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Abstract In this paper, a novel joint estimation algorithm is proposed for coherent optical
filter bank based multicarrier systems with offset quadrature amplitude modulation. Through
the special design of the training sequence, this method can accomplish the tasks of time
synchronization and channel estimation at the same time. Thus, it effectively improves the
spectral efficiency. Firstly, the conjugate symmetry condition of time domain waveform was
derived from the system model. On this basis, a time synchronization method was proposed,
which combines pseudo-random sequence with conjugate symmetry to improve the accuracy
of time synchronization. Then, the channel estimation was performed based on the principle of
dual-dependent pilots. It could not only avoid the impact of intrinsic imaginary interference,
but also maintain the conjugate symmetry of the time domain waveform. Finally, the
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transmission performance of the system was studied by numerical simulations, and the
numerical simulation results show that the algorithm can effectively accomplish the task of
joint estimation of time offset and channel response.

Key words filter bank based multicarrier system; offset quadrature amplitude modulation;

dual-dependent pilots; time synchronization; channel estimation; pseudo-random sequence
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Fig. 2 The waveforms of the PHYDYAS prototype filter, (K=4)
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Table 1 Simulation parameters of CO-FBMC-OQAM systems

Parameter name Value
Time domain sampling points 218
Sample rate 50 GSa/s
Number of effective subcarriers 256
Discrete Fourier transform length 512
Prototype filter name PHYDYAS
Prototype filter overlap factor 4

QAM modulation index 16




Optical carrier center frequency 193.4 THz

Laser wavelength 1550.12 nm

P72 A FH B 1 R B 5 A THSVA BEAT I 18] [R5 )5 1 5245 21 1 CO-FBMC-OQAM A 4 5E It
Az, b, 7 (a) RAMEFHPNTFIRS R i B 2 A7 Ab I A5 ) 45 R . AT LA
i, TEMERE I ALE P 2 MR EAR KR, TATA RE SIS OB R R . A T THBRIX
P, FRATIFE A% i PN 51 5 58 I 7] 25 15 51 (K AN I SR A 0 R AR TR, 79 30T R %
s, IHMER M 21 RFTRFER EERE, ERuRERINE RnE7 b Fin. 1
DL B, I ) 75 20 A0 5 B 85 B 00 A o B 7 A AT — SR B AU, BV SR T I AR

(@)

09

0.8

0.7 |

06

05

04

03[

0.2

0.1

0 500 1000 1500 2000 2500 3000 3500 4000

1

(b)

09

0.8

0.7 |

06

05

04

03

02

0.1 §

0 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000

K7 CO-FBMC-OQAM ARGHEN KR MAL. (a) MEAPNFSI; (b)EHPNFSI
Fig. 7 The timing metric of CO-FBMC-OQAM systems. (a) without PN sequence; (b) with PN



sequence

1301 | I SR P — =
2174 . < ... - VR SRRBBRNEY.: SR I——
— _ __ _i_ 7% HDFEC Limit
& :

S 1E-03 A :

54 LAV ittt Sttt ¥ Sl it © Sl = ol 4 Sl Nulilind ; BfsEEmEE dma=
En AFM AN
317 ") TSI SRR, *3; SRS R . V. DR
= oy
ae) 1 *H

s

20 T SRON W, . — A ——
—fe— The DPM method with ISFA ' |
—/\=The IAM method without.ISFA - :
——The IAM method with ISFA i :
1E-06 i i i i

10 15 20 25 30 35
OSNR (dB)

B g A iy
Fiber Length=1000 km |

1B-02 |- ------ I Rg N LD SN e A——

| _ ____ 7% HDFEC Limit

e i

S 1B-03 f---------1--- - Y-~ R rem oy fmmmm e
A. 1

E‘J *\*\k oA AAAAA)

D N I SN i o SR o o ne

= ; ‘A‘-*.*

R ; LR

1E-05 |-afe=Tha DPYf method witkiow ISFA™~ Y 2\~~~ "~ oo s
~—The DPM method with ISFA . !
—/A=The IAM method without ISFA : .
~—ak— The TAN{ method with ISFA ! :
1E-06 1 1 I i
10 15 20 25 30 35

OSNR (dB)



1E-02

Py
> 1E-03
—
]
<
@
=1]
[=)
r—
\
=
1E-04 ,
m 1
i
! ! ! —f = TheT DPM method tlvithout ISFA
,() SNR=2 OIdB ! —— The DPM method with ISFA
1 I I —A\-The IAM method without ISFA
! | i —dh— The IAM method with ISFA
1E-05 i i i i i

