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Abstract: Optical multipath RF self-interference cancellation (SIC) based on phase mod-
ulation for full-duplex communication is proposed and demonstrated experimentally. Phase
modulation is utilized to convert the RF signal into optical domain, in which the time delay
tuning, amplitude tuning and phase inversion for multipath RF SIC are completed. The
comprehensive theoretical model of the optical multipath RF SIC system is established,
and the factors affecting SIC performance including the time delay, amplitude and phase
deviations are analyzed. The experimental results verify the feasibility of the proposed
scheme for full-duplex communication with the cancellation depth of 26 dB and 28 dB over
100 MHz at central frequency of 6 GHz and 10 GHz, respectively. A figure of merit of the
maximum interference to signal of interest ratio is defined to characterize the SOI recovery
capability of optical RF SIC system.

Index Terms: Full-duplex communication, multipath RF self-interference cancellation,
phase modulation.

1. Introduction

Compared with time division duplex (TDD) and frequency division duplex (FDD), full-duplex can
realize simultaneous transmitting and receiving signals at the same frequency band, which sig-
nificantly increases spectrum utilization and doubles data rate. Full-duplex has wide potential
applications in the new generation mobile communications and the satellite data transmissions
[11-[4]. However, during the full-duplex communication, the transmitted high power signal due to
the arrangement of the antenna or the like may cause interference in the same frequency band of
the received weak useful signal, which is called RF self-interference or co-location interference,
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and cannot be filtered out by a notch filter or a narrow bandpass filter [5], [6]. Therefore, RF
self-interference cancellation (SIC) is very urgent for realizing the full-duplex communication.
Compared to the electrical technology, the RF SIC technology based on the optical method has
the advantages of wide bandwidth, high time delay tuning precision and anti-electromagnetic
interference, exhibiting a promising solution for RF self-interference cancellation.

The key to achieving interference cancellation is to provide a reference signal that has the same
magnitude and opposite phase of the interference signal with time matching. The cancellation can
be achieved by using two Mach-Zehnder modulators (MZMs) biased at the opposite orthogonal
bias points [7], [8] or dual-drive MZM [9], [10], dual-parallel MZM [11]-[13] operating at the
proper bias points to obtain the out-of-phase relationship. However, DC bias control increases
the complexity of the system and may affect the operation stability. Phase-reversion can also be
achieved by a Balun as the RF power splitter at the input port [14] or a balanced photo detector
as the RF power combiner at the output end [15]-[17]. In these schemes, the amplitude and time
matching of the reference signal is realized by the variable optical attenuator (VOA) and the tunable
optical delay line (TODL). In addition, the amplitude and time of reference signal can also be
adjusted by using the gain and slow light effect of the semiconductor optical amplifiers (SOAs)
[18], which has the potential advantage of fully photonic integration on a chip with a compact
sub-system and low power consumption [19], [20]. However, due to the dependent relationship
between the gain and slow light effect, the tunable range of the amplitude and time delay with the
cascaded SOAs may be degraded as the frequency increases.

In real scenario, the interference from the transmitting antenna to the receiving antenna is a
combined result of direct path coupling between the transmitter and receiver as well as multiple
reflection, scattering and diffraction through different paths. This is called multipath interference,
which must be resolved for the realization of full-duplex communication. For multipath interference
cancellation, multiple replicas of the reference signal are produced by using an optical splitter and
transmit through different optical delay and amplitude attenuation [21], [22]. Then a single-mode to
multi-mode (SM-MM) combiner is utilized to combine the multiple replicas of the reference signal
and received interference signal into the photo detector to complete the cancellation. The scalability
of the optical SIC system may be limited by the number of orthogonal spatial modes that can be
multiplexed by the SM-MM combiner [23], which is not an easily-achievable device. In [24] a scheme
based on two polarization modulators and a dispersive element is proposed and demonstrated for
multipath interference cancellation. Multiple optical compensation branches are formed by an array
of tunable lasers. By adjusting the wavelength and the optical power of each tunable laser, the
multipath reference can be reconstructed for counter-phase cancellation with delay and amplitude
matching. However, the polarization state may be affected by the environmental conditions and
the system stability may be degraded. Fiber Bragg grating (FBG) based optical delay lines are
designed and fabricated for providing a large number of delay taps in [25], [26], which can achieve
multipath cancellation with a high delay spread and low insertion loss. It is a unique design
but the time delay tuning is discrete by now.

