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1. Introduction

With the tremendous growth of modern wireless communica-
tions, crowded spectra and waste of spectrum resources, which
limit the application of various wireless technologies, become
the important issues, especially in beyond fifth generation
(B5G) and sixth generation (6G) communications. Therefore,
it is increasingly urgent to enhance spectrum utilization effi-
ciency and to increase the wireless network capacity.
Compared with the traditional frequency division duplex
(FDD) and time division duplex (TDD), the in-band full-duplex
(IBFD) technology transmitting and receiving signals simulta-
neously at the same frequency, as shown in Fig. 1, can double
the spectrum utilization efficiency and data transmission rate
and has great potential application in the new generation of
mobile communications and satellite communications!' ™),
However, in the process of IBFD communication, the transmit-
ting antenna and the receiving antenna are generally on the same
platform, as shown in Fig. 2; the high-power signal sent from the
transmitting antenna will interfere the low-power signal of
interest (SOI) that is received by the receiving antenna, or even
submerge it completely, which is called radio frequency (RF)
self-interference or co-site interference!*!. This kind of interfer-
ence is at the same frequency as the SOI, so it is impossible to
filter it out by a notch filter or to select the SOI by a narrow
band-pass filter. Therefore, RF self-interference is a key issue
to be resolved for the application of IBFD technology.
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Radio frequency (RF) self-interference is a key issue for the application of in-band full-duplex communication in beyond fifth
generation and sixth generation communications. Compared with electronic technology, photonic technology has the
advantages of wide bandwidth and high tuning precision, exhibiting great potential to realize high interference cancellation
depth over broad band. In this paper, a comprehensive overview of photonic enabled RF self-interference cancellation (SIC)
is presented. The operation principle of photonic RF SIC is introduced, and the advances in implementing photonic RF SIC
according to the realization mechanism of phase reversal are summarized. For further realistic applications, the multipath
RF SIC and the integrated photonic RF SIC are also surveyed. Finally, the challenges and opportunities of photonic RF SIC

Keywords: in-band full-duplex; radio frequency self-interference cancellation; microwave photonics.

RF self-interference cancellation (SIC) includes spatial can-
cellation, analog domain cancellation, and digital domain can-
cellation!”). Spatial cancellation is to use the physical isolation
and optimized antenna arrangement for interference cancella-
tion before the interference signal enters the receiver'®’. The ana-
log domain cancellation is implemented before the analog-to-
digital conversion (ADC). The reference signal is drawn from
the transmitter (Tx), and, through phase and amplitude being
tuned, it cancels the interference signal when they are combined
to the ADC channel”!. Digital domain cancellation takes the
transmitted digital signal as a reference, and, after estimating
the amplitude and phase factors of the residual interference sig-
nal and adaptively adjusting the coefficients of the finite impulse
response filters, it cancels the interference signal'®. In order to
realize the IBFD communications, the three RF SIC methods
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Fig. 1. Schematic of duplex technology for wireless communication.
(a) Frequency division duplex, (b) time division duplex, and (c) in-band full
duplex.
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Fig. 2. Schematic of the RF self-interference during IBFD communication.
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are usually utilized in combination to suppress the RF self-
interference. Analog domain cancellation is an important stage
to achieve RF SIC functionality!®’. On the one hand, it sup-
presses RFE self-interference to enough low-power levels to
ensure that the ADC unit works within the dynamic range;
on the other hand, it implements RF SIC in a wide bandwidth
to meet the requirement of broadband IBFD communications.
The electronic methods for analog domain RF SIC are limited by
the bandwidth and the amplitude and phase control precision of
RF devices, and it is difficult to obtain high SIC depth in a wide
bandwidth.

Microwave photonics (MWP) brings together the worlds of
RF engineering and optoelectronics focusing on not only mili-
tary applications but also civil applications!'*"*/. MWP pro-
vides a considerable added value to traditional microwave and
RF systems, as photonics allows the realization of key function-
alities in these systems by virtue of the intrinsic advantages of
ultrawide bandwidth and immunity to electromagnetic interfer-
ence (EMI)!"*'*), Photonic RF SIC technology leverages the ad-
vantage of high precision of time and amplitude control of
microwave signals over broad band in the optical domain and
exhibits great potential capability of suppressing RF self-inter-
ference for IBFD communications. It has been attracting more
and more attention from not only academics but also the
industry'*®),

