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Advances in measurement techniques for space-division
multiplexing fibers and devices; A review
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Abstract: With the advent of the 5G era, the capacity of existing single-mode optical fiber communication networks is approaching the
Shannon limit, making it increasingly difficult to meet the rapidly growing demand for network bandwidth. To address this challenge,
space-division multiplexing ( SDM ) technology-based on expanding the spatial dimension-has emerged as a promising solution. By
multiplexing spatial channels within multimode fibers, few-mode fibers, multi-core fibers, or few-mode multi-core fibers, SDM enables
an order-of-magnitude increase in transmission capacity per fiber. Simultaneously, it significantly reduces system footprint and
deployment costs through efficient spatial resource utilization. Beyond its transformative role in expanding optical communication
capacity, SDM has also introduced new paradigms in multidimensional fiber-optic sensing and catalyzed breakthroughs in high-resolution
imaging and system flexibility. However, practical implementation of SDM systems is challenged by mode crosstalk, inter-core crosstalk,
and mode-dependent loss—mainly arising from fiber and component fabrication imperfections. These factors can lead to severe inter-
channel interference and degradation of overall system performance. To ensure that SDM fibers and devices meet stringent performance
requirements, the development of high-precision characterization and testing systems is essential. This paper identifies the key
parameters for both SDM fibers and associated devices, and provides a comprehensive review of current mainstream testing techniques,
including multi-channel optical time domain reflectometry, spatially and spectrally resolved imaging, fixed analyzer methods, coherent
optical frequency domain reflectometry, swept-wavelength interferometry, and off-axis digital holography. Each technique exhibits unique

advantages in terms of measurable targets, parameter coverage, and application scenarios. This is the first review to systematically
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compare the strengths, limitations, and suitability of various SDM testing technologies, offering practical guidance for selecting

appropriate testing strategies for SDM devices. Finally, the paper presents an outlook on the future development trends of SDM

characterization and testing technologies.

Keywords : multi-core fiber; few-mode fiber; multi-mode fiber; space-division multiplexing; testing technology; optical communication;

sensing; imaging
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Fig. 1 Mode field distributions in LP-mode-based

mode-division multiplexing
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Table 1 Key parameters of multimode fibers and

few-mode fibers
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Fig.2 Cross-sectional diagrams of common multi-core fibers

AR 22 7 7 i AP e T fr 22 57 208
IREICET H A ARG LT 1) BT A G 8 S5 UC-MCF 11 ¢
SRR E i LG AR, C-MCF ()25
AR E A R AR, BT 5O0EDRSES
P24, ORS8Nk 2 s,

R2 SERANKESH

Table 2 Key parameters of multi-core fibers

P2 Yy ERHL ] S
A 2, EANiOE | e A Z R A5
dB Heg), 2l K& fi (UC-MCF)
zs g @/ I o LG R UBLICRTR
(ps/Vkm) HEBRTERE 22 S IRIETHES (C-MCF)
1.2 =HEMARURXESH
1) X A S e s
R AT 45 i 2 e 2 4 S AR T B 2
PR g SR N A BRI A S m AT A
B DR B 2RO 1 N AT B, 2
LG T, PR SR U T S 5 R H B VA PR

JeLF b 3 s WA B R K, BB Ot
ERIF A EA QTP 2 S

oo0o0o0o0O0 oo0o0o0o0o0
fhke4E (1D) E&E (1D)
HTFAT %

LB 6
(2D)

E=E (2D) o

3 SRR A
Fig.3 Typical mode multiplexer

m R AR TR
o %1‘5’:%%

KT I — 2 T HE I 45
BUCAE HAEEE T 15 5 5 2R Z ARG



57

TR % 02 DL B A EOR WP ot LR i 5

H AT RUBE Hr 3R TR XK TAE DK B
YRR T SR B EL 38 2 S i B R B R . 2
TG A S — il 2o 22 M AR R IE AT 3 2 o]
HRE A%, A R B A0 A AR 7 - 1 B AT SE AT B
(23 [ g fe , FLA 1o B R TG PESY . Fontaine 25 il 2 1l
FH 7 AR ST KT 200 MR H

B RS 0 S S B 54 AR B U
AT FE LA M e it . o B e Btk oh
RS R oy 8 R AR — 5, itk
BRI T A 1R A S8, wow ON TR I H
B o 5 H AR S A TR 22 T

