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ABSTRACT

Microwave photonic approaches for the generation of microwave signals have attracted substantial attention in recent years, thanks to the
significant advantages brought by photonics technology, such as high frequency, large bandwidth, and immunity to electromagnetic inter-
ference. An optoelectronic oscillator (OEO) is a paradigmatic microwave photonic oscillator that produces microwave signals with ultra-low
phase noise, thanks to the high-quality-factor of the OEO cavity that is achieved with the help of optical energy storage elements, such as
low-loss optical fiber or a high-quality-factor optical resonator. Different OEO architectures have been proposed to generate spectrally pure
single-frequency microwave signals with ultra-low phase noise. Multiple oscillation mode control methods have been proposed in recent
years to obtain different kinds of microwave signals. With the rapid development of photonic integration technologies, prototypes of inte-
grated OEOs have been demonstrated with compact size and low power consumption. Moreover, OEOs have also been used for sensing,
computing, and signal processing. This Tutorial aims to provide a comprehensive introduction to the developments of OEOs. We first discuss
the basic principle and the key phase noise property of OEOs and then focus on its developments in spectrally pure low phase noise signal
generation and mode control methods, its chip-scale integration, and its applications in various fields.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0050311

I. INTRODUCTION

An optoelectronic oscillator (OEO) is a hybrid microwave and
photonic system capable of producing self-sustained microwave
oscillations when modulated light waves from a modulator fall on
a photodetector. The output electrical signal of the photodetector
(PD) is transmitted back to the modulator to form a closed optoelec-
tronic feedback loop in the OEO cavity, and microwave oscillations
arise from the noise when the loop gain exceeds the loss.'* Early ver-
sions of OEOs can be dated back to 1968 in a study of mode-locked
lasers,” where optoelectronic feedback loops were used to achieve
stable mode-locking. Ten years later, the concept of an electro-
optical oscillator was proposed by Kersten,'’ which was essentially
an OEO. The feedback paths were relatively short in the early ver-
sions of OEOs. A conceptual breakthrough of the OEO was achieved

APL Photon. 6, 061101 (2021); doi: 10.1063/5.0050311
© Author(s) 2021

by Yao and Maleki'* by introducing a long low-loss fiber delay line
as the energy storage element, which provided the most attractive
high-quality-factor feature of modern OEOs. The authors analyzed
in detail the operation of the long fiber-based oscillator and also
introduced the acronym “OEO.”

One of the key motivations of the studies of OEOs is the
ultra-low phase noise resulting from the high-quality-factor of the
OEO cavity, which is achieved by using high-quality-factor optical
energy storage elements, such as low-loss optical fiber or a high-
quality-factor optical resonator. High-frequency microwave signals
can also be easily generated since the bandwidth of an OEO is
only limited by the bandwidths of the optoelectronic devices in
its cavity, which are as large as 100 GHz. These features are very
attractive compared with its electrical counterparts, since the fea-
tures may not be achievable in the electrical domain based on

6,061101-1
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traditional microwave resonator oscillators or systems that are costly
and complicated.

In the past few decades, there has been an increasing effort in
exploring OEOs in various fields. For example, several mode con-
trol and selection methods have been proposed and demonstrated
to generate ultra-low phase noise single-frequency microwave sig-
nals and other complex microwave waveforms. Single-frequency
microwave signals with low phase noise!! can be generated in a
single-loop OEO, where an electrical filter is used for mode selection.
However, the spectral purity is limited since the bandwidth of the
electrical filter is generally not narrow enough to select the desired
oscillation mode. To overcome this problem, several OEO struc-
tures, such as dual-loop OEOs,'” '* coupled OEOs (COEOQs),"? >
injection-locked dual-OEQOs,”** and parity-time (PT) symmet-
ric OEOs,”**! have been proposed. The spectral purity can be
enhanced even when an electrical filter with a relatively large band-
width is used. The spectral purity can also be enhanced in a
high-quality-factor optical resonator-based OEO,”***** since this
resonator can be used to filter out undesired modes. Frequency
tunable OEOs*®! have been proposed using frequency tunable
electrical or microwave photonic filters (MPFs) to tune the cen-
ter frequency of the generated single-frequency microwave signal.
Frequency doubling and multiplying, as well as the generation of
triangular waveforms, have also been demonstrated by manipulat-
ing the sidebands of the modulators.”*”* Moreover, the generation
of complex microwave signals, such as chirped microwave wave-
forms,”” ! phase-locked stable single-mode and multi-mode sig-
nals,”” broadband chaotic signals,””*"'%? and random signals,'”” has
also been demonstrated by properly controlling the cavity modes
of OEOs. As a hybrid microwave photonic oscillator, OEOs have
also been used for the generation of optical signals, such as opti-
cal pulses or frequency combs.!?-?#14-112 Although different kinds
of microwave and optical signals can be generated using OEOs,
most of the proposed systems were implemented based on dis-
crete devices with a large size and high power consumption. Inte-
grated OEOs'""1?® with compact size and low power consump-
tion have been fabricated using indium phosphide (InP), silicon,
and other platforms in recent years, which are key steps toward
a new generation of compact microwave sources for demanding
applications. In addition to signal generation, OEOs for other appli-
cations, such as sensing,'””"'*! computing,'**""*" and signal pro-
cessing,”?1°1"17% have also been demonstrated, showing the great
potential of OEOs in various applications. Since the basic principle
and characteristics of OEOs have already been well summarized in
other excellent literature,”® we refer readers to these papers for a
detailed overview. In this Tutorial, we first discuss briefly the basic
principle and the phase noise property of OEOs and then focus
on a comprehensive introduction to its developments in the past
few decades.

The outline of this paper is as follows: In Sec. II, we pro-
vide the basic operation principle and phase noise of an OEO. In
Sec. 111, we provide examples to generate spectrally pure low phase
noise microwave signals using different OEO architectures, includ-
ing dual-loop OEO, COEO, OEO based on a high-Q ring resonator,
and PT-symmetric OEO. Oscillation mode control methods to pro-
duce tunable single-frequency microwave signals, as well as other
complex microwave signals, are described in Sec. IV. We investi-
gate methods such as frequency tuning using tunable filters, chirped
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signal generation using Fourier domain mode-locking, stable multi-
mode oscillation based on a nonlinear parametric process, complex
oscillation based on nonlinear dynamics, and random oscillation
based on random scattering. In Sec. V, we discuss recent advances in
integrated OEOs that have compact size and low power consump-
tion. Sec. VI provides an overview of OEO applications, includ-
ing sensing, computing, and signal processing. We conclude this
Tutorial in Sec. VII.

Il. OPERATION PRINCIPLE AND PHASE NOISE
OF AN OEO

A. Basics of OEO cavity modes

An OEO is a hybrid resonant oscillator that consists of an
optical part and an electrical part to form a closed optoelectronic
feedback loop. The schematic diagram of a typical single-loop OEO
using a narrowband electrical filter is shown in Fig. 1. An electri-
cal signal in the electrical part is modulated onto an optical carrier
from a laser source using an electro-optic modulator (EOM), and
the modulated optical signal in the optical part is converted back to
an electrical signal at a PD. Generally, a narrowband filter is used for
mode selection, and an optical fiber is adopted to ensure low phase
noise. An optical amplifier, such as an erbium-doped fiber amplifier
(EDFA) or/and an electrical amplifier (EA), can be used to provide
enough gain for the oscillating signal in the OEO loop. Once the
cavity gain exceeds the loss, self-sustained oscillation is established
directly from noise.

Several models™” have been introduced to analyze the
OEO operation in the past few decades. For example, the model pro-
posed by Yao and Maleki’’ is one of the most well-known models
to analyze the steady-state single-mode oscillation of OEOs. This
model is based on the quasi-linear theory. The propagation of the
oscillating signal is analyzed after one cavity round-trip, and the
final steady-state of the oscillating signal is obtained by a regen-
erative feedback approach. A comprehensive simulation model to
calculate the features of OEO dynamics was been proposed by
Levy et al.'’® by generalizing the Yao-Maleki model and including

93,176

Laser source EOM EDFA
¥——C—D

n Marrowband
filter
L=

Optical path
ptical pa Optical fiber

Electrical path

W

Output RF signal

RF power spliter Photodetector

FIG. 1. Schematic diagram of a typical single-loop OEQ. A closed optoelectronic
feedback loop is formed in the OEQ cavity. Generally, a narrowband filter is used
for mode selection. Self-sustained oscillation can be established from noise once
the gain exceeds the loss. EOM, electro-optic modulator; EDFA, erbium-doped
fiber amplifier; and EA, electrical amplifier.
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other required physical effects, such as the mode competition effect
in the OEO cavity, the fast response time of the EO modulator, and
the fluctuations of the output signal. Moreover, a model based on
the delay-differential equation (DDE)”* was introduced to analyze
the nonlinear dynamics of OEOs; this model will be discussed in
Sec. IV D.

Here, we use the Yao-Maleki model as an example to ana-
lyze the OEO operation. In this model, the oscillation signal of the
OEO is linearized if a loop filter with a narrow enough bandwidth is
used to block all harmonic frequency components. Specifically, we
assume that the electrical signal Vi, (¢) applied to the EOM is a sinu-
soidal wave, i.e., Vin(t) = Vo sin(wt + ), where V, w, and f3 are the
amplitude, angular frequency, and initial phase, respectively, of the
electrical signal. Then, the output signal V,,(t) of the EA can be
expressed as

. Vin t V
Vour (£) = Vph{l - qsmﬂ[# + V—i]}

.7V Vi had
= {Vphl -7 Sm(VnB)I:]O( V:) +2m2:1]2m

x ( ﬂ‘yo ) cos(2mwt + Zmﬁ)] +27 cos( ﬂ‘yB )

s s

x i}zﬂ,ﬂ(ﬂ?vo) sin[(2m + 1wt + (2m + l)ﬁ]}, (1)

where Vi, = I,,RG4 is the photovoltage at the output of the EA.
I, = paPy/2 is the photocurrent generated at the output of the PD,
and R, p, and Py are the load impedance, responsivity, and input
power of the PD, respectively. G, is the voltage gain of the EA, a is
the insertion loss of the EOM, and 7 determines the extinction ratio
of the EOM by ER = (1 +1)/(1 —=n). V. and V3 are the half-wave
voltage and bias voltage of the EOM, respectively. J,, is the n-th order
Bessel function of the first kind.

