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Abstract—Both RF channelization and self-interference can-
cellation are urgently required for modern in-band full-duplex
systems. A photonics-assisted RF receiver for simultaneous wide-
band channelization and self-interference cancellation is proposed
and demonstrated. The key is the implementation of dual optical
frequency combs (OFCs) followed by microwave photonic image-
reject mixers (IRMs) using a dual-output Hartley structure. The
received RF signal and the reference signal are modulated to a pair
of signal OFCs with orthogonal polarization states, respectively.
The microwave photonic IRM is applied on each polarization state,
respectively. For each local OFC comb line, two components will be
sliced and downconverted from each copy of the optically-carried
received RF signal. Meanwhile, another two components will be
sliced and downconverted from the optically-carried reference sig-
nal. After combining the outputs of the IRMs, the components from
the image signal and the self-interference signal will be eliminated
simultaneously. Two channels of the signal of interest will be ob-
tained for each local OFC comb line. Experimental results show
that an RF signal with an instantaneous bandwidth of 6 GHz (from
7 to 13 GHz) is channelized into 6 channels, each of which has
a 1–GHz bandwidth. The isolation of larger than 28 dB between
the channels is realized, and the simultaneous self-interference
cancellation and image-rejection are achieved.

Index Terms—Channelization, image-reject mixing, interference
suppression, microwave photonics, optical frequency comb.

I. INTRODUCTION

W ITH the increasing requirements on spectrum resources
in modern RF systems such as wireless communica-

tion, continuous-wave radar, electronic warfare, and cogni-
tive systems, the in-band full-duplex (IBFD) technique has
drawn a lot of attention due to its capability of improving the
spectrum utilization efficiency [1], [2], [3], [4]. For an IBFD
transceiver, two fundamental functions of RF channelization and
self-interference cancellation are urgently needed when process-
ing a wideband RF signal. On one hand, the wideband signal
processing gives a great challenge with high sampling rates of
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the analog-to-digital converter (ADC). RF channelization offers
a feasible solution to overcome this challenge, by which a broad-
band signal can be sliced into multiple narrowband channels [5].
It greatly alleviates the difficulty of wideband signal processing,
and therefore reduces the hardware requirements with the ADCs.
On the other hand, self-interference is regarded as one of the
biggest impediments enabling IBFD operation. It is caused by
the insufficient isolation between the transmitter and the receiver.
Traditional filtering does not work since the self-interference and
the signal of interest are on the same or overlapping frequencies.
Consequently, self-interference cancellation is essential in an
IBFD receiver.

Either photonics-based RF channelization techniques [6], [7],
[8], [9], [10], [11], [12], [13] or self-interference cancellation
techniques [14], [15], [16], [17], [18], [19], [20], [21], [22],
[23], [24], [25] have been widely investigated in recent years,
due to the advantages of broad working bandwidth and low
transmission loss introduced by photonics. Microwave photonic
channelization techniques can be mainly summarized into two
categories. One method is to divide the optically-carried RF
signal into multiple parts in the optical domain by using a set of
optical filters [6], [7], [8], [9]. However, it gives strict demands
with the optical filters on the aspects of flat-top responses and
sharp roll-off characteristics, as well as the wavelength align-
ment of the periodical filters, which are hard to be satisfied.
The other method is to convert the received RF signal and a
local oscillator (LO) signal into the optical domain by using
coherent dual optical frequency combs (OFCs) [10], [11], [12],
[13]. After mixing the modulated OFCs, the different frequency
components of the received RF signal are downconverted to the
intermediate frequency (IF) band, and output from the corre-
sponding channels.

To realize microwave photonic self-interference cancellation,
an additional optical path containing a reference signal is in-
troduced to subtract the self-interference signal in the analog
optical domain [14]. Typically, the phase inversion between
the self-interference signal and the reference signal can be
realized by counter-biasing two electro-optic modulators [15],
[16], [17], [18], [19], balanced detecting [20], [21], [22], or using
microwave photonic phase shifters [23], [24], [25]. Recently, a
microwave photonic channelized receiver with self-interference
cancellation has been proposed in [26], for which the acousto-
optic modulators are used to perform the frequency shifting of
the optical LOs.