By virtue of the inherent out-of-phase relationship between the two sidebands of the phase-
modulated signal, we proposed an optical RF SIC method based on phase modulation and optical
sideband filtering for full-duplex application [27]. It has the advantages of simple and stable system
structure with no need of bias point control. The preliminary experimental results demonstrate
the feasibility of the scheme. However, the capability for multipath RF SIC and the recovery
of signal of interest (SOI) has not been investigated. In this paper, we present a multipath RF
SIC scheme by utilizing an optical spectrum shaping technique, where the amplitude tuning and
sideband filtering are realized completely by only one optical engine based on diffraction grating
and solid-state liquid crystal on silicon (LCoS). The comprehensive model of the optical multipath
RF SIC system is established to analyze the factors affecting the RF SIC performance, including the
time delay deviation, amplitude deviation, and phase deviation. The experiment of optical multipath
interference cancellation for full-duplex communication is also carried out with the consistency of
measured results compared with the simulated ones. The recovery of SOl with 16-QAM modulation
on RF carrier of 6 GHz is investigated experimentally. And a figure of merit of the interference to
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Fig. 1. The schematic of the optical multipath RF SIC system based on phase modulation. The dashed
block shows the sideband filtering and amplitude tuning in the optical processor. PM, phase modulator;
TODL, tunable optical delay line; PD, photo detector; Tx, transmitter.

SOl ratio is defined for the first time as far as we know to characterize the capability of optical RF
SIC system for full-duplex communication.

2. Operation Principle and Performance Analysis

The multipath optical RF SIC system based on phase modulation is shown in Fig. 1. The received
RF signals S(f) + /(f) from the receiving antenna are modulated on the lightwave of iy via the
phase modulator PM, where S(f) is the SOl and /() is the multipath interference signal, which can
be expressed as

Ity = "i(t). (n=1.2,....N) (1)

n=1

where i, (1) is the n'" path component of the self-interference. The reference RF signals of ry (1), ra(1),
rs(f), ..., rn(f) are split from the transmitter (Tx) and modulated on the lightwaves of A1, Ao, ..., Ax
via PM;, PM,, ..., PMy, respectively. The time delay of each path can be adjusted by the tunable
optical delay lines (TODLs). The phase-modulated reference and received signals are input to an
optical processor with the function of sideband filtering and amplitude tuning as the dashed block
shown in Fig. 1. The optical processor is based on diffraction grating and LCoS [28]. The processed
signals from the optical processor are input to a photo detector (PD). The operation principle and
the cancellation performance are analyzed as follows.

2.1 Operation Principle

The operation principle of the proposed scheme for multipath interference cancellation is to adjust
the phase, amplitude and delay of the electro-optic phase-modulated RF signals in optical domain,
by which the reference signal cancel the corresponding interference signal in each path. In order to
understand the operation process, the n' path interference cancellation is deduced mathematically,
and the multipath interference cancellation can be generalized accordingly.