As can been seen from Eq. (1), the output signal Vo, (t) con-
tains many harmonic frequency components of w. If the bandwidth
of the loop filter is narrow enough to block all harmonic frequency
components, Voyu () can be linearized as

Vour(t) = G(Vo) Vin (1), ()

where G(Vy) is the voltage-gain coefficient, which can be
expressed as

2Vﬂ ﬂVo)
G(Vo)=G , 3
(vo) = G (5 ©)
where Gs is the small signal gain of the OEO loop, which is
defined as
AVour 7V ( Ve )
Geo = ot =M — . 4
s dVin Vin=0 Vr[ €08 Vn ()

As can be seen from Egs. (3) and (4), the voltage-gain coeffi-
cient G(Vy) is related to Vo and Vi, which are both a function of
the frequency of the electrical signal. A unitless complex filter func-
tion F(w) is introduced to account for all the frequency-dependent
components in the loop; thus, the voltage-gain coefficient G(Vy) can
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be treated as a frequency independent term. The unitless complex
filter function can be expressed as

F(w) = F(w) exp[ig(w)], (5)

where F(w) is the normalized transmission function and ¢(w) is the
phase caused by the dispersive component in the OEO cavity. In this
way, the electrical signal after one cavity round-trip of the OEO can
be expressed as

Vout (1) = E(0)G(Vo) Vin(w, t), (6)

where Vou(t) and Vi, (t) are the complex output and input signal
of the OEO, respectively.

If the OEO loop is closed, self-sustained oscillation can be
established from noise. According to Eq. (6), the recurrence relation-
ship for a single-frequency component Vi, (w,t) = Vin(w) exp(iwt)
of the noise spectrum can be written as

Vn(w, t) :F(w)G(VO)V,,_l(w,tf T,), (7)

where n is the number of cavity round-trip times and T" is the time
delay caused by the physical length of the OEO loop. The initial noise
component is amplified in the OEO loop after each cavity round-
trip while its gain is gradually decreased. A stable oscillation can be
achieved when the gain is equal to unity. According to the prin-
ciple of superposition, the stable output signal of the OEO can be
calculated as the summation of all circulating fields, which can be
expressed as

V(w,t) = GAVin(w)i F(w)G(Vy) exp[iw(t - nT')]

n=0
GaVin exp(iwt)

= _ . 8
1 - F(w)G(Vo) exp(iwT") ®

The stable output power can therefore be expressed as

y 2
by - @)
2R
Gl
_ 2R
1+|F(0)G(Vo)[* = 2F(0)|G(Vo)| cos[@T’ + ¢(w) + ¢o]

)

where ¢, is related to the sign of G(Vy). As can be seen from
Eq. (9), only a number of frequency-periodic modes can be coher-
ently summed and can exist in the OEO cavity. The frequencies of

these cavity modes are determined by
oT" + ¢(w) + ¢o = 2kn, k=0,1,2..., (10)

where k is the mode number. The frequency spacing between adja-
cent cavity modes can be written as

FSR = 1/T, (11)

where T =T + % is the total loop delay of the OEO

loop, including the physi_cz;f'length delay and the dispersion-induced
group delay. Generally, the dispersion-induced delay can be consid-
ered constant for different cavity modes when the optical fiber is not

6,061101-3
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FIG. 2. Cavity modes and single-mode selection in an OEO. (a) Potential cavity
modes of a filter-free single-loop OEO. The frequency of the cavity modes can be
expressed as k x FSR, where k is an integer and FSR is the free spectral range
of the OEO. (b) Single-mode oscillation can be achieved by using a narrowband
filter to select one of the cavity modes.

very long. As shown in Fig. 2(a), the frequency of the cavity modes
can be expressed as k x FSR when ¢ = 0; thus, there are lots of
closely distributed potential oscillation modes. A narrowband filter
is required to select one of the cavity modes and achieve single-mode
oscillation, which is shown in Fig. 2(b).

B. Basics of the phase noise of an OEO

Ultra-low phase noise is one of the most attractive features of
an OEO. For any real oscillator that is able to produce a specific
single-frequency signal, its frequency fluctuates from an ideal sine
wave. The phase noise of an oscillator reflects its short-term fre-
quency stability, which is related to the frequency fluctuation that
occurs over a short period of seconds or less. As shown in Fig. 3, the
phase noise is defined as the ratio of the noise power in a 1 Hz band-
width at a certain offset frequency to the signal power at the center
frequency, which is measured in dBc/Hz. Generally, the phase noise
of an oscillator is characterized as the single-sideband (SSB) phase
noise, where the phase noise is plotted as a function of the offset
frequency.

The phase noise is very important in modern radar, commu-
nication, and other applications since the calibration algorithms
in these applications can only be used to improve the long-term
frequency stability, and generally, it is the short-term frequency
stability that determines the performance of these systems. For
example, the OEO can be served as a local oscillator (LO) in
radar and communication systems. In radar systems, the low phase
noise is a crucial requirement of the LO; otherwise, the target
echo signal will be submerged in noise and cannot be detected.”'””
In communication systems, a detection error may occur because

APL Photon. 6, 061101 (2021); doi: 10.1063/5.0050311
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FIG. 3. Sketch map of the phase noise of an oscillator. The output signal of a real
oscillator fluctuates from an ideal sine wave. The phase noise of an oscillator is
defined as the ratio of the noise power in a 1 Hz bandwidth at a certain frequency
offset to the signal power at the center frequency, which is measured in dBc/Hz.

signal constellation rotation and intercarrier interference are caused
by the phase noise of the LO;'”® thus, low phase noise is very
important.

The phase noise characteristic of the OEO can be approximated
by the power spectral density because it is equal to the sum of the
SSB phase-noise density and the SSB amplitude-noise density, and
the latter is much lower than the former in most cases.”? According
to the Yao-Maleki model, the power spectral density of the OEO is
calculated as*”

0
) (2-8/T) +2/1=6/T cos(2nTf")’

where f' is the offset frequency from the oscillation mode,
0= pNGi /Posc is defined as the input noise-to-signal ratio of the

Sre(f") (12)

oscillator, py = |\7m(w)|Z /2RAf is the equivalent input noise den-

sity of the oscillator, and Af is the frequency bandwidth. In the case

of 2nTf' <« 1, the power spectral density of the OEO can be further

simplified as

)

See(f') = .
wlf) (8/2T)* + (2nTf')?

In the OEO loop, the input noise density p, consists of the ther-
mal noise density of the amplifier p,,,. . = 4ksT.(NF), the shot
noise density of the PD p_, , = 2el,,R, and the relative intensity noise

(13)

(RIN) density of the laser priv = NRINI;hR, which can be written as

px = 4k T.(NF) + 2el,R + NrivIp,R, (14)

where kg is the Boltzmann constant, T is the room temperature, NF
is the noise figure of the amplifier, e is the electron charge, and Nriv
is the RIN of the laser source.

As can be seen from Eq. (13), the power spectral density or
the SSB phase noise of OEO decreases quadratically with the total
loop delay T. By using optical fiber with a low insertion loss of
about 0.2 dB/km as the energy storage element, a large T of tens
of or even hundreds of us can be achieved, which is one of the
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FIG. 4. A single-loop OEO with ultra-low phase noise. (a) Schematic diagram of the low phase noise OEO. (b) Measured phase noise performance. VCP: voltage controlled
phase shifter. Figures from D. Eliyahu, D. Seidel, and L. Maleki, IEEE International Frequency Control Symposium. Copyright 2008 IEEE. Reproduced with permission from

IEEE.

most important features of OEO and results in low phase noise.
Equation (13) also indicates that the phase noise can be reduced by
raising the oscillation power for a fixed p,; and Ga; thus, low phase
noise can be achieved by using a laser source with high output power
and a PD with high power handling capability. At the same time, the
lowest achievable phase noise is limited by the loop residual phase
noise of the active devices in the OEO cavity, such as the thermal
noise of the amplifier, the shot noise of the PD, and the RIN of the
laser. As a result, a large loop delay, high oscillation power, and low-
noise active devices should be adopted to ensure ultra-low phase
noise.

As shown in Fig. 4, a single-loop 10 GHz OEO with ultra-low
phase noise was designed in Ref. 11. A 16-km long optical fiber, a
high-power Yttrium Aluminum Garnet (YAG) laser, a high-power
low-noise PD, and two low-noise amplifiers were adopted. A low
phase noise of —163 dBc/Hz at 6 kHz offset frequency was achieved,
representing an OEO architecture with the lowest measured phase
noise.

It is also necessary to compare the phase noise performance of
OEOs and electrical oscillators. Electrical oscillators are one of the
most commonly used oscillators in different science and technology
fields. Low-noise microwave signals at low center frequencies can be
easily obtained using electrical quartz and dielectric resonator-based
oscillators with low cost, compact size, and a simple structure. How-
ever, the generation of high-frequency microwave signals with low
phase noise is challenging. Generally, high-frequency microwave
signals are obtained by multiplying low-frequency signals gener-
ated by high-performance electrical oscillators, but the phase noise is
also degraded by 20 x log N in the frequency multiplication process,
where N is the multiplication factor. In contrast, an OEO can pro-
duce high-frequency microwave signals with ultra-low phase noise,
thanks to the use of a low-loss optical delay line or high-quality-
factor optical resonator. Indeed, the lowest phase noise of 10 GHz
microwave oscillators is achieved using the above-mentioned OEO
in Ref. 11. Nevertheless, most of the existing OEOs are based on dis-
crete optoelectronic devices, which have a large size and high power
consumption.

APL Photon. 6, 061101 (2021); doi: 10.1063/5.0050311
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lll. OEO ARCHITECTURES FOR SPECTRALLY PURE
HIGHLY STABLE MICROWAVE SIGNAL GENERATION

As mentioned above, an OEO with low phase noise can be
achieved using a long optical fiber as the loop delay line. However,
the long optical fiber also results in a small free spectral range (FSR),
increasing the difficulty of single-mode selection. For instance, the
FSR of the ultra-low phase noise OEO reported in Ref. 11 is about
12.8 kHz. Ideally, a loop filter with 3-dB bandwidth lower than
12.8 kHz should be used for single-mode selection, but this filter is
hard to achieve, especially at high center frequencies. For example,
a high-quality electrical filter centered at 10 GHz only has a 3-dB
bandwidth of 10 MHz.!” The use of a loop filter with a wide band-
width results in undesirable side modes, and the spectral purity of
the generated signal deteriorates. In practical radar systems, the side-
band mode-induced spurs may cause false alarm; thus, it should be
suppressed to reduce the false alarm probability. To overcome this
problem, schemes such as dual-loop OEO, COEO, OEO with high-
Q resonators, and PT-symmetric OEO have been proposed, where
spectrally pure low phase noise microwave signals can be obtained.
In addition to methods that optimize the short-term frequency sta-
bility, i.e., the phase noise, several techniques have also been pro-
posed and demonstrated to improve the long-term frequency sta-
bility of OEO. These methods are also important for real-world
applications.