In this paper, a photonic approach for simultaneous RF chan-
nelization and self-interference cancellation is proposed and
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demonstrated. The key is the implementation of dual OFCs
followed by a dual-polarization 90-degree optical hybrid. The
received RF signal and the reference signal are separately mod-
ulated to a pair of signal OFCs with orthogonal polarization
states. A microwave photonic image-reject mixer (IRM) using a
dual-output Hartley structure is applied on each separate polar-
ization state, respectively. For each local OFC comb line, two
components will be sliced and downconverted from the received
RF signal modulated at the signal OFC with one polarization
state. Meanwhile, another two components will be sliced and
downconverted from the reference signal modulated at the signal
OFC with the orthogonal polarization state correspondingly.
After combining the outputs of the two IRMs for the received
RF signal and the reference signal, the unwanted in-band in-
terferences of the image signal and the self-interference are
eliminated simultaneously. Two channels with the components
of the required signal of interest will be obtained for each local
OFC comb line. By introducing microwave photonic IRMs using
a dual-output Hartley structure, the required optical spectrum
resources are reduced by half. What’s more, since the matching
of the phase, time delay, and amplitude among the microwave
photonic channelization paths, and between the reference signal
and the self-interference signal are all implemented by photonic
methods, wideband channelization and self-interference cancel-
lation performances can be guaranteed. An experiment is carried
out. A wideband linear frequency modulated (LFM) signal with
a 6–GHz bandwidth is channelized to 6 channels. The isolation
of larger than 28 dB between the channels is realized, and the
simultaneous self-interference cancellation and image-rejection
are achieved.

II. PRINCIPLES

Fig. 1 illustrates the proposed photonics-assisted in-band
full-duplex RF receiver which can realize simultaneous RF
channelization and self-interference cancellation. Two OFCs
with N comb lines are used as the signal OFC and the local OFC,
respectively. The frequency intervals between the adjacent comb
lines are ΔfS and ΔfL with the signal OFC and the local OFC,
respectively, where ΔfL = ΔfS+Δf. The frequency values of
the nth comb lines of the signal OFC (f n SC) and the local OFC
(f n LC) are given by⎧⎨

⎩
fn

SC = f1
SC + (n− 1)Δfs

fn
LC = f1

LC + (n− 1)ΔfL
= f1

SC +Δf1 + (n− 1)(Δfs +Δf)
(1)

where f1
SC and f1

LC are the frequencies of the 1st comb lines
of the signal OFC and local OFC, respectively, and Δf1 is the
frequency difference between f1

SC and f1
LC.

The signal OFC is then sent to a dual-polarization carrier-
suppressed single-sideband (CS-SSB) modulator, at which the
received RF signal and the reference signal are modulated onto
one side of each comb line of the signal OFCs with orthogonal
polarization states. The received RF signal consists of the signal
of interest and the self-interference signal. The optically-carried
signal at the nth comb line of the modulated signal OFC can be
written as

fn
S mod = êx · {[fn

SC + fSOI(t)] + [fn
SC + fSI(t−τSI)]}

Fig. 1. Schematic diagram of the proposed photonics-assisted approach for
simultaneous RF channelization and self-interference cancellation. OFC: optical
frequency comb; CS-SSB mod: carrier-suppressed single-sideband modulation;
IRM: image-reject mixer; EH: electrical hybrid; EC: electrical coupler; BPF:
bandpass filter.

+ êy · [fn
SC + fRef(t−τRef)]

= êx · {[fn
SC + fn

SOI,L(t)
]
+
[
fn

SC + fn
SOI,R(t)

]

+
[
fn

SC + fn
SI,L(t−τSI)

]
+
[
fn

SC + fn
SI,R(t−τSI)

]}

+ êy ·
{[
fn

SC + fn
Ref,L(t−τRef)

]

+
[
fn

SC + fn
Ref,R(t−τRef)

]}
(2)

where êx and êy represent the two orthogonally polarization
states. fn

SOI,L(t) and fn
SOI,R(t) represent the frequency compo-

nents of the optically-carried signal of interest located at the left
and right sides of the local OFC’s nth comb line fn

LC, respectively.
fn
SI,L(t) and fn

SI,R(t) represent the frequency components of the
optically-carried self-interference signal located at the left and
right sides of fn

LC, respectively. fn
Ref,L(t) and fn

Ref,R(t) repre-
sent the frequency components of the optically-carried reference
signal located at the left and right sides of fn

