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Abstract—Besides distinct features on RF/optical signal
generation, optoelectronic oscillators (OEQs) have also been
rapidly developed as emerging techniques towards sensing,
measurement, and detection. In this paper, we start with the
conceptual architecture and the analytical model of OEOs. Then,
three operation principles behind sensing, measurement, and
detection applications are categorized, including the variation on
the time delay of loop, the passband reconfiguration of microwave
photonic filter in loop, and the oscillation gain from injection
locking, which clearly clarify the X-to-frequency mapping (X
denotes target parameter or signal) for supporting practical solu-
tions and approaches. Next, a comprehensive review to advances
in OEO-based sensing, measurement, and detection applications
is presented, including length change and distance measurement,
refractive index estimation, load and strain sensing, temperature
and acoustic sensing, optical clock recovery, and low-power
RF signal detection. As a new application example, a novel
approach for in-line position finding is proposed. When a long
fiber Bragg grating inserted into OEO is locally heated to slightly
broaden its reflection spectrum, the target position heated is
mapped into the oscillating frequency shift, according to the first
operation principle. A sensitivity of 254.66 kHz/cm is obtained
for position finding in the experiment. Afterward, solutions for
calibration and stabilization are briefly introduced, which enable
us to improve the accuracy and reliability. Finally, features and
future prospects on the sensing, measurement, and detection
applications are discussed, such as compact and integrated OEQOs.

Index Terms— Optoelectronic oscillator (OEQ), oscillating fre-
quency, sensing and sensor, measurement, detection, position
finding, fiber Bragg grating, photonic integrated circuits (PICs).
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I. INTRODUCTION

SCILLATIONS are common phenomena and most

widely used in our society, inside which periodic energy
conversions are implemented or sustained. Such oscilla-
tions refer to for instance traditional mechanical oscillators
(e.g., clock pendulum, spring-mass system), electromagnetic
ones, atomic or quantum mechanical ones [1]-[7].

Among these oscillators, the electromagnetic ones are essen-
tial to electrical engineering, information technology, and com-
puter science. Such oscillators originate from the oscillating
arch built by E. Thomson in 1892 [8], followed by the invented
vacuum tube oscillators using feedback or “regeneration” in
1912 [9]. Nowadays, we can find a wide variety of notable
electromagnetic oscillators, such as piezoelectric quartz res-
onator, maser, laser, and optoelectronic oscillator (OEO).

The objective of this paper is OEO, of which the concept
dates back to the paper of R. T. Kersten in 1978 [10].
Then, some prototypes to OEOs were designed using directly
modulated laser sources or free space optics [11]-[18]. Next,
X. S. Yao and L. Maleki developed OEOs by using fiber-optic
devices and achieved excellent specification in phase noise for
the generated microwave signal [19]-[21].

Inside the OEO, a hybrid oscillating loop consisting of
both optical and electronic elements and links, is capable
of forming self-sustained oscillation to generate both radio-
frequency (RF) and optical signals based on the hybrid gain
or feedback from the electrical and the optical domains. More
importantly, the energy-storage capability can be significantly
improved to offer extremely high spectral purity, by using
long optical link with low loss and low dispersion in RF
bands or high-Q optical resonators [e.g., whispering-gallery-
mode resonators (WGMR) or Kerr frequency comb [22]].
These features are usually very complex or even not directly
possible to be achieved by using pure electronic techniques.
Meanwhile, large bandwidth and frequency-independent loss
of optical components and links are greatly beneficial for us
to achieve unprecedented frequency agility.

Consequently, as one of key optoelectronic units [23],
OEOs have already been implemented in numerous appli-
cations in terms of the generation, distribution, processing,
and detection of electromagnetic signals. In particular, OEOs
are inevitable for almost any system that transmits or/and
receives electromagnetic signals, and extensively used in com-
munications, radar, signal processing, sensor, metrology, radio
astronomy [24]. In the following, quintessential applications
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are listed, including signal generation, sensing, measurement,
and detection.

A. Generation of Continuous-Wave RF Signals

As demonstrated above, to OEO the most concerned is its
capability of generating continuous-wave (CW) RF signals
with ultra-low phase noise. From the first OEO prototype
released in 1994, a 9.2-GHz oscillating signal with a linewidth
of 100 Hz was generated [19]. Stemming from this prototype,
a series of specific theories, devices, architectures, and solu-
tions have been proposed to facilitate the implementation of
OEOs. Directly modulated lasers were used to reduce power
consumption [25], and dual-loop or multi-loop architectures
were used to suppress the sideband spurious and to reduce the
phase noise simultaneously [26]-[33], including polarization
diversity, wavelength diversity, or cascaded rings. Also, the
frequency stability and the spectral purity of OEOs can be
optimized through injection locking, intra-loop Fabry-Perot
etalons, or high-Q filters [34]-[40]. For instance, the spectral
purity in coupled OEOs can be greatly enhanced to enjoy
an extremely low phase noise, approaching —160 dBc/Hz at
10-kHz offset as predicted [39].

In terms of frequency coverage and frequency agility,
frequency-doubled or frequency-multiplied OEOs have been
implemented using biased Mach—Zehnder modulator (MZM),
polarization modulator (PolM) in conjunction with polar-
izers, or signal processing based on stimulated Brillouin
scattering (SBS) effect [41]-[48]. Thus, high-frequency
microwave/millimeter-wave signals can be generated from
OEOs using low-frequency electronic elements, with the limit
on high-frequency narrow electrical filters and amplifiers
relieved. Also, tunable microwave photonic filters (MPFs)
enrich OEOs in wide and continuous frequency agility
[49]-[54]. Such MPFs can be realized through multi-tap archi-
tecture, spectrally sliced broadband light source, and phase
modulation to intensity modulation (PM-IM) conversion by
using dispersive elements, chirped fiber gratings, phase-shifted
fiber Bragg grating (PS-FBG), or asymmetric filtering. In [51],
for example, a microwave signal with frequency tuned from
3 to 28 GHz was demonstrated by optically adjusting the
wavelength difference between the optical carrier and the
notch of PS-FBG.

B. Generation of Pulsed Signals and Complex Waveforms

Besides CW tones, pulsed signals and complex waveforms
can be generated using OEOs, both in the RF domain and in
the optical domain.

According to the nonlinear dynamics or the dynamic insta-
bilities [S5]-[59], broadband chaotic RF signals were produced
at the output of OEQs, such as chaos with a flat power spectral
density of 8 GHz [57] and a chaotic ultra-wideband (UWB)
signal [59].

