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THE DESIGN AND IMPLEMENTATION OF COHERENT
DIGITAL-ANALOG RADIO-OVER-FIBER SYSTEM

ABSTRACT

Fiber-based fronthaul, which provides the connections between baseband unit and remote radio
unit, is an important part of the centralized radio access network. Radio over fiber technologies are
used to implement the fronthaul transmission, which has gained wide attention and been under ac-
tive study. In this paper, we propose and experimentally demonstrate a coherent digital-analog radio
over fiber (DA-RoF) system. By using twice the bandwidth of the analog radio over fiber scheme,
the wireless signals are transmitted, achieving high signal-to-noise ratio (SNR) performance. This
scheme greatly simplifies the encoding and decoding algorithm of the transceiver and signal impair-
ments compensation algorithms after coherent transmission is designed and optimized. A theoretical
analysis of the DA-RoF scheme together with parameter optimization by simulation is accomplished.
In the experiment, a 25 Gbaud DA-ROF signal with 1 Tb/s common public radio interface (CPRI)-
equivalent data rate is transmitted in the system, achieving a SNR gain of 9.7 dB. The error vector
magnitude (EVM) of the recovered wireless signals is below 3.5%, satisfying the requirement for
256-QAM signals. With the symbol rate reduced to 10 Gbaud, an EVM below 2.5% is achieved,
which meets the requirement for 1024-QAM signals. These results show that with the development
of low-cost coherence technologies, the coherent digital-analog radio over fiber system is expected

to be a promising candidate for future fronthaul.

Key words: fronthual, radio over fiber, coherent optical transmission, hybrid digital-analog signal
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MERAR (56 CATFMEH M, 145 3GPP b, 5G WM 5 2 mT DLor =2k,
E1-157R: #5883 % (Enhanced Mobile Broadband, eMBB). it i FEAILE @ (F (Ultra-
Reliable and Low Latency Communications, uRLLC) LI KFIEHL#E(E (Massive Machine
Type Communications, mMTC). eMBB 2 H T 3R 98 () 2 AR NS %, Hinzs
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Enhanced mobile broadband

Gigabytes ina second —Lm

3D video, UHD screens
E Work and play n the cloud
g Augmented reality
g Industry automation
—m | Mssion critical application
‘ Self driving car
Future IMT g

Massive machine type Ultra-reliable and low latency
communications communications

Smart home/building

Smart city
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IR 5 37 5 S AN T SR A I BRI S . Horh, o4 A (Radio Access
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(A5 S A 3 OGAF BE E AK #
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AT, o RN A, 4G SR H i A Z24912) (Centralized Radio Access Network,
C-RAN). "B [ 32 BRFAIE A 20 I A 2 2l (1) D REASEER, W AR DFE R 1 BBU Ml ] 2=
B, SrpEEE RN, M BBU b (BBU Pool), i ¥ # i ALk, RRU SR, XFEAK
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A 1-2 EREANERED TR

KK, 6GHKT 2030 FA A, BRI 6G BAFH AR B KT Y h, K1-
L4 EE T 4G. 5G A1 6G [T FRC!, T I 6G #xf b RATRER AR . AL A &R
HE PR R S5 5 A B S IR, IR X T R B R B AW TR R, B ansE oK
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% 1-1 4G, 5G. 6G M%HE RO

KPI 4G 5G 6G
Peak Data Rate 100 Mb/s 20 Gb/s >1Thb/s
Network Energy Efficiency 1x 10-100x that of 4G | 10-100x that of 5G
Area Traffic Capacity 0.1 Mb/s|m? 10 Mb/s|m? 1 Gb/s/m?
Connectivity Density 10° Devices/km?* | 10°% Devices/km?> | 107 Devices/km?
Latency 10 ms 1 ms 10-100 us

1.2 AR REMRZRIIA

SEHL C-RAN ZUAG IR — > L EL BRSO AT A% R Gt R Dty A T B 50 A28 g S5 00 H. 0 2
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1.2.1 WY ZENF R

K1-3JoR 123475 5 A B HRES . LT (Downlink, DL) J9fl, &4 i) ¥d /e
Sy i o A E BRI 2 PJZ  (Packet Data Convergence Protocol Layer, PDCP Layer) « G
LBk 4212 (Radio Link Control Layer, RLC Layer) A4\ i a#% ]2 (Medium Access
Control Layer, MAC Layer) HJALEE, = E5/EALF5%S IP (Internet Protocol) 245 #4769 3%
FEGE AN, B R 2%, HA. RO RS H LRSS E LA, 20t
MAC ZAE T ELERE (Bit) £ids DAL HiER (Transport Block, TB) Bt AYEE)Z (Physical
Layer).

[ PDCP ] [ PDCP ]
¥ T
[ RLC ] [ RLC ]
¥ T
i [ MAC ] [ MAC ]
Option6 D = == == = = — = = = = = ===
i [ CRC ] [ CRC ] ~
| T T
i Coding & rate ] Decoding & rate ]
! matching matching
i [ Scrambling ] [ Descrambling ]
Option 7.3 ==1p ————¢———— T
(downlink) | | QAM modulation | | g QAM |
| emodulation
R i Layer mapping ] [ IDFT ]
Option 7.2 | [
(d?)wnlink)'r 1 Physical
! ) MIMO processmg > y
H [ Precoding ] & comblner Layer
i Channel
! [ Tx power ] [ estimation ]
Option 7.2 | =
(uplink) Hp= == == - —— == oCPRI — — -
i Resource element Resource element
! mapping dema plnq
Option 7.1=-
! . OFDM
| [OFDM modulatlon] demodulation ]
! x
Option 8 4=F = = = =|= = = = = = = = CPRI — —
I L e A
Downlink Uplink

B 1-3 EHESLERES

VIR AL H AR 2 TB 2 Ab 35 A Bl Jm R 2 A I IE 2459 2 - (Orthogonal
Frequency Division Multiplexing, OFDM) {55 . #J3 =& Jexf TB i tukr, RIPEIAIT
REE: (Cyclic Redundancy Check, CRC) 371, H T-ARrIaicsm & & B IS 5 e 5T
BLEALHE . B TB i gl id £, 32 H i i i 2 B D R ORUE AL S (S B IR

34511
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N T AL s B A S PR o 2 SR IL AL, 5B i fE I EUE R A I UL (Rate
Matching) AbPH, 3 BRI B RINFE BB 25— Mo Edi R e . 22X —#1E
JE W EL R B AR NS 7 (Codeword) » F2AE RS A2 LAY (Scrambling) SRk 46 /)N X
SO PR, B RS A — B AT AT R BUS H S . B, R E B LR
HEAT RS, — MR A IEACHE ] (Quadrature Amplitude Modulation, QAM), I #75
PORPE LG i m S R R . PAHI =41 QAM 55 (Symbol) Vit Zmlf (Layer
Mapping) gty (Precoding) #1F, # R ATHIRRA NIHTZ EEIRR, 52 RE&H
ATULHC . BEPR B G SS (Resource Element Mapping) A& 43 e 4K 2157 5 B0 It 1 1 2 A i
B (e SRBEYRD , SR JE4E R OFDM {5 5. #E47 OFDM {5 54 EASAE S 4 (Radio
Frequency, RF) 155 ALBRAR M5 U5 Sl it RE K 5T

£ 4G HifE, SRH T E B)DiRek) 7y, & OFDM {5 5 /=B (£ BBU 58k, HifE &
G4 o4 OFDM 15 5 i 4 &5 % RRU ], RRU DK JE4i7 15 5 Ab 38 5 48 i A 5 3
B RL R ES. BHAILTTZEE D (Common Public Radio Interface, CPRI) #piy" &
ST 4G AR D RN, £ 2K OFDM 185 & dmhd N3+ thr 5 Bl e 4%
i, WS LUARHE BB RIS N B 5, TR AR 2.3. 1 bR . X —T7 AL
RAET AT LG TE4: OFDM 15 5 JLF-Jo 2k A& fir 21 RRU 3, i a2 5745 75 2R 80 20 =
i KT MAC ZH P RS, XSOt R aa 2K .

1E 5G AR, FH P EURE MR EEK, XTHITE RGEM AR /IR THCRIIPER, N T
REFKHTE RGN KA, 5G mifE TRk A B, BBU 5 RRU BDIREXRISr SN
HEZ (Low Physical Layer). ‘B[4 FH SR 8 M5 A8 F A 3048 4% 1) (Enhanced
Common Public Radio Interface, eCPRI), RH T Ip. 1Ip 5 Iy WIDhgekl o s Ip X577 5
EHT T, it REERETEE; [p 5 Iy X577 XL 4 i 52 BB 5 1S
5, W RAUE(E S . DIReRI o AU R RS, AR AR R S A Rk )N, T DAL R
N A ab N L ERE g SR S B N T R (B =i 27 A N e R A €7 SN T i B 1 F v
Re Rl s B R SR TP A A BT A AR 2R S s = 2 TRl — N

1.2.2  HiAEHMN

AL R G RO AR, BRI R Ty s IR 1) Jesf HiE; 2) BN R
M 3 B EM: 4 FHERDEM.

G BT ¥ DU 564 AAU I3k D S FDG L 347 S B S I EE, Btk AR
P8BSR B, AR ANy ShAURIDGEF RIRAE AR R, S ORYT, A uRLLC ¢
e [ SR AT SR FERAIR

TeRB o B RIS S AE AAU M DU #ZTEIR I B BE%, B RAE T
TRERDCA TR, HAER A B E, sh a2l 8 SR A SRS OB WS
Hn, HizZEL AR A, obmadE DLE AL

AP BT R B VORI 5, RAAERE LI ZE M. TR
BET TR, H TSI (I ORY™, BEDNGEAE B AT FEVESS ;SRR IR B A BB

AP > BN T3 RN TEIR B 7> B AT IS BRI — . B8 AAU I3
RO, RATCIRp > M, £ DU MIASE A s B s . BT AEBM 2 EM, &
% 7 v iAs, By AT AR LRI (K ORI, B AT 2 i T eI > R 5 %

TeVR AR — Ry S, DR PRGN B B, AR B AT R N SRR AR A
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s BEIUATAL I 3 0 70 RGBT A BE PRI OR IS IS 55 58 AR THE S &, (551
B B &2 75 & DL S — e85 5 A0 (Digital Signal Processing, DSP) B {5 5 #5145 #b
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Feay /A S IS 5 1 delta-sigma 1l [21-27]
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1.3 AXWFEARTMEDRHE

H AT, SCA R BRI TELRT S D2 RO TC AN B S i) — AN 7, 17 6G, 3
MFERTE. @PERE . RRA RIER 1 AT% RoF $iAR. SCE [41] 21 72T IMDD &
L HIBUR SO 2 AN, A SCAE LA B3R T 3 T A BRSO B & R
Yio ZITEEMT ARG KGR0, 1—E TE M TERNR S S S AT O METT
%, JF H B BRI AR T R GECA i O G AR i, RIER T 1 ATA% IR BRBE 7. S0
TR N BT LT

BB EENG T RLEAMR SRR mRE R, 511 T LR RE L B
I T ER RIS S A B, IR VLR TR (LT SRR EOR . R EERY I
fETHL R4 T H AT T A& RoF BOAR M 7884 s 5456 LA

FoBEENAEHME RoF RGMRIEATIAR, H, WIS AT IHLATE
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WA ZJa, BATR BN A — L T B L AMBDEIC LR, HAEEL
TOBIELRBAR TR T A5 5 AL ARG B 26 i AU i R & AN 2
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SV MBS BB T BRSO ETC R AN, HET T I AR ORI, IR RIS
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2.1 HIERGEEIER
2.1.1 CPRI Z&%0#H %

CPRI % 30# % (CPRI-Equivalent Data Rate) +&1if & {i % RoF R4t[5 5 R 1)— MEr.
‘B LAME CPRI MR, #F RoF REMEHINE SHE (BA: bivs) NbrdEdHTHE, A
TR TR A 2178

EDR:.f:V 'NMIMO 'Nsector 'Bs 'HL'HC (2_1)

Hrp, f, G5 RAEE (Sampling Rate), B, & &AL LRFEL, 7£ CPRI PpsH — MR A 15 bit
s, T —ANEH(E S EM N 30 bit, B B, = 30, Hy 1 He 43 )72 26 #4465 (Line Code)
A% 7 (Control Word, CW) JT4, —fHU H, =10/8, Hc = 16/15. Nyipo M Nyeeror N
535 MIMO 4EFEEORIR 26 X (Antenna Sector) 0 K.

