacular. Nevertheless, this is a proof-of-principle
demonstration that efficient bidirectional EOM modulation can
be realized using RF reflection, leading to signal enhancement
in SA-FSI systems. The signal enhancement would be much
greater if the high RF power loss through the EOM could be
reduced. Alternatively, one could feed another RF signal to
Port 1, instead of using reflection.

B. Experiment on Sensor Multiplexing

Using the SA-FSI with the bi-directional EOM operating
more efficiently, we perform multiplexing of weak FBGs in
an array. The array consists of 15 weak FBGs, each having a
reflectance of a few percent. The reflectances of the FBGs are
not strictly controlled during the fabrication process, resulting
in some variability from grating to grating. For example, the
4™ orating has a maximum peak reflection of 6.2%, while the
8" grating has a peak reflection of only 1.4%. The 15 gratings
have alternating peak reflection wavelengths of 1549.43 nm and
1553.45 nm. The spacing between them is approximately 15 cm,
with the exception of the spacing between the 12 and the 13™
grating, which is intentionally made small (~8 cm) for testing
the spatial resolution of the interrogation system.

The SA-FSI system is shown in Fig. 1(a), and the two testing
arrangements are shown in Fig. 1(b) and 1(c). An ASE source
with an output power of ~15 mW is used as the source. The
insertion loss of the circulator is ~1 dB and the insertion loss
of the EOM is ~4 dB per pass. The forward and backward (i.e.,
reflected) lightwaves are modulated by the EOM described in
the previous section. The RF power is applied in the backward
direction (to RF Port 2) without termination at Port 1 (open
circuit). The RF frequency is tuned from 2 to 8 GHz, due to the
bandwidth limitation of our RF amplifier. The EOM is biased
at the quadrature point for the forward propagating lightwave
stabilized by a power stabilization module (MBC-MZM-01).
The bias voltage is dynamically adjusted to compensate any
thermal drift of the EOM by detecting a 1% shunt feedback
power. The spectral measurement was done using a tunable filter
(JDSUniphase TB9) which is placed in front of the PD. Two
measurement ranges were tested, with the FBG arrays placed at
around 6.5 m and 1017 m from the EOM, the larger distance is
used to verify that SA-FSI is capable of a large sensing range.

For the short-range test (Fig. 1(b)), the RF frequency scanning
step (fsep) is chosen to be 1 MHz. After fast Fourier Transform
(FFT) of the acquired interference signal (I,), the result is
shown in Fig. 5(a). Note, because we used a broadband source,
all gratings reflect parts of the broad spectrum, and therefore all
gratings are “visible” after applying FFT. The peak amplitude
variation reflects the variability in grating reflectances. The
locations of the 15 FBGs revealed after FFT are: 5.572 m,
5.736 m, 5.873 m, 6.049 m, 6.196 m, 6.340 m, 6.473 m, 6.627 m,
6.740 m, 6.886 m, 7.054 m, 7.203 m, 7.281 m, 7.417 m, and
7.589 m. The separations between FBGs measured by the
SA-FSI are in close agreement with the expected values
estimated from the FBG fabrication process. In particular, the
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Fig. 6. The SA-FSI signal obtained after FFT of the interference signal ac-

quired by the photodiode with a set of 18-FBG array with (red) and without
(black) the matching termination impedance at the EOM port 1.

shortest spacing is measured between the 12" and 13" gratings,
which is a 7.8 cm. At this separation, the two peaks are still
clearly resolved. The reflection peak width (FWHM) from
Fig. 5(a) is ~3 cm, demonstrating the spatial resolution of the
SA-FSI system.

We also note that the SNR in Fig. 5(a), defined as the ratio
of the highest peak signal to the average background level, is
18 dB, which is quite high considering the low ASE power, the
high loss components, and that there is no optical amplification.
Compared with the SA-FSI results reported in [16] where RF
reflection is not introduced in the EOM, the SNR presented here
is larger despite the fact that the reflected optical signal is at
least 15 dB weaker due to the narrow-band FBGs used here and
the insertion loss of the tunable filter. This further shows that RF
reflection can enhance the SA-FSI signal strength. As a direct
demonstration of the enhancement of introducing RF reflection
in the EOM, we show in Fig. 6(a) comparison of measurements
taken with and without the EOM termination impedance. It can
be seen that the enhancement factor observed experimentally
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Fig. 7. The reflection spectra of 15 FBGs measured by bidirectional SA-FSI
system shown in Fig. 1. The spectra shown are smoothed using a Guassian fit of
experimental spectra. The SA-FSI system measures all 15 FBGs simultaneously.

