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High-performance interrogation systems for optical fiber sensors are extensively required for environmental condition
monitoring applications. In this article, we propose and demonstrate a Michelson interferometer (MI) interrogation system
based on an optoelectronic oscillator (OEO). The frequency of the OEO is related to the free spectral range (FSR) of the MI.
Thus, when the FSR of the MI varies with a change in external physical factors, the frequency of the OEO shifts and can be
used for interrogation. We demonstrate that the temperature sensitivity and interrogation resolution are 35.35 MHz/°C and
0.012 °C, respectively. Such an OEO-based scheme enables wavelength-to-frequency mapping and promises a wide linear
interrogation range, high resolution and high-speed interrogation.

Keywords: interrogation system, optical fiber sensor, optoelectronic oscillator
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1. Introduction

Optical fiber sensors, with their advantages of light
weight, compact size and immunity to electromagnetic inter-
ference, have been widely used in the diagnosis and monitor-
ing of environmental conditions.!'*1 Among the various op-
tical fiber sensors, the Michelson interferometer (MI), with
its merits of ease of fabrication and high sensitivity, has ap-
plications in aeronautics, perimeter protection, bridge secu-
rity monitoring and environmental condition monitoring.>-8!
However, MIs are conventionally interrogated by wavelength
interrogation or Fourier transform, which requires an optical
spectrum analyzer (OSA). ! Therefore the interrogation reso-
lution and speed are largely limited by the OSA; these limita-
tions would in turn affect the performance of the sensing and
measurement systems.

An interrogation scheme enabled by electrical approaches
therefore has potential in applications requiring high reso-
lution and high-speed interrogation. Generally, electrical
domain-based interrogation of a MI can be implemented using
the following three approaches. The first approach is based
on intensity interrogation and is achieved by monitoring the
power of the electrical signal output by a photodetector (PD).
This is a simple approach. However, the linear interrogation
range is limited by the small linear region of the interference
fringe.°! In addition, the interrogation accuracy would suf-
fer from power fluctuations. The second approach, phase-
generated carrier-based interrogation, is achieved by monitor-
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ing the phase difference between the two signals transmitted in
the two arms of the MI. A wide linear interrogation range and
real-time interrogation can be enabled. Nevertheless, addi-
tional phase modulation of the reference signal is required,©!
increasing the complexity of the interrogation system. The
third approach uses microwave photonic technologies, which
convert the wavelength shift in the optical domain into a fre-
quency shift in the electrical domain. For example, MI inter-
rogation systems based on a periodic microwave photonic fil-
ter (MPF) have been proposed for temperature measurement!”!
and displacement measurement, ! but the use of a vector net-
work analyzer (VNA) makes the system costly.

In this paper, we propose an interrogation system for a MI
sensor. An optoelectronic oscillator (OEQO), enabled by the
sinusoidal nature of the MI interference fringe and a single-
passband MPF, are incorporated in the proposed interrogation
system. The central frequency of the single-passband MPF,
determined by the dispersive characteristics of the employed
dispersive medium and the free spectral range (FSR) of the
MI, mainly determine the frequency of the OEO. When the
sensing arm of the MI is affected by the external physical fac-
tors to be measured, the interference fringe of the MI (i.e., the
FSR) would shift, leading to a frequency shift of the single-
passband MPF and ultimately the OEO. Such wavelength-to-
frequency mapping therefore allows interrogation of the MI
by tracking the frequency shift of the OEO. We also use a
fiber ring resonator (FRR) for fine mode selection of the OEO,
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which further contributes to the stability of the OEO and the
interrogation accuracy of the proposed interrogation system.
Our proposed scheme brings high-performance interrogation
with a wide linear range, high resolution and high speed, and
can be used in applications in bridge security monitoring and
industrial machinery sensing that require the measurement of
strain or temperature.

2. Principle of operation

A schematic diagram of our proposed interrogation sys-
tem is illustrated in Fig. 1. A homemade erbium-doped fiber
amplifier (EDFA) is used as the broadband optical source
(BOS) to provide a broadband optical signal with a full band-
width of 60 nm. After transmission through a MI with two
unbalanced arms, a sinusoidal broadband optical signal is ob-
tained and then sent to a phase modulator (PM). After ampli-
fication in another EDFA and transmission through a disper-
sive medium (i.e., a dispersion-compensating fiber, DCF), the
modulated signal is transmitted through a FRR and then con-
verted into a radio-frequency (RF) signal in a PD. The gener-
ated RF signal is amplified by an electrical amplifier (EA) and
then divided into two paths via a divider. One path of the RF
signal is fed back to the PM to form the OEO loop while the
other is monitored via an electrical spectrum analyzer (ESA).

