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Fig. 1 Schematic of high-performance MPLs architecture.
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2024 L% KIZPD Ge-Si A FT471.4 mA, OIP332.3dBm, SFDR 114.7 dB-HZ%/
2026 Zhang%" MUTC-PD InPk 140 GHzLA SRR, agkiks

R P ST S8 Fe A R G T AL 5 i S
AEST5 3) AT AE L — AR BF 5 ESCBRIENE . DARISOE |
AR 25 2 N REAR T AL PE, HEZh MPLs M A%k T H. m)
BIREAL - B HE . A IS8 Lk = Ak KUY

31 REASSeE kg 5IELZ M R EHIH

TESS 2 TR AR RE M ) S mt -, SRR3R
R AL RSB AR bR, B Bl T RGN AR MR B
MIAMEIRE J1 . SFDR 54 )BT MPLs R4 45 . dE4k
PR E (FE A =M H.J#%E (third-order intermodulation
distortion, IMD3)) M Mg LG, Effie RAEAER TS
SR AR SR T IR AL R RE T A% O AR bR . AR
JETE, PSR RS . PD IR i, B
BEAEL 0 TAESU T M s A E IR, 5 2.2 Eiik
) TFLNEOM ¥4 1 il 5 1 b LR V. BE 28 1.4 V 4L,
IRk FAR T 3R 2 ROH H R BE I 75 (SR s L, AT B
TAEBARA IR N YRR bE TAEIX R 5 25 2.3 LRk
M IR Ge-SiOGIRM 5 DL 471.4 mA HYHH ARG HL I
F132.3 dBm 1Y OIP3, 7E#&w{ )2 s H 4+ SFDR 4 %2
114.7 dB-HZ", ELHEIGUE T MR ERE PD XK 3435 F
MPL B 25 E R 5k . X IE 250 2 15 %5 H L5 8 TFLN

EOM ik V. 4+t 5 MUTC-PD & OIP3 #8451 R 4t 2 i )
PRl SR, AUFESS TR RESE AN DA 2 TR R, &
S ANNIUE | B8 e ! R A i = o N %7 R E W (2 PN £ OF 1
HIMLEE IE 24 M) TFLN, SOH Z48E 6T, IR
HZRBANE, A J7 T IHG8h = i 2 I
I B R 5 AR DA IR (2 2 TR D AR G A 1
A BRI TE G 45 B Ok LA A RS A K
P BUF LA S R R BIE AR 5 A0 P2 X 5 A
LT 5 AL R ME

HLi0 M35 MPLs SFDR F9Y R 2R AT MZM T
VB ARG B ) 5 SURBE 440 A AR f 3. Li 5 A7 48
HT 3T BRI ) X1 MZM (single-drive dual-parallel
Mach-Zehnder modulator, SD-DPMZM) f¥ SFDR {1t 7
£SO O SN N5 % S 1| R VA G A K 8 i | RS2 = Vi = 2 8
FE W IMD3 25 18 S AHARTE , A H A% G2 1E A2 07 38
SFDR #£F} 20 dB, k% 122.9 dB-Hz”*, Huang %5 A" 3%
F XA TR IE R Hl %8 (dual-parallel polarization modulator,
DPPolM) il 1 A% 4H fis P 45 I 42 410 ] IMD3 3% 40 dB.
SFDR #7127 15.5 dB, HUMRIREEBUC E iR, M
AR AL T DCIEM M, 7 T REKPIREN.
TEIELRN B, Li %8 A 5 Z.Chen 25 A\ 23 551 1) FHAHAE
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P %% (phase modulator, PM) 25 &G @ IE I #% . ¥R
F 5 IR RS 5 ZENT 2 5 10 D) L RS Al g
IMD3 il ik 32 ~ 40 dB; HH Chen 5 A" ()7 5 [F]
AF S B HURME: . 40 km Y £F #5555 4% SFDR 1535
110 dB-HZ".