For the n'" interference signal, it is converted into optical domain via the electro-optic phase
modulator PMy. The output phase-modulated signal can be expressed as

.7V pcos(rigrti )

Eout—in(tin) = EoejZNIot’~”e] V2o @)

where Ey and fy are the amplitude and the frequency of the optical carrier from the laser of 1y, Vi,
and frr are the voltage and frequency of the n'" interference RF signal, V,, is the half-wave voltage
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of PM,. The n'" reference signal is also converted into optical domain via the electro-optic phase
modulator PM,,. The output phase-modulated signal can be expressed as

-Vrn cos(2anFt,_n)

Eout—r.n(tr,n) = Ene’?ﬂ”t“"e/‘T (3)

where E, and f, are the amplitude and the frequency of the optical carrier from the laser of A,,, V.,
is the voltage of the n'" reference RF signal. V; , is the half-wave voltage of PM,,.
By using the Jacobi—Anger expansions, (2) and (3) can be expressed as

Eout—i,n(ti,n) = EO (J_1 (m,"n)e/l[zﬂ(fO*fRF)tl,nf%] + Jo(m)eIZNfotf,n + J1 (ml.‘n)ei[2ﬂ(fo+fRF)fy_n+%]) (4)

Eoutfr,n(tr,n) =E, (J_1 (mr’n)ej[27'[(fn*fF4F)tr,n7%] + JO(mr,n)e]an”tr’n + (mr’n)ej[27r(fn+fRF)fr,n+%]> (5)

where Jy, J1, J.1 are the 0 and £15! order Bessel function of the first kind, m; , = 7 V;.,/V,0 and m,, =
7 V;.»/Ven are the modulation indexes. When deriving (4) and (5), the 0 and 415! order components
are considered.

The n'" optically carried reference signal is input to the n" TODL with an added time delay
of 7,. And then it is processed by the optical processor with the amplitude tuning of «, and the
right sideband being filtered out as the dashed block shown in Fig. 1. And the left sideband of
the optically carried n'" interference signal is filtered out by the optical processor. Then the output
optically carried n'" interference signal and reference signal can be expressed as

Eaut-tnllin) = Eo (Jo1(m, ) e~ 21 .y (m)ei2tto) (6)
Eout—rn(trn + Tn) = anEp (Jo(mr,n)ej%fn(b'ﬁrn) + i (mr,n)ej[zn(f"HRF)(tr‘”+rn)+%]) (7)

These single sideband with optical carrier (SSB+C) signals are fed to the PD, upon which the
optoelectronic conversion is conducted and the output current can be expressed as

. T

lout—i.n(tin) = — pEodo(min)d1 (m;n) COS (27T fartin + §> (8)
. T
’out—r,n(tr,n + Tn) = ,OanEnJO(mr,n)J1 (mr,n) Cos [27T fHF(tr,n + Tn) + E] (9)

where p is the responsivity of the PD. From (8) and (9), it can be seen that the two output signals
have the opposite phase due to the inherent out-of-phase relationship between the two sidebands
of phase modulated signal [29]. According to (8) and (9), if the following two conditions are matched,
the n™ interference signal can be cancelled by the n™ reference signal.

EOJO(miA,n)J1 (miﬁn) = O5nI:_nJO(mr,n)J1 (mr,n) (1 0)
ti,n: trn+ Tn (11)

The two conditions can be realized by adjusting the amplitude of «, in the n" channel by the
optical processor and the time delay of z, by the n" TODL.
For the multiple interference cancellation, the total output from the PD can be expressed as

N N
y(t) = S(t) + l(t) + R(t) = S(t) + Z ioutfi,n(ti,n)‘f‘ Z ioutfr,n(tr.n + Tn) (12)
n=1 n=1

where iy n(tin) and ipe_r.q(t.n + 7,) are output current from the PD of the n'" interference signal
and the n'" reference signal processed by the optical processor and the TODLs, respectively, as
expressed in (8) and (9). When the amplitude and time of each reference signal are properly
controlled and the conditions in (10) and (11) are matched, the multipath interference can be
cancelled and the SOl is recovered.