LC, respectively. τSI
and τRef represent the time delays of the self-interference signal
and the reference signal, respectively. Two multi-channel optical
filters are utilized to separate the modulated signal OFC and the
local OFC. The optical fields of the nth outputs of the two optical
filters can be expressed as (3) shown at the bottom of the next
page, where an, bn, and cn are the amplitudes of the correspond-
ing optical sidebands. Then, the separated optically-carried RF
copies and the photonic LOs are fed into microwave photonic
IRMs (IRMx and IRMy) using a dual-output Hartley structure.
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Each microwave photonic IRM consists of a 90-degree optical
hybrid, two photodetectors (PDs), and a dual-output electrical
hybrid. IRMx and IRMy share one single dual-polarization
90-degree optical hybrid through polarization multiplexing. At
the input ports of the optical hybrid, the optically-carried RF
copies will be polarization demultiplexed, while the photonic
LOs will be power divided [27]. With the help of the 90-
degree optical hybrid, two in-phase optical outputs (I1x,y ∝
êx,yE

n
Sigx,y + En

LO, and I2x,y ∝ êx,yE
n
Sigx,y − En

LO) and two
quadrature optical outputs (Q1x,y�êx,yEn

Sigx,y+jEn
LO, and

Q2x,y�êx,yEn
Sigx,y-jEn

LO) are achieved. A π-phase difference
with the photonic LO is introduced for both the two in-phase (I1x
and I2y) and the two quadrature (Q1x and Q2y) optical outputs.
The four optical signals can be expressed as
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

I1x(t) ∝ êx · En
Sig(t) + En

LO(t)

∝ êx ·
{
ane

j2πt[fn
SC+fn

SOI,L(t)] + bne
j2πt[fn

SC+fn
SI,L(t−τSI)]

}
︸ ︷︷ ︸

thecomponentswithfrequency<fn
LC

+ êx ·
{
ane

j2πt[fn
SC+fn

SOI,R(t)] + bne
j2πt[fn

SC+fn
SI,R(t−τSI)]

}
︸ ︷︷ ︸

thecomponentswithfrequency>fn
LC

+ej2πf
n
LCt

Q1x(t) ∝ êx · En
Sig(t) + jEn

LO(t)

∝ êx ·
{
ane

j2πt[fn
SC+fn

SOI,L(t)] + bne
j2πt[fn

SC+fn
SI,L(t−τSI)]

}
︸ ︷︷ ︸

thecomponentswithfrequency<fn
LC

+ êx ·
{
ane

j2πt[fn
SC+fn

SOI,R(t)] + bne
j2πt[fn

SC+fn
SI,R(t−τSI)]

}
︸ ︷︷ ︸

thecomponentswithfrequency>fn
LC

+jej2πf
n
LCt

I2y(t) ∝ êy · En
Sig(t)− En

LO(t)

∝ êy · cnej2πt[fn
SC+fn

Ref,L(t−τRef)]︸ ︷︷ ︸
thecomponentswithfrequency<fn

LC

+ êy · cnej2πt[fn
SC+fn

Ref,R(t−τRef)]︸ ︷︷ ︸
thecomponentswithfrequency>fn

LC

−ej2πf
n
LCt

Q2y(t) ∝ êy · En
Sig(t)− jEn

LO(t)

∝ êy · cnej2πt[fn
SC+fn

Ref,L(t−τRef)]︸ ︷︷ ︸
thecomponentswithfrequency<fn

LC

+ êy · cnej2πt[fn
SC+fn

Ref,R(t−τRef)]︸ ︷︷ ︸
thecomponentswithfrequency>fn

LC

−jej2πf
n
LCt

(4)
The optical outputs of I1x, Q1x, I2y, and Q2y are then sent to

an optical time delay module and an optical attenuation module
to realize the time delay and amplitude matchings between the

four paths. After performing photodetection with these optical
signals, two pairs of downconverted quadrature electrical out-
puts are obtained as follows
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

iI1x ∝ �1η1
{
an cos 2π

[
fn

LO − fn
SOI,L(t− τ1)

]
+bn cos 2π

[
fn

LO − fn
SI,L(t− τSI − τ1)

]
+an cos 2π

[
fn
SOI,R(t− τ1)− fn

LO

]
+bn cos 2π

[
fn
SI,R(t− τSI − τ1)− fn

LO

]}
iQ1x

∝ �2η2
{−an sin 2π

[
fn

LO − fn
SOI,L(t− τ2)

