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RF Self-Interference Cancellation Using Phe
Modulation and Optical Sideband Filtering

Xiuyou Han, Member, IEEE, Bofan Huo, Yuchen Shao, Chao Wang, and Mingshan Zhao

Abstract—A novel optical approach to implement RF
self-interference cancellation for full-duplex communication using
phase modulation and optical sideband filtering is proposed and
demonstrated experimentally. Based on the inherent out-of-phase
property between theleft and right sidebands of phase-modulated
signal and optical sideband filtering, the RF self-interference
cancellation is achieved by tuning the delay time and amplitudein
the optical domain. RF sdf-interference cancellation for single
frequency and microwave with various bandwidths of 1IMHz,
5MHz and 10 MHz is experimentally demonstrated to verify the
proposed technique.

Index Terms— RF sdf-interference cancellation,
modulation, optical sideband filtering

phase

. INTRODUCTION

and lower loss have been proposed to deal with the co-site
interferencd [9]-[9] In [[5]] two Mach-Zehnder modulators
(MZMs) biased at inverted quadrature points were utilized to
implement the electricab-optical (E/O) conversion of all the
received signals, including the weak signal of interest (SOI)
and the strong interference signal, and the tapped reference
signal from the transmitter. After tuning the delay time and
amplitude of the received signals in the optical domaira by
tunable optical delay line (TODL) and a variable optical
attenuator (VOA) , the interference and reference signals
cancelled each other out upon a photo detector due to exact out
of phase and however identical magnitude, and the SOI was
recovered. n@a single compact dual-drive Mach-Zehnder
modulator (DD-MZM) with the bias voltage difference of V

ompared with the conventional Time Division Duplexbetween the two arms was proposed to realize the E/O

(TDD) and Frequency Division Duplex (FDD),
Full-Duplex scheme transmits and receives

theconversion. By aligning the time delay and amplitude of the
signalaterference and cancellation signals in the electronic domain,

simultaneously in the same frequency band, which cahe SOI was successfully recovered. The bias voltage for E/O
significantly improve the throughput and the spectrurmodulators ir@] anm] should be controlled accurately in
efficiency and is considered as a candidate technology for theler to maintain the exact oofsphase condition, which
fith generation (5G) wireless communicatign |[{], ][2] increases the complexity of the SIC systemf7]]Jtwo phase
However, in the Full-Duplex scheme, due to the collocation efiodulators combined with two photo detectors were utilized to
the transmitting and receiving antennas, the high powgnplement the E/O and O/E conversiofbe alignment of the
transmitted signal will interfere with the in-band weak receivetime delay and amplitude of the interference and reference
signal, which is called self-interference or co-site interferencignals was realized by an electronic variable attenuator and

The interference cannot be simply removeahwgtch filter

or a narrow bandpass filter because the same frequency banolpical

used for both transmitter and receiver.

adjustable true time delay unit. [[n J8] hybrid electrical and
techniques for SIC were presented with two

Therefore, moedectro-absorption modulated lasers serving as the light source

efficient methods to remove the self-interference for reaind the E/O converter simultaneouslyRR Balun transformer
application of the Full-Duplex scheme are highly desired. In theasalways needed to invert the phase of the tapped signal from
past few years electronic interference cancellation methoti® transmitter. fierefore the electronic devices use@ [7] and

were developed to remove the interference signal from
received signals [3]], [#]. However, this kind of method exsff

@] [may limit the operatig frequency range of the SIC systems
In [[9]] an integratable dual-parallel polarization modulator

from narrow bandwidth, high loss, and low precision tim¢DP-PolM) based RF SIC method was presented, where optical

delay.

power control was achieved by tuning the polarization state of

To overcome the limitatimof electronic methods, optical the input optical signal into the DP-PolM, avoiding the need of
self-interference cancellation (SIC) approaches with theVOA. However, the polarization state may be affected by the
advantages of wider operational bandwidth, higher precisiognvironmental conditions and the system stability deggrad
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To overcome the challenges in previous systemshis
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Due to the inherentud-of-phase property between the right and

left sidebands of the filtered phase-modulated signals, the RF
SIC is realized during the O/E conversion upon the PD by
tuning the amplitude and delay time of the phase-modulated



signalin the optical domain. Avoiding the complicated biaslacobiAnger expansions€cds. (1) and (2) can be expressed as

voltage control as used in intensity m.odula' [6], the 3, (im) deeliarfek

proposed scheme is greatly simplifieth addition the B 3 et 3)
operational frequency range can be increased with the Bupper = B9+ O(m)>

alignment of amplitude and delay tirimethe optical domain. +3,(m) dZ e feker]