FEXUS IR T T, Zhu 25 A7 T IRR 5 FW
4T MZM (dual-polarization dual-parallel Mach-Zehnder
modulator, DP-DPMZM), Han 25 A" 56T 1F 32 (i 4
LA, X3 A 0L IMD 4 B ATE SE BT
ZB R EA RS, AT SFDR, ik 110 dB-HZ”, J&
# SFDR, 5 SFDR, 435|137 23 dB il 13 dB, Wang 55
NI [ 9 B MZM 25 4 fin ik &5 3% (polarization
beam combiner, PBC) Y44y, 38 &1 15 W #% RF i A D)
SR 5 B AR 25 5FESC B SFDR 24 124 dB-Hz™,
Jf T LTE {5 5 1 S g 300k 7 7 2806 /2 5G 5
3GPP #54r 25K . Bai 4 A" 7E DP-DPMZM 444 rf f3 ]
PR L 2k L5 s R 1 D 2R 32 ¥ (power fading
induced by dispersion, PFID), Ffif s {4k Y6 8 i 0 4 e
(optical carrier to sideband ratio, OCSR) % SFDR it — &
$FFE 114.1 dB-HZ", %l RF 3245 13 dB,

R FE AR R B DML EE—AE A R ek I S 4%
Wiy MR BE . AALOC R ——IA 1A 2 TFLN. BEA LR
4 (silicon-organic hybrid, SOH) 25 4& hl i il #%F & 14 [
Ay, X —BBFERAERCT & APk
B FEHTREH A G5, Kholeif % A" 3T SOH
MZM A3 T 460k MPL RS, SOH ¥4 il % 2
JEAY 600 mV, [ G4 O T T 75 Sk Bk, 78
11 mW 25 A DR T SE T i 33 dB IR SE
Wigs, TAEWYE 20 GHz; %7 KR IK ol JE 5 4
KRGS, MERE . RIIFET & 1S & i1
MPLs $24E T B H AR B4R

FEMCEER b, S BRSO E i g
Bl B BRBE SARGIOC R, MRV LI BRI ™ A= 1
IMD3 ZpHt, &S SFDR AU B TB . Zhu 25 A\
Y5 Zhai %5 AN 43 515 T 688t A R R 0 Dt i 8 7] A
B8, BSEPL T 2 10 dB 19 SFDR #27F, [a]mf3fe
JB T VR B AMEE . Gu 2 AT 2T DPMZM #
IRAFV RV ) J7 28 38 3 X6 2R 1 51N 180°AH AL 41 il
IMD3, 7EZEEEesiiazs iRt SFDR ik 120.4 dB-HZ,
I 75 LG -163.9 dBm/Hz, N. Li 25 A7 il I BEHs 44 5 35
S5 PN B AR R A AR S S AR R Rk

34 A B A ) DR A RO R AR e R, S
T 1% SFDR RoF 1&4ii, MM itk & LT R
GEpiA . Wu S8 ANV T T ORISR 4R 5 (optical
sideband vector manipulation, OSVM) [ £ iy 3 £k 4 %
ECANEI T, IR e B . DB A B
IR B S5 AE A, #2240 SEDR M 100.9 dB-HZ™" 2T+ &
122 dB-Hz"", X Z B K EFRIE S TIPS TR
RGN 5118 . Zheng 25 A\U7 5T DP-MZM $2
T OSSB il LAk 7458, I OSSB il il i {0 il f i
ek R0 IMD2, SFDR ik 121.4 dB-Hz",

S 1A HR BT R B A A AR R R BE S, IR
TFLN S RHHI 257 & 202 e X Rt e
1) SN IR FAE I5 (4 0 A0, SRR T2 i B
SRR, 5] 5(a) R T Xu S A" WY b
fiE TFLN 1Q A &%, HAZORWAETIIA T A
Jt (thermo-optic, TO) F& A% , A R HL v ik T HR IR 44
BHEA B B IR B A (direct current drift, DC drift) [A]R,
REE R A S B B RRE R IR E T YRR
I EME LT, TFLN F & 4240 R 15 M5 DAk —
AR, 7E TFLN A E, Li AN $2H T 40l% 5(b)
JII7RIY CS-AMZM 4544, 3 i R X AR eS8 T K
P I 9% H (second harmonic distortion, SHD) 5 IMD3 1
F2CH0d] ;5 IEE W& ZS% MZM M L, 7€ 10 GHz &b
= SFDR $27} 11.8 dB. [ SFDR 427} 15.1 dB,
TR IBIRA, f8F 3 dB #9515 53.9 GHz, W] 5
Pedn . IERLAFRAEN, ARIB R 4L R MPLs 42
T Sk AL R E S . Bai AN R RS T
FEPE, FXHESE OSSB JHHlH IMD3 4k 8 i)
B, E AR T G 2R BFERY OSSB I IMD3 i
%5 FIH] DP-DPMZM 7 4ff B {5 18 H 38 £ 1 91 1 O 25
LR M0 5 — Bl SE 29K, SC £ {518 IMD3
YRR T A A PD IO BT R
MARAS [IHBR TGN T S8R5 | A 25 B FE 1 [
ARG, X 12 A R S BT 4 2 BOFE SRR T
IMD3 il R % . 2 OCSR tiAb)m , (s 5
IR T2 11 dB, SFDR #id 128 dB-HZ", HIHIE45E
OSSB % MPL 27} 27 dB., #—4:H1, il T 2(5iH
T AR 5 2 Wiy K i A54% (multi-order optical
sideband vector manipulation, MOSVM) H[a] )5 &, i@
WA TGP . — S Wi iR SR
A Ak ARG 4 IMD3, SFDR #27H##id 20 dB,
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G Grating coupler
In-phase branch S
G
Quadrature branch S
G