]
−bn sin 2π

[
fn

LO − fn
SI,L(t−τSI − τ2)

]
+an sin 2π

[
fn
SOI,R(t− τ2)− fn

LO

]
+bn sin 2π

[
fn
SI,R(t−τSI − τ2)− fn

LO

]}
iI2y ∝ �3η3

{
−cn cos 2π

[
fn

LO − fn
Ref,L(t− τRef − τ3)

]

−cn cos 2π
[
fn
Ref,R(t− τRef − τ3)− fn

LO

]}

iQ2y
∝ �4η4

{
cn sin 2π

[
fn

LO − fn
Ref,L(t− τRef − τ4)

]

−cn sin 2π
[
fn
Ref,R(t− τRef − τ4)− fn

LO

]}
(5)

where fn
LO = fn

LC − fn
SC = Δf1 + (n− 1)Δf . �1,2,3,4 repre-

sent the responsivity of corresponding photodetectors. τ1,2,3,4
and η1,2,3,4 represent the power attenuation coefficient of the
optical attenuation module and the time delay of the four optical
outputs, respectively. By properly tuning the optical time delay
module to make τ1 = τ2 and τ3 = τ4, the π-phase difference
with the photonic LO for the two in-phase (I1x and I2y) and the
two quadrature (Q1x and Q2y) optical outputs is mapped to the IF
signals. In this way, the phase inversion is realized. By properly
tuning the optical attenuation module to make�1η1 =�2η2 and
�3η3 = �4η4, and using two dual-output electrical hybrids to
combine the two pairs of quadrature outputs, respectively, the
two outputs of IRMx are given by

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

i11 = iI1x∠π
2 + iQ1x

∠0
= −2�1η1an sin 2π

[
fn

LO − fn
SOI,L(t− τ1)

]
−2�1η1bn sin 2π

[
fn

LO − fn
SI,L(t− τSI − τ1)

]
i12 = iI1x∠0 + iQ1x

∠π
2

= 2�1η1an cos 2π
[
fn
SOI,R(t− τ1)− fn

LO

]
+2�1η1bn cos 2π

[
fn
SI,R(t− τSI − τ1)− fn

LO

]
(6)

Meanwhile, the two outputs of IRMy are given by⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

i21 = iI2y∠π
2 + iQ2y

∠0
= 2�3η3cn sin 2π

[
fn

LO − fn
Ref,L(t− τRef − τ3)

]
i22 = iI2y∠0 + iQ2y

∠π
2

= −2�3η3cn cos 2π
[
fn
Ref,R(t− τRef − τ3)− fn

LO

]
(7)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

En
Sig(t) ∝ ej2πf

n
S mod t

= êx ·
{
ane

j2πt[fn
SC+fn

SOI,L(t)] + bne
j2πt[fn

SC+fn
SI,L(t−τSI)]

}
+ êy · cnej2πt[fn

SC+fn
Ref,L(t−τRef)]

︸ ︷︷ ︸
the componentswithfrequency<fn

LC

+ êx ·
{
ane

j2πt[fn
SC+fn

SOI,R(t)] + bne
j2πt[fn

SC+fn
SI,R(t−τSI)]

}
+ êy · cnej2πt[fn

SC+fn
Ref,R(t−τRef)]

︸ ︷︷ ︸
thecomponentswithfrequency>fn

LC

En
LO(t) ∝ ej2πf

n
LCt

(3)
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As can be seen from (6) and (7), IRMx outputs the down-
converted received RF signal (i11 and i12), while IRMy outputs
the downconverted reference signal (i21 and i22). The downcon-
verted frequency components from the left and right sides of the
photonic LO (fn

SOI,L/f
n
SOI,R, f

n
SI,L/f

n
SI,R, and fn

Ref,L/f
n
Ref,R)

would be output from different output ports of each IRM, and
the image-reject mixing is achieved. Then, one electrical coupler
is used to combine i11 and i21, while the other one is used to
combine i12 and i22. Since fn

Ref = fn
SI, when �1η1an = �3η3cn

and τ3-τ1 = τRef-τSI, the outputs of the two couplers can be
written as⎧⎪⎪⎨

⎪⎪⎩

iEC1 = i11 + i21 = −2�1η1an sin 2π[
fn

LO − fn
SOI,L(t− τ1)

