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Photonics-Based Microwave Frequency Mixing:
Methodology and Applications

Zhenzhou Tang, Yifei Li, Jianping Yao, and Shilong Pan*

Photonics-based microwave frequency mixing provides distinct features in
terms of wide frequency coverage, broad instantaneous bandwidth, small
frequency-dependent loss, and immunity to electromagnetic interference as
compared with its electronic counterpart, which can be a key technical enabler
for future broadband and multifunctional RF systems. Herein, all-optical and
optoelectronic microwave frequency mixing techniques are reviewed, with an
emphasis on the latest advances in photonics-based microwave frequency
mixers with improved performance in terms of conversion efficiency, dynamic
range, mixing-spur suppression, mixing functionality, and polarization
independence. Innovative applications enabled by photonics-based
microwave frequency mixers, such as radio-over-fiber communication
systems, radar systems, satellite payloads and electronic warfare systems, are
also reviewed. In addition, efforts in implementing integrated
photonics-based microwave mixers that lead to a dramatic reduction in size,
weight, and power consumption are also reviewed.

1. Introduction

Although it is hard to pinpoint the exact time of the inven-
tion of the first microwave mixer, it is widely believed that fre-
quency mixers already existed 100 years ago due to the invention
of heterodyne and super-heterodyne receivers.[1] Since then, as
one of the most essential and fundamental functionalities, fre-
quency mixers are widely adopted in most of the microwave and
millimeter-wave systems, such as radars, wireless communica-
tions systems, electronic warfare (EW) systems, and microwave
instruments. For example, in a wireless communication system,
as illustrated in Figure 1, a low-frequency intermediate-frequency
(IF) signal is upconverted to the high-frequency radio frequency
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(RF) band by a frequency mixer operat-
ing in upconversion mode for free-space
transmission, while the received RF sig-
nal is downconverted by another mixer
at the receiver working in downconver-
sion mode to the IF band so that it can
be filtered using fixed IF passband filters
to increase the selectivity. Without doubt,
the bandwidth, conversion efficiency, dy-
namic range, and mixing-spur level of a
frequency mixer significantly influences
the performance of a microwave system.
In principle, frequency mixing can

be regarded as a nonlinear process, by
which new frequency components are
created. If two input signals, denoted as
VLOsin𝜔LOt and VRFsin𝜔RFt, are applied
to a frequencymixer, the signal at the out-
put can be written as

VLO sin𝜔LOt × VRF sin𝜔RFt =
VLO × VRF

2
[cos(𝜔LO − 𝜔RF)t

− cos(𝜔LO + 𝜔RF)t] (1)

that is, two frequency components, the sum and difference fre-
quencies, are generated. However, this ideal frequency mixing
can never be achieved in the real world. Take a most widely used
electrical mixer based on a diode as an example, the current–
voltage (I–V) relationship of a diode is typically given by[2]

i = a0 + a1v + a2v
2 + a3v

3 +⋯ (2)

where an are the Taylor coefficients. When the two input signals
are combined and applied to the diode, that is, v = VLOsin𝜔LOt
+ VRFsin𝜔RFt, the signal at the output, when ignoring the third-
and higher-order mixing components, is expressed as

i = a2VLOVRF
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Figure 1. Mixers in wireless communication systems. DAC: digital-to-
analog converter; ADC: analog-to-digital converter; PA: power amplifier;
LNA: low noise amplifier; LO: local oscillator.

As can be seen from Equation (3), except for the de-
sired frequency-converted components, other unwanted terms
(LO/RF leakage, high-order harmonics, and intermodulation
products), regarded as mixing spurs, are created. These com-
ponents can be observed from the signal at the output of any
electrical mixer. For instance, Figure 2a shows a picture of a com-
mercially available broadband mixer (Marki M9-0440) where the
key parameters are included, and Figure 2c illustrates the elec-
trical spectrum of a converted signal when a 20-GHz RF and
a 19-GHz LO are applied to the input of the mixer. As can be
seen, apart from the desired 1-GHz tone, a large number of
unwanted frequency components are generated, although the
nominal RF/LO bandwidth of the mixer is 4–44 GHz and the IF
bandwidth is DC to 3 GHz. The undesired mixing spurs restrict
the operational bandwidth as well as the dynamic range of the
mixer, which is one of the most important reasons why most of
today’s RF systems still have to employ multi-stage narrow-band
frequency converters (together with bandpass filters) to ensure a
sufficiently high dynamic range, favorable conversion efficiency,
and acceptable mixing-spur suppression.
Recently, the fast development of high-speed wire-

less communications,[3] internet of things (IoT),[4] high-
resolution/multifunctional radars,[5] and software-defined
satellite payloads[6] has driven the demand for mixers with
higher performances. Photonics-based microwave frequency
mixing that has the potential to provide high mixing per-
formance has been considered a solution and has attracted
significant interest. Figure 3 illustrates a general system archi-
tecture for a photonics-based microwave mixer, which consists
of an electrical-to-optical (E–O) conversion module, an optical
processing unit, and an optical-to-electrical (O–E) conversion
component. Photonics-based microwave mixing can be imple-
mented either in the E–O conversion, the optical processor
(if all-optical nonlinear devices such as semiconductor optical
amplifiers or highly nonlinear fibers [HNLFs] are employed),
and the O–E conversion stage. Thanks to the distinct features
offered by photonic technologies in terms of broad instanta-
neous bandwidth, low loss, light weight, flat frequency response,
favorable isolation, and immunity to electromagnetic interfer-
ence (EMI), performing frequency mixing in the optical domain
facilitates a net gain in instantaneous bandwidth, frequency
range, port-to-port isolation, and transmission efficiency. In
addition, because of the well-known wavelength-division mul-
tiplexing (WDM) technology, parallel frequency mixing using a
single photonic mixer becomes possible, which can dramatically
reduce the system complexity and cost. Figure 2c shows a
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photonics-based microwave mixer, in which a 20-GHz RF and
a 19-GHz LO are combined and introduced to the mixer. The
electrical spectrum of the output signal is depicted in Figure 2d.
Only the desired frequency component at 1 GHz is obtained,
and all the unwanted frequency components are removed, which
may enable a frequency conversion with a broad instantaneous
bandwidth. As can be seen from Figure 4a, to guarantee suf-
ficient spurious suppression and dynamic range, the typical
wideband RF system usually use multiple narrow-band mixers,
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Figure 2. Example of a) a commercially-available broadband mixer (Marki M9-0440) and b) photonics-based microwave mixer, and c,d) the correspond-
ing electrical spectra at the output when a 20-GHz RF and a 19-GHz LO are applied.

Figure 3. A generic system architecture of a photonics-based microwave mixer.

together with multiple electrical switches, preselector filters, and
narrow-band microwave synthesizers, to process the received
RF signals at different frequency bands.[7] Moreover, to realize
high-performance image rejection, another stage of frequency
mixing and image filter are also required. This architecture re-
quires many high-performance RF filters, which are difficult to
be integrated on a single chip. Besides, the filter banks will also
result in considerable amplitude and phase ripples due to the
voltage standing wave ratio (VSWR) interaction. Apparently, if
wideband and high-performance (i.e., low mixing spurious, high
dynamic range, and high image rejection ratio) photonics-based
mixers are employed in the microwave systems to replace the
conventional multi-stage narrow-band electrical mixers, narrow-
band microwave synthesizers, switches, and filter banks are no
more needed, and then the entire systems can be significantly
simplified, as depicted in Figure 4b.
Based on this generic system architecture shown in Figure 3,

numerous photonics-based microwave mixing approaches have
been developed, to improve the conversion efficiency, dynamic
range, mixing-spur suppression, mixing functionality, and po-
larization independence. In this article, we give a comprehen-
sive overview of photonics-basedmicrowavemixers reported over
the past few years. The remainder of this article is organized
as follows. Sections 2 and 3 describe all-optical and optoelec-
tronic nonlinearities for microwave frequency conversion. Sec-
tion 4 reviews the recent advances in photonics-basedmicrowave
frequency mixers associated with the improvements of conver-

sion efficiency, conversion linearity, mixing spur suppression,
mixing functionality, and polarization sensitivity. Section 5 de-
scribes several innovative RF systems with key performance im-
proved (or new functionality enabled) by the photonics-basedmi-
crowave mixing. The recent efforts in using photonic integrated
circuits (PICs) to achieve photonics-based microwave mixing are
reviewed in Section 6. In Section 7, a conclusion is made, and
future prospects are discussed.

2. All-Optical Nonlinearities for Microwave
Frequency Mixing

Since frequency conversion is primarily a nonlinear process, a
straightforward way to achieve photonics-based microwave mix-
ing is to find a device with strong nonlinear effects. Two main
kinds of all-optical nonlinear devices can be employed, semicon-
ductor optical devices and nonlinear optical fibers. The carrier
density of a semiconductor device (or the refractive index of an
optical fiber) would be changed by a strong pump light, and the
variation of the carrier density (or refractive index) would, in turn,
affect the other probe light transmission in the device. As a result,
when a pump light modulated by an electrical RF signal and a
probe light modulated by an electrical LO go through the semi-
conductor device, the pump light will change the carrier density
of the semiconductor device. With the changed carrier density,
the power (phase, or polarization state) of the probe light with
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Figure 4. a) Typical microwave system architecture and b) the simplified system by using wideband photonics-based microwave mixers.

Figure 5. a) XGM effect in an SOA and b) the principle of the gain saturation effect.

be correspondingly changed. Therefore, the pump light and the
probe light will influence each other and then new frequency
components will be produced.

2.1. Photonics-Based Microwave Mixing Based on Nonlinearities
in a Semiconductor Device

Semiconductor optical amplifiers (SOAs) are widely used to per-
form RF frequency conversion, as they are compact and poten-
tially integratable with other optical devices.[8–10] Four main types
of nonlinearities exist in an SOA, that is, cross-gain modula-
tion (XGM), cross phase modulation (XPM), four-wave mixing
(FWM), and cross polarization modulation (XPolM), which can
be adopted to achieve the RF frequency mixing.
XGM is caused by the gain saturation of an SOA. A basic XGM

scenario is shown in Figure 5a, in which a weak probe light (la-
beled as 𝜆Pro) and a strong modulated pump signal (labeled as
𝜆P) are injected into the SOA. Since, in general, the SOA has a
homogeneously broadened gain spectrum, the change of the car-
rier density in the SOA will affect all of the input signals. That
is to say, if the power of the pump signal is strong enough, the

carriers are recombined with the holes in the SOA, leading to a
large consumption of the carrier. As a result, the SOA will be sat-
urated and the gain will be reduced. Under this condition, the
probe light only has a very small or no gain, and thus the out-
put power of the probe light will stay at a low level. In contrast,
when the power of the pump light is low, the SOA will not be
saturated and the gain is high. The probe light will be ampli-
fied and a strong probe light will be produced at the output of
the SOA. The gain saturation effect of the SOA is illustrated in
Figure 5b. Therefore, when the probe light is modulated by an
LO signal with an angular frequency of 𝜔LO and the pump light
is modulated by an RF/IF signal with an angular frequency of
𝜔RF/IF, mixing products at frequencies of |𝜔RF/IF±𝜔LO| would be
produced.[11] One critical problem associated with the use of the
XGM effect in an SOA is the relatively long carrier recovery time
in the SOA, which leads to a small modulation bandwidth (typ-
ically lower than 10 GHz). If the frequency of the RF/IF signal
carried by the pump light is too high, the frequency mixing will
suffer from severe pattern effect and small extinction ratio. Even
so, XGM-based frequency mixers are still considered a good so-
lution because of the distinct advantages including simple con-
figuration, high conversion efficiency, and integration capability.
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Figure 6. XPM effect in an SOA-MZI.

