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Fig. 1. The U, value range of (a) L, mode and (b) L;, mode.
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Fig. 2. Dispersion curve of acoustic mode: (a) Ua = f(Va);
(b) Naeff = f(Va).
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Fig. 3. Variation of V, and V, with germanium doped con-

centration.
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FH gp FIFECARTER Ao , HMAFEDEEFY) BGS.
ML AR 4.5 pm B, BGS FZF B HR M
1% EEBR 0.5% 36K 3 4% iF (93 H 545 R an & 4 fr
75, A UL BGS B & 15 5 vk BE 1Y 3G R LA
FFH. Loy B3 25 W AE B 8T AR R, 2488 B 703l
KT 1.5% Fl 2.5% Bif, Loy #5EF L, B A1 25 06 H
PR L3 35 W AE AW AR /N, T PRBOBEF %) SBS
FHEHY Loy BEHUR LPg, 18, T3S K48 5 ik B 1l 15
LTS RIG A Al /N, LP, BEAT Ly, #52
PR ZUH R FELF .S h R B OLE SR, iy

SR W (E AR, 0 3 B A o0 A R 2T L2 o, AT
R i I LA,

— wGeo, = 1.0%
0
1% weo, = 1.5% O)

n — Weeo, = 2.0% Q
N Waeo, = 2.5% \ \ I
B
& waeo, = 3.0% \ |
= 107! F— weeo, = 3.5% ]
5 — Waeo, = 4.0%
£
o]
o0
£ 10-2
=
2
E
Mm

10-3

10.7 10.8 10.9 11.0 11.1 11.2
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P4 A HLIHIG 25 05 BE IS R s e it £k
Fig. 4. BGS variation curves with germanium doped con-

centration.
3.2 mEBINmMBEZIESEIRNGRIESH

HR A SCHik [22, 23], BB S5 1
Ji7n, AR DA L BRI HEA TR, JF RN SC 0028 A E
BELASSIE_ YRGS 0 IE AR 4354 B R LF )
S8, wekig (1) ISEDESIE) U, G,
SRIEARA (21) AT LR SRR U, LUK BFS.

£1 RIBH

Table 1. Optical fiber parameters of two kinds of

fiber.

Parameters Fiber 122 Fiber 23
a/pm 4.2 1.3
b/pm 62.5 62.5

Mo 1 1.4633 1.4799

Mo, 2 1.458 1.458
A,/um 1.549 1.550
v, 1/ (s ) 5787.8 5302.1
vy o/ (mes™) 5944 5944

Fiber 1 BY£F B2 Bl 3.65%, 4152 F 4
N 4.2 pm, AHESEH— R V, = 2.1368 <
2.4048, i JE BABAL i 55k, P UK L, B2 U, W50 A5
WNIE 5(a) fizs, LHX (U,) I RHX (U,) A 4 32
i T Fiberl B V, = 11.7081 < 13.3237, Al L £
POBUE, FrLL (21) SAUAFTE 4 DR U, X5
SCHR [22] SEBR BT LS RARTT A 8] 5(b) A Ly, 52
I LPgy BRI —Ak37 504 . v WA Loy BAIDG
W Ly AEAE A Ol £ Al A 1 e A28 3 T S
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R Lo, BEAELF IR L2508, Lo, £H1 LP,
B B X IR K, H A simAl A, a3
A Ao 23 918 78.87 pum?2 Fl 76.32 pm?, %
(R A BN 1A% 0.9668. BT =K
FERELT SR, BT LP o, ACRE A VEFH Hedsss.

30 30
—m=0 (a)
20 —m=0 {20
10 + - 110
S NS
5 L 5
—10} 0 1
= —10 10 =
Los
—20} 4 —20
—-30 4 —=30
—40 _
0

Normalization field/arb. units

¥l 5  Fiber 1 19 (a) Ly, BFRHES BRI (b) H—4b3% 53 1
Fig. 5. (a) Ly, mode characteristic equation and (b) normal-
ized field distribution of Fiber 1.

