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Estimation and Compensation of Sampling Clock Frequency
Offset in Coherent Optical OFDM Systems with a Pilot-aided Method
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Abstract: The pilot-aided method was adopted for estimation and compensation of sampling clock
frequency offset in CO-OFDM systems to improve the system's performance . And the pilot arrangements
were simulated and discussed by comparing with five different location of pilots inserted, the optimal
location of pilot inserted was obtained. The simulated results show that the method can work quite
effectively even with large sampling clock frequency offsets,and the loss of optical signal-to-noise ratio is
less than 1 dB. Therefore, it can reduce the cost of system; the location of pilots will impact the
performance of the algorithm, the average insertion of pilots is optimal. With increasing sampling
frequency offset,if the method can not work well, the pilots should be inserted at the low frequency sub-
carriers.

Key words: Optical communication; Coherent optics; Pilot-aided; Sampling clock frequency offset;
Orthogonal frequency-division multiplexing; Pilots; Estimation; Compensation

OCIS Codes:060. 1660;060.4510;030. 1640;060. 4230

0 3|5

1E 22 4t 43 &2 F ( Orthogonal Frequency Division
Multiplexing, OFDM) & 4t Fl Fi 4% 1 #k 3% 2 8] B9 1 3¢
PEBE A8 1A T (S R R K B AT 2 AR TR R
BN T A LM LR RS & F B IEAL

Pk BE A% B 2 IR (9 R IR I OFDM & 58 1Y 1E 22 34
il A0 i 8 BE 0% 8 0T B F 7 T 4k B (Digital Signal
Processing, DSP) ik 47 Pt 53 . B i 336 25 # (Inverse Fast
Fourier Transform, IFFT) #1 fk 3 {# H M- 4% # (Fast
Fourier Transform,FFET) 328, £ & £ 4 9 2 3% 1. [l
T 220055 B 2 R BB F K 15 6 8 1) 9

E&TB . HRKAREIS (Nos. 61307087,61377079) WA H AR #FE 450 B (No. 12]J3070) Fl v o &5 1 3 ARl 55 9% 9% B
E—1EH . 989 ), B WL WF 5 A EEHFSE 5 1A G (5 K R, Email :1b837023792@ gmail. com
1= Vi <A &y (1978 —) o A WA, EFWFSE 7 ) O 6 JC 4GB 15 M T 638 15 . Email:jhe_hnu@163. com

Y i BH.2014-03-24; F A B H:2014-06- 30

http : J www . photon . ac . cn

0106003-1



ot T

EE ¢

SR MOk B L AT OFDM. £ 45 BE % 1R 4 b & 7 BAT
A PR3 {7 SR A R R IR R A A B
R Rg

A6 OFDM S 15 5 48 18 & S HL AN 42 bl 2]
F) K == B B 4L 5 i (Digital-to- Analog Converter, DAC)
FIAL L 3 %0 5 5% ¥ 28 ( Analog-to-Digital Converter,
ADC) 52 BRI % 4. 75 AH T 56 OFDM £ 58 9 & 3 AL
t.gad IFFT )5 19 %07 OFDM {5 %5 43t DAC #%
UL OFDM (545, 7 422 Wi s 388 2o 55 50 e #% ADC
WG T e W5 5 AR FRT v 17 i
¥, T ADC #l DAC 9 I 80 A 7] B8 58 4240 ] L 8 S 3
{Z18 8] T 3 (Inter-Carrier Interference, ICI) Fl £ 1
FET i J& 1 80 00 AR 7 8 % o DA 7™ 50 52 1 3 48 1Y)
T BE 5 PRI MR 0T SR A 1 I b AT R 25