This paper gives a review of photonic RF SIC technology for
IBFD communications. The rest of this paper is organized as fol-
lows. In Section 2, the basic operation principle of photonic RF
SIC is introduced, and the implementation of each functional
unit in the photonic RF SIC system is briefly described. In
Section 3, the advances of photonic RF SIC are classified and
summarized according to realizing the out-of-phase relationship
between the reference and interference paths. In Section 4, for
orientating realistic applications, the multipath RF SIC by pho-
tonic methods is surveyed. In Section 5, the newly developed RF
SIC by the photonic integration platform is presented. In the
final section, a conclusion is drawn, and the perspective of devel-
opment trends and issues to be solved for the application of pho-
tonic RF SIC is provided.

2. Operation Principle of Photonic RF SIC

The photonic RF SIC system for full-duplex communications is
shown in Fig. 3. The high-power signal from the transmitting
antenna will crosstalk into the receiving antenna and cause
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Fig.3. Schematic diagram of photonic RF SIC for IBFD communication system.

interference to the low-power SOI. The operation principle of
the photonic RF SIC is to establish a reference path in the optical
domain and utilize the physical mechanism of interference can-
cellation to eliminate the RF self-interference. As shown in
Fig. 3, the SOI s(¢) and the interference signal i(t) received by
the receiving antenna are converted to the optical domain by
the electrical-to-optical converter (EOC,), which is called the
interference path. A reference signal r(¢) split from the Tx is also
converted to the optical domain by EOC,, which is called the
reference path. The optically carried RF signal in the reference
path passes through the tunable optical delay line (TODL) and
the optical intensity adjuster (OIA) and then enters the optical-
to-electrical converter (OEC) together with the optically carried
RF signal in the interference path. By adjusting the delay and
amplitude of the optically carried RF reference signal via the
TODL and OIA, respectively, the cancellation conditions
between the reference and interference signals of equal ampli-
tude, matching delay, and opposite phase can be realized. The
interference signal is cancelled by the reference signal, and then
the SOI is recovered.

The EOCs implement the converting of RF interference and
reference signals into the optical domain. They can be the
directly modulated lasers''”"'®), electro-absorption modulated
lasers!'*2* electro-absorption  modulators'**, electro-
optic phase modulators®*”), polarization modulators
(PolMs)?83% Mach-Zehnder (MZ) electro-optic modulators
(EOMs)'=%3 or other MZ modified modulators?®*—7!,

For time delay tuning in the optical domain, it can be realized
by the DC motor driving optically tunable delay line!®*"),
the bit-switched optical delay line®, the cascaded wave-
guide-ring-based continuously tunable delay line®**"), the
fiber-Bragg-grating-based delay line!*"*?, or the dispersive
element through adjusting the wavelengths of the tunable lasers
(TLs)?. For amplitude adjusting in the optical domain, it can
be actualized by the thermo-optic variable optical attenuator
(VOA)P® the microelectromechanical-systems (MEMS)-based
VOA?>*] or the semiconductor optical amplifier (SOA) >4,

The OEC implements the converting of RF interference and
reference signals from the optical domain to the electrical
domain. It can be a common photodetector (PD)[18:19:25-29,

31—39,41—44]’ a multimode PD[21,30] or a balanced PD
(BPD)[17,20,22-24,40,45]
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3. Phase Reversal for Photonic RF Self-Interference
Cancellation

Section 2 presents the operation principle of photonic RF SIC
and summarizes the implementation methods of EOC, time
delay tuning, amplitude tuning, and OEC. In order to realize
the RF SIC, besides the conditions of equal amplitude and
matching delay between the reference signal and the interference
signal, the out-of-phase relationship should also be satisfied. The
phase reversal can be achieved in the electrical domain or the
optical domain. This section gives the research progress of pho-
tonic RF SIC according to the implementation physical mecha-
nism of phase reversal.

3.1. Phase reversal in electrical domain

The electronic method for phase reversal brings a phase shift of z
to the reference signal in the electrical domain before EOC or
after OEC. Balun is a common electronic device, as shown in
Fig. 4(a), with the functionality of splitting the RF signal into
two paths with equal amplitude but opposite phase. The refer-
ence signal is generally tapped for the Tx, as shown in Fig. 3, and
therefore Balun can be utilized as the splitter to implement a
phase shift of 7 before EOC!"*?"*4 As an electronic device,
Balun may limit the operational frequency range of the photonic
RF SIC systems.

