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Abstract
With the development of 5G wireless network and beyond, the wireless carrier frequency will
definitely reach millimeter-wave (mm-wave) and even terahertz (THz). As one of the key
elements in wireless networks, the local oscillator (LO) needs to operate at mm-wave and THz
band with lower phase noise, which becomes a major challenge for commercial LOs. In this
article, we investigate the recent developments of the electronic integrated circuit (EIC)
oscillator and the optoelectronic oscillator (OEO), and especially investigate the prospect of
OEO serving as a qualified LO in the 5G wireless network and beyond. Both the EIC oscillators
and OEOs are investigated, including their basic theories of operation, representative techniques
and some milestones in applications. Then, we compare the performances between the EIC
oscillators and the OEOs in terms of frequency accuracy, phase noise, power consumption and
cost. After describing the specific requirements of LO based on the standard of 5G and 6G
wireless communication systems, we introduce an injection-locked OEO architecture which can
be implemented to distribute and synchronize LOs. The OEO has better phase noise
performance at high frequency, which is greatly desired for LO in 5G wireless network and
beyond. Besides, the OEO provides an easy and low-loss method to distribute and synchronize
mm-wave and THz LOs. Thanks to photonic integrated circuit development, the power
consumption and cost

7 These authors contribute equally to this work.
∗

Authors to whom any correspondence should be addressed.

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

1361-6463/21/423002+19$33.00 1 © 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK

https://doi.org/10.1088/1361-6463/ac13f2
https://orcid.org/0000-0002-9217-8249
https://orcid.org/0000-0001-7837-3454
https://orcid.org/0000-0002-7654-8553
mailto:yangbozju@hdu.edu.cn
mailto:z.cao@tue.nl
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/ac13f2&domain=pdf&date_stamp=2021-8-3
https://creativecommons.org/licenses/by/4.0/


J. Phys. D: Appl. Phys. 54 (2021) 423002 Topical Review

of OEO reduce gradually. It is foreseeable that the integrated OEO with lower cost may have a
promising prospect in the 5G wireless network and beyond.

Keywords: 5G, local oscillator, optoelectronic oscillator

(Some figures may appear in color only in the online journal)

Preface

Compared to the previous generation of mobile communic-
ation, the 5th-generation new radio (5G NR) standardized
by the 3rd generation partnership project (3GPP) presents
some improvements, including enhanced mobile broadband,
ultra-reliable and low latency communications, and massive
machine-type communication [1–5]. To achieve these goals,
3GPP has introduced a network architecture [4], with a new
physical layer design that supports small-cell architectures,
very high carrier frequencies, and a series of new techniques
such as massive multiple-input and multiple-output (MIMO),
and beamforming features [5]. Furthermore, the beyond 5G
(B5G) and the 6th-generation (6G) are researched in recent
years, and they are expected to out-perform 5G in regard of
throughput by a factor of 10–100. Although the needs and
indicators of 6G are not defined yet, it is foreseeable that some
auxiliary technologies in 5G are necessary to be compatible in
the 6G era [6, 7]. Beyond that, the carrier frequency will reach
millimeter-wave (mm-wave) and terahertz (THz). In addition,
more efficient modulation methods will be explored in the 6G,
and more antennas will be used in the base station (BS) due to
the small-cell architecture and the massive MIMO in 6G.

As one of the key elements in the wireless network, the
local oscillator (LO) often serves as a reference for the car-
rier signal to up- and down-convert the output and incom-
ing data. Therefore, the LO also needs to meet some new
requirements. Recently, some mature electronic integrated cir-
cuit (EIC) oscillators have been implemented in the 5G FR1
and a lot of efforts are devoted to research the LO in 5G FR2
and B5G by using the mm-wave and THz EIC oscillators [8–
10]. Besides, a fiber-compatible and high-quality LO based on
the optoelectronic oscillator (OEO) is regarded as a potential
technology in the 5G wireless network and beyond.

The new architectures and requirements of the 5G wire-
less network and beyond provide an opportunity to utilize the
fiber-based fronthaul. On the one hand, the optical fronthaul
has the characteristics of broadband, ultra-low loss and low
latency [11, 12]. On the other hand, given the 5G and B5G
small-cell architecture, only the optical fronthaul is able to
accommodate the tremendously increased number of access
points. The massive implementation of optical fronthaul is
necessary for implementing the OEOs [13]. Since the optical
fronthaul consists of optical and electronic parts, it enables the
OEO loop without extra configurations. Besides, the enhanced
mobile broadband and complexmodulated format will be used
in the 5G wireless network and beyond. Hence, a mm-wave or
THz LO with ultra-low phase noise is expected to reduce the
error vector measurement (EVM) caused by the phase-noise
jitter. Thanks to the high-Q value providing by long fiber, the

OEO realizes an ultra-low phase noise and the phase noise
is independent of oscillating frequency. The OEO can easily
meet the requirements of phase noise when it serves as LO in
the 5G wireless network and beyond. More importantly, the
increased number of the access point needs a large number of
LOs to generate synchronized carrier components (CCs). For
example, the CCs in the MIMO and the coordinated multiple
points transmission/reception (CoMP) must be synchronized
following the 3GPP standard [1, 14]. The OEO provides an
easy and economical method for distributing and synchroniz-
ing CCs in the access points [15, 16]. Moreover, the synchron-
ization of OEOs is independent of the GPS, which is suitable
for the private network in 5G wireless network and beyond.
Therefore, we introduce the OEO for 5G wireless network and
beyond in this article.

The diverse applications of OEO have been inspired and
attached much attention in recent years. Many reviewed art-
icles introduce the OEO applications in terms of sensing,
microwave signal generation for radar, chaos communications
and optoelectronic machine learning [17–20]. In this article,
we review the OEO in a new aspect and discuss the prospect
that OEOs serve as both the single-point LO and LOs networks
in the 5G wireless network and beyond.

The outline of the paper is shown in figure 1. Section 1 is
devoted to the LO and the new requirements for 5G and bey-
ond wireless network. The EIC oscillator, OEO and integrated
OEO are reviewed in sections 2–4. We compare the perform-
ances of the EIC oscillator and OEO in section 5. In section 6,
some specific and new requirements of 5G and key perform-
ance indicators (KPIs) of 6G are reviewed, where we discuss
the criteria of the LO according to the standards of 5G and bey-
ond. In section 7, we propose an OEO network that satisfies
distribution and synchronization of LOs in 5G wireless net-
work and beyond. Researched prospect for OEO-based LOs
distributing network is discussed in the last section following
by the conclusion. In conclusion, we believe the distributing
LOs network based on the integrated OEO has a promising
prospect in the 5G wireless network and beyond.

1. LO for 5G and beyond wireless network

1.1. LO

A natural phenomenon exhibiting a repetitive variation of dis-
placement about a center point or between two states in time,
is defined as oscillation. The oscillation occurs in mechanical
systems and dynamic systems in virtually every field of human
experience, such as occurring in the human heart, the busi-
ness cycle, the population cycle, and the geothermal geysers
[21]. Phenomenon-based oscillators have been designed and
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Figure 1. The outline of the review.

are perhaps the most widely used devices. For example, a vari-
ety of mechanical (e.g. the pendulum), electromagnetic and
atomic oscillators provide a diverse range in the approxima-
tion to the realization of the ideal harmonic oscillator [22–29].

In the digital and information era, a widely used type
of oscillator is the electronic oscillator. It generates a peri-
odic, oscillating electronic signal, typically a sine wave or
a square wave by converting the direct current (DC) from a
power supply [30]. The electronic oscillator originates from
Thomson in 1892, who placed an inductance–capacitance
(LC) tuned circuit in parallel with an electric arc [31]. Then, a
vacuum tube oscillator is invented in 1912 by using electrical
feedback. Three years later, the Hartley oscillator with two
coils forming a shared inductance was invented. By tuning the
circuit consisting of capacitors and inductors, the oscillating
frequency can be adjusted. It is the 1st LC oscillator and leads
to the boom of electronic oscillating technology in the follow-
ing century [32–34]. In the 20th century, thanks to the evol-
ution of integrated circuits following Moore’s law [35, 36],
EIC oscillators have achieved dramatic performances in terms
of oscillating frequency, levels of integration, stability, phase
noise, and power consumption [37–39]. The EIC oscillators
are widely used in almost every information and communic-
ation system, such as the central processing unit of the com-
puter [40], radar system [41–43], and sensor system [44–46].
Specifically, the EIC oscillators are always used in the super-
heterodyne receiver, which is the most common type of radio
receiver circuit which is well known in the modern wireless
communication systems as the LO.