A. Dual-loop OEO

One of the most commonly adopted structures to overcome
the trade-off between low phase noise and single-mode selection is
the dual-loop OEO.'” In this OEO, the equivalent FSR is increased
using the Vernier effect. Figure 5 shows the schematic diagram and
single-mode selection in a typical dual-loop OEO. The optical sig-
nal is divided into two parts by an optical coupler, and the two parts
are combined in the electrical domain using a RF power combiner;
thus, a dual-loop structure is constructed. Optical fibers with dif-
ferent lengths are used in the two loops, respectively. According to
Eq. (11), the two loops have different FSRs due to their different
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FIG. 5. Schematic diagram and single-mode selection in a typical dual-loop OEO.
(a) A dual-loop structure is achieved by dividing the OEO loop into two parts using
optical coupler and combining the two parts by using a RF power combiner. (b) The
FSRs of the two loops are different due to the different loop lengths. Only the cavity
modes with frequencies of f = m xFSR1 = n x FSR2 can oscillate, where m and
n are integers and FSR1 and FSR2 are the FSR of the two loops, respectively.

optical fiber lengths, since the FSR of the OEO loop is determined
by the loop delay. As shown in Fig. 5(b), an equivalent narrowband
filter is obtained based on the two different FSRs due to the Vernier
effect. The frequency of the oscillation modes of the dual-loop OEO
is defined as follows:

f =mxFSRI = n x FSR2, (15)
B I i
a l/ | JL J
Optical  Optical filter
amplifier
Optical fiber Optical
EOM coupler
Optical path 4
PD
Electrical path EA
RF filter

WA -

QOutput RF signal

Ju

RF power spliter

where m and n are integers and FSR1 and FSR2 are the FSRs of the
two loops, respectively. In this case, the equivalent mode spacing of
the dual-loop OEO is enlarged, thanks to the Vernier effect; thus,
single-mode oscillation with high spectral purity can be achieved
even by using a loop filter with relatively large bandwidth.

In addition to the configuration shown in Fig. 5(a), several
other configurations have been proposed and demonstrated to con-
struct dual-loop OEOs, for example, by combining the two loops
in the optical domain using polarization multiplexing"® or wave-
length multiplexing.'"* Moreover, multi-loop structures'>'® with
more than two loops have also been implemented to obtain high-
purity microwave signals with low supermode noise. At the same
time, the overall Q-factor of the dual-loop or multi-loop OEO is
lower than that of the single-loop OEO using the same length of long
optical fiber; thus, the phase noise is increased.

B. COEO

It is possible to reduce the optical fiber length in the OEO cavity
while maintaining a high Q-factor by using the COEO consisting of
an optical loop and an optoelectronic loop.!?~** Figure 6(a) shows a
typical schematic diagram of the COEO. A ring laser is constructed
in the optical loop using an optical filter, amplifier, and fiber. The
generated light wave from the ring laser is coupled to the optoelec-
tronic loop using an EOM, which is shared by the two loops. The
optoelectronic loop in Fig. 6(a) is an OEO, whose optical pump is
generated by the ring laser. An RF filter with narrow passband is
used for mode selection in the optoelectronic loop; thus, an RF sig-
nal can be generated. If the frequency of the generated RF signal is
integer multiples of the FSR of the ring laser, active mode-locking
of the laser can be achieved by feeding the obtained RF signal to the
EOM, since the intensity of the optical field of the ring laser is mod-
ulated by the RF signal. In the COEO, the Q-factor is multiplied by
the active nature of the optical OEQ; thus, lower phase noise can be
achieved compared with a conventional OEO using the same optical
fiber length. In addition, the unwanted side modes can also be elimi-
nated with a commonly available electrical filter due to the wide FSR
of the optoelectronic loop resulting from the short delay.
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FIG. 6. A coupled OEOQ. (a) Schematic diagram of the coupled OEO. (b) Measured SSB phase noise of the generated 10-GHz microwave signal. Ultra-low phase noise of
—148 dBc/Hz at 10 kHz offset frequency is achieved. Panel (b) is from D. Eliyahu, D. Seidel, and L. Maleki, IEEE International Frequency Control Symposium. Copyright

2008 IEEE. Reproduced with permission from |EEE.
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The measured phase noise of the COEO using a 140-m fiber
is shown in Fig. 6(b). An ultra-low phase noise of —148 dBc/Hz
at 10 kHz offset frequency is achieved.'' It would require a much
longer fiber length to achieve similar performance for a conventional
OEO. In addition to the generation of single-frequency microwave
signals, a train of optical pulses and frequency combs can also be
generated in the ring laser cavity of the COEO since the ring laser
is an active mode-locked laser. In addition, the use of a shorter fiber
length has added benefits, such as compact size and lower sensitivity
to environmental perturbations. It should be noted that similar con-
figurations consisting of an optical part and an electrical part were
developed in the late 1960s,” when an optoelectronic feedback loop
was used to study the mode-locking of lasers.

C. OEO based on a high-Q resonators

Another solution to overcome the trade-off between low phase
noise and single-mode selection in fiber-based OEOs is using a high-
Q resonator instead of optical fiber as the energy storage element.
Figure 7(a) shows the schematic diagram of a the high-Q resonator-
based OEQ.>%*>"*> The high-Q resonator serves as a filter to remove
the unwanted modes and as a modulator in the OEO loop. Gener-
ally, a whispering gallery-mode resonator (WGMR) fabricated from
optically transparent materials, such as lithium tantalate and lithium
niobate, serves as the high-Q resonator, with a Q-factor as high as
3 x 10"". The bandwidth associated with this large Q-factor is nar-
row enough to filter out the unwanted side modes. In addition, the
Q-factor of the OEO loop is enhanced by the high-Q property of the
resonator, since the Q-factor of the OEO loop is related to the Q-
factor of its optoelectronic components. As a result, low phase noise
can be ensured by using the high-Q resonator.

The WGMRs also have a very small size, ranging from sev-
eral hundreds of micrometers to few millimeters. WGMR-based
OEOs have a very small size making them highly desirable in
advanced applications requiring a high-performance microwave
source with compact size and low phase noise. Moreover, the out-
put frequency of the WGMR-based OEOs can be tailored in the
range of 10-40 GHz or higher, which is determined by the FSR of
the WGMR. The phase noise and photograph of a packaged 30 GHz

a

Laser

Lithium Tantalate

3

Phase
Shifter

Qutput

lithium niobate WGMR-based OEO are shown in Fig. 7(b), As can
be seen, the measured phase noise is about —110 dBc/Hz at 10 kHz
offset frequency for the generated 30 GHz signal. The size of the
packaged OEO is as small as a coin; thus the WGMR-based OEO
has a high performance and compact size.

D. Parity-time symmetric OEO

In recent years, PT-symmetry has been used in OEOs as a
novel mode selection approach; stable single-mode oscillation can be
achieved without using narrowband electrical or optical filters.”"!
The right part of Fig. 8(a) shows the schematic diagram of a typi-
cal PT-symmetric OEO. The PT-symmetric OEO has two coupled
loops with identical loop length. By precisely manipulating the rela-
tionship between gain and loss in the two loops to satisfy the PT-
symmetry condition, i.e., the gain of one loop is balanced by the
loss of another loop, the losses overcompensate the gain for all cavity
modes, except for the one with the highest gain. As a result, single-
mode oscillation can be achieved in the cavity mode with the highest
gain. Low phase noise can also be achieved since a spool of long
optical fiber or a high-Q resonator can also be used. It should be
noted that spectrally pure single-mode oscillation can be obtained
in the PT-symmetric OEO with a small cavity FSR. This is a unique
and attractive feature of the PT-symmetric OEO, since the effective
cavity FSR is indeed enlarged to achieve spectrally pure single-mode
oscillation in the dual-loop OEO, COEO, and resonator-based OEO.

The dynamic equations of the nth cavity mode in the two
coupled loops are as follows:

da)

Zt = (iAw,(f) +g)a,(ll) - iyu,(,z), (16)
da”

Z—t = (iAw,(f) - y)a,(,z) - i,ua,(,l), (17)
where a,(f) and a,(f) are the amplitudes of the nth cavity mode in
the gain and loss loops, respectively. i is the imaginary unit. Awi™?
= wy — $" is the detuning frequency of the two loops. w, is the
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FIG. 7. An OEO based on a high-Q resonator. (a) Schematic diagram. A high-Q resonator is used to store the energy of the OEO. (b) Measured phase noise performance.
Inset shows the photograph of a packaged OEO based on a lithium niobate WGMR. Panel (a) is from L. Maleki, European Frequency and Time Forum. Copyright 2012
IEEE. Reproduced with permission IEEE. Panel (b) is reproduced with permission from L. Maleki, Nat. Photonics 5, 728-730 (2011). Copyright 2011 Nature Publishing
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FIG. 8. Mode selection and single-mode oscillation in a PT-symmetric OEO. (a) PT-symmetric phase of the OEO with two coupled loops. The gain of one loop is balanced by
the loss of another loop, and the losses overcompensate the gain for all cavity modes, except for the one with the highest gain. Single-mode oscillation can be achieved in
the cavity mode with the highest gain. (b) Measured spectrum of the single-mode oscillation. (c) Measured multi-mode spectrum without PT-symmetry. Figures reproduced
with permission from Liu et al., Light: Sci. Appl. 7(1), 38 (2018). Copyright 2018 Author(s), licensed under a Creative Commons Attribution 4.0 License.

angular frequency of the nth cavity mode, and w$" are the eigen-

frequencies of the two loops. y is the coupling coefficient between
the two loops. g and y are the gain and loss coefficients of the gain
and loss loops, respectively. By solving Eqgs. (16) and (17), we can
obtain the eigenfrequencies of the supermodes of the PT-symmetric

system,
o+ 0P i(g-y)
Wpt+ = +
2 2
(0® _ @)
lw, —w
+ #2— g;)’_(” 2 " ) (18)

If the loop lengths of the two loops are the same, we have
wf = 0P If the PT-symmetry condition can be satisfied by pre-
cisely manipulating the gain and loss in the two loops, i.e., g =7,

Eq. (18) can be further rewritten as

Wne = Wn /P2 — P2, (19)

Equation (19) indicates a transition point in the PT-symmetric
system when the gain/loss coefficient is equal to the coupling coeffi-
cient . If the gain/loss coefficient is larger than the coupling coef-
ficient, PT-symmetry no longer applies, and the frequency differ-
ence of the eigenfrequencies of the supermodes becomes imaginary.
Thus, a pair of amplifying and decaying modes is generated in each
loop with identical frequencies. As a result, single-mode oscillation
can be achieved in the gain loop. Otherwise, the two loops oscil-
late at two slightly different frequencies if the gain/loss coefficient
is smaller than the coupling coefficient, since the eigenfrequencies
of the supermodes are split into two slightly different frequencies.