]
iEC2 = i12 + i22 = 2�1η1an cos 2π[
fn
SOI,R(t− τ1)− fn

LO

] (8)

It can be seen from (8) that the self-interference signal has
been removed, and only the required signal of interest remains.
Thus, the self-interference cancellation is realized. Meanwhile,
for different channels, each comb line of the local OFC aligns to
different frequency components of the modulated signal OFC,
thus the received signal of interest would be downconverted
to the same IF band. An electrical bandpass filter (EBPF) is
incorporated after each electrical coupler to filter out the out-of-
band signals. Finally, two channelized frequency components
corresponding to Ch-n and Ch-(n+N) are achieved. For the
local/signal OFCs with N comb lines, the channelization with
2N independent output channels will be realized. Both the image
interference and the self-interference are suppressed simultane-
ously in each channel. The image-reject mixing also guarantees
the isolation between the two channels corresponding to the
same photonic LO. In addition, as can be seen from (2)–(8), the
system performances are independent of the signals’ type. It is
worthy to be noted that the proposed channelized receiver has
great reconfigurable ability. The bandwidth of the channels can
be easily changed by tuning the frequency intervals of the signal
OFC (fS) and local OFC (fL). The number of the channels can
be extended by increasing the number of the comb lines of the
dual OFCs.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental Setup

An experiment is carried out based on the setup shown in
Fig. 2. A laser diode (LD, Teraxion PS-NLL) with a wavelength
of 1550.12 nm and an output power of 18 dBm is served as the
seed laser source, with a wavelength of 1550.12 nm. An optical
power divider is used to divide the continuous-wave (CW) light
into two equivalent parts. In the upper branch, the CW light is
fed into a phase modulator (PM1, EOspace PM-DV5-40-PFA-
PFA-LV) to generate the signal OFC. The 3-dB bandwidth and
the half-wave voltage of PM1 are 40 GHz and 4.1 V, respec-
tively. PM1 is driven by a single-tone signal of fS generated
from an RF source (RF1, Rohde&Schwarz SMA100B, 8 kHz–
67 GHz). The dual-polarization CS-SSB modulator consists
of two electrical hybrids (EH1 and EH2, Marki Microwave,
QH0226 2–26.5 GHz) and a dual-polarization quadrature phase

Fig. 2. Experimental setup of the proposed photonics-assisted approach for
simultaneous RF channelization and self-interference cancellation. LD: laser
diode; OC: optical coupler; AWG: arbitrary waveform generator; EC: electrical
coupler; EH: electrical hybrid; DP-QPSK mod: dual-polarization quadrature
phase shift keying modulator; MSG: microwave signal generator; PM: phase
modulator; OBPF: optical bandpass filter; EDFA: erbium-doped fiber amplifier;
VOA: variable optical attenuator; OTDL: optical tunable delay line; PD: pho-
todetector; EBPF: electrical bandpass filter; Ref: reference signal; SOI: signal
of interest; SI: self-interference signal.

shift keying (DP-QPSK) modulator (Fujitsu FTM7977 HQA).
The DP-QPSK modulator has a working bandwidth of 23 GHz
and a half-wave voltage of 3.5 V. Arbitrary waveform generator1
(AWG1, Keysight M8195A, 65 GSa/s) and AWG2 (Tektronix
AWG70001A, 50 GSa/s) are used to generate the RF signals.
The RF signal generated from AWG1 is divided into two parts.
One part is used as the reference signal and injected into EH1.
The other part is used as the self-interference signal, which
is combined with the signal of interest generated from AWG2
and then injected to EH2. In the lower branch, the CW light is
fed into PM2 (EOspace PM-DV5-40-PFA-PFA-LV) followed by
an optical bandpass filter (OBPF1, Yenista XTM50) to realize
the frequency shifting. An RF source (RF2, Rohde&Schwarz
SMA100B, 8kHz–31.8 GHz) is used to generate a single-tone
signal of fD to drive PM2. After frequency shifting, PM3 (PM-
5VEK-40-PFA-PFA-UV, 40 GHz) with a half-wave voltage of
3.2 V is inserted to generate the local OFC. In this way, the
frequency difference of fD between the center comb lines of
the local OFC and signal OFC is realized. An RF source (RF3,
Rohde&Schwarz SMA100B, 8kHz–40 GHz) is used to generate
a single-tone signal of fL to drive PM3. Two OBPFs (OBPF2
and OBPF3, Yenista XTM50) are used to realize the functions
of multi-channel optical filters. Meanwhile, two erbium-doped
fiber amplifiers (EDFAs, Amonics AEDFA-PA-35-B-FA) are
incorporated in these two branches to compensate for the link
loss. The dual-polarization 90-degree optical hybrid (Kylia
COH28-00422) has a phase unbalance of 2° over the optical
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Fig. 3. Experimentally measured optical spectra of the generated signal OFC
(in red dashed line) and local OFC (in black solid line).

