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The Vernier effect has been widely used in the field of
measurement and instrumentation for sensitivity enhance-
ment. Single-point optical fiber sensors based on the Vernier
effect have been extensively reported in recent years. In this
Letter, for the first time, a distributed optical fiber sen-
sor based on microwave photonics with improved sensitivity
enabled by the Vernier effect is demonstrated. Distributed
sensing is realized by interrogating a Fabry—Perot interfer-
ometer (FPI) array formed by cascaded reflectors along an
optical fiber using an optical carrier-based microwave inter-
ferometry (OCMI) system. A reference FPI is also included
in the system. The interferogram of each of the sensing FPIs
can be unambiguously reconstructed and superimposed with
the reconstructed interferogram of the reference FPI to gen-
erate the Vernier effect. By tracking the spectral shift of the
envelope signals in the superimposed spectra, the measure-
ment sensitivities of the sensing FPIs can be significantly
improved. A simple direct modulation-based OCMI sys-
tem is used in the proof-of-concept demonstration, showing
sensitivity-enhanced distributed sensing capability. More-
over, the sensitivity amplification factor can be adjusted by
varying the optical length difference of the sensing and refer-
ence FPIs, similar to that of Vernier effect-based single-point
optical fiber sensors. © 2022 Optica Publishing Group

https://doi.org/10.1364/0OL.461307

The Vernier effect is a fundamental technique that is used to
realize high-precision and high-accuracy length measurements
based on Vernier calipers. In recent years, the so-called opti-
cal Vernier effect has been proposed, which is generated by
superimposing responses of a sensing interferometer and a
reference interferometer with slightly different optical path dif-
ferences (OPDs) [1]. Instead of monitoring the spectral shift
of the sensing interferometer, as is often the case for tradi-
tional interferometric sensors, the shift of the envelope signal
in the superimposed spectrum of a Vernier-effect-based sensor
is tracked. Importantly, the shift of the envelope is signifi-
cantly improved thanks to the Vernier effect; a closer OPD
between the reference and sensing interferometers results in
a larger amplification factor. Taking advantage of sensitivity
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amplification enabled by the Vernier effect, various high-
sensitivity optical fiber sensors have been demonstrated based
on different configurations, such as the Fabry—Perot interfer-
ometer (FPI) [2-5], the Mach—Zehnder interferometer [6,7],
and the Sagnac interferometer [8,9]. These sensitivity-enhanced
sensors were demonstrated for measuring a diverse array of
physical and chemical quantities [1,10]. In addition to the opti-
cal domain, the microwave-photonic Vernier effect was recently
reported and used to improve the measurement sensitivity of
microwave-photonic sensors [11-13]. However, to the best of
our knowledge, the application of the Vernier effect for sensi-
tivity enhancement is only limited to single-point optical fiber
sensors. In this Letter, for the first time, a method is proposed
and demonstrated showing that the Vernier effect can be used in
a distributed optical fiber sensor, leading to the development of
a high-sensitivity spatially distributed sensing system.

FPIs are one of the most widely used sensing configura-
tions due to the ease of fabrication, compactness, and the
possibility of multiplexing [14]. Multiple in-fiber reflectors
were fabricated along an optical fiber to form an in-fiber FPI
array for fully distributed sensing [15-17]. Different tech-
niques have been demonstrated to interrogate the FPI array,
including optical frequency domain reflectometry (OFDR) and
optical carrier-based microwave interferometry (OCMI). The
OCMI is a microwave-photonic measurement technique, where
a microwave-modulated optical signal is launched into the fiber
under test for probing distributed changes along the fiber [17].
Integrating advantages of two different arenas, i.e., microwave
and optics, the OCMI technique brought in some features that
are especially attractive when it comes to sensing applications,
such as low dependence on multimode interference and insen-
sitivity to variations of the polarization state of the probing
light [17-21]. In this article, by combining the OCMI interroga-
tion technique and an FPI array, the first implementation of the
Vernier effect in a distributed optical fiber sensor for sensitivity
improvement is demonstrated.