R,
Ry Sensing
OSA Probe
oC
Cir&< 3 % PM —>EDFA
> MI  PC DCF|
&> EER
BOS o0 l
ESA EA PD

Divider

Fig. 1. The proposed OEO-based interrogation system with the optical path
shown in black and the electrical path shown in orange. BOS, broadband
optical source; Cir, circulator; OSA, optical spectrum analyzer; OC, optical
coupler; R;, in-line reflector (i = 1, 2); MI, Michelson interferometer; PC, po-
larization controller; PM, phase modulator; EDFA, erbium-doped fiber am-
plifier; DCF, dispersion-compensating fiber; FRR, fiber ring resonator; PD,
photodetector; EA, electrical amplifier; ESA, electrical spectrum analyzer.

The interrogation principle is described below. The trans-
mission function of the MI can be written as

ZEnAL) ’ 0

T(l)«cos( 1

where A is the wavelength of the broadband optical signal, n is
the refractive index of the optical fiber composing the MI, AL
is the length difference between the two arms of the MI. The
FSR of the MI can be derived as AAgsg = A2 /2nAL. Thus, the

sinusoidal broadband optical signal with a FSR equal to AAgsg
is obtained.

As reported in Mora et al.,'%! a single-passband MPF can
be obtained by the joint operation of the sinusoidal broad-
band optical signal, an electro-optic modulator, a disper-
sive medium and a PD. The central frequency of the single-
passband MPF can be written as!!"]

1
DAAgsr’

where D is the total dispersion (ps/nm) of the DCF (and is
fixed in this work). Hence, fypr is uniquely linearly propor-

(@)

SfmpE = —

tional to AAgsr. Similar to the mechanism of the optical fiber
laser, 'l if the single-passband MPF alone is incorporated in
a closed OEO loop and provides sufficient gain for the OEO
loop, a RF signal whose frequency is equal to fypr would
be obtained. Considering the 3-dB bandwidth of the single-
passband MPF and the single-mode oscillation of the OEO
further, we used a FRR composed of an optical coupler and
a length of optical fiber in our work. This introduces an addi-
tional infinite impulse response (IIR)-MPF with a periodic re-
sponse and narrow bandwidth nature for each peak. The FSR
of the FRR-based IIR-MPF can be expressed as!'>13]

Afrrr = ©)

nLERR
where Lprr is the length of the optical fiber constituting the
FRR, and c is the speed of light in a vacuum. Therefore, in this
work, the open-loop response of the proposed OEO (i.e., the
MPF response) would be determined jointly by the responses
of the single-passband MPF and the FRR-based IIR-MPF. The
frequency of the OEO is mainly determined by fypr and is
uniquely linearly proportional to AAgsg. The mode spacing
of the OEO is jointly affected by the FSR of the FRR-based
IIR-MPF and the length Lpcp of the DCE. 131 Thereby, the
wavelength-to-frequency mapping from the FSR AAggg of the
MI to the frequency of the OEO is established.

When the sensing arm of the MI is affected by external
physical factors, the optical spectrum at the output of the MI
would shift, leading to the variation of AAgsg. For temperature
measurement, the varied FSR of the MI can be written as

12
2nAL+2 (ot + &) nLAT’

Adfsr = 4)
where o and & are the thermal expansion coefficient of the
optical fiber and the thermo-optic coefficient, respectively, L
is the length of the optical fiber affected by the temperature
variation and AT is the temperature variation. Thanks to the
wavelength-to-frequency mapping, the frequency of the OEO
shifts in correspondence with AAgsr. The frequency shift of
the OEO therefore can be derived as

1 1 1

Af = — =
f DAMz  DAXpsg| DA2

(a+E&)-2nLAT. (5)

090702-2



Chin. Phys. B 31, 090702 (2022)

It can be found that the frequency shift of the OEO is lin-
early proportional to the variation of temperature when the
total dispersion D of the DCF is fixed.
the linear relationship between the variation of strain A€ and
the frequency shift of the OEO can be expressed as Af =
(1 — pe)2nLAg/DA?, where pe is the effective elastic-optic

In a similar way,

coefficient of the fiber. Hence, interrogation of the MI can be
implemented by monitoring the frequency shift of the OEO.