a
DC1
MMI
= DC3 —
DC2
b B LN waveguide Asymmetr:
Au electrode s I\ftter tz‘k! WG-A1
I Heating electrode p pomma
Adjustable 1x2 splitter p*:q? i \.
: WG-A2
WG-CS
S mmmmmmmmmmm e mmm e
(la A : (b)
| -2f,-2f, | I A 2f, 2f, |
I A A | ra-
: pt _fz_ 1| | pk
| l fo LA : ~2f,72f,
I
I v :

WG-Al

B 5 TFLN £ &S A w L A% B &ML E4, (@) £ F TFLN F4 03R4/ EX (IQ) © A4 B4R (b) £F
TFLN - & 69 8k % % JE 3 4k B k- 12 R A5 B (CS-AMZM) £ 4y R 32 [

Fig. 5 TFLN-integrated high-performance electro-optic modulator linearization devices. (a) Schematic of the high-performance in-phase/quadrature (1Q)

electro-optic modulator on the TFLN platform™; (b) Schematic diagram of the carrier-separated asymmetric Mach-Zehnder modulator (CS-AMZM) on the
TFLN platform®™”

ARG KPR FHEET 12 dB, 76 554 (5 515 b A A
T A, KRR T T RO AR A
(microwave photonic phase shifter, MPPS) f {5 5 4k # &
GRS

PRSI B Ak T, BT R B S AR
155 J A5 B A 55 B 58 4 Z2 A5 008 I 55 F it — 2B 3T
SFDR #2417 R G F B, H AR 1 A 8 il 2% 5
PD AR MEARAE e e v WP —EF 2.2 W5 g TFLN
RS A O R M I O R T A A B B AR

Chen 25 A"V 3 3o XUBK 2l MZM 8, BUF 26 2080 45
(double sideband, DSB) 77 & , #F£ 15~ 25 km 1% §ii J5
SFDR #ik 114 dB-Hz", #f%4t DSB #4744 15 dB.
Dai % A A MR R H 0K #8580 M Sk
4, SFDR7E 1 Hz 98 Fik 128.3 dB, HARAME E41
Tt 23 dB. Li % A" FIfH MPLs &4+ IMD3 Z3 2 #H X%
F I AF S AR 180°AH N 253X — i A, #41E
HAT A A AR sRECER R BUR vk R g, T

S 2R AN 2, AT 55 AR D R B R B[R] TR IMD2 5
IMD3, [FJF e 5 SR PERE . Gao S A 3k
— A TR SR BE ARG G BT ER
I 5 35 12 B 12 Bl B B80S M 0 10 5 S AE 40 ~ 70°C B iR
FEJE IR BT 100.8 km A2 5%, 4 IRIEE P SFDR
PREFAE 122 dB-HZ™ L [ B FIEC IG5 B sk 2
B ¥k (direct current residual, DCR) ) £ 135 4 F2 5 & 1
2 MHz ~ 100 MHz 35 il A [f) 54 ] — B 5 = B ek
B, SFDR, ik 116.31 dB-HZ*®, FRiEAMH7 5 S2 i 3 %
PR GRC 1Q J7 SR B B i) TR AR .
FER AR L 56 2R 1T, Zhang 58 N 7E
I CLT-TL Rl G R G5 AS B [ AR
(complex bidirectional gated recurrent unit, complex-
biGRU) 224, Xt 400 Gbps K24 Bt 5 &4 b
AIARZ IR FLHEAT SEP A, ARERTE T 155 B RE IR 5
IR ARMERE, HE— PR T REhAVER MPLs 78
e M RO R AR . Zhao S A 4R T LT
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FEAR (focal loss, FL) PRI A28 28 SR LBt ) vk
T I XM R AR T B A, AR S A R N
FAF T BT T KB ALY RA5 3, ResNet 4444 1K
PRI s ZOTHETE 30.4 km TV T2 K B i - 52
LT 10.43 Gbps Zel R AGH0, RE AR T RIEE
ZE K MPL 2 G2 AR5 2% B 2 Aot AR G A M 4 T
B