Figure 8(b) shows the measured single-mode oscillation spec-
trum of the PT-symmetric OEO in the experiment. The gain and
loss of the two loops are precisely tuned to the same magnitude of
the oscillating signal to satisfy the PT-symmetry condition. It should
be noted that the OEO would oscillate in multimode without PT-
symmetry. Figure 8(c) shows the measured multimode oscillation
spectrum without PT-symmetry.

In addition to the frequency-fixed PT-symmetric OEO in
Refs. 30-33, frequency tunable PT-symmetric OEOs have also been
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proposed and demonstrated in recent years using a tunable filter in
the OEO loop.”**! In these methods, coarse frequency selection with
a certain tuning range is achieved by changing the center frequency
of the loop filter. Fine-frequency selection is subsequently achieved
using PT-symmetry.

E. Long-term frequency stability of OEO

Although the above-mentioned OEOs have excellent phase
noise performance at high offset frequencies, the phase noise at
low offset frequencies is generally poor because of the fact that the
free-running OEOs are sensitive to environmental perturbations,
such as temperature fluctuations and vibrations. For example, a typ-
ical temperature coefficient of the single-mode fiber in the OEO
cavity is 34 ps/km/°C. The stability of a 1-km fiber-based OEO
would be deteriorated by a delay change of 34 ps if the tempera-
ture is changed by 1°. The unwanted environmental perturbations

also deteriorate the long-term frequency stability of OEOs, which
is critical for real-world applications. Several techniques have been
proposed to solve this problem, such as temperature-insensitive
fiber,'®" thermal stabilization,'®! injection locking,”*"*’ and phase
locking.”!'*?~1% Injection locking is a simple and effective frequency
stabilization method to synchronize the OEO to a reference source
by injecting the reference signal into the OEO loop; however, the
phase noise performance of the injection-locked OEO is limited by
the reference source. Phase locking is another frequency stabiliza-
tion method to lock the OEO to a reference source using a phase-
locked loop (PLL), which can substantially improve the long-term
frequency stability while maintaining low phase noise. An exam-
ple of a frequency-stabilized OEO using PLL is shown in Fig. 9(a).
The output signal of the dual-loop OEO is compared to the ref-
erence source using a phase-frequency detector (PFD) after fre-
quency division, and the filtered feedback signal of the PFD is sent
to the OEO to shift the phase of the microwave signal for frequency
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FIG. 9. A frequency-stabilized OEO using a phase-locked loop. (a) Schematic diagram. The output signal of the dual-loop OEO is divided into a low-frequency signal and
compared to the reference source using a phase-frequency detector (PFD). The filtered feedback signal is sent to the OEO to shift the phase of the microwave signal using
a voltage phase shifter. (b) Overlapping Allan deviation (ADEV) of the OEO before and after phase locking. Figures reproduced with permission from Bluestone et al., IEEE

Trans. Microwave Theory Tech. 63, 1046 (2015). Copyright 2015 IEEE.
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TABLE I. Performance of selected key OEO architectures for low phase noise microwave signal generation.

Architecture Frequency (GHz) Phase noise (dBc/Hz) References
Single-loop OEO 10 -163 (@ 6 kHz) 11
Dual-loop OEO 10 —140 (@ 10 kHz) 12
COEO 10 —148 (@ 10 kHz) 11
WGMR-based OEO 30 —-110 (@ 10 kHz) 5
PT-symmetric OEO 4 -139 (@ 10 kHz) 30
Phase-locked OEO 10 —139 (@ 10 kHz) 186

stabilization. Figure 9(b) shows the measured Allan deviation
(ADEV) of the OEO. The long-term frequency stability is signifi-
cantly improved after phase locking.

The key OEO architectures and their phase performances for
low phase noise microwave signal generation are summarized in
Table L.

IV. OSCILLATION MODE CONTROL OF OEO

An OEO has a multimode cavity, and the frequency of each
cavity mode is an integral multiple of the FSR. As a result, vari-
ous microwave signals, such as tunable single-frequency microwave
signals, chirped microwave signals, and other complex microwave
waveforms, can be obtained from an OEO cavity with appropriate
control of the OEO oscillation modes. In this section, several OEO
oscillation mode control methods are discussed, including schemes
based on frequency tunable filtering, Fourier domain mode-locking,
the optoelectronic parametric process, nonlinear dynamics, and
randomly distributed feedback.

A. Wideband frequency tunable OEO

Frequency tunable microwave sources are highly desired in
practical applications, since the working frequency of the whole sys-
tem can be tuned to achieve the best system performance with the
help of the tunable microwave sources. Generally, a narrowband
electrical filter is used in the OEO loop to select the desired single-
frequency oscillation mode. The passband of the narrowband elec-
trical filter is usually fixed; thus, the frequency tunability of the OEO
is limited. The use of a tunable electrical filter or electrical filter bank,
as well as a tunable microwave photonic filter (MPF), has been pro-
posed and demonstrated to obtain frequency tunable OEOs.*~°! For
example, a magnetically tunable yttrium-iron-garnet (YIG) filter was
used in Ref. 46, achieving a wide frequency tuning range of tens of
gigahertz. The disadvantage of the YIG filter is that the unwanted
fluctuation of the magnetic field results in the center frequency fluc-
tuation of the filter, leading to a frequency change in the generated
microwave signal. This problem can be solved by replacing the YIG
filter with a tunable MPF. The MPF can be implemented using vari-
ous schemes, such as using a sliced broadband optical source, multi-
tap structure, phase modulation to intensity modulation (PM-IM)
using stimulated Brillouin scattering (SBS), or phase-shifted fiber
Bragg grating (PS-FBG)."® °! Similar to an electrical filter, the MPF
can be considered as a two-port system with an electrical input port
and an electrical output port. Inside the MPF, the input electrical
signal is first up-converted to the optical domain with the help of
an EOM, and then it is processed and filtered by optical devices

APL Photon. 6, 061101 (2021); doi: 10.1063/5.0050311
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within the MPF. The output electrical signal is finally obtained
by down-converting the filtered signal at a PD. Frequency tuning
of the MPF can be achieved by tuning the property of its optical
devices.

Figure 10 shows the schematic diagram and spectra of the gen-
erated microwave signals of a wideband tunable OEO based on PM-
IM conversion using SBS.”” As can be seen, two lasers are used: one is
the signal laser and the other is the pump laser. The light wave from
the signal laser is sent to the phase modulator (PM), and the pump
wave is injected into the high nonlinear fiber (HNLF) to enable SBS.
The +1st and —1st sidebands of the output phase-modulated light
wave of the PM have the same magnitude but the opposite phase;
thus, the beat between the signal wave and the two sidebands is can-
celed out if the phase-modulated light wave is sent directly to the
PD. The SBS in this scheme ensures that one of the 1st sidebands is
amplified by the backscattered Stokes wave, changing the balance of
the two 1st sidebands. As a result, an oscillating microwave signal
can be obtained as the output of the PD as the beat note between
the signal wave and the amplified sideband. The frequency of the
oscillating microwave signal can be expressed as’’

Vosc = [vo — Vp + V|, (20)

where vy and v, are the frequencies of the signal and pump laser,
respectively, and vg is the Brillouin frequency shift of SBS. As can be
seen from Eq. (20), the oscillation frequency can be tuned by tun-
ing the frequency of the signal or pump laser, achieving frequency
tunability. In the experiment, a widely tunable range from DC to
60 GHz is achieved; the range is only limited by the bandwidth of
the optoelectronic components in the OEO loop.

B. Fourier domain mode-locked OEO

In addition to the generation of single-frequency microwave
signals, another very attractive direction of OEOs is the genera-
tion of chirped microwave waveforms with fast frequency scanning,
providing a wide range of applications in radar and communica-
tion systems. For example, chirped microwave waveforms can be
used in modern radar systems to increase the range resolution while
maintaining a large detection distance, which overcomes the long-
existing trade-off between the range resolution and detection dis-
tance in a traditional radar system. Chirped microwave waveforms
with tunable parameters have been generated using tunable OEOs in
Refs. 187 and 188. However, the OEO produces single-frequency
signals and the chirped microwave waveforms are generated at
the outside of the OEO cavity using a baseband electrical chirped
microwave source or a recirculating phase modulation loop.
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Recently, we proposed and demonstrated an OEO cavity mode
control method based on Fourier domain mode-locking.”” Chirped
microwave waveforms were generated directly from the OEO cav-
ity. Figures 11(a) and 11(b) shows a comparison of a traditional
single-frequency OEO and the Fourier domain mode-locked OEO
(FDML OEO). A single passband filter is incorporated in the tra-
ditional OEO cavity, and the output signal is a single-frequency
sinusoidal wave. In the FDML OEO cavity, a frequency scanning fil-
ter is used. The scanning period of the filter is synchronized with
the cavity round-trip time of the OEO to enable the Fourier domain
mode-locking operation, i.e.,

Troundtrip =1 % Thiter drives (21)
where Tfiter drive 1S the cavity round-trip time, Tfiter drive i the scan-
ning period of the filter, and n is an integer. By doing so, the fre-
quency scanning filter is tuned at the same spectral position when
the selected mode returns to this position after one cavity round-trip
time. For example, the frequency of the selected cavity modes would
also be f, and f, at t1 + Troundtrip and £2 + Troundtrip> respectively, if
the frequency of the selected cavity modes is f, and f, at ¢; and
1>, respectively. As a result, all the cavity modes can be stored and
activated simultaneously in the OEO cavity and are mode-locked
with fixed phase relationship if their frequencies are within the fre-
quency scanning range of the filter. The synchronization between
the tuning period and the cavity round-trip time in FDML OEO is
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similar with that of synchronization in traditional active or passive
mode-locking, except that the mode-locking is achieved in the fre-
quency domain in the FDML OEO. The output signal of the FDML
OEQ is a frequency scanning/chirped microwave waveform due to
the frequency domain mode-locking.

