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Both self-interference and image interference are key prac-
tical impediments to realize in-band full-duplex radio-fre-
quency (RF) systems. The previous photonics-based
approaches can realize either self-interference cancellation
or image-reject mixing. The only approach to realize both
functions relies on electrical operations of phase shift,
power weighting, and time delay, leading to limited band-
width and frequency. This Letter proposes and demon-
strates a photonic approach to realize simultaneous self-
interference cancellation and image-reject mixing. The
key is that by introducing only one polarization-multi-
plexed 90° optical hybrid, simultaneous 0, 7, 7/2, and
37 /2 phase shifts can be introduced in the optical domain.
In addition, power weighting and time delay of the refer-
ence signal for self-interference cancellation can be realized
in the optical domain with the help of polarization multi-
plexing. In this way, all the operations required by both
functions are realized using optical methods. Both theoreti-
cal and experimental investigations are performed.
Simultaneous self-interference cancellation and image-re-
ject mixing are achieved, with a self-interference cancella-
tion depth of 35 dB over 100-MHz bandwidth, 24 dB
over 400-MHz bandwidth, and 18 dB over 1-GHz band-
width in the X and Ku bands, and an image-rejection ratio
larger than 53 dB over 1-GHz bandwidth in the
X band. © 2019 Optical Society of America
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A global challenge for future radio-frequency (RF) systems is to
develop new functions and services covering broad bandwidch
while the available spectrum is limited [1-3]. The capabilities
of in-band full-duplex communication and spectral efficiency
improvement are highly required in future radio systems for
wireless communications, frequency-modulated continuous-
wave radar, and electronic warfare [4-6]. Two important func-
tions of self-interference cancellation and image-reject mixing
are therefore urgently needed. The self-interference refers to
the unwanted signal leaked from the transmitter to its own
receiver. Meanwhile, the image refers to the unwanted signal
at w; that will be downconverted to the same intermediate fre-
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quency (IF) band of oy = |wgp - @1 0| when the wanted RF
signal of wgy is mixed with a local oscillator (LO) signal at @y o
[7]. Both the self-interference and image have the in-band spec-
trum aliasing with the wanted RF signal, which cannot be elim-
inated simply through filtering.

Many approaches have been proposed to realize either self-
interference cancellation or image-reject mixing. To realize
self-interference cancellation, photonics-based approaches have
been widely investigated thanks to the advantages of wide
bandwidth, parallel signal processing and low transmission loss
introduced by photonics [8—13]. The basic idea is to introduce
a small portion of the transmitted signal (or reference signal) to
the receiver. The received RF signal (containing the interfer-
ence) and the reference signal are modulated to the optical do-
main, respectively. The optically carried reference signal is
properly delayed, power weighted, phase inverted, and then
combined with the optically carried RF signal, by which the
interference in the received signal is canceled. For the previous
photonic self-interference cancellation approaches, the main
point is focused on realizing the phase inversion via balanced
photodetection [10], counterbiasing modulations [11], phase
modulation (i.e., using the out-of-phase property of the
phase-modulated sidebands) [12], or using a microwave pho-
tonic phase shifter to adjust the phase of one signal [13].

On the other hand, image-reject mixing based on micro-
wave photonics has been intensively studied to suppress the
image interference [14-18]. Typically, Hartley architecture is
applied to suppress the image interference without employing
prefiltering. In this architecture, two quadrature IF outputs are
generated through mixing a pair of quadrature LO (or RF) sig-
nals with the RF (or LO) signal, which are combined after
introducing an additional 7 /2-phase difference. The downcon-
verted RF signal is in phase and enhanced, while the downcon-
verted image is out of phase and eliminated. However, for all
the above approaches, only one function can be realized. To the
best of our knowledge, the simultaneous self-interference can-
cellation and image-reject mixing is only achieved in Ref. [19].
The structure is simple. However, this approach relies on elec-
trical operations of the phase shift of the LO signal, and the
power weighting and time delay of the reference, leading to
limited bandwidth and frequency.
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Fig. 1. Schematic diagram of simultaneous self-interference cancel-
lation and image-reject mixing based on a polarization-multiplexed 90°
optical hybrid. LD, laser diode; PC, polarization controller; CS-OSSB
Mod, carrier-suppressed optical single-sideband modulator; OBPF,
optical bandpass filter; OTDL, optical tunable delay line; VOA, var-
iable optical attenuator; LO, local oscillator; PD, photodetector;
EH, electrical hybrid; EC, electrical coupler.