PR =B IR, TCIE A s ARG B A
S IR B P R S N AN, Y EAL
PURAE T4 2.2 LR (1% TFLN 2557 %042 i ) 5 T 412
BEAIIR Ve o B TAE0R N SR & TAERA, DL
B9 2.3 WLER R B ME T PD R AR KM DG S
1 OIP3 FEtE——IF R X MR E RN A LI R 45
PEGEME, BT T R G AR LA 0 T 58 2 1) B iy
SFDR it iy a2 18]

gi b, RIS O S SR RAL, Bt R
W S Z AR S, BRI R BRIk
By Bh AR T i VR R BE b 2 X 4 S A, MPLs )
SFDR PEREV =Nk R Sl T B Tt T &
HIFE OSSB | IMD3 #l il J S8 5 T AL G etiAb Iy %
AR ] 5 B I 25 =2 (R A [ AU s 2B il
KRS J 59K SFDR #fiit = 128 dB-HZ" L) 5 6k
BB AN — T REAE TSR . BRI
SRR TS EE, Atk MPLs RS0 T

FEAL IR BEE 1 IRSHER . Oy T B R A R AR R
PRI S ARBOR, 4 2 RGEX L T RNA A 2 U7 S 1E
PITI720, SFDR $5AR AR R AF T AR B

3.2 ETHMAFRHNMELTFBESRINAS
M FEHF MPL 2R 4 1Y S B AR 5 #5217 52 19 28
W, WTEAERGZ N s & E ki 55 2.2
T £ TFLN EOM &4 fr I 3 dB i i+l 9 4 i =
250 GHz ) I, SFEBocia s SR HAE i 2 THz 54,
i R B8 1l D8 LS00 B8 PR AR B G A O A £ Ak
(chromatic dispersion, CD)5 | ¥ B SR Y 578, K3 T
AT IR 22 AR (O BMEBOR 1 R GV E ;5 LRI
55 2.3 LR MUTC-PD (140 GHz LA F 4 3= )iy ) 5
BERIRIIAR (265 GHz 3 B 5i) A 22 KI5 R 2400 B
JEHFR R L T o R . 7E BiR S FRE ) A
(LA -, ZR )2 T (A 53 3R A T ] o Al € LA
iR g 1T 1) S I FH ) S A i S A IR R 4
AR, MEERETHEAN KR, 3T
(microcomb) 5 EAERREE (TFLN) & B9 5 G HL i
5284 R 1 ARG FRERS T, R SEH (R
S ZBE R ARG S R A PR T
FAR ™, WEBHNE, METIEEEERT 2
AP ARG TG SRR, HAETE
MPLs R4 i E AT AR sl &, miEE R UE S

%2 &HMHAE MPL % %4 SFDR Mk sttt

Table 2 Performance comparison of high-performance MPL systems in terms of SFDR

A E= PTG UEnES SFDR FERF

2010 L% SD-DPMZM 122.9 dB-Hz? IMD3% I AR, #2720 dB
2012 Huang?§"™ DPPoIMZ AL Tk ~155dB TREIREE, MEDCER
2013 Chen%™ PM+JiR H+GIE D 2% 110 dB-Hz*5 [R5 6 ok S IMD 34 ]
2016 Zhu%"®” DP-DPMZMZ A A5 SFDRs: 110 dB-Hz?? EAEMHIMD251MD3