When RF tones originating from OEO loops are selected as
the seed, the generation of phase-coded, linearly-chirped, tri-
angular, and even arbitrary RF waveforms is greatly facilitated,
as being assisted by additional modulators or filters [60]-[62].
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Such complex waveforms can find significant applications in
advanced communications, radar, and electronic warfare.

In addition to RF signals, optical pulses with low time
jitter and high repetition rate are valuable products from
OEOs [63]-[71], owing to the unique feature providing both
electrical and optical outputs simultaneously. Moreover, there
are available optical frequency combs implemented using
OEOs [72]-[74].

C. OEO:s to Sensing, Measurement, and Detection

In recent years, emerging applications of OEOs to sensing,
measurement, and detection have intensively developed and
attracted much attention. Among these applications, in general,
the target parameter or signal (say X) to be measured is
converted to the frequency shift of oscillating signals of OEOs,
and we define this procedure as an X-to-frequency mapping
or coding. Then an analysis of the oscillating frequency in
the electrical domain tells the target parameter or signal.
Therefore, high resolution and high signal-to-noise ratio (SNR)
can be ensured.

Regarding the details of OEO-based sensing, measurement,
and detection, a considerable number of approaches have
already been demonstrated to measure target parameters or
signals, including such as distance, length change, refractive
index, temperature, transverse load, strain, and RF/optical
signals. Thus, there will be huge space and great prospects
for such applications using OEOs, and we will focus on this
topic.

The remainder of this paper is organized as follows.
In Section II, the conceptual architecture and the analytical
model to OEOs will be introduced. In Section III, three
categories of operation principles behind the sensing, mea-
surement, and detection using OEOs are summarized, i.e., the
variation on the time delay of loop, the passband reconfigura-
tion of MPF in loop, and the oscillation gain from injection
locking, respectively. Section IV is devoted to review diverse
applications of sensing, measurement, and detection in recent
years, ranging from length change and distance measurement,
temperature acquisition, refractive index detection, acoustic
sensing, load or train sensing, to low-power RF signal detec-
tion and optical clock recovery. Next, as a new application,
a novel OEO-based approach for position finding is firstly
proposed and experimentally demonstrated with details in
Section V. After the overall review and the detailed demon-
strations, Section VI describes calibration and stabilization
solutions for OEOs. As for future trends and prospects in
Section VII, compact and integrated OEOs towards sensing,
measurement, and detection are anticipated and preferred.
Finally, conclusion will be given in Section VIII.

II. CONCEPTUAL ARCHITECTURE AND
ANALYTICAL MODEL

As for the applications to sensing, measurement, and
detection, we start with the conceptual architecture and the
analytical model of OEOs.
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Fig. 1. Schematic diagram of OEO. LD, laser diode; EOM, electro-
optic modulator; PD, photodetector; EA, electrical amplifier; EBPF, electrical
bandpass filter; Div, divider.
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Fig. 2. Distribution of the relative amplitude versus the open-loop gain.

A. Conceptual Architecture

A generic OEO architecture is shown in Fig. 1, the key
part of which is a positive feedback loop consisting of a laser
diode (LD), an electro-optic modulator (EOM), a photode-
tector (PD), an electrical amplifier (EA), and an electrical
bandpass filter (EBPF). Firstly, the optical signal from the LD
is modulated by an RF signal in the EOM, and sent to a long
optical link to introduce a large time delay. A PD is then
employed to convert the optical signal to an RF one which
is fed back to the EOM after frequency selection and signal
amplification. Starting from transient noise, a stable oscillation
will be established to provide both low-phase-noise RF signals
and low-time-jitter optical pulses, once the power of the input
signal to the EOM is equal to the power of the output signal
of the EBPE.

B. OEO Model

Analytical models for OEOs can be found in Refs. [14], [16]
released in the 1980s. In this paper, we employ the one
established in 1996 based on the quasi-linear theory [20].
In conjunction with Fig. 1, the oscillation process of OEO can
be described mathematically step by step as follows. Firstly, a
transmission equation of the optical link is defined to bridge
the output of the EA with the input of the EOM, as

Vour (t) = Vpr {1 —nsinz [Viy, (¢) / Ve + VB/Vzl}, (D)

where # determines the extinction ratio of the EOM by
(14+#n) /(1 —mn), Vp and V. are the bias voltage and the
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half-wave voltage of the EOM. V,;, = (aPop/2) RG4 is
the photovoltage, where o is the fractional insertion loss of
the EOM, Py is the input optical power, p and R are the
responsivity and the load impedance of the PD, and G 4 is the
amplifier’s voltage gain.

From (1), the link gain (i.e., the open-loop gain, Gg) of the

OEO can be calculated as
T VB
0S . 2
() o

Assume a sinusoidal wave is applied to the EOM, i.e.,
Vin (t) = Vpsin (ot + ), where Vp, @ and S are the ampli-
tude, the angular frequency, and the initial phase of the
sinusoidal signal. Then, (1) can be expanded as

) ()

Ve Vr

+2 Z Jom (nV_Vo) cos [2m (wt + ,[)’)]]
m=1 T

©Vp ad Vo
_277005( V. ) z Jom+1 ( V. )sm

m=0

X [2m + 1) (wt + B)] ], 3)

_ dVout
dVip

v,
_ 1V

Gs = v
Vin =0 T

Vour () = Vi [1 — nsin(

where J), (-) denotes the m-th order Bessel function of the first
kind. When an ideal EBPF is used to refine V,,,, the output
of the EBPF (i.e., V,,,) can be written in terms of the input
of the EOM as

2V, Vo
Vo/ut (t) = Gsn_—‘;;-/l (V—”) Vin (t) . 4

Based on (4), the operation process of the OEO can be
described by the following iterative equations:

Vi(0,1) = F(0) G (Vi—1) Vie1 (w0, = 7)), (5a)
2V, Vi

GV = Gsnv,-_l Ji ( V. ) (5b)

Vico (0, 1) = Vin (0, 1), (5¢)

where i is the order of cycle, Vi (w, 1), G (V;), V; are the oscil-
lating signal between the EBPF and the EOM, the loop gain
coefficient, and the oscillating amplitude of the i-th cycle, and
Vin (@, 1) is the transient noise. F (w) = F (w) exp [i¢ (w)] is
a combined effect of all frequency-dependent components in
the loop, where F (w) and ¢ (w) are the amplitude and the
phase induced by this combined effect. Here, 7’ is the total
delay arising from the physical length of the OEO loop [20].
From (5), the distribution of the oscillating amplitude can be
revealed, as shown in Fig. 2. When the open-loop gain is larger
than 1 but less than 2.31, a constant oscillating amplitude can
be obtained to keep a stable oscillation. Beyond the threshold
of 2.31, however, periodic or chaotic behaviors occur, leading
to the generation of periodic or chaotic signals [56], [75].
When a stable oscillation occurs, the closed-loop gain is
actually less than 1. Therefore, a sum of (5a) yields the output
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RF power of the OEO, as
P (o)

2 1o 2
G2 | Vin (o, t)‘ /(2R)

>

4 F () G (vo)‘z—z ’F (@) G (vo)’ cos [T+ ¢ () + ¢o]
(6)

where ¢ is the phase factor related to the bias of the EOM.