Recently, we have proposed a photonic approach to realize
simultaneous self-interference cancellation and image-reject
mixing based on a polarization-multiplexed 90° optical hybrid
[20]. But, it only reported some preliminary experimental re-
sults. In order to understand the approach in detail, a compre-
hensive investigation is performed in this Letter. The key is
that by introducing only one polarization-multiplexed 90°
optical hybrid, 0, 7, 7/2, and 37/2 phase shifts can be intro-
duced in the optical domain simultaneously. In addition, the
power weighting and time delay of the reference signal for
self-interference cancellation are realized in the optical domain
with the help of polarization multiplexing. Simultaneous self-
interference cancellation and image-reject mixing are achieved,
with a self-interference cancellation depth of 35 dB over
100 MHz bandwidth, 24 dB over 400 MHz bandwidth, and
18 dB over 1 GHz bandwidth in the X and Ku bands, and an
image-rejection ratio larger than 53 dB over 1 GHz bandwidth
in the X band.
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The schematic diagram of the proposed photonic scheme
for simultaneous self-interference cancellation and image-reject
mixing is shown in Fig. 1. A light wave with the angular fre-
quency of w, is split into two parts. One part is injected into a
dual-polarization carrier-suppressed optical single-sideband
(CS-OSSB) modulator. The received RF signal and a reference
signal are modulated to the same optical carrier with orthogonal
polarization states, and the modulation format is set to be
CS-OSSB modulation. The received RF signal consists of the
signal of interest s(z) = V| sin(w,z), the image m(z) =
V,, sin(w,,t), and the self-interference i(z) = V; sin(w,t),
while 7(r) = V, sin(®,#) represents the reference signal. The
output of the dual-polarization CS-OSSB modulator can be
written as

EXZQX'ERFX_F%/'ERF}/

2, - {a,d @)t 4 g J@con)t 4 g @0+l

+ 2}/ . bell@ew)i+d,] (1)
where 2, and ¢, denote the two orthogonally polarization states

and 4, a,,, a;, and b represent the optical amplitudes. ¢; and ¢,
are the phases introduced by the initial phase difference and the
transmission paths difference. The optical signal in Eq. (1) is
injected into the signal port of a polarization-multiplexed 90°
optical hybrid.

The other part of the optical carrier is injected into another
CS-OSSB modulator, at which the LO signal with a frequency
of w; is modulated. The optically carried LO signal expressed as
Ero = cd @D s injected to the LO port of the polarization-
multiplexed 90° optical hybrid. 0, z, 7/2, 37/2 phase shifts
are introduced by the polarization-multiplexed 90° optical hy-
brid between the optically carried LO signal and the optically
carried RF signal. Two in-phase (7, & &, ,ERgy, + &y, E10,
Ipey ¢ 8,y ERpyy - . yE10) and two quadrature (Q,, o
2x,}/EvRFx,y +j?x,)/ELO’ QZx,}/ & Ex,}lERFx,}/ _jg‘x,}/ELO) OptiCQ.l
outputs are obtained along the two orthogonal polarization axes
of 2, and ¢,, respectively. A z-phase difference of the photonic
LO is introduced for the two in-phase (/;, and /,,) and the
two quadrature (Q,, and Q,,) optical outputs with orthogonal
polarization states. Power weighting and time delay of the can-
cellation reference signal for self-interference cancellation are
realized in the optical domain through tuning the variable op-
tical attenuators (VOAs) and the optical tunable delay lines
(OTDLs) in I, and Q,, paths. After optical-to-electrical
conversion at the photodetectors (PDs), the electrical outputs
can be expressed as

iy, o« Ry ny, Aae cosl[(w, - o)t + 0, ]

t+a,,c cos[(wy - w,)t + 07, | + a;c cos[(w, - o)t + (¢; + 07 )]}
ig, « Rg, ng A-a;c sin[(o, - w)r + 0, |

+a,c sin[(w; - )t + 0q, |- a;c sin[(w, - w)t + (§; + 0y )]}’
i, « =, 0y, be cos|(w, - wp)t + (¢, + 0;,)]

l‘QZy I ERszan)’bc sin[(w, - )t + (¢, + ngy)]

