#50% % 10H#/2023 F£ 5 B/HEE

I DL IE 2 D e ik V7 1) 32 i3

i LR £F 08 28

TREY EREY FRY, AR AHNY
Db R A AR B AR R, B 200444 ;
HEROLLT SOCEA M E S, B 200444

TE A BIHEEHLGEFHOG 8 (BREL) 2 3 T 52 3o B IH ECH (SBS) &0 A BE B2 A7 2 5157 3 1R Fis 200 B2 174 7 784 3k
et EH I T LAMOGL (PMF) s SBS B A2 1 4l 1) It U2 72 51 R0, 32 0 IR 52 BT — o ml 552 B0 1 58 i 4% 9 067 1Y) 32
WA K BE WL G LT O #8 (PMF-BRFL) . B 5% PMF-BRFL £ 4 0¥k TAE 3 X 647 7 BIS /0 0, 3 511 T
RGP AL SIS S RESHZ M KR 5 R A 3 km K PMF 5280 T PMF-BRFL R48. #% R 50 LA
IRt 41 A5 B 1E SR A 1 28 A OGS ER 25 R S R A s R B

KEW  BUCHE; ZEOABINEUE; MADGEOGE WMIRESIRY ; E MR AR IGET

FESEES 0436 XEKFRERD A

1 gl E

TG EF ) 32 A BL UM (SBS) & G 2F A i %
£ QIR D R 1 O W ata NI UL == vzl T ES R (Y REN i
LR M E2A RN, B IR B A 4 9 1 25 ROR &
XF NI BT IR N ) 55 ) BB Fe e, BRI E 8% )12
N FH T A HLR R R A LK g D s A B O
ka4 B A DA K A B R R AR B R B HL G £F
OGRS R OB B B R RN, AR B
72 (EDFA) 32 # b & 1 55 I SBS M4 5 55, 45 6 6 25 Hii
FIHIC T BN T a2 1) Bt AL 805 25 428 Can Bl WL ' 2F S i)
SR () B AL O A T A A . SBS AR A 4 25 T T
AT LS ARG i 8 M A A AL M 7 2 28 5 B KO
W e R EDOL LR B AL B BT KRR . T 5
Wy 2500, SBS ik 1] DL 52 3 100 224 ik K i 22 % K Bl AL
WO BRI, 38 A A 1k 56 T A HL K Bl BL 3O B
(BRFL) AR 7% 32 22 4 v 78 JE i 4k 2 50 (ot 2 %
o AR o7 W R 2R BE A ) BN i o H: O 4R 4 M G F
FEI AR WS TR R .

B £F (SMF) A7 45 H il 28 B B 28 51 A1 g
F3 LA B 5 ¥ 45 1) S v 080 BE L SUHT S B
SBS %% v B i i BE L , SBS 14 25 A5 B UK A9 4% S5 4K
S5mARA . — B LR, AMTEXT SBS 093 25 i I% 4
M A B U] 3 Bk H R m R AT T ORI g i
62T SBS i J% 850 AS B (1) BF 58 ) 4R F- 2008 4%, 24 B,
Zadok %" i BLYS 40 AT $E T BB AR SBS 19
PRAGI G, I8 LW AT T8E . EHAN SMF

DOI: 10.3788/CJL220839

L SBS R4 5| R AE S EMIRE (SOP) &
22 B R ) % 5 0 T G AR IR A A 51, I A G A
PRS0 7 M FEUE . SR, SEPR Y SMF s A7 7E & A ]
it 1) B AL AT S, 15 5 R 4k A AN 52 SBS 2L H
FOC MR A2 5], I8 32 LR BEL AT S 52 e, 5
HAF T IR S WA 5] 07 AN . BB &
B, FE SR A SMF H {5 5 0 Ik 25 A #8442 51 5 1n)
P A 55 2 3 O O 4R 2 RO 25 XU S A R e s, O 1) 4l
155 6 SBS #4 25 55 KA =y g e i o itk — 24, A
17X & BRAEAR A D6 £F (PMF ) v, SBS HA i 1) i 4% 42
IR, B 5 I 3R 25 5 2 8 42 51 1) A5 52 %
PR PMF 4505 177,

BT PMF 19 SBS it 1) i 9= 2 51 &0 , A A BA 4
HFFSEEL T — P 3L T PME A9 28 6 A FOH Bl AL G £F 354
Jt a4 (PMFE-BRFL) , & Al LA ST 52 4 25 22 3 6 52 R
1E SE AR B itk A7 FE T8 O GE H B  XHAT B S SE
PR A, PMF-BRFL A] DL 52 86 o e PR A B8 B T
PMF 3= 4 %5 7 19 W0 IE 28 ik & 2 — o % & X PMF-
BRFL & 4t i 4k TAEARZS A5 2 i 47 T B8 43 5
BEWFIE, 3BT T A S8 28 3 6 A 41 25 IR T D) SRR R 5
A D B S R A L D R A R O A R O B 2k B
FGIG R pE VR AT T 00

2 PMF-BRFL #ig A 5 2y

TE & 1 P2 PME-BRFL 1, PMF BEAG % T
Y B ML S, R B SO O AR 34t SBS 25 . R
T CTE T PMEF A4 4% oL B2 by e 7= 4 e m) B9 B & 58 9