2019 WangZ4:® IFIREMZM+PBC 124 dB-Hz%s i £ 5G 3GPPFEAR

2020 Bai%"” DP-DPMZM+OCSwWR1 AL, 114.1 dB-Hz¥* [FIAEAHIPFID, RFZNZEEEF;13 dB
2019 Gu DPMZMA ZR AR 41l 120.4 dB-Hz¥3 I 75 L€ -163.9 dBm/Hz
2019 W PR RS (OSVM) 122 dB-HZ”? ZE AR BB
2019 Zheng"" 0SSB+DP-MZM 121.4 dB-HZ"S s, FEMEIMD2
2021 Bai%:™! JoHt s iFEOSSB >128 dB-Hz* ToHE SR AFEIMD3HIR], $2FH27 dB
2023 Bai%F"” MPPS+MOSVM 7+ >20 dB W2k R TH>12 dB

2013 Chen%" DSBTi H. ~114 dB-Hz*3 S DSBIETH15 dB

2014 Dai%"™! B Ja M+ 128.3 dB@1Hz BRAMEARTF23 dB

2021 Gao%§ T+ (L >122 dB-Hz?? -40 ~ 70°CAiRFASE

2021 Gao%"™! TEAZ PR +DCRE 1 SFDRs: 116.31 dB-Hz?? AR, TRARIARE
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HE AR

FEREELA LT, CD SIS FE
7% & BRI MPLs T4 i i) F 2R R Z — . Gliese 5%
NP RAE 1996 AERIE Y, CD 2 B RIZ0CL Mt 52
KB B I AL PR B N ARSI . LS, BT 4
H T Z AR ORI % . e 55 PR s 2R
J5 1, Hraimel %5 A" 42 H T W #7 (optical double
sideband, ODSB) ¥ il Tl #M2 77 5& , i 4 AH 57 fiwd % 119 XL
% RF 15 53K 5)) DPMZM, # . OSSB #3553 T 3 dB
PLE B SHR RBOR MG 5 Lin 28 AP &0 SE L AT
ARG T DSB W5, DIFRMCRE L5 ODSB i
4T 12~ 15 dB; Zhu % A R A& F DP-DPMZM

FIZRIBANHI XY (carrier-suppressed double sideband, CS-
DSB) A il 52 B T XU Wk G 0B OGRS
3 dB 47 9 ik 33 GHz, SFDR #5548 5 13 ) il 4 % 42 T+
12.6 dB,

TEMCEERD b, 2280 M BOR Bl — 25 H T S A
RYEPEVETEYE B, Zhang %5 AN 3L FHOMSC B T 0
&l 6(e) ZIMIEAHTOCEIB W DR, Rt RS D
SEMIAT IR 555 AL SRy . % 2Ty T E R v
RF {55 WUt 2 2880 FEHE, AU TERG)ZH
3RO BREE 2, AT TR (AL A (i ek
BT R G 2% B 3 I ] — B R T T K,
SIEE, B XSSO AE S R R, @

g

i [7 € 096g
{Microwave! O0) N A
DFB laser | Y@ @ A
Em- O (BH 7:{8 é‘; » ’,x\ {
o @
Microcomb OsP1  EDFA  0OSP2 © @v ©
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Microcomb-
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Signals in
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 f

A
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I

iy oL ST 7]
0. Da Dy Du d DC supply
TEYY ) .
PRIk LNA ANT2
P p o || =P =gl
FPC
Ill-o— LD PD1 EA ANT1
& Electrical Optical F *
- ectrical tica ree space 0sc
Al path papth mmwgve path

P2y
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Microcomb

-
EDFA
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RF synthesis
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transmission setup

Filter response
measurement setup
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Photonic filter setup
UTC-PD  SBD

B6 AFERELTPFEEAMMORENRTRER. @) ATFTERLTFORMBEEFELERL; (b) AFERRBREZTE4
ERBATFEFRRAEZGS; (c) AT oA BHIHE & % AEDY; (d) £ F #0855 IKTF MALE LA ALK 1] 130 69 97
FHEREY (e) AR F A LT AL (f) £ FIKFMAR4 300 GHz 3L F ok 8 i B0

Fig. 6 Representative advances based on integrated photonic platforms and optical frequency combs. (a) Large-scale quantum communication network

[85], [86],
’ ’

enabled by integrated photonics™”; (b) Integrated lithium niobate photonic millimeter-wave radar prototype system

[26],
’

(e) Microcomb-synchronized optoelectronics system™; (f) Soliton-comb-based photonic microwave filter operating in the 300 GHz band™”