200 400 600 800 1000 1200
Fiber Length/km

KI8 AT VAL ME A EE P IS B THRE . () B S B NG ERREL 5%
FRr R 2L (b)421000 km SSMFA&4f5 DGR RR EL 5 R LURR BRI 2L (o))6fR M 920 dB
I, RHARFER SR KT R R
Fig. 8 The channel-estimation capability of the proposed method in the linear fiber channel.
(2)BER versus OSNR curves for the back-to-back scenario; (b)BER performance versus OSNR
after 1000-km SSMF transmission; (c)BER performances as a function of fiber length when
OSNR=20dB

TR, FAME Pt i S8 50 MG EE AT TEEM T BT 2R A
DRI, BHECLFRK %S (Erbium-Doped Fiber Amplifier, EDFA) ) H K455+ (Amplifier
Apontaneous Emission, ASE) W5 22/ B DG (55 M4 R, Bt JATw el 1
SRR, R ASERE BSET N BT 5 A REIE MR, SR KR (R, K4
T DPM. TAM i 18 W Bk T 7771 R G092 (Bit Error Rate, BER) 5 6{E M Lk
(Optical Signal-to-Noise Ratio, OSNR) KR MiZk. AR5, HATKEICL BN R E -6
dBm, 7EZ3T10002 B ARE 4T (Standard Single Mode Fiber, SSMF) &), 155 R4;
BER-OSNR #2411 1&8 (b) ATz . MIEIS (a). (b) A LLAE H, BEFHOSNRIVIE K, R4S HIBER
BTN, AR IR . AT, AR HIISFARIDPMJT 2560 i OSNRAE 1%
B FEBERYERE, TIEM R Z6AE T, IAMIT AR B IE G THERELLDPM T i %2 . X

(30) X X + Y MEEEE (3D iﬁﬂlﬂ(l—éj’j“)ﬁm BHEZER, XS DPMJT VAR ASE

N 7S HA S . ARG, BATE KRG MOSNRY B N20dB, XFASFE i T HIBERM: A
BE LT AR A i T BT 9T, 45 I8 (o). T LAE R, BB GLT KRN, Co-



FBMC-OQAM £ 4t H &6 5T S i T F, {8 HIISFARTDPM T VEATY SR I L S5 17 FA 1R i 2 11

AEo
1 1 1 1
_.'*- The DPM method wi:thout ISFA
—— The DPM method with ISFA
—/A—The IAM method without ISFA
A N N ~d— The JAM method with ISFA
0.1p-------- REE © ;0 205 o B L EEEEEEEE oo jmmm e
= I
=
«
9
wn
g 0.01
A
=4
m 1 1
= ] ; :
0.001 | ' | T . LaREeE
Time—offeist=50 Sami)les
Fiber Led'gth=500 kin | |
1E-4 1 1 1 1
-12 -10 -8 -6 -4 -2 0

Launch Power (dBm)
K9 22585008 B ARZANE LA AR 7 R RIS 3 5 R S D i 2, 4 I S 1) R
T N-6dBmit 5 5 i i A2 e ]
Fig. 9 BER versus launch-power curves for different methods after a 500-km nonlinear fiber

transmission, the inset shows the signal demodulation constellation when the transmitting power is
-6dBm

5, FAVEXEHEEAM LB, BT %Ik E] FP A E E TR ). B, &
114 SSMF I AR £ V45 B3 B N 2.6 X102 m? /W, ASEME 3L B 4dB, e KIEHE N
500km, FHREGAE S REAT 50 RAE RIS ) A%, F ORI (][Rl AP A2 . B9 AN A J7
PN BRI R SR D 2, B DhZRE E -12~0dBm.  FATA I 751248 LA
AR Al T AN RIMER XS YO R A IS ) 22, e b SR FHISFA FIDPM T 15 3 I H e (i R 1R 6
PERE. [FIRT, ORI EIE RoR T RS Th -6 dBm B PIEAMES R EE . T AEL IR
RLFRISEME, B R R AR T R RO e e, (B GE AR IERA Y . IR e S5 AR, 1EOLET
ARLRVERIREM T, AR B IES IR B R4 A IS 1) 0 % N5 28 00 N2 K 5 A 11 BE