27(feo—fre)(t'+7)
Il.  OPERATIONPRINCIPLE ‘]1( rnZ) e

The schematic of the proposed optical RF SIC system is  Eouwer = BN {+3y( m) &7 (4)
shown in Fig. 1. Two lasers with different wavelengthg.of +J (mz) dl2r(feat feg ) +7)47]
and A, are sent to two phase modulators ;Phd PM, ! . _
respectively. The received RF signal s(t)+i(t) from the receivéfhere 3, Ji are the 0 and*torder Bessel function of the first
antenna, where s(t) is signal of interest and i(t) is interferenkid. When deriving Eq. (3) and (4), 0”')/ the 0- and-sider _
signal, is modulated on the light wave %f via PM. The components are c<_)n3|de_zred. The left sideband of the recglved
tapped RF signal r(t) from the transmitter (Tx), as the referenB& modulated optical signal in the upper path and the right
signal, is modulated on the light wave\giia PM.. Through a sideband of the tapped RF modulated optical signal in the lower
VOA and a TODL, the phase-modulated signal in the lowétath are filtered out by the OF. As shown the spectrum at point
path is combined with the phase-modulated signal in the upgern Fig. 1, the single sideband with carrier (SSB+C) optical
path via a 3dB optical coupler (OC) and fed to an optical filtéfignals are obtained and can be expressed as

(OF). After being filtered by the OF, the optical signals are Jo (m) e (5)
input to the photo detectoPD). pper +3,(m) dl2a(fer+ o oa]
Receive
Antenna ; J é27r( feo—Tre)(t'+7)
V e N Fpe =B W ©)
+‘]o ( I'T]Z) éZﬂsz(t +7)
Transni \V/ The RF signals are recovered by the O/E conversion from the
e o SSB+C optical signals upon the PD, and can be expressed as
T Lo 8C( P+ Eppper Epppe) = ACOS 2 f ot+7) (7)
VOA TODL

Ia(:2 oc ac(p~ Eower' Eower) = ’%CO{ x fRF(t,'i'T):I (8)
where A= 20E%Jo(my)Ji(my) , A= 20aE%Jdo(Mmy)dy(my) , p s the

Opti?l filter response

i) 7,10 n responsivity of the PD.
fjsm f f A As can be seen from Egs. (7) and (8), wher®), t=t’+z are
i [ b A T u 1 VY realized by properly tuning the power attenuation coefficient
0 0 M M of the VOA and the time delayof the TODL, the recovered
@ ® © reference signalyd, cancels the recovered interference signal

Fig. 1. The schematic of the proposed optical RF SICesysPM, phase |.q. The signal of interest is therefore obtained.
modulator; VOA, variable optical attenuator; TODuna&ble optical delay line;
0, cpa ol OF, ptcl e, P, st anenier. T
and after (C) th©F. An experiment based on the setup shown in Fig. 2 is
Due to the inherent property of phase moduldtion][10], thserformed. The RF signal from a signal generator (SG1,
left and right sidebands of phase-modulated signal are outAdjilent E8257D) is used as the signal of interest s(t). The RF
phase as shown the spectra at point A and B in Fig. 1. Téignal from a second signal generator (SG2, Agilent E8267D)
phase-modulated optical signals in the upper path and the lowgegplit to two parts by an electronic 3dB splitter. One part is

path before the OF can be expressed as input to PM (EO Space, ¥=4.15 V, 10 GHz) as the reference
(27 fogej A COS(2rTRet ) signal r(t) and the other part is used as the interference signal

et V., . . . . .
Eupper = B " (1) i(t). The RF signal s(t) from SG1 and the RF signal i(t) split

A L Vicod 2efe(t'+0)] from SG2 are combined as the received signals s(t)+i(grvia

_ [2efea(t et Vo } electronic 3dB combiner, and are input to PO Space,
Eower = BN (2)
lower

) V,=4.08 V, 10 GHz). A distributed feedback laser diode
where E, Bz, fci and ¢ are the amplitude and frequency of thepep | b Emcore1772) with a wavelength of,=1549.056

light waves from the twp lasers; is the power attenuation nmand a output power of 13 dBm, and a tunable laser (NKT,
coefficient of the VOAy is the delay time of the TOL; Va b 3460)with a wavelength of,=1549.52Inm and a output

and \;, are the half-wave_ voltage of HMnd PM, respeptwely; power of 13 dBm are used as the light sources in the upper path
Vi and V are the a_mphtude of the interference .S|gnal angnd the lower path, respectively. Two phase modulatorg (PM
reference signalisf is the frequency of the RF signal. Forg,q ppg) implement the E/O phase modulation of the received

simplicity, the signal of ?n.terest is not included ir_‘ Eq., (1)RF signal s(t)+i(t) and the reference RF signal r(t), respectively.
which doesn’t affect the validity of the deduction. By using the