LO often serves as a reference for the carrier signal to
up-convert and down-convert the output and incoming data,
respectively. When the radio signal with data is received and
demodulated, recovering and synchronizing the carrier are
always required. The LO should be a clean and stable source
so that the transceiver can well synchronize and recognize the
carrier. The phase noise of the LO should be low enough to
ensure a good signal-to-noise ratio (SNR). As the LO is indis-
pensable in the transceiver, improving the performances of LO
is an important research topic in the 5G and beyond wireless

network. For example, the phase noise of the LO is a random
fluctuation causing detection error of the received signal spec-
trum. Also, the phase noise of LO destroys the orthogonality of
the subcarriers in orthogonal frequency division multiplexing
systems and degrades the performance by producing intercar-
rier interference [47–53].

1.2. New requirements on the LO for 5G and beyond

To support more complex services in 5G and beyond,
the broader bandwidth (BW) and more efficient modulated
formats are necessary [1–5]. Hence, LOs with high frequency
and outstanding performances are crucial for the 5G and bey-
ond wireless network. Some new requirements on the LO for
5G and beyond are summarized in the following.

Firstly, an ultra-stable LO in the frequency band of mm-
wave or THz is required. The frequency error in the trans-
ceivers is mainly attributed to the frequency accuracy of the
LOs, and the environment factors (e.g. temperature) may also
deviate the carrier frequencies. Besides, the higher carrier
frequency poses challenges in synchronizing the CCs and
recovering the baseband signal since mm-wave and THz band
exhibit more loss and nonlinearity. To solve these problems,
a more accurate and stable oscillator with a high frequency is
necessary.

Secondly, high-order modulated formats such as 128/256
QAMcan improve the spectrum efficiency and realize an ultra-
high bit rate [4]. To realize the complexmodulated formats, the
SNR and the EVMs are critical in the transceiver. For simpli-
city, the EVM is an integration of phase noise beyond tracking
BW and inside channel BW. Therefore, the phase noise of the
LO affects the performance of the transceiver directly.

Thirdly, small cells will also play an important role in 5G
and beyond wireless network since the small cells are used to
reduce loss of the wireless link and increase data rates. When
using small-cell architecture and massive MIMO technology,
a large number of LOs are needed in the wireless network with
the increasing of the transceiver. From the perspective of the
frequency synchronization and the cost reduction, generating
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CCs in a center baseband unit (BBU) pool and distributing it to
remote radio units (RRUs) may arise as a feasible option [5].

2. Description of EIC circuit oscillator

There are some new requirements to realize the new applic-
ations in 5G wireless network and beyond, including higher
carrier frequency, broader BW, and more efficient modulated
formats. Thus, the LO with high frequency and outstanding
performance is necessary for the 5G and beyond wireless
network, as discussed in section 1. This section introduces
the EIC oscillator in terms of the basic concept, prototyped
topology, and some key technologies. Besides, we review
some EIC oscillators based on submicron CMOS technolo-
gies, which can be implemented in the 5G and beyond wireless
communication network.

2.1. Integrated circuit oscillator

Based on a feedback system, a simple oscillator is used to
generate a periodic signal without any input. In the feedback
system, if the amplifier experiences so much phase shift at
high frequencies that the overall feedback becomes positive,
the feedback system would be a self-starting oscillator. More
accurately, the feedback system should satisfy that the gain
exceeds unit and the phase shifts 180◦ which are known as the
Barkhausen criteria. In COMS technologies, the topology of
the oscillator is typically implemented as the ring oscillator or
the LC oscillator [54, 55].

According to Barkhausen criteria, the ring oscillator con-
sists of three or more stages (must be odd) amplifiers, as shown
in figure 2(a). And beyond that, the differential implementa-
tions also can realize ring oscillators by using even number
stages. Since the monolithic inductors are widely fabricated
by CMOS technologies in the last 20 years, the passive res-
onant circuit based on LC is one of the most popular topo-
logies in radio-frequency integrated circuits. The typical LC
oscillator consists of the parallel between an inductor and a
capacitor. And a trans-conductor severs as an active element
to balance the tank’s unavoidable losses in the LC oscillator, as
shown in figure 2(b). Such an LC oscillator ideally oscillates at
the tank resonant angular frequency, ω0 = 1/

√
LC. Based on

the basic prototyped topologies, some key technologies have
been researched. For example, the voltage-control oscillating
(VCO) and the phase-locked loop (PLL) are used to realize RF
signal generation with high frequency and quality.

2.2. VCO and PLL

The tunable frequency is required in many applications of
oscillators. Specifically, the output frequency is a function of
the controlled voltage. For example, the oscillating frequency
of LC topology is equal to fosc = 1/2π

√
LC. The oscillating

frequency can be adjusted by tuning the inductor or capacitor
in the LC topology. Since tuning the value of inductors is dif-
ficult in the EIC, the tank capacitance is usually used to tune
the oscillating frequency.

According to the 5G standard released by 3GPP, the mm-
wave bands include 24.25–29.5 GHz and 37–40 GHz and

Figure 2. The tank of the oscillators: (a) five-stages ring oscillator
and (b) LC oscillator with a trans-conductor.

Table 1. Reviews of mm-wave signal generation.

Freq
(GHz)

PN at 1 MHz
(dBc Hz−1)

Area
(mm2) Tech

Pow
(mW) Ref

23.75 −119.5 0.423 130 nm
BiC-
MOS
(VCO)

122 [56]

25.48 −115.27 0.08 65 nm
COMS
(VCO)

22 [57]

20.77 −106.6 — 65 nm
COMS
(VCO)

12.65 [58]

25.4 −112.8 0.24 65 nm
COMS
(iSS-
PLL)

10.2 [59]

35.84 −94.9 1.368 45 nm
COMS
(RS
PLL)

20.6 [60]

28 or 39 −122 0.8 120 nm
BiC-
MOS
(VCO)

103
∼ 188

[61]

Freq: frequency, PN: phase noise, Tech: technology, Ref: reference, Pow:
power.

the flexible intermediate-frequency (IF) range is 3–6 GHz.
Therefore, LO needs to provide a very wide tunable range for
the 5G wireless network. To accelerate the utilization of the
5G in mm-wave, some VCOs have been proposed and demon-
strated, as displayed in table 1. In [56], Quadrelli et al pro-
posed a Colpitts VCOs tank based on SiGe BiCMOS tech-
nology. The four oscillators operate from 18.2 to 21.8 GHz,
20.9 to 24.7 GHz, 23.4 to 27.8 GHz and 25.4 to 29.3 GHz,
respectively. The phase noises are from −119.5 dBc Hz−1 to
−116.5 dBc Hz−1 at 1 MHz offset frequency for the tunable
frequencies from 18.2 to 29.3 GHz. In [57], Guo et al design
a multi-resonator RLCM (i.e. resistor–inductor–capacitor–
mutual-inductance) tank VCOs to reshape the VCO phase
noise impulse sensitivity function. The VCO is prototyped
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in 65 nm COMS technology and it generates an mm-wave
signal from 25.5 to 29.9 GHz with the phase noise of
−115.27 dBc Hz−1 (for 25.5 GHz) and −112.31 dBc Hz−1

(for 29.9 GHz) at the 1 MHz offset frequency. In addition,
Lightbody et al proposed a VCO topology that leverages a
transformer to magnetically couple the varactor to the core
instead of connecting a varactor to the oscillator core directly
[58]. The prototype VCO is fabricated by 65 nm CMOS and
its tunable frequency range is from 20.77 to 28.02 GHz, while
the phase noise is−106.6 dBcHz−1 at 1MHz offset frequency
for 26.45 GHz mm-wave signal.

In addition to the VCO, the PLL is another key technology
for improving the quality of LO in the 5G wireless network.
PLL is a feedback system that compares the output phase with
the input phase to keep the phase-matched. Typically, a PLL
consists of a phase detector, a VCO, and a low-passband fil-
ter. By controlling the voltage of the oscillator, the jitters in
the oscillator, such as input jitter and VCO-produced jitter,
can be suppressed and locked to a referenced low-noise crys-
tal oscillator, thereby improving the frequency accuracy and
synchronizing with the reference. Besides, the PLL is used for
frequency multiplication of VCO as well. To support massive
applications in 5G communication, the LO needs to realize
high stability (or frequency accuracy) and ultra-low phase
noise.