The phase reversal can also be implemented after OEC usually
by a BPD. As shown in Fig. 4(b), the BPD has dual photodiodes
to receive optically carried RF signals and performs the optical-
to-electrical conversion with differential outputs. Equivalently,
the two output electrical signals have a phase difference of 7.
The BPD can be applied with a combination of two separate
directly modulated lasers!'”), electro-absorption modulated
lasers’®>™**l, and electro-absorption modulators®**”! in the
photonic RF SIC systems. By using the balanced detection of
BPD, the common-mode noise of the microwave photonic links
(MPLs) can be suppressed“>*”), which is helpful for recovering
the SOL

3.2. Phase reversal in optical domain

When phase reversal is implemented in the optical domain, the
operating frequency range would not be limited by the electronic
devices. The dual MZ modulators (MZMs)-based photonic RF
SIC system was firstly, to the best of our knowledge, proposed to
suppress the RF self-interference®). As shown in Fig. 5, the
transmission curve of the MZM is similar to the cosine square
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Fig. 4. Structure of optoelectronic devices to realize phase reversal.
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Fig. 5. Phatonic RF SIC system with dual MZMs biased at reverse orthogonal

points®!.

function. By controlling the DC voltage, MZM1 in the interfer-
ence path and MZM2 in the reference path are biased at the
orthogonal points of the positive slope and the negative slope,
respectively. Upon the EOC, the interference signal and the
reference signal undergo the phase shift with the reversal
relationship.

Since then, several MZ-based modulator structures for phase
reversal in the optical domain have been put forward. The dual-
drive MZM (DD-MZM), as shown in Fig. 6(a), with the inter-
ference signal input to one RF port and the reference signal into
the other RF port, is biased at the minimum transmission point
to obtain the phase reversal’®*!. However, the destructive inter-
ference between the optical carriers in the upper and lower arms
degrades the gain of the photonic RF SIC system for recovering
the SOI To overcome this shortcoming, a dual-parallel MZM
(DP-MZM), as shown in Fig. 6(b), is proposed to realize the
phase reversal and amplitude tuning simultaneously by the DC
controlled phase shifter (PS) in the lower arm of the

Photonic RF SIC system
s +i T
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Fig. 6. Photonic RF SIC systems based on MZM-like structures for phase
reversal: (a) DD-MZM! (b) DP-MzM®], and (c) DP-PoIM%®!
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DP-MZM"?!. In Ref. [28], the dual-parallel PolM (DP-PolM), as RF reference signal through adjusting the bias current and the
shown in Fig. 6(c), composed of a polarization beam splitter,two  input optical pump power via a VOA. The cross-gain modula-
PolMs, and a polarization beam combiner, is utilized as the tion (XGM) is also utilized to transfer the reference signal to
equivalent dual MZMs, and the reversal phase is obtained by =~ another wavelength carrier (4,), avoiding the coherent optical
DC voltage control. In these MZ-based modulator structures,  beat noise when combined with the interference signal carried
the bias voltage should be controlled accurately in order to by the optical carrier 4,. The advantages of the SOA-based pho-
maintain the exact out-of-phase condition, which may increase ~ tonic RF SIC scheme are the low latency of nanoseconds dictated
the complexity and cost of the photonic RF SIC systems. by the semiconductor carrier lifetime and the potential high
The photonic RF SIC scheme based on phase modulation  integration for fabricating the whole photonic RF SIC system
(PM) and optical sideband filtering without the need of DC bias ~ on an integrated platform. The issue that should be considered
voltage control is proposed in Ref. [25]. As shown in Fig. 7, the  is the trade-off between the microwave operation bandwidth
left and right sidebands of the RF phase-modulated signal have  and the induced magnitude of time delay"™"".
the inherent out-of-phase relationship!*®!. After optical side-
band filtering, the phase reversal between the reference signal
of left single sideband and the interference signal of the right
sideband is achieved. With no need of DC bias voltage control, ~ According to the cancellation principle, perfect cancellation can
the photonic RF SIC structure is simplified greatly and has a  be obtained with the matching time delay, equal amplitude, and
good stability. Furthermore, it has the potential capability of ~ Phase reversal between the reference signal and the interference
operating over an ultrawide frequency band because the phase signal. However, in the real application system, the three condi-
reversal, delay, and amplitude tuning are all completed in the ~ tions may not be realized completely due to the environment
optical domain?®, Certainly, the optical filter with steep spectral ~ Vvibration or the adjustment accuracy of TODL and OIA. The