2.12 RERFERE

TEIEAE R4, 58t (Signal-to-Noise Ratio, SNR) & —ANNEHEEM bR, EfifE 715
SIS ERIENIE, € CNE SRR AEIRNEE, A=2-2:2 SNR KA THHETT
%, o, BAeHt—BETEL, DL dB NEAA R IR .
Psignat
Proise

e Z2GiH, BR T SNR, AT RHRZEREME (Error Vector Magnitude,
EVM) K85 545 E, EM SNR KK R WA R2-37R,

SNR = (2-2)

1
EVM = m x 100% (2-3)

F2-1J&7R T 3GPP ArifE e A R R 4% 20 QAM 15 5 % RZ ) SNR #1 EVM L3R4,

2.1.3 TSN

il A i A — AN 77 2555 R I B 2 K R A M 25 S DR KRG v T i, AR
US55 LA E ARG L LR EW, nAX2-4F7R. R AR BRI T AT
15 RGNS %% (Spectral Efficiency, SE). X A-RoF, 15 A2 8 ARz 1 il &5 1 hnfs
PMESHREMIT, — AT R = 1, BDGIEIE S A 5 M R R4S 5 Sl A s X T
— ) D-RoF, R Zix kT 1.

Boptical

R= (2-4)

Bwireless

70045 1T
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& 2-1 ANAFEFKER QAM 55/ SNR Ml EVM B{E

QAM SNR (dB) EVM (%)
QPSK 15.1 17.5
16 18.1 12.5
64 21.9 8
256 29.1 3.5
1024 32.0 2.5

2.2 RELESARSHE
2.2.1 OFDM Jf

7t CPRI # I TR RS> T, HifE RS 7 BRI L[5 5 £ 27 OFDM (55, B3
FRANIFAHIEZZ (Inphase Quadrature, 1Q) {55 . AT NAILLEET OFDM 18 5 iS5
fiR I 795

|
Guard E
band 1
<> L
e i
{250 1 B F 2 iR !
|
|
I
1
Yy ,I -~
> f

AT oy R 22 3R ]
Bl 2-1 Fn RS BBEBAR B

OFDM #8732 2 BRI — i, el i 5k i) &2 A sSe BUEEE (K 9FAT 1k, JFxt 2
T2 S B L PR VA R IR PR /1. B2-1 R T AR Gen B RTRNIEAS iy 2
FIRIBEORT L, A% G0y BT 241 3 2 18] 7 BT — S R ORIP TRIRR, DA S SR &
N T FERATE A 2%, OFDM R IEAZ I T 3R BUE B, RIME 7 3 2 A7 AE S
HE, HBTERME, ARRIES REE.

P AL | RS | IFFT | Jp s | st A }j

bit

F BT AR

< JFEAH [ FFT [« BIFH — KOERRIECD

& 2-2 OFDM il 5 RRER

8 L4511



ce x4 \
PR IENE
) sumso o v vasi ST T RONIER AR E SRR 550

K227 1 OFDM il SR i fe. B, HFATMARNERZIE QAM 4N
FATHRT S %, —HEBATH QAM RF Sl AT & 2, ZNIHTEN N I 5.
LARE N NIFAT QAM 75 8 —41 (Block) M| E] N ANIEAZ 780 1, # T— 4> OFDM £f
Fo AR2-SNHUEE EROR TR — ANl

N-1
s[n] = Z(ak + jb)el Fk = 0,1,2,-- N — 1 (2-5)
k=0
Hr, ap + b R AR R QAM 715, o ¥ RIERIITHBL, s[n] £MNE T QAM
FFFJER N AN IER FEPNBURTE I N ASREE S, 2 S E MG S, 1E k4 i SO #it
#% (Digital-Analog Converter, DAC) J& RIZE NS IE . W 20 RN 2 57, o~ 2-550
JE P (% Bk i 484 (Inverse Fast Fourier Transform, IFFT) (it A=, Ktk OFDM i
i REn] LUE L DSP A TFFT SRSEHL, A4 TSGR QAM £ 5t (5 5. 4id IFFT
JERME S (WECRAE S VI — 1N IHTE A N ES, WELISIHFTH. £15 514
ZHI, EFHFERMIEIAFIZE (Cyclic Prefix, CP). [K>4 OFDM {5 5 X 4k 8] 1) 1E A8 14 ZE 5k
IR, EAEHUIRE T T S PR . ISR R, ST HE R TE R IR R R i) IR AS .
P ABRAT T2 8405 B4~ OFDM 55 i IR ARG (JEHAETSED, RIAHCEEAN I8 OFDM #F
SHER—HaRER CRESD, ¥HRINE OFDM 75 KA, wmE2-3fr, HA)E
TS K BE R S BB TE I K E R H i . ISP AT 5 #1755 40d DAC. B3
AR S ] LAE S TE AR i

i
.
...... R4 ! R4
IFFT#i o ‘ IFFT#i : I IFF T4 H!
: ! ' : t
E Tcp i Tierr i
#k — 1/1~OFDM{# 5 %k OFDMfFS |k + 11 OFDMF 5

& 2-3 TEHETBB I~ A

FEF W, OFDM 15 5 (1 1 A2 K i i ik AR 300 B . 28 0 A 35 46 2% (Analog-
Digital Converter, ADC) KA /5133 I AT 5 5 T 250 E R AT, RIFH N IFAT
FER N BIFATEIRG, 45, FATMEERE SIS POk B 484 (Fast Fourier Transform, FFT)
fiE i 3T QAM £75, IR/5 QAM FF Stk AT JF ehAn s, PR LR R

2.2.2 OFDM ES5HHE A SH K E

ToZk OFDM 15 5 HFIE 2 i {5 RoF RATHREF BN ELERN KL —. MRS EF,
OFDM 15 5 HFIAHIERS (1IQ) 415 HIME BE#H & i 70 A, %4> OFDM B 52— 1M &
oA . E2-4dlid 0 B OR 1 [EAH A 73 B FE I e v B 77 BRI 38 v 0 o A I M =R 2
FE R ZR, PIEERAYIE . S A OFDM {55 1 55— /MR SUE T8 I E Th R A1
DR AR, BRI Ih2 L (Peak-to-Average Power Ratio, PAPR) 1R &, X4 S E— L) @i,
N = RGN DR Z BRI, (5 5P ThR S RN, SR RCRIEC, b FRZ g
FEOR IR @S, it DA— M 75 224 OFDM 15 ‘54789 Y] (Clipping) #:1F, LIBF{K PAPR, H
IRBT ) B RE FE 7 EAR R R AL

9Tl 45 11



ETHEFREMNEIERSAH TR GRIT SR

71

e

-1 -0.5 0 05 1 -1 -0.5 0 05 1
[FIAE 7 B AL B EIRAE

& 24 OFDM 15 SIEEME L2 E
F2-2f&7~ T 3GPP HEN 4G F1 5G Jo4k OFDM 15 5 S84+, ] LLE HA RT3

BEE/NT FFT . M kG, BI—8 0 P32 A IS B MBI EoRE, X
IR RFE (Oversampling) FIE S, FE—EMITR.

F 2-2 4G 1 5G {55 H) OFDM S+ 4

2 4G-LTE 5G-NR
BT HBEHE 1200 3300
FFT &% 2048 4096
TR RS (kHz) 15 30
KAEEZE (MSals) 30.72 122.88

2.3 REESHEAIRALIE

Hif% RoF 4t 20T LLJr 3T RoF RGN RoF ARG KIS, EANTHIIX AIAE T4
LTS MR, B UL R B B U7 RoF AR LA E TR L.
PR LU 5 S, R bl I A O 21 1% ) A G E BBU A RRU Z [E) A% 4y, WiomoRs LE RS %
i, EPRE B ELET. B RoF WK AR IS5 SR HI 2L, SBES
R T RIS SHIBIE . AT 5 A 22 B 807 AL, RoF 2 48 honf Jo 2k A5 5 1Y
AEERTT R

231 HTFHFHALREADAR

XF 47 RoF, FRATK LA SLIK) CPRI Bhl 7 ANBINH, FEERESEL. R
S A1 CPRI 1 B AR S EE R .

B —AMEIUEAE 5 x(1), SR RSMEN 0, TRETEER [-x,,x,], F g bit XX —
S5 REEE x(nTy) HHATEAL, W34 L =29 MEALHET. BRAMBRERHHSIEL TR,
WA PATHE B ALY A -

_2xp  2xp

> (2-6)
L 24
S SRS Sl TR A 23 AR ALIRE, 15223 AJF M, o DAy —
Fh R, BRI . TR LM, — O DA DA R

10 4L 45 7T



@) FiErdrd

Y suacn o Tons vnnvnsi ETRTRUNISR AR URLRERIT S5
AN RN

AR IR A 5 15 5 A TE SR

B 5 IR 7E -4, 41 VS E 53 9011

4. BEALMRFEE—Rl EES .

ST UL b, FRATTA LI R A T 2

W=

N x5
Ny = =32 (2-7)
Fr AL ML
SoNR=S X0 3o 3 2 3 (2-8)

N, 2 " PAPR " T PAPR’

Hr, PAPR RESHIERDIZEL, S5ESHIMESMA K. ki, X T—"MY5MmE
5, PAPR =3; T &t NO,0?) P55, Btk PAPR ZILH K, —HIRATA LK
HIEFERHITE [—40,40] 208, HA 0.003% KIS AEX— X AN, Ll PAPR = 16, HR¥E
AR2-8F 51, AL TLRREL ¢ BEIE N 1 bit, SONR 3416 dB.

TEXHE TR LS, FRAT7 ZEX 8405 15 5 AT gnhis, RO A HE P R LR P 41
BEAT —— Wi N TEE DL R B AR kIR e B A 2 . 23R T H 4 bit Zni L
PR 2R

# 2-3 BR B gRADBU R

RUBFFET | mOmE T
15 I 1 1 1
14 1 1 1 0
13 1 1 0 1
12 1 1 0 O
11 L 1 0 1 1
10 1 0 1 0
9 1 0 0 1
8 1 0 0 O
7 0O 1 1 1
6 0O 1 1 0
5 0 1 0 1
: Gt 0100
3 0 0 1 1
2 0 0 1 0
1 0 0 0 1
0 0 0 0 O

TESCAT RGP RS 1 LR TER , 01T R 0 S P, 2 BB R 1
A, HARIHAS S S BRI IR THAR, S0 T oI N T WA, X 35 A AR ON R 5
a7, TS SRR A A LB . g bit R ISR b, iby - bibos T
SIS P R by 297 + by 52972 4 by 21 + by20e (TR AR AR, 74

211 73k 45 51



NG/ o juo Tows vumans EFHETRO0SER AR ELRERT 552

PR RIS B IR AN T, 28 0 LUy by VB T S R I AL TR ZE N 274, BTEA
AR ZE R TTE

_ 1 2p2 - 2 1 2~i 24 A2 N
= Zz p 22_1A~3q2"A (2-9)
WA HLEEHR MR GRISR) N P, RIS IR A .

4P,

e Pe
N, = qP.0; = ?22%2 = ?LZAZ =35 (2-10)

LRE R EA R A AR D, RS S A R BT, NS EEAR, BEk
HHHI1ES SNR -

S xz(t) 3 L?

SNR, = .
N, +N, ~ PAPR 1+4L%P,

(2-11)
XZ, + ey

CPRI PpBCRH 15 bit XL (E 53T S8k, X —MEH Q) 5, [FAHMIE
oy A 15 bit HEATEAL, SIEH 30 bit X — N R ECREE AT EAAT . CPRI PR IR R
SE T BRI T (CW) S5H P BRI 1:157, Brblase-1411 H. = 16/15,
Bl2-5f@/R T CPRI *—MWi%df it 454417

w=,0123 4567 8 9101112131415

1 chip = 1/3.84MHz

A

time

BYTE #Z.X.0

=<
1]
o
IOMmMoOOm>

S—_

1 control word: < 158 bits F

& 2-5 CPRI =AMz (L 614.4 Mbit/s 94!