Some mm-wave PLLs have been proposed by using dif-
ferent architectures to improve the frequency accuracy of LO.
Yang et al reported an isolated-sub-sampling PLL (iSS-PLL)
dissipating only 10.2 mW at 26.4 GHz. When it is locked
to a 103 MHz reference, a low integrated jitter (71 fs rms)
is achieved and the compromising spur is −63 dB [59]. The
oscillator generates a mm-wave signal in which the tunable
range is from 25.4 GHz to 29.5 GHz and the restored in-
band phase noise is −112.8 dBc Hz−1 at the offset fre-
quency of 1 MHz when the frequency is 26.368 GHz. In [60],
Liao et al proposed an mm-wave synthesizer by using robust
locking reference-sampling PLL and wide-range injection-
locked VCO. The synthesizer is prototyped in 45 nm par-
tially depleted silicon on insulator (SOI) CMOS technology.
The 1st stage of 9 GHz RSPLL achieves a 144 fs integrated
jitter with 7.2 mW power consumption and the overall mm-
wave synthesizer achieves a tunable range of 33.6–36 GHz
with a phase noise of −94.9 dBc Hz−1 at 1 MHz offset fre-
quency for 35.84 GHz. In [61], a class-C type transformer-
coupled VCO is combined with type II charge-pumped-based
PLL based on 0.12 µm SiGe technology. This proposal gen-
erates an mm-wave signal whose frequencies are 20–24 GHz
and 30–36 GHz by multiplying the fundamental frequency of
10–12 GHz. The phase noise is −122 dBc Hz−1 at the offset
frequency of 1 MHz for the fundamental frequency.

2.3. THz oscillator (6G)

With the commercial application of the 5G, the research pro-
jects about the 6G wireless communication system have been
launched. In the future, the 6G decidedly requires a higher
frequency for carrying extra-high-speed data. THz technology
seems a potential technology to solve the limitation of BW in

Table 2. Reviews of THz signal generation.

Freq
(GHz)

PN at 1 MHz
(dBc Hz−1)

Area
(mm2) Tech

Pow
(mW) Ref

229 −85.8 0.21 65 nm
COMS

195 [62]

213 −93.4 0.0675 65 nm
COMS

11.5 [63]

275 −81.2 0.022 130 nm
SiGe

42.3 [64]

Freq: frequency, PN: phase noise, Tech: technology, Ref: reference, Pow:
power.

6G. Some fully integrated implementation of THz systems in
low-cost and reliable silicon technologies have been explored
in past years. We review these outstanding proposals in the
following and their performances are listed in table 2. In [62],
Jalili and Momeni presented a wideband harmonic VCO with
large output power by using a coupled standing wave oscil-
lator. The prototype chip implemented in a 65 nm CMOS
process covers a 219–238 GHz frequency band with the out-
put power of 3.4 dBm, while the minimum measured phase
noise is −105.8 dBc Hz−1 at 10 MHz offset frequency. Fur-
thermore, Wang et al reported an approach to design com-
pact high-efficiency THz fundamental oscillators and it can
be operated above half of the maximum frequency of the act-
ive device [63]. A 213 GHz signal-ended and differential fun-
damental oscillator was fabricated by 65 nm CMOS tech-
nology. The phase noise was measured as −93.4 dBc Hz−1

at 1 MHz offset. In [64], a new design of harmonic VCO
was proposed and fabricated by the 130 nm SiGe processing.
Such harmonic VCO generates the THz signals with the tun-
able frequency from 270.3 GHz to 279.3 GHz, while the
phase noise is −81.2 dBc Hz−1 at 1 MHz offset frequency
for 275 GHz.

3. Description of the OEO on fiber

The researchers pursue an energy storage element with the
high Q-value and the ultra-low transmitted loss to realize the
pure and stable spectrum when exploring the electronic oscil-
lator. But it is hard to configure a high-Q value in the EIC
oscillator because the intrinsic loss would deteriorate the per-
formance of power communication. In 1994, the OEO was
proposed for the first time by Yao and Maleki, which converts
the continuous light wave into stable and pure microwave sig-
nals [29]. Because the commercial fiber has an ultra-low loss,
i.e. 0.2 dB km−1 for the 1550 nm wavelength, a fiber with
the length of kilometers severs as an energy-storage element
to realize a high-Q value for the OEO system. Therefore, an
oscillator with ultra-low phase and stable spectrum is enabled
by using the OEO system.

Typically, anOEO system consists of a tunable laser source,
an electro-optical modulator (EOM), and an optical delay line,
a photodetector (PD), an electrical amplifier (EA), and an
electrical band-pass filter (EBPF). A Mach–Zender modulator
(MZM) usually serves as the EOM and a single-mode fiber
(SMF) serves as the optical delay line. The light emitted from
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a tunable laser source is transmitted through the SMF after
modulated by the MZM. Then, the modulated light is detected
at the PD, where the light converts to an RF signal by the
optical envelope detection. In the RF section, an EA and an
EBPF are necessary for providing enough gain and selecting
the oscillating mode. Only the loop gain exceeds the total loss
at a certain frequency while its phase increases 2π in each
circulation, could the selected mode steadily oscillate. Under
these criteria, OEO generates a RF signal with high frequency
and ultra-low phase noise. In this section, we review the OEO
technology in terms of the theoretical model, the application
and some milestones in application, representatively.

3.1. Modeling for OEO

The first theoretical model of the OEO was proposed by
Yao–Maleki in 1996 [65]. Based on the quasi-linear theory,
the overall relationship between the output of the amplifier and
the input of the EOM is analyzed. By using the regenerative-
feedback approach, this model analyzes the final steady-state
spectra of OEO after thousands of oscillations. Furthermore,
in order to analyze the dynamical effects from the start-up to
the stable oscillation, Levy et al introduce a slow variation
on the amplitude envelope. Thus a new and comprehensive
model is proposed for single-loopOEO [66]. Beyond the phys-
ical effects in the Yao–Maleki model, this model as well as
includes some dynamical effects of OEO, such as the fast
response time of the modulator, the ability of the OEO to oscil-
late in several modes and signal fluctuations induced by the
input noise. Except for the quasi-linear theory, Chembo et al
proposed a nonlinear dynamic approach to study the signal
dynamics in OEO [67]. Using the delay-differential equation
(DDE), the model could analyze the interaction between the
delay and the intrinsic nonlinearity resulting in unsuspected
bifurcation-induced instability. However, this model assumes
that the mode space is smaller than the BWof the filter and sig-
nal variation is small. In other words, it is not a general model
for the OEO system. In this review, we take the comprehens-
ive model proposed by Levy et al as an example to analyze
the physical effects, including both steady state and dynamic
processing in oscillating.

The schematic of the OEO is shown in figure 3. To analyze
the relationship between the input signal of the EOM and the
output of the EA, we assume the input signal is Vin(t,T) and
the output signal is Vout(t,T). Because the quality factor of the
EBPF is extremely high, the Vin(t,T) can be approximated as a
sinusoidal wave with an angular frequency ωc, a time depend-
ent phase ϕ(T) and a time dependent amplitude

∣∣αmod
in (T)

∣∣. We
can express it as:

Vin(t,T) =
∣∣αmod

in (T)
∣∣ cos[ωct+ϕ(T)]

=
1
2
αmod

in (T)exp(−iωct)+ cc (1)

where αmod
in (T) =

∣∣αmod
in (T)

∣∣exp[−iϕ(t)] is the complex envel-
ope of the input voltage Vin(t,T). It is noticed that the expres-
sion of the input voltage includes two kinds of the time scale.

Figure 3. Schematic of a classical OEO system. (TLS, tunable laser
source. EOM, electro-optical modulator. SMF, single mode fiber.
PD, photodetector. EA, electrical amplifier. EBPF, electrical
band-pass filter. ESA, electrical spectrum analyser).

Specifically, a slow time scale T is determined by the round-
trip time (1–10 µs) and a fast time scale t is order of the periods
of sinusoidal wave (10–100 ps). In addition, there is another
time scale to describe the optical signal, but it can be ignored
in this model. The output optical signal is determined by the
Vin(t,T) according to the nonlinear response of the EOM. Then
the optical signal is converted to an RF signal and amplified to
output electrical signal Vout(t,T), which can be written as:

Vout(t,T) = Vph(1− η sin{π[Vin(t,T)/Vπ +VB/Vπ}) (2)

where Vph = IphRGA is the PD voltage, Iph = ραP0/2 is the
detected photocurrents at the PD, R is resistor, GA is the amp-
lified coefficient. Vπ and VB is the half-wave voltage and the
DC bias voltage of the modulator. η is defined as the extinc-
tion ratio of the modulator, (1+ η)/(1− η). Combining the
equations (1) and (2), we use the Jacobi–Anger expansion to
describe their relationship:

Vout(t,T) = DC+HH+ cc− ηVphJ1(π
∣∣αmod

in (T)
∣∣/Vπ)

× exp[−iωct+ iϕ(T)] (3)

where J1 is the 1st order of Bessel’s function. Because the
high-order harmonics (HH) and the DC are blocked by the
EBPF and DC-bolck of PD, we may neglect them by using
the quasi-linear theory when rejected back to the MZM, while
the nonlinear effects of high-order modes on the amplifier sat-
uration is similarly neglected due to the quasi-linear theory.