In addition, because the LO signal in the weak probe will not evi-
dently affect the carrier density, its frequency could be very high.
Therefore, an XGM-based frequency mixer is interesting for fre-
quency upconversion. It should be noted that carrier-suppressed
double sideband modulation is usually adopted to produce the
probe light, which ensures a high conversion efficiency in an
XGM-based frequency mixer.[12–18]

XPM is a phase-related nonlinearity, which results from the
fact that the refractive index of an SOA’s active region is depen-
dent on the carrier density (or thematerial gain), that is, the phase
and gain of an optical signal propagating through the SOA are
coupled via gain saturation. Therefore, we can inject a strong
pump light to introduce carrier density variation in the active re-
gion of an SOA, which changes the refractive index and then
modifies the phase of a weak probe signal. It is worth noting
that, since the XPM only changes the phase of an optical sig-
nal, which cannot be directly detected by a photodetector (PD),
phase-modulation to amplitude-modulation (PM-to-AM) conver-
sion is usually required before photodetection. Conventionally,
PM-to-AM conversion is realized by placing two SOAs into an
interferometric structure to form an SOA Mach–Zehnder inter-
ferometer (SOA-MZI),[19–22] as shown in Figure 6. As can be seen,
if the probe light is modulated by an LO signal and the pump
light carries an RF/IF modulated signal, microwave frequency
mixing of the two signals can be realized via XPM. Although
the modulation bandwidth is still limited by the carrier recov-
ery time, XPM-based frequency mixers have many remarkable
advantages as compared with the XGM-based ones. For exam-
ple, the interferometric structure in the XPM-based mixer can
have a large phase discrimination coefficient, so an improved ex-
tinction ratio can be achieved. Compared with XGM-based fre-
quency mixers, the SOAs in XPM-based mixers do not need to
work at deep gain-saturated conditions, so the requirement of a
high pump power can be mitigated. In addition, the XPM-based
scheme was also found to have excellent linearity and a high con-
version efficiency.[19]

FWM is a coherent nonlinear process that occurs between two
optical fields with the same polarization state in an SOA. When
a strong pump light carrying an LO signal and a weak probe
light carrying an IF/RF signal with the optical carrier frequen-
cies of 𝜔1 and 𝜔2, respectively, are injected into the SOA, three
main mechanisms can be used to generate FWM signals. When
the frequency difference 𝜔2−𝜔1 is small, the dominant mecha-
nism is the carrier density modulation by the frequency beat-
ing between the input signals. This carrier density modulation
is considered as an interband effect because it involves carrier-

Figure 7. FWM effect in an SOA.

hole recombination between thematerial conduction and valence
bands. The characteristic time of the process equals to the car-
rier lifetime, tens or hundreds of ps, so this mechanism will only
manifest itself when 𝜔2−𝜔1 is in the order of tens of GHz. If
𝜔2−𝜔1 is greater than tens of GHz, the FWM signals are mainly
generated by the effects called spectral hole burning (SHB) and
carrier heating (CH). Caused by the injected pump signal, SHB
creates a hole in the intraband carrier distribution, which effec-
tively modulates the occupation probability of the carriers within
a band and leads to fast gain modulation. CH is caused by stim-
ulated emission and free carrier absorption. Both the SHB and
CH have short characteristic times (in the order of 100 fs) due
to the intraband effect. Through the above three mechanisms,
as shown in Figure 7, new signals around angular frequencies
of 2𝜔1−𝜔2 and 2𝜔2−𝜔1 will be generated. Meanwhile, the infor-
mation carried by the probe light would be copied to the newly-
generated components. Since frequency beating between any two
FWM components will produce upconverted or downconverted
microwave terms, frequency upconversion or downconversion
is realized.[23–25] As compared with XGM and XPM, the nonlin-
ear efficiency of FWM is much lower since FWM arises from
high-order nonlinearity. Therefore, amicrowave frequencymixer
based on FWM usually has a relatively low conversion efficiency.
Besides, to maximize the FWM effect, the pump and probe lights
should have the identical polarization states,[23] which create dif-
ficulties if the RF signal is received remotely. Nevertheless, per-
forming microwave frequency mixing based on FWM also has
many useful features. FWM nonlinearity can produce a series
of new frequency components, so more flexible frequency mix-
ing can be realized by selecting different frequency components
for photodetection.[23–25] More importantly, since the characteris-
tic time of the FWM is very short (sub-ps level), large conversion
bandwidths can be achieved.
Although most of the commercially available SOAs are

claimed to be polarization-independent, birefringence still ex-
ists which results from the difference of the effective refrac-
tive indices along the TE and TM modes (due to the guiding
properties of the amplifier waveguides). A very small index dif-
ference (of the order of 2 × 10−4 for a 2 mm long device at
1550 nm) is sufficiently high to induce a TE/TM phase shift of
𝜋/2. As a result, when a pump signal and a probe signal are in-
jected into an SOA, the pump signal will change the birefrin-
gence in the SOA and thus change the polarization of the probe
signal. This effect is known as nonlinear polarization rotation
(NPR)[26,27] or XPolM.[28–30] Similar to the XPM, the XPolM-based
all-optical frequency upconversion method has a good extinc-
tion ratio, but the cross-polarization-modulated signal cannot be
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Figure 8. a) XAM effect in an EAM and b) principle of the absorption saturation effect.

Table 1.Microwave frequency conversion based on all-optical nonlinearities in semiconductor devices.

Device Effect Principle Characteristic time Advantage Disadvantage

SOA XGM Gain is modulated by the pump light,
and then changes the amplitude of
the probe light

>10 ps Simple configuration Low extinction ratio, high distortion

XPM Refractive index is modulated by the
pump light, and then changes the
phase of the probe light

10–100 ps Low required pump power, high
extinction ratio

Requiring PM-to-AM conversion

FWM Gain is modulated by the frequency
difference between the pump and
probe light, and then generates
new frequency components

<100 fs Large conversion bandwidth Low conversion efficiency,
polarization dependent

XPolM Birefringence is modulated by the
pump light, and then changes the
polarization of the probe light

10–100 ps High extinction ratio Requiring PolM-to-AM conversion,
polarization dependent

EAM XAM Absorption is modulated by the pump
light, and then modulates the
amplitude of the probe light

<10 ps Simple configuration, large
bandwidth

Low conversion efficiency, high
pump power

detected directly either, so a polarizer should be placed at the out-
put of the SOA to achieve polarization-modulation to amplitude-
modulation (PolM-to-AM) conversion.[28]

In addition to the use of an SOA for mixing, an electroabsorp-
tion modulator (EAM) is another kind of all-optical nonlinear
semiconductor device, of which the nonlinear cross-absorption
modulation (XAM) can be applied to achieve frequency mixing.
The principle of the XAM is shown in Figure 8, in which a pump
signal and a weak probe signal are injected into the EAM. When
the pump signal is weak, the absorption of the EAM will not be
saturated, so both the pump and probe signal will be absorbed.
On the other hand, if the pump signal is strong, the absorption
of the EAM will be saturated, and an undiminished probe signal
will be eventually output. Therefore, the probe light will be mod-
ulated by the pump, leading to the implementation of photonics-
based microwave mixing if the pump and probe lights carry RF
and LO signals, respectively.[31–33] The optical nonlinearities in an
EAM have a smaller characteristic time than that of the XGM,
XPM, and XPolM effects in the SOA, which is less than 10 ps.
Therefore, a relatively larger conversion bandwidth can be real-
ized. However, since XAM is based on the absorption effect, the
conversion efficiency of the XAM-based mixer is low and a high
optical pump power is usually required.

Table 1 summaries the approaches and characteristics of the
microwave frequency mixing based on different all-optical non-
linearities in semiconductor devices. Recently, based on the sim-
plest SOA and EAM, novel designed semiconductor devices like
quantum dot SOA (QD-SOA),[34] reflective-SOA (RSOA),[35] SOA-
EAM,[36] reflective-EAM (REAM),[37] SOA-REAM,[38] and RSOA-
EAM,[39] were reported, which may also be applied to perform
microwave frequency conversion.

2.2. Photonics-Based Microwave Mixing Based on Nonlinearities
in Optical Fiber

In general, the nonlinearity of an optical fiber is due to the an-
harmonic motion of bound electrons under the influence of an
applied field, which is determined by its n-th order susceptibil-
ity mathematically. The second-order susceptibility is nonzero
only for the medium that lacks an inversion symmetry at the
molecular level. As SiO2 is a symmetric molecule, the second-
order susceptibility is zero, so optical fibers do not normally ex-
hibit second-order nonlinear effects. Therefore, the third-order
nonlinear effects dominate the nonlinearity of the optical fiber,
such as XPM, NPR, and FWM.[40] Based on the XPM, NPR, and
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Figure 9. Frequency mixing based on XPM in a NOLM.