Fiber 14 BGS N 6 fir 7~ . W] Il BGS A
3 AN ZR I, XN BFS 435108 10.9244, 11.0494,
11.1576 GHz. iX 3 NMEIIH Loy 2, Log 15, Lo, 15
5 LPg, BG4, X 530k [22) BFE S SRAHAT
A BT Lo B Ly, #5019 BFS 22{00 45.0 MHz,
I BT BN T TN 0.0049, FT LA Ly, B13F
A W L BE 2506 T Log BN Lo, #E5GRR &
3 BGS HR B 2 G2 gk

Fiber 2 (4R B 20N 15%, LR BN
1.3 pm, YA — LM% V, = 1.3358 < 2.4048,
T 2 RG24 . Lo, B2 U, AR an &l 7(a) Jr
/N, LHX (U,) Fl RHX (UL 34128 8, BT
Fiber 2 f) V, = 7.8052 < 10.1735, I Lo, Fi#
ik, B MU 34 U, iX 5 3CHK (23] SERATSY
45— L, B LP o, B0 3 — 4k 3% 43 Aii 1

Bl 7(b) TR, LPy, A B85 B Ay Al Loy B2
FOCARR R A,, 23514 21.02 um? Al 26.06 pm?,
HFEEEZ R T 1355 0.8068, 1M = B AR L, 5
Fl Lo 1825 LP MR GEZ R T 1453510 0.0436,
0.0639. H1&l 8 7] Il Fiber 2 A BGS A 3 MH#i25 &
U 3 55 SCHk (23] WFIE 25 AR —BL. Lo, BEA LP,
KRR A 45 BGS 7E 10.0902 GHz H 231 — 4 &=
W, R 408 0 1] A7 B 22 4 381.9 il 613.6 MHz.
H R BT A A BRI 25 50, T AR UE BB G 2

100—
7 'E n .II -
= / |
E 102 r '
~ =
& — Total BGS . 7SN
=) £ —-Lot BGS / \ ;o T~
s - S \ KA
20 Loz BGS \ , . / N
=l 10-4 a /\_ \./
=] v e N _/'\
E PR
z e T T
A — :: —-—"7 —--Lg BGS T~
T —-- Loy BGS
10-6 . . . . . .
10.80 10.90 11.00 11.10 11.20
f/GHz
Pl 6 TFiber 1 AY75 B UK 2513
Fig. 6. The BGS of Fiber 1.
30 30
—m=0 (a)
20— m=0 420
10 + 410
S o 5
5 <
1-1
= 0 ~
4 —-20
4 —30
—40
wn
b=}
=
=}
o)
-
a
~
g
e
=}
o
)
ge]
I
B
3
&
-
e}
Z
3.5

7 TFiber 2 /¥ (a) L, BE4FAE S A (b) H—1bL35 55 #i
Fig. 7. (a) L, mode characteristic equation and (b) normal-
ized field distribution of Fiber 2.
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FEAEABEIZ I T )5 A LN 2 2 AL %, Hoa] AR
BT GET 175 P T 25 1 LA e DG 5 g o e A
AP DEE R, M LAY I Y .

- 0
T 100F - N
B. - /
g Pd /
\\; 10-1 »~
) — Total BGS
g —-- Lo; BGS
&0 10 /| \ —-- Ly, BGS
£ /I \--- L¢3 BGS
2 R AN
= 10— ‘ : \
i / — N
4 I
N B R e
10.0 10.2 104 10.6 10.8 11.0 11.2
f/GHz

% 8  Fiber 2 [11f B #3445 3%
Fig. 8. The BGS of Fiber 2.

MHC m = 10, Fiber 1 1 Fiber 2 %#E 52
S3AA 16 AMHRAN 7 AR, BIIX 2 FeLr b 55
TR U AT C 5 e U A R A7 DG B 2% 4 1 7 S 4051
SAEFERE 20 M0 10 . PR L, B0 BES W1 2
Fr7R, AR AR OIS HE R 0T 15 B B LA R S By
L, (m > 0) B FOCHESER T 18 0, BTLIXT BGS
WA vk, T AL TEUERAS, B rT
R AR AR B8 MR P 75 S L L

3N 2 PR BY Ay, Ano AT L LU
SCHK 22, 23] HSE IR A5 RIS SCHS TR
BFS FIPH# AR 22, 3% 3 Wl WA S &
g5 5 S R A A /MR 2558 0.0323%, ek
h0.8087%, £F G AFAE R . BR2E N FEORIF IR L
B il 1 2 2 TP AR BE R I, DR R B T R
AR TG OO AT Y, (HIXRE 9 18 2545 2 05 30 E
FEIE D7 AR 0 IERA M SO B — AR v, (3d )
.

%% 2 Fiber 1 fl Fiber 2 # L,,,, 1 BFS (GHz)
Table 2.  BFS (GHz) of the L,,, modes in Fiber 1
and Fiber 2.