In case of a free-running OEO without EBPF, a number of
periodic oscillating peaks will survive, and the corresponding
oscillating frequencies are determined by

wt' + ¢ (0) +do =2kn, k=0,1,2,....... )

Therefore, the free spectral range (i.e., FSR, or mode
spacing) and the oscillating frequency are obtained as

1 1

Jose = (k — ¢o/2m) x FSR. 9)

Here 7 is the total delay of the OEO loop, which is defined
as the sum of delays induced by the physical length and the
dispersion [20]. In accordance with (8) and (9), sensing, mea-
surement, and detection applications are realized by analyzing
the oscillating frequency or/and the FSR, when one, two, or
multiple oscillating modes are selected with/without EBPF.

III. THREE OPERATION PRINCIPLES TO SENSING,
MEASUREMENT, AND DETECTION

As demonstrated in Section II, the information carried by
the oscillating frequency or/and the FSR can be used for
the purpose of sensing, measurement, and detection. On the
other hand, for detailed approaches and practical solutions,
we have to establish a relationship between the oscillating
frequency (or/and the FSR) and the target parameter or signal,
the defined X-to-frequency mapping or coding aforementioned
in Section I. In this section, three key categories of operation
principles are summarized and presented to clarify the desired
relationship.

A. Variation on Time Delay of Loop

When the time delay of OEO is varied by a small value
of Az, the perturbations into the FSR and the oscillating
frequency are calculated as

1 1
AFSR = — — , (10)
T T+ At
Afpse = k (2 ! (11)
e T T+ AT)

This time delay variation actually reflects the change into
the loop length, cAtr = nAL 4+ LAn, where n and An are
the effective refractive index and its change, c¢ is the light
velocity in vacuum, and L and AL is the physical length
and its change. Therefore, any impact contributing to the
physical length and the effective refractive index can be mea-
sured, including length change, distance, position, temperature,
refractive index, strain, vibration, and so on.
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B. Passband Reconfiguration of MPF in Loop

Recently, high Q-factor optical filter is introduced into OEO
for implementing MPF, to select oscillating frequency within
large bandwidth. Such optical filters include PS-FBG, micro-
ring resonator, WGMR, Fabry-Perot cavity, etc. Generally, the
central frequency of the MPF (i.e., fyrpFr) is determined by
the frequency difference between the LD and the peak/notch
of the optical filter:

Supr =vip —vml, m=1,2,3...... , (12)

where vy p and v, are the frequencies of the LD and of the
m-th peak/notch of the optical filter, respectively. Under the
condition of single-mode oscillation, the oscillating frequency
of the OEO is approximately equal to the central frequency
of MPFE, namely f,sc = fypr. Consequently, a change in the
frequency difference will yield an oscillating frequency shift,
described as

Afpse = |Avip — Avl, m=1,2,3....... (13)

where Avyp and Av,, are the frequency changes to the LD
and to the m-th peak/notch of the optical filter, respectively.
As a result, any impact contributing to Avyp or Av, can
be estimated from the oscillating frequency shift, such as
transverse load, temperature, and frequency tuning of LD.

C. Oscillation Gain From Injection Locking

When an injection signal is sent into an OEO through optical
or electrical injection, the hybrid signals nearby might get
more power/gain from oscillation than others, due to gain
competition. In this case, the originally located oscillating
modes will be suppressed and a new oscillating mode will be
locked to the frequency range of the injection signal, providing
the so-called oscillation gain to the injection signal.

As the injection signal is described by p(f) =
po (1 4+ zsinwt) [76], the output of the EA can be written as

Vphp (t)

Vour (t): {1_775in7f[vin (t)/vn' +Ve/Vzl},

(14)

where z is the modulation index, pg is the amplitude of the
injection signal, and w is the angular frequency of the injection
signal. While a single mode is remained, it can be expressed as

Vo () = Vi [Asin (wt) + B cos (o1)] (15)
where
\% \%
A = —2ncos (ﬂVn ) J1 (EVEO) cos 8
\% \% \%
+z {1 — 77sin (EVHB) |:Jo (EVEO) - Dh (EVEO) cos Zﬂ“
(16a)
Vi
B = —2;7005( B) Ji (7[ O) sin 8
T V77.'
V Vi
_wsin(” )JZ(” O)smzﬁ (16b)
T V77.'
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Therefore, the output of the EBPF can be described as
V(;ut (1) = Vph\/mgn [w( — 1)+ B1],

where f1 = arctan (B/A). Under a stable oscillation, from
(17) we should have

A7)

Vonv A2 + B2 =V, (18)
ot —1)+p = ot +f — 2kn. (19)

Also, the angular frequency of the injection signal can be
written as

w=2r (fgsc:tAfB/z))

where A fp is the frequency offset of the injection signal with
respect to the oscillating frequency. In most cases, Afp is
defined as the locking range or the gain bandwidth, which
indicates that only the injection signal falling within this
bandwidth can be effectively amplified. By combing (19)
and (20), as the maximum negative and positive frequency
offsets are considered as an entire band, the locking range of
the OEO is derived as
br—p

A =
TB 2wt

Usually, the injection locking is used to reduce the phase
noise and to improve the stability of the OEO. Here we have to
highlight that the injection locking can also provide oscillation
gain to injection signals within the locking range, which is
just the principle behind OEO-based optical clock recovery
and lower-power RF signal detection.

(20)

21

IV. OVERALL REVIEW TO DIVERSE APPLICATIONS

Assisted by the analytical model and the operation prin-
ciples above, diverse applications to sensing, measurement,
and detection have already been realized using OEOs. In this
section, an overall review on these advances will be presented,
including length change and distance measurement, refractive
index estimation, load and strain sensing, temperature and
acoustic sensing, signal detection or recovery, and others.

A. Length Change and Distance Measurement

Length change and distance measurement is one of essential
functions in academic community, industry, and daily life. By
using oscillation or resonance effect, fine resolution can be
offered for distance or length measurement, especially when
high-order mode is selected according to the accumulative
magnification theory.

As a hybrid oscillator, OEOs show distinct performances
in distance or length change measurement [77]-[79]. OEOs
are capable of generating RF oscillating signals from funda-
mental mode to high-order mode with high frequency, narrow
linewidth, and low phase noise, such that an analysis on the
oscillating frequency leads to a fine resolution and a high SNR
for measurements.