W B 2022-05-10; EEHH: 2022-06-16; RABH: 2022-08-18; MEHEELZBH: 2022-08-28

HEEWH: EERAKPHES T LW H (61575118, 62075123)

BIE1EE . lizawch@staff.shu.edu.cn

1001002-1


https://dx.doi.org/10.3788/CJL220839
mailto:E-mail:lizawch@staff.shu.edu.cn
mailto:E-mail:lizawch@staff.shu.edu.cn

£ 50% £ 10 H9/2023 £ 5 B/ EHt

PMF
circulator

Loy D 16\ .
— T; @GC;;DZDQD

random Rayleigh back-scattering

(— Stokes light

K1 %k PMF-BRFL G
Fig. 1 Diagram of line-cavity PMF-BRFL

Stokes {5 5, A5 Z M I 0 5 4k , 3 SBS 1 i il K .
F 1) A 4 1) Stokes G TE A& 1 i A vh 7 A= [R] 90 Y — K Fi
I ) B, 250 7= 42 5 Stokes [\ 1) (19 = YK i A HL
S U RO A2 B SBS 18 25 1K, B e R # ke
1£ PMF (0 BEALEOEE o 24 2500 6 20 % 8 5 B AL
ARG A2 B AL IR i s BE L0 , I b BRJE 25 A o 1
3kt

1E PMF H o5 2000 Z2 3 #E S, BN T A G 523 20
Lo AE A% 1 1o PR rp () FE SBS}?JU“EPE’JE LIS
LRV ARZS 8 = (51,50, 55) B9 AL 85 7 B2 0T LU 43 1) 3
]

dl =gl I[1+(p.-B)(5-B)]. (D)
d<zzﬁgsa1xﬁm-ﬁ{1(§-ﬁ02}, (2)

it gy SBS 10815 R HC b Iy A BRI i 5
B AL T Bk 11 85 P L, Ky B0 — wﬁu%i
Bi=(p:. 3. 0)=2m/( L) PMF 1 i % 5% fit . 3
L AR ROELF K . (DR T & R s 2
g AE AL, (2R T 5 SRR 8 B4 5 1
sign[ (DB B | BN PMF HIFIA L2 — (B s — B).
o 4251 07 W BGR T p - BHIFE S 5 251 TR/ R
gol, B 5 go L, LI p, 5 PMF == fill ff 40 3 37 &
Do B RNEIE o 2SR OE R AR S 7E b B> 0
&, P+ B < O FHRCIRA 2 125 (L 15 B i R 45 8 19
WAz Dy e B A — B Z BT . 1Y peBi=0
i, SBS 5] 710 0, L s A 52 SBS I 4k 1 I 415 42
11 B 0 , A% 52 PMF [0 28 3037 346 B L L% 4% ot 7 o
X 25 B ek |, T Al 1) 25 = B, 7 [ 38 2

A X (D) A1t (2) 7T LU 3 PMF 145 56 19 SBS
184 25 () i A7 %

:%[(1 + ém-ﬁl)exp<gol,mﬁm.l§1[l>+<1 _ éin'ﬁl)'
eXp< 7g(JIp<)ﬁlr;'BA1L>:|eXp<gOIPOL>’ (3)

SUob Ly PMF K o 0L, 75 22 W 530 FE S Ao 1
T PMF LA i SBSHE 25 B T 5 A Rt R &

PEMEAN I 5 A DRSSO R IR S A 3 (R
SR ST M5B IR R A r i B P i
JE 5 PMF 3%l i A8 (D p, - BUF S, B B
EI

TERFBRTE LR L2 8,0 B = = LIE, BDABHF S0
TR PR AU PMFE 4k ACLF it (5 56K 4 05 i KEk
/N SBS 4 25

Go s busB)=exp[ gl L (15 pu-B)]. (4

K 2(a) % T PMF 1 SBS #6255 b - B8+ B I
KRR, PFEE,PME K L=3 km, A
R 1,=5mW,SBSH# %5 ZHg,=0.1229 km '“mW™', [
2DV T §,0 B U AR, SBS #2515 p, - B
Z. A8, . B =+ 10, B A5 5567 PMF F
3 A 2T 0 B R R RS P B7E 1L, SBS 1
WA K . 2 p - Bi= LI, By O 1R 1 15 5 63
WK, B MIRME BRI E, K2 IR ;Y
Dine B = OB, B R IR 1915 5L SBS 14 25 AR TF

6B 1B R 9 i PME #9226 B BLI % 1 L+ B,
D 45 155 2t EL A 05 K A SBS M4 25, MR 4 s 5t 2 e s
et - At i 472X, 35 96 o B L I 5 1 R 4 A 2 ]
DA O A R R 5 . IR 1S B O AE (4% 1 A oh 22 7 —
Y Y i R B L 43 A 1S I £ S5 5 R B R M
R, 10 % 5 35 RE 22 50N o, WU T L7531 3806 L 4% 1
I {1 7 2 K

1%w<f&mkm{%mdlhtp-ﬁﬂ:1 5)