(c) Full-dimensional control of

structured microwaves based on microcombs

(871,
’

(d) Microresonator-referenced soliton microcomb with zeptosecond-level timing noise for frequency
Reference
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XoF 25 i A R B S AR S, EA T AR, T ST s SR AU S
FIHTE O AR SR R T R A B T e
1H W AR ELEEAE S IR MEE T B I B B MPL R [2

TEGIRAMEE 75 1T, Huang %8 A7 ) 434 2 Bkt
(distributed feedback, DFB) = 5 AR SOG 48 b i 7 I TR At
7= 42 S AH A7 FL #E (optical phase conjugation, OPC), &
50.4 km HERETHAME T ARG DR ITIRER, RS 3 dB
i 581k 33 GHz, SFDR #£F+# 12.6 dB. Ordouie % A"
BT TFLN V- & 86 1 22 50 M 675348 EOM, 3l i K i
Pl IMD3 i H AR T HETS , 6 BB EF (44 20 km
J& IMD3 i il #4540 dB, SFDR 271 15.5 dB, [bfE
Sebik 529 10 dB, Liu 28 NP R T RTOEFHEK
FH, (465 B p i 197 (finite impulse response, FIR) JE I 7%
() A HE M %6, %t 14 Gbaud QPSK 15 5-7E 30
km fEHJG LT 18 dB A9 Q IFARIE. Staffoli 2 ™)
51 AT T # 25 W 2% (photonic neural network, PNN) X
HUR B TR eI, RUIRE T 48 125 km A& 4 1Y
20 Gbps PAM4 {55, JF/EGG BRI UE T A9 & £ 100

TELE AL O B 40, SEBGEF M 4% 5 02k
FE N PULEAE {0 b R BE 5 2 YR e X
K7 Fizs, Zhang % NV 4RI T —Fh L T4 AL TFLN -
E R T (ultra-wideband, UWB) Y. FERM 4, %
ZE30 4 M T TFLN 9 ] 45 A% /& 09 F G 58 (>250
GHz) DA K B it 89 MUTC-PD O i i e /1, 4
T AL TR IR R . ST IR R, 2K
R Y8 AL RE 37 4% BEHE 512 Gbps BYAEIDGLT Bi%, if
RETE R 22 451 B S 3L 400 Gbps 19 i Jo 2k &4 . X Fif
LR S A R T LT 5 To 2R Bt 2 (R A7 TR 1 5
RECLIRE, RARAK 6G ML =% g . TIHENZ 5
WAE (LA B0 HESE) SR TR ESE S
R AR T 58

AL, BEBOGTFMZ 7 m BRI, KA
FEOUHIE S AR SR AT SRR R AO0ME S AL 3
REAYSEEL (&l 6(a) FIim)™, %2 T4 221 ) i1l
FENEERS, (HHAE “Sfve fifEs” “2HiE—
B F R AR, XFHHETF MPLs H £238 18 # Mz

Gbps B 11, MHE AL G BT 5 5 AL BR (digital signal — STRFEACFERE I B —ES %M, 3k B RO R
processing, DSP) 7722 i FRFIK 1AL FRAER METTE
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Fig. 7 Architecture of the UWB fibre-wireless communication system based on integrated TFLN platform and its diverse application scenarios
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TE OB G RE VR I 4K )7 T, Bai 25 AP R TR
DP-DPMZM ) 5 #f MPPS, #|F CS-DSB ¥ il 5 ] 7
OCSR i, £ 5 ~ 25 GHz 4533 Bl N SE B T 342 360°
SPASARASE 3R o A 6B R A —331 ps/nm I OGET i
&t ia , il RE G5 IR S5 MM T B E 1k,
Uk 77 R B R [FE, Gt OCSR ik
A E OB AN AR 1 2548 T R 42 T4 RF T
BOR, N R S IMBOE T R R R AL TR R
L

P2, FERERRE YT, Jin ZE AN LT
B iR S I TR S8 B 1 B A B 1] £ 31 (zeptosecond &
) MRS HE, TR, 2R T RRE
T 2 SR R, HAE MPLs A B3 7 A 32 22k
IAEPETHAIRE T 4B 5 RGO M ERE I A DG
RIS 25 (75 A LA B 25 1) SIE