The interference cancellation depth is one of the important parameters to characterize the
performance of optical RF SIC system, which is affected by the time delay, amplitude and phase
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Fig. 2. Multipath self-interference cancellation performance with different mismatching states, (a) At =
0.01 ps and (b) Az = 0.1 ps.

deviations between the reference path and the interference path. Therefore, the cancellation depth
CD s defined as the average power ratio before and after the interference cancellation system, and
expressed as

1 TN o N 2
Tfo Zn=1 fout—i,n(tin) + Zn=1 fout—r.n(trn + )| dt

T [N 2 (13)
1?/0 ‘Zn:1 "outfi,n(ti,n)

dt

In the actual application process, the conditions expressed as (10) and (11) for the multipath
interference cancellation may not be achieved completely. For the n" pair of reference and interfer-
ence signals, the amplitude, time delay and phase deviations between the two paths are indicated
as Awa,, Aty andAg,, respectively. According to the Parseval theorem [30], the energy value of
the signal with a certain bandwidth of B in the frequency domain is described as ffff;/: 1(f)[2 .
The cancellation depth CD for the multipath optical SIC with a certain bandwidth of B can be
expressed as

CD =

Aep , 2
St (lowtin (1) — 10 eriameiteloy o (1) |

5 2
fffojgg Z,,L lout—i.n ()| df

0
As a result, the model for multipath optical RF SIC system is established.

ffo+g
f,—B
CD (Aap, Aty, Ay, B) = —2

(14)

2.2 Cancellation Performance Analysis

According the above established model, the cancellation performance of the multipath optical SIC
system affected by the amplitude, time delay and phase deviation is analyzed. Here, N is selected
as 3 and the normalized power distribution of three-path interference signals are 0.5, 0.33 and
0.17, respectively. Certainly, it can be extended to a large number of paths with arbitrary power
distribution. The delay deviation is set to be 0.01ps and two cases are considered for amplitude and
phase deviations. Case 1 is with the amplitude deviation of 1dB and the phase deviation of 1°. Case
2 is with the amplitude deviation of 0.01dB and the phase deviation of 0.5°. When the mismatch
between each reference and interference paths are all set in Case 1, the simulated result is shown
as the black dash line in Fig. 2(a) with the cancellation depth of about 17 dB. Then the mismatch
in the two reference paths are set in different states and the simulated results are also shown in
Fig. 2(a). The cancellation depth will be deeper when the amplitude and phase deviation between
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Fig. 3. Cancellation depth at different frequencies with time delay deviation within (a) 1000 ps and
(b) 1 ps.

each reference and interference paths becomes smaller. The cancellation depth of about —41 dB is
achieved as the mismatch between each reference and interference paths are all in Case 2. There
is a small difference of the cancellation depth over the frequency band. The cancellation depth at
1kHz is 1.2 dB higher than the one at 20 GHz. In order to further characterize the cancellation
depth with frequency dependence, the simulation is conducted with the delay deviation of A7 =
0.1ps and the similar states in Fig. 2(a) and the results are shown in Fig. 2(b). It can be seen that
when the amplitude deviation and the phase deviation decrease the cancellation depth is not flat
over the whole frequency band. As the purple cure shown in Fig. 2(b), the cancellation depth is
about —41 dB at 1 kHz and —33.4 dB at 20 GHz, with a difference of 7.6 dB. Therefore, when the
delay deviation is relatively large, the frequency-dependent response occurs.

Then, the impact of the three influencing factors on the multipath optical RF SIC system is ana-
lyzed. It is considered that the multiplexed reference paths have the same delay, amplitude, phase
deviation value, where the delay and amplitude depend on the minimum adjustment accuracy of
the tunable optical delay lines and the amplitude regulators. As expressed in (15), it is generally
considered that only delay deviation or phase deviation should be considered, but this can only be
applied to a single frequency. For full-duplex communication, the transmitted signal has a certain
bandwidth and the obtained phase value is different for each frequency by changing the delay.
Therefore, it is necessary to consider both delay deviation and phase deviation under a certain
bandwidth.