A xR £ B R R B . B , PMF-BRFL

(19 4 B, OB 1 B 2 R Ry

Z2al. —InR A Lo
Ip()lh,:ﬂ: - P o (6)

(1+j, -ﬁA]>gOL 1+ pu-B

AL, B M A A X B L R M S5 R R P
B B HEHI K HE | P+ Bl 7 OB AT 25 1 W) (4 A 4% 9 181,
(R A AR B A A S R . T8 2(c) 44t T PMIF K &
L=3 km, a = 0.3dB/km , % 3{ i #| |2 §} & % R=
10°0E, 1 Lo, o, 7E DI H P, - B) 25 - 187 43 %1 11y
A4 TAEK ) . 3% 44 TAE X [ 40 30 - 1) B ks T
P DT 6 2 T, << Lo << Lo, . ML BT B BE 2
() O Y5 2)— BB TAE DX ] 3 2 Lo, 5 < L0 <<
Ty > ML FF FUA — B S X 1) SO 46 1 5 3) B s R A 4
6] B 41 35 (93 A X, S B o) b JE 1o = Lo+ 03 4) R
8 DI i B ) s 1 << Lo, - PMEF-BRFL %
6 WOCE TR A R AR S T LU S
- B A% £, [ B 38 S B 3 O X 5 M

20l —InR
W=2|———1]. (7)
IpogoL

1001002-2



£ 50% £ 10 H9/2023 £ 5 B/ EH:

. é | ——1.0
2 : ~6- 0.6
‘5 .g T —8-0.2
g = A-—-0.2
& g o 0.6
5 ;)" ——-1.0
0] [as]
1) %)
oa)
7
100
B 80
&
2
E 60
2
8 40
a
5 20
[-»
0
-1.0 -0.5 0 0.5 1.0
i’in : Bl IA’m : ﬁl

K2 PME-BRFL 1 SBS # 2 5 i #& T1F X [l (9 #3856 & . (a) PMF % SBSH 25 5 poe B 8§+ Bl = 4K R IE 5 (D) R[] 8, - B R
BT, SBS #2515 P+ Bif¥1 X F 5 () PMF KB L=3 km I}, 1 L0y, ., %43 i) PMF-BRFEL i 4 T 45 X il ; (d) 8 [7] PMF £ I

B4 T, 125
Fig. 2 Theoretical relationship between SBS gain and polarization operating range in PMF-BRFL . (a) Three-dimensional
relationship diagram of SBS gain with P+ B and &, B, in PMF; (b) relationship between SBS gain and Du+ B for

different s;,+ B, cases; (c) PMF-BRFL polarization working ranges divided by I ., . ,, as PMF length L=3 km; (d) I -,

curves for different PMF lengths

M Lo = Low 5, W=0, ILif PMF-BRFL B4 i K
() Ot 4% 18 17 TAE S B, 2 G5 X B8 P e Bi= 0 LA i
A IR IR A B A AR ALE . T 2(d) 4 T R
PMF K FE 0 i, 5 Do B9 R ML 7T UL 2 X5 PMF
B (1~3 km) B, B 75 mW R F% %) 38 mW , T %
B 24 PMF K B 5 3 km Ji , B4 F W75 Ho e

i
D: diode 80km SMF  pgy)

1 R ST I PME-BRFL 2403584, 3~5 km [
PMF Bifi 1L i 4 BV AT 52 B0 450 3 A 20 3l R % o

3 PMF-BRFL & 4114 1E 5 f I #0157

KK JE N 3 km 19 PMF #8587 W 4 3 fF 78 19
PMF-BRFL 55 &4 .

3 km PMF

| circulator
qe O

>
-LCVR pump light

C150:50() { Stokes light

GG 202
random distributed feedback

ya PMF-BRFL.

PSA /OSA

€3 PMF-BRFL 356 & 4 &l
Fig. 3 Diagram of PMF-BRFL experimental system

Z 45 v AT I S 3% 7% (Santec MLS800) i H oty
P 1553.73 nm B9 ZE G, 2 3 6 0 AR 3R & A AR

(PSG),PSG i fw Rz dl &5 1L(PCL) E w28 (P) .4
WSS AR T AR IE R $8 (LCVR) M % . #0728 LCVR ¥ 8K

1001002-3



£ 50% £ 10 H9/2023 £ 5 B/ EHt

Bl oL AT LA S B AT R O 4R 25 B 2 T O . PSG
B S B DB R AR (EDFA) UK, Hh i
PP il #5 PC2 W W i I IR & pi, 5 PMF 3l i) AH X
L8 2L AN 0 136 A 3 km PMF., 06 H
A CLa I, 47 3R AR PR 43 BT A (PSA) Ot
L COSA) FIRIEAL (ESA) X HAm 4R 28 Do O &
B SR AT O

B E LCVR W 3K 80 B &, 76 FB i Bk /9 K 1 Rl
BLAE B 100 A 5 A ZE 30 6 W 4k 28 p,, W 15 4 (a) B
N o WE EDFA B 1 20 %8 1, =55 mW , i 55
PC2, 1 PMF-BRFL B #0065 th IS e R AE B, 8 56
— AW AR pi RS PME By 3400 o et
PorB|=1. EA(RY pIU MBI b+ 1= P b7
B oA o [ A() S5 pil™ X Ry i i A Bt AL 380G D

