%43 3% 22 81/2023 £ 11 B/RFE¥R

K EHIK

I T30 K SR P B B £F K 28 8

IZR, EAY, HER, HE, ah

AL A R T B TR, dbat 100044

WE T COMSOL V{5, Wit —FF i 18 4 Bl T BUZ B BRI 5 R 2584 19 WAL BB 2F . il o B 8S FRE R 245 4 Fa s
75 TN R AR FLE A 5, A Matlab 50F 85 8 D BOG L i K28 R 40, FIUHALE K Bk Sl = 2 8 4 X UF /4
BT U B Ak, LR O T B Y DU AR AR B £ R AR 0 B 2 R o D7 LA AR I AE 2R SR O ST R kK
1480 nm 19 F2 3 6 XF 1550 nm 9 PO AL AR 5 HE A7 K, 15 B 9 45 B 2005 55 F Y 18 25 0 26. 07 dB, B[R] 3 25 22 (DMG) hy
0. 106 dB; Xf Bris i+ S £F A7 3 9 R 45 25 40 1, 15 B A9 -F 4 15 25 26. 08 dB,DMG 4 0. 34 dB. &5 UEMH T fr i i1-fy 2>

BT T R A B AU I, B AT T 0 4 R T 5 A S 7

KR =0 DEOLLFORS BRI a9

RESES 0436 XEARERE A

1 51 5

B 25 B AR 3 A 4 AR 0 i kAL G PR G 2R 1)
e i 25 1 4 I8 8 N RE W 2 H 4% 15K 1Y A5 R OR L &
A AR R E A K ZH TS &2
FH B R S50 ] 5 RIER S & 52 Kk B
T D B 21 v A% By B A7 A Dy SR AR R, TR 5] A DR
LF R AR AT TR A R ARG S s
5 B[R s, 78 R A R v AS RIS X AF 5 K A R AN
], 5 BOA7 AE L IR) 3 25 22 (DMG) , KRR35 2205 5
Qb B HE BE | BT DA ARG £ 0K AR T A 4R e A S 2
B[R] B B AR DMG, LA 38 58 45 S 22 48 () B2 Pk fn ] &g
PEVOT A AT R R B B T B o TS [
B A3 43 A, 38 3 8 4T 98 2% B 7 0 VR B R L, 4y
)X A ) i A 2R AN T B 35 3R (i 22 7 i s s B 3
£ P o AR Sk (SA) BT S — B g 4R SR i ) BE HL
SRS A A (R A Bl L A B A, O HLE i
ZWRERBUE , kB & R E gt . e O LRk
TR T, SA B AT DU R D AR R 2k LU F Bl
AR 1 ) L, B8 G b P A D B £ RO AR I RIUR

2021 4F | T SCAE SR a1 B 0 Ak R T
KA ML B A 450, 0B = R OF #1426 K F
24 dB,DMG /NF 0.5 dB. 2023 4E, Zhao %" F i /3
BB AR R L R I ELBT
0.28 dB i DMG , 34 35 #1420 dB, 78 % JE & 22 115
F DMG e Kk 3] 2. 04 dB. 2022 4, Xu 25" F) kL

DOI: 10.3788/A0S5231042

T HERE A D B EF OR A% R K 4 B
BUF L AT LS EE 20 dB L B A3 25, DMG 3 — 25 FE1I%,
i F0.15dB. A s ZHES , &iF T —
ol fy Y A 0 X2 B R A 9 08 A 548 I O0 F ik K A%
(FM-EDFA) , F] FI A 48LR J 575 % K [R] 48 24 10 BBl A
R T WE AT S T R 2 R T
26 dB H. DMG 4 0. 106 dB 8 jit K45 . FM-EDFA
TEOGI AR RGh BHA T Z W A5

2 TR R

2.1 HEHETERLARES

FM-EDFA (W8 B T REQURrE I —Fh —REH R &,
BAEE T L TRS  fERKERE R T
FAOEMRE R ZJE B BRI AR i R R R
FE LT AR ZEUH B T S E WS R % M A Rl
FEAWTHE A, BV AT 52BN F5 25 310 B A A kL O
WS EGFES LA, PRESNEE T2 MmN, &%
RS ESETFHT T, LBE SRS
BE TRV S, AH B BRAE RIS | S5 1 TR OS2 BN, (] B A
—HB o R RE G B T AR A R G KA B A L AR
HTFEHFES AT, = Aok A k585 (ASE) B
2.2 BENAFHAFEDR

SIBUDOEZ L0/ EA I NE T B2 R0 I RPN
TREA ARG R A AREMTREN EBARS.
Z BB P K ARG S e 8 & A& b
)R F AR, LR T2 B3 A

WimHE . 2023-05-25; fEEHER: 2023-08-12; RABH: 2023-08-28; MEEEZHE: 2023-09-22
HE4mB.: EFELEVEITRI(2021YFB2800900) | [H % H SR FF 4 54 (61827818)