Figure 11(c) shows the experimental setup of the FDML OEO.
A frequency scanning MPF based on PM-IM conversion is used. The
MPF consists of a frequency scanning laser diode, a PM, and an opti-
cal notch filter. The operation principle of the MPF is similar to that
of the SBS-based tunable OEO in Fig. 10. In this scheme, the bal-
ance of phase modulation is interrupted by the optical notch filter.
The center frequency of the MPF is equal to the frequency differ-
ence between the laser diode and the optical notch filter. By sweeping
the frequency of the laser diode, a frequency scanning MPF can be
achieved. In theory, the output signal of the MPF can be considered
as the mixing product of the optical carrier and the to-be-blocked
component of the MPF,”” which can be expressed as

Vour(t) = S([Vi | {[Vik (6)e %= Jsihen P (1) he 0D 4 ma 1),

(22)
where Vur(£)e™ and Vig(t)e™ are the output and input
microwave signals of the MPF, respectively, and  is the center fre-

quency of the microwave signal. 74 (t) is the additive and intensity
noise in the OEO. S(’VQDMLD is the saturation factor of the PM-IM
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FIG. 11. Fourier domain mode-locked (FDML) OEO. (a) and (b) Comparison of a traditional single-frequency OEO and a FDML OEQ. A single passband filter is incorporated
in the traditional OEO, and the output is a sinusoidal wave. In the FDML OEO, a frequency scanning filter is used. The scanning period of the filter is synchronized with
the cavity round-trip time to enable the Fourier domain mode-locking operation. The output is a frequency scanning/chirped microwave waveform. (c) Experimental setup.
The frequency scanning microwave photonic filter consists of a frequency scanning laser diode, a phase modulator, and an optical notch filter. (d) Spectrum, (e) temporal
waveform, and (f) instantaneous frequency-time of the output signal of the FDML OEO. Figures reproduced with permission from from Hao et al., Nat. Commun. 9, 1839
(2018). Copyright 2018 Author(s), licensed under a Creative Commons Attribution 4.0 License.

. open loop
conversion process, and $H1

OEO when the MPF is not scanning.

is the open-loop response of the

If the system noise is ignored, the frequency scanning oscilla-
tion in the OEO loop in the Fourier domain mode-locking operation

should satisfy

VibuL (t = Tround-trip )

= 5(| Vb

- Tround—tri
N O}

- Tround—tri
ORI - aalC)

(23)

where (ng’““‘*‘“‘P is the periodic phase variation of the laser diode in
the Fourier domain mode-locking operation. Equation (23) indi-
cates that the stable frequency scanning oscillation repeats itself
after each cavity round-trip time. The solution of Eq. (23) can be
expressed as

Tround—trip

Vipw (t) oc e 7 (24)

The frequency of the generated stable frequency scanning oscilla-
tion in the FDML OEO cavity follows the periodic frequency vari-
ation of the MPF since the center frequency of the MPF is deter-
mined by the frequency of the laser diode. It should be noted that in
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addition to the PM-IM conversion-based MPF, other kinds of fil-
ters can also be used in the FDML OEO for mode selection,®” as
long as the center frequency of the filter can be rapidly tuned to
ensure the Fourier domain mode-locking operation. In the Fourier
domain mode-locking operation, chirped microwave signals can be
generated directly from the FDML OEO cavity, and the frequency
scanning parameters are determined by using the loop filter.

The spectrum, temporal waveform, and instantaneous
frequency-time of the generated X-band (8-12 GHz) lin-
early chirped microwave waveform (LCMW) are shown in
Figs. 11(d)-11(f). The frequency of the generated LCMW ranges
from about 8 to 12 GHz, which can be easily tuned by changing
the frequency scanning characteristics of the loop filter. The
generated LCMW is constant in the time domain, indicating a good
mode-locking state. The instantaneous frequency of the generated
LCMW increases nearly linearly within one period. The frequency
scanning period can also be tuned, for example, by changing
the cavity length of the OEO or by harmonic mode-locking.”
In addition to the LCMW, other kinds of chirped microwave
waveforms have also been generated using an FDML OEO, such
as dual-chirp microwave waveform,”’ a complementary LCMW
pair,®’ phase coded microwave waveform,” phase-coded LCMW,*
and frequency-doubled LCMW.** Moreover, a microwave photonic
radar based on the FDML OEO has also been proposed and
experimentally demonstrated,” which shows the great potential of
FDML OEO in practical applications.

C. Mode control based on parametric frequency
conversion process

As shown in Fig. 2(a), the cavity modes in a traditional OEO
are discrete, and the minimum mode spacing is determined by the
cavity delay T. This oscillator is called a delay-controlled oscilla-
tor, whose stable oscillating signal must repeat itself after one cavity
round-trip time, if the timing jitter is ignored. As a result, the fre-
quency of the output signal of a traditional OEO is constrained by
the cavity delay T. The frequency must be n/T, where  is an integer.
The delay-controlled operation leads to difficulty in frequency tun-
ing. Frequency tuning is discrete unless a phase shifter is used to tune
the cavity delay. Moreover, the initial phases of the cavity modes are
not determined, and the mode competition effective is inevitable in a
traditional delay-controlled OEOQ; thus, stable multimode oscillation
is not possible if no mode-locking operation is applied. Recently,
we proposed and experimentally demonstrated a phase-controlled
optoelectronic parametric oscillator (OEPO)” based on paramet-
ric frequency conversion in the optoelectronic cavity, whose stable
oscillation is not limited by the cavity delay.

The schematic diagram of the OEPO is shown in Fig. 12(a).
The major difference between the OEPO and a traditional OEO is
that an electrical nonlinear medium (electrical mixer) is introduced
into the optoelectronic cavity for the parametric frequency conver-
sion process. The electrical mixer is a nonlinear electrical device that
produces new frequencies. The output frequency at the IF port of
the mixer is equal to the difference between the two input frequen-
cies at the LO and RF ports. As shown in Fig. 12(b), by applying
a local oscillator at the LO port, a pair of oscillation modes are con-
verted into each other by the local oscillator; thus, each mode repeats
itself after two cavity round-trip times. More importantly, the sum
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phase of each mode pair is locked, and a phase jump of the oscil-
lating signals occurs in the electrical nonlinear medium, leading to
unique mode properties of the OEPO. For example, stable multi-
mode oscillation can be easily achieved in the OEPO since the sum
phase of each mode pair is locked. Stable multimode oscillation is
difficult to achieve in a traditional OEO due to the unavoidable mode
competition effect.

Mathematically, the stable oscillating mode pair

in the OEPO should satisfy the following equations:
s(z=0,t) =aip(z=L,t)s" (z=L,t) + cc,, (25a)
s(z=Lt) =as(z=0,t+ T) + na(t) + c.c., (25b)

where s(z, t) = ¢ '(@at~kazrea) | mi(wat=kaz+02) | (¢ s the oscillat-
ing mode pair; wsi, Py and kg are the angular frequency, initial
phase, and wave vector of one mode, respectively; and ws, ¢, and
ks, are those of another mode, respectively. z is the spatial posi-
tion along the OEPO cavity, z = 0 denotes the position where the
parametric frequency conversion is implemented, and L is the cav-
ity length of the OEPO. «; is the frequency conversion loss, a;
includes all the losses/gains when the oscillating mode pair travels
from the output of the mixer to the input via the OEPO cavity, and
aya) is the total loop gain. p(z = 0,t) = p(z = L,t) = e + c.c. is
the pump signal from the local oscillator, and wj, = ws1 + ws, is the
angular frequency of the local oscillator. Equation (25a) describes
the parametric frequency conversion, and Eq. (25b) shows that the
stable oscillating mode pair recovers itself after one cavity round-
trip T. In a stable oscillation, the total loop gain a;«; is near unity,
and the system noise 7,(t) is generally negligible. According to
Eq. (25), we can derive the following equation describing the angular
frequencies and initial phases of the two modes:”

Wy, £ 2N x FSR
Ws, W2 = ————~— >

—wj, T2+ 2Mn (26)
Pt P = —

2

where ws and ¢, are the angular frequency and initial phase of
one mode, respectively, and w; and ¢ . are those of another mode,
respectively. wj, = ws1 + wsy is the angular frequency of the local
oscillator, and M and N are integers. As can be seen from Eq. (26),
the frequency of the cavity modes of the OEPO is determined by the
cavity delay and the local oscillator. The frequencies of each mode
pair are symmetrical about half of the frequency of the local oscilla-
tor. The minimum mode spacing between the adjacent cavity modes
is FSR/2, which is only half of that of a traditional OEO. Moreover,
the sum phase of each mode pair is locked to (—w;,T +2Mn)/2,
which is a unique phase-controlled operation.

Degenerate oscillation can be further achieved when the fre-
quencies of the two modes in a mode pair are the same, i.e., w51 = Ws2-
According to Eq. (26), the frequency w; and initial phase ¢_ of the
degenerate oscillation can be expressed as

2
T (27)
9 L Kn,
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FIG. 12. An optoelectronic parametric oscillator (OEPO) that controls the cavity modes based on the optoelectronic parametric process. (a) Schematic diagram of the
OEPO. An electrical mixer is introduced into the optoelectronic cavity as the nonlinear medium for the parametric process. (b) Energy transitions in the OEPO. A pair of
cavity modes are converted into each other by a local oscillator in the electrical nonlinear medium, locking the sum phase of the mode pair, thanks to the phase jump in the
frequency conversion process. (c) Spectrum of the generated stable multi-mode oscillation. (d) Spectrum of the generated single-mode oscillation. Figures reproduced with
permission from Hao et al.Light: Sci. Appl. 9, 102 (2020). Copyright 2020 Author(s), licensed under a Creative Commons Aftribution 4.0 License.

where K is an integer. In this case, the oscillating signal is a single-
frequency microwave signal whose frequency is free from the cav-
ity delay. The initial phase of the degenerate oscillation is also
locked to —w;T/2 + Km. Due to this phase locking, i.e., the phase-
controlled operation, cavity delay-independent frequency tuning
can be achieved,’” which is also not possible in a traditional OEO
if the effective cavity delay is not tuned.

