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1) (SRR R 55 B TR, 5t8H 550025)

2) (BMIR =M BE, 52FH 550025)

(2017 4F 4 A 19 HYH; 2017 4 7 A 15 HUEMEHH )

BT IR T EAR I T, S B0 T SAF BT IE /AN 7 T ATHUE, 75 R R A4
B AW T 58 145 SR A Re 2 A 7 BRI IE S A5 S g LU AR &, ARih s 5 5l iR ALk
PERUNL. NI, A SCHE H — Bl FARCR PR AR A e 1 RE I 52 A2 2 B TC IO I 48 . 706 28 1 28 il £
JF A AR I SRS D 1B A i B R A s Pl B e B R e A R, S 5 OIS 5
F R 2T b I8 T AR AN R IR T, A6 A ISR FIECR R 2 CFE N 15 TE A0 P
BSAE S R AG IS B TE G2 I 2 i (R T B, AN T A6 A5 5 B v 14D 2 B0 B0 AROTIAMB . A SCSR B TUR
TEHEA LN KBTI RS, XTS5 M A6 RL B TT I TR 6 R 2%, A5G e 38 () R RE 2 A DL PR 2
1/M Nyquist SRFEZE, SLI6G R B e 38 (0 R AL 26 n] DLFEAIR R 1/32 Nyquist RAEZ; T FTE S@EILE
P 24 i TIAL B SR IR FLTRAMEE | O IR 2% B TG RC BI I 15 5 AN 75 238187, A 5 e ERL A 0 R {8 FEL I 300 A 4
B T 520N EIAEGTHE R, BRI T M Bn T R, TR T R, 15 5 i B A AR

BLt, M BEAR 7 AR PERHASE 5 AOREm, I 7 Dy . Besh, BEECIMZ BT, 55 R R 1P
BN, S 2% oA BOE INE] 32 1, 1) BT 2B IRBR D 1072 I Th AR /N T 0.5 dB; RGEX I LK TR
FEIS 200 2 B AT — 2 AR 25 km JGLHE R I Dh R AN KL 0.5 dB. BRI PIIE WY A7 S RE 05 14 16 't 1
ZRIATT, FEARTCIOCIM S H A, SALGERITCI G I 45 A1 L BAT B R A 5.

KEIE: JWOEMILE, Iy 2 HOR, BEAG R, SRR

PACS: 42.79.5z, 42.81.Uv, 07.50.Qx, 84.40.Ua
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W HT RIS TR, A2 M FRARE 15
T UE Yt M 2% (passive optical network, PON) [
AR P91 b s (4 1 43 B TE VD6 I 4%
(time division multiplexing PON, TDM PON) [°]
FIEAZ B4 5 TEIR 2% (orthogonal frequency
division multiplexing PON, OFDM PON) %] .
OFDM PON TR A M 0% « w2 ik s
BELRIAE 5 2 i 17 B S A R, A 9 B AR B
AR5 B OFDM PON & /] LA — 2570 NI Tk
53 5 H (wavelength division multiplexing, WDM)
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{1 OFDM PON Hl12& -+ 7 #3570 L £ A #) OFDM
PON ¥ it [:10] 5 3L WDM ¥ OFDM PON #f
b, 3T 3L HER ) OFDM PON R 8h 25
SyECH B, T H RG AR, B, B850 5
F Z HE 82 N (orthogonal frequency division multi-
ple access, OFDMA) PON BE8 44 47 B 2 245 Hi 73 e
SRR P, e o B R R i R T B g
b, IEH FF K TDM M OFDM H Rl &, & T
5T OFDM WIS 43 Z HE#E N (time division multi-
ple access, TDMA) PON [,