2) B A5

Ji A/ Fi B (fan-in/fan-out, FIFO) &£ G455
BOGLF %0 2 A1, BHAT, FIFO Y 28 A 32 22
ARAY W MO AR EBERENS LR
YL DL R AR RO A B AR A% ELRR A 3 i
ANFE R 5, flan, B 490 58 FIFO i T4
A, A 2 18] B A FIFO & T oS E R, B4 ok
R FIFO il 3 7 i, 45 @l P A B FIFO B oA IG5 4 19 15
fiE, FIFO AYCHE 2 B0 35 3 A URE R &1, 1
PR XSS E P E T AR R KA D
WA RGP AT SR I 4 BT R b SR B AR
et

W T A 2

385

BHGT IR RS

4 SR A R
Fig. 4 Typical FIFO device

3) KR

S B R G, UK A% A D R
TSN R AR T B, RO A — Rl R
BSR4 LP A g | FE MR i A xS RE 1
EE T EREEAMEH, BS54 F5 45
RS M RO B 22 i 25, o 22 4 5 2%
hyde e 1 2 A e R I 25 A = IR 1 8 35 2, ek
ETREEEHZ G NEEER L 2ZR Y Hik, b
PRI 78 AR 2444 i 28 A — T S0 % 5 TR AT, %
Ko rf 22 3R 25 (0 R AF LN R G M RE DAL i —
TS TAE

ENY N 2 S A e R R IR =58 T S O
JEFEI TR A B2 £ U B N T 2 R TR ROR AT
SR A% B HAT T3R8 i |l il Sy i 9 BN 1 5 4
A5 AERE T BRSO A A Fe I 0 S vk B4R T, 1

UGPSR SN EIES /25 qIR L E N IR EA
RGBS (F UL T35 i 2 O A ) 22 0 2
g CHOL TR S 2R s )

2 EHRERXTRFAHFHNERVERAR

AR, 2503 5 FHOGER B a4 00 v b B T R RS
WrI B, AR B RGN 2 LAY /T R i R ROR
¥ £ i 8 ¢ B 3 & 8F AL ( optical time-domain
reflectometry, OTDR) $i A, Tl & B 4F K B A
KOO TRIRE G 5 28 ST R A, TRl 2 2 T 5 22
S BECHE R AE 5 381 5 43 B (SR AR R T A8 S S B R
T Al G 2 0ot s M @i, 1o,
R B2 e — P 4 T A ) o B, AR T B AR SRS
B A A AR, A 2 MRS 43 B DT L
LR L SO NI | I S S G 7 s N R o
ERFR, L5 X B E R T S o B RDGER &
AR BEPTAL Y U S AE AR | SRy R e O E 1 AL a4 i
LS ES N
2.1 HidEEREHE RS

OTDR F AR 5 1) 5 A HBURHOG 95 = F B LK
FE LR UL E B R BB OO RE A B, 1976 4E
Personick YR HE I OTDR $ A, 18 15 % bk wh A 1E 3R i
AR B, i (1) s,

c Xt

L= o (1)
K L KB e ROGHE e AR R n S GEF 3T
BP BRI AT A AN AR 2 0 7 DA %
BEAR (AR AR ERR G, I 1) i R EBOS DG I e 48 /s A =R
AR A (5 B, I 55 2 2 18 OTDR™ ZE 470
i, SCIRJEHLNE S PR AEREIN ARG AR TR A LP,
Wi [A] 45 223838 OTDR 135 1 43 SR I 5 16 B A
HEHET R LR, A LP,, BRI R, 11555 [ B 1)
BUAHEE ST LP,, #i:05 LP,, B 8 A RE & HLAE, B
AR BRI/ DR LT LP,, B35 LP,, B2 18] Y
WA A

Y Ll)()lﬂﬁ‘(.11
LPO‘E[&]#&HJ‘C k‘LPUiﬁﬁ b DL LPUIH(YEPE{]
JF PO
LP, JF Pt P, B B b
J& I s

Bl5  OTDR MIASECAS & Al S 7
Fig.5 Principle of OTDR-based mode coupling measurement

2014 4f: Nakazawa 25 ¥R % M Rl 25 238 18 OTDR
FARX—BA R 5.9 km (1) =HOELF i RS 2 A