5 45 1©
ASCERNT CO-FBMC-OQAM R GuHE H 1 —F i 28 sk ] [|] 25 R0 i e B2 G A A 1 H R0

FREE TS RLH AT 5 BT IZ R G IARAAR T, BATH BB th 5 VA 2 A SR B AT
THEAERERNT o O T DA RE IR PR pR Bt 2, T B AR R IR A7 2L 7 00 B P A S e o



IS IA) [F) A VR RE P A2 90, A PN RSB #EAT T FRAC L, JRERH 18 e N B2 B R
H, fEE R FEREPEREAS B T A . TEREATHER S IS, FRATIR FH U 5C S 40U 3 DL & T4
AR, JHER TG TR, 193] 7 ST B EX N EE R 5, wid
B EAVIET 6, BATDHZEE MG T EER R AT 7RIS, IF B8 7O R4
PERIREIT . FRAFHILE RIGAE T 1% 575 CO-FBMC-OQAM R ik 47 i [a] [Fl 25 545 1 Al 1
AT S AR

225 3Lk

(1]

[2]

(3]

[4]

[5]

(6]

[7]

(8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]
[20]

[21]

Nissel R, Schwarz S, Rupp M. Filter bank multicarrier modulation schemes for future mobile communications[J]. Journal on Selected
Areas in Communications, 2017, 35(8): 1768 - 1782.

Viholainen A, Ihalainen T, Stitz T H, et al. Prototype filter design for filter bank based multicarrier transmission[C]//2009 17th
European Signal Processing Conference, Aug. 24-28, 2009, Glasgow, UK. New York: IEEE, 2009, 1359-1363.

Chen D, Qu D M, Jiang T, et al. Prototype filter optimization to minimize stopband energy with NPR constraint for filter bank
multicarrier modulation systems[J]. IEEE Transactions on Signal Processing, 2013, 61(1): 159-169.

Sahin A, Guvenc |, Arslan H. A survey on multicarrier communications: prototype filters, lattice structures, and implementation
aspects[J]. Communications Surveys & Tutorials, 2014, 16(3): 1312-1338.

Fang X, Yu Y Y, Hua J, et al. Phase offset based channel estimation method for optical OFDM/OQAM systems[J]. Photonics
Technology Letters, 2019, 31(15): 1281-1284.

Kong D J, Qu D M, Jiang T. Time domain channel estimation for OQAM-OFDM systems: algorithms and performance bounds[J]. IEEE
Transactions on Signal Processing, 2014, 62(2): 322-330.

FRE, FHiE, XUk MiMo-OFDM EIILEBERFRIBENSEMIT. PERSE, 2016, 43(9): 0906003.

Chen Y, Yin H, Liu H L. Adaptive Channel Estimation for MIMO-OFDM Visible Light Communication System[J]. Chinese Journal of
Lasers, 2016, 43(9): 0906003.

Fusco T, lzzo L, Petrella A, et al. Blind symbol timing estimation for OFDM/OQAM systems[J]. Transactions on Signal Processing,
2009, 57(12):4952-4958.

Fusco T, Tanda M. Blind frequency-offset estimation for OFDM/OQAM systems[J], IEEE Trans. Signal Process., 2007, 55 (5): 1828-
1838.

Fusco T, Petrella A, Tanda M. Non-data-aided carrier frequency offset estimation for pulse-shaping OFDM/OQAM systems[J], Signal
Processing, 2008, 88, (8): 1958-1970.

Mattera D, Tanda M. Blind symbol timing and CFO estimation for OFDM/OQAM systems[J], IEEE Transactions on Wireless
Communications, 2012, 12, (1): 268-277.

KEH, Xals, B, F BT MTIESFRFIETAERMS ERRANERRLSEIEN]. SFFIR, 2019, 39(5):
0506001.

Wu X Q, Liu J F, Zeng X Y, et. Timing Synchronization Algorithm for Coherent Optical Orthogonal Frequency Division Multiplexing
System Based on Pseudo Noise Sequence[J]. Acta Optica Sinica, 2019, 39(5): 0506001.

Fusco T, Petrella A, Tanda M. Data-aided symbol timing and CFO synchronization for filter bank multicarrier systems[J], IEEE
Transactions on Wireless Communications, 2009, 8, (5): 2705-2715.

Saeedi-sourck H, Sadri S, Wu Y, et al. Near maximum likelihood synchronization for filter bank multicarrier systems[J], IEEE Wireless
Communication Letters, 2013, 2, (2): 235-238.