SR, Toil MR — M ICUR I, 6N 2% 558 (op-
tical network unit, ONU) A T 3£ 43 H B 7 i /)
Hor AT B, R L R SRR AR A e A
(analog to digital converter, ADC) fift i /55 34 % [
OFDM {55 B9 g5y th H T Z 8. 7E PON
) fRT A ONU X T BRAR AR 1 e AR . 45 1 R0 4 37
AFARFEEE R L. N, FEE R 7T
T8 1% Jii 5 A (channel-characteristic-division, CCD)
(¥ OFDM PON 121 #ESCHR [12] H, ADC SKAE 2]
PAFEAKF 1/32 Nyquist 6. (H 2 1% 07 R 75 248
H£E 7% #¢ By (optical line terminal, OLT) 17 ONU
[B] 52 T AN [ 490 B E 3, A 45 S 38 T8 I A5 AS —
FE, PLSCHIAN[E] ONU (15 5 HEWS 25 5y [X 73 I 4 ik
W.OEAR, XN T ONU Wi Al & e A &
B A, IX A 0 R ReAE A AR [R5 () 38
T8 N A A BT, 2R G T A2 5l TE (A AN BE B A&
SrECANSL L B T R G T o B RAE M B
T OFDM AR T 2B 3h A& 4 B AR B A K
K. SNk, SCRER 13, 14] 320 T —Fh 5 T 2R
S H 1 OFDMA PON. fE1%J5 i, deilid ¥ it
FEIR B 25 75 5 (training symbol, TS) {7l £ 5
fIC T Nyquist SR, S8 I RAFAE P 38 18 a4
WD P 5 Aty 00 ) S A 45 5 72 OLT it 4k 2.
£ ONU i, 383 ZE KA, Re 8 A8 FH AR AT 2R 1
ADC WO s, AT 3CHR [12], TR A
BRARHITHE B R FE I HBA S s i i )
B 77 B E R R, B8 (single carrier, SC) 4l
T HZ N (FDMA) £ K 5 5 A~ TAF A A4 A
) OFDMA AR A L, B3 B A SEAK A 0 35 Tl 22
tt (peak to average power ratio, PAPR), Al fg
i AR 38 0 ' A 1) 2 0 PR JSOK 28 55 A8 YR 28 1 i 3R
LYEE S W, 2T RA K DR BHE. (H2

£ SC-FDMA PON H, ONU 7 Z A F 25 i 8 B -
AF 4 (discrete Fourier transformation, DFT) ¥ £
8 8 0 R AE AT 7, 0@ 2 A A B e A 4
(inverse discrete Fourier transform, IDFT) 4 £
B B A fe B A N B EE . BT E ONU /R 22
f# DFT A IDFT, it SC-FDMA 5 A — AV 4%
1 _EAT Hd o A4 101, DA F OLT 45 K 1) 9 I
e DFT AIDFT K5

TESCHR [12-—14] B 3EAE B, FRATIRH T —FhHr
(113 F %E B & 4R (1 SC-FDMA PON Z g 1161,
1E1Z 28R OLT f# | SC-FDMA i #i15 %, @it
DET 4l (DFT spread, DFT-S) £ A 1718 A% (E
SHIPAPR. fE % FH, BT EE R BN
HE P SRAEAE PN 0 AT ) A 0 38 3 I R AT S Al I, 9
7E OLT il AL FL S R A, FAT/E S Reig i@t
ONU i FMICRAE ADC B2UR, 1 FL{5 5 6 75 F
fir, Kk, ONUAF HFZEDFT MIDFT fRiA{E 5.
%07 13— 0 B T ONU £ 8 Ab 3 i 1 55 5 4%
B [F B B AA AR A PAPR, MI$EF 715 5 &
JRA R G T3 L. ASCTE R A 1 S I
HBE— B VAT A5 5 T AL B 5 AR 8 P A M2 S B
[, F - AE A Al 8 E I 2005 5 B E 5
JR TRA FE (¥ S, A S — B e T el gk
WS, A, RGBT T e i ONU
ANHCRT ONU YB35 [R5