Fiber type m
1 2 3 4

0 10.9244
1 10.9407

10.9694 11.0488 11.1576
11.0032
11.0418

11.0848

11.0985 —
11.1576 —
11.2052 —

2 10.9620
3 10.9880
4 11.0185

Fiber 1 11.1318 — —

11.0532  11.1812 — —

ot

11.0921 — — —
11.1349 — — —
11.1814 — — —
10.4721
10.7466 — —
11.0438 — —

10.0902 11.0857 —

= O |0 N &

10.2306
10.4117
Fiber 2
10.6287 — — —

10.8779 — — —

[

11.1511 — — —

4 %

LA —F I RO S, T DS
BUBBE R R , AR SCHE DG AL B 2 e A5 = 3
RS F IS HET T BSBS 75 7R I T
FARAE 5 A2, 38 X BOREF i 13— iRV, 8 L
T AR A IH— AR V,, 183 Bessel PR 22 8
ERASR] T R AR, AR R R
TR T REOLL i AL eRES BES, A58 1 A
Y534 VA B 216 BGS, BFS HYBRE 5 5256 KA
XTERZEAL R 0.8087%. (o Hih 2o W R 37 HAR Ly,
BB AR L, 25 B A AR A U — ARV, /S
FI KA N 2.4048, 3.8317, 51356+, KA Ly

# 3 MAERBOLL WIS TR 5 TR R LR

Table 3.  Comparison of experimental and theoretical calculation results of two single-mode optical fibers.
\ ; BFS/GHz
Fiber type A/ pm? Ayo/pm? 1 Relative error/%
Reference This paper
78.87 0.9668 10.9170%2 10.9244 0.0678
15612.35 0.0049 10.963022 10.9694 0.0584
Fiber 1 76.32
14173.60 0.0054 11.043012 11.0488 0.0525
11249.48 0.0068 11.154022 11.1576 0.0323
26.06 0.8068 10.000023! 10.0902 0.8087
Fiber 2 21.02 482.47 0.0436 10.5000123! 10.4721 0.2657
328.89 0.0639 11.110023 11.0857 0.2187
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15 Loy BRI Ly B Ly BEAESE, BEARAL AT L5
2R i LR B IR 45 G 58 B 40 B BSBS i
IERLA OGS BEDEL P U Ly, £4 BGS A
BRI, Loy BAEREACLPRAEIAEI, ST Lo, (n>1)
BRAELF IR, A2, A SCEE RN 4T BSBS
PR T SR e T
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Abstract

In this work, the acoustic Helmholtz equation is derived, and its analytical solution and the characteristic
equation of the uniform guide mode in single mode fibers are obtained by the method of separation of variables.
The normalized frequency of the acoustic mode is defined. By combining the argument approximation of the
Bessel function are analyzed the eigenvalue range of the acoustic mode, the cut-off frequency, far from the cut-
off state of the acoustic mode induced by backward stimulated Brillouin scattering, the dispersion and the
multi-peak Brillouin gain spectrum. The research results indicate that the longitudinal acoustic fundamental
mode Ly, cannot be cut-off and is mainly confined in the fiber core, which is coupled with the optical
fundamental mode LP(; to form the main peak of the Brillouin gain spectrum. The other higher-order acoustic
modes all have low cut-off frequencies and are distributed more in the fiber cladding than mode Ly, which
couples with the optical fundamental mode LPy to form the subpeaks of the Brillouin gain spectrum. The
transverse normalized phase constant and effective refractive index of the acoustic mode increase with
normalized frequency increasing. Only longitudinal acoustic modes L, contribute to backward Brillouin gain
spectrum in single mode fiber. When the GeO, concentration is less than 4% and core radius is 4.5 pum, the
single mode characteristics of the fiber remain unchanged, but the maximum number of acoustic L, modes is 4.
With the increase of GeO, concentration in the fiber core, the Brillouin gain spectrum is red-shifted and the
number of acoustic modes increases, the Brillouin gain peak value of Lj;; mode gradually increases, and the
contributions of higher-order modes decrease. The single-mode fiber with a core’s germanium doped
concentration of 3.65% and core radius of 4.3 um has 4 L, modes and 16 L,,, (m>0) modes at a wavelength of
1.55 pm, with one main peak and two subpeaks in the Brillouin gain spectrum appearing due to the acousto-
optic coupling of the acoustic Lg;, Lgs, and Ly, modes with the optical LPy; mode. The single-mode fiber with a
core’s germanium doped concentration of 15% and core radius of 1.3 pm has 3 L, modes and 7 L,,, (m>0)
modes, with the Brillouin gain spectrum having 3 main peaks due to the acousto-optic coupling of the Lg;, Los,
and Lj; modes with the LP,; mode. These conclusions are well consistent with the reported experimental
phenomena and provide theoretical references for studying and utilizing the SBS acoustic waveguide in optical

fibers.
Keywords: optical fibers, acoustic wave-guide, stimulated Brillouin scattering, acoustic mode
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