SCHR L9 102 7 i 3852 T AR A 50 R 3 SR A, ) T 4
A B SR A , 7E 22 WAC o X X L o AT R R A 5 DUk
C10-11 P A% i 45 21 (4 0 2 B 15 5 Ry 422 W00 R
PR Aol o L5 S B 22 1) B Ik S I R G0 1 O A% R R A
A R 5 SCHRL L2 IR 52 05005 5 A T SR A B 4 400 % g
2 (Sampling Clock Frequency Offset, SCFO) I H 2 )2
Bt — M55 BRI 57 a4 o LA R SR A B 0 %
(4 ) 25 o E X R 77 3k A8 SCFO AR /0N (15 B0 4 B2 158 22
SR K. AE T Lk OFDM A Xt SR B I o 39 3% g 22 1)
A T R B 3 32 2 R S A 5 R R R B e A
243t FFT J5 5| 0 F 2088 07 € 5% = 1] 19 26 1

KR B AR AT AME

AR SCRE SCHRLC 13 TA 5 03UA5 5 Al i SCFO kb £
f 5 2 % T A T OFDM Sl 45 & 45 b L Rl A58 T
U AL B 2% Sk P RE Y R L O 0 A A
Hdm AR HES %

1 EBigoh

HFXBERS

M 6 IE 22 80 4 B R 48 (Coherent Optical
OFDM, CO-OFDM) JFU BN P& 1. 1 5 % S5 L™ A= ki
OFDM 155 (£ %5 £ b AL — 12 1 ¥ %1 ( Pseuo-Random
Binary Sequence, PRBS) j= 4= ) , 4E Jy I iR & 45 1% 44 ¥
5. 30 15 T8 e B B R E A AR G Y A% T SR T IR
I R MRS R R R R I S S M-
PSK/M-QAM £ %5 , F S 450 9 4 A Ak 1 FRM 22 432 Wi AL
Ry SCFO Fi 3L [6] A6 47 1% 25, 38 & IFFT PR 3 50 3
OFDM {55 0y l. Ry 1 I8 Bk 2 42 18 iy 1CT F 455
[&] T4t (Inter Symbol Interference, IS , 1] 3% /i i& >4 /49
TGN 2% (Cyclic Prefix, CP). 7E4& % 19 it 4§ OFDM 4%
SR A I 457 %) (The training Sequence, TS) L) ik
FERE5 [l A0 2 0 A 1 L 2R SEE OFDM {5
g it DAC 7 A BE 5 . HIRE 3 3 4% (Low-
Pass Filter, LPF) i B DAC 7 > (19 52 Wi 38 i 't 1E 52
P & 7 4O OFDM {5 5, 28 3 Ot it K 4% (Optical
Amplifier, OA) i A 26 HE # b 1% 4.

1.1

IFFT [{ GI&TS

|
I OFDM transmitter
|
| . | QAM Pilots .
I PRBS [ Coding — mapping inserted S/P
|
- - - -
— T T T
|
| ~
| | |« | Remove|_ | Symbol
i P/S FFT CP Sync. A/D
|
| [—
| le—
|
|
|
|
| | Channel |_['SFOEst& | [ BER
| Eq. Comp Calc.
-
M1
Fig. 1

LWL B 32 AL ARG AR 5 1y i, D6 B HL 9 A
TR 75 3 . OFDM {5 5, ADC %% 4t JH % 145 31 4L
% OFDM {5 2.

1.2 REMBERBHITMIMEZEE
¥ N &5 IFFT/FFT i OFDM 2% 78 %3110

|
|
|
|
<] LPF |~ PD -1|~
|
|
|
|
|
[

AT EE R 5 R EAE E

The principle of coherent optical OFDM transmission system

BUEIE KRR L —N/2+1 N/21, ti TR AE I B 0 £
Zeab gl FET i 7™ Az 9 A8 07 e 5% f F 2k R 91 A
MR

(k, € p)

o = sik; [@D)

0106003~ 2



L% T OFDM AR G H 5 T 5 550 i I ) SR AR W o 031 3 fi 22 A6 1 D 2 Bk

5= kg S E (2)
K o, RRH L 4 OFDM £5 5 () 340 5 Bk R 51
k, BIARDIAWAS s, R4 L A OFDM £ 5 ) 4 47 Jé % B
Top BFPUNTTE T BRG] F /D 5k (Least
Square, LS) 3R AR A # PH 5~ s, Horpr MO i A 593
(K. BEZE OFDM 255 By 3 s, S W7 38 kL {3 2
L —A> OFDM £F 5 5 R 51 89 1 80 AR 7 e % i i
T Bl s, KT 20/ N B, Al DU i $2 fi sl 25 28 J5 — 4
B A SRR R T B SRR I A i 22 5 | S Y 1 DA
L Jie % .