3.3. Photonic RF SIC performance

edges and high extinction ratio, namely the box-like spectrum, ~ time .delay mismatch induces _th? phase deviat.ion eventually.
should be developed in order to explore the low-frequency =~ The impact of the phase deviation and amplitude deviation
applications. between the reference signal and the interference signal on

The phase reversal can also be realized by other physical the cancellation depth is simulated based on the interference
mechanisms, such as the slow and fast light effect in SOAs. In  cancellation theory, and the results are illustrated in Fig. 9.
an SOA, the slow and fast light effect generates a tunable delay ~ Figure 9(a) shows the cancellation depth varying with the phase
or phase shift by changing the propagating group velocity in the ~ deviation [—4°, 4°] and the amplitude deviation [-0.5dB,
semiconductor using carrier dynamics'*”’. The SOA-based pho- 0.5 dB] between the reference signal and the interference signal.
tonic RF SIC system is illustrated in Fig. 8!**), where the SOA
controls the phase shift and amplitude of the optically carried
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Fig. 7. Photonic RF SIC system based on phase modulation and optical side- i
band filtering®.
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Figure 9(b) shows the top view of Fig. 9(a), where three typical
cancellation depths of 30 dB, 40 dB, and 50 dB are marked with
circles. It can be seen that to achieve the cancellation depth of
30 dB, the allowable maximum phase deviation is 1.8° and
the maximum amplitude deviation is 0.27 dB. The cancellation
depth of 40 dB corresponds to the allowable maximum phase
deviation of 0.55° and amplitude deviation of 0.08 dB.
Similarly, achieving a 50 dB cancellation depth requires a maxi-
mum phase deviation of 0.18° and an amplitude deviation of
0.025 dB. To achieve a higher cancellation depth, higher adjust-
ment accuracy of TODL and OIA is required with phase reversal
over a broad bandwidth.

The representative experimental results of the above-
mentioned photonic RF SIC schemes are summarized in
Table 1, including the center frequency, bandwidth, and cancel-
lation depth. It can be seen from Table 1 that the photonic RF
SIC schemes can operate over a wide bandwidth with high can-
cellation depth, illustrating the outstanding performance com-
pared with the electrical analog SIC systems!*"*%!. Certainly,
there are still many different characteristics of the established
photonic RF SIC systems. These mainly stem from the frequency
response mismatches between the reference MPL and the inter-
ference MPL. One reason is that not exactly same optoelectronic
components are utilized in both MPLs. The other reason is that
the remaining RF components in the system have non-flat fre-
quency responses, for example, the RF splitters. Therefore, to
improve the performance of practical photonic RF SIC systems,
the MPLs with well-matched frequency response should be
fulfilled.

Table 1. Photonic RF Self-Interference Cancellation Results by Different
Phase Reversal Methods.

Phase Reversal Center Cancellation Depth

Methods Frequency  Bandwidth (dB) Refs.
Balun 900 MHz 220 MHz 45 [19]
Balun 2.39 GHz 20 MHz 30 [21]
BPD 2.4 GHz 40 MHz 30 [24]
BPD 2.4 GHz 400 MHz 33 [17]
MZMs 3.0 GHz 100 MHz 30 (31]
MZMs 2.4 GHz 100 MHz 32.6 [32]
DP-PoIM 5.5 GHz 10 GHz 25 [28]
DD-MZM 2.4 GHz 300 MHz 32 [34]
DP-MZM 2.4 GHz 100 MHz 4t (36
DP-MZM 45 GHz 200 MHz 42 [37]
PMs-+filter 10 GHz 100 MHz 255 [26]
SOA 915 MHz 60 MHz 38 (43]
SOA 500 MHz 40 MHz 50 [44]

Vol. 19, No. 7 | July 2021

L. Multipath RF Self-interference Cancellation

In the realistic scenario of IBFD communications, RF self-inter-
ference is a combined result of direct path coupling from the Tx
to the receiver as well as multiple transmission paths due to
reflection, scattering, and diffraction from various terrain fea-
tures. This is called multipath RF self-interference. Therefore,
in order to realize IBFD communication, it is essential to com-
plete multipath RF SIC. The following presents some represen-
tative photonic multipath RF SIC solutions.