The measured multimode and single-mode spectra of the
OEPO are shown in Figs. 12(c) and 12(d). The frequency of the local
oscillator in our experiment is 16 GHz, and the FSR of the OEPO
cavity is 1 MHz. We can see that the oscillating modes of the multi-
mode oscillation are symmetrical about half of the frequency of the
local oscillator and the minimum mode spacing is FSR/2, which is
consistent with our theory. The multimode oscillation is stable in
our experiment once the OEPO is switched on, thanks to the fact
that the sum phase of each mode pair of OEPO is locked, whereas
the multimode oscillation in a traditional OEO is not stable due to
the random initial phases of each mode. Degenerate single-mode
oscillation is achieved in our experiment by using a loop filter with a
narrow enough bandwidth. A frequency tuning step of 100 Hz is also
achieved in our experiment,” which is much less than the 1-MHz
cavity FSR of the OEPO.
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In addition to microwave signal generation, the proposed
OEPO can also be used for computation and radio-frequency
phase-stable transfer. For instance, a microwave photonic Ising
machine has been proposed and demonstrated in Ref. 189 based
on the binary-phase oscillation of the OEPO. This method rep-
resents a novel approach for the implementation of large-scale,
high-coherence Ising machines at room temperature to accel-
erate the computation of ubiquitous combinatorial optimization
problems.

D. Broadband OEO

In the past few decades, broadband OEOs””*'% have also been
constructed with an electrical bandwidth spanning at least an octave.
The major difference between a broadband OEO and a traditional
single-frequency OEO is that electrical filters with different band-
widths are used. Generally, lots of cavity modes are selected by
a broadband filter in a broadband OEO, while only one or sev-
eral modes are selected by a narrowband filter in a traditional
single-frequency OEO. Fundamentally, the broadband OEO is a
broadband nonlinear time-delayed system with rich and complex
dynamic states, such as relaxation oscillations, chaotic breathers,
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and hyperchaos, which can be used in various applications that
require complex microwave waveforms. This section provides a brief
introduction to the broadband OEO. We refer readers to a well-
written review’ for a detailed and comprehensive overview of this
topic.

The broadband OEQ is also referred to as an Ikeda-like OEO
since its dynamics can be described in the form of an Ikeda-like
DDE,"W“‘WI

H{x(t)} = Bfae[x(t - T)] (28)

where x(t) is a scalar dynamical variable that tracks the dynamics
of the system, H{x(¢)} is a linear integrodifferential operator that
is related to the loop filter of the broadband OEO, f is the linear
gain, fy; is a nonlinear function, and T is the time delay of the OEO
cavity. In most cases, the f,; of the broadband OEO is a sinusoidal
function since the nonlinear function is generally provided by an
interferometric device, such as a Mach-Zehnder modulator (MZM).
We can see from Eq. (28) that the interplay between H, B f NL? and
T results in rich and complex dynamical behavior of the Ikeda-like
OEOs.

Based on the characteristics of the loop filter that is used in the
cavity, broadband OEOs can be roughly classified as low-pass filter
OEOs and broad bandpass filter OEOs. If a low-pass filter with a
high-frequency cutoff f, is used in the OEO cavity, the value of the
linear integrodifferential operator H{x} in Eq. (28) can be further
determined and thus Eq. (28) can be rewritten as’

H{x} = x + 7% = Bfn[xr], (29)

where 1 = 1/27f; is related to the high-frequency cutoff f,; of the
loop filter and xt = x(¢ — T) is the delayed dynamical variable. For
broadband OEOs with a bandpass filter, the loop filter can be con-
sidered as the joint use of a high-pass filter with cutoff frequency f
and a low-pass filter with cutoff frequency f,; thus, {x} in Eq. (28)
can also be further determined and the DDE can be rewritten as’

H{x) = (1 + g)x+ T* + é/t.rx(s)ds =Bfnfxr],  (30)

where 7 = 1/27f; and 6 = 1/27f; are related to the cutoff frequen-
cies f,; and f; of the bandpass filter, respectively. It should be noted
that generally, the high-frequency cutoff f; is much larger than the
low-frequency cutoff f,; thus, (l + g)x can be further simplified as
xsince 1 + 5 ~ L.

The key properties of the broadband OEOs can be analyzed
using the DDE, such as the evaluation of the time-domain dynamics
as a function of the feedback gain f. Figure 13 shows an example of
the experimental and numerical results of the time-domain dynam-
ics of a broad bandpass filter OEO.'’’ A bandpass filter with cutoff
frequencies of f;, =3.1 Hz and f,; = 480 kHz is used. The sinu-
soidal nonlinearity f,; is provided by the MZM. Here, the scalar
dynamical variable x(¢) denotes the electrical amplitude V(t) of the
oscillating signal; the numerical simulations are carried out using the
DDE. As shown in Figs. 13(b) and 13(c), as f3 increases beyond the
oscillation threshold, the broadband OEO changes from relaxation
(or slow-fast) oscillations (P ~ 1.5) to periodic breathers (B » 2),
chaotic breathers (f ~ 3), and fully developed chaos (B ~ 3.5). Apart
from its rich and complex dynamic states, the broadband OEOs
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have also been used in chaos communications,'*>'*°

nization,'””'”® random number generation,'*”*"
radars and lidars.”"! >

chaos synchro-
Y as well as chaotic

E. Random OEO

Typically, a closed optoelectronic feedback loop is adopted in
a traditional OEO cavity. Although a high-Q factor or rich dynamic
states are ensured by a closed loop, only the frequency components
with multiple integers of the FSR can oscillate in the OEO cavity.
As we mentioned above, this delay-controlled operation limits the
potential oscillation frequency of a traditional OEO once its cavity
delay is determined. As a result, the randomness of the generated
broadband microwave signals of the broadband OEO and OEPO is
limited. Discrete frequency components with frequencies related to
the cavity delay can still be observed at the spectrum of the gener-
ated signal unless the feedback strength of the optoelectronic loop
is ultra-high. One solution to overcome this problem is to use an
optoelectronic parametric process in the OEO cavity, which is the
method we used in the OEPO.” In Ref. 103, we also proposed and
demonstrated a novel random OEO that overcomes the limitation of
the cavity delay in a traditional OEO. Broadband random microwave
signals are obtained from the random OEO cavity by using the
unique features of random light scattering in an optical fiber as
the feedback scheme for the oscillating signal, while maintaining an
open-loop physical cavity.

The schematic diagram of the proposed random OEO is shown
in Fig. 14(a)."” The signal light generated by a laser diode is sent to
a spool of dispersion compensation fiber (DCF) via an optical cir-
culator and a wavelength division multiplexer (WDM). Due to the
intrinsic random disorder in the optical fiber, Rayleigh scattering
occurs in all directions while the signal light propagates along the
fiber from the input z to the open port z;. The backscattered part of
the signal light is recaptured by the fiber and sent to port 3 of the cir-
culator. A Raman pump signal generated by a pump laser is also sent
to the DCF to amplify the incident and backscattered signal light in
the DCF and stimulate the Raman amplification process. An EDFA
and an EA are also used to further boost the oscillating signal in the
optoelectronic cavity. Unlike a traditional OEO that uses a physical
closed loop to provide the required feedback for the oscillating sig-
nal, Rayleigh backscattering from an open DCF is used to provide
the required feedback in the random OEO. At each scatter section z;
in the optical fiber, the Rayleigh scattering field Ae,(¢,z;) fluctuates
randomly in time. In theory, the Rayleigh scattering field Ag,(t,zi)
can be described by a backscattering coefficient Ap(z;),

2z; —az; —j2fz;
Agy(t,zi) :M(zi)ss(t— —Z)e eI "Ap(zi), (31)
v

where M is the unitary Jones matrix, « is the attenuation coefficient,
B is the propagation constant, v is the group velocity, and Ap(z;) is
a time-independent zero-mean circular complex Gaussian random
variable.!’”> The total backscattered field at the input of the DCF
is the superimposed field from each scatter section, which can be
defined as

en(t) = S Aey(t,nAl), (32)

where NI = z; is the total length of the DCF. We can see that the
total backscattered field also fluctuates randomly in time. A large
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FIG. 13. A broadband OEO. (a) Schematic diagram of the OEO. A bandpass filter with cutoff frequencies of f| = 3.1 Hz and f,; = 480 kHz is used. The sinusoidal
nonlinearity fy is provided by the Mach-Zehnder modulator. (b) Experimental and (c) numerical results of the electrical amplitude V/(t) for different feedback gains j3. As j3
is increased beyond the oscillation threshold, the broadband OEO changes from (i) relaxation (or slow-fast) oscillations to (i) periodic breathers, (iii) chaotic breathers, and
(iv) fully developed chaos. Figures reproduced with permission from Mbé et al., Phys. Rev. E 91, 012902 (2015). Copyright 2015 APS.

amount of Rayleigh backscattering can be regarded as different feed-
back cavity lengths; thus, the random OEO can be regarded as a sum
of single-loop OEOs with randomly distributed cavity lengths,

Li = L() + 2z;, (33)

where Lo is the cavity length of the OEO excluding the DCF and
z; is the scatter section at the DCF. As a result, microwave sig-
nals with different frequencies can always find the correspond-
ing cavity lengths to oscillate in the random OEO and are not
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confined by the cavity delay as in the traditional OEO. Moreover,
the signal power of the microwave signals also fluctuates randomly
in time due to the random fluctuation of the backscattered field;
thus, random microwave signals can be produced by the proposed
random OEO.