A schematic of the proposed system is shown in Fig. 1(a).
The intensity-modulated optical signal is sent into an optical
fiber coupler. The two pigtail fibers from the coupler are con-
sidered as the sensing arm and reference arm. In the reference
arm, two partial reflectors are fabricated (i.e., R; and R,) to form
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an FPI, which is considered as the reference FPI. The sensing
arm includes multiple reflectors that are cascaded along the opti-
cal fiber line (i.e., Sy, S,, ...), and any two adjacent reflectors
form a sensing FPI (e.g., reflector S, and S, form the ith sens-
ing FPI), whose reflection spectrum is a function of the length
and the refractive index of the optical fiber in-between the two
reflectors. Therefore, an FPI array is constructed in the sensing
arm, and each of the FPIs can be used for localized sensing.
Importantly, the OPD of the FPIs should be sufficiently larger
than the coherence length of the light source so that the system
can operate at an incoherent regime. The reflected optical sig-
nal is routed to a photodetector and then sent to the microwave
detector. Sweeping the frequency (Q2) of the microwave modu-
lation signal and using synchronized detection, the normalized
superimposed complex spectrum of the reference arm and sens-
ing arm of the system can be obtained and can be expressed
as
N 2npzp
$n(Q) = ) MT, 24777 (1)

p=1

where M is the modulation depth of the intensity-modulated
light; A is the amplitude of the probing light; I', represents the
reflection coefficient of the pth reflector; N denotes the total
number of reflectors in the system; n, and z, are the refractive
index and length of the fiber line of the pth reflector, respectively;
and c is the speed of light in vacuum. By applying an inverse
Fourier transform (IFT) to the complex S,, signal, the time-
domain signal of the system can be obtained by

X(1) = Y M, A% (z - 2”7"@) , @)

where ¢ is the time variable. According to Eq. (2), the time-
domain signal includes a series of pulses with different time
delays, which are determined by the spatial locations of the
reflectors. The amplitude of each of the pulses is predicated
by the reflection coefficient of the reflector. The obtained time-
domain signal can be subsequently transformed into the spatial
domain signal, as illustrated in Fig. 1(b), from which the spatial
location of each reflector can be easily recognized. Applying
a gate function to any two adjacent reflectors and followed by
a Fourier transform (FT), the microwave interferogram for the
specific FPI (i.e., the magnitude spectrum) can be reconstructed:

Mag = 55(Q) % [G(Q) exp(-jQ70)] » (3)

where G(Q2) and 7, are the FT result and time delay of the gate
function, respectively. A time gate is first applied to select the
two reference reflectors to reconstruct the interferogram of the
reference FPI. Another time gate is applied to the sensing reflec-
tors (e.g., S; and S;, ) so that the interferogram of the ith sensing
FPI is reconstructed. By sliding the gate function to cover all
the sensing reflectors and correspondingly choosing appropriate
parameters of the gate function, interferograms of all the sensing
FPIs can be obtained. Traditionally, by tracking the spectral shift
of each of the FPI interferograms and integrating the localized
information, dark-zone free distributed sensing can be achieved
[17]. At this point, the Vernier effect is introduced to amplify
the measurement sensitivity of each of the sensing FPIs and
thereby improve the overall sensitivity for distributed sensing.
Let us take the ith sensing interferometer as an example. Instead
of directly monitoring the spectral shift of its interferogram, the
interferograms of the reference FPI and the ith sensing FPI are
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Fig. 1. Vernier-effect-amplified distributed optical fiber sensing
system based on OCMLI. (a) Schematic of the system. VNA, vector
network analyzer; PD, photodetector. (b) Illustration of the signal
processing procedures of the system for sensitivity-enhanced sens-
ing. The envelope in the superimposed spectrum (indicated by the
red curve) is used for sensing applications with enhanced sensitivity.
FT, Fourier transform; IFT, inverse Fourier transform.

superimposed to obtain a typical amplitude-modulated signal,
as shown in Fig. 1(b), to generate the Vernier effect. The free
spectral range (FSR) of the envelope signal can be predicted by

FSRrefFSRsen

FSR,, = ————777—,
|FSRref - FSR.YE)I|

4)

where FSR,,, and FSR,., represent the FSR of the reference
and sensing interferometers, respectively. Then, the shift of the
envelope in the superimposed spectrum is tracked for sensing
applications. Importantly, when the sensing FPI is subject to
an external perturbation, the shift of the envelope is magnified
compared with that of the original interferogram of the sensing
FPI, thanks to the Vernier effect. Moreover, the closer the OPD
between the sensing and reference interferometers, the larger the
amplification factor will be expected based on