wavelength range of 1520 to 1625 nm. The time delay mod-
ule contains four parallel optical tunable delay lines (OTDLs,
Sichuan Ziguan Photonics), which have a maximum delay range
of 700ps and a delay resolution of 0.05ps. The attenuation mod-
ule contains four parallel variable optical attenuators (VOAs,
Sichuan Ziguan Photonics), which have a maximum attenuation
range of 40 dB and an attenuation resolution of 0.05 dB. The
3-dB bandwidth and the responsivity of the photodetectors (PDs,
CETC44 GD45216S) are 20 GHz and 0.8 A/W, respectively.
The EBPFs (Talent Microwave TLBF-1G-3G-X) have a center
frequency of 1.5 GHz, and the passing bandwidth is 1 GHz.
A real-time oscilloscope (Tektronix DSA72004B, 50GSa/s) is
used to observe the waveforms. An electrical spectrum ana-
lyzer (ESA, Rohde&Schwarz FSWP) and an optical spectrum
analyzer (OSA, Yokogawa AQ6370C) are used to monitor the
electrical spectra and the optical spectra, respectively.

B. The Performances of the Simultaneous Image-Rejection
and Self-Interference Cancellation for the Microwave Photonic
Image-Reject Mixers

The frequency intervals of the signal OFC and the local OFC
(fS and fL) are set to be 27 and 28 GHz, respectively. The
frequency shift fD is set to 10 GHz. The optical spectra of the
generated OFCs are plotted in Fig. 3. Both the signal OFC and
the local OFC have three comb lines. The frequency differences
of the 1st, 2nd and 3rd comb lines of the two OFCs are 9, 10,
and 11 GHz, respectively.

Firstly, the isolation performances between the two channels
corresponding to the same photonic LO are investigated. The
wavelengths and the bandwidths of OBPF2 and OBPF3 are
tuned properly to choose the 1st comb lines of the modulated
signal OFC and the local OFC, respectively. EC3 is used to
combine output port 1 of IRMx (i11) and output port 1 of IRMy

(i21). EC4 is used to combine output port 2 of IRMx (i12) and
output port 2 of IRMy (i22). LFM signals are used to verify
the wide-bandwidth working performance. Two LFM signals
of 7–8 and 10–11 GHz are applied on the CS-SSB modulator.
The isolation performances between the two channels for the re-
ceived RF signal are shown in Fig. 4(a-i) and (a-ii). Here the two
LFM signals of 7–8 and 10–11 GHz are used as the received RF

Fig. 4. Measured electrical spectra at the output of (i) EC3 and (ii) EC4 when
(a) the received RF signal, and (b) reference signal, and (c) both the received
RF signal and the reference signal are applied, respectively. Here, the 1st comb
lines of the modulated signal OFC and local OFC are chosen.

signal, while the reference signal is disconnected. The outputs
from EC3 and EC4 are plotted as the blue and red solid lines,
respectively. It can be noted that the frequency components of
the optically-carried received RF signals located at 7–8 GHz and
10–11 GHz are both downconverted to the IF band of 1–2 GHz,
and output from the two separated channels, respectively. The
channel isolation ratio is larger than 28 dB over the whole
1–GHz bandwidth. The isolation performances between the two
channels for the reference RF signal are shown in Fig. 4(b-i)
and (b-ii). The two LFM signals of 7–8 and 10–11 GHz are
used as the reference signal, while the received RF signal is
disconnected. The outputs from EC3 and EC4 are plotted as
the blue and red solid lines, respectively. The channel isolation
ratio is about 29 dB over the whole 1–GHz bandwidth for the
reference channel. In addition, these two pairs of downconverted
components are phase-inversed. By connecting both the received
RF signal and the reference signal, the outputs from EC3 and
EC4 are given in Fig. 4(c). The phase inversion over the whole
1–GHz bandwidth is realized.