BRItz Ab, 7RI BT B AR R = AR IR A R 75, 3 7 AR A2k i X B A B S 1 B
FrfE AT (5189 0% . CPRI Pl P R RS TCARE N 10/8, BTl s2-171 H, = 10/8.
L ET 2459w AYS (Forward Error correction, FEC), Jf H R YEIFx4#4% (On-Off Keying)
X — R W I A R R o e s 2R 2L, CPRI v AMRUETC 0% 4, A4 s 5 4id
CPRI # M )&k 5 R 2224/, o DL B H 45 5 1) SNR A:

SN Rk (dB) = SONRe pr (dB) = 101g(- - (2)) = 83(dB) (2-12)

LA Y, T CPRI PRI RoF 147 58 T LACRAIE R = 57 5 1 JE 2645 5 A4 i, HL
RS AAE T BB A RS, I HRADGIR) OOK fIRE i H], HHEMRIKT, Xt &
G T8 EORAR e UL B AS Bt R RE G N, AL SEH CPRI PR R ST =
PRSI AT A C R BT RS, AN T B Al FAT, LSBT T A F KECF RoF 77
%, Wit E s 2T ESE, SR delta-sigma BALSETVE. RAE WLk, CPRI J7EMKA
A DA — S22 S 0 5 SR AT B LA 7 SR RS R

212 714k 45 51



YIELAAE
SHANGHAL IO TONG UNIVERSITY EFETRONIIER S A B R L ARG 55
232 WL HER
Ul RoF A4 AR Ji T2 4 HUIS) JE 2R A5 5 B PR BDEIR b, e A0 R e T Rl
R, HAMFRSAEAR, @& % HEAmn. A RoF H, — i 22K A 1MEIE (Channel)
IR D215 5l AN 7 (K R SR AN — AN K SIS 5o N IHPRE 23 300 0 48 8P AR I A
T %

(1) BB ERE

AR R T A T LB AR g A se )L, ] LLUEE DSP fiBhse k. Xiang Liu 1844542
H 73T FRT FMRE A2 DSP RE& T EB, fEX—T &R, RAAFBIER IQ i 55,
Jeflt N 55 FRT BRAERACAAIERE B . A T 3% CPRI B2 LIPM, 357 (CW) LLFRT 41
WHI 16-QAM HIFFS, it K s FFT # B, Hedr, 72 Mo x sl v 115
ST 2 (Frequency Division Multiplexing, FDM), BIf—/ME @GS, AR EE
(17 1Q 15 5 F1 QAM 55 GRS B & E ML B, P IFFT $#£888E B . TR M
s&, X7 EZAERT IMDD fEHuint ZARIUE R — M EHUE 5. PrbL, {ERHT IFFT 20, R4
T B HAS FDM 15 5 IS L B FRIG AR R . A TRFT 1A R0 M. o (1 A B A
AkuiA R, FelfE 54 M S FFT, SAEHBCL RS 7, A EEmE, o5HA
[FIEIE 15 5 N 25 IFFT, XFT CW ] QAM 75 KH K & IFFT.

Tx Rx
(& fna=M/2+1 fra=M/2+1
Qchi | | E £ |I0ch;
=== =) Sk
: : = | :
@chn ([ E, [ E"';:> :>§”-’ £ |iachp
== K N =
= o g w i Sg& =
=0—] € = =
_ Gosos) = | £ [fec0 -
£ (=9 = £
sEL 2 s [ 2k
Hermitian
1 ey 9
Cws s = CWs:>
bad >
SF Se
l Fon=-M/2+1 ) L frun=-M/2+1 o

B 2-6 BEBBRE DSP HiE™>

B2-7 28 7T ELAAE S5 R, K 32 /> 20 MHz [ 4G-LTE {55, SANMFREERE
30.72 MHz, 16-QAM 125 45554 491.52 MHz, BU N =16, M =256, K =2048. fEN
(1 3R R B8 12 16-QAM 155, 7EHLAMUMZ 32 4N 4G-LTE (55, B NXEFS &
KEEES, UM BE, 2338 RE UG, AT 82 MAEE— 2 BRI R R . 2
br b, T2 R G000 5 IR, ESMU B SIS 5 2 BRI 0 S, MERE SRS E T
P P R 38

X—#ERE SR 7%, @i KE 4 EN DSP, #AFREE M 5E SRS
RRAVAET . — LB RoF J7 R LA ILIE Al I, %R A& )5 HIME 547 f5 4E i
L, Pk A ) S
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T

%

oF ]

-30F —

Nomalized power (dB)

40 _

.50 | { ! | | 1 I Il
0 0.2 04 0.6 08 1 1.2 14 1.6 18

Frequency (GHz)

Bl 2-7 BRI A E AU

(2) WEEH

b 7O E AL, AT DS SERIRE A . Xiang Liv 52 H TR 28 A (Time
Division Multiplexing, TDM) 75 %82, %77 R e 34 CPRL WML, Jf HAEW —EFEfE F4b
RIS S AR i . B2-8/ER T 1Q 55 M CW S E e . &
%6, XREANFENEER IQ F 5/ CW B 5T 05, A FRNEIER 1Q 13 il 7 2 1k
(Time Division Multiple Access, TDMA) F177755 G, CW HRRBEIRIE RIFE ) R G 77 ZitT.
B, S kb gm i H| (Pulse Code Modulation, PCM) 1) 1Q SKAE S #H4T 4:3 R
P, JREZHARITEZ OFDM 15 52 — M RS 5, 0 U FERAE R/ E i 1 £ s
o 0f CW HURFIRHRAE R4 H IR KA 16-QAM 15, Il n—Bt 16-QAM IIlZRF4. 2
J5, FRXWE S ST B, FdE bkt R IE A . N T RRIRE S, R
$155 LA (Up-Conversion), FEHUSZER. 1X—B 0 & H FIME 54 OGS N6 E
5, {£ IMDD Ja4f RG i, EWo, Jel4fE 5T TS (Down-Conversion), JfULHL
JEW . EETERUFENE, N7 NS R R, FFESE L. B CW ATIQ
& o B AR, BT CAnT DUE R 2R =k R0, nTRUR A 16-QAM A5 /7 4]
WIGRTF B3 MT A8 4k R, FRRIX — S5 28 T XA P H (351 . X — 07 R T4
W 1Q 15 S HMELL E M ) &, v DAYk R0t 1Q 15 5 4y, eIt &imttae.

XK= M4 7 CPRI VMY, @80T CW 5 5 MBI 1Q (5 5 Kl 4 &, W3t
Bk R, A RERT TEIME SHERIE, I BAUE AR R .

(] I 3 5 5 O 1T I 1 1 I LT T 1T 1 T ‘Y|
Hg F— 5 Tt VB e W B i B O Y B T P = I
H 3 FH = Theeree easeoisaaas Y inee Foyeac: R | ey ey % o [t 53 s [
4 |- | a1 N s i SEEE H— it H—— c k5 N - — H
g B2 N zENEEN Bl (g |32 Holiz i ies NG w23 ¢
z &g AT AT S s es | oA B Rl Sl S8 g ol 2|
& HHH 8= = :V,-,— L S N £ R 2 e L Rorow BRH S [N 5 EN] B2 [ s [ — 3% &
O Frrrrerrrrr et S EErreE T E N\ 8 —\| £ £ [\ signal s\ 82—\ 8 < T O
= e < LI Loel ) <8I § [EEen 5 e s
HE ﬁ?" ﬁ: N | 2 [P 8 [TV S5 ] il e [ 8 ™ & SR sz |
| 2 g NEENS| 20 ] E8 EE § o 2 82 ji:} — 53 gl
H & —fw’gnz§qu‘§7*”~‘§**f ig T’gjﬁ*»ﬂ §"—,,l / cw £ 2
H s [ - R < PR F e o e S B[t o ER 5 E PR CN € o [FIEY S
HE ) iEEEEREEREE [ 2 e Et © [ 2 &7 It =135 |
S P e e e T e T e TSN mns S S 1

& 2-8 432 A DSP Fifg E

SARYL, AU RoF BORMIIL s AL 0 Rk, W A, (HEMSaETES
MR R BUR, JUT I 2 AifE RS0 EVM 2R, H AT, A IETERRE 7t B A5
4 RoF f&4a keI T %

i
=
=
P
&
=
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& ): /’é X )( ,?
€/ SHANGHAI JIAO TONG UNIVERSITY g:.':*ﬁ:':gg*@Eq;ﬂ*ﬁfﬁé%ﬁﬁzi%gﬁiiﬂ_ﬁggim
24 NKAEWMARL
TRET LRI RoF 25, ER X TS 585, i/ 2R 5 Sl ettt
A B EL EL KRR TR A4 R G454

241 HIFHEKLH1LHm RSt

HIAHK (IMDD) R4, B UL RS- BRI RS, W iAs 5 G BDE 50
b W DG LRI ZS (Photodiode, PD) AT SRR . E M RAEMEAT H, AR,
HETA AT G E ERHIX — RAETT R . E2-9/8/R 7 IMDD M4 KA ZME . H
T IMDD £%t R e tRDG1E 5 B5REE, TTERINAEAAE S, Arble R EeRE— iz 5,
WA RE MRS . A& SEEUE 5 — Mo R A kb i B2 R 1) (Pulse Amplitude Modulation,
PAM). B#(£ ¥ (Discrete Multi-tone, DMT) Wi, B’ EHE S LS MOS0
XIHR. o0t DSP ANER 5 I FIEE 5, Segeid fUORAS (Electrical Amplifier, EA)D UK, )5
I HEAHEOLE (Directly Modulated Laser, DML) il 263k, Sl ye4r£5)fs, 76
Pl PD P 58RI, FRET8OR G 2] DSP O b B .

NERVNEN A % A HiAERE Wom
DSP || > ¥ | A—D ~| Dpse
E i BT | DR S

e AR S '

29 HERERRZGEHAE

&4t IMDD R 48 1 T VA RIMAR LS B, B DAE CLSEBDE AT B iorb 2. il PR
IMDD &4 EHRIIE B RIS % IR AR2-13, Ly BRBRXERER, g, 25 GHUH
KIBH, Rp RESIIMNFSE, [ESHRFSRERT 1%, OHUR B2 NER I
2. MAHh, IMDD RGN R BUEME T T RGN, WRAES A sE S, e
MIPERE —RAeZE, DR D i 8 A x5 1) 2 B RN

2% 10°
" 3R

—fi IMDD £ %t () DSP HiEARBCA T 8, 32 B2 LURr s oy i . ik eI #l
FHFAMERS [ R P I A 2 55 . HAT, DO AT SR B PO, W RAE IMDD R4t
TSR R AR I R i 2, TN R R A 75 B TR W0 R S IR AS S A AR A S i % 1 15
S ARSI, 2R TR RBE. 2R THER R, X IMDD &
Gron R A Sy 7S BRI T . KA e L (M PR B8 2 RO b 384 I 7% AR R () A
DRI, AT 55 B w24 ROF A% % 4244 B A A B A T He AR BN 1 AR AT A& AR 7 7 1Rl 22—

(2-13)

Lmax

242 MFIA1ER RS

K2-10/7R 7T R GRS, AR T IMDD RGN R 2%, 4%
Yoo R AR T2 22— DA IRBOL S, T ARG EA LTI

5T 45T



> P A \3@
NG snancil1x0 Tono Universry ETRFRENERE SRR TR RFLIT SZN

1 EREAEE R T RGERDMH THT AT BRI GERE, BIEEL. A AL
FPANRAR, 1 IMDD R R R g — N e R
2. HE RSO R B8ORS - AHT QAM 1 1l b EL A BRI PAM 1 4252 % R B4UE =7 14dB
Je AT,
3. AT DA RBOAME B A4, Een iU R BN AD A R R RN 5
NHA AT RGRFEARL . AT RGR ARG EH —MEOGE, BOLRR A TR
I RS R #8 (Polarization Beam Splitter, PBS) 73 il IEAC B fdR oG . 7ERIHLH, Fefk
B A b 7 A1 22k DSP RS R o B R i 2 i DA K — 645 5 Ab B S i DAC it % S5 1 L A
B . BT R G ALMm A2 W Bk IR K B EUE 5, FrAsEbri) R U #S LS 5 . DAC
i AR DY B A S (PTG IQ 15 %) i MRS, G 1Q 1 i) 1A ) 280 793 A 122 ) 5
P b, BEE RS )OS 5 FRIR & 4 (Polarization Beam Combiner, PBC) & h—
HOt, L WAL . FERBECAHMERM R G T, AR, TR FEAE LT B
IR A ARG, o R M IROEHIE B, 556l PBS #IK70 BUM A i ik
o, AARBOGERZIL PBS 77 AL P AR i AS 4R G AR B2 B - 6 HE AR T 2RI 25 56 5O -
Feffe. ARG ELHE 90 FOGIRMER A PD, &5 S 540 ADC KFE. BURE#EA DSP
OO BEAT A5 5 105 A2 AR

K 2-10 HTRGELEHWAE

e AR 8 TR B E 5, FrBOCE KRR, —BAE 20km DALY, Fr EAFRATT
XECER A A AR LA RO S BT I A BT o A TR B BERETHT RGO A7
AR, B OGO AR . 1Q %% (IQ Error) Z¢. AT 3 AT & Fhige s
(RPRFPERTH 5 (RN, % T 1 0 A M2 FR IR S = = B 4

5 IMDD #4iAH, HTRAERSIRMMOEE, PFrelZRARA MR 1R, i
WO o — IO AR A 75 T U BN 4EN I A -

bu= ) Wi (2-14)