Mattera D, Tanda M, Bellabger M. Frequency domain CFO compensation for FBMC systems|[J], Signal Processing, 2015, 114: 183-
197.

Schmidl T M, Cox D C. Robust frequency and timing synchronization for OFDM[J], IEEE Transactions on Communications, 1997, 45,
(12): 1613-1621.

Minn H, Bhargava V K, Letaief K B. A robust timing and frequency synchronization for OFDM systems[J], IEEE Transactions on
Wireless Communications, 2003, 2, (4): 822-839.

Park B, Cheon H, Kang C, et al. A novel timing estimation method for OFDM systems[C]//Global Telecommunications Conference,
Nov. 17-21, 2002, Taipei, Taiwan. New York: IEEE, 2003, 239-241.

Mattera D, Tanda M. Data-aided synchronization for OFDM/OQAM systems[J], Signal Processing, 2012, 92(9):2284-2292.

Cho H, Ma X. Generalized synchronization algorithms for FBMC-OQAM systems|J], IEEE Transactions on Vehicular Technology, 2018,
67, (10): 9764-9774.

Chung W, Kim C, Choi S, et al. Synchronization sequence design for FBMC/OQAM systems[J]. IEEE Transactions on Wireless
Communications, 2016, 15, (10): 7199-7211.



[22]

[23]

[24]

[25]

LiL M, Wang Y, Ding L Q. Time synchronization sequence with weighted conjugate symmetry property for FBMC-OQAM systems|[C]//
MILCOM 2018 - 2018 IEEE Military Communications Conference (MILCOM), Oct. 29-31, 2018, Los Angeles, CA, USA. New York: IEEE,
2018, 1-6.

Cui W J, Qu D M, Jiang T, et al. Coded auxiliary pilots for channel estimation in FBMC-OQAM systems|[J], IEEE Transactions on
Vehicular Technology, 2015, 65, (5): 2936-2946.

FERR, X8Ik, B, & ETEETEEXFIIETLIERS ERRRENRLEIEL]. FEBDE, 2019, 46(4):
0406002.

Xu'Y P, Liu J F, Zeng X Y, et al. Timing Synchronization Algorithm of Coherent Optical Orthogonal Frequency Division Multiplexing
System Based on Constant Amplitude Zero Auto-Correlation Sequences|J]. Chinese Journal of Lasers, 2019, 46(4): 0406002.

Yu B, Hu S, Sun P F, et al. Chanel estimation using dual-dependent pilots in FBMC/OQAM systems[J]. IEEE Communication Letters,
2016, 20(11): 2157-2160.



MHEE % :

FRE: AT RFBMC-0QAM 2 4t e B 18] [F] 2 fn 5 3 B A 631 & ok
{EE . XIRA, TiE®, HAM, £46, e, Wik, £HE
Wks HEA: 2020-04-20

FHHEA: 2020-06-15

DOI: 10.3788/cj1202047. 1106001

SIA#:
XA, Fik, A, £44, T, Wik, FHEEE. A8 T LFBMC-0QAM % 4t iy B 8] [F]
¥ Fufg M B A T E ik [T]. F E#ot, 2020, 47 (11) : 1106001.

MEEEANEARSERBRNAEHE, HAERXLRSCH 9!

RSBt R IR :

ETHERFHESHEBNLEE AR MR FEA
KK HEEFE EEX BN ARR WEL £
FEIEMEFRRARHARTHR T, T 4FH 621900
 E 0, 2019, 46 (1) : 0104002

275 kmEUPKAT RSB ER IR IR R

Mk 2t X EX7 BTHE B #3k BHY KEX

FEMFR LELFEEIRARTLETL2EABALB SN ARAELLRE, L 201800
], 2016, 43 (7) : 0706001

RAFKEEFNTE230 km HLA RS E RS SR R R TR E][E] 25

XE & BT B A BEF% BB BY A

FEMFR LELFEENRARATRTE T AFELALRE, L 201800
], 2016, 43 (3) : 0305006

IR A RIZ BT IR ENEE % B RATEIE) MK 75 5%
KK HEEFE BEEW IEL EE FER
FEIBMERRARHARTHR T, T 4FH 621900
], 2016, 43 (2) : 0208003

S ABTE SRR B AL 38 R G AT [E] 25 7 AR

B BRE E R BT BEES BEX

FEMFR LELFEEIRARTLETLAESBRALBE SN ABAELLRE, L 201800
B, 2015, 42 (7) : 0705002