Ap=2nfAT (15)

2.2.1 The Time Delay Deviation: The effects of time delay deviation on interference cancellation
depth is investigated. During the simulation, the amplitude is assumed as being matched, and the
phase deviation is 0°. The cancellation depth with time delay deviation within 1000 ps at different
center frequencies with the bandwidth of 1 GHz are shown in Fig. 3(a). It can be seen that the
cancellation depth is changed periodically with different time delay deviation for a certain center
frequency, and the period becomes shorter as the center frequency increases. It is because that
the phase of the optical carried RF signal changes with a period of 27 as the time delay deviation
increases. As shown in Fig. 3(a), the interference over the bandwidth can be suppressed in the first
period. Only the single frequency at the center of the wideband signal can be cancelled completely
in every period, while other frequencies cannot be suppressed well in the second and following
periods. Therefore, in order to obtain the interference cancellation over a wide band the delay
deviation should be kept within the first period, and then the phase adjustment is applied.

In order to explore the influence of the time delay deviation on cancellation depth in one period,
the max time delay deviation is set as 1 ps, and the simulated results are given in Fig. 3(b). It can be
seen that the cancellation depth becomes deeper with decreasing delay deviation. For the same
time delay deviation, the cancellation depth deteriorates when the center frequency increases.
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Fig. 5. The effect of amplitude mismatch on cancellation depth at different frequencies (blue line
indicates delay mismatch of 0.1 ps, red line indicates delay mismatch of 0.01 ps).

Therefore, the smaller time delay deviation is needed for higher frequency to achieve the same
cancellation depth.

In the practical system, the time delay deviation is determined by the adjustment accuracy of
the tunable optical delay line. The cancellation depth with the adjustment accuracy of 0.1 ps,
0.01 ps and 0.005 ps is simulated and the results are shown in Fig. 4. For a certain frequency,
the cancellation depth is enhanced with the time delay adjustment accuracy being improved. For
example, for the frequency of 10 GHz, the cancellation depth is —45 dB, —65 dB and —71 dB for the
adjustment accuracy of 0.1 ps, 0.01 ps and 0.005 ps, respectively. Therefore, the tunable optical
delay line with higher adjustment accuracy is desirable to achieve deeper cancellation depth.

2.2.2 The Amplitude Deviation: Without considering the phase deviation, we get the cancellation
depth under different amplitude mismatch when the delay deviation is 0.1ps and 0.01ps, respec-
tively, as shown in Fig. 5. As the magnitude of the amplitude mismatch increases, from 0.01dB
to 1dB, the cancellation depth gradually degrades. When the delay mismatch value is changed
from 0.1ps to 0.01ps, the variation of the cancellation depth becomes deeper with the amplitude
being gradually matched. Moreover, when the delay and amplitude deviations are constant, the
cancellation depth will deteriorate as the frequency increases. Therefore, in order to achieve a
certain depth of cancellation, the required tuning accuracy of the amplitude will increase at higher
frequencies.

2.2.3 The Phase Deviation: In the proposed optical RF SIC system, each device in the optical
links will bring a certain phase, especially the additional phase generated by the optical processor
during optical sideband filtering [31], which may affect the out of phase relationship between the
interference link and the reference link. Therefore, the influence of self-interference cancellation
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Fig. 7. The experiment setup to demonstrate the optical multipath RF SIC.

by a certain phase deviation is analyzed. Fig. 6 shows the effect of different additional phase
on the cancellation depth under different delay and amplitude mismatch. There are four pairs of
delay and amplitude mismatch, including (1 ps, 1 dB), (0.1 ps, 0.1 dB), (0.01 ps, 0.01 dB) and
(0.001ps, 0.001 dB). It can be seen that as the delay and amplitude mismatch is being smaller,
the cancellation depth will become deeper. When the delay mismatch and the amplitude mismatch
are smaller than 0.1 ps and 0.1 dB, respectively, the cancellation depth is better than -30 dB, and
the phase deviation plays a major role. Smaller phase deviation obtains better self-interference
cancellation performance.