Figure 14(b) shows the spectrum of the generated random
microwave signal when a bandpass filter with a center frequency
of 5 GHz and a bandwidth of 60 MHz is used. The inset on the
left shows the frequency response of the bandpass filter, and the
inset on the right shows the magnification of the spectrum. All
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FIG. 14. A random OEO using Rayleigh light scattering in an optical fiber to provide feedback in an open-loop cavity. (a) Schematic diagram. The signal light generated by
the LD is sent to the DCF via a WDM. Rayleigh scattering occurs as the signal light propagates along the optical fiber due to the intrinsic random disorder in the transmission
medium. A Raman pump signal generated by the pump laser is also sent to the DCF to amplify both the incident and backscattered signal light based on the distributed
Raman amplification process. The random OEO can be regarded as the sum of single-loop OEOs with randomly distributed cavity lengths, since the feedback is proved
by the Rayleigh backscattering. As a result, microwave signals with different frequencies can always find the corresponding cavity lengths to oscillate in the random OEO.
(b) Spectrum of the generated random microwave signal when a bandpass filter is used. The inset on the left shows the frequency response of the bandpass filter, and the
inset on the right shows the magnification of the spectrum. (c) Instantaneous frequency—time diagram of the generated random microwave signal. Figures reproduced with
permission from Ge et al., Nat. Commun. 11, 5724 (2020). Copyright 2020 Author(s), licensed under a Creative Commons Attribution 4.0 License.

TABLE II. Characteristics of selected mode control methods of OEOs.

Method Type of generated signal Characteristics References

Tunable filtering Tunable single-frequency microwave signal ~ Frequency tuning range from DC to 60 57
GHz

Fourier domain mode-locking Chirped microwave waveform Broad bandwidth, large time-bandwidth 75
product up to 166 650

Optoelectronic parametric process  Stable phase-locked oscillation Stable multi-mode oscillation, delay- 92
independent frequency tuning

Nonlinear dynamics Broadband complex oscillation Rich dynamics, such as relaxation oscilla- 100
tion, periodic breathers, and chaos

Randomly distributed feedback Random signal Tunable wide bandwidth with frequen- 103
cies up to 40 GHz
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frequencies in the passband of the filter oscillate together
without a discrete mode interval. The calculated instantaneous
frequency-time diagram using a Hamming window is shown in
Fig. 14(c). As can be seen, the power of the generated signal varies at
different frequencies. The power of a particular frequency changes
randomly in each of the two adjacent time windows. Random
microwave signals with different center frequencies and bandwidths
can also be produced by changing the electrical bandwidth of the
random OEO. For example, ultra-wideband random microwave sig-
nals with frequencies ranging from DC to about 40 GHz have been
successfully produced.'”

Table IT summarizes the approaches and characteristics of the
cavity mode control of OEOs based on different methods. As can
be seen, diverse microwave signals can be obtained using different
mode control methods, demonstrating the significant potential of
OEOs for microwave signal generation.

V. INTEGRATED OEO

Although remarkable developments have been achieved in
the past few decades regarding low-phase noise microwave signal

a Optical output ¢ Optical input
port T g l port

b RF Electronics

generation and cavity mode control of OEOs, the large size and
high power consumption still limit the popularization of OEOs in
practical applications since most of the aforementioned OEOs are
implemented using discrete optical and electrical devices. With the
rapid development of photonic integrated circuits (PICs), several
partially integrated and even monolithically integrated OEOs''*~'#
have been reported in recent years. These devices have a compact
size and low power consumption.

Benefited from the rapid development of photonic integrated
circuits, integration of OEOs can be achieved in different platforms,
such as silicon, indium phosphide, and chalcogenide. Ideally, all
the optical and electrical devices in the OEO loop should be inte-
grated to minimize its size and high power consumption; however,
a high-performance fully integrated OEO is still challenging due to
the complexity or inferior performance of the integrated devices.
Figure 15 shows several selected examples of integrated OEOs. A
silicon-integrated OEO was proposed and demonstrated in Ref. 113,
with several key optical building blocks, including a high-speed PM,
a thermally tunable micro-disk resonator (MDR), and a high-speed
PD. A frequency tunable MPF can be implemented based on PM-
IM conversion using the above three key optical building blocks;
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FIG. 15. Selected examples of integrated OEOs. (a) A silicon-integrated OEO with several key optical building blocks, including a high-speed PM, a thermally tunable MDR,
and a high-speed PD. (b) Silicon-integrated coupled OEO. Two side-by-side OEO circuits are shown in this die micrograph. Each OEO circuit consists of an integrated
optoelectronic loop and a partially integrated optical loop. Discrete optical delay and amplification devices are used to close the optical loop. (c) An integrated OEQO with
monolithically integrated photonic parts. All the optical devices in the OEO system are integrated on an InP chip. The electrical parts are fabricated on a printed circuit
board. Panel (a) is reproduced with permission from W. Zhang and J. Yao, J. Lightwave Technol. 36(19), 4655-4663 (2018). Copyright 2018 IEEE. Panel (b) is from
Gunn, Proceedings of the 54th IEEE International Solid-State Circuits Conference (ISSCC ‘07). Copyright 2007 IEEE. Reproduced with permission from IEEE. Panel (c) is
reproduced with permission from Hao et al., J. Lightwave Technol. 36(19), 4565-4582 (2018). Copyright 2018 IEEE.
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TABLE lIl. Comparison of selected integrated OEQOs.

Platform Level of integration Phase noise References

Silicon Partially integrated photonic parts -80 dBc/Hz @ 10 KHz for 6.8-GHz signal 113

Silicon Partially integrated photonic parts and —-112dBc/Hz @10 kHz for 10.2-GHz signal (with 114
monolithically integrated electrical parts external ODE)

Indium phosphide Monolithically integrated photonic parts -92 dBc/Hz @1 MHz for 8.87-GHz signal 115

Chalcogenide Partially integrated photonic parts About —90 dBc/Hz@10 kHz for 10.9-GHz signal 126

thus, the silicon-integrated OEO also has good frequency tunabil-
ity. The measured phase noise of the generated microwave signal is
about —80 dBc/Hz at 10 KHz offset. One significant advantage of
silicon photonics is the seamless integration of optical and electri-
cal devices due to the compatibility with mature electrical CMOS
technology. A silicon-integrated COEO with hybrid integration of
photonic and electronic parts was reported in Ref. 114 and its die
micrograph is shown in Fig. 15(b). All the electrical devices and a
silicon Mach-Zehnder Interferometer (MZI) modulator are inte-
grated. The optical loop is closed using a semiconductor optical
amplifier (SOA) and an optical delay element (ODE) placed outside
the integrated chip. By using a long external ODE, a low phase noise
of —112dBc/Hz at a 10 kHz offset has been achieved. Nevertheless,
the integration of active optical devices, such as lasers and optical
amplifiers, represents a challenge for silicon photonics.”’*?" Active
optical devices can be integrated on a chip using an InP platform. An
integrated OEO with monolithically integrated photonic parts was
reported in Ref. 115. All the optical devices in the OEO system are
integrated on the InP chip, and the electrical parts are fabricated on
a printed circuit board (PCB). A comparison of selected integrated
OEO:s is listed in Table II1. As can be seen, the phase noise of the
integrated OEOs without an external ODE is still poor due to the
fact that its total loop delay T in Eq. (13) is very small. The total
loop delay can be further enhanced to ensure a lower phase noise,
for example by using a low-loss silicon nitride waveguide.

VI. OTHER APPLICATIONS OF OEO

In addition to the distinct features of microwave and optical
signal generation, emerging applications of OEO in sensing, com-
puting, signal processing, and other research fields have also been
intensively investigated and attracted much attention. Some of the
important applications of OEO reported in recent years are reviewed
in this section.

A. Sensing

OEO-based sensors can be implemented by mapping the
measurand-dependent parameter change to the frequency change
of the generated microwave signal of the OEO.'*”~!*! Due to the
high resolution and high speed of the frequency measurements in
the electrical domain, OEO-based sensors have high resolution and
high speed, which are both much higher than traditional optical
sensor systems using an optical spectrum analyzer. In addition, the
microwave signal generated by the OEO has a high signal-to-noise
ratio (SNR), ensuring a high SNR of the OEO-based sensor. In recent
years, various approaches have been proposed and demonstrated
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to measure target parameters, such as the strain, refractive index,
transverse load, distance, temperature, and acoustic characteristics
of OEQs.!#7- 1!

An example of an OEO-based strain sensor'*” is shown
in Fig. 16. The fundamental concept is to convert the strain-
induced wavelength change to the frequency change of a generated
microwave signal of the dual-loop OEO. A MPF based on PM-IM
conversion is adopted in the OEO cavity. A dual-loop OEO using
a PM-IM conversion-based MPF is adopted. Similar to the MPF in
Fig. 11, a PS-FBG is also used in this scheme as an optical notch filter
to change the balance of phase modulation. The center frequency of
the MPF is determined by the frequency difference between the laser
diode and the PS-FBG. When a strain is applied to the PS-FBG, the
frequency of the notch of the PS-FBG would be changed. As a result,
the center frequency of the MPF and the oscillation frequency of the
OEO change as the applied strain of the PS-FBG is changed; thus,
strain sensing can be achieved by measuring the frequency of the
generated microwave signal. The measured frequency responses of
the MPF and the spectra of OEO for different strain levels are shown
in Figs. 16(b) and 16(c), respectively. As can be seen, the SNR of
the generated microwave signal is about 70 dB, which is very large
compared with other techniques. A linear relationship between the
oscillation frequency of the OEO and the applied strain is observed
in Fig. 16(d), which is also consistent with the theory.