2 THERHE

2.1 PEMPEF B8] B S B A SR AR UL
A PON 2244

FF i [A] ZE i &2 i OFDMA PON 131 ] 1)
faf B B 1 ROR. BIZRSH M A ONU,
£ OLT, OFDM ¥ #4438 70 9 M A, ¥ Fr B
ONU 75 22 1) B4 A R e i 31 730 b, e —2H+
LA VB XS BT — /N ONU 75 ZL 5 d. me
5 J5 ) OF DM A5 544 48 T Ak 33 M 17 485 4% i A1 42 i
ARG E R R A BN TAME, AMEAE B TifE
A5 5 AT, BT (E S AT R
FEZE N SR B DAC i R4S 5 5, #ot i
) 28 U 1) 20D O b, PRI G ER AL Y B i . £
e, I TR HC A (splitter) K615 5 LS
AFE ONU, &yt G, 8 RFE%R N SR/ M
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1) ADC ¥ B e o 75 5, A5 DFT %
AR MNMNAENIZONU FENES. 5
41 OFDMA 77 ML, %55 ONU H 2
1/M Nyquist 5l % (] ADC ¥4 15 5 SB507 ¥, 1
HONUKDFT K/ RAG OLT () 1/M. B4k, H
T AR IE A REERH L ERAEN G SR
H O WAME, 155 A 757 B AL I 3 a8 1)
7. DRI, 3 E] SE I A2 H ) OFDMA PON B
ik 7 ONU FBE {75 SR AH 5L 24 2, fiifk 7 ONU,
FEAIK 7 ONU B RAS. HAZ, 115 5 2 E A g
51155, ONU & Z G I 25 5 M DFT 4 fg
fiE i 5. AR, B F OFDMA {55 ) PAPR t

SC-FDMA 1, N T FARME 5 78 6 i i i AL i
I AE LR, OLT RS D& 2 2R, N T
SRAF 0 R Th 2 ONU 75 Bd FH i B UK 2%
(pre-amplifiers) JHUKAS 5K 3RAT 2 1 R D) 2.
B F % i 2 H H R 1 SC-FDMA PON %2
TN E 1 (b) s, 5B 1 (b) AN Z A E T 5
FAG T SR AE I A A f, PSS DET 9 4 A
5T R BT, FE A B AR . R AR
1) ONU #2 W B 145 5 A AME S I 3845 5, A
FHEH 4T DFT A IDFT A4, K RFER ADC
PR 2 A H i B oNi% ONU BB 8dE. [Hitk ONU
B2 T 0. TWEIRHRE, RERRH

| i |
IR ES y Fiab AR VA ISR
| movvi IS, | |
| B @ ONU-3%{Hl B | i |
N E| 0 ONU-44H N . L_______/,__‘_“_'J |
| g:. %&f@l i N HIDFT DAC |j® |
39 =0 Fhesk = SR
| E| S N=LM N/MADFET |- E| |
— :
| : ; OLT |
| |
| THONU L |
TAbERfE R 1
| il
| |
| |
| (=) |
________ J£F DDM#) OFDMA PON - - - - ==
N T N T T T 1
| FEHEDFT-SFDMAfF OLT
o= ] TR |
| o P ! I LEDFT E DFE@E;)MA |
i — kA
| P o 5 El: st :
TR ! LADFT = H! N )
= O O | : . : A & T
| ke LADF Y & Y =
:l_ ____________ Tt 1|2 =B ad Eli H = o
W ONU-1%th: . L eper | :
| @ ONU-2%if : H L._Dr E EI : |
I ONU-3¥Hit | - : . |
| = onv-sss P ) ! BRI
L ONUMHE ___~________] |
| S ONL 1% 15 5 37 B HRREE |
|\ AhFAE B
| s |
LA |
| _ = g | |
| SR rfgn el
W Wit rw e |
: Tim ONU-3 Time ONU-2 |

JETFDDMSC-FDMA PON

1 (TR ER) PIARE TS 2 AR AR I PON 28
PON
Fig. 1.

DFT-S-FDMA PON.