6 RO O

a6t

AT . %R G4 40 dB B ASTEEA 10 m (923
() 4y#E, SCae3E B K 6 frn, Zilil OTDR &K
BEE R 1550 nm, AIEIE 1 & H Kb 58 B4 100 ns 14 ik
Mot RS EE AR LP,, B, BE)E, @i 3
0 TE (A AG  Z BE SR 2F 1 3 A 0 5 1) B (S
(BLHEAR E B BOL W m R o TS W UG s B
BEFN LP,, #5850 D) R e E AT AU A R 8, MR Tt
T S A YL /NG X M, R T ke Ak
BLOASNE T OCE R AR TR R AR T, 2016 4F
Yoshida 257 Y5 FH L[R2 £33 OTDR & 4t , M3k 1 />
B FL A 2 s A B SR A R 1, TR S5 SR 515 50
B —E

[F5 :]]‘_I)OO ns I m A 3>
\»| Ch.1 LP,PLP,, BEOEA Ok BOA

Pb\ 01 ﬁiﬁ O
»l Ch.2 =3 A
Ch3 Py 11 FLA# LR Ll,”"/{fIMI R
- _, I‘Pl)rl‘l)llh

Pm‘m»

ZEEOTDR
Kl 6  Zifil OTDR ik B LF AL 1 S g 7 77
Fig. 6 Experimental setup of multi-channel OTDR for mode

coupling measurement along a few-mode fiber

TEE N, 2016 4F Wang %57 3 3o 8 7 BRI RTEA
GIHT T /DR EER S 1) S RO A )R A AL R
5 Z38IH OTDR RGEXF— B 3 km A9 =BG R 47 5L
BN 56 0E T % 43 A LA, 2018 4R, Liu S50 T
OTDR AR, 45 & — X FAT S MBI SIE RS, A 3L
iR T LR R A SV IR OS5 & B E X ) B, i
FH T B L R A I SRS B, ST X R [R] S A
e A o0 A S RORE A 4 2022 4F Wang 25
A T X — ik, i 4l A B R A Al
T ARG ORI TN 6 km 1Y
eI e AL AR Y TR URE R

ZiEi8 OTDR JR0] FF L0 4t h &7 alE & 1 43
A0, 2012 4F Nakazawa %56 21 T —Fh 7 38 19
OTDR AR, IS T X EE R 2.9 km #Y 7 s 0GEF 8
TR A B o3 A X R AE, HAT 51k 50 dB A9 3h 25 7 BBl Fn
100 m A7 [B] 43R S04 B 2 & 7 fios

TR SCH AR LR R R A It 1 5 il
DY e R R ok § NG o T2 DM B2 23 g T S DTN
B 1 F A U 5, SRR S B A FL (A B T R
ZHARAAGIER T8 [R5 A 15 G 2F il iy A 3450 53 A
WEI TG RBUERS ZEOLA 2 B2 A i B3
MM, 2 A M RE B TR T 8 AR

TEM S BEAR ) BE Rl |, 2013 4F Yoshida %5/ 5] A
R AR FDCHERSE B K [F 4 £ 3838 OTDR R4 3

ZiBIEOTDR B )

Kl 7 ZiliE OTDR FRAE L UL A 1Y L g dke 8 7>
Fig.7 Experimental setup of multi-channel OTDR for mode

coupling measurement along a multi-core fiber

AFEKRAFIETE T 20 dB, HIRAE T EEH 10 km 1922
AL A RS 4. 2022 4F Nakagawa %7 75 f£ 4t
OTDR HEAti L, 1| F£F 5 i 5] B8 A1 XL OTDR I 42t (9 77
5 TR IS RAE T 22 0800 £ 19 65 ) #5  F0 g ek, ] 48
Kobayashi 25" F| F{ £ 1 OTDR X CLAH Y 2 L 4f
PEATRE G D, A RO TR 5 R R R R R,
2025 4F Zhao 45 il i DL LT 1 2 RO ET A IR 3,
AR R, @ OTDR A T 41 km 19 7 055
LSRG
2.2 ZESEBTEAR

25 [B) 3515 % M7 4% R (spatially and spectrally resolved
imaging, S*) J& 1 Nicholson %5/ = 2008 4F 4 H} it — Fif
KA ICET FAET7 1%, T DS T R3S 1 48 18 Akl
PR 22 o B R I A 2 A T IR i S
M A AL RIS = SR IRCE I A CRE IR S | 5256
GEANTE 8 7R o K i YCIE A A OGTE AR DN Y KA
JeEr b gt A ) E B A R R R GE e HEA—
WRBIE BBOCLT i BBOCLT I — I B, 7 —
sl ETERR G b TR R OLR G 14, R AR
WO FAE R R ADEIEE R