Kl 2 J& 2R I SCFO A i FIah £ 5030k i) DSP iz 503
Rl SR s 80T R S CO A 3 A T s mg
e RE AL, B R 220t FET J5 A KA b I 22 B9 %5 4
e LA R B9 A 7 e B F exp (— jsik ).k €
[—N/2+1,N/2 #4745

Compensated data >

Offset data
Pilot

N Points FFT

ﬁ

Transmission
shift phase

7y NS

Shift Judge S, (::l‘ Using LS to Solve S,

B2 R 2 4 A

Estimation and compensation of sample clock

Fig. 2
{requency offset

1.3 SHEAGE

F S 5 Al T 7 2800 AH 7 € e I A8 I3 25
() FE AT AR A2 S X S 0 A7 B AT T 0 b, i T
WPRGIHEEF [ — N/2+1 N/2 ], i 0D a]
LA AN IE e e A A0 1~ 3R B R T AR PR G & il T N
FET M0 N BT LABEAE #5480 8¢ e 7 AR 037 1 48030
R KR K A 3.

TPhase shift

1 2 32
L | iIndex of
sub-carriers

-31 -2 -1

M3 FHREMEEEEMRIINEEX F (N=64)

Fig. 3 Phase shift versus index of sub-carriers (N=64)

K ST IRAE P 320X BR A 23 TR O e S A Y
fLE . D I 7 U m AL E L A 4. 2) &
WU TE T BB ARAL E, An ] 4 (b 3) M 8 IR
) v 91 LA 5 0Kk % B B A A B AT 4 (o). )
A 33 AR ) g L RO A T T
By Ry AR SV 35 A Ay o S AR A Y B R T 3R
P AL E AP ACd). 5) DA 33 I AR T 2 g AT L 40
3B I I AT A 4 Ce).

el slillie
ttlpdelneny sl
nanfmTrer@ _lfmltrr
nhnﬂmﬂﬁﬂﬁ) sl
S

(e) Pilot-dec

B4 SHENME

Fig. 4 Pilot arrangements
2 fESWEWR

KT B SEAN TE AURNEE B RO L R Matlab
Optisystem # 47 T BE & 07 H. 78 & 3 o & 40 4% i 1
OFDM ity 160 4~ OFDM £F 5 F1 P A~ Y1 25 )5 51 20 B
A OFDM #5541 200 4~ 8088 7 2% I . B0 & = 4
THPEF. B EA M Matlab 7 4z i 58 OFDM £,
Horp g 45 7 R O BEAL P 91 4R 5 B 16-QAM
FFo o B B JF A8 4, Fa A B 256 s TFFT . iR 5
FWATERATZ 1/8 IFFT K £ 1y CP. DAC I # it 258y
5 GHz, Optisystem % #& # & & 24 Gb/s. ¥ 8 1§
OFDM 1538 i 1/Q 7 il #5 78 il 2 0t 2k b, ot a4
By Ko 1550 nm, 2k %5 100 kHz. )t OFDM 5
Lt ¥ 5o 20 dB, B RS Al 4dB 1) OA J5 iy A 2
100 km [ #5 #E B SE £4F (Standard Single-Mode Fiber,
SSMF) 5 g%, ST (A B R £ 16. 75 ps/nm/km.,