3. Multipath Cancellation Experiment and Results

In order to investigate the feasibility of proposed multipath self-interference cancellation system,
an experiment is carried out. The experiment setup is shown as Fig. 7 with two-path interference
cancellation demonstration, which is limited by the currently available optoelectronic devices in our
lab. The SOI S() is output from the signal generator (SG1, Agilent E4438C), and the interference
signals /(1) and the reference signals R(t) are generated by another signal generator (SG2, Agilent
E8267D). Here, two interference signals with different delay and amplitude are used to simulate
multipath interference signals in real situation. The signals of interest and the interference signals
are modulated on the optical carrier 1548.522 nm (%) in the interference path through PM,, and
the reference signals are converted into optical paths of 1549.350 nm (1;) and 1549.858 nm (1)

Vol. 12, No. 4, August 2020 7102114



IEEE Photonics Journal Optical Multipath RF Self-Interference

—wio émplitudé tuning

10 —— With amplitude tuning .

Power (dBm)
Power (dBm)

1547.5 1548.0 1548.5 1549.0 1549.5 1550.0 1550.5 1551.0 1547.5 1548.0 1548.5 1549.0 1549.5 1550.0 1550.5 1551.0
‘Wavelength (nm) ‘Wavelength (nm)

(a) (b)

Fig. 8. The optical spectra of the phase-modulated signals by the optical processor, (a) sideband
filtering and (b) amplitude tuning (frr = 10 GHz).

through PM; and PM,, respectively. The time delay of the reference paths is adjusted by the TODL,
and TODL, with time delay accuracy of 0.01 ps and tunable range of 600 ps. The phase modulated
signals of the three paths are input into the optical processor (WaveShaper 16000S). The optical
processor is programed as three bandpass filters to remove the corresponding sidebands of
the three phase-modulated signals as the dashed block shown in Fig. 1. At the same time, the
amplitude of the reference signals is adjusted in the optical processor. The output SSB+C signals
are input into the PD (Miteq SCMR-10M, 18 GHz). The detected signals from the PD are measured
by an electrical spectrum analyzer (ESA, Agilent E4440A).

3.1 Multipath Spectrum Processing

At first, the simultaneous multipath spectrum processing by the optical processor is measured. The
RF signal with the frequency of 10 GHz is modulated on the interference and reference optical
carriers. Fig. 8(a) shows the optical spectra of the phase-modulated signals output from the optical
processor. It can be seen that the left sideband of the interference modulated signal (1) and
the right sidebands of the reference modulated signals (A1 and A,) are filtered out and the SSB+C
signals are generated. Fig. 8(b) shows the amplitude tuning of the two reference modulated SSB+C
signals with the amplitude adjustment of @; and «» independently.

3.2 RF Self-Interference Cancellation

The multipath RF self-interference cancellation performance within a certain bandwidth is mea-
sured. A 6 GHz single tone signal with the power of —55 dBm from SG1 is used as the SOI. The
additive white Gaussian noise (AWGN) from SG2 with a bandwidth of 100 MHz and the power of
—2.5 dBm is modulated on the RF signal at 6 GHz, which is utilized as the interference signal.
With the laser sources of A, and A, in reference paths being turned off, the output spectrum is
measured as shown in Fig. 9(a). It can be seen that a strong interference signal is observed as the
red curve. Then the first reference path is established by tuning on the laser source of A;. It can
be seen from Fig. 9(a), the interference signal is suppressed with the cancellation depth of 15 dB.
However, the SOl is still buried in interference signal. After turning on the laser source of 1., the
two-path interference cancellation system is established, and the measured result is shown as the
black curve in Fig. 9(a). The cancellation depth of 26 dB is obtained, and the SOl is recovered. The
cancellation performance for the center frequency of 10 GHz is also measured, and the results
are shown in Fig. 9(b). It can be seen that the cancellation depth of 17 dB and 28 dB are realized
by single path interference cancellation and multipath interference cancellation, respectively, and
the recovery of SOl is completed. From Fig. 9(a) and 9(b), it can be seen that there are still some
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Fig. 10. The measured cancellation depth with and without SIC for larger bandwidth (6~10 GHz).

residual interference noise after cancellation and the residual interference noise is not uniform
within the bandwidth. It is mainly due to the nonidentical amplitude response and phase response
between the interference and reference paths.