FWM in an optical fiber, especially in HNLF, microwave fre-
quency mixing can be realized.
The XPM effect in an HNLF originates from the nonlinear re-

fraction, a phenomenon referring to the intensity dependence of
the refractive index. Mathematically, the refractive index of an op-
tical fiber, in its simplest form, can be written as

n = n1 + n2|E|2 (4)

where n1 is the linear part of the refractive index, and n2|E|
2 is the

nonlinear part which is dependent on the incoming electromag-
netic field E and the Kerr coefficient n2. When two optical signals
with angular frequencies of𝜔1 and𝜔2 and optical fields of E1 and
E2 propagate inside the HNLF, a nonlinear optical phase shift for
the field at the angular frequency of 𝜔1 is given by

[40]

𝜙NL = n2k0L
(||E1||2 + 2||E2||2) (5)

where k0 = 2𝜋/𝜆 and L is the fiber length. As can be seen, the
phase shift of one optical signal is determined by both the optical
signal itself, that is, self-phase modulation (SPM) effect, and the
other optical signal, that is, XPM effect, and the contribution of
XPM to the nonlinear phase shift is twice that of SPM for equally
intense optical fields. Therefore, when a strong optical RF signal
and a weak optical LO is passed through the HNLF, the phase of
the optical LOwould bemodulated by the optical RF signal via the
XPM effect (SPM is ignored for |E1|<<|E2|), leading to frequency
conversion. Unlike XPM in an SOA, of which the phase change
is inevitably coupled with an amplitude variation, the XPM in an
HNLF only changes the phase of the signal while the amplitude is
unchanged. More importantly, since the XPM effect in an HNLF
has no limitation of carrier recovery time, it responds very fast
(fs-level), which can therefore be applied to high-frequency (e.g.,
60 GHz or beyond) RF systems. However, PM-to-AM conversion
is still required, which is usually performed by a nonlinear opti-
cal fiber loop mirror (NOLM).[41,42] The structure of an NOLM
is shown in Figure 9. A probe light is split into two branches
by an optical coupler (OC1). One portion of the probe light goes
through the HNLF along the clockwise direction, and the other
portion propagates along the anti-clockwise direction. A strong
pump light is injected into the loop by another optical coupler
(OC2), transmitting along the clockwise direction, to introduce
different phase shifts to the clockwise and anti-clockwise probe
lights via the XPM effect in the HNLF. The phase difference is
proportional to the power of the pump light. Then, the probe
lights from the two branches are recombined at OC1, by which

constructive or destructive interference is achieved to convert the
phase change into intensity variation. Based on this principle,
when an optical LO and an optical IF serve as a pump and probe
light, respectively, frequency-converted components can be pro-
duced at the output of the NOLM after photodetection. One key
problem associated with the XPM-based frequency mixing in an
HNLF is the relatively low conversion efficiency due to the limited
nonlinear coefficient of an optical fiber. Long optical fiber or large
optical power is usually required. Recently, to reduce the length
of the HNLF, highly nonlinear photonic crystal fiber (HNL-PCF)
has been employed to replace a conventional HNLF in the NOLM
to provide sufficiently high nonlinearity with a short length.[43]

The nonlinear optical phase shift is actually polarization de-
pendent. For arbitrarily polarized light, the nonlinear part of the
refractive index in Equation (4) due to the orthogonal electromag-
netic fields Ex and Ey can be written as

[40]

nx = n2k0

(||Ex||2 + 2
3
|||Ey|||2

)
ny = n2k0

(|||Ey|||2 + 2
3
||Ex||2) (6)

As can be seen, the nonlinear phase shift caused by one polar-
ization component is also influenced by the other polarization
component, which leads to a nonlinear coupling between Ex and
Ey. Generally, the nonlinear contributions of nx and ny are un-
equal, so a nonlinear birefringence is created which is depen-
dent on both the intensity and polarization state of the incident
light. Since the nonlinear birefringence usually leads to a rotation
of the polarization ellipse, it is widely referred to as NPR effect.
Based on the NPR effect, when a strong pump light and a probe
light, modulated by an LO and an IF/RF signal, respectively, are
injected into the HNLF along different polarization directions,
the polarization state of the probe signal would be modulated by
the pump light, and then frequency conversion can be realized
after PolM-to-AM conversion and photodetection.[44] Since the re-
sponse time of the NPR effect is typically at the sub-ps level, the
NPR-based frequency conversion method can be applied to sys-
tems working at high-frequency bands.
The origin of the FWM in an optical fiber lies in the non-

linear response of bound electrons of a material to an electro-
magnetic field. It can occur if at least two different frequency
components propagate together in the optical fiber. Assuming
just two input frequency components 𝜔1 and 𝜔2 (with 𝜔2>𝜔1),
a refractive index modulation at the difference frequency oc-
curs.When the refractive indexmodulation acts on𝜔1, frequency
components at 𝜔1±(𝜔2−𝜔1), which contains a new frequency
component at 2𝜔1−𝜔2, are produced, and when the modula-
tion acts on 𝜔2, the frequencies of the generated signal would
be 𝜔2 ±(𝜔2−𝜔1), which produces another new frequency com-
ponent at 2𝜔2−𝜔1. The information carried by the input signals
would be copied to the newly-generated terms via the FWM ef-
fect. Although the FWM in the optical fiber is relatively weak and
the polarization and wavelengths should be carefully designed to
satisfy the phase-matching condition,[45] it is a feasible scheme to
achieve photonics-based microwave frequency mixing, similar to
the FWM-based mixers based on SOAs. For example, in ref. [46],
eight probe lights with 2.5 Gbps baseband data, each are com-
bined with an optical LO signal (40 GHz) and sent to a section
of HNLF to generate an FWM signal. Then, the output signal is
demultiplexed and detected at eight PDs. To obtain sufficiently
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strong FWM, the power of the optical LO (pump light) is boosted
to 14 dBm, and an additional backward Raman pump with a to-
tal power of 750 mW is launched into the system to increase the
power of the converted signals. Again, to improve the conversion
efficiency, specially designed optical fibers, for instance, bismuth
oxide based fiber reported in ref. [47] can be used to enhance the
FWM effect.

2.3. Photonics-Based Microwave Mixing Based on Nonlinearities
in Other Materials and Devices

To improve the efficiency of the microwave frequency con-
version, considerable attention is paid to find or develop
new kinds of materials or devices that can provide strong
nonlinearities without significantly increasing the complex-
ity of the systems.[34,43,47] Recently, materials and devices
like periodically poled lithium niobate (PPLN)[48] and As2S3
planar waveguide[49] were applied to realize high-efficiency
photonics-based microwave frequency mixing since they
possess strong second- or third-order nonlinearities. As the
development of the material science and semiconductor inte-
gration technology progress, novel semiconductor devices can
be explored, which may implement all-optical nonlinearity-
based microwave frequency conversion with improved
performance.

3. Optoelectronic Conversions for Microwave
Frequency Mixing

Because E–O and O–E conversions are inherent nonlinear pro-
cesses, microwave frequency mixing can also be implemented
using E–O andO–E converters, such as directlymodulated lasers,
external electro-optic modulators, and PDs. As compared with
all-optical nonlinearities, the optoelectronic nonlinearities are
dependent not only on the properties of the material and de-
vice structure but also on many externally controlled parame-
ters like bias current or voltage, and the conversion efficiency
is usually several orders of magnitude stronger. Therefore, mi-
crowave frequency mixing based on E–O or O–E conversion has
attracted significant interest recently. Different kinds of opto-
electronic nonlinearities can be adopted to achieve microwave
frequency mixing, such as the light–current (L–I) nonlinearity
of laser diodes (LDs), the nonlinear electro-optic effects of ex-
ternal electro-optic modulators, and the square-law detection or
capacitance/current–voltage (C/I–V) nonlinearity of PDs.

3.1. Photonics-Based Microwave Mixing Based on Direct
Modulation

E–O conversion can be implemented by a directly modulated
semiconductor LD. Direct modulation has the advantages of low
cost and compact size, which is widely used in optical access net-
works. In general, both the amplitude and frequency modula-
tion of the LD can be used to achieve photonics-based microwave
mixing.

Figure 10. Microwave frequency conversion based on a) amplitude mod-
ulation and b) frequency modulation of a DFB.

Although the power of an LD output is expected to be linearly
proportional to the input electrical signal, the real L–I curve of an
LD is not strictly linear, especially when the LD is biased at the
saturation region. Usually, we can expand the expression of the
laser output in a Taylor series around the working point I0.

P =
∞∑
k=0

1
k!
dkP
dIk

|||||I0
(
I − I0

)k
(7)

where I is the input current to the LD. When an electrical LO
(sin𝜔LOt) and an electrical RF (sin𝜔RFt) signal are combined and
applied to the LD, as shown in Figure 10a, the second-order term
of Equation (7), that is, the dominant nonlinear term, can be ex-
pressed as

P = 1
2
d2P
dI2

||||I0(sin𝜔LOt + sin𝜔RFt
)2

= 1
2
d2P
dI2

||||I0
[
1 −

cos
(
2𝜔LOt

)
2

−
cos

(
2𝜔RFt

)
2

+ cos
{(

𝜔LO − 𝜔RF

)
t
}
− cos

{(
𝜔LO + 𝜔RF

)
t
}

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
mixing components

⎤⎥⎥⎥⎦ (8)

As can be seen, due to the nonlinearity of the L–I curve of the
diode, frequency-converted components are generated if the laser
output is directed to a PD.[50–55]

In addition to the power of the LD that can bemodulated by an
electrical signal, the frequency of the LD can also be modulated
by an electrical signal because the carrier density of the LD is
closely related to the electrical signal applied to it. The carrier
density variation then leads to the change in the refractive index
of the gain medium, and therefore the cavity length of the LD.
Thus, the oscillation frequency of the LD, which is determined
by the cavity length, will be changed. When the LD serves as a
frequency modulator, the output for the combined electrical LO
and RF inputs can be expressed as[56]

E (t) = cos
(
𝜔ct + 𝛽LO sin𝜔LOt + 𝛽RF sin𝜔RFt

)
(9)
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where 𝜔c is the angular frequency of the optical carrier, and
𝛽LO/RF is the frequency modulation index. Using the Bessel func-
tion expansion, Equation (9) can be rewritten as[56]

E (t) =
∑
l

∑
m

Jl
(
𝛽LO

)
Jm

(
𝛽RF

)
× cos

[
𝜔c +

(
l𝜔LO +m𝜔RF

)]
t (10)

From Equation (10), intermodulation products at the frequency
of l𝜔LO+m𝜔RF, including the desired frequency-converted terms
(l = m = 1 or l = −m = 1), are produced in the optical domain.
Similar to an XPM-based mixer using an SOA or HNLF, fre-
quency modulation only changes the frequency while the ampli-
tude (envelop) keeps unchanged, so the optical signal, as shown
in Equation (10), cannot be directly detected by a PD. Frequency-
modulation to amplitude-modulation (FM-AM) conversion is
thus required, which is typically performed by inserting an unbal-
anced Mach–Zehnder interferometer between the LD and PD,[56]

as shown in Figure 10b. A disadvantage of this approach is that
the frequency-modulation noise of the laser can also be converted
into an amplitude noise, which would result in a large noise fig-
ure. Unlike an amplitude-modulation-based frequencymixer, for
which the LD should be biased in the nonlinear region of the P–I
curve, the frequency modulation of the LD can be performed in
the linear region.
Although direct modulation can achieve frequency mixing

with a simple configuration and low cost, the bandwidth is usu-
ally limited by the frequency response of the semiconductor laser
(typically lower than 20 GHz). Recently, wideband directly mod-
ulated LDs with a modulation bandwidth of 27,[57] 30,[58] and
44 GHz[59] have been reported, which can be applied to achieve
high-frequency mixing. Another way to extend the operation
bandwidth is to apply harmonic LO modulation using mode-
locked lasers (MLLs),[60–63] on-chip optical frequency combs,[64,65]

or injection of LO signals with large powers.[66] Taking the most
widely used MLLs as an example, it is well known that passive
Q-switching or mode-locking would occur if a saturable absorber
is inserted into a laser cavity, which can generate a train of pulses
with a repetition rate (denoted as frep) at microwave frequencies.
Thus, an LO source with multiple frequency components equals
to n × frep (n≥1) is internally generated by the self-oscillation in
the MLL. Then, when the gain section of the laser is modulated
by an RF signal, harmonic frequencymixing without using an ex-
ternal LO source would be implemented.[60,63] Similar photonics-
based microwave mixing can also be performed if active mode-
locking is introduced to a semiconductor laser.[61] For example, in
ref. [61], a Fabry–Perot laser, which is monolithically integrated
with an EAM, is actively mode-locked via loss modulation when
an LO signal is injected into the EAM. With the gain section of
the lasermodulated by an IF signal, frequency upconversionwith
a conversion loss of lower than 2.7 dB was achieved.