4.1. Multipath RF SIC by SM-MM combiner

In Ref. [38], the photonic multipath RF SIC scheme is proposed
by generating multiple reference signals through optical branch-
ing and using single-mode to multi-mode (SM-MM) couplers
for combining. As shown in Fig. 10, the reference signal from
the Tx is modulated onto the optical carrier via an MZM and
then divided into multiple paths by the optical coupler. The opti-
cally carried RF reference signals in each path undergo different
delay and amplitude adjustments and then combine with the
interference signal via the SM-MM coupler into a multi-mode
PD for optical-to-electrical conversion. The SM-MM coupler
maps the optically carried RF signal in each single-mode fiber
to distinguish the orthogonal spatial mode of the multi-mode
fiber>*), avoiding the coherent optical beat noise when the same
frequency carriers are combined. A set of thermo-optic optical
attenuators and tunable delay lines provide the amplitude and
time adjustment for obtaining the matching cancellation
conditions.

The interference cancellation up to the third multipath was
demonstrated experimentally. The maximum cancellation
depths of 40 dB over 200 MHz and 50 dB over 10 MHz were
achieved around the 2.4 GHz range. Since only a single laser
source is required, the photonic multipath RF SIC system is
compact. The scalability of this scheme is determined by the
number of orthogonal spatial modes that can be multiplexed
by the SM-MM combiner. It relies on a coupling lens system

and grows more complex with additional inputs®*!.

4.2. Multipath RF SIC by dispersion element

In Ref. [29], the photonic multipath RF SIC scheme using the
dispersion element is proposed. As shown in Fig. 11, the
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‘Rx’ Modulator
s+n, —
.Y
/1 Channel
4 E Response/
. 1 Multipath
\, 1 Interference

‘Tx’ Antenna

Optical Coupler

Fig. 10. Schematic of photonic multipath RF SIC system by SM-MM

combiner®®®.

073901-5



Vol. 19, No. 7

July 2021

/N Rx Antenna

/m
O< | Multipath Interference

N

Fig. 11. Schematic of the photonic RF SIC system by using dispersion
element?,

PolMs and the polarization controllers (PCs) are used to form
the equivalent MZMs, which are biased at the quadrature bias
point of positive and negative slopes, respectively. The reference
signal from the Tx is modulated on the optical carriers from the
TLs, which have different wavelengths, to form multipath refer-
ence signals. By utilizing the dispersion mechanism of the
dispersion element, the delay in each reference path can be
adjusted by changing the wavelength of the optical carrier from
TLi. In addition, the amplitude can be adjusted by tuning the
output power of TLi. A proof-of-concept experiment at the
two-path interference case was performed. The cancellation
depth of 44 dB with a bandwidth of 50 MHz was measured.
With no need of the VOA and TODL, the system may be inte-
grated easily with a compact volume. The PCs are utilized to
conduct the equivalent MZM and to overcome the
dispersion-induced RF power fading in the dispersive
element'®). The stability of polarization states should be consid-
ered in the realistic applications.

4.3. Multipath RF SIC by PM and WDM

By virtue of no DC bias control requirement for PM, the pho-
tonic RF SIC scheme by wavelength division multiplexing
(WDM) is proposed in Ref. [56]. As illustrated in Fig. 12, the
tapped reference RF signals are phase modulated onto the opti-
cal carriers with different wavelengths, respectively, to construct
multiple reference paths. The reference signals are also com-
bined with the interference signal in the optical processor, which
utilizes the diffraction grating and solid-state liquid crystal on
silicon (LCoS) to implement the WDM functionality.
Amplitude tuning and sideband filtering are completed simul-
taneously by the optical processor. The demonstration system
with two-interference-path cancellation was constructed. The
interference cancellation depths of 26 dB and 28 dB were
obtained with the bandwidth of 100 MHz at the center frequen-
cies of 6 GHz and 10 GHz, respectively. For a larger bandwidth,
the cancellation depths of 25 dB over 240 MHz bandwidth and
15 dB over 4 GHz were obtained. By leveraging the advanced
fiber optics communication technology'®”) and the powerful sig-
nal processing capability of LCoS!*®), the PM- and WDM-based
photonic RF SIC scheme can deal with multipath RF self-
interference with good scalability.
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L4, Multipath RF SIC by FBG-based delay line