Using quasi-linear theory approximation, only the 1st-order
mode at the carrier angular frequency of ωc would propagate
within the cavity. Hence, the complex envelop of the EA output
voltage can be written as:

αamp
out (T) =−2ηVphJ1(π

∣∣αmod
in (T)

∣∣/Vπ)exp[iϕ(T)]. (4)

It is clear that the amplitude α(T) and phase ϕ(T) are variable
on a slow time scale. We assume the response EBPF is Lorent-
zian shape. After the EBPF, the filter output αfil

out(T) can be
described by the Fourier coefficient of filter input α̃fil

in( fk) and
filter impulse response F( fk + fc),
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αfil
out(T) = IFFT(α̃fil

out(fk)) = IFFT(α̃fil
in(fk) × F(fk + fc))

= IFFT

(
α̃fil

in(fk) × iΓ/2
fk + fc − f0 − iΓ/2

)
(5)

where α̃fil
in(fk) is the Fourier transform of αamp

out (T), fk is the
offset frequency with respect of the chosen carrier frequency
fc, f0 is the central frequency of the filter and Γ is the full width
at half-maximum of filter transmission spectrum.

The complex amplitude of the signal inside the OEO on a
round trip is calculated, then it would be iterated thousands
of times to simulate the oscillation. The complex amplitude
αl(T) is defined as the interval of αfil

in(T) in (l− 1)τ ⩽ T< lτ ,
where the l is the number of round trips and τ = neffL/c is
the round-trip time of the OEO cavity. The next round trip
αl+1(T) is equal to the valid convolution between the amp-
litudes of the former adjacent two round trips and the filter
impulse response. Then, the complex amplitude is fed back
to the modulator, and calculate the response of EOM and PD
within the next round trip. The noises including the thermal
noise of amplifier, the shot noise of PD and the intensity noise
of laser are added in the input of amplifier. We can approxim-
ate the total noises in the OEO as a white Gaussian noise with
a single-sideband power spectral density of ρn.

After thousands of iterations T0 = Nτ , we can get a steady-
state oscillation. To analyze the performance of the OEO sys-
tem, αMτ (T) is defined as the voltage amplitude for the time
range from T0 to T0 +Mτ and its discrete Fourier transform
can be written as:

α̃Mτ ( f) = FMτ [α(T)] =
1
Mτ

ˆ Mτ

0
αMτ (T+T0)exp(2πifT)dT.

(6)

In the theoretical model, the RF spectrum is approximately
equal to the phase noise spectrum over a wide frequency range
in OEO since the amplitude noise is negligible and the phase
fluctuation is much smaller than unit [58]. This approximation
had been demonstrated in the theoretical simulation and exper-
iment demonstration in former research. We can evaluate the
performance of phase noise in the model by:

SMτ
ϕ ( f)∼= SMτ

RF ( f) =
|FMτ [α(T)]|2

2RPoscδf
(7)

where Posc = |α̃( f= 0)|2
/

2R is the carrier power.

Base on the single-loop OEO model, other complex the-
oretical models for simulating different OEO configurations
had been developed, such as the multi-loop OEO [68–70], tun-
able OEO by using microwave filter [71] and coupled OEO
(COEO) system [72–74].

3.2. OEO for microwave generation

As a representative microwave-photonics device, OEOs have
already been implemented in many applications. For instance,
the OEOs are used to generate, process, and detect the RF
signals [17–20]. Particularly, OEOs achieve excellent phase
noise because of the high-Q storage element. The feature

Figure 4. Schematic of OEO with ultra-low phase noise. (YAG
laser: yttrium aluminum garnet laser, VCP: voltage-controlled phase
shifter, LNA: low noise amplifier).

of the ultra-low phase noise makes OEO suitable for LOs
for radar and communication systems. In the following, we
review some quintessential OEO architectures for RF signal
generation, including the single-loop OEO, the multi-loop
OEO, the injection-locked OEO, the COEO and the tunable
OEO.

3.2.1. Single-loop OEO. Single-loop OEO is a conventional
architecture that is firstly invented by Yao and Maleki. By
optimizing the noise and using a long fiber, some ultra-high-
performance units had been realized. Specifically, OEwaves
Inc. directed byMaleki proposed amicrowave generator based
on single-loop OEO with a long fiber delay [72], as shown in
figure 4.

Light emitted from a high-power YAG laser is modulated
by a lithium niobate MZM. After the MZM, the light is sub-
sequently transmitted in a 16 km long fiber which is placed
in a thermally stabilized box to reduce frequency drift. Then
the light is detected by a high-power and low-noise PD. In
the electrical processing, after a LNA, the microwave signal is
sent to a voltage-controlled phase shifter and an EBPF which
are used to select the oscillating mode in the oscillation finely.
Finally, the microwave signal is amplified by a LNA and fed
back to theMZM. Such an oscillator generates a stable 10GHz
signal with a phase noise of −163 dBc Hz−1 at 6 kHz off-
set frequency, which is the lowest phase noise for all types of
oscillators as far as we know.

3.2.2. Multi-loopOEO. For achieving an ultra-high perform-
ance OEO, a long fiber delay would be introduced in the oscil-
lating cavity. The oscillating mode space is reciprocal of the
length of the cavity. For example, the mode space decreases to
10 kHz when a 5 km length SMF is used. The modes com-
petition would deteriorate the oscillating stability. Thus, an
EBPF with a sharp response is necessary if we want to gener-
ate a stable RF signal with high spectral purity. Nevertheless,
fabricating a high-Q filter at high frequency is difficult and
expensive. And the fixed central frequency of the filter also
limits the tunability of the OEO system.

To solve this problem, multi-loop OEO seems an effective
method [68]. The multi-loop OEOs with different loop lengths
are implemented to configure a self-sustained filter-less
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Figure 5. Schematic of multi-loop OEO.

oscillator, as shown in figure 5. The longer loop determines the
phase noise of OEOs, and mode space depends on the shorter
loop. When some of the oscillating modes generated by each
loop are in phase, a stable oscillation can be achieved by the
Vernier effect. These oscillating frequency of the modes must
satisfy:

fosc =
k
τ1

=
m
τ2

(8)

where k and m are integers, τ1 and τ2 are time delays for each
loop. Thus, the mode space is enlarged and the side modes can
be easily suppressed by using an EBPF. A 30 dB reduction of
spurious levels has been demonstrated by using the scheme
shown in figure 5. However, the overall Q is approximately an
average of two different length loops. Its phase noise is rel-
atively high, when using same length of fiber in single-loop
OEO.

3.2.3. Injection-locked OEO (IL-OEO). As aforementioned,
we can use the dual-loop OEO to realize stable oscillation
without an EBPF. However, the dual-loop OEO sacrifices the
high Q produced by the long fiber. Because the overall Q is
determined by the Q-values of longer loop and shorter loop,
the phase noise would increase compared with the single-loop
OEO. To solve this problem and suppress the mode spurs, the
IL-OEO is proposed [69, 70]. In the demonstration of IL-OEO,
Zhou et al use a master OEO with long-loop to injection-lock
a short-loop single-mode slave oscillator [69], as shown in
figure 6. Because of the frequency puling effect, the spuri-
ous suppression of OEO can be achieved when another sig-
nal with a close frequency and enough power is injected. In
this proposal, the preliminary phase-noise measurement indic-
ates an approximately 140 dB reduction of the spurious level.
Based on the IL-OEO, Okusaga et al employed two OEOs
that inject and affect each other to mutually injected lock
[70], which is known as the dual-loop IL-OEO. The steady-
state power fluctuation in either loop achieved both lower
phase noise and lower spurs, comparing with the dual-loop
OEO. Moreover, the self-injection locked and phase-locked
loop (SILPLL) is also used to further reduce the phase noise
and time jitter. For example, A. Daryoush’s group developed
self-forced oscillators by using SILPLL technology [75–77]
and realized ultra-low phase noises for the dual-loop OEOs.

Figure 6. Schematic of dual IL-OEO.

Figure 7. Schematic for COEO.

Such phase noises are −125 dBc Hz−1 [75], −137 dBc Hz−1

[76] and −138 dBc Hz−1 [77] at 10-kHz offset frequency
when the oscillating frequency is 10 GHz. Especially, a high-
resolution X-Band frequency synthesizer based on SILPLL
OEO is reported in [77]. Its associated time jitter (integrating
from 300 Hz to 10 MHz) is calculated as 5.17 fs for a 12-GHz
carrier by using a custom chirped fiber Bragg grating. The time
jitter (or phase jitter) is the key parameter of LO in the com-
munication systemwhich directly affects the EVMof complex
modulated format.

The IL-OEO is available in the communication system
due to the characteristic of distribution, and we discuss
how to implement the IL-OEO architecture in wireless
communication and what are the conditions that should be
considered in section 7.

3.2.4. COEO. In contrast to the OEO, laser oscillation is
directly coupled with the electronic oscillation in the COEO
configuration. Since the COEO configuration includes a pos-
itive optical feedback loop around the high Q element, the Q
enhancement is multiple the quality factor of the passive stor-
age element, which results in using a compact scheme to real-
ize the same performance. A detailed example of a COEO con-
figuration is shown in figure 7, which consists of an optical
loop and an electrical section. In the optical loop, a ring laser
is configured by a semiconductor optical amplifier and an
MZM around a high-Q element. After detected by a PD, the
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microwave signal is amplified and filtered in the RF section,
and then fed back to the ring laser via MZM.