In [78], we proposed such approaches for optical length
change measurement, as shown in Fig. 3. Here, the use of an
amplified spontaneous emission (ASE) source and no EBPF
help us reduce the complexity for stabilization control and

0601116

ASE
Pol

RF s1gnal

ASE

Pol
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Fig. 3. OEO-based approaches for length change measurement. ASE, ampli-
fied spontaneous emission; Pol, polarizer; MZM, Mach—Zehnder modulator;
OC, optical coupler; OVDL, optical variable delay line; EDFA, Erbium doped
fiber amplifier; PD, photodetector; Div, divider; EA, electrical amplifier; RF,
radio frequency.

the cost, while the performance is comparable to that using
laser source. For the OEO structure shown in Fig. 3(a),
the relationship between the optical length change and the
oscillating frequency shift can be derived from (11), which is

kc
Afosc ~ _m

where L is the total length of the OEO loop and AL is the
optical length change. Then, an additional recirculating delay
line (RDL) acting as an optical filter is introduced to enlarge
the FSR of the OEO, as shown in Fig. 3(b). Besides (22),
another linear relationship is added to jointly determine the
oscillating frequency shift, as

AL, (22)

Af, ke \p (23)
X ——— ,
osc an 1

1
where L, ALj, and k; are the total length, the optical
length change, and the order of oscillating mode of the RDL,
respectively.

From (22) and (23), a linear relationship between the
optical length change and the oscillating frequency shift is
established, thus the optical length change can be measured
by monitoring the frequency shift of the oscillating signals
and the sensitivity can be flexibly improved by choosing a
higher-order oscillating mode. Some experimental results are
illustrated in Fig. 4. When the fundamental mode (i.e., k = 1)
is selected, a sensitivity of —28 kHz/cm is obtained within
the range of 0-10 cm. Moreover, for a high-order mode
(i.e., k = 17), a higher sensitivity of —480 kHz/cm is achieved,
which can be further improved by flexibly choosing a much
higher-order mode.

While in [79], a dual-loop OEO was proposed to perform
the high-precision distance measurement. As shown in Fig. 5,
two wavelengths are used to construct two loops, one defined
as the measurement oscillator and the other as the reference
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Fig. 4. Measurement sensitivities to the optical length change by selecting
(a) fundamental mode (k=1) and (b) high-order mode ( k=17).
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Fig. 5.  OEO-based approach for distance measurement. LD, laser diode;
WDM, wavelength-division multiplexer; MZM, Mach—Zehnder modulator;
OADM, optical add—drop multiplexer; PZT, piezoelectric ceramic transducer;
PD, photodetector; EA, electrical amplifier; EBPF, electrical bandpass filter;
ESA, electrical signal analyzer.

oscillator. The measurement principle is identical to that
mentioned in (22). Here, a feedback setup performed by using
a phase-locked loop (PLL) and a piezoelectric ceramic trans-
ducer is used to control the loop length, resulting in a reduction
of the environmental interferences and an improvement to the
accuracy.

In the experiment, the measurement oscillator operated at
20 GHz for high sensitivity, while the reference oscillator at
5 GHz for easy feedback control. The resulting measurement
errors were less than 1.5 ym and the maximum uncertainty
was less than 3.5 um.

B. Refractive Index Estimation

OEOs also show excellent features in property analysis of
materials and compounds, such as refractometer or refractive
index estimation [80], [81].

Figure 6 shows the block diagram of such an OEO-based
system, where a glass cell is inserted into the OEO loop [80].
By comparing the oscillating frequencies obtained as the cell
is filled with and without a target material, the refractive index
(i.e., ny) of the material can be derived as

kc

02SCl
where n,;, is the refractive index of the air, and / is the inner
size of the glass cell.

In the experiment, four liquid materials (i.e., Acetone,
Acetonitrile, Dioxane, and Dioxolane) were tested for

A fosc| (24)

Ny = Ngir +
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O

o @1 <o

Fig. 6. Refractive index estimation using OEO. LD, laser diode; MZM,
Mach—Zehnder modulator; PD, photodetector; EA, electrical amplifier; EBPF,
electrical bandpass filter; Div, divider; ESA, electrical signal analyzer.

refractive index estimation. The maximum standard deviation
of the measurement results was 0.0031 by using a 500-m fiber
loop and a 10-mm quartz cell [81].

C. Load and Strain Sensing

At the mean time, OEOs provide enabling solutions for
applications such as load or strain sensing [82]-[84].

In [83], a transverse load sensor was implemented using a
dual-mode OEO. As shown in Fig. 7, a PoIM in combination
with a PS-FBG is employed to perform mode selection,
instead of an EBPF. Due to the birefringence, the PS-FBG
has two notches at different wavelengths corresponding to
two orthogonal polarization states, as depicted in Fig. 7(b).
The two notches are used to perform PM-IM conversion, and
two bandpass MPFs with different central frequencies will
be resulted, as shown in Fig. 7(c). Thanks to the two MPFs
implemented synchronously, this OEO simultaneously has two
oscillating frequencies which are described as

(25a)
(25b)

Josc—x = VLD — Vx,
foscfy = VLD — Vy,

where vy p is the frequency of the optical carrier, vy, vy are the
central frequencies of two notches along the two orthogonal
polarization states. A beating signal then is generated from the
two oscillating signals and its frequency is written as

Jbear = |f0sc—x - fosc—y| = |Vx - Vy| = |cb/(nolo)l, (26)
b = 2nj (p11 — p12) (1 +vp) cos (20) F/(xre),  (27)

where b is the load-induced birefringence, ng is the averaging
refractive index of the fiber, 1o is the Bragg wavelength,
p11 and pp» are the components of the strain optical tensor of
the optical material, v, is the Poisson ratio, ¢ is the Young’s
modulus, r is the radius of the fiber, # is the angle between
the direction of the force and the polarization axis of the fiber,
and F is the transverse load.

From (26) and (27), the transverse load can be monitored by
measuring the beating frequency. The experimental results are
indicative of a sensitivity of 9.73 GHz/(N/mm) which agrees
with the theoretical value of 9.6 GHz/(N/mm) [83].