3.2. Photonics-Based Microwave Mixing Based on External
Modulation

External modulators to perform photonics-based microwave
frequency conversion is generally based on the well-known
electro-optic effects,[67] of which the most common one is the
electrical field induced change of refractive indices (for instance,
in a LiNbO3 crystal). Due to the refractive index change, when

Figure 11. Microwave frequency conversion based on a phase modulator
driven by an a) electrical or b) an optical RF signal.

CW light goes through the material, the phase of the optical sig-
nal will be modified according to the applied electrical signal,
leading to external phase modulation. To realize photonics-based
microwavemixingwith phasemodulation approaches, a straight-
forward way, as can be seen from Figure 11a, is to send an electri-
cal LO and an electrical RF signal directly to a phase modulator.
The optical carrier after phase modulation is given by[68]

Eout (t) = exp
(
j𝜔ct + j𝛽RF sin𝜔RFt + j𝛽LO sin𝜔LOt

)
(11)

Applying the Jacobi–Anger expansion, we obtain[68]

Eout(t) = exp(j𝜔ct)
∑
l

∑
m

Jl(𝛽RF)Jm(𝛽LO) exp[j(l𝜔RF +m𝜔LO)t] (12)

After PM-to-AM conversion, the phase-modulated optical sig-
nal in Equation (11) is sent to a PD, by which microwave fre-
quency mixing is realized through frequency beating between
the frequency-converted sidebands (i.e., l = m = 1 or l = −m =
1) and the optical carrier or that between the 1st-order RF and
LO sidebands. In practice, the RF signal might be delivered to
the mixer through an optical fiber from a remote site, as can be
seen from Figure 11b. In that case, photonics-based microwave
mixing can still be implemented by directing an electrical LO to
the phase modulator. For example, in ref. [68], the RF signal re-
ceived from the remote site is modulated on an optical carrier at
a phase modulator and the optical RF signal is sent to another
phase modulator driven by the electrical LO. By using an optical
notch filter to remove the optical carrier, PM-to-AM conversion is
realized, which generates the frequency-converted components
after photodetection. In ref. [69], the electrical RF signal is con-
verted into an optical RF signal by a directly modulated LD, and
fiber dispersion is used to implement the PM-to-AM conversion.
Although phase modulators are considered to have the advan-

tages of low loss, high linearity, and free of bias drifting, the
inevitable PM-to-AM conversion would bring significant limita-
tions. For example, when the PM-to-AM conversion is realized
by an optical filter, the operational frequency range of the mi-
crowave mixer will be restricted by the bandwidth of the optical
filter. Besides, if the PM-to-AM conversion is implemented based
on chromatic dispersion, a long fiber should be used, which in-
creases the system loss and introduces a frequency-dependent si-
nusoidal power fading. An effective solution is to place two phase
modulators into a Mach–Zehnder interferometer to form an
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Figure 12. PD-based microwave frequency conversion driven by LO- and RF-modulated optical signals using a) a single LD and b) two LDs, and c) an
optical RF signal and an electrical LO.

intensity modulator, which is known as a Mach–Zehnder mod-
ulator (MZM). If a voltage is applied to the electro-optic crystal, a
phase shift difference is induced between the two arms of the in-
terferometer. When the two arms are recombined, the phase dif-
ference can be converted into amplitude change, and thus ampli-
tude modulation is realized. Similar to the configurations based
on PMs shown in Figure 11, either an electrical RF signal[70–72]

or an optical RF signal[73–75] can be used to drive an MZM-based
microwave mixer.
Since external electro-optic modulators with > 60 GHz mod-

ulation bandwidth are commercially available, and those with
> 100 GHz bandwidth have also been reported,[76–79] microwave
frequency mixing based on external modulators are more pre-
ferred for RF systems operated at a high-frequency band. Besides,
a directly modulated LD and an external electro-optic modula-
tor sometimes can be applied together, especially for frequency-
upconversion in which the low-cost directly modulated LD is
modulated by low-frequency data and the wideband external
modulator is modulated by a high-frequency LO.[80]

3.3. Photonics-Based Microwave Mixing Based on
Optical-to-Electrical Conversion

In general, there are three types of mechanisms to implement
microwave frequency mixing based on O–E conversion, as illus-
trated in Figure 12.
The square-law-detection nature of a PD is an ideal mecha-

nism to realize photonics-based microwave mixing. According
to Equation (2), frequency mixing is basically implemented by
the second-order nonlinearity between the LO and RF/IF signals,
which is presented as a square law operation on the input signals.
It is well known that the main function of the PDs is to realize
a square-law detection, so microwave frequency mixing can be
easily implemented if the incident light contains the optical LO
and RF/IF sidebands. Figure 12a shows a typical structure. An
optical carrier is split into two branches, and in each branch, the
optical carrier is modulated by the RF and LO signals in two inde-
pendentmodulators (MZMs, for example). The generated optical
signals in each branch can be written as

Eup = J0(𝛽RF) exp(j𝜔ct) + J1(𝛽RF) exp[j(𝜔c + 𝜔RF)t]

+ J1(𝛽RF) exp[j(𝜔c − 𝜔RF)t]

Edown = J0(𝛽LO) exp(j𝜔ct) + J1(𝛽LO) exp[j(𝜔c + 𝜔LO)t]

+ J1(𝛽LO) exp[j(𝜔c − 𝜔LO)t] (13)

When the two optical signals in Equation (13) are combined and
sent to a PD, frequency beating between the two optical signals
is achieved, which is given by

i ∝ EupE
∗
down

∝ [J0(𝛽RF)J1(𝛽RF) + J0(𝛽LO)J1(𝛽RF)] sin𝜔RFt

+ [J0(𝛽LO)J1(𝛽LO) + J0(𝛽LO)J1(𝛽RF)] sin𝜔LOt

+J1(𝛽RF)J1(𝛽LO)[sin(𝜔RF + 𝜔LO)t + sin(𝜔RF + 𝜔LO)]
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Mixing components

(14)

As can be seen from Equation (14), frequency mixing is realized
by the square-law detection of the PD, rather than the nonlin-
earities of the modulators, so the modulators are expected to be
biased at the quadrature transmission points to achieve high con-
version linearity. Although the high IF/RF-to-LO isolation is still
maintained in this method, it is hard to be applied to fiber re-
moting system because a common optical laser source should be
used.
The responsivity modulation caused by the space-charge

effect[81,82] or the photovoltaic effect,[83] by which the responsivity
of the PD is modulated by a strong incident optical signal, is an-
other mechanism to achieve photonics-basedmicrowave mixing.
When a PDwith themodulated responsivity is employed to detect
a second optical signal, mixing products with sum and difference
frequencies are generated, as can be seen from Figure 12b. Un-
like the method shown in Figure 12a, different LDs can be used
for the RF and LO modulations, which can be applied to fiber-
remoting applications. However, such kind of nonlinearity is rel-
atively weak in a conventionally designed PD, so the PD design
and operating regime should be carefully optimized to achieve
high-efficiency microwave frequency conversion.
Microwave frequency mixing can also be realized based

on the capacitance–voltage (C–V)[84,85] or current–voltage (I–V)
nonlinearity[56,86] in a PD by leading an intensity-modulated op-
tical RF signal to the optical port of the PD, and an electrical
LO to the electrical port, as shown in Figure 12c. Taking the I–V
nonlinearity as an example, the I–V relationship of a PD can be
expressed as Taylor series by

I ≅ F
(
Vdc

)
+ dF (V)

dV

||||Vdc ΔV + 1
2
d2F (V)
dV2

|||||Vdc × ΔV2 +⋯ (15)

where V = Vdc +VLO+VRF is the input signal, V dc is the DC bias
of the diode, and VLO = sin𝜔LOt and VRF = sin𝜔RFt are the input
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Table 2. Photonics-based microwave frequency conversion based on optoelectronic conversions.

Method Principle Advantage Disadvantage

E-O conversion Nonlinear L–I relationship of the directly modulated LD Low cost, simple configuration Low bandwidth

Frequency modulation of the directly modulated LD Low cost, low bias requirement Low bandwidth, requiring FM–AM conversion

Electro-optic effects of the external modulators Large bandwidth, high linearity Large insertion loss, requiring PM-to-AM
conversion

O–E conversion Square-law detection of a PD driven by two optical
signals with the same optical carrier

High conversion efficiency Hard to achieve fiber remoting

Responsivity modulation due to the space-charge or
photovoltaic-effect of a PD driven by two optical
signals with different optical carriers

Capability of achieving fiber remoting Low efficiency

C–V or I–V nonlinearity of a PD driven by an electrical
LO and an optical RF signal

Simple configuration Low LO bandwidth, and low port-to-port isolation

electrical LO and the modulated optical RF signals, respectively.
Similar to Equation (8), considering the second-order term, Equa-
tion (15) can be modified as

ΔI ≅ 1
2
d2F (V)
dV2

|||||Vdc × ΔV2

= 1
2
d2F (V)
dV2

|||||Vdc
(
sin𝜔LOt + sin𝜔RFt

)2
= 1

2
d2F(V)
dV2

|||||Vdc
(
sin2𝜔LOt + sin2𝜔RFt

+ cos(𝜔LO − 𝜔RF)t − cos
(
𝜔LO + 𝜔RF

)
t

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
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⎞⎟⎟⎟⎠ (16)

From Equation (16), we can see frequency mixing is realized.
More recently, photonics-based microwave downconversion was
implemented using PD sampling.[87] When an optical pulse train
is injected into a uni-traveling-carrier (UTC) PD, a high-speed
sampling switch is realized. If a weak optical RF signal is applied
to the PD, it is gated by the switch. Frequency downconversion is
therefore realized. Microwave frequency mixer in this category
features simple configuration since both the functionalities of
photodetection and frequency conversion are implemented by a
single device. However, restricted by the bandwidth and the port
isolation of the electrical circulator, the LO bandwidth of the fre-
quency mixer is usually limited and the port-to-port isolation is
low. Table 2 summaries the methods and characteristics of mi-
crowave frequency mixing based on O–E conversions.