KBS

O
e =P

HEE TS

B8 s MK RS E
Fig. 8 Experimental setup of the S” test system

TE/DRECET (4 L 4 S T, D58 AT KR

I=1Iy [ (x,p) [* +
2Re{Ag A o (x,y)) (x,y) }cos(Aw X AT, + Ad, )

(2)

AHrg, 103 L, BEaR A6 4, (x,y) 183 LP,, B96
Yo A sm Rl n ARRLNEIRBE B PR 4, (2, 0) £R
K LP,, BOET A 5 Aw AU BEIT IR 5 v g 4



57

TR % 02 DL B A EOR WP ot LR i 7

B2 A7 R LP,, 5 LP, MBERFZEZ; AdD, fRE
LP, AXTT LP,, WUARf 22, MK (2) AT LAE th, 59 v
AT PR D't 4 R B85 5 v RS 5 i) B, OG5 25 KD A
P AR A& AR AR A o 38 3 6 GG AT L AR 4 T LA
PR A SE A (5 8 5 Sl R AT 'e s b B0t nl
PR &R 3 00, sl 9 fios, 28 T Lk
AR TR HAEL . e o B AR g T A5 & 82
HARRS DI nT R0 (3) #EAT AR
ﬂ]m”(x,y)dxdy

MPI = 10log| ———— (3)
[[1 ey ddy

) 6.5 10 15
ENBEIE/(psm) =

B9 20 m KBUZIEEF RS R
Fig. 9 Measurement results of a 20—m-long

large-mode-area fiber

2009 4F Nicholson %5 {Jt fb T #icfis Ak FL Y 7% , 3R A
THPR 2T ARITXFNEE G S8 6T 506
10 S* MRS, i T & PBOCL IR PR 5,
PRei e 2 2 RT3 i [ 484 . 2009 4F Blin 45
BGHT S SRS R AT OGS AT A A
( charge-coupled device, CCD) FHHLAHZS A& OB E #1735
o, W B e R AN 1R] 10 PR, JE AL
AT IO AR R E AT ] B R AT 4 4[] i ) AR AL
RAEFFAIIA AR RLAY R AR XA B A R
I, PR ROE e ALY B A d mT 4 et ) 2Rk
Wb BT, S HoRM R X — AT

FrtLF

BRI @ WEHCK
PR e | -
L eyl e
P

Bl 10 JETAIEIEHOLR S coD MIpLIY 8* REE
Fig. 10 The S” system based on a tunable laser and

a CCD camera

2012 4F Nguyen 257 NFEE FIEHT, (4658 S* &40
MR R R T BT, ST AL BRES R4y

WL, AL, RIS IR E T —F AR FES
R B B AR B, T U IR R I s g A
2014 4F Sevigny % Z o0 G0 A B BIL R T S
Biuab 3 A3 R 4y B T R BB Z B B T #E, 2015 4R
Leandro 25" i@ 1t S RGEVPAL T /DBOGLT (1925 dh 31 4E
SHAM 5 AR G, AN T L0 P 2 e e B T [ B A
| ZAEEX A BIFESS B . EE N, 2016 4F Tan %0 #
TS ST RGIEAE CCD R IA TR e R R D ) 2
BT ST M AR BE 52020 4F Di 281 ff ] S? it
TR TR ;2022 4F Yang % (] S7 H AR
KT B E A5 2T &SN R T W,
2024 4F Chen ZHEHE T S* RGUE BN T & MEE
T BROGCEF S R B
2.3 BEESTMEAR

[ %2 43 BT A% ( fixed analyzer, FA) £ AR ))& b £
I BAASEIE 2 v 4 fi P 4SS €0 LT JF %2 0 — o 310
2 AR (i HR 455 €5 10, C-MCF 1 2 i) A =, 18
Al LA 2 ik AT I R, B 1 ST
AR BT Y FA L C-MCF v 23 Ja] 45 =X 40, 100 52 36
EX

LR xive
A
7 A
FHSOLE = Heshit
BV e Vo

BT P C-MCF iz MR @ FA R
Fig. 11 FA system for testing spatial mode dispersion
of C-MCF