A typical COEO configuration is demonstrated in [72]. A
fiber with a length of 140 m is used to generate a 10 GHz
RF signal with a phase noise of −148 dBc Hz−1 at 10 kHz
offset frequency. The conventional OEO configuration needs
4 km length fiber to realize the same phase noise. The utilize of
shorter fiber in COEO leads to a compact size and low power
consumption. Because of a shorter fiber in the oscillating loop,
the spur is more easily blocked by the filter to improve spectral
purity. Besides, the COEO can also be configured as a mode-
locked laser with electronic feedback that generates an optical
pulse train in the time domain.

3.2.5. Tunable OEO. In addition, tunability is another
important research topic in OEO for microwave signal gen-
eration. In the conventional OEO system, the oscillating fre-
quency is determined by the central frequency of the EBPF.
So, if we want to adjust the oscillating frequency, a tunable
EBPF is necessary. However, fabricating a tunable filter with
sharp response and broadband in high frequency is difficult
and expensive. In order to overcome this defect, some tunable
OEOs configurations based on microwave photonic filter have
been proposed [78–82].

Representatively, Li andYao proposed and demonstrated an
optically tunable OEO by incorporating a tunable microwave
photonic filter [78]. In this proposal, a phase-modulation to
intensity-modulation (PM–IM) conversion is implemented by
using a phase-shifted fiber Bragg grating. A microwave sig-
nal with a frequency tunable range from 3 GHz to 28 GHz is
generated, while the phase noise for the 10 GHz microwave
signal is −102 dBc Hz−1 at 10 kHz offset frequency. In [81],
Peng et al proposed a tunable microwave signal generator,
and it utilizes a dual-loop OEO oscillator based on stimulated
Brillouin scattering. By directly tuning the wavelength of the
pump laser, a widely tunable range from dc to 60 GHz for
the microwave signal generation can be obtained, which is
the widest fundamental frequency tunable range as we have
known. And its phase noise is −148 dBc Hz−1 at 10 kHz off-
set frequency for 5, 10 and 20 GHz signal.

3.3. Performances of OEO system

In summary, comparing with the EIC oscillator for microwave
signal generation, OEO generates spectrally pure microwave
signals in the high-frequency band. In order to achieve the
spurious suppression of side modes and maintain the high-Q
factor of the OEO loop, the multi-loop OEOs, the IL-OEOs
and the COEOs have been proposed [65–87]. Furthermore,
OEO architectures based on optical or microwave photon-
ics filter have been developed to enable wideband tunable
microwave signal generation. To clear the development of the
OEO for microwave signal generation, we summarized some
milestones of the OEO applications and their performances in
table 3.

As illustrated in table 3, the microwave signal whose fre-
quency exceeds 90 GHz, or phase noise is −163 dBc Hz−1

at 6 kHz offset frequency, or tunable range is from dc to

60 can be realized by using different OEO architectures.
More importantly, the OEO system seems to be a poten-
tial solution for distributing and synchronizing LO with
low transmitted loss in the 5G wireless network and bey-
ond. However, these OEOs based on discrete components
are too bulky to implement in the real industry. To meet
the requirements of practical applications, such as compact
size and low driven power, integrated OEOs come into the
insight of the researchers. So, in the next section, we focus
on reviewing the developments of the integrated OEOs in
recent years.

4. Integrated OEO

As aforementioned, the OEOs achieve remarkable develop-
ment in the past 10 years. However, the bottlenecks of bulk
size and power consumption hinder the popularization and
industrialization of OEO. Hence, the development of photonic
integrated circuit (PIC) has pushed OEO technology to a new
level in recent years. To meet the requirements of practical
applications, compact size, and low driven power, integrated
OEOs are highly demanded. Some important integrated OEOs
and their performances are reviewed in this section.

4.1. Partially integrated OEO

Firstly, some partially integrated OEO architectures are repor-
ted on different PIC platforms [88–99]. In [88], a SOI chip
including a high-speed phase modulator, a thermally tunable
micro-disk resonator (MDR), and a high-speed PD is fabric-
ated, and the integrated OEO is implemented to generate a
tunable microwave signal, as shown in figure 8(a). Based on
the PM–IM conversion, a frequency tuning range of 8 GHz is
realized, and the phase noise is lower than −120 dBc Hz−1

at 1 MHz offset frequency. In addition to the SOI chip, the
indium-phosphide (InP) platform is widely used to fabricate
active devices, especially laser sources, because InP materi-
als have a direct bandgap. In [89], an integrated OEO with
a tuning range from 15 to 20 GHz is generated by integrat-
ing two distributed feedback (DFB) lasers on an InP chip, as
shown in figure 8(b). With the cross-injection and OEO tech-
nology, the phase noise is −95 dBc Hz−1 at 100 kHz offset
frequency. Moreover, to avoid the RF loss caused by external
EOM in conventional OEO systems, an integrated OEO by
using the optical injection of a directly modulated laser was
demonstrated. In [91], Zhang et al proposed an OEO based on
an integrated multi-section DFB laser, as shown in figure 8(c).
Such compact OEO generates a 20.3 GHz microwave sig-
nal with a phase noise of −115.3 dBc Hz−1 at 10 kHz off-
set frequency. Recently, a parity-time symmetric OEO based
on an integrated mode-locked laser is reported as a break-
through for developing next generation OEOs [92]. As shown
in figure 8(d), by implementing PT-symmetry, we realized a
filter-free OEOwith the tunable frequency from 24 to 25 GHz.
The phase noise is lower than −108 dBc Hz−1 at the 10 kHz
offset frequency and the fluctuation of phase noise is about
2 dB within the whole tunable frequency range.
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Table 3. Milestones and performances of OEO.

Scheme Freq (GHz) PN at 10 kHz (dBc Hz−1) Year Ref

Single loop OEO 9.56 −130 1996 [65]
Multi-loop OEO 10 −140 1998 [68]
COEO 18.2 −85 2000 [74]
IL-OEO 10 >−110 (at 10–100 Hz) 2005 [69]
Single loop OEO 10 −163 (at 6 kHz) 2008 [72]
Dual IL-OEO 10 −134 2011 [70]
Multi-frequency OEOs 3–28 −102 2012 [78]
Multi-loop OEO DC-60 −100 2015 [71]
SILPLL OEO 10 −125 2015 [75]
SILPLL OEO 10 −137 2016 [76]
COEO 10 −117 2017 [73]
Single-loop OEO 10.833 −120 2017 [86]
Tunable OEO 8.6–15.2 −110.88 2018 [82]
COEO 30 −114.4 (at 1 kHz) 2018 [83]

90 −104
Single-loop OEO 12–20 −114 2019 [80]
Phase-locked OEO X-band −139 2019 [81]
SILPLL OEO X-band −138 2019 [77]
Tunable OEO 0–20 –95 2020 [79]
IL-OEO 10 –117.6 2020 [84]
IL-OEO 94.5 −101 2020 [87]

Freq: frequency, PN: phase noise, Tech: technology, Ref: reference, Pow: power.

Figure 8. The key devices of partially integrated OEO system.
(a) A high-speed PM, a thermally tunable MDR, and a high-speed
PD (reproduced with permission from [88]. [© Copyright 2018 The
Optical Society]), and (b) two DFB lasers on an InP chip (© [2016]
IEEE. Reprinted, with permission, from [89]). (c) An integrated
multi-section DFB laser. Reproduced from [91]. CC BY 4.0.
(d) A parity-time symmetric OEO based on an integrated
mode-locked laser. © [2021] IEEE. Reprinted, with permission,
from [92].

4.2. Compact OEO module

However, the partially integrated OEOs still use some dis-
crete optical and electrical components. It is hard to further
reduce the footprint and cost to meet the requirements of
industrialization.

Thus, a lot of efforts were devoted to high-performance
microwave oscillators that are not only of miniature size but
also have low power consumption. Typically, some compact
OEOs are reported in recent years [100–102]. The optical
parts of the compact OEOs are integrated and packaged

Figure 9. The chip of the compact OEOs. (a) A compact OEO that
optical parts are integrated and packaged with electrical parts into a
miniature module. Reproduced from [100]. CC BY 4.0.
(b) Miniature OEO based on a lithium niobate WGMR. Reproduced
with permission from [102]. [OEwaves, Pasadena, CA, USA,
OE3710 Hi-Q Nano Opto-Electronic Oscillator. [Online]. Available:
https://www.oewaves.com/oe3710].

with electrical parts into a miniature module. In [100], Tang
demonstrated a compact OEO that the optical parts are
monolithically integrated on an InP substrate. And the optical
and electrical parts are packaged on a print circuit board with
the size of 5 × 6 cm2, as shown in figure 9(a). The oscillating
frequencies are 7.30 and 8.87 GHz in different injected cur-
rents, and phase noises are−92 dBc Hz−1 and−93 dBc Hz−1
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Table 4. Review for integrated OEO.