4. Properties of Photonics-Based Microwave
Frequency Mixing

Similar to the electrical mixers, bandwidth, port-to-port iso-
lation, conversion efficiency, conversion linearity (or dynamic
range), and mixing functionality are key performance indica-
tors for photonics-based microwave frequency mixers. Since the

frequency conversion is implemented in the optical domain,
the optical polarization sensitivity should also be taken into ac-
count when evaluating the performance of a photonics-basedmi-
crowave frequencymixer. In this section, these important param-
eters will be introduced, and solutions to improve them are re-
viewed.

4.1. Conversion Efficiency

Conversion efficiency is used to characterize the loss (or gain)
introduced by frequency conversion, which is defined as the ra-
tio between the power of the converted component to that of the
input RF/IF signal for frequency down- and up-conversion. Al-
though electrical amplifiers can be inserted before or after a mi-
crowave mixer to amplify the converted signal, the noise figure
and dynamic range of the entire system would be inevitably de-
teriorated. Therefore, it is highly desired that the conversion effi-
ciency in the optical domain is high.
For microwave mixers based on all-optical nonlinearities, one

promising way to increase the conversion efficiency is to use
semiconductor devices or optical fibers with high nonlinearity.
The nonlinearities of semiconductor devices can be enhanced
based on novel materials or structures. For instance, amicrowave
mixer with enhanced conversion efficiency was achieved based
on an ultra-nonlinear SOA (XN-SOA)[88] or InAs/InGaAs-based
QD-SOA.[34] As2S3-based planar waveguides

[49] and chalcogenide
glass chips[89] were proven to have strong nonlinearity to achieve
FWM, which allows realizing microwave mixing with high effi-
ciency. To increase the nonlinearity of an optical fiber, we can ap-
ply specially designed (for instance, PCF[43]) or specially doped
(for instance Bi-doped[47]) optical fiber.
For microwave mixers based on optoelectronic nonlinearity,

optical carrier suppression coupled with optical amplification is
widely adopted to increase the conversion efficiency. Taking a
most common cascaded MZM-based microwave mixer as an ex-
ample, the average optical power after the cascaded modulation
can be expressed as

PO−avg =
t2ff
4
GEDFA−1PO−in (17)
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Figure 13. a) Schematic diagram of a microwave mixer based on a single DMZM, and b) the measured conversion efficiency.

and the conversion efficiency of the microwave mixer is written
as[90]

𝜂 =
t4ff
16

G2
EDFA−1P

2
O−inℜ

2J21
(
𝛽LO

)( 𝜋

V𝜋

)2

RinRout (18)

where PO-in is the optical power at the output of the LD, tff and V𝜋

are the insertion loss and half-wave voltage of the MZM, respec-
tively, ℜ is the responsivity of the PD, GEDFA-1 is the gain of the
erbium-doped fiber amplifier (EDFA), and Rin and Rout are mod-
ulator input resistance and photodiode load resistance, respec-
tively. The frequency beating between the positive (or negative)
1st-order RF and LO sidebands contributes the most to the con-
verted IF signal at the frequency of (𝜔RF−𝜔LO), and other optical
components, especially the optical carrier, have no contributions
to the frequency conversion while occupying most of the optical
power. By suppressing the optical carrier before optical amplifica-
tion, the conversion efficiency would be dramatically improved.
With the optical carrier suppressed, the average output optical
power and conversion efficiency become

PO−avg =
t2ff
4
GEDFA−2PO−in

[
1 − J0

(
𝛽RF

)
J0
(
𝛽LO

)]
(19)

𝜂 =
t2ff
16

G2
EDFA−2P

2
O−inℜ

2J21
(
𝛽LO

)( 𝜋

V𝜋

)2

RinRout (20)

where GEDFA-2 is the gain of the EDFA. As compared with Equa-
tion (17), the relative large J0(𝛽RF) and J0(𝛽LO) (especially un-
der small signal modulation condition) are removed from Equa-
tion (19). For optical amplifiers operating in saturation, PO-avg
is almost the same, so the optical gain GEDFA-2 would be much
larger than GEDFA-1. Because the conversion efficiency, as can be
seen from Equations (18) and (20), is proportional to the square
of the EDFA gain, an increased conversion efficiency is there-
fore realized. Based on this principle, carrier-suppressed mod-
ulation enabled by a dual-drive MZM (DMZM) was employed
to achieve a high conversion efficiency microwave mixer.[71]

Figure 13a illustrates the schematic diagram, in which an RF and
an LO are applied to the two RF ports of the DMZM, respectively.
By properly setting the bias voltage applied to the DMZM, the
optical carrier will be significantly suppressed. After being ampli-
fied by an EDFA, themodulated signal is sent to a PD. Figure 13b

shows the measured conversion efficiency. As can be seen, the
conversion efficiency is about 6 dB, which is much larger than
that of the cascaded-modulator-based microwave mixer (typically
lower than −10 dB). Other optical carrier suppressed modula-
tion methods, based on bias control of a bi-directional DMZM[90]

or a dual-parallel MZM (DPMZM),[91,92] and notch filtering us-
ing a fiber Bragg grating (FBG)[93] or stimulated Brillouin scat-
tering (SBS),[94] were also reported to achieve high conversion
efficiency.
The conversion efficiency is also fundamentally dependent on

the performance of E–O andO–E conversion, as can be seen from
Equations (18) and (20). As a result, considerable efforts have
been devoted to designing high-efficiency E–O and O–E conver-
sion devices. For example, a 12 GHz LiNbO3 MZM with a half-
wave voltage of 1.5 V and an insertion loss of 8 dB[95] and a 40
GHz InP MZM with <7.5 dB loss and 1.5 V half-wave voltage[96]

were reported to achieve high efficiency E–O conversion. In ad-
dition, to realize O–E conversion with high output power, a PD
with a saturation photocurrent of 35 mA @ 20 GHz is com-
mercially available and a PD with a saturation photocurrent of
95 mA@ 50 GHz was reported in the literature.[97]

4.2. Dynamic Range

The dynamic range of a microwave frequency mixer is a parame-
ter that represents the highest and lowest power that amicrowave
frequency mixer can handle. The most common way to measure
the dynamic range of a mixer is to use a two-tone test. In such
a test, a closely spaced two-tone RF signal with angular frequen-
cies of𝜔RF1 and𝜔RF2 and an LOwith an angular frequency of𝜔LO
are applied to the mixer. Due to the nonlinearity of the system,
various unwanted frequency components can be generated in ad-
dition to the desired IF components with angular frequencies of
(𝜔RF1−𝜔LO) and (𝜔RF2−𝜔LO). The illustration of the output two-
tone test spectrum is depicted in Figure 14a. Among all these
unwanted frequency components, the third-order intermodula-
tion (IMD3) components with frequencies of (2𝜔RF1−𝜔RF2−𝜔LO)
and (2𝜔RF2−𝜔RF1−𝜔LO) located close to the IF frequencies can-
not be filtered out by an electrical filter. Thus, the IMD3 is re-
garded as the main limiting factor of the dynamic range of a mi-
crowave mixer. Figure 14b shows the power of the IF and IMD3
components as a function of the input RF power. The IF power
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Figure 14. Illustrations of a) the output electrical spectrum for a typical two-tone test and b) the SFDR of a microwave mixer.

is increasing linearly with the increase in the RF power, which
is plotted as the solid line with a slope of 1 in Figure 14b. The
IMD3 power has a cubic relationship with the power of the in-
put RF signal, which is plotted as the dashed line with a slope
of 3. As a result, the power of the IMD3 increases more rapidly
than that of the IF component when the input RF power in-
creases. At a certain point, the IF and IMD3 components will
have the same output power. The input RF power is named as
the third-order input intercept point (IIP3), while the output IF
power is called the third-order output intercept point (OIP3). Tak-
ing both the noise floor (shown as the dash–dotted line) and the
nonlinearity into consideration, a parameter called spurious-free
dynamic range (SFDR) is defined, which represents the mini-
mum and maximum input power range corresponding to the
IF power and the IMD3 power that are equal to the noise floor,
respectively.
As can be seen from Figure 14b, the lowest power, which can

also be defined as the sensitivity of the frequency conversion sys-
tem, is determined by the noise floor of the system, and the high-
est power is determined by the nonlinear distortions of the sys-
tem. Therefore, two strategies can be employed to increase the
dynamic range of the conversion system. On the one hand, as
the noise originates mainly from the shot noise at the PD, the
thermal noise, the relative intensity noise (RIN) of the LD, and
the amplified spontaneous emission (ASE) noise of the optical
amplifier, low noise LDs and amplifiers can be applied to reduce
the noise floor. For example, semiconductor lasers with a RIN
below −160 dB Hz−1 have been developed,[98] which are now
commercially available from Emcore Corporation,[99] and low-
noise amplifiers (e.g., phase-sensitive amplifiers[100]) were also
reported.[101] On the other hand, approaches to suppress non-
linear distortions can also be employed. A microwave frequency
downconverter with an SFDR > 120 dB⋅Hz2/3 has been proposed
using a highly linear optical modulator,[102] and a low half-wave
voltage and high linear quantum-well modulator developed by Li
et al. led to a 28 dB improvement in distortion suppression ra-
tio over that of a conventional photonics-based microwave fre-
quency conversion link using LiNbO3 MZMs.[103] Besides, by
carefully setting the bias voltages of a DPMZM for RF signal
modulation, an SFDR up to 127 dB⋅Hz4/5 (IMD5 was the main
distortion components in this condition, since the IMD3 com-
ponents were significantly suppressed) was achieved when the
IF frequency was around 150 MHz.[104] Since a phase modula-

tor often exhibits higher linearity than an intensity modulator, a
high dynamic range microwave downconverter can also be real-
ized based on cascaded phase modulators together with optical
filtering. By optimizing the power of the LO[68] or the optical fil-
ter response,[105] more than 10 dB enhancement of SFDR was
achieved. In addition, digital signal post-processing can also be
used to increase the SFDR of a microwave frequency conversion
system.[106]