SEEG RGP AR DI A AL — B AR L T R T
AR — B SO Y T (W B RS <20 ps) o K
FHHEOEARLL 5 pm B0 I & AR 255 L 1520 nm %)
1580 nm HYZHGIG , B B >R 4 B B RAE S S5 00 3
Vi) 7 P i, 30 o e B o A g AR A5 B R AR 2 A3 A X
A 4L AR A (AN 12 s, Bl ) ol mdl
PIE 152 [ A5G R, L rp s [ R (e B o ok 254y
BB E A A R B AR T 7 RN 2016 4R
Sakamoto %! il £ T A AN ] 0N 7] 1 A )5 MBS 64
JERIH FA BT AR S 25T 1 23 ) A X0 i ) 22
R WF 58 A Y 7 65 20 F1 25 um B, 22 70 B
B B 53 A S IS R T | R B LA AR AR R AR A5 2
ZFINEE R 40 wm B, 22 345 IS A8 43 A 1) 43 A 26 B B
— 4 U, U B I B 1 S 22 8] B A A AT DL 2 R T
2017 4 Aozasa 2" il & T B A A ML (I BEHL C-
MCF, ik FA A58 T2 AR X B S R WS M i e &
[F]4F, Hayashi e 0B T 2 A AR = B B DG 4T 1K B D



8 RO O

B AR AR B, & IR 2 LK 1) C-MCF FY 7S ) 45
A OHOL L T BOELT h C Bk 22 2015 2 e I 4 | 1
A, AT T IR S 31 235 ) B £ i e £ il R S 2k
o6 % . 2018 4F Sakamoto %5 5@ 1 FA ML T 12 %
C-MCF (923 [ 20 BT, 2022 4F Hayashi %1V Z53A8 T
FEHLAR A& MCF £ R 19 3E &, §AR T YL & MCF 194>
BRI, A A T RAEBEPLEE & MCF S22 tE 7
2, bl (AR B R FA

1.0

08 A A R
- N e EAHASR
&f/ 0.6
o
li 04
fin

02F

0 5‘0 = |60 |§0 2(‘)‘0I
B TR ZE 3R /ps

P12 WA B A 2 A R P 228 3 A7 75 161)
Fig. 12 An example of measured differential mode group

delay distributions

2.4 EFFE RS {UERA

HH T 6 A 38 B 4% R ( coherent optical frequency
domain reflectometry, C-OFDR) J&—Fh#l B0 5| J1 )47
FAES A, FLAE $2 T 23 (0] 70 B 3 05 i B A BRI ),
1985 4 Nakano %' § Y4 H L T30 5 /R b T 45 A0 45
) C-OFDR ARGt , 3 o e B 74 f6 6 g Jmf o 8 iy iz
LA SO T iR . A RS, 2T C-OFDR 4%
RIFRAEF AR & e 55636 BLE GBS A Z0M
PREEAR AT A B DA SRR S K A
(oA 2 251 AF S

2235355 TG R AR 4T, C-OFDR 45 i H 5 43 3
AR B ZSVE B Pe s TG LF b SRR 22 404
P HE 1) RAE , DL R C-MCF s [ X e 8 4 dr . 20
BECET v 22 43 B o 8 2 R Rk 32 AR 78 45 Jy B8 A B 4
BN A A, BRI ARSI O G2 AT B AR Y 2 4
PRI HE X VG LT A 26 )62 48 2% LA S A B2 A8 Ak A Wl
HA B L, 2017 4F Ohno 55" ¥ K | ] C-OFDR
BORFAE T 2 850G 2 4 i v 22 70155 0RE I 2iE 7Y 3R FHAL
W13 i R E R B A

it C-OFDR FE ARSI [al AL A I 1) Ji F I G
T, BRI IS B X N A [A] B SE IR IR, TR
FE IR B A 2R 0 o7 B T i A A R R — 2y, A
WS TS =g [ A D' 3 67 A% AT B AR [ SiE 3R I i), 55 3R

H46 %
oL
B st
A SHLEE
! 2 AN I —— L
g R S
= N
-
K
W

13 C-OFDR U A OEET rh 2 4 A Al A i S g ] 107
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Fig. 17 Experimental setup for SWI testing of space-division multiplexed fibers or devices
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