Partially integrated OEO

Tech Freq (GHz) PN at 10 kHz (dBc Hz−1) Year Ref

WGMR 8–40 −120 2010 [97]
WGMR on fused SiO2 10.7 −90 2010 [95]
MLL on InP 20 −110 (at 10 MHz) 2013 [94]
Disk resonator on SOI 21.7 −90 2013 [96]
DFBL and EAM on InP 15–20 −95 (at 100 kHz) 2016 [89]
Dual-mode laser on InP 37.5–43.59 −94.87 2017 [90]
DML on InP 2–8 −110 2017 [98]

4–16 −97
6–24 −92

PM and micro-desk resonator on SOI 8 −120 (at 1 MHz) 2018 [88]
DML on InP 2.2–19.5 −110 2018 [93]
Multi-section DEB on InP 20.3 −115.3 2019 [91]
MLL on Inp 24–25 −108 2021 [92]
Multi mode laser and SILPLL OEO on InP 26.4 −92 2021 [99]

Compact OEO module

Scheme Freq (GHz) PN (dBc Hz−1) Size Pow (W) Year Ref

DML 8.87 −92 (at 1 MHz) 5 × 6 cm2 — 2018 [100]
WGMR 28–36 −110 (at 10 kHz) 0.06 in3 2.5 2010 [101, 102]

Freq: frequency, PN: phase noise, Tech: technology, Ref: reference, Pow: power.
WGMR: whispering gallery mode resonator, MLL: mode-locked laser, DFBL: distributed feedback laser, EAM: electronic absorb modulator, DML: directly
modulated laser, PM: phase modulator.

at 1 MHz offset frequency, respectively. In [101], an OEO
chip based on a lithium–niobate WGMR has been released
by the OEwaves Inc. which is the first commercially used
compact OEO module, as shown in figure 9(b). It generates
a 28–36 GHz (or higher) microwave signal with a phase noise
of−110 dBc Hz−1 at 10 kHz offset frequency. The size of the
OEO chip is 0.06 in3 and the power consumption is 2.5W.As a
major milestone for OEO, this work exhibits a breakthrough in
OEO for microwave generation, and also speeds up real-world
applications of OEO [102].

In summary, integrated OEO breaks the bottlenecks of
bulky size, high power consumption and environmental per-
turbation in the traditional OEO system. Some interesting pro-
posals and their performances are listed in table 4.

5. Comparing performance between EIC oscillator
and OEO

In the previous sections, we review the developments and
some applications about the EIC oscillator, discrete OEO and
integrated OEO, respectively. In this section, we briefly com-
pare their performances in terms of frequency stability, phase
noise, power consumption and cost. The merits and demer-
its of OEOs and EIC oscillators are also summarized in this
section when they serve as a single-point LO device.

5.1. Frequency stability

For frequency stability, OEOs and EIC oscillators use the
PLL to synchronize the frequency with a referenced crystal.

Therefore, the frequency stability depends on the frequency
tolerance of the referenced crystal. Typically, the absolute
frequency tolerance of an oven compensated crystal oscillator
is 100 ppb with an average frequency from 10 to 100 Hz. After
locked by such a reference crystal oscillator, the frequency sta-
bility of OEOs or EIC oscillators is sure lower than±0.01 ppm
at sub-6G or mm-wave BW. The frequency stability satisfies
the 5G or 6G communication system as described in the 3GPP
standard.

5.2. Phase noise

The OEOs achieve ultra-low phase noise for high oscillating
frequency because of the high-Q storage element. Typically,
the record phase noise of OEO is −163 dBc Hz−1 at 6 kHz
offset frequency for a 10 GHz microwave signal. Moreover,
the phase noise of OEO is independent of the oscillation fre-
quency. Thus, the EVM caused by the phase noise is dramat-
ically optimized when the OEO serves as a LO in mm-wave
communication. A statistic for different types of oscillators is
illustrated in figure 10. It should be noticed that the offset fre-
quency of 10 kHz is always used to evaluate the phase noise
in OEO, while the EIC oscillator usually uses 1 MHz as the
offset frequency.

5.3. Power consumption and cost

However, there is a long way to go before industrializing
OEO in wireless networks due to the high power consump-
tion and high price. Typically, the power consumption of a

11



J. Phys. D: Appl. Phys. 54 (2021) 423002 Topical Review

Figure 10. Statistics for different type oscillators. (OEO:
optoelectronic oscillator, EIC: electronic integrated oscillator,
partially IOEO: partially integrated optoelectronic oscillator, fully
IOEO: fully integrated optoelectronic oscillator).

discrete OEO is around 10 W and the power consumption
of integrated OEO also exceeds 1 W. However, the power
consumption of an EIC oscillator is only 10 mW, as illus-
trated in tables 1 and 2. For massive usage of LOs in remote
antennas, low power consumption is exceedingly necessary
for future wireless networks. Except for power consumption,
the high price of OEO is another weakness. For the discrete
OEO scheme, the optical components and high-frequency
microwave processing devices are expensive form the lake of
industrialization.

In summary, when severing as a single point LO in the 5G
and beyondwireless network, OEO andEIC oscillator have the
same quality in frequency stability due to the PLL. Since the
OEO has a high-Q factor and the phase noise is independent
of oscillating frequency, OEO is better than EIC oscillators in
the performance of phase noise, especially in the high oscillat-
ing frequency. However, the cost and the power consumption
of the EIC oscillator are better than the OEO. Fortunately, the
PIC technology has developed in three main platforms, includ-
ing InP, SOI, and silicon nitride (Si3N4) in the past 10 years.
A large number of applications by using MPW run within
such platforms have been proposed [103, 104]. Maturity in
the fabrication process of these materials and their availability
through cost-sharing initiatives dramatically reduce the fabric-
ation cost. The PIC technologies provide a promising prospect
to industrialize the integrated OEO.

6. New requirement of the LO in 5G and beyond
wireless network

The performances of EIC oscillator and OEO are introduced in
the last section. And we also need to describe the specific cri-
teria of LO, if wewant to use the EIC oscillator and OEO in the
5Gwireless network and beyond. Therefore, in this section, we
introduce the new requirements in the 5G wireless networks,
according to the standards released by 3GPP. Furthermore,

Table 5. EVM requirement for 5G NR sub-6G in FR1
(410 MHz–7125 MHz).

Modulation scheme Required EVM

QPSK 17.5%
16 QAM 12.5%
64 QAM 8%
256 QAM 3.5%

based on 5G standards, some KPIs for LO of the 6G wireless
network are predicated.

More importantly, the new requirements of wireless net-
works are focused on the frequency accuracy and EVM of
the receiver corresponding to the frequency stability and phase
noise of LO. Thus, how to describe the specific requirements
of LO to meet the characteristics of 5G and 6G wireless com-
munication systems is discussed in this section.

6.1. Characteristics of wireless network

6.1.1. 5G NR in FR1. ETSI TS 138 104 provides the
requirements for the frequency synchronization applied to 5G
networks [4]. The standard states that a wide area BS should
use a single-frequency source with an absolute accuracy better
than 0.05 ppm for both microwave generation and clocking the
time base, while the same source should be used for all carri-
ers of the BS, and the absolute accuracy requirement is relaxed
to 0.1 ppm for the medium range and local area BS class.
The synchronization requirement of 0.05 ppm has become not
only a milestone of mobile-technology-driven requirements
for synchronization but also the primary driving force behind
recent synchronization studies.

ETSI TS 138 104 also provides the requirements for the
EVM levels of each NR carrier for different modulation
schemes applied to 5G networks in FR1 [4, 5]. The standard
states that the EVM should be better than 17.5% for QPSK and
3.5% for 256 QAM, as listed in table 5.

6.1.2. 5G NR in FR2. ETSI TS 138 104 also defines the
requirements of frequency synchronization in the mm-wave
band. Though the requirement of frequency error in the mm-
wave range is also 0.05 ppm for wide-area BS, it is harder for
a mm-wave oscillator to achieve the performance.

ETSI TS 138 104 also defines the requirements for the
EVM levels of each NR carrier for different modulation
schemes in the mm-wave band. The standard states that the
EVM should be better than 17.5% for QPSK and 8% for 64
QAM, as listed in table 6.

6.1.3. 6G KPIs. Based on the evolution of past generations
of wireless communications, the requirements for frequency
synchronization and EVM in the 6G era will be higher.
Although the technical indicators of 6G have not yet been
determined, the use of the mm-wave and THz frequency band
is already a recognized trend in order to achieve a higher rate.
It means that the frequency error of the mm-wave and THz
carrier should be equal to or even better than 0.05 ppm. To
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Table 6. EVM requirement for 5G NR in FR2
(24 250 MHz–52 600 MHz).