TE W i 1 2 30 3k — A DG S U IR K 2 AR AR AN
[7] 5% Ty 3R Fl S {5 Mk kb (Optical Signal to Noise Ratio,
OSNR) 5t OFDM {55, 8K J5 28 3 D't VR A3 ks 1 A6z Tl
#% (Photoelectric Detector, PD) 18 #| f1, 3£ # OFDM &
TR B {E S 5 4T DSP i2 B, i S 1S 2 0 AR
St Lt 16 FAOAE A DA P AR B A SR B I O
2 BYECHE 5 SR 5 RN 25 0% 9 8 47 45 5 5] 20 R0 A G Al
THs 2 ik FET iz 5 R0 Al kb 2 78 95 560 25 ] #F 47 2R

0106003~ 3



T

EE ¢

b Qi 22 51 A2 B9 AR 7 e B B4 A T AR B2 5 IR
e it i R A ke S5 A ) RO L 3 A R A R L AR

A TR) 3 430 3 A AL 0] B TR A AR R B R
0p
0.5t

—o—w/ comp.+ 100 km SSMF
—o—w/0 comp.+ 100 km SSMF

020 4060 _ 80 100

Sampling clock frequency offset/ppm

K5 4 100km St 4 # 8 5k & X 5 SCFO d &

Fig.5 BER versus SCFO,SSMF=100km

ST T AVR B 1 0 B A5 SR ULIRT 5. i P 5 AT
HLBEA SCFO Y AN W73 K, 5 48 1% 1 48 o 18 7 19
i 3 R A S BRI AT LIRS ETE 10 T R 21

6 thBEE SCFO By 3G AN, 7~ 2 AH A7 14 e e B
KB, — A ECH 2 AR U B T Ok AL
L7 B TB) Y BB . SR KR IRE B AR AR AH 22 100 ppm B
+5 MHzI, R X SFO #b B2 1 fiff 8 5 5 B2 8 B an e 6
Ca) F1 6 (b) 7 o &M J5 00 B2 1 UL 6 (o) AT 6 (d) s M
ROR W] .
1.5 1.5
1.07
0.5

0

-0.5
-1.0f
-1.5

-1.5-1.0-05 0 05 1.0 1.5 ;1.571.070.5 0 0510 15
(a) SCFO=100 ppm (b) SCFO=100 ppm

-15 v s - :
-1.5-1.0-05 0 0510 1.5-15-1.0-05 0 05 1.0 L5
(c) SCFO=100 ppm (d) SCFO=100 ppm

KHe EEH

Fig. 6 Constellation diagram

TE R # 2 100 ppm 15 4L F . A 6] OSNR T &
ARG P) RIMAE 7. L8 100 km 196 £ 55 5, Y
SCFO= — 100 ppm I , &4 R 22 19 5 K2 4% Wi ADC
FAE I BT AR/ FE FET WA OFDM #5551 A T
— > OFDM £ 5 9 # 4» CP, 8K T 1 800 22 W] 1Y 1E
M NI A ICT, 23 R Gk kT R, SR W] LU o
TS TINAE B 5 28 A f 33 I O LS 23 389 R 48 AR
TE AL AR % = 5MHz I 28 00 55 A2 5 R 98 D2 A

REIMMESR SCFO Y R G iR R E I FE L. 1
BER=10",SCFO=+5 MHz F & 8 & 4 OSNR i
¥FATET 1 dB.

= T T
—o— 0-ppm
—o— -100-ppm
—— +100-ppm
I :
[
m
2
o
)
=2 4} |
_5 1 1 1 1 1
16 17 18 19 20
OSNR/dB

BT R &
Fig. 7 BERversus OSNR

23 100 km B bR SSMF JC4F 15 5 B e R
) A 5 40 3 A7 B LT B R e iR AR L 8. FE
SCFO /NF 700 ppm B, F 3546 AR R bar, ik 8] T
10 B, X 2 N 78 4> OFDM 75 5 1 T A7 54
TR BRI 5 A A F A A T T R B
T TR e A TR R R R LA
FH LS AR 1Y s, o 48 o, #6258 4. B2 Bl % SCFO
(14 398 1T DA 55 SR T A 25 L S 0 LA 3 ok 1) % X4 AR
ARSI B A LR S B AE SCFO R K B 5835 47
SRAEA A A2 U T CORDICHY 53k 19 i 3
TN (= QR 5 3 A 1 L 2 B AT £ (1 ICT
o IS, PR vT LA 5 4 A5 38 48 J5 — AN SR FE S AR IE
T WAL HERAE (— o) N B SCFO 5K Fl & 4
Mg 7 11 55 W o e AT 80 0% M A7 114 JE A gl 2 8 3 X Y
Bl AR s, AR R 22, RGETERE TR, X4 SCFO Bk
BN FRIE A FWOT B 46 A B0 R R BB Rk SCFO