#EEMEE . “fpyan@bjtu.edu.cn

2206007-1


https://dx.doi.org/10.3788/AOS231042
mailto:E-mail:fpyan@bjtu.edu.cn
mailto:E-mail:fpyan@bjtu.edu.cn

543 % 522 81/2023 4 11 A/RE3E

23, Bt AR T o3 B4 R8RSR 2 88 B RO S 224 9 A
ZIN B TR 8 B e JiE 6 A5 A B BR B D AR AT SRR

L B TFRAE RN
N(z)=Nu(z)+ Nu(z), (D

= [ w( )+ Pw< JG“PFM

[P

+P%I( )i|61s1F1}+

Noy( =) > ho, A,

Z hv, A,

__Ji=1
NA'( Z) i ’"i‘: [P.Ismf( Z) + P.r:sm,( Z):| Canstmi L Asemit
i—1lm=1 hUasem Ay
i[P[)‘](z) + P[?j(z):|<ga}> + O-CP>F}’f"" + i + 2 |:P~T(Z> + P;(Z>:|(gas{ + ge>1'>Fszk +
j=1 h‘U[)A/z T i=1 hvSfA" (2)
i mﬁ [PASE’”"( .Z) + PJ\SE/HI'( z)]<0‘aJ\SEnu + chSE/m) FJ\SE,”[/g :
i=1lm=1 thSEm/A k
T MG 56 ASE MRS R R 0 A
dpP,(=) .
dz = ZFW’{(a“P + 691’)17\[2/\(2) o Gn¥)17V4<Z):|P}§j(2) Qp; w( ) (3)
aPa(z) Il (0t o) Noul2) = 0.uNJ(2) |[Pi(2) — a,Pi(2)— > d. Pi(z)— Po(2)], (4)
dz -
dPF\SI'uu

a;\sr—:mz'PKSl-:m( P

(D)~ P SEAY P E LI L 1R

- ZFASFWZ/[ Carsemi + 09.’—\3]—?1;1:‘) 17V2/«< Z) -

O 4ASEmi ]\]k( Z) j| P:\LSEW'( Z) -

+ 2h 2 O ASEnik iMZﬁ( Z) I st Uasemi DU asEm: o ( 5 )
%

#1 AKX EI R

Table 1 Parameter and meaning of formulas
Parameter Meaning Parameter Meaning
N(z) Erbium ion doping concentration Oup Pump absorption cross section
Ni(z) Erbium ion concentration in the upper level Oup Pump emission cross section
N,(z) Erbium ion concentration in the lower level O Signal absorption cross section
Pr(z) Forward and backward pump power O Signal emission cross section
P (2) Forward and backward signal power e ASE noise absorption cross section
Pis(2) Forward and backward ASE noise power O ASE ASE noise emission cross section
v, Pump frequency a, Pump loss coefficient
v, Signal frequency a, Signal loss coefficient
VAsE ASE noise frequency QAask ASE noise loss coefficient
AUage ASE noise bandwidth h Planck constant
r, Pump power fill factor c Velocity of light
I, Signal power fill factor T Metastable level particle lifetime
I sse ASE noise power fill factor A Optical fiber cross section area

AR EPUJ%#E?E?E Hy
\%1—( ¢, Z)

r ( z ) p/s/ASE = e s ( 6 )
J J Ip/s/'ASE( ry$, Z)d?’dqﬁ
R L o) R (5565 ASE 155 1y
DA B O T 2
o ()= Mo Lue(A) o

87tcnzz'JIﬂ/e( A)da

T A e A7 B MAC T T 06 ] i S B TR A8 (L 0T 10 119

WK1 (A) Wil 29260605 . MR A 7 sk
G BB T o0 A, SR 5 R PO By Runge-Kutta 1 75
TR R R AR B IEHOE E SO T ASE B (1)
IR A, A i FM-EDF A B
3 w54k
3.1 S EMHSEBLEEIT

WASUEIT , 1 e A FOLLF i3 5 R &850 R &1

B AR AT TR R RUZ B BR B AR, XUZ 38 21 8 Ak 3 5 %
TR PR IT I RE o O T 92 B PO A 3 4

2206007-2



&5 43 % % 22 H1/2023 £ 11 B /%3340

55 (LP,, . LP,, .LP, .LP,,) B f& % , I COMSOL i
A5 B, AR 835 8 B A A R KN ok
LF YT 5 2340 A RAL B i DO S AL M5 S g ] 1
RLOGE R 5P RS RN R 2 R 1R T8RN
2 pm, AR AR R 62,5 pm.

core region
N [ cladding region

lols
|
N

r 7, 7y T, 15

R /pm
1 el 42 m 4 S 2800 A5 51035 43 A 7R 22 1A

Radial refractive index distribution and mode field

2

()