3. Experimental results and discussion

The experimental setup of the proposed interrogation sys-
tem is shown in Fig. 1. A homemade EDFA with non-uniform
spontaneous emission spectrum profile acts as the BOS. As
observed by the OSA (Yokogawa, AD6370D) and shown in
Fig. 2(a), a sinusoidal broadband optical signal with a AAgsg
of 0.406 nm @ 1540 nm is obtained by the joint use of the
BOS and the MI. Then, the sinusoidal broadband optical sig-
nal is modulated in the PM (Thorlabs, LN53S-FC) with a 3-dB
bandwidth of 10 GHz and a half-wave voltage of 3.5 V. The
DCEF has a total dispersion D of —334 ps/nm and a length Lpcp
of around 2.4 km. After transmission through the DCF and
amplification by another EDFA (Lion, BROADTRAN-16), the
modulated optical signal is sent to the FRR, which comprises
a40:60 optical coupler and an optical fiber with a length Lprg
(~ 500 m). Finally, the optical signal is converted into a RF
signal in the PD (Thorlabs, RXM25AF) and amplified by an
EA with a 3-dB bandwidth of 20 GHz and a typical gain of
26 dB. The generated oscillation signal is monitored by the
ESA (Agilent, N9010A).

Joint operation of the sinusoidal broadband optical sig-
nal with AAgsg = 0.406 nm and a DCF with D = —334 ps/nm
leads to a single-passband MPF and the OEO, the responses of
which are shown in Fig. 2(b). The frequencies of the single-
passband MPF and the OEO are in good agreement, although
they are slightly different from the theoretical result based on
Eq. (2). This frequency difference is mainly introduced by
the instability of the MI reflection spectrum and the resulting
measurement error of AAgsg. However, it would not greatly
deteriorate the performance of the proposed interrogation sys-
tem since the interrogation is not performed by tracking the
wavelength shift. The 3-dB bandwidth of the single-passband
MPF is around 396 MHz, which would lead to severe mode
competition in the OEO. The FRR-based IIR-MPF is therefore
introduced to mitigate this problem. The zoom-in spectrum of
the OEO is shown in Fig. 3. Multiple modes with a spacing
of 84 kHz and 429 kHz are observed simultaneously; the for-
mer is determined by ¢/nLpcr, and the latter is determined by
Afrrr. It worth noting that, due to the FRR, single-mode os-
cillation of the OEO is guaranteed. A BOS with Gaussian or
rectangular profile can also be used to narrow the 3-dB band-

width of the single-passband MPF and mitigate the mode com-
petition to some extent.
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Fig. 2. (a) Optical spectrum of the sinusoidal broadband optical signal mea-
sured at the output of the MI. Inset: zoomed-in view of the optical spectrum.
(b) Measured OEO output (blue solid curve) and the single-passband MPF
response (red short dash curve).
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Fig. 3. Electrical spectrum of the OEO output (the resolution bandwidth is
0.75 kHz).

The performance of the proposed interrogation system in
temperature measurement was evaluated. Part of the sensing
arm was placed into a thermostatic water bath, and the length
L of the optical fiber affected by the temperature variation was
106 cm. As shown in Fig. 4, the frequency of the OEO shifted
toward a higher-frequency regime with increasing tempera-
ture. This is consistent with the theoretical analysis described
in Eq. (5). The linear relationship between the frequency shift
of the OEO and the temperature variation can be learned from
Fig. 5. The temperature sensitivity and the correlation coeffi-
cient (R?) are 35.35 MHz/°C and 0.99, respectively. To further
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improve this sensitivity, L can be increased further. An appro-
priate decrease of the total dispersion D of the DCF would
also help. Note that the frequency of the OEO changes from
7.8 GHz to 8.5296 GHz when the sensing head is moved from
the test bench to the water bath. This is mainly due to the fol-
lowing two reasons. The first is the undesired disturbance and
stretching of the MI arm during this movement. The second is
the difference between room temperature and the water tem-
perature. Nevertheless, when the optical fiber is fixed in the
water bath at constant temperature, the OEO oscillates stably.
Calibration is also required before the test.

1ok —314°C —345°C —36 °C
—40 °C 41.5 °C 46 °C
_ook 48.7 °C 50.8 °C
2
) —30
3
£ —40
o
ol
—50 '
—60 WW\ |
T T T T T T
86 87 88 89 9.0 9.1 9.2
Frequency (GHz)
Fig. 4. OEO outputs at different temperatures.
B Experimental data n
N —— Linear fit
T 600
2
&
= 400
12}
>
g
g 200f S=35.35 MHz/°C
o
o R?=0.99
€
0 -
| | | | |

Temperature (°C)

Fig. 5. Relationship between the temperature variation and the frequency
shift of the OEO.