4.3. Mixing Spurs Suppression

Mixing spurs are the undesired frequency components at the out-
put port of a microwave mixer. When an RF signal with a fre-
quency of 𝜔RF and an LO with a frequency of 𝜔LO are applied
to the mixer, frequency components expressed as (n𝜔RF+m𝜔LO)
would be produced, which can be classified into three categories:
1) the wanted frequency-converted signals, when n = 1 and m
= 1; 2) the LO and RF leakages, when n = 1 and m = 0 or n =
0 and m = 1; and 3) the harmonic mixing spurs, when n and
m take other values. Because only the frequency beating between
the+1st-order (or−1st-order) RF and LO sidebands generates the
wanted frequency-converted components, an effective way to re-
move the unwanted mixing spurs (i.e., LO/RF leakages and har-
monic mixing spurs) is to suppress the useless sidebands before
photodetection.[107]

The RF and LO mixing spurs (leakages) are mainly caused by
the frequency beating between the optical carrier and the 1st-
order RF and LO sidebands, so the RF and LO leakages will be
largely suppressed by removing the optical carrier. Other mixing
spurs can be suppressed either in the optical domain[108–110] or in
the electrical domain.[69,111–114] In the optical domain, sideband
filtering is widely used. In ref. [108], the optical carrier was split
into two branches. In the upper branch, the carrier was modu-
lated by an RF signal and the +1st-order RF sideband was se-
lected by an FBG. A similar operation was applied to the lower
branch to select the +1st-order LO sideband. Then the two side-
bands were combined by an optical coupler and sent to a bal-
anced PD. As only the useful sidebands were detected by the
balanced PD, other mixing spurs cannot be produced. Besides,
since optical SSBmodulation can naturally remove one of the 1st-
order sidebands, mixing spur suppression would be simplified
if optical SSB modulation was employed.[109,110] For example, in
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Figure 15. a) A reconfigurable microwave mixer based on an optical hybrid, and the waveforms of the b) I1, c) I2, d) Q1, and e) Q2 outputs.

ref. [109], a DMZM together with an electrical hybrid was used to
perform the optical SSB modulation. Then an FBG was followed
to suppress the optical carrier. In this way, only the +1st-order
RF and LO sidebands were left. In the electrical domain, an elec-
trical filter or photonic microwave filter can be employed to se-
lect the desired components. In ref. [69], amulti-wavelength laser
source was used as the optical carrier. Since themulti-wavelength
laser source together with fiber dispersion can function as a mi-
crowave bandpass filter, only the desired frequency-converted sig-
nals were selected. Similarly, in ref. 111–114, an optical comb
source and an optical processor were employed to realize a re-
configurable photonic microwave filter to suppress the mixing
spurs.

4.4. Mixing Functionalities

Most of the photonics-based microwave mixers can perform
the simplest frequency conversion function, which is equivalent
to single-ended frequency mixers. When a pair of LO sources
with opposite or quadrature phase difference are introduced to
two single-ended frequency mixers, double-balanced or I/Q mix-
ing can be achieved. The pair of LO sources can be easily ob-
tained by splitting an LO signal through an electrical 180- or
90-degree hybrid coupler,[115–120] a microwave photonic phase
shifter,[121–128] or an optical hybrid.[129,130] The microwave pho-
tonic phase shifter can be realized by a DMZM,[121,123] a dual-
polarizationmodulator,[120,122,124–126] or a DPMZM[127] followed by
an optical filter. Based on the I/Qmixer, a mixer with the capabil-
ity of image suppression for frequency downconversion or side-
band suppression for frequency upconversion can be realized by
connecting an electrical quadrature hybrid coupler to combine
the output ports of the I/Q mixer.[131,132]

Recently, a reconfigurable microwave frequency mixer was
reported,[130] with its configuration illustrated in Figure 15. In the
scheme, an optical carrier, split into two branches, and modu-
lated by an RF and an LO signal. In each branch, the +1st-order
RF and LO sidebands are selected by an optical filter. The RF and
LO sidebands are sent to an optical hybrid. The optical hybrid
can introduce optical phase shifts to the LO sidebands by 0°, 90°,
180°, and 270°, corresponding to the four output ports of an op-
tical hybrid, namely I1, Q1, I2, and Q2. For the in-phase (I1 and
I2) or quadrature (Q1 and Q2) outputs, since a 180-degree phase
shift exists, the converted IF components will be out-of-phase, by

which a double-balanced frequency mixer can be obtained. For
the quadrature outputs, due to the 90-degree phase difference,
the converted IF signals will be in quadrature, which means an
I/Q frequency mixer is achieved. When an electrical 90-degree
hybrid is used to combine the two quadrature outputs of the I/Q
mixer, image-reject mixing is realized.

4.5. Polarization Sensitivity

Since the photonics-based microwave frequency conversion is
implemented in the optical domain, polarization sensitivity, a
new property that is not considered in a conventional electrical
mixer, should be taken into account. This parameter is impor-
tant because most of the nonlinear optical devices and electro-
optical modulators are polarization dependent. In the scenario
of antenna remoting in which the antenna and the receiver are
separated and connected by a long fiber, the polarization state of
the modulated optical signal will be randomly changed due to
environmental factors, leading to a fluctuation of the conversion
efficiency. To solve this problem, active polarization control or dy-
namic digital signal processing should be incorporated into the
transmitter or the receiver to maintain the polarization stability
and to ensure the highest conversion efficiency, whichmakes the
system complex, costly, and bulky.
Previously, a few polarization-insensitive photonics-based mi-

crowave frequency conversion approaches were proposed. In
ref. [133], a polarization-insensitive SOA was applied to achieve
frequency downconversion with small polarization dependence.
In ref. [134], a polarization-insensitive frequency downconverter
was reported by placing a LiNbO3 phase modulator in a ring loop
constructed by a polarization beam splitter and a Faraday rota-
tor. More recently, a polarization-insensitive photonics-based mi-
crowave frequency converter based on two parallel intensitymod-
ulators and a balanced PD was proposed.[135] A 20 GHz RF signal
was downconverted to a 1 GHz IF signal with polarization depen-
dent loss of less than 0.06 dB.
It should be noted that, inmost cases, peoplemight not be able

to find an approach that can achieve the best performances in
all respects. For example, optical carrier suppression can achieve
high conversion efficiency and large LO leakage suppression, but
the dynamic rangewould be reduced. Therefore, the designer can
choose themost suitablemethod according to the requirement of
the system.
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Figure 16. a) Experimental setup of a 60-GHz RoF system employing photonics-based microwave upconversion. b) Electrical spectrum of the down-
converted signal. c) The photograph of the RoF system. Inset in (b): constellation diagram of the demodulated 16-QAM data.

5. Applications of Photonics-Based Microwave
Frequency Mixing

A frequency mixer, as a basic component to construct an RF sys-
tem, is essential in wireless communication, radar, EW, and mi-
crowave measurement systems. With the fast development of
the photonics-based microwave frequency mixing, researchers
began to incorporate the photonics-based microwave mixer into
some experimental RF systems, including radio-over-fiber (RoF)
communication systems, photonics-based radars, satellite re-
peaters, EW receivers, and many other innovative applications.

5.1. RoF Communication System

With the increasing demand for wireless data traffic, high-
capacity, wide-coverage, ubiquitous-access, and low-latency wire-
less systems are being developed. Due to the rich spectrum re-
source in the higher-frequency band, millimeter-wave commu-
nication or even THz communication[136] becomes extremely at-
tractive and is now tested for the next generation mobile com-
munications. However, suffering from the high air link loss in
the high frequency band, the wireless transmission range of the
wireless services is usually restricted. To solve these problems,
RoF systems at themillimeter-wave or even THz-wave band were
proposed and extensively studied.[3,137–139] Frequency mixing is
needed in both the transmitter and receiver of a RoF system.
In the transmitter, microwave upconversion is usually used to
upconvert the baseband data signal to the desired RF band, and

in the receiver, the received RF signal should be downconverted
to the baseband or IF band through frequency downconversion.
Both the microwave mixers based on the nonlinear effects of
an SOA or EAM,[16,20,23] and the wideband frequency conversion
methods based on optoelectronic conversions[140–144] are widely
used in literature to realize the frequency mixing for RoF com-
munication systems. Figure 16a shows an example.[141] Two IF
signals carrying 1.2 Gbaud 16QAMdata and baseband 1.5 Gb s−1

uncompressed 720P HD video data are mixed with a 60 GHz
LO by a polarization-multiplexed microwave mixer. The optical
spectrum of the modulated signal and electrical spectrum of the
upconverted signal are shown as the inserts in Figure 16a. Fig-
ure 16b shows the electrical spectrum of the downconverted sig-
nal at the output of the mixer in the receiver. The designed data-
rate of the RoF system is 11.8 Gb s−1. The photograph of the ex-
perimental setup is presented in Figure 16c.

5.2. Radar Systems

Photonics-based microwave mixers can be applied to wideband
RF transceivers[145] for radar applications. Figure 17 shows an
example of a photonic RF transceiver based on a microwave
mixer using an MLL-based LO source. In the transmitter, the
IF signal is modulated on each comb line of the MLL. Due to
the frequency beating between different IF sidebands and the
comb lines, multi-band frequency upconversion is realized af-
ter photodetection. By using electrical filters, RF signals with
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Figure 17. Radar transceiver based on photonics-based microwave frequency up- and down-conversion (left) and the optical and electrical spectra at
different points of the transceiver (right).

Figure 18. a) Experimental setup of the photonics-based ISAR system, b) imaging result of the letters of “NUAA,” and c) picture and imaging result of
a non-cooperative unmanned aerial vehicle.

the desired carrier frequencies can be selected for transmit-
ting. In the receiver, the received RF signal is modulated on the
comb lines from the same MLL. At a PD, the frequency beat-
ing between the RF-modulated optical sidebands and their near-
est comb lines will be located in the IF band, and frequency
downconversion is thus achieved. Based on this principle, the
first fully photonics-based radar was developed.[5] In addition,
radar systems with multiple functionalities can also be realized
by using multi-band photonics-based microwave frequency up-
and down-conversion. For instance, a dual-band (S and X band)
photonics-based transceiver was demonstrated for the detection
of moving targets[145] or cooperating/non-cooperating targets in
the maritime scenario.[146] An MLL-based transceiver was also
applied to simultaneously implement a dual-band (X and Ku
band) photonics-based radar and a lidar.[147] In refs. [148–151],
photonics-based inverse synthetic aperture radars (ISARs) for
the imaging of non-cooperative object were reported. The typ-
ical experimental setup is shown in Figure 18a, and the ob-
tained image is illustrated in Figures 18b and 18c, respectively.
In this ISAR imaging radar system, photonics-based microwave
mixing is applied to upconvert the IF linear-frequency modu-
lated signal to the high-frequency band in the transmitter, and
to realize de-chirping (i.e., frequency downconversion) in the
receiver. A photonics-based multi-input-multi-output (MIMO)

radar with high resolution and fast detection capability was
proposed.[152,153] By using the wavelength division and multiplex-
ing, multi-channel parallel photonics-based microwave mixing
was realized, based on which a MIMO architecture was firstly in-
troduced into the photonics-based radar system with improved
radar performance and extended radar applications.[152] In ad-
dition, based on a photonic balanced I/Q frequency mixing in
the receiver, a radar with the capability of interference suppres-
sion was realized.[154] More recently, as one of the most impor-
tantmodules, photonics-basedmicrowavemixers were employed
to realize 3D radars,[155] phased array radars,[156] and W-band
radars.[157]

5.3. Satellite Repeater

Satellite communications have the advantages of seamless cov-
erage of remote areas, reliable data relay for deep space explo-
ration, and inherent multicasting and broadcasting capabilities.
Frequency mixing is an essential part in a satellite repeater, since
the uplink signal should be usually converted to have other car-
rier frequencies before broadcasting to other users. Since the
working frequency of modern satellites must move from the
low-frequency L band to the high-frequency Ka band or even

Laser Photonics Rev. 2020, 14, 1800350 © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800350 (16 of 25)



www.advancedsciencenews.com www.lpr-journal.org

Figure 19. A 2 × 2 satellite repeater based on a photonics-based microwave mixer.