(18 A o 3 0 7 S A A AR A

0
-05F
-1.0
L5y
é—z.o L
—-2.5 &
%D_3 ok
— —o—Pliot-dec
-35+¢ —o—Pliot-inc -
~4.0 ——Pliot-after |
: —Pliot-before
-4.5 P —<+Pliot-aver 1

0 100 200 300 400 500 600 700 800 900 1000
Sampling clock frequency offset/ppm

B8 FRZAEANLETHEDE S SCFO 4
Fig. 8 BER versus SCFO with different pilot arrangements

3 &g

AR K TG £k 15 HL A9 ) F S 500k 17 SR R B i 5 3R
i 22 BY Ak 1T A0 RN 22 58 1 B A 5% OFDM & 42

0106003~ 4



FELAF AT OFDM R G b 2 T 5050l B B4 58 o I Bl 030 24 i 22 5 31 A0 b 2 5 2k

HA5 SEA ) DSP AR #E 47 b Bl w] DL 7E 51 88 B 4 %)

A I o 3 3 (i 2 AT A AN LA A 1 S 1 BE B

TGS A AR HR L BAR AT SR PR s TRl B F Y T

AN TR) S A 4 AL B SR A ROCR . B R R TAR

SC A BRIV A 25 R SR A R e 0 R g 2 I L TR e

B B RS R R B, [W i BER=10 "'} OSNR

FE/NT AT 1 dB. A R Y S 00040 AL B 25 X B30 3 b A%

IR A R AR BN SCFO T, S 800°F B 46 A

AR EG A A A Ty 20T B30 A2 20O A i AR

et A AR AL R 8 2 T KA SR A BT Ao 41 Ml 2

% 3k

[1] CVIJETIC N, QIAN D, HU J. 100 Gb/s optical access based
on optical orthogonal frequency-division multiplexing [ ] J.
IEEE Communications Magazine ,2010,48(7) ;70-77.

[2] QIAN D, CVIJETIC N, WANG T. Novel optical OFDM
transceiver  structures [ C J. Opto Electronics and
Communications Conference,2010:470-471.

[3] CVIJETIC N. OFDM for next-generation optical access
networks[ J]. Journal of Lightwave Technology »2012,30(4) ;
384-398.

[4] HU Shan-mei, CHEN Lin. A radio over fiber system with
frequency sextuple optical millimeter-wave generation carrying
OFDM signal utilizing phase modulator. [ J]. Acta Photonica
Sinica ,2010,39(4) :699-703.

S A L R AR, R TR AL R a5 5 A S R RO 22 0K % ) OFDM
{55 et R G E[J]. 6 T2# 4 . 2010,39(4) :699-703.

[5] GAO Yang, CHEN Lin, YU Jianjun. Reasearch
onperformances of LDPC coded OFDM in long reach andmulti-
mode fiber access network[ J|. Acta Photonica Sinica +2011,40
(2):162-168.

P R A R R B R £ R A I % IR R A A
- 1E 3843 B R PEREBE 5T [T ]. 6 F 2% 4. 2011,40(2) : 162-
168.

[6] ZHANG Chao-li,CHEN Lin,SHAO Yu-feng.et al. An optical
packet switching system with a novel scheme for using optical
OFDM label signal[ ]J]. Acta Photonica Sinica ,2010,39(1) :84-
88.

SRR L R B L 4 SR OFDM {5 54 Jg bRic 1Y 06 2 41
32T SR ]). D6 F# 4%, 2010,39(1) - 84-88.