Next, Ref. [84] provided an improved solution using an
injection-coupled OEO for load sensing. As shown in Fig. 8§,
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Fig. 7. OEO-based approach for transverse load sensing: (a) schematic

diagram; (b) reflection spectra of the PS-FBG along the two orthogonal
polarization states; (c) frequency responses of two MPFs. LD, laser diode;
PolM, polarization modulator; PS-FBG, phase-shifted fiber Bragg grating;
PD, photodetector; EA, electrical amplifier; Div: divider; ESA, electrical
signal analyzer.
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Fig. 8. Improved OEO-based approach for transverse load sensing. EDFA,
Erbium doped fiber amplifier; OBPF, optical bandpass filter; PC, polariza-
tion controller; PM, phase modulator; PM-PS-FBG, polarization-maintaining
phase-shifted fiber Bragg grating; SMF, single mode fiber; Pol, polarizer;
PD, photodetector; Div, divider; EA, electrical amplifier; ESA, electrical signal
analyzer.

the setup consists of a fiber ring laser and an OEO loop.
The fiber ring laser operates at two different wavelengths (i.e.,
A1 and A7) corresponding to the two notches of polarization-
maintaining PS-FBG (PM-PS-FBG) along the two orthogonal
polarization states. When the wavelength at 1; = c/vy is
injected into OEO loop as an optical source, an oscillating
signal with its frequency expressed as (28) is generated.
Likewise, the same thing happens to the other wavelength at
A2 = ¢/vy. In this way, a mutual injection locking is formed
between the two oscillations at the two wavelengths, leading
to a more stable oscillating frequency.

Jose = ’Vx - Uy’
= ’2cn(2) (p11 — P12) (1 + vp) cos (20) F/(Aomre)|.
(28)
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Fig. 9. OEO-based approach for temperature sensing. LD, laser diode;
MZM, Mach—Zehnder modulator; SMF, single mode fiber; PD, photodetector;
EA, electrical amplifier; EBPF, electrical bandpass filter; Div, divider; ESA,
electrical signal analyzer.
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Fig. 10. Acoustic sensing using OEO. LD, laser diode; MZM, Mach—Zehnder
modulator; PD, photodetector; EA, electrical amplifier; EBPF, electrical
bandpass filter; Div, divider; ESA, electrical signal analyzer.

Therefore, the transverse load can be calculated from the
oscillating frequency by following (28). The sensitivity of the
sensor was experimentally measured as +9.754 and
—9.735 GHz/(N/mm) [84], when the transverse load was
applied along the fast and slow axes, respectively.

D. Temperature and Acoustic Sensing

OEOs can also be used to implement temperature and
acoustic sensing.

Such a temperature sensor was proposed and experimentally
demonstrated in Ref. [85], as shown in Fig. 9. When the single
mode fiber (SMF) is heated, the total delay of the OEO loop
changes due to the physical length change (i.e., AL) and
the refractive index change (i.e., An). Then the oscillating
frequency shift can be written as

AL

Afosc = _fosc (_ +

An Ly
I 7) = _foscT (a +&) AT,

(29)

where L, is the fiber length for heating, a is the thermal
expansion coefficient, ¢ is the thermo-optic coefficient, and
AT is the temperature change. It is clear from (29) that
the temperature change can be derived by measuring the
frequency shift of the oscillating signals, and the sensitivity
is proportional to the oscillating frequency and the ratio of
Ly /L. In the experiment, a sensitivity of 43.91 kHz/°C was
obtained within the temperature range from 20°C to 240°C,
while the accuracy was calculated to be £0.12°C [85].
Acoustic sensors using OEOs have been implemented as
well [86], [87]. As shown in Fig. 10, a 1-kHz acoustic tone is
directed to the fiber spool of the OEO, and the stress will
induce strain in the optical fiber wound around the spool.
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Fig. 11. OEO-based approach to the optical clock recovery. DFB, distributed
feedback laser; RF, radio frequency signal; MZM, Mach—Zehnder modulator;
PD, photodetector; EA, electrical amplifier; EBPF, electrical bandpass filter;
Div, divider.

Then, the fiber length change (i.e., AL) and the refractive
index change (i.e., An) will be stimulated periodically, and the
corresponding time delay variation is Az & (AnL +nAL) /c.
Consequently, the oscillating frequency shift is written as

Afosc = = fose (AL/L + An/n). (30)

Therefore, the related parameters of the acoustic wave
can be obtained by analyzing the oscillating frequency shift.
It is noted that, due to the narrow linewidth of the high-
frequency RF signal generated, OEO-based acoustic sensors
can potentially provide a high spectral resolution without any
cost to the sensitivity.

E. Optical Clock Recovery and Low-Power
RF Signal Detection

Recently, based on the oscillation gain from injection lock-
ing, OEOs have been employed for optical clock recovery and
low-power RF signal detection [76], [88]-[101].

A typical scheme for optical clock recovery was released
in Ref. [76], as shown in Fig. 11. An EBPF with its cen-
tral frequency (i.e., fg) close to the clock frequency (i.e.,
Seiock) 1s needed to carry out mode selection. On the basis
of the injection locking effect presented in Section III, if
| fE — feiock| locates in the gain bandwidth or the locking
range, the OEO system will be locked to oscillate at a single
mode at feock. In this way, the clock signal of the optical
pulses is recovered successfully. Quite a few examples have
been demonstrated [88]-[97], such as the recovered optical
clocks with root-mean-square (RMS) jitters of ~ 40 fs @
10 GHz, 154 fs @ ~ 20 GHz, or 283 fs @ ~ 40 GHz for
on-off keying (OOK) signals, and 129.3 fs @ 4 x 25 Gb/s for
differential-phase- shift-keying (DPSK) signals.

In addition to optical clock recovery, low-power RF signals
buried in noise can also be detected by multi-mode
OEO [98]-[101]. One of such approaches is illustrated in
Fig. 12 [99], where all-optical gain is provided only by the
EDFA, leading to an improvement in the sensitivity. At the
mean time, no EBPF is used so that the OEO can oscillate
with multiple free-running modes.

At the beginning, the intra-cavity gain is set slightly below
the oscillation threshold, to be sensitive to an externally
injected signal. When an incoming low-power RF signal to
be detected is injected into the OEO, it will be amplified
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Fig. 12.  Low-power RF signal detection using OEO. TLS, tunable laser

source; MZM, Mach-Zehnder modulator; PD, photodetector; EDFA, Erbium
doped fiber amplifier; Div, divider; ESA, electrical signal analyzer.

by the oscillation gain as its frequency locates inside the
locking range of one free-running mode. While the incoming
RF signal does not match the oscillating modes, only loss is
offered. In this way, the low-power RF signals can be detected
and the effective frequency coverage is jointly determined by
the number of modes, the mode spacing, and the locking
range. Experimental results demonstrate a sensitivity as low
as —83 dBm, a mode spacing of 5.2 MHz, and a gain up to
8 dB @ —70 dBm, for low-power RF signals ranging from
1 to 6 GHz [99].