(@)

PR A5 S, FEIBINER L 095545, 01 W2 5 po 4 He 6
SO R IR 25 48 KT AN B L T + By, AT JLAS A TE AT
IERPY . 6 4(d) R0 5 5% 5 (9 35 1 po () 8.+ B 19725
1k, 7] WL . 7E PMF-BREL H, XF AT B B ML A5 1) o,
By Y O IR R 7S 4 K £ B0 T sign (BB Be
1 4 (e) 45 tH B S e By 5 P By B9 I i 56 R T LU
W AE po-BiE( —0.1,0.1) X [ P, 346 7 M 0 4 725
VA B IR+ B AL E . KR NTE P Bi=0
BT L+ B, A IR B 2 10 SBS 14 25 M IRl 5 AR IE , R4 T
1 75 5 A A58 2K ] A AR 40 (AR R X . 7ERE S e B =0
Y 3% 1 X 8, - By W IE 22 fh U B K A 1 25 % B
%  PMF-BRFL 1 % 7 sign( b, + B) B, B 1t 19 4> 1
FRIX .

405 Lot wragtay o 100 R
0" (Q_:' ole o -.- Q0 ° ..o. ® °
oo o <Q'E, . ‘.. I . ..
& -1 P St ® at0e '.---.J ag
0 50 100 g
®) (CY)
Ly 1rres TR T T
oz _ ‘
= |0
R - T H |
[ —
\\‘-’;V _1mdd : | ARt
0 50 100 A &
Number of scaning p;, P By

14 PMF-BRFL 5280 45 5 . (a) 7= A 9 100 4~ Bl HIL 43 4 76 500 BR 1 00 % A S W8 6 I 92 2855 (b)) X R ™ i Wil WL 3500 i o O 91 45
()5 PN R poveBi= Do+ Pi 53T s () MAFF N 8,000 BN 3 ()M LY S0 BT Puoe BIZ I K R
Fig.4 PMF-BRFL experimental results.(a) 100 generated SOPs of input pump light randomly distributed in Poincaré sphere;

S #100

(b) SOPs of random lasing light corresponding to p;'";

#

(¢) pu+B,= pi,+ P! distribution corresponding to pf'®; (d) measured

S, + B distribution; (e) relationship between measured $,,.+ 8, and p,, + B,

BRI [6) 09 280 20 %, i B EDFA By fi i 2y 3%
Lo w53 34 40,5055 .80,120 mW , X PMF-BRFL
Ty B VO e PR AR 2R AT DU A, I A5 R an B S R .
5 (a)~ (e ) ki H O O B 245 78 35 m Bk 1 28 1k 3
75 5 P61 5(H)~ (1) g6 BB 8+ B M1 o [ 5(k)~(0) 4
T 45 R T RTINS E A Ot e R B
(DOP) 5 p,.+B, 1% Z M 2, W I, . PMF-BRFL 11y i
i DX T6] W I 2 2 1 D6 Dy S ok A B [) 22 i 6 T %
AT IR ik Y e PR S S BOARTE 2Y  =55 mW
B, BR P O B A RO D, WO AR R G D Bk i 7 K TE Y
TR B e K525 1, <55 mW i}, PMF-BRFL 7£ iR
T X H RS 25 1, 0 >55 mW B, PMF-BRFL 7£
3B i DX Sy Ui e A5 35 45

PRI B8 i 11 1 B3 11 2 47 A6 4 ARFE , I A5 92 56 2
i b SC PR iE A PMF (19 28 1% 1,5 EDFA /9 % 2

%&E Ip()ﬂm\ZrEﬂ M2 1.87dB. Kl 6(a) é{:l\ A Ip(),edrn

4 40.50.55.60.80.100.120.150 mW K, 1B i [X. %5 i

AR I AR (), R B b 2R (7) 3145 A L =3 km B}
B X TE W5 L 5 T R 2 ) B B o R 4k (4r
28). AU, B A R — Bk

ST R S B, VAR T, = L, WO BAL , R S8t X LA
SEELW=08) TAE&M . X2 H FHRARSBS HA RIFH
T R 22 51 &8, {5 PMF Bl B S I o B9 B ) 55 O O
B4 BAE A U 3R AR T BB D, ol S, 7R G 2R BE AL
T St 1) o3 A ' 0 e PR 2 5 i A 2R D (IR 0O
() D41 25 A — B0, DA T S 380 = B A X 9 2 18 25 A T
D3 ) A5 XS A 5 R A e M TR . 1K 6(a) IR
T HA A DG LF I K 2B R X T8 5 2 3 2 R ] (14 B
W AWML . AT UL R I K 2 3 T R 0 R A
W AEH W=0 T4 o5 B3 1 38 i X 98 1 W14 728 Ak 2%
. EI6(b)SH TR TAEER W=0.1M0.28,%
RS ASTEE S PMF R M C R, il U4
XF KK, PMF K AE 1~3 km 5 B, &% 5 2 19
TRARFEIE 2K IR IR B A B RS E TAERE .