(a) M5 OFDMA PON; (b) &I & il DFT 44 OFDMA

(color online) Two kinds of PON schemes: (a) Concept of DDM-based OFDMA PON scheme; (b) DDM-based
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fETBEAK 7 ONU i B 2 FE, Witk 7 ONU, B#
Ik 7T ONU & . 49 A, A% R T EE
OLT Uiffi I DFT ¥ #iidi AR, 75 ZEAE OLT s
AL, 860 T OLT M5 5 2% B FI T4, sl
YKt ONU [ A B 15 B OLT, {H 2 BATIN N2 E
1210, B4k, M4 OLT M ONU 75 M 58 J7 TH A< 5 5t
HREXES, OLT Kt E e /1 — M 2 T ONU,
M4 OFDM PON ', OLT A& & it & 1 DFT Al
IDFT i 4b 21, 40 5K 4% 48 OFDM PON Hy it
HAEREE XN CPX, ONU ) DFT M1IDFT it
HiL 3 OLT b, OLT &4 DFT Kt HE 5 )R
KT E AR, SR RS R INE 20PX,
B R A = 4 5 A FE I B I, S 2 45 OLT iy o
KKK AT, M, MONUKRE, &% AR
IR, 4 ONU H, X T FFT size AN K—4
OFDM symbol, 5@ — X DFT fiH & &8 N2 ik
BHEIEA N(N — 1)K, 5K — K IDFT 17 ZAH
AR TR, AT R, X e LA
ms. IR, X E PON 2 A, ONU AN 40A] LA
%15 64/, W T KB B AL % 1) PON 1 £ 24 PON,
ONU N T RE B %, FILFEK ONU (44 7]
Re AR AR 7 2 A2, %R %
4iff) TDMA PON A B & (1 X 51, 242 () TDMA
F4 2 HAEAZE (non return to zero, NRZ) f5Fll
TF R EE$E (on off keying, OOK) Wi fil], [l i il i
RGN, Jee el 2 A E RS T
(inter-symbol interference, IST) '), #f 2, 7E A48
e, BT B OFDM $: K, v LLIE i 7§ ¥4 wi 4%
(cyclic prefix, CP) KHLHt EE 51 & HFF 5 7] T 4.
T3¢ S T U I P o ) [ A2 3R X AR 4R A4 2 4
R, BT — %K PON &4, A K ONU it
A MK EA R (ZRELA B3+ LA S
), e LR E R U 8T E S
(X 73 AN [A] ONU i i A1 77 ONU 43 B Al 42 H g
I, 7 B B AN (A [R) ZE 35 SR A4 3 A [R] 38 5
AR

2.2 ERTFEFERB#HAKRBHSC-FDMA
PON JRIf

N T RS R G ECE S, R E
XARSH. w1 (b) s, #% OLT 1 ADC R

FER N SR, BT ONU KR AE N SR/M, M
NONU /M4 fEOLT, — MR &H ML
P, A AR L s 5y J& [/ — /> ONU; 1% 3
A0, 1 B AR B AE S0 I 1 (quadrature am-
plitude modulation, QAM) J&, il it B 8] 22
(time-interleaving) 77 2/ BL s [Rl— AN (]S (time
slot), ¥l BAE 5 S; KUHSE Y L s Hdfs it
DFT-S 77 :Ufit L s DFT 28 ;P-4 49k A8 $6ie 1) 47 45
F10) B A H5 4 B W SR 3 AN [ 1 1 R B s — A
DFT-S FDMA i #f5 5 H FRF: ADC 5
ERREN A, HIESE A C, AR ONU AN
(R (A E IR WG 5 9 R IR JON T W@ fF1E
&4, B ONU 1E [7] — AN IS [R] 4 Py Uie 21 i) 40 74
AN EE=w)

HS =S, (1)

Hrh H = ATC.

NTAEONUERINES NS, T2 OLT ¥
GE AR, Ak, W TRAEAE RO P, T AR
HEHES QXA

Q = PS. (2)

B (1), (2) AT RAE H, RA Y P H R,
BP=H"'H, ONUEZWRIKES S 4%TS.
XEAFEEEMEP=H'=(ATC) ', Hit
WIRBESETRTER] A, C, T, i n] AR 1Ak 340
B, B B AR B, BTE S AR
BT A 2k AR @ TAL #EAS 2R, UREIM(E S AR
B A T H TS S R AR b QAM i),
ONU R ZI 45 5 RN T /& BRI S 5, A/
LA DFT M IDFT ()% 4k, 18T ONU K15
TR, e TS5 MR RE.

2.3 A, C, T

WE 1 (b) s, IRRFEE K F A R ONU
T HIE 5 R 2ESAE K, b F—4~ LM
ARG S, R ADC B3I B 115 5K A8 N
L fmEES, B S8 L L SO AR EE 5
HS. HICREE ADC 5K B A & —4
LM x LM M [FHERE. A BB a0 b 5% AR,

TEIEAE C W] AR R R N IE A
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Ciy 0 -+ 0
0 Cia -+ 0
0 0 CiLm
C= : : : ,
Cra O 0
0 Cus 0
0 0 CM’LM_ LMMxLM