To enhance the detection performances, two TLSs are used
to provide two sets of complementary oscillating modes [100].
The switch between the complementary modes in the OEO
allows us to detect twice as many frequencies, making the
detection capacity doubled. What is more, the use of semicon-
ductor optical amplifier (SOA), rather than EDFA, minimizes
the OEO loop to have a large mode spacing, such as 100 MHz.

F. Others: Optical Frequency Stability Measurement
and Optical Power Monitoring

In addition to examples aforementioned, OEOs have found
increasing applications in other topics such as optical fre-
quency stability measurements [102] and optical power mon-
itoring [103].

In Ref. [102], the optical frequency stability of an LD
was monitored as a Fabry-Perot etalon was used to perform
mode selection in the OEO. The frequency drift of the LD is
proportional to the oscillating frequency shift according to the
second principle demonstrated in the Section III. Therefore,
optical frequency stability can be estimated from the oscillat-
ing frequency.

For optical power monitoring [103], according to the
model in Ref. [20], a relationship [see (31)] can be derived
between the oscillating amplitude (i.e., Vys) and the input
optical power (i.e., Py). Measuring the amplitude of the
oscillating signal reveals the optical power.

VOSC

Ji (71' Vosc/vn') . 1)

Py x
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TABLE 1
SELECTED SPECIFICATIONS OF OEO-BASED APPROACHES
Ref. Target Specifications
[77] Distance/ Length Resolution: 1.5um/Hz; standard deviation :
change 14.8 pm; length:~2km.
[78] Length change Resolution: -28kHz/cm within 10 cm
range, -480kHz/cm in 2.8-cm range. .
[79] Distance Maximum error: % 1.5um,; distance: 1.5 m Position
at an emulated 3.35-km distance.
[80] Refractive index Slope: -226.62 +2.53kHz/mm;
uncertainty: 107 .
[81]  Refractive index Standard deviation: less than 0.0031with Fig. 13. Conceptual diagram of the proposed OEO-based position-finding
10 mm quartz cell. approach.
[82] Strain Sensitivity: ~9.73GHz/(N/mm); resolution:
2.06x10™ N/mm.
[83] Transverse load Resolution: 360fm; slope: 0.20683
GHz/pe; range: 0~50 pe. Calibration
[84] Transverse load Sensitivity:+9.7573 GHz/(N/mm); - Target
resolution: 3.1566x10™ N/mm; range: . . $
~0.6N/mm Sensing probe or medium
[85] Temperature Sensitivity: 43.91 kHz/°C; accuracy: GEC
+0.12°C ; range: 20~240 °C. ] AL
[86] Acoustic tone Spectral resolution: sub-Hz. & &
- - — T 10 e B ] ]
[87]  Acoustic velocity ;Levlfactlltoyn (f?fzgli 2.3;13_6.10 m/s; Allan modulel+ J Back reflection/scattering
[91] Optical clock Format: RZ; locking range: ~5 kHz; RMS
recovery jitter: ~ 40 fs @ 10 GHz. Afisc
[92]  Optical clock Format: RZ; locking range: 37.4 MHz; \_ ~ J Oscillating frequency
recovery RMS jitter: 283 fs @ ~ 40 GHz. g
[94]  Optical clock Format: RZ; locking range: 360 kHz; RMS Space-frequency mapping or coding
recovery jitter: 154 fs @ ~ 20 GHz.
[96] Optical clock Data rate: 4x25 Gb/s; RMS jitter: 129.3 fs Fig. 14. Generic architecture to the OEO-based position-finding approach and
recovery for DPSK and 166.6 fs for OOK. the space-frequency coding behind this approach. PD, photodetector; OEO,
[98] Low-power RF Frequency range: ~2 GHz; mode spacing: optoelectronic oscillator.
signal detection ~400 MHz; sensitivity: -75 dBm; gain:10
dB
[99] Low-power RF Frequency range: 1~ 6 GHz; mode : .
signal detection spaging: g.Z MgHz; sensitivity: -83 dBm; A. Design and Principle
gain: up to 8 dB @ -70 dBm. The conceptual diagram and the generic architecture of the
(100} Low-power RF Sensitivity: -78.4dBm; mode spacing: proposed approach are shown in Figs. 13 and 14, respectively.
signal detection 100MHz; gain bandwidth: 140 MHz. S . .
- - The OEO is simply comprised of a laser and modulation
[102]  Optical frequency Frequency resolution: ~3.5kHz; range: 5 . . .
stability MHz; update rates: 90 Hz module, a PD, and an E-Module including electrical filter,
[103]  Optical power Dynamic range: 6dB; accuracy: 0.25dB. amplifier, and divider. A sensing probe or medium is inserted
__ monitoring _ into the loop by using an optical circulator. When the target
;:};Iesr Position finding Sensitivity: 254.66 kHz/em; range: 0=3 em. - 1 qition along the sensing medium is affected by environ-

A sub-conclusion is drawn here for this overall review to
diverse applications. An X-to-frequency mapping or relation-
ship is firstly established from the three operation principles.
Then, an analysis of the oscillating frequency or/and the FSR
is capable of obtaining the target parameter or signal, such
as distance, length change, refractive index, temperature, low-
power RF signal, and optical clock. These emerging OEO-
based approaches to sensing, measurement and detection have
the advantages of high resolution and high SNR, while some
selected specifications are listed in Table 1.

V. NOVEL APPLICATION EXAMPLE: POSITION
FINDING USING OEO

After the overall review in Section IV, a novel application
to in-line position finding using OEO is proposed and exper-
imentally demonstrated for the first time in this section.

mental factors (e.g., heat or strain), a backward reflection or
scattering of the optical signal will be stimulated to provide
feedback for initiating an oscillation. Potential elements or
schemes to form backward reflection or scattering include, but
not limited to, FBG, Rayleigh scattering, Brillouin scattering,
strain, bending, radiation, and heating.

To find the target position, we firstly set a reference as
the calibration position, and the corresponding total length
(say L) of the OEO loop is already given. According to the
calibration position, the oscillating frequency corresponding to
the target position is derived as

kc
Lo+ 2nAL’

where fy is related to the bias of the MZM [20], [98], k
represents the order of the oscillating mode, # is the refractive
index of sensing medium, and AL is the spatial distance
between calibration and target positions. Assuming Lo >
2nA L, the oscillating frequency shift with respective to the

fosc = fO + (32)
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Fig. 15. (a) Block diagram of the OEO-based position-finding approach using
a long uniform FBG and the original reflection spectrum without heating;
(b) illustration of local heating to the long FBG and the resulting reflection
spectrum broadening. LD, laser diode; MZM, Mach—Zehnder modulator;
EDFA, Erbium doped fiber amplifier; PD, photodetector, EBPF, electrical
bandpass filter; EA, electrical amplifier; C, optical circulator; FBG, fiber Bragg
grating.
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calibration position can be expressed as

AL
AfOSC = —anc?

