%44 % 5 3H1/2024 &£ 2 B/ SR

P 3 32 IR =
(AL 2% P B il Wy AR ek B TP e S BE 0L i
R BRE REE, KR

MEZR TG KA S S TR, LI 2002415
HERIVE K LI 2 4R B R E, LI 200241

ME N2 T(BFD) 2 A 25 (MIMO) A5 RGeH il 1 8] 5 0 A 4t 5 B R 2 A0 200 iy SRR A A+
PAR = w2 A% o DA AN SE R 5 T I BRI S 2% A LA 5 48— Bl el dme /D 3R (LS B 8E i B 19 MIMO R £k 1k
H A EC S B 5 58 OFK H SBCF OB BRAE 45 & . %05 X IBFD MIMO R S8 (9 52 2 B THAE 5 247 @8, O F1 A
LS BEE X R S B AT A o, b i o Al I 225 15 5 F 0 T 2 BOGIBHI A T IR BR . e Ah  dm e e B T TRR 76 AR E
BRI B TR B (1 00 T 2206 A TS 5 D SR B A 4r R AR LS Rk I 8 IR 2 % gl . 2 S0 0 3IF , >
MIMO £ 4 1 T 345 5 (00 Rk 45 SRk FF 5603 90 1 GHz R0, 5 Gbaud I, ST $2 05 58 28 b S U4 Fn 50 50 11 0 7

J5 L AT SEELZ 35 dB B T IR IH BR IR
KR

hESES TN29;TNI2 XERFRERS A

1 4l =

PN AW T (IBFD ) 3 {5 7 A A W] — 4 B N [R] B
KRB AE S, BEAE b T DL B RS R R R R
fE1 L BRI, T IBFD R G R R AR & 155, &5
Uity (1) K Ty R & A5 5 2 ik e & o T R A T
(SD) , S i A H A5 5 (SOT) By 42 e i fig 4 o 8tk
IBFD &G0 w5 ZE bR SUE 5. T SIHE S U%
LR TAHGESYE e A THIEER (SIC) WA,
7 AT 2 9 SIC, £ LA K L bk SIC 4L 5 SIC il
Bop s SICHY , B SICIE Mk S ES hES%,
AL EE K S E T S SUE S MmOk S B . Sk
WM, 2 B 20 B A1, H AR 48 STC 7 =77 B T4 45
FRow e M. M T HARRMALER AL
B A AR B AR S B SRR 2
WA NI E R I E R R e - DS R B I S o 88
TFH AR CE A SIC Jr ' Mgk i i . M5 &
TLAFE I AW 248 SUE S I, A 1YL B4 SIC
5 =R £ 4 0147 O F BE I T K i E B L
FE R 2R A R 242 S % {5 5, DT S B S AR 41
L4 SIC, (HH 2509 52 2= HoME LLGB B2 52 PR o £k R 40
2 A% T W R G PR AR A

N it P B A e AR A 22 4% STC Jr 454 52 2% Howfe

JCEOLA s SO T AWMU AT ER; WAL ELEH T

DOI: 10.3788/A0S231337

DL B PR A 0 A Ak B9 Tn) B B0 A B B9 ' ds AR
SIC J7r R ™. SCHER[ 20 IR e/ — 3R (LS) B
X SUE 5 SR A7 {5 18 Ak, 8 2o 400 38 190 24 4 1) 7 1A
H—&F 2 %6k S0 T 6l £ 42 SIC, Sk
(2142 7 b 4 e /s 3R (RS ) 55 125 il B 10 1 dnf
USIC I MHMANSHZE S (HF KRS HE S
FIH RLSBIL MBI 2122 %55 ) X 24 STHE F ik
A7 B, AT M 3 AL 0 2 5 7 v BI0SE 2 4 25 20 25 3 B
B ZER . SCHR 22 188 T P LS B89 4 Bl A9 T 1) 22
A Z i (MIMO) #5248 GBI L SIC 7 & L %
I F A A LS Bk i1t FE @ MIMO 2 /&5
w5, M S G AL TR A L E 3R N A G R L SIC .