Then, the RF self-interference cancellation capability for larger bandwidth is investigated by using
the vector network analyzer (VNA, Keysight Technologies N5247B) to measure the cancellation
depth. For the cancellation of the main path interference, the measured amplitude response from
6 GHz to 10 GHz with and without SIC is shown in Fig. 10. It can be seen that at the central
frequency of 9.75 GHz, a cancellation depth of 25 dB is obtained with the bandwidth of 240 MHz.
The cancellation of 22 dB is achieved in the bandwidth of 300 MHz at the central frequency of
6.75 GHz. For the whole frequency band of 4 GHz, the cancellation depth is about 15 dB.

In order to analyze the different cancellation depth at the different central frequency, the phase
and amplitude response of the interference and the reference paths from 6 GHz to 10 GHz are
measured by the VNA and the amplitude and phase difference between the two paths are plotted
in Fig. 11. It can be seen that the phase difference shown as the blue curve in Fig. 11 floats
up and down around 180°, which indicates that the phase response between the interference
and reference paths are opposite basically. The maximum phase deviation is about 14° near the
frequency of 8 GHz which induces the relative small cancellation depth of about 15 dB as shown
in Fig. 10. The amplitude deviation is about 1.5 dB over the frequency band of 4 GHz shown as the
red curve in Fig. 11. When the amplitude response and the phase response between the two paths
nearly match, as marked 6.75 GHz and 9.37 GHz in Fig. 11, the maximum cancellation depth is
obtained, which is corresponding to the result in Fig. 10. The amplitude mismatch and the phase
difference are mainly due to the non-equal amplitude response and additional phase between the
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TABLE 1
Amplitude and Phase Deviations Impacting on RF SIC Performance

/ds VB 02 0.4 0.8 16
Ap/?
1 335 307 259 202 -38
2 286 275 246 -197  -137
4 229 26 214 4183 -133
8 17 169 4165  -I151  -119
16 11 109 -108  -103 87

reference path and the interference path caused by the optoelectronic devices in the experimental
setup.

Then, the influence of the comprehensive deviation of phase response and amplitude response
on the RF self-interference cancellation depth is analyzed. By using Eqg. (14), we calculate the
cancellation depth with the typical amplitude deviation A« and phase deviation A¢ obtained from
Fig. 11, and the results are listed in Table 1. The cancellation depth becomes deeper with the
amplitude and phase deviation being smaller. When the amplitude deviation A« is less than 0.2 dB
and the phase deviation Ag is less than 1°, the cancellation depth of the system can be lower than
-30 dB. In order to obtain the cancellation depth better than —20 dB, Aa and Ag should be less
than 0.4 dB and 4° over the operation bandwidth, respectively. The calculated results are consistent
with the measured ones in Fig. 10, which proves the correctness of the theoretical model for the
multipath self-interference cancellation.

4. Full-Duplex Communication by Optical RF SIC Technique

The full-duplex communication by using the established optical multipath RF SIC system is mea-
sured with the 16-QAM modulation signals on RF carrier of 6 GHz. The test frequency is limited by
the measurement equipment in our lab currently.