@

where 7 represents the power attenuation coefficients of the VOAs, @ represents the phases introduced by the OTDLs, and R
represents the responsivities of the PDs, respectively. By properly tuning the OTDLs to make ¢, + 60, = ¢, + 0y,
O11x = 012> 012y = 03, the phase inversion between the downconverted self-interference component in 77y, (or igy,) and
the downconverted reference signal component at the frequency of |, - @;| in ij, (or igy,) is achieved. By combining iy,
and 7qy, (or ipy, and 7(,,) through an electrical 90° hybrid, respectively, the outputs are given by
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iy =i 45+ ig, 40

iz = iIZyL% + leyLO

As can be seen, by properly tuning the VOAs to make
‘S}t[lxrlllxdi = ER[ZJ/”[Zyb = leanlxﬂi = ERQZ)/’/IQZyb’ the
downconverted image at |w,, - w;| will be eliminated, while
the downconverted signal of interest at |w, - w;| will be
enhanced. Equation (3) can be rewritten as

iy = =28 ny, ac sin[(w, - o)t + 0 ]
2Ry ny acsin[(@, -0+ (; + 60, )] . (4)
iy = 2Ry, ny, be sin[(w, - )t + (p, + 6]

By combining the electrical outputs given in Eq. (4), the
downconverted self-interference at |w, - w;| will be can-
celed. The final electrical output can be written as
i & =2, 1asc - sin[(@, - w7)t + 671,]. It can be seen only
when the wanted IF signal at |@, - @;| downconverted from
the signal of interest is obtained. Thus, simultaneous self-
interference cancellation and image-reject mixing are achieved.
It should be noticed that the two electrical hybrids and one
electrical coupler used here operate with the downconverted
signals; thus, the influence with the working frequency of
the whole system is low.

An experiment based on the scheme shown in Fig. 1 is per-
formed. An optical carrier is generated from a laser diode (LD,
Teraxion NLL) with the wavelength and the power set to
1550.12 nm and 16 dBm, respectively. The light wave is di-
vided into two parts with equal power through a 3 dB optical
coupler. The dual-polarization CS-OSSB modulator is realized
by using a dual-polarization quadrature phase-shift keying
(DP-QPSK) modulator consisting of two integrated polariza-
tion multiplexed dual-parallel Mach—Zehnder modulators
(DP-MZMs). The DP-QPSK modulator (Fujitsu FTM7977)
has a bandwidth of 23 GHz. The CS-OSSB modulator to
modulate the LO signal is realized by a MZM together with
an optical filter to select one desired sideband. The MZM
(Fujitsu FTM7938) has a bandwidth of 40 GHz. Two EDFAs
(Amonics AEDFA-35-B-FA) are introduced in the two
branches to ensure the proper optical power level injecting
into the 90° optical hybrid. The RF signals are generated by a
microwave signal source (Agilent N5183B, 9 kHz—20 GHz)
and an arbitrary waveform generator (AWG, Keysight
MB8195A, 65 GSa/s). The LO signal is generated from another
microwave signal source (Anapico APSIN20G, 100 kHz-
20 GHz). The polarization-multiplexed 90° optical hybrid
(Kylia COH28) has a phase accuracy of 2°. The PDs
(GD452168S) have a 3 dB bandwidth of 20 GHz and a respon-
sivity of 0.65 A/W. The OTDLs (General Photonics) have
a time delay tuning range of 600 ps. An electrical spectrum
analyzer (ESA, Agilent N9010A) with a frequency range of
3 Hz—43 GHz is used to monitor the electrical spectra.

The performance of the proposed scheme is investigated.
A single-tone signal at 10 GHz with a power of 10 dBm is used

=Ry 0y, ame sinf(0; - w,)t + 07 1+ Ro, 1o, a,¢ sinf(0; - w,,)t + 0, ]
=Ry ny, aic sinf(w, - @)t + (¢; + 07, )] - R, ng, a;c sin[(@, - o)t + (¢; +0q, )]
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= —f}tlumuajc sin[(a)s - a)L)t —+ 911X] - ERQIXWQ]/QC sin[(a)f - a)L)t + QQIX]

(3)

= Ry, ny, be sin[(w, - wp)t + (p, + 0;,)]1 + Ro, ng, be sin[(0, - wp)t + (¢, + 0, )]