FEZ W KIFA TR 2 710, Zhang S AN $EHT
T HIEAS AR ST I %, MR AR
Wi B ABE B L DFB BOGERFES , AR AT
PEMITTHE FEEE T 60 dB i 25, RREE 1 DR
i 20 dBm, HLGCEARARIE 19%, HT1% 34 B A1+

JCIRBR BN RE U L A%, RH] DP-32-QAM HiI#% X 5
7 BOCEFE T, SCPLT 61.2 Thit/s (934348 ] (wavelength
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Fig. 9 Representative architectures for optical convolutional computing acceleration and integrated sensing-computing photonic edge intelligence. (a)

Optical convolutional accelerator (VCA) based on integrated Kerr microcombs"”; (b) High-bit-efficiency optical tensor convolutional accelerator (OTCA)

based on integrated microcombs”™; (c) Complex-valued optical convolutional accelerator (CVOCA) for feature extraction and inference®™; (d) Photonic

transposed convolution accelerator (PTCA) based on microcombs”; (e) Photonic edge intelligence chip (PEIC) for multi-modal analog signal processing

[41]
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Research progress on microwave photonic links
based on high-performance micro-nano
photonic devices
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Bai Yunping®’, Xu Xingyuan'!

!Information Photonics and Optical Communications Key Laboratory, School of Electronic Engineering,
Beijing University of Posts and Telecommunications, Beijing 100876 China;

Intelligent Photonics Research Institute, Nankai University, Tianjin 300192 China

Abstract

Significance Microwave photonic links (MPLs) serve as a critical physical-layer infrastructure that bridges microwave engineering and
integrated photonics, enabling low-loss, high-isolation, and wideband transmission and processing of high-frequency microwave signals.
They represent a key enabling technology for next-generation 6G communications, high-resolution radar, and integrated sensing-
communication (ISAC) systems. The performance of MPLs is fundamentally governed by two core metrics: working bandwidth and
spurious-free dynamic range (SFDR). Working bandwidth determines the link capacity to handle high-frequency and multi-octave signals,
while SFDR—comprehensively reflecting system gain, third-order intermodulation distortion (IMD3), and noise floor—quantifies the
link's capability to faithfully transmit desired signals in the simultaneous presence of strong interference and weak targets. An inherent
design tension exists between these two metrics: broadening the bandwidth typically demands flatter frequency responses from modulators
and photodetectors, often at the cost of linearity, while achieving high SFDR requires precise bias control and nonlinear suppression that
conflict with low-loss wideband design. Simultaneously realizing ultra-wide bandwidth and large dynamic range therefore remains a long-
standing core challenge in this field.

Progress This review presents a systematic survey of recent advances in high-performance MPLs, organized around on-chip integrated
micro-nano photonic devices as the central theme.

At the device level, substantial breakthroughs have been achieved across all key enabling components. In on-chip laser sources and
optical frequency combs, heterogeneously integrated lasers with fundamental linewidths below 1 kHz and RIN below —160 dB/Hz have
been demonstrated; femtosecond pulse generators on thin-film lithium niobate (TFLN) have produced flat-top optical frequency combs
with conversion efficiencies an order of magnitude higher than prior integrated sources; and a triple-resonance electro-optic comb on thin-
film lithium tantalate (LiTaO;) has generated over 2000 comb lines spanning 450 nm (>60 THz), while Kerr microcomb sources with
conversion efficiencies exceeding 90% provide low-noise multi-wavelength foundations for wideband MPL architectures. In electro-optic
modulators, the TFLN platform has advanced the 3-dB bandwidth from 45 GHz in early demonstrations to beyond 250 GHz, supporting
512 Gbps fiber-wireless transmission and 400 Gbps terahertz-band wireless records; a heterogeneously integrated LiTaO;-on-Si;N,
modulator achieved near-100 GHz bandwidth with 333 Gbit/s PAM4 and 581 Gbit/s 16-QAM transmission; and plasmonic modulators
extended the modulation bandwidth beyond 1 THz, covering MHz to THz in a single device. In photodetectors, germanium-on-silicon
devices achieved 3-dB bandwidths of 265 GHz, while ultrahigh-power Ge-Si photodetectors delivered record saturation photocurrents of
471.4 mA with OIP3 of 32.3 dBm and SFDR of 114.7 dB-Hz"*; modified uni-traveling-carrier photodetectors (MUTC-PDs) maintained
frequency responses beyond 140 GHz while preserving high linearity.