TEIBFD 24 B T 242 SIE 5, R k45
T 114 2 1 2k A5 A B0 005 B & 0 STAR 5 A B & R
AR A AE SCHR [ 20-22 ] v (il G 26t 2 428 STAE 5 4 Al
Tk EEAELES G S WL AR LM ST 5 Ut T
THBR, 5R A 1 SUAE S AR 2o Mk W 423 %4 A A 5 14 i
R R Y L Bk Ak, 7 IBFD MIMO &R 48
MIMO 4t A& S HL s BE 4R B, 4% & 3 66 I 19 15 5 A0 B
L S BUREA & G BE B AR RO 1A K S R I 1Y)
RIEST . Bar, R R R AL 2R 80
B Z ST 5 6 B 013 B B A oK DL 438 .

N T gk b ], A S S AR £ ER 4 ST

i BEHEL: 2023-08-01; 1B EHHA: 2023-09-25; FABH: 2023-10-07; MEEHE L BHH . 2023-11-14
EE£UH: EXAKP2EILAE(61971193) LT A S8R 223 4 (20ZR1416100) & 1h 528 E WMF I H (YYJC072022006) | I

TR R 45 0137 2 4 % D T H (SAST 2022-074)
BIS1EE . "ychen@ce.ecnu.edu.cn

0306002-1


https://dx.doi.org/10.3788/AOS231337
mailto:E-mail:ychen@ce.ecnu.edu.cn
mailto:E-mail:ychen@ce.ecnu.edu.cn

AT A AR A A e 2 R S R S B
SRR AL, SIC o 7EH T LS 5836 05 BB 2 B0t AT A 1T
R SC BT RR 7R DR RO BR R BE A AL 2
W E TS AR B 23 R R AR LS S B 4
RS H EREE L . R PCECT B AR STC 7 2T
BR 9 /N A STHE 54 5 B STAS 5 9 — 3843, i LAAE

B 3 S1C Ik ik — 25 T s .
2 AR
10 i LS 5k B iy MIMO HE 2k | T4t
WEBR ARG R BE . ZAREH, A F MIMO i 18 /1%
transmitting pm———————— -
antenna ,_" __________________
/ -
[

signal

-~

-
“self-interference

receiving , _____
antenna

31gnal ' "
1nterest \t‘ﬂ

- - ———
-t - ———

-— e -

[P —. _—\_—_

FE 445 F38/2024 £ 2 B/REER
B 28 0k U g o) OE 32 AR RS AR A (QPSKO) il A I AR

BRI E Y N SN N
1 2 S R B Gt B2 ) v o B — AR & R & S s
S A S A T S S B R S S S
RN, A &5 R4 LSS 4 A i 2s
e )G 2 pe e A e 248 SUE 5, I s R AR B e KR &
Pl AR EECR & IE I MIMO £ 42 S5 5 A
A AR R A By v — 2k, Rt AR R I R
LR Y SIC R G 25 M IA) o A SO FH AR & B K
LR SUE S, IR A — MR U K 2R i %o i 42 2R 48
T B RS G B0

W e D AR

ata

— VI constructing digital SIC

analog
and signal
reference Wlth}demodu Sl

QPSK: quadrature phase-shift keying; DAC: digital-to-analog converter;
PC: polarization controller; LD: laser diode; LS: least square;
DD-MZM: dual-drive Mach-Zehnder modulator; PD: photodetector;
ADC: analog-to-digital converter; SIC: self-interference cancellation

BT LSEEG YA MIMO JEZ 1k A 40630 B 2 4t )5 8 &)
Fig. 1 Schematic of MIMO nonlinear self-interference optical domain cancellation system assisted by LS algorithm
&2 FF o, BT AN 5 4T N = AN =1 I R
W 2 B, WA G54 QPSK & 4815 5 70 31 by =S 4, 34(n) | (5)
z1(n)=Vi(n)cos(w.n), (1) +=Ts
2,(n)=V,(n)cos(w.n), (2) 7(n)= Z () (6)