(Fig. 6) is in agreement with the 4-10 dB enhancement predicted
by the model.

For the longer sensing range of 1 km (Fig. 1(c)), a frequency
step fstep = 0.1 MHz was selected. The measurement result is
shown in Fig. 5(b). Compared with the short-range result above
(Fig. 5(a)), itcan be seen that all peaks separations resulting from
the two measurements are consistent. The variation in peak re-
flectances between the two measurements can be attributed to
polarization variation due to different fiber placement, as the
EOM we use are polarization dependent. There is a slight dete-
rioration in SNR for the long-range measurement, as expected.
Nevertheless, the reflection peak can be distinguished mani-
festly from the noise, and the relative position of each peak is
highly consistent with that of the short-range result. The above
results indicated that the existing SA-FSI can achieve distributed
detection of weak reflection points with a one-kilometer range
and a spatial resolution of a couple of centimeters.

The high spatial resolution achieved using 6 GHz of frequency
sweep range is essential for certain quasi-distributed sensing ap-
plications [21] when such spatial resolution is difficult to achieve
using the TDM technology. The high SNR achieved without op-
tical amplification is an additional advantage compared to the
TDM technology.

We have further measured the reflection spectra of all FBGs
using a tunable filter (JDSUniphase TB9) before the detector.
The tunable filter has a FWHM bandwidth of 0.22 nm and a
tuning resolution of 0.01 nm. This is the first time spectrally
resolved SA-FSI was demonstrated. The measured spectra of
all 15 FBGs were smoothed with a Gaussian fit function and
shown in Fig. 7. The spectral resolution of the system is limited
by the reflection bandwidth (~1 nm) of the FBGs, due to the
short length (~1 mm) of the FBGs. Although the detected power
after the tunable filter was greatly reduced, we are still able to
obtain unambiguous location-resolved FBG spectra with high
SNR (Fig. 7).

One limitation of FSI is its measurement speed, as the method
requires sweeping the RF frequency and sweeping the tunable
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filter. The measurement time is mainly limited by the time it
takes to complete RF and wavelength sweeps. (That is, for each
RF frequency, the tunable filter will be swept. Alternatively, for
each tunable filter setting, the RF frequency will be swept). For
the RF source (HP83620B) used here, it takes about 6 s to com-
plete each RF sweep for the short-range measurement (6000 RF
steps), and 60 s for the 1 km measurement. The overall measure-
ment time depends on how many wavelength points are taken.
Note that, if we use a fast-sweeping RF source, the measurement
time can be drastically shortened. Also, a fast-scanning tunable
filter with kHz scanning speed can be used [22], further shorten
the measurement time. A detailed discussion on measurement
speed for FSI can be found in [22]. On the positive side, all of
the FBGs are interrogated simultaneously.

IV. CONCLUSION

We have shown that the SA-FSI technology is capable of
achieving cm-level spatial resolution by employing a bidirec-
tional EOM operating in multi-gigahertz range. We experimen-
tally demonstrate that the EOM can be made to modulate light-
waves propagating in both directions efficiently by removing the
50 © impedance termination. This results in a reflection of the
applied RF wave, which facilitated the modulation of the light-
wave bi-directionally, producing a significant signal enhance-
ment. We have also developed a model for EOM modulation
in the presence of reflection and optical-RF speed mismatch.
Our model provides a tool for designing more efficient bidirec-
tional EOM operation in the future. The SA-FSI employing this
bidirectional EOM enabled us to perform spectrally-resolved
weak FBG multiplexing using a low power (mW) incoherent
broadband source without optical amplification, with a spatial
resolution of ~3 cm and a spatial sensing range of >1 km.
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