4.1 SOI Recovery Performance

The 16-QAM signal with a bandwidth of 40 MHz and a power of -20 dBm carried by the RF of
6 GHz from SG1 is used as the SOI. The additive white Gaussian noise (AWGN) from SG2
with a bandwidth of 40 MHz and a power of 17 dBm at the central frequency of 6 GHz is
applied as the interference signal. Fig. 12 presents the output spectra and the corresponding
constellation diagrams at different interference cancellation states. Fig. 12(a) is the measured
spectrum without interference cancellation when the laser source of A, and i, are both turned
off. A strong interference signal is observed in the electrical spectrum and the SOI cannot be
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Fig. 12. The measured output spectra and the corresponding constellation diagram. (a) and (d) without
interference cancellation, (b) and (e) main path interference with cancellation, (c) and (f) main path &
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recovered as shown in Fig. 12(d). Then, by tuning on the laser source of 1;, the main interference
signal is canceled with a suppression depth of 13 dB as shown in Fig. 12(b). However, the SOI
is still embedded in the interference noise and the constellation diagram is not clear as exhibited
in Fig. 12(e). After further tuning on the laser source of 1., the second interference is suppressed
with a total cancellation depth of 30 dB, and the SOl is recovered as the pink curve in Fig. 12(c).
The corresponding constellation diagram of 16-QAM signal is clear with an error vector magnitude
(EVM) value of 11.5% rms as demonstrated in Fig. 12(f).

4.2 Maximum Interference to SOl Ratio

In order to characterize the SOI recovery capability of the optical RF SIC system, a figure of merit,
the maximum interference to SOI ratio for a certain EVM value of the recovered SOl signal during
the full-duplex communication, is defined as
_fa
" P
where Pg; is the power of interference signal, and Pgo; is the power of signal of interest. Therefore,
n represents the capability of the optical RF SIC system to eliminate interference and recover SOI. It
is much useful to demonstrate the communication performance of optical RF SIC based full-duplex
communication system.

During the measurement, the bandwidth is set as 40 MHz, and the input power of SOI is
—17 dBm. After achieving multipath self-interference cancellation, we gradually increase the in-
terference signal power and the corresponding EVM values of the recovered SOl are measured
and the results are shown in Fig. 13. With the increase of the interference signal power, the EVM
performance degrades. According to the international 3GPP guidelines, the maximum EVM value
allowed by 16QAM modulation is 12.5% rms [32]. From Fig. 13 it can be inferred that the maximum
interference signal power of the established system is —2 dBm and the corresponding maximum
interference to SOl ratio is 15 dB.

The SOI recovery capability of the established optical RF SIC system with the modulation
bandwidth of 10, 20, 30, 40 and 50 MHz is also measured. The maximum interference to SOI
ratio n is characterized and the results are given in Table 2. The maximum modulation bandwidth

(16)
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TABLE 2
The Maximum Interference Signal to SOl ratio n With Different Bandwidths

Bandwidth/MHz 10 20 30 40 50
Power of SI/dBm 2.7 1.4 0.3 -2 -1.7
Power of SOI/dBm -19 -19 -18 -17 -15
n/dB 217 204 183 15 13.3

is limited by the current measurement equipment in our lab. The maximum interference to SOI
ratio n exhibits the operation performance of the established experiment setup for full-duplex
communication. Certainly, the value of 5 is not high enough by now. It can be improved by further
combining the digital processing method [33], [34] in the real applications.

5. Conclusion

An optical multipath RF self-interference cancellation scheme based on phase modulation is pre-
sented, in which the sideband filtering and amplitude tuning is completed in one optical engine. The
influence of the time delay, amplitude and phase deviations between the reference and interference
paths on the multipath RF SIC performance are analyzed and simulated. The experiment setup is
established and the measured results show that the interference cancellation depth of 26 dB and
28 dB are achieved with the bandwidth of 100 MHz at the center frequency of 6 GHz and 10 GHz,
respectively. For a larger bandwidth, the cancellation depth of 25 dB over 240 MHz and 15 dB over
the frequency band of 4 GHz are obtained. The full-duplex communication based on the established
optical multipath RF SIC is tested. The recovery of SOI with 16-QAM modulation is measured and
the maximum interference to SOI ratio is defined to characterize the SOI recovery capability of the
optical multipath RF SIC system.
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