H, v A mi A, WHEN0, HZE o2 =2rn-Af-T, Af EWIEELE 75 (Laser Linewidth),

T RESEM. E2-11=28008e4% 4 100 kHz, #7524 50 Gbaud I T80 25k 7 M 75

A LAE iz & — MR R AR, B TR S . ORI TR, A A RO £
SRR, BIRFS SN, A RO

SEERA T R G, RO RIS 1) AR SRS 2R EAF AR AL e A, B R R IA
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0.12

0.1F

0.08

0.06 1

0.04

Phase ¢ [rad]

0.02

-0.02
100 200 300 400 500

Symbol Index

B 2-11 BOLAARALGR S bR

R A R2-15F7R:

E,(¢) = e/l2nhit (0]
(2-15)

Er(f) = e/[27nfrt+¢r (1]
Horr, fp M £ & E R R S AW O & B RO A, ¢, (1) A @, (1) FE IO &5 RO FH AL I
P o FARLME S S AT 5 IR B e A A e, AT S BRI . B2—1206) EE o 1 oAl o e s
MR, AT AE BIfF AR R A I, B i R — e M, A BRI RIIR, &
SEATTHA R R I, Wi 722 DSP RIEBAR AL S SR AMA OGS A AL e =
Scatter plot Scatter plot

—_

o
3

Quadrature
S
[4)] o
Quadrature

1
-

In Phase In-Phase
a) JoAH A Mg s b) A AH AL S

A 2-12 16-QAM £ F
WMRAA2-15HH f; M f ARHEE, fFE—E W ZE, W FEROLSIRMmME (Laser
Frequency Offset). Wi P0G E 4 1d Tﬂfﬁjﬁ):ﬁﬁﬁ%jj
E(OE (1) = /2 (i1 )i+ (1)~ (1)] (2-16)

Af = f, — [ BRBOGE ISR, RS KLIE MHz~ 2 GHz. 7EWCn 1 75 ZEAMEHOL AR
AN e 7

R 1 HOG AR BIAR A e A, 1Q R ZE A HE S AR R . 1Q IR E E A
1Q & EE/FAAL 4 (IQ Amplitude & Phase Imbalance) #1 IQ i}t (1Q skew). Ax2-17\HL
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> P A X
B IENE
D SN IO ToNG Ui ETRTRUNISR AR URLRERIT S5

F U T IQ KRBT REE, ¢ A6 SN iEEEAAIAL K KA. 24 2218 W] 1Q skew
Az SRR 1Q P 1 - S HEL B A [R] A7 £ I 8] _E R SEIE

E0) | _ l 1 ~gsin(@) || () o1
Eo(t) | [0 geos®) || Sor)
E(t) = 8;(t = 71) +j X Sp(t — 1) (2-18)

1Q R ZEXME 5 /2 s R Al EI2-13 7 o FESEPR RGP RATTERIER— % IQ (5 5
Mokt — R R, PTRLIQ IRZETCiA e S, JA AT DAFE RS LLiEAT Tk, B AN
S I 2 f N 2 BT AR HEAT TQ IR EMIAMEE, AT R = E A A,

08| ‘ 08
o ha *
04f 0af : ’

d
o
Quadrature
o

NE 3 $

0.5 0 05 05 0 0.5

In-Phase In-Phase
a) standard constellation b) amplitude error
) 1 " . enled®
1 08 - " P g
0.6 k, 3 o
05 R4 . il
2 - - 507
2 £
5 0 g
3 _— g & 02 . )
05 04 3 ] -
-06 ' ] 3
, 08 g
. P - 5 -
) o \n.P:ase e ' ! P In.P:ase h 1
c) phase error d) skew error

K 2-13 1IQ error AR HE

SERYL, AHECT IMDD 248, AT REBEHRNDERIAA(E R, Bl —LfE IMDD &
Ge i IR AME (15 S R 0 E AT LAEAR T80 il L DSP SR BEAT#M::,  JCHGZIL AR DSP
BRI RS, KKSETH 7T RGMERRE . 28R, MT RS a5 A —L%L4E IMDD
ARG LS, F5EAUMIAME . KRR, R T R G RARE WS — DR, W2
AR I ER, ARBAA T HACR A BN T AR 5t

2.5 AEEE

AT, FENE AL RoF REMEAM S SR, B, &I A T
HTE AT RGN =" ER, 20/2 CPRIZERGER . EVM A 9E T4 . FLok, AT ELAE

18 TT 45 1



> P A \3@
NG snancil1x0 Tono Universry ETRFRENERE SRR TR RFLIT SZN

S 1¥) OFDM MM 77123047 T, X R FURT/E RoF REEHISEEAL, AT EHRHE Lk
S5 MR R BT A B RoF B R . =30 EENE T LLE S Uk R R, 2y
4 D-RoF #l A-RoF i R77%¢. D-RoF 7 Z&2H:T CPRI hil &M%, X—HED
SAE 4G R, GBI TELAE T R GRS Bl I Y LR A g, A B L e
TEAF 5155 A-RoF W28 1 1] B i) I Sl AN S8 F 75 %8, B AT 100 B B8 R n] Rt v i
FERIAE R, {HA D-RoF MILLYEERE B — e 20

KEENHE T AR AL ARG, /2N IMDD R4GAMT RE M. IMDD R4
IR LU TR B, SEBLI AR, A2 B AT AT SR RG T % T REML Mg sE
A, TR EFEEROCIAEAIME R L Sm AN 1Q R ZEFMT RE P REA M, & n LR &R
(1) DSP FEARBATE SHidME. T RAMERAETE L, FEFER, CAREKELTIE
MARSHHETNH, BEMET NI, Kk, EiEXHEMEEEmR ST, HTRGUAE
AR




ETHTRANBIRE SR TLRGRIT S

E=F HTREERSAHLELARS

Xiang Liu 18 £-7F 2021 42 H 7 HT IMDD 22 BHR & T L RS0, Lk R
X3 160 Gb/s ] CPRI R0 R . Ak, THHGE K KBS, AL 75 2R 2
R WA PRI I, XX AT RGN AR ERE AR TR Pk . HEAhiE, 6G G
AAZ T HEEE R 2D/ 5G 1Y 10 £ LA b, A B ) RTAE IR 2R 2K AE 1 Tb/s 1Y) CPRI Z54%
WAL, W FE A b, AR I T & T AR AT A T 2R R OB SO B A &
4% (Coherent Digital-Analog Radio-over-Fiber System, Coherent DA-RoF System) , & #K AAH
T DA-RoF £#%t. AZHG RN AT DA-RoF REHIAM S, EE MG T 24
DA-RoF il #HF A%t DSP &b¥E. #HFUicii DSP 4#E. DA-RoF fif#ifi o

31 RG5EH

Coherent DA-ROoF system for fronthaul

& N
; :
BBU I DA-RoF | Tx Rx  DA-RoF ! RRU ()]
processing _;} modulation  DSP O OF Ao DSP demodulation | processing A
i |
1
, DA-ROF signal |
i CW Digital Analog 1
.\ T 'I

_________________________________________________

& 3-1 #F DA-RoF REGEMREE

EI3-1/E7~ T 46T DA-RoF RGMZEME, LLNAT R, LLEHENFHZIRATTHE A
FHIfE AT DA-RoF R4, 45t BBU 4 #1234 OFDM 5%, Jt&id DA-RoF i, 7=
4= DA-RoF 155, &K 70 E 1) DA-ROF {5 5 &l Ml T e eh e R Gutk i, HARRAE TS
KA DSP. HORF . St FEFE AR T DSP Hidii tMaz . Z0d M T4 4815 1) DA-RoF
{5 5 1T DA-ROF fi#iff, PkE 113451 OFDM (55 . 7€ RRU ¥, AT LS 5347 0 B
SEAIE T A EE AR, I R R . SE3.2T RIS 3.3 K B ELN A 4HAH T DA-RoF R4t
HH R 3 ity RSOty (A5 5 A AR

32 kRimlESIERE
3.2.1 HHIEEES

El3-2f& R~ 1 #HT DA-RoF R4 K1k {5 5 A BEMIAE . A8/ 15 F 228 DA-RoF i il
B e N [ B B O At i ?:%KWOFDM{:.v,&%ﬁadjl%va,ééﬁﬁﬂ%%ﬁﬂﬂ%&‘*
i — /Fﬁf?%zﬁ’]%fﬁ{nﬁ, H S Fm. Wit fE 2t TDMA (1977 BT 552 5 5
R REES, 55823271 R RIREE T R A [, AN EE ] (CWD
H:f%'ﬁlQ BF508, 4l TDMA 5 IE & CW ELERR. AT LSS s fit cw
& ST HOL AT . B E S S, AN RoF 55, Sidmdt. B&EMRZE—
A~ OFDM 1£5, ‘IR IR E 534, PAPR 1R . FRATESA RoF 13 58740 3T
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S x4 \

/' SHANGHAL AO TONG UNIVERSITY ETHRTEANBRESAHTEZ RGN ITSEM
DA-RoF modulation Tx-DSP
r-———==-=-- - ——————m——— = ——————— === ——— === - - - == ————=—===
P N Wi e :
R g E 5 =R g
Channel #1 I::> ‘g 8—0 = g X =0 S|
(IQandCW) ¥| & = B|CW/| & 3 21 & g
: &Oo::>‘“ '%,l 2 || .8 -2 = :
2 2| = -= k-] = 211 8" ;------------
p § r.jl>§:'>§‘1\§1\§¢§i>§' DA-RoF
: I/ F : % ) g U 8 U % qE) T Signal
& S| = k5] ; o || el T
BE=F SIEN = &l|<[|£]
Channel#NE:> g 8% | W 5@. cwW c;CW| E :: £l
— CW| = =] &5 g -
(IQandCW): gg‘g% g >g2 > $ = :i O :
— 1 T o T T T _____ el LR e Mo fererme et
3-2 T DA-RoF RZEK 4T
B MEME S, = HM KRR L ANX3-1,
S = W1 + W2 (3_1)

Hear, w, 2—NMFEES, W B—MEHUES. W, X EIBES S EEE (Round) #1E
23], BAARREEN A R3-2078:

W = round(N ! S/Emax)  Enax /N (3_2)

Hrf, round(r) 2 —ANECEREL e ADNREENE TR AL AL BE R R
B SRR RE R 3 A2 AT DU & TN AR . By 2155 S MIRKIEE . N 22— DAL
T RSE, EBUERE 7 ETE S W KRR, SOV E S 2 (Rounding Parameter ).
SN M EIR% n FIR R LXK A

n=(2N +1)> (3-3)

FrAZ B A 3281, W, 22— n-QAM MEFES, IFHPFNELES S sl
R, FrRAZ5d round PP AEETE S W & — MEZEEIE (Probabilistically Shaped, PS) ]
55, I PS-n-QAM. X —HERIILAS 5 1077 4 55 MR B H AR, A FHEHIMY
SORETCARME, JERH W EEESFEK QAM EREEIAF, £ x fh. y HA R b gy
TERPES . AW, RELES S &3 round BEAETS R, ArUART LKA W, 2GS S 3
TERIIEL, BaS THEAME S S BN FEE L. iX— round (I A2 AT LA & — N5
PME SRS, FEFERNLE, 5T S #47 round BEAEZ AT, AT LAREATIE 41 BY )
(Clipping) VAB/ME 5 8] PAPR. W, 22— MEHME S, HAX3-107541, W, =S-Ww,, Al
Wy, REME S W, 2 M EARE, REE S MRERGR. ERIMNMNEANSRgH, BA
kN =5, Bl W, &1 PS-121-QAM NP5 S, SEkUR R AL 554,270 st 17 1
e BLENARR BRGSO, 52 AT HIER 2% CW ELER
N 16-QAM 55 . B33 @R T HIGREES S« AR ES W BAES W, Al
CW 5512 HEE.