HNLMMAT LM 5 B, Cryp B8 BmA
ONU H 25 n AN 7 #k iAot d@ i e p5 =, ol
PASRAS AT AEAY ONU RJ DAKS o 18 A5 [=] ££ 45
OLT, KtxtF OLT, C %R v LTS

T 7E — M1 PON 2244 R &4~ ONU [ 451 1]
A ek, FRATT I I 8 B AN R BB ) AR X 43 A [R]
ONUfE 5. WA m kA, BT Frf ONU M
TE AT B2, ARCR A I AR T BOR A ONU 78k
BAG 5w A HSIE—E, RS T EBE WA
], V8 T8 ATE A2 78 I 38k 2 T8 725 X 43 Aoy 25 4
P, DR B ) B SR A R L . B AHAR ONU
I} ZE 350 At RIS AHAE ONU [ RAE AT i A A 22
AT IE]). PSIEE K, A 24T A AR BT 8 AN A
AR AR AL, ZERH RS 5 5] G 2 B RE T 1 A
PN B 3 B 5 BFTR. T8 LM M AT LM M %))
(RS F7 45 B

Wit LA EA T, SERE A, C, T ¥ LIRS, K
AT PATE OLT X5 5 i AR BRI A M.

N T R AR M A A AR BE HO R 5K, AT B
— AN B ARG 7 34T 1. % PON 228 E Hi A

H = ATC
e 0 0 0
0 Cha 0 0
0 0 Ch3 0
B 0 0 0 Cha
| Oy eiwoAt 0 0 0
0 Coy el2w0rt 0 0
0 0 Cog ei3woirt 0
0 0 0 Cyy e¥teolrt

SRMFERE H Ja, R 555K H H A B AT FiAL B

ONU, 47 8 AT, T EMCTRER, 1554
Pi 7 IERE, BARRAE G G S A T2
I, TR T ANy A SERE R I FER TR N
1. A, C, T4 HN:

1000100000000000
0100010000000000
0010001000000000
A_]0001000100000000 ’
0000000010001000
0000000001000100
0000000000100010
000000000001000 14,6
3 -
1
1
T= ciwo At
ejQwOAt
el8woAt
L 4 16x16
[Ciy 0 - 0]
0 Cig--- 0
c- 0 o0 01’8
0271 0O --- 0
0 0272... 0
- 0 0 02’8- 16x8
BRIk, AT RASK Y H 3R RS
Cis 0 0 0 |
0 Cie 0 0
0 0 Chy 0
0 0 0 C1s
Cos eI5wo At 0 0 0
0 Cog ei0wort 0 0
0 0 Coy eITwoAt 0
0 0 0 Chg eI8woAt
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2.4 IN&FFSEIT

AT HERRAS T H RS ONU (138 16 A5, 72 [F]
— /NI (A FE Y BE — AS ONU X M 7 300 15
WEE, HR T8 AR ARG 5 1wt
WE 2R, — BB, AT B AL
A~ ONU JBIE i, B4 780k 2 f 2 MR
(block). 751X HLIRA TR 75 B4G TR HEM 14,
To e 2 AL In 2 I G fs 5 A, I T80
B 5 O T B AE 2 ) R R OC R XK
& A IESR T30 4% 2.

Tﬂa“l‘rﬂ

LTI S>

—P; DC P R

B2 (TG N E s i il 2E < M4k
Fig. 2. (color online) Structure of the training symbol

for estimating the channel response.