1001002-4



£ 50% £ 10 H9/2023 £ 5 B/ EH:

556 mW 80 mW 120 mW

(
-
i
(‘
f
("v
P
@"»

® ® ()]
-
< mg
0 50 100 0 50 100 O 50 100
Number of scanned p#'®
® ® (m) ) (©)
150
a, 100 i v
2
50
0
-1 0 1 -1 0 1 -1 0 1 -1 0 1 -1 0 1
D in * ﬁl

5 R[S R, %0 pil® r il 25 5 (a) ~ (e) M 0453 2 1 PMEF-BREL M3 68 AR 2S5 (D~ (1) Soue B 5345 5 (k) ~
(0)DOP 55 p,, - B I X 7
Fig. 5 Measurement results of pi'® for different pump powers. (a)-(e) Measured SOPs of lasing light of PMF-BRFL; (f)—(j) distribution
of $ou+ By; (k)—(0) relationship of DOP versus py,+ B,

15

theoretical

—
(=]

W /arb. units

|
©
Dynamics of I, /mW
o

measured

© 3km
120 0 5 10
Fiber length /km

7
N

20 40 60 80 100

Ly /mW

P 6 R i X R - I 2 58 L T R D S 50 2530 BRI I R O R L (a) TR PMF Ji I 38 i X8 W45 3523 2 2 1, =2 [n] (1 21
W FR (L) LS L=3 km I 5256015 59 W 5 530 D3 1 19 0 & () 5 (b) A [l 1B i DX 5 J3 BEORTT , 22 G828 il 2 4 ) 3 25 1

5 PMF & ) Z 18] (4 B8 5 &
Fig. 6 Theoretical relationship between depolarization domain width and pump power, as well as working dynamics of pump power
and cavity length. (a) Theoretical relationship (lines) between depolarization region width W and pump power I, for different
PMF cavity lengths, and measured relationship between depolarization region width W and pump power I, (dots) in the case of
L=3 km; (b) theoretical relationships between working dynamics of pump power and cavity length of PMF for different W-

requirements

Dine B=1 I (¥ 30 4 ' 1% | 99 3% 1) % 4H 2% 29 15 dBm.,

TEGTE T AT LUTE 2158 1 ' i) 3 R F30 ST 320 0 55 V0 G o ip

KA 2E—/N A LKA RS 0.088 nm, & FE A0 22 29 50 dBm.,
ROk AR R H K 3 iR 1y C2.C3.PC4 Al

R ok AR B 2H % PME-BRFL £ 45 0938065
AR AT TR . [ 7(a) 4 i T R R EDFA #
HIIETT ,  PSA KNG R S8 O )R 5 5 R
PRZS po-B 2 M EZE . WL, PMF-BRFL i 0t

R p BB A AR . B 7D AT L, 0=
55 mW i, A [ ZE W R R 25 po, - B IR T, B OSA Il
B RGO HOER ., E RS H T poeB=0H

80 km SMF # i, Mach-Zehnder T # 45 f4 (MZ1) , JH #5i
AR W MZT T O 0 T U R X PMF-
BRFEL B9 % ok £k ve A= o 763k A, & o Al

1001002-5



£ 50% £ 10 H9/2023 £ 5 B/ EHt

——40 mW
——50 mW
—=—60 mW
——T70 mW
——80 mW
—+—100 mW
——120 mW

o 150 mW

Lasing power /dBm

i’in ‘B

-50

Lasing power /dBm

|
| ©
S

o,
Qo
TS

1553.2

1653.7 1554.2
Wave\engm Lol

BT AT o, IO 00475 50 59 2R 0 WO P ) BEAILSOG 4t 0K 5 B R IR S - B2 W 56 R 5 (b) R WO e i

Fig. 7 Laser output characteristics of the system under different setting values of I, .. (a) Relationship between output power of lasing

light and pump polarization state p,, «B:; (b) measured spectra of lasing light

FF W 27 0 7 43 510 2% (PBS ) % i H 380 o 47 16 4% 43 75
T PC3ME + B I IR AR = 1 30 43 59 i PBS (19 2 1 y
i F G o MK P B T, 0, =86 mW . 8] 8(a) 45
T P Bi= it 3 CURAR OG5 10 T 9% , 3 dB 4%
S 0.75 kHz, LI, A PBS By y s A 2 T 34
et (20 il 2% ) 9 F W 45 L 2% 5 2 252 1 PBS

2 @ [\ —PBSw
L o~ A —PBS
% -60 Dy B=1 =
~0.75 kHz
£ _nf
=1
5
E -80
g -90F
&
-100
49.990 50.000 0.010

Frequency /MHz

FITE G RS B B . R TR B A B U R KT
ZYGM L, L Py Bi= O, 358 TAE 70 IR MR 1K, 7
T A 000 280 e 0 0 il O B 7 1 R A SO A R
B3 dB £k 55 % 29k 0.75 kHz, W & 8(b) 7 . fH It A]
W, 2k 18 PMEF-BRFL &R 4t 0] DL S B 26 58 Bl PO

Spectrum density /dBmV

Frequency /MHz

S+ B IE SRR T, PMF-BRFLZE L, =86 mW . b, - B U [ OB th & 550000 i 2% (2) by, B = 1:(b) P =0
Fig. 8 Measured linewidth curves of lasing light in iﬁl polarization modes for PMF-BRFL under conditions of I, 4,=86 mW and
Do+ B with different values. (a) po-Bi=1; (b) pu-Bi=0