At the system level, advances are reviewed along three principal directions. For large dynamic range links and nonlinear distortion
suppression, three complementary layers of techniques were developed: at the modulator bias and architecture level, schemes including SD-
DPMZM, dual-parallel polarization modulator, and DP-DPMZM achieved IMD3 suppression of 2040 dB and SFDR improvements up to
20 dB; in the optical sideband manipulation domain, a gain-penalty-free IMD3 suppression scheme based on optical single-sideband
modulation achieved SFDR exceeding 128 dB-Hz"*—the first linearization technique to suppress nonlinear distortion without any link gain

Foundation item: the National Key Research and Development Program of China (2024YFB2808300), National Natural Science Foundation of China
(NSFC) (62301074, 62135009, 62305008), and BUPT Innovation and Entrepreneurship Support Program (2025-YC-A029)
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sacrifice—while multi-order optical sideband vector manipulation (MOSVM) simultaneously improved SFDR by over 20 dB and system
gain by over 12 dB; in the algorithm compensation domain, genetic algorithm-assisted coherent detection enabled stable 100.8 km
transmission with SFDR above 122 dB-Hz™” across —40 to 70°C, and deep neural network architectures including complex-biGRU and
focal-loss-based networks provided robust nonlinear compensation in ultra-high-speed and long-distance scenarios. For ultra-wideband
microwave photonic communication and spectrum sensing, chromatic dispersion compensation strategies spanning optical double-sideband
pre-compensation, optical phase conjugation, TFLN differential phase-diversity electro-optic modulators, and silicon photonic neural
network equalization were systematically investigated; a dispersion-immune microwave photonic phase shifter achieved continuous 360°
phase shifting from 5 to 25 GHz; a TFLN-integrated real-time spectrum sensing system demonstrated 57.5 GHz instantaneous bandwidth
with sub-110 ns latency for 6G ISAC applications; photonics-assisted W-band dual-hop radio-over-fiber transmission achieved 80 Gbit/s
16-QAM at 90 GHz over a 21-km fiber link; and a self-injection-locked microcomb-driven silicon photonic transceiver achieved a WDM
coherent transmission record of 61.2 Tbit/s with a net spectral efficiency of 8.01 bit/s/Hz. For microwave photonic intelligent signal
processing and computing, a programmable TFLN microwave photonic notch filter simultaneously achieved high dynamic range, high link
gain, low noise figure, and ultra-high rejection ratio on a single chip; a silicon photonic true-time-delay processor integrated arbitrary
waveform generation, tunable filtering, and ultra-broadband beamforming; a silicon photonic analog parallel processor demonstrated
simultaneous 6 GHz radar signal processing and 8 Gbps wireless communication on a single photonic integrated circuit; and microcomb-
driven optical convolutional accelerators achieved computing speeds exceeding 3 TOPS for tensor convolution, complex-valued
convolution, and transposed convolution tasks, while a photonic edge intelligence chip (PEIC) realized multi-modal analog signal sensing
and on-chip inference with a response latency of only 1.33 ns and an energy efficiency of 29 fJ/OP.

Conclusions and Prospects On-chip integrated micro-nano photonic devices have substantially advanced the performance boundaries
of MPLs in both bandwidth and dynamic range, driving the evolution of MPLs systems from signal transmission conduits toward multi-
functional intelligent processing platforms. Looking forward, chip-to-fiber coupling loss, wafer-scale fabrication yield, and heterogeneous
integration compatibility remain the primary bottlenecks for TFLN-based systems; topological photonic protection mechanisms offer a
promising route to improve fabrication robustness and reduce waveguide losses. The fundamental tension among gain, noise figure, and
nonlinearity has yet to be resolved at the system level; deep co-design of device innovations—continuously reducing V, and improving
linearity and saturation photocurrent—with adaptive wideband digital linearization and online learning algorithms represents the
fundamental path to breaking this bottleneck. As wafer-scale multi-layer heterogeneous integration matures, fully integrated MPLs
transceiver systems incorporating laser sources, modulators, photodetectors, and signal processing units on a single chip are expected to
become the core physical-layer infrastructure for next-generation 6G intelligent wireless networks and integrated sensing-communication-
computation platforms.
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