KA A BG5S AR AR S GRS VO VL, 250 o A
FHH5 QPSK & HH5 5 19 s w. 8 QPSK & §1H15 5 14

FAMIEE . WA A% R S D B8 SR ST S o B, HOAR

%Tjﬁ,$ﬁt}:ﬂﬁ%7yﬁ%%%$ﬂ’ﬂn Bl E TN
F(n)=z/(n)+ ka(n), (3)
Z(n)=z,(n)+ kya(n), (4)

Ak (=1,2) R B RE, Rk, A B E b=
(- EERR I BURVIE S O 3 UNI SO R %l/\ﬂlﬁ
LR T A SCAB BRI = F Lk 52, X
JEH S = BriE e 1n777EEi35%E/JE'F%%T$:F#E,;H;yJ
FRER , H BB 2 5 SO B o B AR ek

ﬁ%ﬁfx'ﬁ%%ﬁ%ﬁfoIﬂ,T%ﬁaﬁfﬁ%ﬁaﬁlﬁ,ﬁﬁzwl‘u
B G A A U A 2 B a3 D AR AN TR U B
ARLE A = B LASP B9 25 U B AR Lk il o 200 o R S
Hk (25 ] v B Zh A O A Ze PR AL, AT DK 22 2 R0
KIF B A5 7 RN

k=1,3

o A RN EL, k=1 F k=3 435I % 07 £k 1 F0 = B AE
s a0 M a0 B s o R PE R AEZPE R4 )
M, o R 2 v AR TE 2. ROt RE LR

SR 5 2 A R as ) e s TR HR IR R AR TR IR ST
RN TN}
y<71>:ﬂ§l/11,1(m)f1(71—m)+
Z’m(m n—m), (7)

s Ay I Ry 0 I S AR & B R AR B B I R 2k 1Y
ZARAFTE W Y 5 m Fos il Sk TE B s M 5 e K 2 A8 SE i LA
K ADC W R FERA 6, maN(7)#E— LS, /T LI
B B2 MIMO 242 SIS SRk

y)= 3 S S H, Lt

k=1,3r=0m=0

(n—m)ai(n—m),(8)

0306002-2



a4 % F3H/2024 £ 2 B/FER

K H,, 2R WA G0 K SHE 5 LAY o 2, o, R
AR AR AE T 2t i, o ad s TEAS A Sk ZE IR Y
FEGr2— D 5 ECHE N BUE T 3R0R SIFE S
1925 Fh 4y o SHE & HAETE 6 AR 1 43, 43 5 ok
T XXy s M s, 7R SCHURE X6 S 143 i AR
BB BA R MR HIE RS H,, A
R 6M.
R L P L e
| = ¢ T
\r %, power amplifier / 2 &,
T «—O—
| =
\r :_z power amplifier / z, Z,
: o

S - - ———— - —— - —— - —— - - —— L4

2 PR S REAE LT 0 e AR L R 1
Fig. 2 Illustration of crosstalk and nonlinearity in the case of

two transmitting antennas

Bt ER (LD) r= A 0y 50 48 0% i — A e IR 45
il #% (PC) 1 A XUIK 8l 5 i - ¥4 1% /- 4 &l #% (DD-
MZM) . ¥4 $5 SIE 5 A MG 5 BN E 5 A
F| DD-MZM (1) F 8 X} S 28 5 2547 P8 1) 38 50 55
A AL S % (5 5 i A B DD-MZM (1 8 X) 6
ok FEAT IR A BB DD-MZM i & 7F 1F A2 & 5,
Zad BN G (PD) AT G, SUE S S %
551 o EARIITSEAG T, B2 % (5 5 R ok
¥ B STE 5 R B HEIH , # U 5 # ADC R AE 5 H
THFHASE AN, 8 LS Bk 25801
JRHE AT DL RN R
H=(Xx"X) X"y, (9)
P X RN 2 () J 2, (n) 41 ARG 56 B8, HR N R
NX6M, i NF/RLSHEEP M HOE S RKE ;Y
Fom y(n) L 51 ) B, HOK B S N H 360R Fif 8 28t
H,,, B8 H,,, H AR 50 16 & K 6M. AR
P75 5 i S EO S5 SR | BA R 2 () B, () 1 LA
AW SHES , JHEMSIES T IRR N
Y=Xa=[5(n) 5(n—1) jin—N+1D].
(10)
T I B A B B R T S 5 (5 S L i 3
A5 UL 358 I 28 2k A B R R R X SUE 5 HE AT I BR .
i B AR ¢ Bk 28 BT I8 S 2 {5 5 0 St B A TR
PERTT A T4 R A A RS RE S v R R E AT O A
LR HE B HEAT RS UH o S A5 5 ) T o A R kS |
A=A R B AT ), M A LS
L AT S B T R TE A 4% B T M 8 i 3 Ok
B H B AIL M R R B IR H LS Bk k47 S 80k 1t
W T3 A% B AR 2 B8 4 SUE 5 1840 14 3R 5504 g
SRUE & C N IR A e = 2 ERE N PE: 3 o