4 4’

28 B TR O £F th SBS RN Y Bl e B A2 5
S $ H IE ST — Al I S8 4R % 6 A2 A B DK B
PLOG LT Ok %% PMF-BRFL. & J& 20 #t T PMF
SBS #4285 5 R WOL fE SO MRS Z M C R 45 R B
7% . 7E PMF-BRFL 1, PMF i + B, i 4% 8 2L 30O%: i
T HA F KM SBS #3568 06 ik 85 20 58 4 75 s PN IR
VST £ BB WO IR 5 B S, I
T X PMF-BRFL % 4t fi & A5 2 A X A% 3 43 DL
AR TAE S5 A R B8 43 B o 2R HH 3 km K PMF & 57
T PMF-BRFL &%t , L5 45 %W ,PMF-BRFL &%t
By e 1 T ML O R R 75 T AR S B 4% 12 T =+ B IR AR 75
b B R IE SRR i S BB RE Y o BT S 56 B
FE T ZRE I TR K BEHL I K R 2 G5 3 e A T A Y LAY

o, Jf vE— W98 T PME-BRFL £ 4t 0% & H 2h
RO LR SO 2R TE R . AR SO Y
PMF-BRFL A AT LS 30 4 2588 ik 67 1 25 45 01
By 38 ELAA KBRS SO AR AR A 0 SR S R L T
P B da il POl SKIE A5 A Ik B % KR 1] A 415 12 4428 5
DA Al A i SRR S R 56 1oz FH Hh EL A T I A i 5

& % x #f

[1]  Souidi Y, Taleb F, Zheng J B, et al. Low-noise and high-gain
Brillouin optical amplifier for narrowband active optical filtering
based on a pump-to-signal optoelectronic tracking[J]. Applied
Optics, 2016, 55(2): 248-253.

[2] Chen Y, Lu Z W, Wang Y L, et al. Phase matching for
noncollinear Brillouin amplification based on controlling of
frequency shift of Stokes seed[J]. Optics Letters, 2014, 39(10):
3047-3049.

[3] Coles J B. Advanced phase modulation techniques for stimulated
Brillouin scattering suppression in fiber optic parametric amplifiers
[7]. Dissertations & Theses-Gradworks, 2016, 18(17): 18138-

1001002-6



(4]

(6]

[7]

[16]

HRIEX
18150.
Casas-Bedoya A, Morrison B, Pagani M, et al. Tunable
narrowband microwave photonic filter created by stimulated
Brillouin scattering from a silicon nanowire[J]. Optics Letters,
2015, 40(17): 4154-4157.
M, £5, EFE . LT HUR 6L Bragg YO Y 32 3 B IH
SR AR, J62F 24, 2020, 40(10): 1006002.
Tian X, Wang M, Wang Z F. Stimulated Brillouin scattering
filters based on tilted fiber Bragg gratings[J]. Acta Optica Sinica,
2020, 40(10): 1006002.
Morrison B, Marpaung D, Pant R, et al. Tunable microwave
photonic notch filter using on-chip stimulated Brillouin scattering
[J]. Optics Communications, 2014, 313: 85-89.
TR, WA, Uk, ST O LN RO Y £ B RGOt
T Uk ARI]. P EPOE, 2018, 45(11): 1106004,
XuY M, Pan W, Lu B, et al. Multi-stopband microwave photonic
filter based on stimulated Brillouin scattering[J]. Chinese Journal of
Lasers, 2018, 45(11): 1106004.
Sun A, Semenova Y, Farrell G, et al. BOTDR integrated with
FBG sensor array for distributed
Electronics Letters, 2010, 46(1): 66-68.
Jamioy C A G, Lopez-Higuera J M. Decimeter spatial resolution

strain  measurement[J].

by using differential preexcitation BOTDA pulse technique[J].
IEEE Sensors Journal, 2011, 11(10): 2344-2348.

Li W H, Bao X Y, Li Y, et al. Differential pulse-width pair
BOTDA for high spatial resolution sensing[J]. Optics Express,
2008, 16(26): 21616-21625.

R, R, B A XGHA TV  TA T A TR G
Wb RG] HOt SOt H ARt 2021, 58(1): 0106003,

Qin L, Wang L. L, Liang H, et al. Pre-pump Brillouin optical time
domain analysis system based on double-sideband interference[J].
Laser & Optoelectronics Progress, 2021, 58(1): 0106003.
Zarinetchi F, Smith S P, Ezekiel S. Stimulated Brillouin fiber-
optic laser gyroscopelJ]. Optics Letters, 1991, 16(4): 229-231.
Kadiwar R K, Giles I P. Optical fibre Brillouin ring laser gyroscope
[J]. Electronics Letters, 1989, 25(25): 1729-1731.

Fischer S, Meyrueis P, Schroeder W W. Brillouin backscattering
in fiber optic gyroscope[J]. Proceedings of SPIE, 1995, 2510: 49-58.
Wk, FPE XK, A B ] B AT U0 4 2 3 I A L IR B PL O
RO P EEOE, 2022, 49(11): 1101003.