0

(33)

Consequently, the target position in terms of the spatial dis-
tance to the calibration position can be derived as

AL L% A
- 2nkc fOSC'

It is clear that (34) reveals a linear relationship between
the spatial position and the oscillating frequency shift for
position finding. This is just the operation principle behind this
approach, and we define it as “space-to-frequency mapping or
coding”, as illustrated in Fig. 14. Usually, a narrow EBPF is
used to provide a single-mode oscillation in this approach,
such that fy and k can be determined in accordance with the
calibration position.

Since f,sc or A f,s. can be simply obtained by using an elec-
trical spectrum analyzer, the target position being affected by
local environmental parameters can be effectively measured.
Owing to the available high-resolution frequency analysis in
the electrical domain, high resolution can be ensured for
position finding.

A detailed setup for this position-finding approach is
designed and shown in Fig. 15, where a long FBG acts as
the sensing medium. The optical carrier emitted from the LD
is modulated by an RF signal, then sent to the FBG through the
optical circulator. As shown in Fig. 15(a), the wavelength of
the optical carrier is placed out of the reflection bandwidth of
the FBG. In this case, no optical signal will circle to the PD to
sustain an oscillation. On the other hand, if any environmental
influence (e.g., pressure, temperature, or strain) is applied
to a local segment of the FBG, the reflection spectrum will

(34)
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Fig. 16.
uniform FBG.

Experiment setup of the position finding approach using a long

be broadened towards long wavelength range. Consequently,
as illustrated in Fig. 15(b), the modulated optical signal is
reflected back to the PD. As the reflected power and the in-
loop gain are large enough, a sustainable oscillation will be
established and the frequency of the oscillating signal indicates
the target position being stimulated.

B. Experiments and Results

To support the proposed approach, experiments are per-
formed with the setup shown in Fig. 16. A 3-cm uniform
FBG is used in our experiments as the sensing medium.
As illustrated in Fig. 15(a), we firstly place the optical carrier
out of the reflection band of the FBG at the long-wavelength
direction, so that no oscillation will occur.

Then a 450-nm laser source is used to locally heat a
specific position of the FBG, serving as an environmental
perturbation to a target position. Due to the thermo-optic
effect, the reflection spectrum of the heating position will
move towards long wavelength, while the reflection spectra
of other positions keep unchanged. As a result, the whole
reflection spectrum will be broadened to cover the optical
carrier with low reflectivity, and the OEO loop is prolonged
by a length twice the relative distance between the calibration
position and the heating position. In this way, oscillation will
occur and the oscillating frequency indicates the exact position
being locally heated.

In addition, to ensure single-mode operation without mode
hopping, the EBPF used in our experiment has an ultra-narrow
bandwidth of 1 MHz, while the mode spacing of the OEO is
estimated to be 7 MHz.

For simplicity of comparison, the reflection spectra of FBG
before and after heating are depicted in Fig. 17, respec-
tively. The central wavelength of the reflection spectrum is
1551.38 nm, so the optical carrier at 1551.72 nm is totally
out of the reflection band of the FBG. After heating, a broad-
ening on the reflection spectrum towards long wavelength is
observed. Thanks to this spectrum broadening, the optical
carrier is reflected back to the PD to sustain a continuous
oscillation.
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Fig. 17. Reflection spectra of the FBG before (a) and after (b) being heated
by the 450-nm laser.
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Fig. 18. Electrical spectra of oscillating signals generated at different target
positions heated.

During the experiments, the beam of the heating laser is
moved with a step of 0.5 cm to emulate different target posi-
tions. Thus, different RF oscillating frequencies are obtained
for different local positions being heated, as shown in Fig. 18.
It can be seen that the corresponding oscillating frequency
changes with the move of the target position heated, without
any ambiguity. Quantitatively, a linear relationship between the
oscillating frequency and the target position heated yields and
the measurement sensitivity is 254.66 kHz/cm within the range
of 0~3 cm, as shown in Fig. 19. Note that higher measurement
sensitivity can be easily reached by selecting high-order oscil-
lating mode using high-frequency EBPE. Also, the accuracy
or the stability can be improved by using additional feedback
control shown in next section, with undesired environmental
interferences reduced.

In addition, besides the long FBGs used here, it should be
pointed out that other optical element or schemes can also
be used as sensing mediums for the proposed approach. As
long as the backward reflection or scattering from the target
position along the optical link is large enough for sustaining an
oscillation and no reflection or scattering from other positions,
we are capable of linking the oscillating frequency with the
target position according to “space-to-frequency mapping or
coding” shown in Fig. 14.

VI. CALIBRATION AND STABILIZATION

For all applications to sensing, measurement and detection,
the calibration and the stability of OEOs are always a critical
step to ensure reliability and accuracy. For instance, a stable
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Fig. 19.  Variation of RF oscillating frequency versus the target position
heated with respective to the calibration position (zero offset). The calibration
point is placed at the far end of the FBG in the experiment, not at the near
end in Fig. 14.

reference oscillator can effectively circumvent the influence of
undesired frequency shifts resulted from temperature change
or vibration [79]. In this section, we will briefly introduce
methods commonly used to improve the stability of OEOs,
which are classified into three categories, injection locking
or coupled OEOs [34], [104]-[113], PLL technique [112],
[114]-[117], and Pound-Drever-Hall (PDH) technique [37],
[118]-[121].

A. Injection Locking or Coupled OEOs

Injection locking can provide an effective solution to
improve the stability of OEOs. In the case of single injection,
the oscillating frequency is locked to a high-quality electri-
cal/optical reference signal, and the stability of the OEO is
directly determined by the reference signal. As for mutual
injection, one OEO and the second oscillator (e.g., the other
OEO [106] or fiber ring laser [107]-[113]) operate at the same
oscillating frequency. One harmonic of the OEO is locked to
one harmonic of the second oscillator, such that their oscillat-
ing frequencies mutually restrict and refine. Correspondingly, a
self-stabilization system will be established. In some scenarios,
the system using mutual injection is also defined as coupled
OEOs.

B. PLL Technique

Basically, the PLL technique is mostly used to lock the
frequency or the phase of the signal to a low-frequency stable
signal or oscillator. With the same architecture, the PLL can
also be introduced for stabilizing the operation of OEOs.
By comparing the oscillating signal of the OEO to a reference
signal, a correction or feedback signal is generated and sent
back to feedback control units. Then, the parameters of the
OEO system can be dynamically adjusted by feedback con-
trol units, such as the voltage-controlled RF phase/frequency
shifter [114], [115], the voltage controlled optical phase
shifter/cavity-length control module [112], [116] and the bias
of the MZM [117]. Correspondingly, the oscillation of OEO
is stabilized further.