b — 2 R BER A SUE 5 B TR bR A S 83U
ZHSICHUR . AT A FEFFG LS B3k BB 50, IR
PLSIC YRR, Bir i 7 %8 1 S5 16 LS Bk B £y 6M i
AT S BN P B E A SUE S s S U
VB H 9T X R e XHE BT I — Ak . K5 ik
TR 0 — A0 5 09 H P /N 22805 6 B g ST
oy 2 LLBEAR IS S A LS Sk AU S %
S B R, SRR AR R . BARIRAR LS B
T2 1 B 802 A5 43 A B A AR UL STC s 8% 3 Bk 19 ST
SRPIEER HE G T, 248 55K 5 SIE S
TSt/ A% B 43 D) BN SUE 5 2 75 1 T B X6
AN STIC W R8RS i /0, HUL AT LUAE b 3% B8 ST
S i i SR B STC H AR I B .

3 SEERIN a5 g5 R A

HR A ] 1 BT 7 B D B R 8 A T S0 B B . AR SR
H, 3% %% (ID Photonics CoBriteDX1-1-C-HO1-FA ) %
O AR B P D P KA 15500053 nm, ) R N
14.5dBm. R T W 4F o] #8458 SIC R 4 1y JE £k
PE SRR, S50 T AR G R R E S SR MEE S
MATLAB %4 B 11 9 38 i3 T I & AL 48 (AWG;
Keysight M8195A ) 7 4= o 4 STAF = (14 2k P A 3 |
SO w4 B 4y B B A 1 GHz. 0.5 Gbaud i
3.8 us, H G5 M P Fr 5 B o 0. 25 Gbaud, Hi 38
AR AN A B 5 SIE S AHA . 7E MATLAB 5 5%
AT Mz, BRI R AR ENO0.150. 3,0, a
O3 B 1R 20, ay, AT o, [ RE R E O 1 R0 20, #F
P ALk B 4R 155 7 B 2 4 IE I B S1ES B
e S5 A B R A A 5 T 285 0 22 4 1 T T 9 A [
DLz, A, gt Z 2058 5 L=k 74 248 ST
I3 X TA LA WA A T 2 e A 1.1.5.2,
2.5.3.3.5.4ns, Holg B 5 7, A9 HL B 43 310 0. 3.0. 25,
0.2.0.15.0.1.0.05F10.02, Bt A T4 z, 5H™4E
072 R IFA N T 2% SIES , Jf 5 7, L H
Z 18 W L 242 STF 5 2 [F] 20 i MIMO £ 42 ST
G55 Bl y(n).

Hat AWG 38 18 — 7 2R B B T Har B9 MIMO 22
BSIES, Ik H S AWG il i — 7 4 i QPSK # i
H G5 38 o AR A A G R B OR A
SR E K KE S W A B DD-MZM (Fujitsu
FTM7937EZ200) B — A0 0, DL ' 25 ik #F 47 94
Hl . TEREASZE S0, DD-MZM i i 56 1E 5 4
1t % HL R I %% (PD s Nortel PP-10G) Ji5 8% % ¥ by L 15
o EHAE S PR IR (OSC; R&.S RT0O2032) LU
10 GSa/s [ RFEFE RN ECFE 5 )5 , % MATLAB
B LS kb HE, N E @R S 55 b 1
SRR e AR YRS i) R N R TN
MBS ZE S HZ AWG W E =74, - F