Q/V band, the frequency mixers inevitably face a lot of critical
challenges, such as EMI, mass, volume, isolation, and power
consumption, which are difficult to solve by the conventional
electrical technologies.[158] Thanks to the numerous advantages
brought by photonic technologies, photonics-based microwave
mixers have attracted significant interest in satellite applications.
The European Space Agency (ESA) is one of the pioneers in the
research of satellite repeaters based onmicrowave frequency con-
version in the optical domain.[159] Frequencymixing based on cas-
caded modulators was employed in their scheme, in which one
modulator was driven by an electrical LO to produce an optical
LO signal. When the optical LO was sent to the other modula-
tor which was modulated by the RF signal, frequency downcon-
version was realized. An experimental demonstration of a 2 × 2
satellite repeater based on amicrowavemixer was also performed
in ref. [6] as shown in Figure 19.

5.4. Electronic Warfare

The applications of photonics-based microwave mixers in elec-
tronic warfare date back to early 1990s when scientists in the field
of defense technology predicted that warfighters and other mili-
tary systems would soon face adversary systems that use signals
outside the traditional EW spectrum. This creates a critical re-
quirement of broadbandRF equipment beyond the capabilities of
conventional RF systems. Microwave photonic systems can im-
plement multichannel frequency conversion with tens of GHz
bandwidth, which are believed to provide EW systems with ad-
vanced performance.
Figure 20 shows a four-channel photonics-based microwave

downconverter for an EW system demonstrated in an avionic
platform.[160] In the photonics-based EW system, multiple opti-
cal carriers with different wavelengths (𝜆i) are transmitted from
the center unit to different remote sites of the airplane (i.e., nose,
left wing, right wing, and empennage). In each remote site, an
electro-opticmodulator is placed tomodulate the received RF sig-
nals onto the optical carrier. The RF-modulated optical signals
from the remotemodules are combined by a wavelength-division
multiplexer and mixed with a common LO through another
modulator. The converted optical signal is then demultiplexed
into separated channels in which the downconverted IF signal
is detected for each channel. Based on this parallel microwave

Figure 20. Block diagram of four-channel photonics-based microwave
downconversion for avionic EW systems.

frequency conversion, the complex and power-consuming pro-
cessing and control modules are shifted from the remote sites to
the center unit, which greatly reduces the SWaP of the system
and makes the entire system easy to be scaled.
A channelization receiver is another widely adopted receiver

architecture to accommodate the increasing bandwidth require-
ment of EW systems. The main idea of a channelizer is to slice a
wideband RF signal into multiple narrow-band sub-channels to
relieve the burden of signal processing in the electrical domain.
Unlike a conventional RF channelizer which needs a number
of strictly designed filters to slice the spectrum, an RF channel-
izer based on a microwave frequency mixer is realized by con-
verting different portions of the RF signal to the same IF band
by multiplying the received RF signal with a frequency-tunable
or multiple-frequency LO source. For instance, in refs. [161,
162], a direct-conversion RF scanning channelizer employing
photonics-based microwave downconversion was demonstrated.
By scanning the frequency of the LO, different portions of
the RF spectrum are downconverted to the same IF band in
turn. The field trial results also demonstrated the high linear-
ity and sensitivity of the photonic frequency-conversion-based
channelizer.[163] In refs. [164–166], a parallel wideband RF chan-
nelizer based on a pair of coherent optical combs was also
realized, in which the coherent optical combs are used as a
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Figure 21. a) Principle of a phase noise measurement system based on a
frequency discriminator, and b) the photonic demonstrator.

multi-LO source. The key advantage of RF channelizers em-
ploying photonics-based microwave mixers is that the resolu-
tion is significantly improved since the frequency of LO can be
tuned at an Hz-level resolution. More importantly, by making
use of the I/Q mixing and digital signal demodulation [164] or
photonic image-reject mixing,[167–169] the spectrum aliasing prob-
lem, which makes the information unrecoverable caused by the
square-law detection of the PD, can be effectively solved.
In fact, by making use of the advantages of wide bandwidth,

low mixing spurs, low LO leakage, and high linearity offered by
the photonics-based microwave mixers, multi-functional RF sys-
tems for communications, radar, sensing, and EW applications
can be achieved in a unified platform, and a so-called “software-
defined” radio system can be possibly implemented.[6,170]

5.5. Broadband Microwave Measurements

Photonics-based microwave mixers can be applied to a num-
ber of broadband microwave measurement systems,[171]

such as phase noise measurements,[172–175] Doppler fre-
quency shift measurements,[176–179] and angular-of-arrival
measurements.[180,181] Here, we take a photonics-based phase
noise measurement system as an example. Conventionally, the
phase noise measurements are implemented by electronics.
Figure 21a shows schematic diagram of an electrical frequency
discriminator for low phase noise measurement. In the system,
the frequency mixer functions as a phase detector to convert the
phase difference between the two paths into a DC voltage. When
the electrical mixers are replaced by their photonic counterparts,
measuring the phase noise of a signal in a large frequency
range can be achieved, with an example system presented in
Figure 21b.[172] Based on the photonics-based microwave mixer, a
5–40 GHz phase noise measurement systemwith a noise floor of
−137 dBc Hz−1 (10 GHz carrier at 10 kHz frequency offset) was
realized. When a microwave photonic phase shifter is integrated
into the microwave frequency mixing scheme to replace the
electrical phase shifter, the phase noise measurement structure
can be simplified further, and the bandwidth limitation caused
by the electrical phase shifter can also be removed.[175] More
recently, photonic I/Q modulation and digital phase demodula-

tion was applied in the microwave phase noise measurement to
simplify the calibration of the measurement system and to avoid
the use of feedback loops and phase shifters,[182] which allowed
achieving a measurement range of 5–35 GHz and a noise floor
of −131 dBc Hz−1 at the offset frequency of 10 kHz.

6. PICs for Microwave Frequency Mixing

Although photonics-based microwave mixers have significant
advantages as compared with their electrical counterparts,
photonic-based mixers usually have relatively larger size, since
most of them are implemented based on discrete optoelec-
tronic components and devices. With the advancement of PIC
technology,[183,184] microwave mixing based on PICs is gradually
coming onto the stage and becoming a hot topic.
On the one hand, high-performance PIC-based key devices for

microwave photonics, for example, lasers, modulators, and PDs,
have been developed, which can be applied to build integrated
microwave mixers with improved performance. Previously, low
RIN and high-power LDs were fabricated to reduce the noise
of the microwave photonic systems. For example, an InP-based
slab-coupled waveguide laser with a RIN of −163 dB Hz−1

and an output power of 370 mW was reported.[185] To increase
the linearity and electro-optic conversion efficiency, a 12 GHz
dual-drive z-cut LiNbO3 modulator with an ultra-low half-wave
voltage of 1.4 V was developed.[95] Based on GaAs/AlGaAs sub-
strate, an MZM was demonstrated to have a half-wave voltage
of lower than 0.3 V.[186] A high-speed modulator with a half-wave
voltage of 2 V was also fabricated based on InAlGaAs/InAlAs
multi-quantum well structures.[187] New-material-based de-
vices, such as graphene-,[188] thin-film-,[189] silicon-organic-,[190]

plasmonic-,[191] polymer-,[192] LiNbO3-on-insulator-,
[193,194] and

PZT-based[195] modulators were reported, which not only opens
perspectives for the realization of electro-optical modulation,
but also leads to significant breakthrough in terms of band-
width, scalability, volume, and so on. Besides, to obtain high
RF output power without external electrical amplification, a
balanced PD with a 3-dB bandwidth of 8 GHz, a saturation
current of 320 mA, and a maximum output RF power of 1.5 W
was reported.[196] To maintain the high operational bandwidth
of the microwave photonic system, an ultra-wideband PD with
a bandwidth of >100 GHz has recently been developed to
achieve wideband optical-to-electrical conversion.[197] Recently, a
graphene-based PD[198,199] was also reported, which is shown in
Figure 22. When an RF-modulated optical signal is launched into
the graphene-based coplanar waveguide in the PD with an inci-
dent power of Popt, and an electrical LO signal is applied to the PD
as a bias voltage (Vbias), the obtained photocurrent is proportional
to Popt × Vbias. Therefore, frequency-converted signals can thus
be generated. In addition to the fabrication of high-performance
optical-to-electrical and electrical-to-optical conversion devices,
other functional components (e.g., SOAs, ring resonators) were
also investigated to achieve high-performance microwave mix-
ing. For instance, in ref. [200], a silicon torsional ring resonator
was proposed to achieve microwave mixing, as presented in
Figure 23 . When a signal light carrying an RF signal is injected
into the ring resonator, a mechanical frequency will be stimu-
lated because of the effective index change induced by the pump
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Figure 22. Integrated graphene-based optoelectronic mixer. Reproduced with permission.[199] Copyright 2016, American Chemical Society.