Then, the performances of the simultaneous image-reject
mixing and the self-interference cancellation are experimentally
verified. An LFM signal of 7–8 GHz is used as the transmitted
signal, and a single-tone at 7.5 GHz is served as the signal
of interest. In this condition, the reference signal is an LFM
signal of 7–8 GHz, while the received RF signal contains the
self interference (an LFM signal of 7–8 GHz) and a signal of
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Fig. 5. Measured electrical spectra without and with self-interference cancel-
lation at the output of (a) EC3 and (b) EC4 when (i) the signals of interest, and
(ii) the image signals are applied. SOI: signal of interest; SI: self-interference;
IM: image signal.

interest (a single-tone signal at 7.5 GHz). The reference signal
and the received RF signal are applied on the CS-SSB modulator.
When the reference signal i21 is disconnected and connected,
EC3 will output the downconverted results without and with the
self-interference cancellation, being plotted in Fig. 5(a-i). As can
be seen, the self-interference signal is well suppressed, with a
cancellation depth of 20 dB. Meanwhile, the power of the signal
of interest is kept unchanged. Then, an image signal at 10.5 GHz
is used to replace the signal of interest at 7.5 GHz. The mea-
sured electrical spectra without and with the self-interference
cancellation are shown in Fig. 5(a-ii). The downconverted image
signal at 1.5 GHz is effectively suppressed, with an image-reject
ratio of 42 dB. Meanwhile, the cancellation depth remains to
be about 20 dB. The simultaneous image-reject mixing and
self-interference cancellation are successfully realized.

Subsequently, the LFM signal is tuned to 10–11 GHz.
Fig. 5(b-i) shows the downconverted results from EC4 without
and with the self-interference cancellation when the signal of
interest at 10.5 GHz is applied. Meanwhile, Fig. 5(b-ii) shows the
output results without and with the self-interference cancellation
when the image signal at 7.5 GHz is applied. The image-reject
mixing with a 44-dB image-reject ratio, and the self-interference
cancellation with a 21-dB cancellation depth are simultaneously
achieved.

C. The Performances of the Simultaneous Channelization and
Self-Interference Cancellation for the Proposed Microwave
Photonic Channelizer

Then, the simultaneous channelization and self-interference
cancellation performance of the proposed microwave photonic

Fig. 6. Experimentally measured (a) waveform and (b) frequency-to-time
curve of the transmitted signal (an LFM signal) to be channelized.

Fig. 7. Experimentally measured optical spectra of the modulated signal OFC
(in blue dash-dotted line) and local OFC (in black solid line) when the transmitted
signal of 7–13 GHz is applied.

channelizer is investigated. Firstly, an LFM signal with a band-
width of 6 GHz centered at 10 GHz is served as the received
RF signal, which has a time duration of 6 μs. The measured
waveform and the frequency-to-time diagram of the LFM signal
are plotted in Fig. 6. The optical spectra of the modulated signal
OFC and the local OFC are plotted in Fig. 7.

By tuning OBPF2 and OBPF3 to choose the corresponding
comb lines of the modulated signal OFC and local OFC, two
channels are output for each copy of the optically carried RF
signal. Fig. 8(i) shows the electrical spectra of the channelized
RF signal before and after bandpass filtering in each channel.
The corresponding waveforms and frequency-to-time diagrams
of the output signals in each channel are plotted in Fig. 8(ii). As
shown in Fig. 8(a) and (b), the optically-carried RF components
at the left and right sides of the 1st comb line of the local OFC
are downconverted to the IF band simultaneously, shown as the
black dashed lines. The bandwidths of these two IF signals are 2
and 4 GHz, respectively. After the electrical bandpass filtering,
the channelized outputs centered at 1.5 GHz with a bandwidth
of 1 GHz are generated from Ch-1 and Ch-4, plotted as the
blue and red solid lines in Fig. 8(a-i) and (b-i), respectively. The
unwanted spurs are suppressed to be about 20 dB within the
whole 6-GHz bandwidth. The corresponding waveforms and
frequency-to-time diagrams of the outputs from Ch-1 and Ch-4
are shown in Fig. 8(a-ii) and (b-ii), respectively.