Yang Q, Zhou Z Z, Liu K, et al. Frequency interval switchable
multi-wavelength Brillouin random fiber laser[J]. Chinese Journal
of Lasers, 2022, 49(11): 1101003.

ATy, EARE, ABWFUE, GF AP IE T O R B LT WOE A
28 2R 5 A IR AR OL &R D). ot 5ot 2 3R, 2020, 57
(7): 071401.

LiY F, Wang C Y, Qi H F, et al. An ultra-narrow linewidth
Brillouin fiber laser based on distributed feedback fiber laser[J].
Laser & Optoelectronics Progress, 2020, 57(7): 071401.

Song Y J, Zhan L, Ji J H, et al. Self-seeded multiwavelength
Brillouin-erbium fiber laser[J]. Optics Letters, 2005, 30(5): 486-488.

Saxena B, Ou Z H, Bao X Y, et al. Low frequency-noise random

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

£ 50% £ 10 H9/2023 £ 5 B/ EH:

fiber laser with bidirectional SBS and Rayleigh feedback[J]. IEEE
Photonics Technology Letters, 2015, 27(5): 490-493.

Pang M, Bao X Y, Chen L.
spikes in the coherent Brillouin random fiber laser[J].
Letters, 2013, 38(11): 1866-1868.

Cao S, Zhang M. Polarized and birefringence-dependent stimulated
Brillouin scattering in single mode fiber[J]. Optik, 2017, 131: 374-
382.

Shmilovitch Z, Primerov N, Zadok A, et al. Dual-pump push-pull

Observation of narrow linewidth
Optics

polarization control using stimulated Brillouin scattering[J]. Optics
Express, 2011, 19(27): 25873-25880.

Zhang 1., Xu Y P, Gao S, et al. Linearly polarized low-noise
Brillouin random fiber laser[J]. Optics Letters, 2017, 42(4): 739-
742.

Wang L L, Dong X Y, Shum P P, et al. Random laser with
multiphase-shifted Bragg grating in Er/Yb-codoped fiber[J].
Journal of Lightwave Technology, 2015, 33(1): 95-99.

Smith A M. Birefringence induced by bends and twists in single-
mode optical fiber[J]. Applied Optics, 1980, 19(15): 2606-2611.
Schiano M, et al. Statistical
characterization of fiber random birefringence[J]. Optics Letters,
2000, 25(18): 1322-1324.

Villafranca A, Lazaro J A, Salinas i, et al. Stimulated Brillouin

Galtarossa A, Palmieri L,

scattering gain profile characterization by interaction between two
narrow-linewidth optical sources[J]. Optics Express, 2005, 13(19):
7336-7341.

Ruffin A B, Li M J, Chen X, et al. Brillouin gain analysis for
fibers with different refractive indices[J]. Optics Letters, 2005, 30
(23): 3123-3125.

Sugavanam S, Sorokina M, Churkin D V. Spectral correlations in
a random distributed  feedback fibre laser[J].
Communications, 2017, 8: 15514.

FU, RS, B, S5 TR TR A4 R 4R B 2T 2
PR P e R E AT SELT]. O SOt H TRk fE 2013, 50(3):
030603.

JuHJ, Ren L 'Y, Liang J, et al. Stability improvement of SBS

Nature

slow light in optical fibers based on polarization management
technique[J]. Laser &. Optoelectronics Progress, 2013, 50(3):
030603.

Ward B, Spring J. Finite element analysis of Brillouin gain in SBS-
suppressing optical fibers with non-uniform acoustic velocity
profiles[J]. Optics Express, 2009, 17(18): 15685-15699.

Zadok A, Zilka E, Eyal A, et al. Vector analysis of stimulated
Brillouin scattering amplification in standard single-mode fibers[J].
Optics Express, 2008, 16(26): 21692-21707.

Wang C H, Zhang Q W, Mou C B, et al. Spectral polarization
spreading behaviors in stimulated Brillouin scattering of fibers[J].
IEEE Photonics Journal, 2017, 9(1): 6100111.

Wang C H, Zhang Y L, Liu G, et al. Orthogonal polarization
switchable lasing based on axial polarization pulling of SBS in
polarization-maintaining fiber[J]. Optics Express, 2018, 26(22):
28385-28395.

Brillouin Random Fiber Laser with Orthogonal Polarization Clamping

Ning Jinxing'“, Wang Chunhua"*, Fang Nian'*, Gu Xiang'*, Wu Keshuai"”

'School of Communication and Information Engineering, Shanghai University, Shanghai 200444, China;

‘Key Lab of Specialty Fiber Optics and Optical Access Networks, Shanghai University, Shanghai 200444, China

Abstract

Objective

The Brillouin random fiber laser (BRFL) is a new type based on stimulated Brillouin scattering (SBS) and a randomly

distributed feedback resonator. Because SBS enables low-intensity noise, low-phase noise, and narrow-linewidth lasing light, it has
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significant advantages in random fiber laser construction. However, research on BRFL has been limited to nonpolarization
parameters, such as lasing power, intensity phase noise, and line width, rarely to polarization properties. In this study, a BRFL with
a polarization-maintaining f{iber (PMF) line-cavity (PMF-BRFL), in which lasering light with polarization clamped at either one of the
two orthogonal principal axes of the PMF, is proposed and demonstrated based on the nonlinear axial polarization pulling effect of
SBS in PMFs. A theoretical model of the PMF-BRFL is established, and the polarization properties of the lasing light related to the
pump light and system parameters are analyzed, discussed, and compared with the experimental results, which were in good

agreement with each other.