In Ref. [41], the photonic multipath RF SIC scheme using a fiber
Bragg grating (FBG)-based delay line is proposed. As shown in
Fig. 13, a 90° hybrid coupler is used to divide the input RF signal
into an I component (upper part) and a Q component (lower
part), and each component is modulated on the optical carrier
from the TL via the MZM with differential output for phase
inversion. FBGs with different reflection center wavelengths
are cascaded in a fiber. A certain length fiber is inserted between
every pair of FBGs to produce the delay time. When the wave-
length of the TL is tuned to the corresponding reflection

RF Output

RF input Hyl:rirl

Coupler

Fig. 13. Schematic of the photonic multipath RF SIC system by FBG-based

delay linest*".
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Table 2. Multipath Self-Interference Cancellation Schemes and Results.

Cancellation
Depth/dB Refs.

Center Bandwidth/
Frequency/GHz MHz

Multipath
Implementation

SM-MM 24 200 40 [38]
combiner

Dispersion 3 50 b4 [29]
element

PM and WDM 10 100 28 [56]
FBG-based 0.5-55 500 25 [41]
delay line

wavelength of the FBG, the tap with a delay time is constructed,
and the amplitude is adjusted by the VOA after the TL.

A 20 tap prototype with tunable time delay taps was measured
with cancellations of 25 dB over 500 MHz bandwidth and 20 dB
over 1 GHz and was tunable between 0.5 and 5.5 GHz. This
scheme utilizes FBGs as the delay taps, which are fabricated
in one optical fiber by mature ultraviolet writing technology
and have the advantage of implementing high tap counts with
low-loss delays and large delay spreads. Up to now, the delay
adjustment of this scheme is discrete, and continuous delay tun-
ing is desired*?,

In order to show the performance of each multipath cancel-
lation scheme more clearly, a summary is given in Table 2, which
includes the key components for constructing multipath, center
frequency, bandwidth, and interference cancellation results.

5. Photonic Integrated SIC Chip

In order to meet the application requirement of IBFD commu-
nications, especially for the mobile terminals in wireless
communications®” and the new generation of satellite pay-
loads!®, the size, weight, and power (SWaP) must be taken into
account for the photonic RF SIC. It is desirable to integrate the
discrete optoelectronic devices onto a compact platform.
Integrated MWP provides a potential way to fulfill the mis-
sion'®"), This section gives the recent work of integrated pho-
tonic RF SIC chips on the indium phosphide (InP) platform
and silicon platform.

5.1. Integrated photonic RF SIC chip on InP platform

InP is an active photonic material with the advantages of high
integration and small sizel®%3! In Ref. [64], a photonic inte-
grated RF SIC chip based on the InP platform was demonstrated.
As shown in Fig. 14, the distributed feedback (DFB) lasers with
direction modulation, SOAs, and BPD are fabricated on the InP
platform. The amplitude adjustment is generated by using opti-
cal absorption and stimulated emission in SOAs. The phase

Vol. 19, No. 7 | July 2021
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Fig. 14. Block diagram (top) and microscope image (bottom) of the integrated
phatonic RF SIC chip on InP platform!®.

control is created by utilizing dispersion in the pair of SOAs
driven into saturation.

The fabricated integrated photonic RF SIC chip was measured
to operate from 400 MHz to 6 GHz and was able to cancel at least
30 dB of in-band interference with a bandwidth of 25 MHz
across existing frequency division duplexed long term evolution
(LTE) and wireless fidelity (WiFi) bands. The characterization of
the integrated photonic RF SIC chip including RF gain, noise
figure, linearity, and dynamic range was performed comprehen-
sively as a function of RF frequency, laser bias, and SOA bias'®”).
It has only RF inputs and outputs and can potentially be inte-
grated into RF circuit boards, greatly simplifying the installation
of the canceller in RF front ends. Currently, the phase control
approaches based on dispersion in SOAs inherently link
together amplitude and phase via the Kramers-Kro6nig rela-
tions*>*®!. The independent amplitude and phase control meth-
ods would be desirable, for example, for switching delays'®”’.