Similarly, by selecting the 2nd comb line of the local OFC,
the channelized outputs from Ch-2 and Ch-5 are obtained, as
shown in Fig. 8(c) and (d), respectively. Fig. 8(e) and (f) show
the channelized outputs from Ch-3 and Ch-6 with the 3rd comb
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Fig. 8. Experimentally measured (i) electrical spectra of the channelized IF
signals before (black dashed line) and after (blue/red solid line) the IF bandpass
filtering, and (ii) the corresponding waveforms after IF bandpass filtering at the
outputs of (a) Ch-1, (b) Ch-4, (c) Ch-2, (d) Ch-5, (e) Ch-3, and (f) Ch-6 when
a signal of interest with a bandwidth of 6 GHz is applied. The insets in (ii) are
the corresponding frequency-to-time diagrams.

line of the local OFC. The unwanted image components are well
suppressed in all 6 channels. Therefore, the received RF signal
with a 6-GHz bandwidth has been successfully channelized to
6 channels with a 1-GHz bandwidth.

Further experiments are also taken to investigate the simulta-
neous channelization and self-interference cancellation perfor-
mances of the proposed system. An LFM signal with a band-
width of 6 GHz centered at 10 GHz is served as the transmitted
signal. For the observation of the cancellation performance in

Fig. 9. Experimentally measured electrical spectra of the channelized output
IF signals without (in black dashed lines) and with (in blue/red solid lines)
self-interference cancellation of (a) Ch-1, (b) Ch-4, (c) Ch-2, (d) Ch-5, (e) Ch-3,
and (f) Ch-6 when a transmitted signal with a bandwidth of 6 GHz is applied.

multi channels, a multi-tone signal with the frequency compo-
nents of 7.5-, 8.5-, 9.5-, 10.5-, 11.5-, and 12.5-GHz is set to be
the signal of interest. Fig. 9 shows the electrical spectra with and
without the self-interference cancellation at the outputs of the six
channels. As can be seen, the signal of interest of 7.5-, 8.5-, 9.5-,
10.5-, 11.5-, and 12.5-GHz are successfully channelized with the
self-interference cancellated and output from each channel. The
cancellation depths at Ch-1 to Ch-6 are 17-, 17-, 18-, 17-, 16-,
and 18-dB, respectively. The simultaneous channelization and
self-interference cancellation are successfully achieved over a
6-GHz bandwidth. The cancellation depth of larger than 16 dB
is successfully obtained for all the channelized outputs.

Here the cancellation depth is smaller than that shown in
Fig. 5. This is because in practical applications, the consistency
of the phase, amplitude or time delay responses of the devices
used in the system affect the cancellation depth. In Fig. 9, the per-
formances are determined by the devices’ response consistency
over the 6-GHz bandwidth. While in Fig. 5, the performance
is determined by the devices’ response consistency over the
1-GHz bandwidth. By improving the devices’ consistency, i.e.,
through implementing the on-chip integration, the cancellation
depth over a large bandwidth can be improved.

IV. CONCLUSION

In conclusion, a photonics-assisted RF receiver for simulta-
neous RF channelization and self-interference cancellation has
been proposed and demonstrated. Dual optical frequency combs
and microwave photonic IRMs using a dual-output Hartley struc-
ture are used. Combing the polarization multiplexing technique,
two channels of the signal of interest are obtained with each local
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OFC comb line, while both the image signal component and
the self-interference component in each channel are eliminated
simultaneously. The matching of the phase, time delay, and
amplitude among the microwave photonic channelization paths,
and between the reference signal and the self-interference signal
are all implemented by photonic methods, guaranteeing the
simultaneous channelization and self-interference cancellation
over a wide bandwidth. The simultaneous channelization and
self-interference cancellation are experimentally realized over a
6-GHz bandwidth, and 6 output channels are obtained. The per-
formance of the proposed approach is demonstrated by discrete
devices in our experiment. The integration is an improvement
direction with the system [28], [29]. By introducing on-chip in-
tegrating techniques, the system integration and miniaturization
will be achieved. The system’ response over a wide bandwidth
will become better, improving the performance. The proposed
approach can find applications in future cognitive RF systems
such as radar, electronic warfare, and wireless communication
to enable the in-band full-duplex operations.
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