BT R, BATVEX=EM W Wy FI CW {55 T IE MM4ET8, BME 5 18 B X R4
TRBN 1~ o 30 HEHUE BI85 R BRE B AF IS Pk 52 14U RoF 155 S 1) SNR 1A F|
AR, TEMAER, BAEEESEI21NFNA. &5, BIOTEEHEUEH W, W,
A CW FF5 TR 2 2, FeA—ANE 9 E RS 751

#
NS}
—
=
D=z
N
9]
=
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SHANGHAI JIAO TONG UNIVERSITY

=]

ETHEFREMNEIERSAH TR GRIT SR

) _ Scatter plot
3t :
|
.l
-
E
©
E 0
=
o
At
2t
al
3
In-Phase
a) Original signal S b) Digital signal W,
05 Scatter plot o : Scatter plot
04+
03+ 2
0.2
1
L 01} e
2 2
£ 0 £
g g
T 01 o
-1
0.2
03t 2
04
3
05t
05 0 0.5 -3 -2 -1 0 1 2 3
In-Phase In-Phase
¢) Analog signal W, d) CW signal

& 3-3 DA-RoF &#E 5 EREE

3.2.2 #HF DSP fikb#

K IX I B AN S FyE I L 2w, RATTE 7 B HaE 47 AT DSP [ Ak
P, AHERFEMEB 2R A R, B, 5 FAS —AKe sEE g, AT
FH & T 4%5% (Root-Raised-Cosine, RRC) JEIK &%, & [% R % (Roll-off Factor) HL 0.1, &
ik S G RS 51 3 B B RAE (Resampling), LA A2 R G b 284 R RER I ER .

pilot pilot
) [ . v
signal + / signal
||
f f — f

Guard band

& 3-4 RF-pilot ~REE

HH T AH AR S I 2 TS 5 2 52 2O A8 A A7 168 75 A3 BRI 52, 42 T K R o THUAL B )
A 2 B I BB AR ALK AR K R % . I o SRR 5 B8 a s 7 w,
E—HBAMES, bl — T R G B E T RABIEH, g i A
(Phase-Locked-Loop, PLL) A5 #H##%2 (Blind Phase Search, BPS) 5k, XS5 ykaRm L
XTHCFAE 5 ARSI EEARAL, TG 5 W, TeikAlk, A DUXEEEAHEH TiX—

22T 451



> P A \ﬁ
NG snancil1x0 Tono Universry ETRFRENERE SRR TR RFLIT SZN

o N T RRIX— I, RATVER 7ET IS (RF-Pilov) {55 FIAALIKE 77 %4, B
TEAG 5 W0 MU I — A BAE 5 F T AR AL R

KA R G0 &2 1 S A R, BT DA A0S 5 25 5 2 B DRI BN I SR o /N B
2 PR 5 S0 8 B S5O A A 5 I RS, TR R U FRA 1 75 BEXE 5 AT TN & (Pre-emphasis),
TOUIN B U AR TR R G B AR e e & ad DL B TALEE (1) DA-ROF 15 5 i
A DAC 2 HIIE 75 BT clipping A2 AL . B DAC %t i FAS 5 Bl 8 1 BA T8 LA et
WAL, MR 4E B 7K 38— % DA-ROF 15 5.

3.3 WmESAIBRIE

Rx-DSP DA-RoF demodulation
Foo-— o -————— - == - - — - P - - - - - - - -— - -—— - I
1 ; Equalizatio] Q| 4 :
el IGIT SR
< <
1| Z @) g » Sor :> Channel #1
iR R gllE] ] 8 CW| 2 = B[V (1Q and CW)
1 =] o] = é." = g" S o O |
_____________ ] (] o]
h g ®) 3 5] = a O |
DA-RoF Ebog\%j)g*\ 5$3 = :
| sigal | Y s EM 2Bl F £ lvolz. |
RN R S E g
! @ = S E ol $ Channel #N
V| Bl S o cw| E Z B[7 (1Q and CW)
I = ~ o © ) 1
1 i L L :> © I

& 3-5 1HF DA-RoF RZWk iz

3.3.1 #HF DSP {75 #Mx=

B35k~ 1 #HT DA-RoF R4 (E 5B iiAE . S bt E G, EUen
KHMFEU, AJFiE ADC KFE, H#E DSP BT (5 S e . K5 5 3T i
ERRIERR A, BRATEEU T5 5 i1 211 pilot {55, H THMEMT RS+ rBOLE 24
P AN E ARSI E (Carrier Phase Recovery, CPR). HEAK#EE/EDIRIE FH U8R 25 52 B pilot 15
T, RSO EE ¢, SRIEXTEEAN AT, eV o T R R I AR AN A AL A I Kb
R Z B LR LN R R : 1) pilot {55 M6 E . pilot FEES DA-RoF 15 5 4 ik Kl
ZFENE Z WP TIAEKR, ART RS pilot, B FBAHAAMENR AR % W
W PR R, RS SRR IS O, FEAMU pilot 5125 %) 52 21| 22 45 B U8 I RN B 5
TCVEMER A TH AR MRS, S BRARAME R . e A IR SR AE IR A5 500 1 GHz AbdE A
pilot. 2) pilot i/ E SR MILLE . pilot 415 AR TR LEE S, W FEELRRIE
SIEAR N, 2xBE{K DA-RoF 15 5 &I TERE: W S Th R L E K, pilot 52 FH AR
IRZIRNIE R, 0P AE A M 75 R M RE g 22 R B pilot D38 LU B (1) K/ 7 AR S R4 ok fF ik
ITIE 4 1A .

233 CPR JaES, EHRE@ASHELR. A TR RIE S Ra e RrEge, FAMEH
TR, WEB-6FTR. F— st —12x2 MEZMAZH T (Multiple Input
Multiple Output, MIMO) EH3MiTds, FHTAMEMEHL IR EHE i ie i 54 PE 0
P, HAELFEXT PR R Gy o 52 PR - B A (8] SR PR kB2 o B2 3 Sk R A0 BT R FH /N
J7ix% (Least Mean Square, LMS) ByAHEATRR, F T4tk RECHE B 1R 245 5 0] AAEL
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ce x4 \
@Y YEXAAY

Y s o Tons tunzasr AT RTRMNMILR S XS EERERH 5520
Xin H,y &P Xout
H,y
Hy,
Yin Hy, & Yout
a) 2x 2 FH L ds
X[ HXIXI ? xl_out
HX X Tas
LI ¢ |
Hxl}’q
onxl ? xQ_out
XQ ngxq P
)
H,,
Lo
HJ’IXI ? yI_O‘ut
H VR
Yixg
Vi H}’IYI P
H}’l}’
H}’Qxl D yQ_O’ut
H}’qxo
H}’g}’l
Yo Hygy,
b) 4x 4 SLHUIHT R

K 3-6 AR E

FAES W) RTR, LR 16-QAM {1 CW {5 S5, sk R H n] 58 3R F b
FENEETT, MAR3-4FR, ot x[n] 55, en] RUFEARMRESS, pERE, &
FRRIE SE PR DLEEAT AL o

Hln + 1] = H[n] + ux[n]e[n] (3-4)
BT RME S W, TIEHARASRNRZE S, BT AN T 80515 5 U1 2545 21 80 K i g4 =k
FHOEEAS DA-ROF PR o BEAT BT . BRONTHI % REGDCET B BUE, CBORNIEA ™, A
s SLAAN R B M A, X AERS — E R IR DSP SR BEAIAE . AR, BbAh, R
PLHY 1Q TR ZE W5 5 HIPERE W RARKREMT, FAVEH] 158 =4 4 x 4 B MIMO SE# 57
ARk 1Q H 4y, HE— DR m RGVERE . S A SR R B AR S B A i s ) — 2
R ET LMS HESil.

3.32 HEIRAESHIA

AT SR AGAMLRE B DL S, DA-RoOF 15 545 i & 31k & H L4k OFDM 22,
BRI 2 A 1) DA-RoF 5 53T e R H . X THFES W, BRUL— 1 4a 2%
¢, RIFFIRET— round BAE, Ui round HIERIEVIIRIENE A R3-2. X—E{E¥ 23

24T 45T



@) FiErdrd

NEED suavonn a0 Tove s ETRTRONBEE AR MRLRELI 55
Mg P LR e W {55 BT IR O PS-121-QAM {55, thn] DAERfEON — A (Decision)
Mtfs, WTBLER W, B S RZBMRH DS . X TRAES Wy, BHERURE . 758
I PEIRIEZ A, K Wy MW AN, BRI R S R RoF 55 S. X T 16-QAM
K1 CW 155, SEbR AR AL c3, HMFVLERr. Saidd mss, BERSM S M CW F
SEHOIEE - NEE, HTgx .

34 KRB

A TEIATVRANA A T PR O FE T T AR BRI SO BOTC e R G045 5 IR B . DA-
RoF il (A R To 2k A5 5 3 0 B 745 5 SIS 5 T AT R A0 #E, DA-RoF [1fi#
WS A, ARESHEATRER, JFRE R ERICLE 5 R R, X — A6 E R
REPRAEELRC ST B0, a7tk 1 WSOA i (Y 2 AR B 1%

BEAh, DA-RoF {55 i BT840, Br LUK s AT (R A T DSP AbER & A ZE Yy, A
B EAABY] T E M T DA-RoF 5 555 S (AT DSP 583%, QAEHUNE. 2T pilot [AR{L
WS, AMEADIE R K R 8 MIMO P75k AMEEAT 1Q IRZE ML MIMO i 5

P

H
[\
W
=i
H
N
Y
=



> P A \ﬁ
@) yiEzdrs
I SHANGIAL 1A0 ToNS Unmessir ETHETRONRRR AR RS RERI SN

ENE HEESHTERWIBR ST RFEMRL

ATRATE NFIS B e SRR 56804 (DA-RoF) ZER T RESG 75, Jf45
G E USSR . RIS = E A4, AT DA-RoF RA NG S A EREN RA
PRGNS A4, AFIT WA 50 H1 DA-RoF ZE4 (138 25 KR . AR —MedE:, FAT0] LA tb
RGggEk, —" Mt AN A (Additive White Gaussian Noise, AWGN) {5 1E/E AF
SIHTHIREY, R REAS R G0 AR e 5 S5 80 AWGN, AFREHAN S . - H, B+
(CW) 55 R H#REAB 2 (TDM) FHH—/Nl45r, & TR &M, FFA
AR P EE, ARIEATCEME A, FTUEL T o ERATE N AEE CW 5.

4.1 IBipIEIFIHES

RN T ZRAE 5 A H 4% 20F0 OFDM W | ff AL 2 (IFFT Al FFT #:4E) JEAG2M DA-
RoF MRS, FTARMNTBEIS T MR AT AR TLLE S S FFah, K7l b DA-RoF
FIRER G T2k (A-RoF) & HMEHTERE, FRAVE PIFE 7 E 2 18] SNR Z 5752 N
DA-RoF 7 ZH#: T A-RoF J5 I\ 5. 1% AWGN {518 ({518 SNR (Channel SNR) A
SNRy, F-ATAT LA Hit 8 H T4k 4= 5 LU DA-ROF F1 A-RoF 77 £ 7F AWGN 13 18 £ %1 )5 () SNR
P RE

%t A-RoF H&E, BNEZLELLES S ML AWGN (518 L5, FrblRE R
{55 S 1 SNR 5% T SNR,, Ell:

SNRs_ror = SNRy “4-1)

%tT DA-RoF %, ZBE =21 EH, 0l LA —ANd BT E 5 IS 5 4 r
TDM 751, FATAT LIS RX — 5 S 5 %K.
P, = %(C]ZPWI +c3Pw,) (4-2)
Hrr, P, RIREEN TDM 55753 ¢ Ml oy &5 ZFAHHER| IR W, fl W, £5-5 11
GHIRE Pw, F1 Py, 53 5l5E W, Fl Wy FFS TR 1 IS 5 Th &R .
%, TDM ¥4t AWGN {EiE &%, 522 AWGN 52, $#2U% 2 TDM J¥ 51 AT LA
KRN
y[n] = x[n] + N¢[n] (4-3)
x[n] KR KIEWTCEER TDM 741, yln] Rl M &8 E S 1T H]. Nn] Xt
N AR B o A MR S e 1), RS N [n] BOZRAT DL EAR], A 44T .
— P'x
" SNR,
He Py, X8 AWGN W DhE, fE8: N, WP ES W S HREd — AN I —FE 1
round #21E, 1ENME SHANREE IH . @B HR G0 W, &1 W, 4N, EARTLLES
§[n] AT AR IR A :

PNx

(4-4)

S[n] = Wi [n] + Ny, [n] + Wa[n] + Ny,[n] = S[n] + Ny, [n] + Nw,[n] (4-5)
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7 snanciaL a0 Toxs ety ETRTRUNISR AR URLRERIT S5

Hrp, S[n] KT LELE T Nwn] ZokEH W, R, £ W, 5541 round /5
I A AR (Decision Error) B CRAGEEF )5 Ny, [n] &R BEEAME 5 W, 1R, &—
T R

X o W P R BN, BT DAL PR R 7S T SR X A R 7R Th B R, N SR il i
SIX PR 73 M 75 ) DI ZE o Ny, [n] FIREFE D)8 Py THEBCRTEIH, BONETE S BTG 5
KB ER, UL 48805 1 Wa 5 52 B8 SE D)2 T Py, 36T A] LAAITE
Pywa M Py, FIR RN

P
Pyws = C’Z" (4-6)