2 pm|

Refractive index
=

=

Fig. 1
distribution of optical fiber

K2 WURMBRAT S FOLL S 25

Table 2 Structural parameter of double-layer step index fiber

unit: pm
Parameter Value Parameter Value
N, 1.452 r 6.8
N, 1.448 7, 8.8
N, 1.444 7 10.8
N, 1.440 r, 12.8
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Abstract

Objective  With the rapid development of modern communication technology, the transmission capacity of conventional
single-mode optical fibers cannot meet growing communication needs, thus leading to the development of various
multiplexing technologies. Among them, mode-division multiplexing of few-mode fibers based on space-division
multiplexing has attracted much attention because of its simple structure and easy fabrication. The signal-transmission
process in the few-mode fiber suffers from power loss, which must be compensated for introducing an amplifier to increase
the gain of each mode signal. In addition, amplification involves amplifying the signals of different modes to different
degrees, resulting in inter-mode gain differences, which greatly increases the difficulty of subsequent signal processing.
Therefore, the few-mode fiber amplifier must reduce the differential modal gain (DMG) while increasing the mode gain to

enhance the stability and reliability of the transmission system.

Methods A four-mode erbium-doped fiber with a double-layer step-index structure assisted by trenches was designed based
on the COMSOL platform. Based on theoretical research on the energy-level structure of erbium ions as well as the steady-
state and rate equations, a few-mode fiber amplifier system is built using Matlab software. The simulated-annealing
algorithm realizes the optimization of the erbium ions concentration under the three-layer-doped region to ensure the gain
characteristics of the designed four-mode erbium-doped fiber amplifier. The gain and gain equalization effect of pump light
with wavelengths of 980 nm and 1480 nm on the FM-EDFA were compared, and the 1480-nm pump light with better
amplification characteristics was selected for subsequent analysis. The stability of the designed FM-EDFA was analyzed
based on four aspects, including the simulation of the noise figure of the FM-EDFA. In addition, the gain characteristics of
the FM-EDFA in the C-band are studied based on the varying wavelengths of the signal light. A 1480-nm pump light was
used for amplification, the signal wavelength was set to 1550 nm, the pump-light power was adjusted, and the influence of
the pump-light power on the gain characteristics was analyzed. By considering the errors produced in the actual production

process, the FM-EDFA is simulated to obtain gain characteristics that are close to those of the actual production state.

Results and Discussions When a pump light with wavelength of 980 nm is used for amplification, the average gain of the
four-mode signal is 24.65 dB and DMG is 2.704 dB. When a pump light with a wavelength of 1480 nm is used for
amplification, the average gain of the four-mode signal is 26.12 dB. Moreover, while satisfying the high gain, the DMG is
0.106 dB, indicating a better gain balance effect. When using pump light with a wavelength of 1480 nm, the maximum
noise figure of the four-mode signals is 3.71 dB. These results demonstrate that the FM-EDFA with this structure has
relatively good noise characteristics. The analysis of the gain characteristics of the signal in the C-band shows that the gain
of the FM-EDFA in the entire band is relatively stable and can achieve an amplification effect of more than 25.90 dB.
Moreover, the DMG does not exceed 1.3 dB, which can achieve a gain equalization effect. When the pump power was
changed in the range of 0.1 W and 1 W, the maximum DMG is 1.99 dB, which is always maintained below 2 dB, proving
that the FM-EDFA has a good stability. Considering the production error, the average gain is 26.08 dB, the lowest gain is
greater than 25.9 dB, and the DMG is 0.34 dB.

Conclusions To effectively amplify and gain equalization of the four-mode multiplexed signal, a double-layer step-index
few-mode erbium-doped fiber amplifier with a trench is designed. The doping range of erbium ions is designed by analyzing

the mode field, and the concentration of the three layers of erbium ions in different doping ranges is optimized using a
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simulated annealing algorithm. The simulation analysis shows that the 1480-nm pump light can achieve a better gain
equalization effect than that of 980 nm and can shorten the length of the active optical fiber. For the pump light with 1480-
nm wavelength, the average gain of the four-mode multiplexing signal is greater than 26 dB, DMG is 0.106 dB, and the
maximum noise is 3.71 dB. In the C-band, all four modes can achieve amplification characteristics above 25.90 dB, and the
maximum value of the DMG is 1.29 dB. Considering the influence of the pump power, the DMG is always maintained
below 2 dB when the pump power was changed within 0.1 W and 1 W. The gain obtained by the tolerance analysis is above
25.9 dB, and the DMG is 0.34 dB. Thus, this study proves that the designed FM-EDFA exhibits good stability

characteristics.

Key words space-division multiplexing; few-mode fiber amplifier; simulated-annealing algorithm; gain equalization
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