Modulation scheme Required EVM

QPSK 17.5%
16 QAM 12.5%
64 QAM 8%

Table 7. Performance requirements 6G era.

Frequency band Accuracy EVM

mm-wave band ±0.05 ppm 3.5%
THz band ±0.05 ppm 8%

Table 8. Frequency error minimum requirement for 5G NR in FR1
(410 MHz–7125 MHz).

BS class Accuracy

Wide area BS ±0.05 ppm
Medium range BS ±0.1 ppm
Local area BS ±0.1 ppm

Table 9. Frequency error minimum requirement for 5G NR in FR2
(24 250 MHz–52 600 MHz).

BS class Accuracy

Wide area BS ±0.05 ppm
Medium range BS ±0.1 ppm
Local area BS ±0.1 ppm

obtain the Tb s−1 transmission rate, we believe that more effi-
cient modulation formats will be used in the mm-wave or THz
frequency band. Assuming that the mm-wave band uses 256
QAM and the THz band uses 64 QAM, the phase noise of the
LO at mm-wave and THz band will be stricter. As a result, we
can draw a general KPI for the 6G wireless communication
system, as listed in table 7.

6.2. Describing performance requirements to the LO

6.2.1. Requirement of frequency stability. The modulated
signal is up-converted (or down-converted) from the baseband
to the RF band (or from RF to the baseband) in BS by mix-
ing with the LO, as we discussed in section 1. The frequency
stability of LO is the main factor that directly affects the fre-
quency accuracy of the wireless network. The frequency shift
of each NR carrier caused by the LO should be lower than
the accuracy given in tables 7–9 observed over 1 ms. And the
frequency shift fs in ppm is calculated by dividing carrier fre-
quency fC into fs,

fs(ppm)=
106 × fs(Hz)

fc
. (9)

Based on this equation, we can analyze the criterion of fre-
quency accuracy for a specific carrier. For example, if the

carrier frequency is 26 GHz, the frequency shift of the LO
should be lower than 1.3 kHz observed over 1 ms.

6.2.2. Requirement of phase noise. The 31 dB SNR,
the ADC quantization noise, the ADC clock jitter, and the
phase noise of LO are the important effects resulting in
the EVM of the wireless network [61, 105]. To evaluate
the EVM caused by the phase noise, we need to analyze
how the phase jitter results in the EVM. In the receiver,
the QAM or QPSK signal is represented as an in-phase and
quadrature message with respect to the carrier, which can be
written as:

x(t) = mI(t)cos(ωRFt)+mQ(t)sin(ωRFt), (10)

where mI(t) and mQ(t) represent the in-phase and quadrature
amplitude, ωRF is the carrier frequency. In polar coordinates,
the received signal can be written as:

x(t) = A(t)cos(ωRFt+ϕ(t)), (11)

whereA(t) =
√
m2

I (t)+m2
Q(t) andϕ(t) = tan−1(mI(t)/mQ(t))

are the amplitude and the phase.
The received signal is mixed with the LO where a phase jit-

ter θ is added to ϕ(t). The mixed signal in in-phase and quad-
rature vector can be written as:

−→mI(t) = 2A(t)cos(ωRFt+ϕ(t))cos(ωLOt+ θ)

= A(t)cos(ϕ(t)− θ) (12)

−→mQ(t) = 2A(t)cos(ωRFt+ϕ(t))sin(ωLOt+ θ)

= A(t)sin(ϕ(t)− θ) (13)

where ωLO is the frequency of the LO. Here we assume that
the receiver is homodyne, ωLO = ωRF. The constellation for
received IF signal is expressed as:

Sreal =
−→mI(t)+

−→mQ(t)

= A(t)[cos(ϕ(t)− θ)+ jsin(ϕ(t)− θ)]

= A(t)e j(ϕ(t)−θ). (14)

The real constellation minus the ideal constellation is the error
of constellation, which can be written as:

Serror = Sreal − Sidal = A(t)e jϕ(t)(e−jθ − 1)

= (m⃗I + jm⃗Q)(cosθ− 1− jsinθ), (15)

where ideal constellation can be derived as Sidal =
A(t)[cosϕ(t)+ jsinϕ(t)] = A(t)e jϕ(t). Furthermore, the error
power caused by phase noise is expressed as:

Perror = |Serror|2 = m⃗I(cosθ− 1)+ m⃗Q sinθ)

+ m⃗Q(cosθ− 1)+ m⃗I sinθ)2

= 2A2(t)(1− cosθ)≈ θ2A2(t). (16)
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Figure 11. The customary characters of phase noise.

Therefore, the EVM caused by the phase noise is approxim-
ated to the phase jitter,

EVM= 100%×
√

|Serror|2
|Sref|2

= 100%×
√

A2(t)θ2

A2(t)

= 100%× θ(rad)
. (17)

The phase jitter θ of the LO is equal to the integration of
phase noise power over the frequency range of interest, e.g. the
area of the curve, A, as shown in figure 11. The lower bound of
integration is set by the communication waveform time frame
(generally 10–50 kHz), while the upper bound is set by the
channel BW (100 or 800 MHz).

It is customary to characterize an oscillator in terms of
its single-sideband phase noise as shown in figure 11. The
actual curve of phase noise is approximated by several regions
while each region has a slop of 1/ f x. When x = 0, it corres-
ponds to the ‘white’ phase noise region (slope= 0 dB dec−1),
and x = 1 corresponds to the ‘flicker’ phase noise region
(slope = −20 dB dec−1). x = 2, 3… are the offset frequen-
cies close to the carrier frequency.

The individual power ratios are then summed and converted
back into dB,

A= 10log10(A0 +A1 +A2 +A3). (18)

Then the root-sum-square (RMS) phase jitter θ in radians is
given by the equation:

θ(rad) =
√

2× 10A/10. (19)

Combing equations (17) and (19), the requirement of EVM in
wireless networks is described by the requirement of the phase
noise of the LO.

For different modulated formats, the EVMs caused by the
phase noise is distinct. So, we take a 64 QAM waveform with
the BW of 800 MHz as an example in the mm-wave band.
Aforementioned, the RX system noise mainly consists of the
31 dB SNR, the ADC quantization noise, the ADC clock jit-
ter, and the phase noise of LO. When the modualted format

is the 64 QAM, the total RX EVM is estimated as 4% and
the part caused by phase noise is approximate 2.5% in the RX
[61]. According to the equation (17), the phase jitter is equal
to 0.025 rad and the power ratio is −32 dB, while the integra-
tion range is from 50 kHz to 800 MHz. In the RX system, we
assume the corner offset frequency is 100 kHz, and the types of
phase noise at 10 kHz and 1 MHz offset frequency are flicker
and white phase noise, respectively. Then the power ratio of
the phase noise is expressed as:

A= PhaseNoise+ 10log10[800 × 106 − 0.5 × 106]. (20)

If an EVM is lower than 2.5%, the phase noise of LO should be
better than about−121 dBc Hz−1 (at 1 MHz offset frequency)
and −81 dBc Hz−1 (at 10 kHz offset frequency), approx-
imately. For the 64 QAM in mm-wave band, the state-of-art
EIC oscillators and OEOs can meet the requirements of phase
noise.

As we predict in the former sections, the indicator of EVM
in the 6G era will be higher. The indicator of EVM is predicted
as 3.5% for 256 QAM in mm-wave band and 8% for 64 QAM
in THz band. Thus, the strict requirements pose a challenge for
the LO and the LO with ultra-low phase noise is expected in
the 6G era. Typically, we take the 256 QAM in the mm-wave
band as an example. We assume the channel BW of mm-wave
band in 6G is 800MHzwhich is same as the mm-wave band in
5G, and the EVM due to the phase-noise jitter is estimated as
1% in the RX. According to the equation (17), the phase jitter
is equal to 0.01 rad and the power ratio is −43 dB, while the
integration range is from 50 kHz to 800MHz. Thenwe can cal-
culate the phase noise would be better than−132 dBcHz−1 (at
1 MHz offset frequency) and−92 dBc Hz−1 (at 10 kHz offset
frequency), if the EVM is lower than 1%. The requirement of
phase noisemay pose a challenge if the EIC oscillator serves as
LO, but the OEO-based LO can easily reach the level of phase
noise. Although the channel BW of THz band is not defined
yet, it is foreseeable that the lower phase noise is needed to
meet the requirements of THz communication in 6G.