C. PDH Technique

As well known, the PDH technique is a powerful tool to lock
an LD with an optical resonator. Likewise, the PDH is capable
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of improving the frequency stability of the OEOs where an
optical resonator is used for mode selection.

In general, the relative drift between the wavelengths of the
LD and of the optical resonator is converted into the deviation
on the oscillating frequency of OEOs. To fix this problem,
the wavelength of the LD should be locked to one peak
of the optical resonator, and the procedure is listed as follows.
The optical signal from the LD is firstly frequency modulated
by a low-frequency tone, and sent to the optical resonator.
The intensity of the reflected optical signal discriminates the
relative offset between the wavelength of the LD and the spe-
cific peak of the optical resonator. In particular, the derivative
of the reflected intensity clarifies a positive or negative offset
with respective to the resonant peak, according to the in-phase
or out-of-phase variation [118], [120]. Thus, both the value
and the direction of the relative offset are used as feedback
for active stabilization to the LD, making the wavelength of
the LD closely locked to the optical resonator. As an example,
the fractional frequency stability of the OEO was improved
to 3.3 x 10710 @10.5GHz at 1-s offset by using the PDH
technique [120].

VII. DISCUSSIONS ON FEATURES AND
FUTURE PROSPECTS

After these diverse applications and examples above,
distinct features and future prospects for OEO-based sensing,
measurement, and detection are discussed in this section.

A. Features in Frequency Resolution and
Signal-to-Noise Ratio

During the procedure of sensing, measurements, and detec-
tion, the oscillating frequency of OEOs is evaluated in the
electrical domain to measure the target parameter or signal.
Therefore, distinct features of such solutions lie in fine fre-
quency resolution and high SNR, owing to the intrinsic ultra-
low phase noise or pure spectrum of oscillating signals in
OEOs. On the other hand, the measurement range of such
solutions is usually limited by FSR or mode spacing.
To circumvent this issue, additional measurements into the
mode order or the fundamental frequency are needed [79].

To clarify the distinct features, we start with the phase
noise performance of OEOs estimated in many papers
[122]-[124]. Like in electronic oscillators where the specifica-
tions are determined by phase noise, the frequency resolution
is limited by the “close-in” phase noise and the SNR is mostly
determined by the “white” phase noise in OEOs. According
to the phase noise in terms of power-law spectral density
presented in Ref. [123], the frequency resolution can be sub-
Hz with respective to an extremely low linewidth. Meanwhile,
from the phase noise, the power of in-band noise (i.e., Pyoise)
relative to the carrier can be derived via an integral:

Smax
/ Sp(Sdf,
fmin

where S,(f) is the single-sideband power spectral density,
Jmin and fmax are the lower and the upper boundaries of the

(35)

Proise =
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Fig. 20. Photograph of miniature OEOs using WGMR released by OEWave
(reprinted from Ref. [22] with copyright permission).

integral, respectively. As a compact example, the total noise
can be approximately calculated from the phase noise released
in Ref. [123], and the SNR is derived as high as 50 dB within
a 1-MHz bandwidth.

While in other techniques, such as optical frequency- or
time-domain refrectometry (OFDR or OTDR), the resultant
SNRs for demodulation are usually limited. For examples, as
far as we know, SNRs less than 20 dB were obtained for phase
sensitive OTDR [125], [126], and SNRs (defined as sidelobe
suppression ratio [127], [128]) up to 34 dB for OFDR, after
specific compensation, coding, or amplification.

B. Future Prospects

Among the diverse applications and examples aforemen-
tioned, it is obvious that most OEOs are implemented by
using discrete, bulky devices recently, such as commercially
available tunable laser modules/kits and external electro-optic
modulators. However, ever-increasing concerns come in front
of both academic and industry communities to strive for
compact size, light weight, low power consumption, high
reliability, and low cost, to create niche scenarios and to
facilitate innovative applications in medicine, communications,
radar, electronic warfare, and space exploration.

Fortunately, such miniature OEOs are already commercially
available, e.g., the products released by OEwave in United
States. By using a high-Q WGMR, a packaged product
is smaller than a coin [22], as shown in Fig. 20. The
exact size is 0.6 x 0.6 x 0.15 inch and the available phase
noise is —108 dBc/Hz @10 kHz for an oscillating tone at
35 GHz [129]. Recently, ultra-high-Q silica disk resonator
was employed to construct oscillators, and the size is only
~5 or 6 mm [130]-[132]. Such an on-chip Brillouin oscil-
lator demonstrates a record low electronic white-phase-noise
floor (i.e., —160 dBc/Hz [131]) or an ultra-low phase noise
(i.e., —170 dBc/Hz@10 MHz offset [132]) for microcavity-
based microwave sources. More details about compact high-Q
WGMRs can be found in Ref. [133].

On the other hand, there is still a long way to go for
further cutting the size and the power consumption of OEOs
and much effort is exceedingly needed, along with the
rapid development of photonic integrated circuits (PICs).
As summarized in several review or tutorial papers, several
leading platforms are being developed to demonstrate
photonic or hybrid integrated functional devices or
systems [134]-[145], such as InP, silica planar lightwave
circuits, silicon-on-insulator (SOI), and Si3N4/SiO,. Multiple
tunable LDs, modulators, amplifiers, waveguides, and PDs can
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be integrated in a monolithic chip with a size of millimeter.
Thus, in the near future, OEOs towards sensing, measurement,
and detection applications will be fabricated in a scale of
millimeter, sub-millimeter, or even smaller, facilitating both
traditional and prospective applications.

VIII. CONCLUSION

In conclusion, as emerging applications of OEOs, principles
and advances regarding sensing, measurement, and detection
were reviewed and summarized, including the analytical model
and three key operation principles. According to the three
principles, a host of OEO-based approaches were demon-
strated, showing versatile, powerful functionalities and excel-
lent specifications in the fields of sensing, measurement, and
detection. As a new application, a novel approach using
OEO for position finding was proposed, and a measurement
sensitivity of 254.66 kHz/cm was obtained in experiment.
Finally, calibration and stabilization solutions for improving
the performances of OEO-based approaches were introduced,
followed by future trends and prospects in compact and
integrated OEOs for achieving small footprint, light weight,
low power consumption, and high reliability. It is extremely
desired that miniature and versatile OEOs will offer distinct
specifications and create numerous niche applications in medi-
cine, metrology, communications, radar, electronic warfare,
satellite and space exploration, and civil engineering in the
near future.
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