as the signal of interest. The self-interference of a linear fre-
quency modulated (LFM) signal centered at 10 GHz with a
100-MHz bandwidth is also injected with a power of
0 dBm. The LO signal at 8 GHz with a power of 20 dBm
is used. The reference signal is set to be a LFM signal centered
at 10 GHz with a 100-MHz bandwidth and a power of 0 dBm.
The received RF signal (containing the signal of interest and the
self-interference) and the reference signal are modulated at the
two integrated polarization-multiplexed DP-MZM:s of the DP-
QPSK modulator, respectively, and the modulation format is
set to be CS-OSSB modulation. In this way, the optically car-
ried RF signal and the optically carried reference signal are
along the two orthogonal polarization axes. When discon-
necting /,, and Q,,, the output of the system without either
self—interé:rence cancellation or image-reject mixing is shown in
Fig. 2(i-a). As can be seen, both the signal of interest and the
self-interference are downconverted to a center frequency of
2 GHz. By connecting 7, and Q ,, the output electrical spec-
trum with the self-interference canceled is shown in Fig. 2(i-b).
A self-interference cancellation depth of 35 dB is achieved over
100-MHz bandwidth. In order to show the image-rejection
performance, the signal of interest is disconnected and switched
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Fig. 2. Measured output electrical spectra (a) without either self-
interference cancellation or image rejection, (b) with self-interference
cancellation and image-reject mixing when the signal of interest is in-
jected, or (c) with self-interference cancellation and image-reject mix-
ing when the signal of interest switched to the corresponding image.
The frequency of the LO signal is 8 GHz, and the self-interference has
a center frequency of 10 GHz and a bandwidth of (i) 100 MHz,
(ii) 400 MHz (here the signal of interest and the image is 10 and
6 GHz, respectively), and (iii) 1 GHz (here the signal of interest
sweeps from 9.5 to 10.5 GHz, and the image sweeps from 6.5 to
5.5 GHz with a step of 50 MHz, respectively).
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Fig. 3. Output electrical spectra (a) without either self-interference
cancellation or image rejection, (b) with self-interference cancellation
and image-reject mixing when the signal of interest is injected, or
(c) with self-interference cancellation and image-reject mixing when
the signal of interest switched to the corresponding image. The fre-
quency of the LO signal is 14 GHz, the signal of interest and the
image is 16 and 12 GHz with a power of -15 dBm, respectively,
and the self-interference has a 16-GHz center frequency and a band-
width of (i) 100 MHz, (ii) 400 MHz, and (iii) 1 GHz.

to the corresponding image at 6 GHz with a 10-dBm power.
The output electrical spectrum is shown as the green solid line
in Fig. 2(i-c). As can be seen, the downconverted image is sup-
pressed to be lower than the canceled self-interference. In order
to show the exact image-rejection ratio, the self-interference sig-
nal is disconnected, and the output electrical spectrum is shown
as the black solid line in Fig. 2(i-c). An image-rejection ratio of
67 dB is obtained. Then, the bandwidth of the self-interference
signal changes to be 400 MHz. The corresponding self-
interference cancellation and image-reject mixing performances
are shown in Fig. 2(ii). As can be seen, the self-interference
cancellation depth of 25 dB over 400-MHz bandwidth has
been achieved. The image-rejection ratio of 66 dB is guaran-
teed. Furthermore, in order to investigate the wideband perfor-
mance, the signal of interest sweeps from 9.5 to 10.5 GHz, and
the image sweeps from 6.5 to 5.5 GHz with a step of 50 MHz,
respectively. The self-interference has a center frequency of
10 GHz and a bandwidth of 1 GHz. The system performance
is shown in Fig. 2(iii). As can be seen, the self-interference
cancellation depth of 18 dB and the image-rejection ratio of
53 dB over 1-GHz bandwidth have been achieved.

The system performances at different frequencies and differ-
ent powers are also investigated. Both the frequency of the signal
of interest and the center frequency of the self-interference are
tuned to be 16 GHz in the Ku band. The LO signal changes to
be 14 GHz, and the corresponding image changes to be
12 GHz. The power of the LFM signal is kept to be 0 dBm,
while the powers of the signal of interest and the image change
to be -15 dBm. The self-interference cancellation and image-
reject mixing performances are shown in Fig. 3. As can be seen,
the self-interference depth of 35 dB over 100-MHz bandwidth,
24 dB over 400-MHz bandwidth, and 18 dB over 1-GHz band-
width can still be guaranteed. In addition, the image has also
been suppressed to be under the noise level for all the cases.
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The operational frequency of the system is mainly limited
by the bandwidth of the DP-QPSK modulator, which can be
further improved if a modulator with a larger bandwidth is
available. The image-reject ratio of this approach over a wide
bandwidth should be further improved. The self-interference
cancellation ratio and the image-rejection ratio are mainly
limited by the phase accuracies of the 90° optical hybrid
and the electrical hybrids. Therefore, the system performance
can be further improved if 90° optical and electrical hybrids
with higher phase accuracies are used. In addition, the system
stability can be further improved by using polarization-
maintained devices and packaging the whole system.

In conclusion, a photonic approach to realize simultaneous
self-interference cancellation and image-reject mixing is proposed
and demonstrated. By using only one polarization-multiplexed
90° optical hybrid, all the operations of phase shift, time delay,
and power weighting required by the two functions are realized
using optical methods. The proposed approach can find appli-
cations in RF systems such as radar, electronic warfare, and wire-
less communication to improve the system spectral efficiencies
and to enable the in-band full-duplex operations.
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