B. Computing

Computing is another important application of OEOs. As a
time-delayed optoelectronic system, broadband OEOs have been
proposed and demonstrated as a hardware platform for reservoir
computing.”'*> A wide variety of tasks, such as pattern recogni-
tion and time-series prediction, have been successfully implemented
using OEO-based reservoir computers. >+

An Ising machine based on an OEO was proposed for solving
optimization problems.'”” The Ising machine is an analog system
that maps optimization problems to Ising models, solving the opti-
mization problems by finding the ground state of the Ising machine.
Compared with conventional algorithms, an Ising machine operates
considerably faster since it can evolve to the ground state rapidly.
Ising machines based on various analog systems have been demon-
strated previously, such as quantum annealers based on supercon-
ducting circuits and coherent Ising machines based on optical para-
metric oscillators (OPOs). Although solving optimization problems
has been achieved successfully, the operation of the quantum anneal-
ers must be under an ultra-low temperature of millikelvin and the
OPO-based Ising machines are sensitive to environmental changes.
The two problems can be solved by implementing the Ising machine
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FIG. 16. A strain sensor based on an OEO. (a) Block diagram. A dual-loop frequency tunable OEO based on PM-IM conversion using a PS-FBG is adopted. The center
frequency of the MPF and the oscillation frequency of the OEO change as the applied strain of the PS-FBG is changed; thus, strain sensing can be achieved by measuring
the frequency of the generated microwave signal. (b) Measured frequency responses of the MPF as the applied strain is changed. (c) Measured spectra of OEQ as the
applied strain is changed. (d) Relationship between the oscillation frequency and applied strain. LD, laser diode; PC, polarization controller; PM, phase modulator; OC,
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based on an OEO. The energy function of the Ising Machine is repre-
sented by the Ising Hamiltonian Hising = —%Zﬁn JmnOm0n, where N
is the number of the coupled spins, J,,,,, is the spin interaction matrix,
and 0/, and 0, are the z projection of the spins with binary eigenval-
ues of 1 or —1. The optimization problems are mapped to the Ising
Machines by spin coupling using the spin interaction matrix J,,,,,, and
the solution of the optimization problems is related to the ground
state of the Ising machine. In the OEO-based Ising machine, the
artificial spins are represented by the photovoltage generated in the
OEO cavity. Due to the feedback-induced bifurcation of the OEO,
a pitchfork bifurcation occurs near the oscillation threshold. The
OEO has two stable fixed points above the bifurcation point; thus,
Ising spin networks can be implemented by mapping the photovolt-
age to the Ising spin. The schematic diagram and working principle
of the iteration process are shown in Fig. 17. As can be seen, an N-
spin network is achieved by dividing the photovoltage into N equal
intervals in the time domain. Spin coupling is achieved in the digi-
tal hardware by performing matrix multiplication. Up to 100 spins
were executed in an experiment, achieving excellent performance for
solving MAXCUT optimization problems.'*’

C. Signal processing

The use of OEOs in electrical and optical signal process-
ing has also been proposed and demonstrated. For example,

APL Photon. 6, 061101 (2021); doi: 10.1063/5.0050311
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photonic microwave upconversion and downconversion'”>~1°* have
been implemented using the OEOs as local oscillators. This applica-
tion has attracted significant attention for radio-over-fiber systems.
Clock recovery has also been reported due to injection locking in
OEOs.'”7 1% In this system, the OEOQ is injection locked to the clock
of an incoming electrical or optical stream of data. The OEO output
is thereby synchronized with the incoming data stream. Due to the
wide bandwidth of OEOs, high-frequency data streams can be suc-
cessfully recovered. Multichannel optical signal processing has also
been achieved in these OEOs in addition to clock recovery, such
as modulation format conversion.'** Moreover, clock division,'®
microwave frequency division, "'’ signal channelization, and low-
power RF signal detection'’’~'”° using OEOs have also been demon-
strated based on the injection locking process. Figure 18 shows an
example of a low-power RF signal detection scheme based on a
multimode OEO.'"! The detection of low-power RF signals is cru-
cial in applications such as modern radar, electronic warfare, and
radio astronomy, since the RF signals are generally low in the clut-
tered environment. Although low-power RF signal detection can
be implemented in the electrical domain, the frequency range and
instantaneous bandwidth are limited due to the electronic bottle-
neck. On the other hand, low-power RF signal detection based on an
OEO offer promising advantages, such as wide frequency range and
large bandwidth. The cavity mode in the multimode OEO can only
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oscillate if an RF signal with an appropriate frequency is injected
since the gain of the multimode OEO is just below the oscillation
threshold. The measured spectrum when a 1.0022-GHz RF signal
with a power of =70 dBm is injected into the OEO cavity is shown in
the right part of Fig. 18. It is observed that low-power RF signals can
be selectively amplified if their frequency is matched with that of the
cavity modes of OEO.

Microwave frequency measurement is another OEO applica-
tion in signal processing. Traditional electrical microwave frequency
measurement methods can achieve a high resolution, but the mea-
surement range is generally limited to several of GHz and the system
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is sensitive to electromagnetic interference (EMI). Using the OEO-
based scheme, the measurement range can be easily extended to tens
of GHz, and the system is immune to EMI. Recently, we reported
a microwave frequency measurement scheme based on the FDML
OEO.”" The principle and measured results are shown in Fig. 19.
The key to the proposed scheme is frequency-to-time mapping in
the FDML OEO cavity, and the unknown microwave frequency is
measured using the time-domain information.

As we reported in Sec. IV, frequency scanning microwave
signals with instantaneous frequencies that change over time can
be generated by the FDML OEO. In the proposed microwave

0995 0997 0999 1.001 1.003
Frequency (GHz)

FIG. 18. Selective amplification and detection of low-power RF signals based on an OEO. Left: experimental setup. The gain of the OEQ is maintained just below the
threshold. The low-power RF signal is injected into the multimode OEO and is selectively amplified if its frequency is matched with that of the cavity modes of the OEO.
Right: measured spectrum when a 1.0022-GHz RF signal with a power of —70 dBm is injected into the OEO cavity. A gain of 8-dB is achieved. Figures reproduced with
permission from Devgan et al., IEEE Photonics Technol. Lett. 22(3), 152-154 (2010). Copyright 2010 IEEE.
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injected into the FDML OEO. (c) Measured frequency and corresponding errors. Figures reproduced with permission from Hao et al., Opt. Express 26(26), 33582-33591

(2018). Copyright 2018 OSA.

TABLE IV. Selected OEO applications in sensing, computing, and signal processing. WER, word error rate; NMSE, normalized mean square error; NRZ, nonreturn-to-zero; RZ,

return-to zero; and (CSRZ) carrier-suppressed return-to-zero.

Application Function Characteristics References
Refractive index sensing Uncertainty: 107%; slope —226.62 +2.53 kHz/mm 131
Strain sensing Resolution: 360 fm; SNR: 70 dB; slope 0.206 683 GHz/pe 132
Sensing Transverse load sensing Sensitivit);: 9.73 GHz/(N/mm); minimal detectable load: 133
2.06 x10~* N/mm
Acoustic sensing Spectral resolution: Sub-Hertz 134
Distance measurement Resolution: 1.5 ym/Hz; standard deviation: 14.8 ym 135
Temperature sensing Sensitivity: 3.7 MHz/°C; repeatability error: Less than 140
0.02%
Computing Reservoir computing Nodes: 400; spoken digit recognition with WER of 0.04%; 143
time series prediction with NMSE of 12%
Ising machine Spin number: 100; success rate: 90% for a square lattice and 150
34% for a Mobius ladder graph
Frequency conversion Frequency upconversion to the 20-GHz band 152
Clock recovery Clock frequency: 100 MHz and 4.95 GHz, can be extended 155
Signal processing to 70 GHz in theory
Modulation format conversion NRZ-to-RZ/CSRZ conversion 164
Microwave frequency division Division ratio: 2 and 3; frequency range: 4.51-34.88 GHz 169
Signal channelization and low-power Sensitivity: —83 dBm; compression dynamic range: 72 dB; 171
RF signal detection frequency range: 1-6 GHz
Frequency measurement Resolution: 60 MHz; frequency range: 1-15 GHz 90
APL Photon. 6, 061101 (2021); doi: 10.1063/5.0050311 6, 061101-22
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frequency measurement scheme, the bi-directional frequency scan-
ning microwave signal generated by the FDML OEO is mixed with
the microwave signal under test by injecting the microwave signal
into the FDML OEO cavity. A single-passband filter is also used to
select a portion of the mixed product. In the time domain, the out-
put of the filter is periodical pulse trains due to the bi-directional
frequency scanning property of the FDML OEO. For example, an
output pulse can only be observed at the output of the single-
passband filter when the frequency component fg,, . + f, of the fre-
quency scanning microwave signal is mixed with the microwave
signal under test if the frequency of microwave signal under test
is f,. There are two output pulses within one scanning period,
thanks to the bi-directional frequency scanning property of FDML
OEO. The time difference between the output pulses within one
scanning period of the FDML OEO is related to the frequency of
the injected microwave signal; thus, frequency-to-time mapping is
established and used for microwave frequency measurements. Sin-
gle and multiple-tone microwave signals can also be measured by
the proposed system, which is difficult to achieve for many photonic-
assisted frequency measurement systems.”*?!% Figure 19(b) shows
the amplitude of the time-domain waveform when a two-tone
microwave signal is injected. As expected, two pairs of output pulses
are observed in the time domain. The measured frequency and
corresponding errors are shown in Fig. 19(b). The measurement
errors are less than 60 MHz. In addition, the single-passband fil-
ter can also be removed from the frequency measurement system
by using a FDML OEO operating around threshold.”’ OEO applica-
tions in sensing, computing, and signal processing are summarized
in Table I'V.

VIil. CONCLUSIONS

We reviewed the basic operating principle and the key phase
noise performance of OEOs. Several approaches for generating spec-
trally pure low phase noise microwave signals have been summa-
rized, such as dual-loop OEO, OEO based on a high-Q ring res-
onator, COEO, and PT-symmetric OEO. In addition to its phase
noise performance, the long-term frequency stability should be con-
sidered in practical applications. Long-term frequency stabilization
methods, such as injection locking and phase locking, were dis-
cussed. Oscillation mode control techniques were described, such
as tunable signal frequency signal generation using tunable filters,
chirped signal generation using Fourier domain mode-locking, sta-
ble multi-mode oscillation based on a nonlinear parametric pro-
cess, complex oscillation based on nonlinear dynamics, and random
oscillation based on random scattering. Versatile microwave signals
can be obtained using OEOs using these mode control techniques.
Examples of integrated OEOs with a compact size and low power
consumption were also provided. In addition to signal generation,
OEOs have also been used in other applications. Selected application
scenarios were discussed, such as sensing, computing, and signal
processing.

In summary, OEOs have been widely investigated in various
research fields due to their attractive features, including ultra-low
phase noise, frequency flexibility, and versatility in diverse appli-
cations. Fiber-based OEOs have an excellent phase noise perfor-
mance, but they also have a large size and high power consump-
tion. Compact size and low power consumption have been achieved

APL Photon. 6, 061101 (2021); doi: 10.1063/5.0050311
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using integrated OEOs; however, these OEOs have increased phase
noise. Novel schemes or high Q-factor schemes should be devel-
oped to ensure low phase noise in integrated OEOs. In addition
to single-frequency microwave signals, several complex microwave
waveforms have been generated using OEOs. The generation of new
kinds of microwave waveforms is expected due to the intrinsic multi-
mode cavity of OEOs. Moreover, the applications of OEOs might be
further extended in the near future owing to the unique properties
of the hybrid optoelectronic feedback system.
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