OPD,,,

V= orD on — OPD,; ®)
where OPD,,, and OPD,,; represent the OPD of the sensing
and reference interferometers, respectively. Different from the
traditional Vernier-effect-based optical fiber sensors where the
system performance (e.g., the largest amplification factor) is
limited by the bandwidth of the light source, the proposed sys-
tem is limited by the frequency bandwidth of the microwave
modulation signal [13]. The bandwidth of the light source in the
system does not affect the largest amplification factor that can be
achieved, but it does affect the overall system performance, as
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Fig. 2. Proof-of-concept demonstration. (a) Schematic of the
direct-modulation OCMI system. (b) Spatial domain signal of
the system. Superimposed spectrum for (c) FPly+ FPI; and (d)
FPIj + FPI,. The red curves indicate the envelopes that would be
used for sensing applications in later experiments.

demonstrated in Ref. [22]. Note that in addition to the envelope
highlighted in Fig. 1(b), the bottom envelope can also be used
for sensing, as shown in later experiments.

A simple direct-modulation OCMI system was constructed
for the proof-of-concept demonstration, as shown in Fig. 2(a).
Details about the OCMI system can be found in recent work
[23]. A total of six reflectors were included in the system, which
were simply created by introducing small air gaps between the
lead-in and lead-out optical fibers. The first two reflectors were
used to form a reference FPI (i.e., FPI,) with a physical length
of Ly, and the four reflectors in the sensing arm formed three
cascaded sensing FPIs (i.e., FPI,, FPI,, and FPI;) with lengths
of Ly, L,, and L;. Figure 2(b) shows the measured spatial domain
signal of the system, where six pulses can be observed, corre-
sponding to the six reflectors. The peak amplitudes are different
due to the fact that the air-gap-based reflectors are not identi-
cal in terms of the gap distance [23], which will not affect the
system performance. The lengths of the FPIs were determined
tobe: Ly=2.174 m, L,=2.081 m, L,=2.322 m, and L;=3.047
m. Note that ideally, the physical lengths of the sensing FPIs
should be the same so that for a given reference FPI, the sensi-
tivity amplification factor for all sensing FPIs is the same. Here,
the length of the sensing FPIs is set to be different to demonstrate
that the amplification factor is a function of the OPD difference
between the sensing FPI and the reference FPI, that is, to ver-
ify Eq. (5). Following the procedures illustrated in Fig. 1(b),
the superimposed spectra for FPI,+ FPI, and FPI,+ FPI, are
obtained and are plotted in Figs. 2(c) and 2(d), respectively. The
envelope signals that would be used for sensing applications
are also indicated in the superimposed spectra. The FSR of the
envelope signal in Figs. 2(c) and 2(d) is found to be ~1.04 GHz
and ~0.73 GHz, respectively, which are close to the theoretical
values (i.e., ~1.10 GHz and ~0.69 GHz) predicted by Eq. (4).

Next, an experiment was conducted to test the sensitivity-
enhanced distributed sensing capability of the system shown in
Fig. 2(a). Stress was applied to sensing FPI, and FPI, to stretch
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Fig. 3. Sensitivity-enhanced distributed sensing. (a) Recon-
structed interferograms of FPI; and curve-fitted envelope signals
of the superimposed spectra of FPI, + FPI,; centered at ~3 GHz for
different settings of length change. (b) Shift in dip frequency of the
interferograms and the envelope signals shown in panel (a) as a func-
tion of length change. (c) Reconstructed interferograms of FPI, and
envelope signals of the superimposed spectra of FPI,+ FPI, cen-
tered at ~2 GHz for different settings of length change. (d) Shift in
dip frequency of the interferograms and the envelope signals shown
in panel (c) as a function of length change.