7. LO distributed network: OEO based LO for 5G
and beyond

5G communication system is being developed with several
new scenarios, which include both evolution of today’s 4G net-
works and the globally standardized radio access technology
known as NR. As we discussed in previous sections, higher
carrier frequency, broader BW and more efficient modulated
format for access networks are expected in 5G and beyond net-
works. Besides, network densification with crowded cells is
generally expected to play an important role in 5G and beyond
networks. So, distributing and synchronizing the LOs between
a BBU pool and a series of RRUs are the key technologies in
the fronthaul network. Thanks to the fiber-compatible archi-
tecture, OEO provides a potential solution.

In this section, we introduce the cloud, centralized, and
co-operative radio access network (C-RAN) architecture in
the 5G or 6G wireless network. Then an interconnected OEO
technology is proposed to serve as the LOs network with the
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Figure 12. The scheme of the IL-OEO in wireless networks.

ultra-low-loss distribution and synchronization in the C-RAN.
Furthermore, the requirements for the subsystem within the
interconnected OEO architecture are analyzed and the feasible
implementations for each part are also proposed to meet the
new requirements of the LOs network in 5G and beyond.

7.1. C-RAN architecture for 5G and beyond network

To meet the new requirements of broadband and low-latency
communication, the 5G technology introduces the mm-wave
to carry a signal with a higher data rate. Subsequently, the
size of a cell decrease to a few 10 m because of higher car-
rier frequency and higher data rate, which results in a denser
BS, several access nodes (ANs) in a room. Also, the ANs
mounted on a roadside lamp outdoors are necessary, as shown
in figure 12.

In the access network of 5G communication, the C-RAN
architecture is one of the essential technologies, and the BS
is separated as BBU pool and RRUs in the C-RAN, as shown
in figure 12. Such a separated architecture enables higher util-
ization, better energy efficiency and lower deployment costs
because it shares the baseband resources between numerous
radio cells. The BBU pool and RRUs are connected by a low-
latency and high BW optical network. In the RRUs, the base-
band signal is amplified, up-converted to the RF band by mix-
ing with a LO and emitted by the antennas.

One of the challenges for C-RAN is the strict performance
requirements of LO, including not only phase noise and fre-
quency accuracy but also ultra-low-loss distribution and syn-
chronization. IL-OEO seems an effective method to meet the

requirements, while the intrinsic characters of the optical net-
works enable the distribution and synchronization between
BBU pool and RRUs. IL-OEO architecture between the BBU
pool and RRUs is illustrated in figure 12. The requirements
and feasible implementations of subsystems are introduced in
the following.

7.2. Description of IL-OEO

Figure 12 shows the schematic illustration of IL-OEO. It con-
sists of a high-performancemaster OEO in the BBU pool and a
series of energy-efficient OEOs in RRUs. Connecting by low-
latency and low-loss optical fronthaul networks, the mm-wave
signal generated by master OEO is distributed to slave OEOs
in RRUs.When the phases of two loops are locked by injecting
a portion of themaster-loop signal into the slave loop, the slave
OEOs in RRUs are synchronized and achieve the low phase
noises.

As we discussed in section 3, the theories and experimental
demonstrations about IL-OEO have been developed in past
years [69, 70, 75–77]. The IL-OEO achieves the ultra-low
phase noises in both low-Q oscillators and a high-Q oscillator.
In the former researches, the phase of the slave loop is locked
to the phase of the master loop when the offset frequency is
below to Leeson frequency. Beyond this frequency, the slave
loop signal reaches a plateau, while the master loop’s signal
continuously decreases with the increasing offset frequency.
Besides, the Leeson frequency blue shifts with the master-to-
slave injection ratio, reducing the phase noise of the slave loop
at high offset frequencies.

To meet the requirements of LOs in the 5G and beyond net-
work, there are some specific considerations for the IL-OEO.
For master OEO, ultra-low phase noise and high-frequency
accuracy are expected. For slaveOEO, energy efficiency, mod-
ule size and deployment cost are primary requirements.

As we discuss in section 3, the phase noise is inversely
proportional to the fiber length. Thus, a long fiber is neces-
sary for the master OEO and some OEOs with low phase
noise are reviewed in table 3. The frequency accuracy (or fre-
quency stability) is another critical performance for master
OEO. Because the fiber is sensitive to stress and temperature,
the shift of oscillating frequency leads to deterioration of the
long-term frequency stability. To solve this problem, several
methods have been proposed and demonstrated, such as the
temperature-insensitive fiber, the thermal stabilization and the
PLL. Typically, Kaba et al replaced the standard SMF with
a solid-core photonic crystal fiber (SC-PCF) to serve as an
energy storage element for OEO and the frequency stability
was improved to some extent [106]. However, such SC-PCF
has high transmission loss, thereby increasing the power con-
sumption. Thermal stabilization is another effective solution
to relieve the negative influence of ambient environment vari-
ation. By using this method, Eliyahu et al proposed a high-
Q and stable OEO system [107]. In this proposal, the optical
fiber and the narrow band-pass microwave filter are thermally
stabilized by resistive heaters and temperature controllers.
The frequency stability of free-running OEO is improved to
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0.02 ppm under thermal stabilization, and the slope of fre-
quency versus temperature improved from−8.3 ppm oC−1 for
non-thermally stabilized system to −0.1 ppm oC−1. By lock-
ing the OEO to a standard reference, it generates a 10 GHz
signal with a phase noise of −143 dBc Hz−1 at the 10 kHz
offset frequency. Another effective soultuion is passively tem-
perature stabilized OEO by using composite Hollow Core–
Photonic Crystal Fiber (HC-PCF) and SMF-28 [108]. To
cope with the power consumption of thermal stabilization, the
thermal enclosure is also used to isolate the ambient envir-
onment variation. In [109], Zhang et al demonstrated that a
single-loop OEO realizes a long-term frequency stability by
using PLL technology. A high stable 3 GHz microwave sig-
nal is obtained by using this approach. The phase noise is
−65 dBc Hz−1 at 10 Hz offset frequency and the frequency
stability is low to 6.98× 10−14 for an average time of 1000 s.

On the other side, the slave OEO requires efficient-power
consumption, small size and economical cost. However, the
traditional OEOs have the demerits of bulky size and high
power consumption. It is hard to meet the requirements of
5G and beyond network. Fortunately, with the development
of the PIC, the integrated OEOs on several PIC platforms
lead to a compact and easy-to-handle implementation, as we
discussed in section 4. Since LO based on integrated OEO
can greatly reduce the footprint and cost while considerably
enhance the stability and energy efficiency, we believe it
will make an outstanding contribution to the future wireless
network.

7.3. Performances of IL-OEO for LOs network

In summary, a large number of LOs are required in the wireless
network, because small-cell architecture and massive MIMO
technology are massively used in the 5G and beyond network.
Generating a microwave signal with high performances in a
center BBU pool and distributing it to RRUs may arise a feas-
ible option. Besides, synchronization, low power consumption
and cost reduction are challenges for the LOs.

The fiber-compatible OEO system seems an effective
method to meet the new requirements of LOs. For distributing
and synchronizing the LOs inMIMO and CoMP technologies,
the OEO has intrinsic superiority such as low latency, low loss
and electromagnetic immunity. In this section, and IL-OEO
architecture is implemented as the interconnect LOs network.
In the IL-OEO-based LOs network, a master OEO in the cen-
ter BBU pool generates amicrowave signal with high perform-
ances, and then the signal is distributed to many slave OEOs in
a series of RRUs. By using the IL-OEO technology, the slave
OEOwould be synchronized and their performances would be
improved to the same level as master OEO. As we introduce in
sections 3–6, the phase noise and frequency stability of OEO
satisfy the new requirements of LO, while the characteristics
of distribution and synchronization by using IL-OEO are suit-
able for the LOs network in 5G and beyond network. Besides,
the PIC technologies provide a promising prospect to OEOs in
power consumption and cost.

8. Conclusion

In this article, we discuss the prospect that OEOs serve as LOs
in the 5G wireless network and beyond. Firstly, we review the
developments of the EIC oscillators, discrete OEOs, and integ-
ratedOEOs, including the basic concept of operation and some
milestones in the application. Secondly, we compare the per-
formances of the EIC oscillator and the OEO in terms of the
frequency stability, the phase noise, the power consumption,
and the cost when they serve as a single-point LO. Thirdly,
the criteria of LO are described according to the standard
released by 3GPP. Lastly, an IL-OEO-based interconnect LO
network is introduced to solve the distribution and synchron-
ization within the C-RAN architecture of 5G and beyond wire-
less network.

In summary, the power consumption and cost of OEOs are
much higher than EIC oscillators, but the OEO is better than
EIC oscillators in the performance of phase noise at high fre-
quency, which is greatly desired in the 5G wireless network
and beyond. More importantly, thanks to the fiber-compatible
architecture, IL-OEO-based LOs network seems an effective
method to meet the requirements of distribution and synchron-
ization of LOs in the 5G wireless network and beyond. With
the development and industrialization of PIC, it is expected
that the integrated OEO has a promising prospect in the future
wireless network.
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