After a VOA and a TODL the phase-modulated optical signalame power level of 5 dBm to verify the frequency
in the lower path is combined with the phase-modulated opticattendibility of the optical SIC technique. The experimental
signal in the upper path via a 3dB optical coupler. Then thesults with and without interference cancellation are shown as
combined phase-modulated signals are input to @® the blue solid and red dash curves in Fig. 4(b), respectively. |
(Accelink, WDM) with a bandwidth of 0.38m, by which the can be seen that a cancellation depth6adB is realized. There

left sideband of the received RF modulated optical signal aiglaboutl dB difference of the cancellation depth between 5
the right sideband of the reference RF modulated optical sigri@Hz and 8 GHz signals. It is due to relatively lower gain of the
are filtered out. The SSB+C signals are fed to a PD (MitegJC system and the greater mismatch in the half-wave voltage
SCMR-10M18Q. The detected RF signals are measured withf the modulators at higher frequencies.

anelectrical spectrum analyzer (ESA, Agilent E4440A).

= = W/O cancellation| = = = W/O cancellation
T 3, — With cancellation| ’E‘ -40 = —— With cancellation
3dB & & .
a2 i e
§os() coblner z_)’ 60 T 60
i PM1 g
2 2
Agilent g 80 g 80
E8257D 5 5
£ =
=, - 3 .
§ =% 3 -100 3 ) \ 3 100. . "
_Agilent 49996 4.9998 50000 5.0002 5.0004 7.9996 7.9998 8.0000 8.0002 8.0004
Es267D splitter Agilent : Frequency (GHz) Frequency (GHz)

(@ (b)
Fig. 4 Th tput RF tra of single fi $igvith and without
Fig. 2. The experiment setup to demonstrate the ofRRi€sBIC. c;gncellatic?n (z:l)sf:u:5GHngr?3 Eﬁ)gnggas requency Signs and withou

E4440A |

Figure 3 show the measured optical spectra of then grder to investigate the cancellation performance for RF
phase-modulated signals before and after the OF with the Bfnal with a certain bandwidth, the additive white Gaussian
frequency of 5 GHz. Figures 3(a) and 3(b) show the opticahise (AWGN) with a bandwidth of 1 MHz is modulated on the
signals modulated by the received RF signal, and Figs. 3(c) and signal from SG2. A 5 GHz single tone signal with a power
3(d) show the optical signals modulated by the reference RF_40 dBm from SG1 is used as the signal of interest. With the
signal. It can be seen that SSB+C sighalsebeen achieved by |aser source o, being turned off, a strong interference signal

the OF. Therefore, the RF signals can be recovered by the Q{Eypserved in the electrical spectrum as shown the red dash
conversion from the SSB+C optical signals upon the PD.  ~,rvein Fig. 5 (). Then, by tuning on the laser sourég, ttie

, . 1 MHz bandwidth interference signal is suppressed greatly with
z Before OF | = Before OF a cancellation depth as high as 35 dB and the desired 5 GHz
-10 -10 . . . . . . .

g g signal is maintained, as shown the blue solid curve in Fig. 5 (a).

. s The cancellation performance for 8 GHz RF signal with 1 MHz

& a0 & a0, bandwidth is also investigated and the results are shown in Fig.

S avelongth () e e T 5(b). It. can b(_a seen from Fig. 5(b) that a cancellation dejpth
@) (©) 34 dB is obtained.
0 0

. After OF o After OF 50 - - = W/O cancellation 50 - = - W/O cancellation

% -10 = € . — With cancellation —_ = With cancellation

22 g D of y e é R e Y

o = 30 = ¢ Y = ] ! 4

§ -30 % 40 g 0 Signal ofimerest'z ‘g o ." 34dB Signal of interest ‘

-40 o g -80q 3 80 |
50+ = a
1548.9 1549.0 1549.1 1549.2 1549.3 1549.4 1549.5 1549.6 1549.7 E 901 § 907
Wavelength (nm) Wavelength (nm) 3 100 g 1004
(b) (d) 4,9990. 4.9995  5.0000 5.0005 5.0010 7.9990 7.9995  8.0000 8.0005 8.0010

Fig. 3 The optical spectra of the phase-modulatedaligtk=5GHz). (a) Frequency (GHz) Frequency (GHz)
Before and (b) after the OF with optical carriehof(c) before and (d) after the (a) (b)
OF with optical carrier of,. Fig. 5 The output RF spectra of an interference sigaradwidth of 1MHz with