the two optical fiber sections. The applied stress elongated both
fiber sections by 1200 um in steps of 200 um, whereas the fiber
sections for reference FPI, and sensing FPI; were not disturbed.
Figure 3(a) shows the reconstructed interferograms of FPI; and
the envelope signals of superimposed spectra of FPI, + FPI, at
~3 GHz for different settings of length change. As can be seen, as
the fiber length was increased, the dip frequency in the interfer-
ogram shifted to the low-frequency region. Interestingly, the dip
frequency in the envelope signal shifted to the high-frequency
region. This is because the OPD of FPI, (the sensing interferom-
eter) was smaller than that of FPI, (the reference interferometer)
resulting in a negative sensitivity amplification factor, as pre-
dicted by Eq. (5). The shift in dip frequencies as a function
of length changes for both cases are plotted in Fig. 3(b). The
sensitivity amplification factor was determined to be ~22 with
a negative sign, which matched well with Eq. (5). Figure 3(c)
shows the responses of FPL,, including the reconstructed interfer-
ograms and superimposed spectra (i.e., FPI, + FPI,) centered at
~2.2 GHz for different settings of length change. Since the OPD
of FPI, is larger than that of FPI,, the dip frequencies in both
cases shifted to the low-frequency region. Figure 3(d) presents
the shift in dip frequencies with respect to length change. The
sensitivity amplification factor was found to be ~16, which again
agreed with Eq. (5). Note that the interferograms of FPI; and
FPI, and their superimposed spectrum did not show a significant
shift in the experiment because these two fiber sections were
not disturbed. This experiment demonstrates that by combin-
ing the OCMI system with the Vernier-effect-based technique,
sensitivity-enhanced distributed sensing based on cascaded in-
fiber reflectors (i.e., an FPI array) can be realized. The sensitivity
amplification factor for each of the sensing FPIs depends on the
OPD difference between the sensing FPI and the reference FPI.
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For an ideal system, the OPD of the sensing FPIs should be
identical or close so that large amplification factors for all the
sensing FPIs can be obtained for a given reference FPIL.

An additional experiment was performed to demonstrate that
the sensitivity amplification factor for the sensing FPIs can be
adjusted by changing the length of the reference FPI (i.e., FPI)).
The results are given in Fig. S1 in Supplement 1. Note that
although only three FPIs were employed in the proof-of-concept
demonstration limited by the lab facility, the capability of the
OCMI technique is far beyond this limitation. The measured
spatial domain signal of a modified system with eight cascaded
FPIs in the sensing arm is presented in Fig. S2. By using the
fs-laser direct writing technique to inscribe weak reflectors in
an optical fiber core (with a typical reflectivity of approxi-
mately —45dB) [17], thousands of reflectors can be cascaded
along a single optical fiber, making long-distance and high-
sensitivity distributed sensing possible with the assistance of
the proposed technique. A theoretical analysis regarding the
maximum multiplexing amount of FPIs is given in Supplement
1.

It is worth mentioning that the OCMI system operates at
an incoherent setting so that the system is insensitive to the
types of waveguides (single-mode fiber or multimode fiber),
making it a good candidate for developing distributed multi-
mode fiber-based sensors for harsh-environment applications
[18,19]. However, the incoherent operation significantly lim-
its the sensitivity and dynamic range of the OCMI system, at
least one order of magnitude smaller than an OFDR system.
It is quite challenging for an OCMI system to interrogate the
Rayleigh backscattering signals along an optical fiber for dis-
tributed sensing. Therefore, weak reflectors are required for the
enhancement of the signal-to-noise ratio, which increases the
sensor cost compared with an OFDR system where an unmod-
ified optical fiber is used as the sensing element. This work is
dedicated to addressing the sensitivity aspect by proposing a
technique that can increase the sensitivity of the OCMI system,
making it comparable to the state-of-the-art OFDR systems.
The OCMI system is advantageous in terms of system cost and
the largest measurable length since large-bandwidth microwave
components are readily available.

In conclusion, a sensitivity-enhanced distributed optical fiber
sensor by combining the OCMI interrogation approach and
the Vernier-effect-based sensitivity amplification technique has
been proposed and experimentally demonstrated. The system
included two arms, the sensing arm and the reference arm. A
reference FPI was fabricated in the reference arm, whereas the
sensing arm included cascaded in-fiber reflectors that formed a
sensing FPI array. Using the OCMI interrogation approach, the
interferogram of each of the sensing FPIs could be ambiguously
reconstructed. By superimposing the reconstructed interfero-
gram of a specific sensing FPI with the interferogram of the
reference FPI, the Vernier effect was generated that could sub-
stantially improve the sensitivity of the sensing FPI by tracking
the frequency shift of the envelope signal of the superimposed
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spectrum. In addition, the sensitivity amplification factor was
shown to be dependent on the length difference between the
sensing FPI and the reference FPI and could be easily adjusted
by varying the length of the reference FPI. The work presented
herein demonstrated the first implementation of the widely used
Vernier-effect technique in a distributed optical fiber sensing
system, and paves the way to develop high-sensitivity dark-zone-
free distributed sensing systems that can find wide applications
in structural health monitoring and other fields.
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