2
Ny, [n] 2RI RE R AR S, 51R575 2% (Symbol Error Rate) fH5¢, 7FEHEFAEH
RAFTHEASNR MR R BTG S W) J2 PS-121-QAM (55, & 1 A2 B 06 T A A il
SRR, T AFRATT 230 B 0] BASE M —4E (1) PS-11-PAM 15 514G, W& K IKEESS (Euclidean
Distance) A, 7EHES /T, A LLFPMRK:
1. round FEUNHPES R AT 5 2 IEH A5 A AR 55
2. PS-121-QAM #1 PS-11-PAM #5 5 (IRK KFEES A ds

:

& 4-1 SER 5 SNR X &S ~EHE

i EE R A, U R AR SOE R R AT, AEIA S N R R R R S BRI RS,
G2 R B Ik R R T 5 B B RO R SRR HIRANE], round 19— NHUBRAE,
FEID LRI 2 3 s I RS2 BIAR KM 75, 225 round LA J5 AT BEAR I P — AN IR A2 8 i, {H SRR
EA—ERHZERRKE. FHA-1oR TR -, BIPMURR TR B, 202 =4
FE PRI, A R R L P — o B R i, T A PR B R R TR A TR 2 A AL B R R A, R B IX
Sl R R A DA AR DA R AR AWGN (R, AT LA 3

d [
SERPAM = Pr (ly - Sm| > E) = 2Q( Clzdz/ZPNx) (4—7)

Hrht, SERpay =& 455 PS-11-PAM HIRFFS 3, Pr(ly — sul| > £) R HIRER AR,
O() B—AEREL BN Q(x) = [ <= exp(=32) dro Fi LA -4l PS-121-QAM f5
FHRFF T3 SER N:

SER=1-(1-SERpam)’ (4-8)
ARATHH) d SESHIHFEE R RR—MHE, EOTCERS W, 7585 A F T
PS-121-QAM 775, HEKIREEE dy = 1 B, X—{F5WThHEAN Pyo ATLL, d WLLEH LR AT
351
L (4-9)



> P A \3@
@) yiEzdrs
N SHANGHAI 140 TONG NIV EFRTRMONER LB LSRR 52
(=]

ETFLLEMHES, Ny [n] BB IR Pyw, HFE A R4100R, BAARREUE T EBEAS A
K47, 4-8, 493 T,

Pywi = d*> - SER (4-10)
T Pywi 1 Pywa LG, FTLAE R4 3T DA-ROF 5 £AEHII L LSS S 1 SNR
N
Py
SNRpa-RoF = 75— (4-11)

(Pnwi + Pnw2)
Hrr, Ps ARG ELESHIDIR, #m, g6 AR 4-1 2A4-11, DA-RoF fHEL A-RoF 1]

Z& 1k SNR 25 A
_ SNRpa-roF _ Ps

G = - (4-12)
SNRs_ror  (Pnwi + Pnw2) - SNRy
Feali 2, X4 SER =0, Ax4-120] LA -
2P
G=—— 3> (4-13)
= . Py, + Py,

N7 EAECL B AT RO IERRPE, FRATE AWGN 17 5 R Gt H 4 DA-RoF ZEM AT T H . H
PR LA TR AE S 4.2° T T 4l . BI4-2J 7R T 4E 20 dB {518 SNR ', FLE A HITHE 45
MBUE T EIGER, BARPR R AR B co/cr, DAEFRZ SNR M ai. [P i (o p i 2%
XL A A-12, B 200 N A 0d-13, SR E ) L BB FCA S5 R o mT LARLEEE):
SR (R A A A, BB HE S BB HINEEREAR B JFH, % o/a
ELBCN I, PSSR AN AN A XU, 2 eo/ey BBV, Hr(E
T W KRS REAELET 0. HEY of/c WECRIEILT, BELLE HINNKLE
MR 2R, HZEREE cofc) MG RTIIER. XU, FEUEIEOL T A RENS B A LR 1R K
AIIRASIE 7S, 3K MRS A REMARE ¢ /) HOHEKTIAZ K.

18 —B—theory
14 | "B theory@SER=0 -
simulation
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c 10+
©
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12 (FESSHMRIE
421 FE R

M E4-25 1] LUE H DA-RoF ZEH4 R34 2 /NS A8 R B O, FF HAFE A48 &
o X1, BATEE I B A REERE . W W, SRR R EUZ ¢ A o,
RBATR T EPE WA KA, FrPA] DA REETEN oo/ o) IATT H . I RS
H 45 R AL HE = AN : DA-RoF . 15576 AWGN 1518 i4E % 1 DA-RoOF fi##ifl . 7538E
B RRATE I A E & BN SH R, LFEENSHE N =5, ]l W, & PS-121-QAM
fE5%5,

i B4 R WK 4-3FR, BiAAARE AWGN (FIE {518 SNR, AR E I ELES S
1) SNR, AN [EIBE 2R R A RIS REL ca/cro BAMILLTIR A-RoF L 4iss
B, AL R E LI5S SNR 5 AWGN {518 SNR —5(, X A4 19 i #S 7
Mr—80 W8 T TEARIC SR M A FISE R EL co/er T 1) DA-ROF 1&g . x s 2k
FE ka3t —E, (S8 SNR 3N, DA-RoF 7 EHIIE (5B EASIg R 2HE) &
WK, R AE{SIE SNR BUORIEA TR . 2860535, BIEH ¢)/c; =7, {51 SNR
)75 7E 16 dB~18 dB I}, DA-RoF J7 %A A-RoF J7 #AHLL JL-F-& 4 SNR #25, HEMRE
2T A-RoF JTE. ME(51E SNR 140, DA-RoF Ll L 55 SNR b Th5s Btk
F A-RoF /5%, {58 SNR T 24 dB i, A K 0l 26 0 22 0 i 28 SE AR BT 4T, X
YLHAZE S {514 SNR T, SNR HE25# 0 THIM . 7E ¢o/c, = 7 AT LAFRAF 0 K SNR 1635 K9
14.0 dB, @I EBARA-13THHARINERZ 143 dB, WHEEERDN, H— DU T IHE
B A HT I — B

45 |===A-RoF
—&—DA-RoF,C./c; = 3

DA-RoF Co/ci =4
—&—DA-RoF,c,/c; =5
+DA—ROF,CZIC1 =6

DA-RoF,co/lcy =7
=@ = DA-RoF,optimum

o
o

w
[&)]

w
o

N
o

-
(%21
T

SNR of the recovered signal [dB]
- N
o [&)]

10 15 20 25 30
SNR of AWGN channel [dB]
B 4-3 121-QAM W, f55: AREBRL oo/c HRER
FER4-3, fx EJ7 IR R 2R EANFMEIE SNR 2611 T, R SR 48 8RB0
KRB RIS S SNR PhRE, BIEUTEA ARG AR e% . BAAKEL, 24151 SNR iy

16 dB i, c,/c; = 3 BEMEIA R ERE, 1H24{51E SNR N 22 dB B, c/c; = 6 ;&AL HIiE
Pe. RHSRUL, 2Ho/c HEB/N, BWRE W, (55 23RS, W, (55231 8E
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BOR. PRI, sEPERSREE, WTEIE SNR BURKITENL, FRATRAHMNENT cofcr, XFER]
LU/ Wy 55 2 3R, A R FI0i 1 round 4, 7T DUR AT AL D round DA S %
N s s T {518 SNR B s ol, HTEE AL, W 554 5 2 30 R D,
Wi (1) round ERAEXS MR FE A — @ A R, BT AT DOk BEARRTKI ¢o/crs FELRUE Wy PERE
FEEA B, RATRERE = Wh (B 5 MR . AT IR ERE 228, hnT DUEZ BT %
AT AT

422 WS

W,-49QAM W,-81QAM
3 O " P 3 - :
2t -c!'« & % - 2 . HEE A & ‘i" <
. . A ¥ ¥ A
% *" *’“ * % R X 2 2 X RS
o s mWEs . lo seseewx
=) RS P O TR, S NS 2 3 % W
g 1 F * ¥ T -1 G T el
2 R ﬁ %c 2 . e W L
3 3
2 0 2 2 0 2
In-Phase In-Phase
W,-169QAM 5 W,;-225QAM
3 £
5 . :r,:i"«‘;.h'{ 2 5 ,.:..'a_.r‘,j_..;...,..
S LR geE R
g5 by [ E R -
o1 SR AWRSEX 0 SR PERGARY & -
2 ST T 2 A ARPRBEER 2
So 2 5 BRBES & S0 ootk 1L
g el it il o RRL i VL
3 4 R ERS £ SR 4434 A
FET YT FEARIRRE A
e R R LR L R
£ Skt 2 Caamesw oL
3 -3
2 0 2 -2 0 2
In-Phase In-Phase

4-4 AR W, FEEEE

155 B B B S E P IR BRI G, BATIEFEZEH A AL 2R M ENSE N 1)
IEFPEXT DA-ROF 1£4 5 M RE RS2 o 3B 2038 N (PAE, 7T LAAS 21N [R] fe off il s = e A2 i
WE4—4FR . RN P P PR B TR v, MO 22 8 A o PR AR R 2 I B /N T 3 A
JAE S B, T DA S A ) R s FRATT AT B VR R o X FARE N EFEAE K PS-n-QAM 15
T, AT DA R4 2 1 R O AT, R RIAFIESIRE R W E5 T, &RIRERR
HAEAF{E1E SNR T IERE, WE4-SHIR. BN PS-121-QAM 155 O 728 = F A E4.2. 175
AT T AR, FIUAHESER. aULEH, X ih & ki 5 Ea-310
FH2EL,  HAKI) SNR H A BT ASIA

W, BATTERIITRES, E4-6/E7R T DA-RoF 7 R ARG W, 55K
AR R BT AL as R, BEALFRIIAR A AWGN {538 SNR, MARFRERE LSS S 1
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SHANGHALJIAO TONG UNIVERSITY BT TN BEE S AR T L R%EIT 5
SNR, BESEAI98/2& A-RoF M4 R, AR R 5 TRl SELRARFTRA [ il 4% X1
Wi 55 FRATKE 251 B o ) BAR B R R I 45 R . 241538 SNR N 26 dB I}, DA-RoF
77K PS-225-QAM [ W, {55 AT LLik F| 42.4 dB )52k (55 SNR, 1 A-RoF 77 EAH EL )
WA 16.4 dB. 1M [FFERI{S1E SNR 4614, DA-RoF 77 %% PS-49-QAM ] W, 155 R fig
10.8 dB [ 25 o A 12, 241518 SNR 1R/, Lban 14 dB i}, DA-RoF 77 %K H PS-225-QAM
) W,y aﬂaE’JiEﬁ*ﬁRﬁ 2.2dB, 1fj DA-RoF J5 %% PS-49-QAM () W, 15 5 2574 6.4 dB.
MR, X T RIAFFMEE &M, AT —BOEBECR M ENSE N, WEEES W, i
R T ST, DA R E AR I LR R HUE S Y, AREEIESEZ2MER: X T1E
WAL ZE MG, —BOEBRB/NMORSE N, PRI AR W, DR s g
PR REE, WMORE {55 round J&5 RIS

W,-49QAM W,-81QAM

P //

fol
o
n
o

——A-RoF
—=—DA-RoF /¢ =3
DA-RoF C2/c1 = 4
—8—DA-RoF c,/c, = 5
—=—DA-RoF c,/c; = 6
DA-RoF cy/cy =7

/ i
=0 =DA-RoF ,optimum| /

—&—DA-RoF €2/C1 =3

DA-RoF C2/c1 = 4
—8—DA-RoF c,/c =5
—&—DA-RoF c,/c; =6

N
o
B
o

DA-RoFc,/c, =7
=& =DA-RoF,optimum

()
o
w
o

n
o

20 -

SNR of the recovered signal [dB]
SNR of the recovered signal [dB]

104 10(
0 ‘ L L L 0 \\ 1 L L ot
10 15 20 25 30 10 15 20 25 30
SNR of AWGN channel [dB] SNR of AWGN channel [dB]
W,- 1690AM W,-225QAM
45 50 T

—A-RoF

—8—DA-RoF 62/C1 =3
DA-RoF €2/c1 = 4
—8—DA-RoF ¢2/C1 = 5
—=—DA-RoF ¢c,/cq =

——A-RoF
—8—DA-RoF,C2/¢1 =3

DA-ROF c2/c = 4 %
—&—DA-RoFc,/c; =5 1
—&—DA-RoF,c/c; =6 £

DA-RoF c./c; =7

'S
o

w

o
B
o

DA-RoF c,/cq = >,

=0 =DA-RoF, optmu/ —o-DA~ROF‘0ptimum/

15 20 25 30 0 15 20 25 30
SNR of AWGN channel [dB] SNR of AWGN channel [dB]
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SNR of the recovered signal [dB]
=

SNR of the recovered signal [dB]
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& 4-5 NEEHIHK W, 55 HERRGRSR