Figure 23. Photonics-based microwave mixer based on a torsional ring
resonator. Reproduced with permission.[200] Copyright 2017, American In-
stitute of Physics.

signal. Owing to the nonlinear coupling between the pump
and mechanical frequencies, a frequency-converted signal can
be obtained after photodetetion of the output light of the ring
resonator. In ref. [201], an integrated conherent Kerr micro-comb
source with a comb spacing of 48.9 GHz was fabricated on a
silica glass platform. Based on this comb source, a photonic LO
source was obtained and microwave frequency conversion over
40 GHz with a conversion efficiency of −6.8 dB was realized.
On the other hand, efforts are devoted to consolidating as

many elements or units as possible on a single chip. For ex-
ample, in ref. [202], a DFB laser was integrated with an MZM
to achieve 100-Gbaud intensity modulation, and in ref. [203],
quantum-well phase modulators were integrated with PDs on
an InP substrate. When the chip in ref. [204] was used to per-
form frequency mixing, a conversion gain of −10 dB and an
SFDR of 115 dB·Hz2/3 were achieved. Moreover, a quantum-well
phase modulator integrated with an optical phase-locked loop
module was also developed to achieve frequency mixing with
an SFDR of larger than 120 dB⋅Hz2/3.[204,205] Recently, a simi-
lar phase modulator-based link was reported, which achieves a

Figure 24. a) Experimental setup of the microwave mixer based on a fully-
integrated circuit and b) the image of the PIC that is mounted on an AlN
substrate. b) Reproduced with permission.[210] Copyright 2016, IEEE.

record SFDR of ≈129.3 dB⋅Hz2/3 with a bandwidth of 1 GHz.[206]

An integrated silicon circuit consisting of two pairs of phasemod-
ulators and PDs[207,208] or a pair of EAMs[209] was applied to the
transceiver to achieve photonics-based microwave up- and down-
conversion. The measured SFDR was about 80 dB⋅Hz2/3.[208]

A monolithic photonics-based microwave frequency conversion
chip was first reported in ref. [210]. As can be seen from
Figure 24, an LD, an SOA, four nonlinear phase modulators, two
PDs, and other passive waveguides were all integrated into a sin-
gle chip, which implements microwave mixing with an SFDR
of ≈110 dB·Hz2/3. More recently, a research group from Ghent
University and Antwerp Space developed a photonics-based
microwave frequency mixing system with III-V-on-silicon pho-
tonic chip.[211] With the integrated MLL, MZM, and PD, five
signals located at the different channels in the Ka-band (27.5–
30 GHz) with 500 MHz bandwidth were downconverted to the L-
band (1.5 GHz). These works demonstrate that photonics-based
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Table 3. Promising PICs for microwave frequency mixing.

Year Key components Function Key features Material Ref.

2007 MZM MPL Low Vpi (≈1.4 V) LiNbO3
[95]

2008 MZM — Low Vpi(<0.3 V) GaAs/AlGaAs [186]

2010 PM MPL High linearity InP [212]

2011 LD — Low RIN (−163 dB Hz−1) and high power (370 mW) InP [185]

2011 MZM — Low Vpi (2 V) InAlGaAs/InAlAs [187]

2011 QW-PM/UTC-PD MPL High SFDR (>120 dB⋅Hz2/3) InP [204]

2011 QW-PM/UTC-PD Frequency mixer High SFDR (125 dB⋅Hz2/3) InP [205]

2012 EO modulator — High bandwidth (THz band) Graphene [188]

2012 QW-PM+UTC-PD Frequency mixer High SFDR (115 dB⋅Hz2/3) InP [203]

2013 BPD — High output power (1.5 W) with 8-GHz bandwidth InP/InGaAs [196]

2015 EO modulator — High bandwidth and low Vpi Polymer [192]

2015 PD Frequency mixer Conversion loss of <35 dB Graphene [198]

2016 PPLN Wavelength converter Ultra-low loss (0.3 dB cm−1) SiN thin film [189]

2016 PD Frequency mixer RF bandwidth of 30 GHz Silicon+ graphene [199]

2016 Laser+PM+SOA+PD Frequency mixer Conversion loss of 9 dB and SFDR over 110 dB⋅Hz2/3 InP [210]

2016 Ring resonator Frequency mixer Using optomechanical effects SOI [200]

2017 IQ modulator — High bandwidth (100 GHz) Silicon-organic [190]

2017 MZM — High reliable beyond 130 °C Ferroelectric plasmonic [191]

2017 UTC-PD+RF amplifier — High bandwidth (100 GHz) InP [197]

2017 DFB+MZM — Large bandwidth (44 GHz) and low Vpi (2 V) InP [202]

2017 MLL+MZM+PD Frequency mixer K-band to Ka-band conversion III/V [211]

2017 PM+PD Frequency mixer Bandwidth: 2–10 GHz SOI [208]

2018 MZM — Vpi (1.4 V), bandwidth (100 GHz) LNOI [193]

2018 MZM — Bandwidth 30 GHz PZT-SiN [195]

2019 Comb Frequency mixer 48.9-GHz spacing, 30.5 dBm pump power Silica [201]

2019 EAMs Frequency mixer Bandwidth: 7–26 GHz, SFDR = 82 dB⋅Hz2/3 GeSi [209]

2019 MZM — 2.5 dB insertion loss, EO bandwidth > 70 GHz LNOI [194]

2019 PM MPL SFDR = 129.3 dB⋅Hz2/3, 1 GHz bandwidth [206]

MPL, microwave photonic link; LNOI, lithium niobite-on-insulator.

microwave mixers can have comparable size with the mature
electricalmixers and competitive performance based on photonic
integration. Table 3 summarizes typical PICs covering key de-
vices, sub-modules to systems-on-chip, for photonics-based mi-
crowave frequency conversion.

7. Discussion and Conclusion

In this article, after an introduction to the principle of photonics-
based microwave mixing, we provide a comprehensive review
of the latest advances in photonics-based microwave frequency
mixing systems to improve the performance in terms of conver-
sion efficiency, dynamic range, mixing spurs suppression, mix-
ing functionality, and polarization dependence. Applications em-
ploying photonics-based microwave mixers were also reviewed.
Table 4 presents typical performance measures of the

photonics-based microwave mixers and the conventional com-
mercially available electronic mixers. It can be seen that for the
photonics-based microwave mixers based on all-optical nonlin-
earities, the RF bandwidth can be very high thanks to the low

characteristic time of the all-optical nonlinearities, especially the
XPM[213] and XPolM[29] effect. Besides, due to the gain in the
SOA, positive conversion efficiency is possible.[25,213] However,
the SFDR is usually very low. For the microwave mixers based
on optoelectronic conversions, the bandwidth is generally less
than 40 GHz, limited mainly by the bandwidth of the electro-
optic modulators. Although the conversion efficiency is usually
negative because of the E–O/O–E conversion losses, positive
conversion efficiency is achievable by optical amplification.[92]

The SFDR of this kind of mixer is typically high, some of
which is claimed to be higher than 120 dB⋅Hz2/3.[104,130] Further-
more, when implementing the image-reject mixing, the image-
reject ratio can be higher than 50 dB.[124,126,130] For the electronic
mixers,[215–221] the RF bandwidths are usually limited to a sin-
gle RF band, such as the K,[219] Ku,[221] and Ka[217] band. Only
a few can achieve frequency mixing within multiple frequency
bands.[215,216,218,220] The conversion efficiency is usually negative,
but positive conversion efficiency value is possible when an elec-
trical amplifier is integrated.[217] Besides, for the electronic image-
rejectmixer, the IF bandwidth is relatively narrow, and the image-
reject ratio is lower than 23 dB.[216,217,220,221]
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Table 4. Typical photonics- and electronic-based microwave mixers.

Structure Type RF BW [GHz] IF BW [GHz] CE [dB] SFDR [dB⋅Hz2/3] IIP3 [dBm] IRR [dB] Ref.

SOA(XGM) Photonics 0.2–10 <0.1 >−3 85.7 −5 — [12]

SOA(XPM) Photonics 47–71 1–14 7.5 72.5 NA — [213]

SOA(XPolM) Photonics 31–75 0–15 −9 79.51 NA — [29]

SOA(FWM) Photonics 20–45 <10 5.77 NA NA — [25]

Single DPMZM Photonics 2–16 <0.1 10.1 115 NA — [92]

DPMZM+MZM Photonics 2–3.5 <0.15 ≈−20 127 >10 — [104]

MZMs+OH Photonics 5.6–32 0–17 −15 120 >20 60 [130]

Single DPMZM Photonics 10–40 0.1–1 <−5 108 ≈20 50 [126]

Pol. Mods Photonics 2–15 NA −17.27 110.53 27 — [214]

DPol-DMZM Photonics 10–40 0–5 −20 NA NA 60 [124]

PIC Photonics 0–4 0–0.25 −9 >110 4 — [210]

M9-0440 Electronic 4–40 0–3 −7.5 NA <20 — [215]

IRW-0618 Electronic 6–18 0.004–0.21 −7.5 NA 14 23 [216]

AR2640LI8C Electronic 26–40 0.02–0.2 32 NA 13 23 [217]

M3608 Electronic 6.5–44 0–8 >−15 NA 20 — [218]

FMMX1000 Electronic 16–26 0–8 −8 NA 19 — [219]

ARM0618LC2A Electronic 6–18 0.02–0.04 −24 NA −9 18 [220]

IR-14-458 Electronic 14–16 0–0.02 −11 NA NA 18 [221]

BW, bandwidth; CE, conversion efficiency; SFDR, spurious-free dynamic range; IIP3, third-order input intercept point; IRR, image-reject ratio; OH, optical hybrid.

Although the photonics-based mixers in Table 4 are not com-
mercially available, which means that they lack essential op-
timization that the electronic mixers experience before being
delivered to the market, the photonic microwave mixing tech-
nology still shows a number of advantages or potential advan-
tages. The photonics-based mixers have a relatively large image-
reject ratio, as can be directly seen from Table 4. Although the
RF bandwidths of most of the reported photonics-based mixers
are smaller than those in refs. [215,218], they can be easily in-
creased to even hundreds ofGHz by usingwideband electro-optic
modulators.[76–79,188,190,194,197] Since the frequency mixing is per-
formed in the optical domain, long-distance transmission of the
RF signal can be easily implemented via low-loss optical fiber,
which is attractive for RF remoting applications. In addition, ow-
ing to the EMI immunity of photonics, parallel frequency mixing
using a common photonic mixer can be achieved by usingWDM
technologies, so the complexity and cost of the entire system can
be evidently reduced. The conversion efficiency of the photonics-
based mixers is similar to that of the electronic mixers, and it
can be increased by employing high-performance optoelectronic
devices (e.g., high power LDs and PDs, low half-voltage modu-
lators) or amplification,[92] which is widely used in the electronic
mixers.[217] At this stage, most of the photonic-based frequency
mixers have a relatively large size, low stability, and high power
consumption, which is mainly due to the lower technology readi-
ness level of the photonic integration technology. Fortunately,
as the fast advancement in PICs, key optoelectronic devices
(i.e., modulator, PD, etc.) with improved performances[194,196,205]

and integrated photonics-basedmicrowavemixers[209,210] were re-
cently reported to reduce the size and the power consumption.
Future prospective may be focused on monolithically inte-

grated PICs to achieve ultra-compact microwave mixers with
superior performances competing with commercially available

electrical mixers. These trends will make photonics-based mi-
crowave mixing a practical enabler for a wide range of applica-
tions in the near future.
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