) . . ) and without cancellation, (a)sF5GHz and (b)d=8GHz.
At first, a sinusoidal signal at &Hz the standard of

wireless service of WiMax (IEEE 802.16yith a power of 5 Then the cancellation for RF signals with a wider bandwidth

dBm from SG2 is selected to investigate the performance !8finvestigated. The AWGN signal with a bandwidtfﬁ;bﬂl—!z
single frequency SICFigure 4(a) sh?)ws the pexperimental's modulated on the RF signal (5 dBm) from SG2, which is used

results. By tuning off the laser sourcelgfa maximum power as the interference signal. The single tone signal with a power

of -39.8 dBm at 5 GHz is observed on the ESi& shown the of -40 dBm from SG1 is used as the signal of interest. The

L . performance of the SIC system for 5 GHz and 8 GHz are
red dash curve in Fig. 4(a)hen, by tuning on the laser SOUrCE aasured and the results are shown in Fig. 6(a) and 6(b),

of &, the sine frequeng cancellation is achieved by adjustingegpectively. It can be seen that the cancellation depth of 25.5
the VOA and TODL, with the result shown as the bokd g and 24.5 dB are obtained for 5 GHz and 8 GHz RF signals

curve in Fig. 4(a It can be seen that a cancellation depth®df respectively. From Fig. 5 and Fig, 8.5 dB differencein

dB, which is defined as the power difference of the interfereng@ncellation depth is observed between RF signals with 1 MHz
signal before and after the cancellation, is obtained. Then thed 5 MHz bandwidth. There are mainly two reasons. One

frequency of the sinusoidal signal is changed @Hz with the  reason is that the RF power is fixed at 5 dBm for both 1 MHz



and 5 MHz bandwidth signals. The wider bandwidth is appliechncellation depth remains &8 with a variation of8.9dB to
the smaller power is distributed at every frequency componer.8dB over one hour, indicating the good stability with time.
For the 5 GHz RF signal as an example, the average power of

about -58.5 dBm for 1 MHz bandwidth but -59.1 dBm for 5

IV. CONCLUSION

MHz bandwidth is detected without cancellatidrhe other

reason is that the RF signal with a wider bandwidth has stron%1

residual noise after cancellatipn [IThe maximum residual
noise power for 1 MHz bandwidth is about -93.5 dBm, whil
the one for 5 MHz bandwidth is about :841Bm.

= = WJO cancellation
= With cancellation

d A
25548 v
H Signal of interest 3
-804 N :

= = = W/O cancellation
= With cancellation

ARl RPN,
Y

-504
-604

£ 24.5dB

-704 .
! Signal of interest
;

Outout power (dBm)
Outout power (dBm)

4996 4998 5000 5002 5004 7996 7.998 8000 8002 8.004
Frequency (GHz) Frequency (GHz)
(@) (b)
Fig. 6 The output RF spectra of an interference sigaradwidth of 5SMHz with
and without cancellation, (a)s£5GHz and (b)#=8GHz.
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Fig. 7 The output RF spectra of an interference sigaadwidth of10 MHz
with and without cancellation, (a)sf£5GHz and (b)#=8GHz.
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The bandwidth of the interference signal is increased furth
to 10 MHz. The measured performance of the SIC system w

the cancellation depth of 20 dB at@dB for 5 GHz and 8 GHz
signals are shown in Figg(a) and 7(b), respectivellf.can be

seen from Fig. 7(a) and 7(b) that the maximum residual noise
(-79.3dBm @ 5 GHz, -78.5 dBm @ 8 GHz) in the bandwidth ig,

higher than the recovered signal of interest (-81.6 dBrb @
GHz,-81.8 dBm @ 8 GHz). Therefore, when RiEbandwidth

An optical approach for RF SIC based on phase modulation
fld sideband filtering is presented theoretically and
gxperimentally This approach utilizes the inherent
out-of-phase property between the left and right sidebands of
phase-modulated signals to obtain the invert phase relationship
between the recovered interference and reference signals. It
avoids the bias voltage control as required in intensity
modulation and greatly simplifies the RF SIC systéy
tuning the amplitude and time delay of the reference signal by
the VOA and TODLin the optical domain, the RF SIC is
realized. The performance of cancellation for RF signals with a
single frequency and different bandwidth is investigated

The preliminary experiment results verify the utility of the
proposed approach. There are mainly two issues to be solved in
future. One is to optimize the phase modulators and the optical
filter to get the flat amplitude and linear phase response and
achieve high cancellation depth over wide bandwidth. The
other is to investigate the method to monitor change in
amplitude and phase of the interference signal and the adaptive
controlling method to tune the reference signal for the real
application scenario.
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