5.2. Integrated photonic RF SIC chip on silicon platform

Silicon photonics utilizes high-index contrast materials for pho-
tonic integrated circuit manufacturing with the advantages of
dense and large-scale integration of complex photonic func-
tions, the compatibility with the current mature complementary
metal-oxide semiconductor (CMOS) technology, and the poten-
tial of seamless integration with electronics®*7%. Our
group recently has been carrying out the research on an inte-
grated photonic RF SIC chip on the silicon platform"*71,
Figures 15(a) and 15(b) present, respectively, the schematic dia-
gram and microscope image of the integrated photonic RF SIC
chip fabricated by silicon photonics technology. As shown in
Fig. 15(a), the PMs, TODL, IOA, optical filter, and PD are inte-
grated on one chip. The continuous delay tuning is realized by
the cascaded waveguide rings, the amplitude adjustment is
obtained by the M interference (MZI)-based IOA, and the opti-
cal filter for sideband filtering is composed of a triple-ring
assisted MZI structure. By optimizing the structure parameters
of every unit in the photonic integrated RF SIC system, the
chip was prepared on a silicon platform with the size of

0739017



Vol. 19, No. 7 | July 2021

(b)

Fig. 15. (a) Schematic diagram and (b) microscope image of the integrated
phatonic RF SIC chip on silicon platform!™.

1.2mm X 5mm, as shown in Fig. 15(b). The performance test
and characterization are being conducted, and the results will
be published in the future. Currently, the light sources are not
integrated on the chip. With rapid development of hetero-
geneous integration of III-V materials onto the silicon photonic
platform to overcome the challenge in producing light
sources'’?), a full system-level integration of photonic RF SIC
functionality on a single chip will come true.

6. Conclusion and Outlook

This paper reviewed the recent research on photonic RF SIC for
IBFD communications. By introducing the operation principle
of the photonic RF SIC, the development advances are summa-
rized according to the realization mechanism of phase reversal
in the electrical domain and optical domain. Aiming at the can-
cellation of multipath interference, the photonic RF SIC schemes
by using the SM-MM combiner, dispersion element, PM and
WDM, and FBG-based delay line are surveyed, and their pros
and cons are analyzed. Finally, two types of integrated photonic
SIC chips on the InP platform and silicon platform are
presented.

The reported results demonstrate the advantages of photonic
RF SIC technology, such as wide bandwidth, high cancellation
depth, and operation over broad frequency band, showing the
potential capacity to propel the IBFD communication applica-
tion in B5G and 6G networks. Certainly, there are still some
challenges for the photonic RF SIC technology going out of
the laboratory and entering industrial applications that we
should take a lot of effort to pursue, and also some new oppor-
tunities we could explore. The suggestions are listed as follows.

(1) Demonstration of actual IBFD communications. The
early work mainly focused on obtaining high cancellation
depth and wide bandwidth of the photonic RF SIC system
with the interference signal from the signal generator on
the lab table. Few experiments were measured with trans-
mitting and receiving antennas'*"*>*>7?), Little attention
was paid to the power ratio between the interference sig-
nal and the SOI®®® which could determine the

Chinese Optics Letters

feasibility of the photonic RF SIC system in actual
IBFD communications. In addition, the systematic design
and test of combining spatial cancellation, photonic-
based analog cancellation, and digital cancellation should
be proceeded for IBFD communications'>”*,

(2) Adaptive feedback control algorithm for photonic RF
SIC. In realistic IBFD communications, the RF self-inter-
ference signals vary randomly, which entails the reference
signals to change in time and adapt in order to suppress
the interference effectively. Up to now, most of the pho-
tonic RF SIC systems achieve the best state of interference
cancellation at static cases through manual adjustment of
amplitude, delay, and phase. Therefore, the adaptive feed-
back control algorithm for the photonic RF SIC system
should be incorporated[64’73’75"77]. Fortunately, it can
be learned from the algorithm of electrical RF SIC
schemes.

(3) Emerging with the new generation of broadband wireless
networks. With the extensive deployment of the 5G net-
work and the rapid development of the 6G network, pho-
tonic RF SIC technology can combine with microwave
photonic signal processing schemes to enhance the
capacity of the new generation broadband wireless net-
work, such as the radio-over-fiber system to link optical
network units”>”5% and photonic RF front ends with
frequency conversion'®! ¢,
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