Methods First, based on the simplified polarization vector-propagation equations of SBS in PMFs, which theoretically indicate the
axial polarization-pulling behavior of SBS in PMFs, we derived the analytical expression of the SBS gain in the PMFs, which
presents the SBS gain expression to the input SOPs of the pump and signal light and the input pump power. Second, we derived
lasing-pump power thresholds for the two polarization modes. We then analyzed the working conditions of these polarization regions.
Furthermore, the width of the depolarization range W was analyzed, and its relationship with the pump power and cavity length was
discussed.

The PMF-BRFL used a tunable laser to output the pump light with a center wavelength of 1553.73 nm, a polarization state
generator (PSG) to generate 100-input SOPs of pump light with a relatively uniform distribution on the Poincaré sphere, an erbium-
doped fiber amplifier (EDFA) to vary the input pump power, and a polarization controller to adjust the relative position of p;, to the
principal axis of the PMF before the pump light entering a 3 km PMF fiber line-cavity via a normal single-mode fiber circulator (Cir).
In a random cavity, the PMF acts as an SBS gain medium and provides the first and second Rayleigh scattering (RS) in opposite
directions for random reflection. The SBS Stokes the light generated in the PMF emitted through Cir. At the PMF-BRFL output, the
polarization behaviors, including Stokes parameters and degree of polarization, lasing power, optical spectrum, and linewidth of the
lasing light, were measured using a polarization analyzer (PSA), an optical spectrum analyzer (OSA), and an electronic spectrum
analyzer (ESA).

Results and Discussions When the cavity length increases from 1 to 5 km, the lasing threshold of the pump power at zero
depolarization decreases from 75 to 29 mW, and the dynamics of the pump power for W<Z0.1 requirement decreases from 7 to
2.5 mW. For more extended cavities (5-11 km), I, w—, decreases slightly, only from 29 to 21 mW, and the dynamics of the pump
power for W<C0.1 requirement remains almost unchanged around 2.5 mW (Fig. 2). Therefore, the cavity length of the established
PMF-BRFL system can achieve an increased pumping efficiency by selecting a PMF of 3-5 km.

For different settings of power emitted from the EDFA, I, .,=40, 50, 55, 80, and 120 mW. As the input SOP of the pump

- %100

light is scanned in the generated pj " pattern, almost all the SOPs of the lasing light clamp at either of the +8 positions and show a
definite relationship of sign(i)m-ﬁ1 )[§,, except for the cases for W of j)i,,-ﬁ]% 0. For lasing lights clamped at iﬁ, polarization, the
system works in the full polarization regions, with measured DOP=1. However, for lasing lights with DOP<C1, the system operates
in the depolarization region, and both + B, modes oscillate simultaneously with different quantities, resulting in different DOPs
observed inside the Poincaré sphere (Fig. 5).

W attains the lowest value at I, =55 mW, indicating I, w—, of the PMF-BRFL with 3 km PMF is near 55 mW. At [, =
55 mW, depolarization interval W is the narrowest, and the polarization clamping range of the system is the broadest. At I .,<<
55 mW, a spontaneous region exists around j),,,-[?:l% 0, where PMF-BRFL emits weak and depolarized light. At I, 4,55 mW, the
depolarization region also increases, and W increases with increasing pump power. The relationship between W and I, y—, of the
PMF-BRFL was measured, and assuming that the Cir insert loss is 1.87 dB, the measured curve is consistent with the theoretical
curve for a cavity length of 3 km (Fig. 6).

Moreover, the variation in the lasing power with P+ B was determined, and the spectra of the lasing light were measured for

, with a power difference of ~15 dBm between ‘ P B

different p;,+ B, values. The lasing power decreases with decreasing ‘ [zm-[il

1 and O at the working point of I, .,,, =55 mW. Finally, the linewidths of the lasing lights in the two polarization modes are measured

for‘ i),,,-ﬁl ‘21 and 0, and all lights have a narrow linewidth of ~0.75 kHz (Fig. 8).

Conclusions In this study, a BRFL with bistable orthogonal polarization was proposed and achieved based on the axial polarization
pulling effect of the SBS effect in PMFs. First, the polarization mode working regions of the PMF-BRFL system and the
corresponding working conditions were analyzed and discussed. In addition, a PMF-BRFL system was experimentally established
using a 3 km PMF fiber. The laser can emit narrow-linewidth lasing light with a polarization state stably clamped onto one of the
principal axes of the PMF, and the experimental results are consistent with the theoretical analysis. Furthermore, the effects of the
pump power and cavity length on the working regions of the system and the characteristics of the lasing power, spectrum, and

linewidth were investigated experimentally.

Key words lasers; stimulated Brillouin scattering; random fiber laser; polarization pulling effect; orthogonal polarization clamp;

polarization maintaining fiber
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