0306002-3



HiL 4iE (5} 28 (Sage 6705 ) 78 A5 LI i 8 15 B 10 = % (5
SHEN . BB (5 5 21 R i L8 R TS Bl e A E
DD-MZM B 55 — A~ S8 10, L 56 28 i 38 17 9 1 .
DD-MZM #% fif & ¢ 1E 38 & A5, 433 PD 5 SUE 5 #
ZEAG T IH o PD %t W15 5 B R B A5 R A, I 2B Bl
B RCFAE 5 MATLAB w0 g pE— 25 40 3, 40 45 7]
LS Bk X 8% 4y ST 5 47 807 38 SIC DL KO A1 A
ST AR
3.1 FHEHAO.IHWIHEER

B TE R BB L 0. LI XTI 48 7 22 3E 47 S
B E , 78 P 2% 1Y R BE R O 10 GSa/s, MIMO £ 4% SI {5
S KAE I A 4 ns, 2878 I 2% R AR 5 5007 S8 AE A
BRy 40, B 3 pR BOG R LS BE9E B B B M 13 E N
41, Rk LS Bk W B Bt o 246, FIH LS Bk ik 17
SZHAG T ZE R A 3 () Frs , 22 B4 43 32
2,252 oy s X BB BE P A sk R, B — A
FEeR B R AL ANk o A Tl R Sk R S % Sk BT
R SUE 5 1843 19 1 B R /INKE R, A ooy i e, () T
JET BT B Sk R BT R L S0 e, F
2, PRV BE AR AE HLoA 0. 150 K oy e, BT X 7 1 08 00 2 i Sk
BT VL 0. 15,8 25 i, o, F i BT %F I 1) 0 I o il
kAL 0. 15° B HE I i1 713 —fb 5 B3k &
B 3(b) i o XA —fb Sk R A E TR, 15
JNTFTT BRAE B 3 Sk 28 B0 X I B ST 5 o3 9 20
PLBLREAR G 20015 2 80 T T LS Bk i B 4k .

@ o

=

2

Q

€0

Q

g

= 2

0 50 100 150 200 250
M

®1.0

=

L

=

“g 0.5

Q

(=N

8

& R Mo ,[\fh..

0 50 100 150 200 250

M

3 R RECH 0. LAYk R (a) B35 2Ry Ak
FH0 (b) s I 1 — AL 5 bk R 4

Fig. 3 Tap coefficients when the crosstalk coefficient is 0. 1.

(a) Directly computed tap coefficients; (b) tap

coefficients obtained by taking absolute values and

normalizing
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Abstract

Objective

In-band full-duplex (IBFD) communication technology transmits and receives signals simultaneously in the

same frequency bands, theoretically doubling the spectrum efficiency. However, the leakage from the transmitter to the

receiver leads to severe self-interference (SI) that must be eliminated. Conventionally, the SI signals are canceled in the

electrical domain using electronic circuits, but due to the electronic bottleneck, it is difficult to realize the SI cancellation

(SIC) of large bandwidth signals, with poor tunability. Photonics-assisted SIC methods have been proposed to break the

electronic bottleneck. Nevertheless, considering multipath SI signals introduced by wireless channels or even complex

multiple-input multiple-output (MIMO) scenarios, the existing photonics-assisted analog SIC schemes employ multiple

parallel photonic links and a large number of delay and amplitude tuning devices to construct the reference signals for

multipath SI signals. This is complex and difficult to track the rapid change of multipath channel response in actual wireless

systems. The digital domain method is combined with the photonics-assisted SIC scheme as an auxiliary means to reduce

the complexity of constructing the complex multipath SI signals and meet the multipath SIC requirements. However, in

the IBFD MIMO system, besides the multipath SI signal, the nonlinear distortion caused by the power amplifier and
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crosstalk among different transmitting links will bring channel model changes. Till now, the photonics-assisted SIC

scheme simultaneously considering the inter-channel crosstalk, nonlinear distortion, and multipath effect has not been

studied, which should be urgently studied.