Next, the interrogation resolution and accuracy of the
OEO-based interrogation system were investigated. Consider-
ing the use of the FRR and the corresponding mode spacing of
429 kHz, the theoretical interrogation resolution is 0.012 °C,
which can be improved by decreasing the FSR Afrrr of the
FRR when the sensitivity is fixed; however, Afprr cannot be
decreased arbitrarily due to mode competition of the OEO.
This places an upper limit on the interrogation resolution.
The interrogation accuracy is evaluated by measuring the sta-
bility of the OEO. As shown in Fig. 6, when the proposed
OEO-based interrogation system operates in a room environ-
ment over 30 min, the measured frequency and power fluctu-
ations are 2.88 MHz and 1.24 dB, respectively. Hence, the
temperature interrogation accuracy corresponds to 0.08 °C.
To improve this temperature interrogation accuracy further,

the frequency fluctuation of the OEO should be minimized
and an additional mechanism for further mode selection is
required. Considering the OEO frequency tunable range of
around 3 GHz (in this case) and the temperature sensitivity of
35.35 MHz/°C, the theoretical temperature interrogation range
of the proposed interrogation system is around 84.9 °C. How-
ever, in practice this interrogation range can be improved by
broadening the frequency tunable range of the OEO and the
3-dB bandwidth of the photoelectric devices (e.g., the 3-dB
bandwidth of the PM).

N 2 —14.5
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Fig. 6. Measured frequency fluctuation (red squares) and power fluctuation
(blue circles) of the OEO.

A comparison of various temperature-sensing schemes
and the interrogation approaches is shown in Table 1. Indeed,
the interrogation resolution of our work should be improved
compared with that in the work of Li et al.'*l However, unlike
the wavelength interrogation scheme based on an OSA, 414151
our work achieves wavelength-to-frequency mapping in the
electrical domain, illustrating a potential method of high-
speed interrogation that supports a wide linear interrogation
range by avoiding overlapping of the measured spectrum. 8]
Note that the interrogation speed reaches the MHz range
when a digital signal processor unit is used.!'”! Compared
with a microwave photonics-based interrogation system us-
ing a VNA,!”8] our work lowers the overall cost by avoiding
the use of a VNA. In addition, compared with temperature
measurement systems based on a Sagnac interferometer!!3!
or Mach—Zehnder interferometer,!!”! a MI indeed provides a
much higher sensitivity. The ultra-sensitive nature of a MI, in
turn, implies that a MI is susceptible to undesired disturbance
and the stability of the proposed interrogation system would
be adversely affected to some extent. It is worth noting that
when the sensing head is sensitive to other physical factors
(e.g., refractive index, strain), the proposed OEO-based inter-
rogation system can be used not only for temperature measure-
ment but also the measurement of these physical factors.>]
Such an OEO-based interrogation system with high resolution
and high speed would support practical applications such as
bridge security monitoring and industrial machinery sensing.
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Table 1. Comparison of various temperature sensing schemes.

Sensor head Interrogation scheme Speed Sensitivity Resolution (°C) Range (°C)
‘Wavelength int ti
Liquid-filled silica capillary tube! avelenstimierrogation  g1ow  5.086 nm/°C 0.0039 25-55
based on OSA
Wavel th int ti
Long period grating!! ave enetil IIEosstion  glow  1.316 nm/°C 0.0152 25-45
based on OSA
Thi . . 1s)  Wavelength interrogation o
in fiber-based Sagnac interferometer (SI) Slow 1.55 nm/°C 0.013 30-94.5
based on OSA
‘Wavelength int ti
Fiber surface plasmon resonance!'°] avelength interrogation Fast 1.765 nm/°C 0.198 35-95
based on spectrometer
F int ti
SI13] requency imtetrogation  pigt  2.66 MHz°C 0.096 16.5-61.5
based on OEO
Mach—Zehnder interferometer!!”] Frequency interrogation Fast 3.7 MHz/°C 0.015 25-75
based on OEO
F i i 1.4-51.
Our work requency Interrogation g 35.35 MHz°C 0.012 34518
based on OEO (can be extended to 84.9 °C)
4. Summary [5] Zhao Y, Zhou A, Guo H, Zheng Z, Xu Y, Zhou C and Yuan L 2018 J.

In summary, we have demonstrated a MI interrogation
system implemented in the electrical domain. The fundamen-
tal idea is wavelength-to-frequency mapping enabled by the
OEOQO. With the applied external physical factors, the frequency
of the OEO changes with the FSR shift of the MI. Opera-
tional feasibility is verified for temperature measurement, and
the temperature sensitivity, interrogation resolution and inter-
rogation accuracy are 35.35 MHz/°C, 0.012 °C, and 0.08 °C,
respectively. The sensitivity can be improved by increasing
the length of optical fiber affected by temperature. The in-
terrogation resolution, although limited, is adjustable and can
be improved by appropriately increasing the length of optical
fiber constituting the FRR.
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