TESERR R RBLRIE R, ANFRRMEEFZAS A AR . WX {518 SNR 754
—ANNE B N T B, AR R S B E R AL, XS R SIS 4E 1 Rk
Ao FATE M Tk —AEE N ERSEUE No N FBUE RN 7E—A/NE B K518 SNR
N, ZHUEEREBR B R £ — BB R G+, %‘fa: SNR F3EH—
JEAE 18 dB ~ 22 dB 2 [H]. R¥EZ AT LR, PS-121-QAM [ W, {5 5 1EIX M 18 SNR
X [F) N AR BE 2RI — A LU TS e, BRI T FRAT 18 T (A BB Sk 3E 4k &
at, WALEFE N =5, BB LELES S AR PS-121-QAM K F 15 5 .
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—— A-RoF
—=—DA-RoF,W;-49QAM
DA-RoF,W,-81QAM
—a—DA-RoF,W,-121QAM
—=— DA-RoF,W,-169QAM
DA-RoF,W,-225QAM

N
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w
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N
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SNR of the recovered signal [dB]
N w
o o

1

10 15 20 25 30
SNR of AWGN channel [dB]

B 4-6 BRINBHAB T AARUSHNHTERSER

1

4.3 RE/NGE

A& MRS 45 T DA-ROF 22K () SNR 118773, Ui 7 SNR 425 (hkiE. 7
WIS HT/ERIAL I AWGN {518 FiE1T, LL A-RoF 77 ZAF AL HE, Lk DA-RoF J7 &1 2 «
DA-RoF 77 ZE 3 i 3= BRIE T8 715 5 s i S AR 4. X — R /0 At IR Rt a5 15 B ik
177X HRIGUE . T DA-RoF 22 B S H N FIEUREL o/ ey WIHUE, FATTH 5 Bt
ITT U AR b, ZAEYS T =4S ERbm@. wES, vTRUEfiE — N ELS
BN, EARFERIEE SNR PRACGTH R oo /crs EBALH /1. BE, SERUSH
N, HiATEESREE. &5, RIEEPREEMHT R4 H{E1E SNR i, RITEEN =5,
e /e = 5 AENSERRAEUE .
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FHE MHTHRESAHTLSINARESERDH

AT RATELL LI R GRAIE T P (A T BBUR St BE & R gt Bk, RANH
THENERAGRE, BHEEMEFNSHRES. 555, WAL 17— D0 R IR
25 Gbaud DA-RoF 55, EARFEBOETIRT, 2 1 Iodefs 5 & 5m i -5 SOt = 1 5¢
o BATEAE R E RAAAEBOCT RO T, MHEH AR5 31 DA-RoF 55, JEotr 715
TR RE -

51 XWARZRE

Tx Offline DSP i
x Offline DS 10 km Rx Offline DSP
S‘@Eg?f’ﬁ“;’n— AwWG H>{pp1o- Coherentf—| Dso [ Slg‘?tilgfl’{ve;y
Wl\‘/[ ol °° B0 Gsais)H{>{ Mod. |D SSMF Receiver —{(100 GSa/s)— ];V ! i ©
odulation || EDFA OA [ | [ | emodulation
RF Driver
ECL LO

& 5-1 #F DA-RoF LB RGREE

KI5-1/e7R 1 SEe R E . ER M, FRAEIREE3.2797 rh 1 A B8 A HOBR & 1R i
DEMES, JHEAT DSP (TAL B, XS RAEAIET MATLAB BL3t1T. #5%, it
H (1) DA-RoF £z in#k 2 — MEE WL K A4 (Arbitrary Wavefrom Generator, AWG) |,
KFEFR Y 80 GSa/s. AWG Hith 1 VY % 1Q HE 54 VUM 41K 3l 85 (Radio Frequency Driver)
R ZJG s FEARUWIR ) 1Q K E, 5 T S| D68 AR — A IMEBOLEE (External
Cavity Laser, ECL) fEREIH, WOGHIPEKZ 1550 nm, ZE5E29°4 100 kHz. Y6155 1R 5
DNZ2)49-1.5 dBm, {EHEERTH &It BHELHCRES (Erbium-Doped Fiber Amplifier, EDFA)
R JGLFMIEREE A 10 km, RAARHERBDEL (Standard Single Mode Fiber, SSMF).
N T ARSI TN (Received Optical Power, ROP), FRATTE G455 1 A vty 155 2
T—AEFERAS (Variable Optical Attenuator, VOA).

e, AR 7 — M T30 (Integrated Coherent Receiver, ICR) KK
MBS o A—MIMEBOCEHE N AIRIEAT T ST 005, JufE 5N iE
o BRIEHE—ASKEE N 100 GSa/s HIE F A7t~ #% (Digital Storage Oscilloscope, DSO)
Kb Bla, KRFEERINETS S MATLAB k4T B LR IA(5 540, AFEAHE 5 i
#ME . DA-ROF i A BE A -

5.2 SLIGZERSH

Xt FAHT DA-RoF R4, %2 1ANR, —MA 3 MiTETEPR. SNR 1 EVM A i I
#dTE VARG SR E, RE2RMT AR, 5T %wres, KA DA-RoF &¥— 1~k
LRSS/ T B S SRS SPNER5r, BT DAL 0K /& A-RoF f—2F, B R = 2,

2533 714k 45 71
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X CPRI S R0HE A, FESEFRTTSE A, FRATRE 20 A X 2- 13Tt 22 . A+ DA-RoF %
Ziff) CPRI %5 X% 1] LU A S0S- 115

EDR=2-F, B, H, - He (5-1)

Her, By =30, H, =10/8, He = 16/15, X=NMZHE5 AR -1HEEME. KPR
2 RUAMT RG] DAL MRIRIES . XECATERT DA-RoF &4, HATKEZA
ANFEE RS S B A, FUETTHE CPRI 2580 XN i L HEEXH B SR LLES S
PIRFEER Fyy ANTREEIE Nyivo M Nyeeroro IEH, FTETRMZ, BT, RINIAEE
EEIIREE, FTUME SRR ME T ERE SN SE. BT UL 3 Metablsh, i&F
— ANV FEFR & DA-ROF 77 %11 SNR #4325, 7 AWGN (Sl H# IMDD &%,
BATHLL A-RoF 1E N LLELFEHE, A-RoF [ REIEA B T RGiHI{51E SNR. {HEATEHT
R4, Y A-RoF fE4i il SR MEAME, SNR HRRERZE, FrLAIRATUHE T B
DA-RoF £ 5[] SNR {E N HEHEFIWK ST R ML 5 5 SNR HEAT LU, RIS & o A+
DSP #5i#M&Ji, B A A# I 1) DA-RoF 755 F¢ 41l i) SNR 1F JyFE it .

# 5-1 DA-RoF REG LK SH R E

N C1 (053 C3
5 1 5 0.2

H5E, ATEM T DA-RoF S5 &4 &4 — > 25 Gbaud [f] DA-RoF 155, Xf N [f) 72
12.5 Gbaud FITCZA5 "5 S, ‘E ) CPRI &RUH % A: EDR = 2x12.5%x30%10/8x16/15 Gb/s =
1 Th/s. #F5-1/& DA-RoF ZEMSLIG S HE . X T 16-QAM [ CW {55, FRATAFrifE R
JEE B B FF 5 T R B 3 = 0.2 BTSN

30

=& ‘DA-RoF symbols
28 | —©—wireless symbols

9.7 dB gain’

-20 -18 -16 -14 -12 -10
ROP [dBm]

& 5-2 25 Gbaud DA-RoF {5524 H: SNR vs ROP

FE5-2f&/~ 7 MF1 SNR 5 ROP 2 [A][#]5¢ &, ROP H44# 7 [ &-20 dBm~ -10 dBm.
R 2% Hh 2R a3 5 P43 FR g 2RALL, 2R 2R 2 1A) O 25 B & SNR #4975 . 17 ROP &2k

34 T 45 T
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HANGHAIJIAO TONG UNIVERSITY BT TN BEE S AR T L R%EIT 5
AT BINE S TR, TSN T B {5 1E SNR I . T RGMEThRE LR,
T LASZE6 TR IR RS 2 B B A HE 25 A . 24 ROP -20 dBm I}, DA-RoF JEAA 25, B
# ROP K, DA-RoF 77 MM i Bl A K; 24 ROP 24-10 dBm Hf, Wi DA-RoF £ 5 [
SNR 4 20.0dB, T4k{5"5 SNR ¥ 29.7dB, SNR (175 9.7 dB. 7EH4 2 E Y,
P El4-3, {518 SNR /20 dB [ SNR 36359 11.6 dB. 14 FHANSLIG A7 1E 22 PR (1 )5 K vl g
JE: AWGN f51H 2 SEFR R — MR, SEhRAET R G 1SS S 1 M2 FIEAE
TE— B RN EEIR . EIS-3MZ X R EVM Al ROP Z [HIK &R, EVM BUNEMREE S
R R . 24 ROP KT-11 dBm i, KEMTELIES EVM /M 3.5%, RIFE2-1, fit
53 /2 256-QAM 15 5 LB K

\v

20 T T T T
o =& ‘DA-RoF symbols
(CR n - —O—wireless symbols
151
3
=10
>
L
5 -
EVM threshold for
256-QAM: 3.5%
0 1 1 1 1
-20 -18 -16 -14 -12 -10

ROP [dBm]

& 5-3 25 Gbaud DA-RoF 5 5 LK% R: EVM vs ROP

BATEXS AN FFF5 % 1) DA-RoF 5 53T 73250, SERMSEILEAE, WRS-1FR.
SHGFE-10 dBm ] ROP 14 N kAT . BS54 L[5S SNR 55 R4 RE, MW
WRE, BEENSENTIE, LLESH SNR N, XEFAMERE SR, 1R
IS T RAR K, AR T H2U15 5 SNR A%, #E1 53 DA-RoF /7 EMEREA % .

7EE5-471, DA-RoF 15 5 755 % 4t~ 10 Gbaud, 20 Gbaud, 25 Gbaud, 32 Gbaud; X
N (W DA-ROF 445 ) SNR 43519 23.6 dB, 21.0 dB, 20.0 dB, 18.6 dB. #HM ], DA-RoF
R H LA 2615 5 SNR 4 34.2 dB, 32.0dB, 29.7dB, 25.4 dB. %5433/ DA-RoF 77
Z K SNR M54 10.6 dB, 11.0dB, 9.7 dB, 6.8 dB. EVM £l ROP f 45 B K55+ 271,
ATLAE S, T 10 Gbaud [f] DA-RoF {5%5, ‘& CPRI 28 &0H % /& 400 Gb/s, &3t RStk
Ja ) EVM R 2%, KT 2.5%, 7 LLHE 1024-QAM 15 5 Lt E K, %+ 20 Gbaud 1]
DA-RoF 155, &M CPRI Z5R0# % & 800 Gb/s, 45T RGiAE MG EVM N 2.5%, 181fn]
PLisE 2 1024-QAM 12 5 LRI ZER ;. XFF 25 Gbaud HJ DA-RoF 155, ‘& /I CPRI £ %0k F 2
1 Tb/s, &3t RGuAEHE 1 EVM N 3.3%, KT 3.5%, A LA 2 256-QAM 15 5 & 2K s
XJT 32 Gbaud [] DA-RoF /55, ‘B[] CPRI F5&0H %2 1.28 Tb/s, Zid RGufL 4511 EVM
N 5.4%, KT 8%, FILLHE 64-QAM 15 5 ML Bk . IXLLEE IR, WA T — 2048
FHHT R G SR SNR, A A BEAR S T ity S E kA5 5, B CPRI S5 R0H 2 v] LALL I

357145 1
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AT, BIRYIHIT DA-ROF RELR — M AN R, HTRRINT 6G Hifebn.