[7] QU Liang., SHI Zhi-guo, GU Yu-jie, et al. Easy-hardware-
implementation algorithm of sampling frequency synchroniza-
tion in OFDM systems [ J]. Jowrnalof Zhejiang University
(Engineering Science) ,2007 ,41(06) :935-940.

M2, s09h B BT, % 5 TREAESE IR OFDM R 46 5% BE AR
R AT Wil K244 ,2007.,41(06) : 935-940.

[8] JIN X Q.TANG ] M. First experimental demonstration of real-
time optical OFDM synchronization with sampling clock offset
compensation capability in 11. 25Gb/s IMDD systems[ C]. Asia
Communications & Photonics Conference & Exhibition,2010,
Postdeadline paper PD 4.

[9] JANSEN S L, MORITA I,SCHENK T C W, et al. Coherent
optical 25. 8-Gb/s OFDM transmission over 4160-km SSMF
[J]. Journal of Lightwave Technology ,2008,26(1) ;6-15.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

0106003~ 5

GIDDINGS R, TANG J. World-first experimental
demonstration of synchronous clock recovery in an
11. 25 Gb/s real-time end-to-end optical OFDM system using
directly modulated DFBs [ C]. Optical Fiber Communication
Conference,2011.0OMS4.

GIDDINGS R P, TANG J M. Experimental demonstration and
optimisation of a synchronous clock recovery technique for
real-time end-to-end optical OFDM transmission at 11. 25 Gb/
s over 25km SSMF[]J]. Optics Express,2011,19(3): 2831-
2845.

YI X, QIU K. Estimation and compensation of sample
frequency offset in coherent optical OFDM systems[ ] ]. Optics
Express.2011,19(14) :13503-13508.

SLISKOVIC M. Sampling frequency offset estimation and
correction in OFDM systems[ C]J. IEEE Electronics, Circuits
and Systems,2001,1:437-440.

SLISKOVIC M. Carrier and sampling frequency offset
estimation and correction in multicarrier systems [ C J.
IEEEGlobal Telecommunications Conference, 2001, 1. 285-
289.

SPETH M,FECHTEL S, FOCK G, et al. Optimum receiver
design for OFDM-based broadband transmission. II. A case
study[J]. IEEE Transactions Communications,2001,49(4) ;
571-578.

ARMSTRONG J. OFDM for optical communications [ ] ].
Journal of Light Wave Technology ,2009,27(3) :324-327.
SHIEH W, ATHAUDAGE C. Coherent optical orthogonal
frequency division multiplexing[ J . Electronics Letters , 2006,
42(10) :587-589.

GUO Tian-guang, CHEN Lin, CHEN Ming, et al/. Impoved
transmission performance for intensity modulation and direct
detection baseband optical double side band orthogonal
frequency division multiplexing systems with an pre-
processing techniquel[ J]. Acta Photonica Sinica ,2013,42(8) ;
936-942.

FERG  BRbR L WR T A5 — b i e i B2 9 o) e A 0 B Ol X
A EAC U T R G AL R B AR [T ). oL 7%
4R .2013,42(8):936-942.

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

ZOU W, YU ], XIAO J, et al. Direct-detection optical
orthogonal frequency division multiplexing system with new
training sequence J |. Frequenz,2012,66(1-2) ;27-32.

MINN H, AL-DHAHIR N. Optimal training signals for
MIMO OFDM channel estimation[]J]. IEEE Transactions on
Wireless Communications »2006,5(5):1158-1168.

WANG X, YU J, CAO Z, et al. SSBI mitigation at 60GHz
OFDM-ROF system based on optimization of training
sequencel J ]. Optics Express ,2011,19(9) :8839-8846.

LAN M,YU S,LI W,et al. A LMMSE channel estimator for
coherent optical OFDM system [ C]. Communications and
Photonics Conference and Exhibition,2009;76321B.
ANDRAKA R. A survey of CORDIC algorithms for FPGA
based computers[ C]. Sixth International Symposium on Field
Programmable Gate Arrays,1998:191-200.