3 SRR

F 32 AT ZRFH RSEE 420, DFT-S FDMA
BE Heml & 48 T4 D0 0 1 ) 215 5 i MAT-

--------- OLT

e i g
AWG

Vbias

DFT-S OFDMA {5%

L
ke

LABE 7 77 4, R 5 % AN AT & BB K A 8% (ar-
bitrary waveform generator, AWG, % 5: Tek-
tronix7122B) = A Al B LK. AWG IR %
& 12 GHz, DACHE J& 4 #¥ % (DAC resolution) #&
8 LL#F. DFT-S FDMA [f) DFT K/ 2048, ¥
HH1024; HT RIS 5, R E 55 5 2
3 GHz, M. Nyquist #1% 4 6 GHz; $ats
16QAM, CP K JZ N 1/320#. Jek ik g i — 4
Mz s = A i) 23 A =R ABIEOE 8% (electro-absorption
modulated distributed feedback laser, EML), —
MBS TR ES (EDFA), — /N6 1 8 I 25 Al
N IEDR AR IR . 7E ONU ¥, A — AN FL L)
ONU(ONU-1) Ml Z 4> FE #, 1) ONU. ££ ONU-1, &
A3 — AN AT B el 2 R AU ONU H A8 fb Ty 5273
BCA AT R A0, RIS MIUE T RA S
H1,2, 4,8, 16, 321 ONU [I5 M. s SHOLH
TRIMZE (PD) Htbh M55 )5, Bt — N REEN
40 GHz M7~ P 48 (digital oscilloscope, DSO,
R Tektronix, DSOX91204A) ¥, %15 518
if MATLAB 27 EH RS 5 R FERAL N
1/M Nyquist (M 5 ONU /M), Fds 547 % FH 5
3k ¥ 47 (one tap equalizer), w3 (BER) TH 5
D7 g vk S R R RO VA TH B (bit error
count) 15 2.

LR &

=i . MATLAB
= IR PR
— SRREfRH

%*%
£
PH

&5
JeHRIES

3 (MTIEA) Ll

Fig. 3. (color online) Experimental setup.

4 SR 5tk
4.1 BIES

£ PON #2451, — i ONU FI Je 4 Fl B2 R 45 2
FHIE B, R 229 4E T OLT 214 ONU f i 25 nf
Re &R, 1 H— M PON VLB /NF 35 km. N
TIHREAF LK EX RGO 52, A1
SR T AWG S5 . 2 451 5 1 B U 4

Wi | 15 S AE 5 10 km 135 km (AR, 408 4 fl s,
B 4 (a) IT DU I, BT A 28449 72 EML i il #
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Fig. 4. (color online) The system response: (a) Am-
plitude response; (b) phase response of the proposed

system.
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Abstract

In traditional orthogonal frequency-division multiple access passive optical networks (OFDMA PON) or time-
division multiplexing access (TDMA) based OFDM PONSs, analog-to-digital converters (ADCs) with a high sampling
rate are required to demodulate high-speed aggregated OFDM data in order to receive a small portion of the downstream
data at optical network users (ONUs). Meanwhile, OFDM signal has a higher peak-to-average power ratio (PAPR) than
the single carrier signal, which can result in the nonlinear effect. The resulting nonlinearity reduces the received signal
performance. To enhance practicability of the present PONs, according to the sub-Nyquist sampling theory, we propose
and detail a delay-division-multiplexing (DDM) scheme to enable a FDMA PON with low-sampling-rate ADCs. Based
on pre-allocated relative time delays among the ONUs and discrete Fourier transform spread (DFT-S) technique, pre-
processed signals sent from an optical line terminal (OLT) can be detected as different downstream signals following
spectral aliasing caused by ADCs operating at a sub-Nyquist sampling rate. In the proposed scheme, as the signal
distortion introduced by the propagation, aliasing and time shifted sampling is pre-compensated, the DF'T and inverse
discrete Fourier transform (IDFT) are unnecessary for de-mapping and picking out the signal at ONUs. Therefore, the
proposed DDM scheme greatly enhances cost efficiency and enables a reduction in computational complexity. Meanwhile,
DFT-S FDMA signal has low PAPR, which relieves the nonlinear effect in signal E/O conversion and transmission. As a
result, the proposed scheme benefits the power budget of the OLT and power consumption of the ONUs. In experiment,
we demonstrate that each ONU with an ADC operating at 1/2-1/32 of the Nyquist sampling rate is able to receive
1/2-1/32 of the downstream data, with an insignificant performance penalty. Furthermore, the details of the matrices
that include channel response, aliasing and time delay are first analyzed. In addition, training symbol is very important
for estimating the channel response, and how to derive and design training symbols is the first study to outline the
details of this issue. The effects of fiber dispersion and the sampling instant of an ADC on signal performance are also
studied. The results show that the signal performance has some degree of tolerance to sampling instant deviation and
the power penalty is less than 0.5 dB to achieve a forward error correction limit of 10™2 after 25 km fiber transmission.
The theoretical analysis and experimental results indicate that the proposed scheme can simplify the ONU and reduce
the cost of the PON.

Keywords: passive optical network, orthogonal frequency division multiple access, analog digital

conversion, sampling rate
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