Methods In IBFD MIMO communication systems, the inter-channel crosstalk, nonlinear distortion, and multipath effect
collectively lead to exceptionally complex SI signals. To eliminate the complex SI signals in large bandwidth application
scenarios, we propose a least square (LLS) algorithm-assisted scheme for the cancellation of MIMO nonlinear SI in the
optical domain and combine subsequent digital domain SIC. A continuous-wave light wave is modulated in a dual-drive
Mach-Zehnder modulator (DD-MZM) by the received signal and the digitally constructed reference signal. The complex SI
in the received signal can be suppressed after the optical signal from the DD-MZM is beaten in a photodetector (PD). To
construct the analog reference signal, this method models the MIMO multipath ST signals in the presence of inter-channel
crosstalk and nonlinear distortion. The model parameters are estimated by the LS algorithm, and then the analog reference
signal for the analog optical domain SIC is constructed via the obtained model. Additionally, we reduce the order of the LS
algorithm and improve the reference construction speed by setting a threshold and ignoring the components with low power
in the SI signal while ensuring the analog SIC depth. Based on a two-step SIC of digital-assisted analog optical domain

SIC and digital domain SIC, the complex SI signals in the IBFD MIMO communication systems can be well eliminated.

Results and Discussions An IBFD MIMO scenario with two transmitting antennas is assumed in the experiment. The
ST signal has a center frequency of 1 GHz, a baud rate of 0. 5 Gbaud, and a signal duration of 3. 8 pus. The dominant third-
order nonlinear distortion is only considered and the SI signal from each antenna has seven multipath components. The
crosstalk coefficient is first set to 0. 1. After estimation by the LS algorithm, the tap coefficients of the filter are obtained
and then normalized. Based on the normalized tap coefficients, the running time of the LS algorithm is tested. When the
threshold of the normalized tap coefficients increases from O to 0.2, the running time of the algorithm in MATLAB 1s
significantly reduced from around 0. 25 s to 0. 07 s. With the increasing threshold, the construction of complex SI signals
using the LS algorithm will not be accurate enough, and the cancellation depth of the analog optical domain SIC will
decrease from around 27 dB to around 15 dB. However, after further digital domain SIC, the overall SIC depth is around
35dB, which is similar to that when the threshold is low and the digital domain SIC is also employed. When the crosstalk
coefficient is set to 0. 3, increasing the threshold of the normalized tap coefficients can also greatly reduce the running time
of the algorithm in MATLAB. Due to the large inter-channel crosstalk in this case, which indicates relatively large
multipath ST signal power, the effect of analog optical domain SIC does not decrease significantly during increasing the
threshold from 0 to 0.2, and the SIC depth of optical domain analog SIC can be maintained at about 28 dB. The
experimental results show that a reasonable setting of the order of LS algorithm adopted for analog optical domain SIC can
reduce the order of parameter estimation and computational complexity, and improve the construction speed of analog

reference signals.

Conclusions We propose and experimentally demonstrate a low-complexity digital-assisted nonlinear analog optical
domain SIC method for the IBFD MIMO communication systems. By utilizing this method, the complex SI signal in the
IBFD MIMO communication systems can be well constructed, which can be leveraged for the analog optical domain SIC.
Additionally, when the LS algorithm is adopted to construct the analog reference signal, the low-power components in the
ST signal are ignored by setting a reasonable threshold to reduce the order of parameter estimation and computational
complexity of the LS algorithm and improve reference construction speed. The experimental results show that the
proposed method can eliminate the MIMO multipath SI signals with inter-channel crosstalk and nonlinear distortion, and
achieve an SIC depth of about 35 dB after analog and digital SIC when the SI signal carrier frequency and baud rate are
1 GHz and 0. 5 Gbaud respectively. The proposed method provides a promising solution for the optical domain elimination

of complex multipath SI signals in IBED MIMO communication systems.

Key words fiber optics; radio frequency photonics; in-band full-duplex; self-interference cancellation; multiple-input

multiple-output; nonlinear crosstalk
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