35 ‘ :
=& -DA-RoF symbols
—E—wireless symbols
30
10.6 dB
aa]
= >
@ 25 9.7dB
Z .
2 B~ _ i
p .
20 B s B ~ -
TT-a|
15 : : : :
10 15 20 25 30

Symbol rate [Gbaud]

K] 5-4 AFFFSZ DA-RoF 5 5LH4R: SNR vs Symbol rate

12 ] T T T
- DA-RoF symbols _-r”
—©—wireless symbols PR
10 [ ~ —B
-2
8 B .- - ]
) -7
S
= 6 ]
= EVM threshold for >
40 256-QAM: 3.5%
2(
EVM threshold for
1024-QAM: 2.5%
0 1 1 1 1
10 15 20 25 30

Symbol rate [Gbaud]

B 5-5 AEIRFS 2 DA-RoF {5 55LK45 K : EVM vs Symbol rate

53 KB

ABEAEL LR THTEEIR S LB LL RS . HANE T LR RS S5
S G I &AM . RIS B A HE T MATLAB S54831T, Bl oh 2R i 8 i it 70 4%
BRHEE VOA S2Pl. 33, WATETIHEE ROP FIES ISR, R 7155 MLt ge.
FRATTSZIL T 10 Gbaud, 20 Gbaud, 25 Gbaud, 32 Gbaud ] DA-ROF 12 5 {& %, XM [ CPRI 4%

336 T1 3 45 7T
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RAE Z ) 5 400 Gb/s, 800 Gb/s, 1Tb/s, 1.28 Tb/s. %t-F 10 Gbaud A1 20 Gbaud [¥] DA-RoF

5, iR S B4 E T EVM /N T4 2.5%, A LU 2 1024-QAM 15 5 AL i
3K %F T 25 Gbaud /] DA-ROF 15 5, &M TH&4i/5 1 EVM /N T 3.5%, 1] LA 2 256-QAM
S AR EE R s KT 32 Gbaud [ DA-RoF 155, & T4 EVM /N T 8%, HI LA
W 2 64-QAM {55 IEHI R o X 2550 45 BUIE B AT DA-RoF RALE 6G HifE HAFE— &
) 82 FH 5
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HBRE REERE

6.1 ENE%

AL EGRTLIENN— N HEIRT—Ai % KGRI, AifEaErs o4&, Kk
#4155 1£ BBU Ui fll RRU i < [AfE 4. ARICHENA THEIME RAR LA ER, 5K
P RGEAR, AT R RIS RIX —F8hR, AT BEIERTE R AL & E ML
f5 SR MATEHG ) SNR 5 EVM, B AT ECL RGN i -as. 5, AXNA
T 5104 R M EEAR IR, AL AN L OFDM 155 A% B (1 18 il fil 8 7 8015
SHFES . RoF HiARAIE RGN EE T, ©R0F R E SR T LGS mER., &
R AR HAE M, — 7] LA4> )9 D-RoF A1 A-RoF W k3. A4 T H W% T CPRI
L D-RoF HiAK, 24 7 EL&E S EA IS 7. F&T CPRI ) D-RoF /7 £ mi =
BRELHE RAGHI LGS RZ R EAMEFE R, FHbTFEARRRRE, =i
AR/, SRR A T A2, B LATGZR1E 51 SNR 1Ry, & BIER fU7E TR A OOK 1%
YR SIFE G AR, A S TR IR K, XRLF RGN T EOR LW R, ME DL R R A #
IR EESR, A, IRATHEXH WH A-RoF 77 E3#4T T A4, EER 7 i 2 H A
WERWME % TR EHIEEMNEER, e EEH R A 8E IR 515
SREW DKW RNE T, REECT . BT A PR & L4 E 5 ke E
B, FFARBERILRMERE, Bl IRATIRMEH DSP ZAME ekl o R i, T
55 PR R, X2 A-RoF J7 83 1) 10 BT 7E . B BIAL AU7E T AR 250 e vy
F D-RoF 7. FATEAHx L T IMDD FIAH T 6 £F 15 R A S AL EL . IMDD &
Gui) E AR B AE T AR RR, PRI R IFRE R, HERENE S EREGIR; HTRam
A B s, HE RS FH T AT R AR, frissceia s T IMDD 248, I
H DSP AR B Puis ok e K3 i T AT RAE IR ERBE T), AR RBEE AT I RRA AR, AH
THE T IR .

7t H 17 RoF H AW AL LA b, AT T3 T A T2 1R GO & R4t . A
LHE A T AT DA-RoF RAMLER, FENULW T DA-ROF 15 5 6| S M R, %R
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THE DESIGN AND IMPLEMENTATION OF COHERENT
DIGITAL-ANALOG RADIO-OVER-FIBER SYSTEM

The centralized radio access network (C-RAN), which has deployed since the 4G era, has been
deemed as a significant architecture that bridges the optical fiber network and wireless mobile net-
work. In C-RAN, the modules for baseband signal processing are deployed centrally, denoted as
baseband unit (BBU), and the remote radio unit (RRU) with distributed deployment provides the
interface with antenna arrays. The link between BBUs and RRUs is defined as fronthaul, which is
an important part of C-RAN architecture. The radio-over-fiber (RoF) technologies are used to im-
plement the mobile fronthaul transmission. Since traditional RoF technologies can not satisfy the
requirements of the large capacity, low latency and high signal fidelity transmission for future fron-
thaul, many efficient transmission architectures for fronthaul have been under active study. In this
paper, we propose and experimentally demonstrate a coherent digital-analog radio over fiber (DA-
RoF) system. The proposed coherent DA-ROF system includes DA-RoF modulation, demodulation
and DA-RoF compatible coherent digital signal processing (DSP) blocks. A theoretical analysis
of the DA-RoF scheme is accomplished. To further validate the theoretical analysis, simulation is
finished and the optimization of rounding parameter and scaling factors is done. Finally, an exper-
iment is demonstrated. The coherent DA-RoF system can achieve the signal transmission of 1 Tb/s
Common Public Radio Interface (CPRI) equivalent data rate and the SNR gain reaches 9.7 dB.

In the second chapter, we firstly introduce several evaluation metrics of the RoF system. Unlike
the general optical fiber system, we do not mainly focus on the bit error ratio (BER) metric. Instead,
we focus on the data rate of wireless signals transmitted in the RoF system and the error vector
magnitude (EVM) or equivalently signal-to-noise ratio (SNR) of the recovered wireless signals af-
ter transmission, as well as the bandwidth consumption of the fiber-based RoF system. Then, we
describe the basic knowledge and technologies related to the fronthaul and RoF system. The modu-
lation and demodulation methods of Orthogonal Frequency Division Multiplexing (OFDM) signals
are introduced, as well as the statistical characteristics of the OFDM wireless signals. As a signif-
icant part of fronthaul, RoF technologies are typically classified as digital radio-over-fiber (D-RoF)
and analog radio-over-fiber (A-RoF), and the research of them primarily focuses on how to transmit
a high data rate wireless signal with high spectral efficiency and low cost. For D-RoF, we describe
the CPRI-based D-RoF technology and analyze the quantization and encoding methods of wireless
signals. The advantage of CPRI-based D-RoF scheme is mainly that the wireless signals after fron-
thaul transmission is only affected by the quantization noise. And because of the large number of
quantization bits, the quantization noise is very small whose impact can be basically ignored. So
the SNR of the recovered wireless signals is extremely high. Its disadvantage is the relatively low
spectral efficiency, due to the on-off keying (OOK) modulation format in fiber transmission. The
CPRI-based D-RoF scheme is difficult to meet the bandwidth requirements of future fronthaul. In
addition, we also introduce the A-RoF schemes, mainly the frequency domain multiplexing (FDM)
scheme and time domain multiplexing (TDM) scheme. Whether FDM or TDM scheme, its main pur-

pose is to aggregate the low-bandwidth wireless signals of each channel into one large-bandwidth
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signal, which is then transmitted in the optical fiber system. Since the waveform information of the
wireless signals is transmitted through the fiber instead of the quantized bit information, it is difficult
to use DSP technologies to compensate for the impairments caused by the optical fiber transmission,
which results in a low SNR of the recovered wireless signals. Its advantage lies in the high spectral
efficiency compared with D-RoF scheme.

We also introduce the architecture of intensity modulation direct detection (IMDD) and coher-
ent fiber system. The IMDD system only transmits one-dimension signal, and due to the its low-cost
feature, so far, the optical modules for fronthaul adopt IMDD scheme. But the symbol rate of sig-
nals transmitted in the IMDD system is limited because of the signal impairments such as chromatic
dispersion. As an alternative, coherent system makes full use of the four dimensions of coherent
light, so the spectral efficiency of coherent system is usually much higher than that of IMDD sys-
tem. Thanks to the rapid development of DSP technologies, signal impairments such as chromatic
dispersion and laser phase noise can be compensated with little penalty. The disadvantage of coher-
ent system is its high cost and large power consumption which are critical factors in fronthaul. In
the future, with the development of low-cost coherent technologies, coherent system is expected to
be applied in the short-haul scenarios such as fronthaul.

Next, we mainly introduce our proposed coherent DA-RoF system. The third chapter intro-
duces the details of coherent DA-ROF system, including DA-RoF modulation, DA-RoF compatible
coherent DSP blocks and DA-RoF demodulation. In DA-RoF modulation, an aggregated OFDM
wireless signal, denoted as S, is divided into two parts: a digital signal W, and an analog signal W,.
The digital signal W, is generated by a rounding operation, which represents the major information
of the original signal S. The rounding operation turns a complex number into its nearest Gaussian
integer and the rounding parameter can be optimized under the condition of different channel SNR.
The analog signal W, is the error between the wireless signal S and digital signal Wy, which contains
the minor information of original signal S. Then the generated digital and analog signal is properly
scaled and time domain multiplexed. The scaling factors also need to be optimized to get a better
performance of recovered wireless signals. The coherent DSP blocks at the transmitter side mainly
includes pulse shaping filter, radio frequency (RF) pilot adding and pre-emphasis. The pulse shap-
ing filter is a root raised cosine (RRC) filter. The RF-pilot is used for carrier phase recovery and
frequency offset compensation. Pre-emphasis is applied to pre-compensate filtering effects, when
the coherent system bandwidth is limited by the transceiver. At the receiver side, coherent DSP
blocks for signal impairments compensation is first deployed. After front-end correction, the pilot
is extracted and used for phase noise compensation. After carrier phase recovery, two multiple in-
put multiple output (MIMO) equalizer is employed to further improve the performance. The first
2-by-2 complex equalizer is used to compensate linear impairments such as chromatic dispersion,
polarization mode dispersion and polarization rotation, as well as inter-symbol interference. The
second 4-by-4 real equalizer is to compensate the inphase-quadrature (IQ) error generated by the
transmitter. After the DSP blocks for impairments compensation, the DA-RoF signal is time domain
demultiplexed and demodulated to recover the wireless signal S. The digital signal W, goes through
the rounding operation again and then is demodulated to the transmitted QAM signal. The demod-
ulated digital signal W, and the analog signal W, are summed up to recover the original wireless

signal S.
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Then we analyze the DA-RoF scheme theoretically and explain the SNR gain of DA-RoF scheme
compared with A-RoF scheme. Without loss of generality, we simplify the system, considering the
DA-RoF scheme in an additive white gaussian noise (AWGN) channel. We get the formula which
can give the accurate theoretical SNR gain of the DA-RoF scheme. The simulation of DA-RoF
scheme is also studied. In the simulation, we verify the result of theoretical analysis and illustrate
the optimization of rounding parameter and scaling factors. We can first adopt a fixed rounding
paramter, and then change the scaling factors under the different channel SNR. The optimization
of different rounding parameter follows the same procedure. In general, for a low channel SNR, a
relatively small ¢,/c¢; and small rounding parameter is needed, while for a high channel SNR, a large
¢y /c; together with a large rounding parameter is preferred to get a better performance. Based on
the channel SNR of the coherent system, we choose ¢;/c; = 5 and the wireless signal is rounded
into a probabilistic shaped (PS) 121-QAM signal.

Moreover, we experimentally demonstrate the coherent DA-RoF system. A 25 Gbaud DA-RoF
signal with 1 Tb/s CPRI-equivalent data rate is transmitted through fiber, achieving a SNR gain of
9.7 dB. The SNR of the recovered wireless signals is about 29.7 dB, which can satisfy the EVM
requirement of 256-QAM signals. For a 10 Gbaud DA-RoF signal with 400 Gb/s CPRI-equivalent
data rate, its SNR can reach 34.2 dB and the EVM performance can satisfy the requirement of 1024-
QAM ssignals. For a 20 Gbaud DA-RoF signal with 800 Gb/s CPRI-equivalent data rate, its SNR can
reach 32.0 dB and the EVM performance can satisfy the requirement of 1024-QAM signals as well.
For a 32 Gbaud DA-ROF signal with 1.28 Tb/s CPRI-equivalent data rate, its SNR can reach 25.4 dB
and the EVM performance can satisfy the requirement of 64-QAM signals. All the results indicate
that the proposed coherent DA-RoF system is a promising candidate for future 6G fronthaul.

In conclusion, DA-RoF scheme fully utilizes the advantages of high noise-tolerant digital trans-
mission and high spectral efficiency analog transmission, and can greatly simplify the encoding and
decoding algorithm at the transceiver. Compared with the CPRI-based D-RoF scheme, the spectral
efficiency of this scheme is significantly improved, only requiring twice the bandwidth of the A-
RoF scheme. Compared with the A-RoF scheme, the SNR performance of the DA-RoF scheme is
much better than that of the A-RoF. With further improved bandwidth and SNR of coherent systems,

CPRI-equivalent multi-Tb/s fronthaul transmission can be achieved.
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