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Abstract: In the field of ultra-high sound pressure noise environment of rocket engines, fiber laser microphones without dia-
phragm packaging have prominent pressure-resistant advantages. However, the phase noise problem introduced by unbalanced inter-
ferometer in engineering applications limits their performance. This paper focuses on the phase noise of the fiber laser microphone
array introduced by the unbalanced interferometer in the modulation system. Firstly, the working principle of the modulation system
and the source of the phase noise of the unbalanced interferometer are discussed, and a stable laser light source is incident on the un-
balanced interferometer shared by the microphone system, to construct fiber laser microphone array system with suppressed optical
phase noise. Then, the suppression principle is theoretically analyzed using the differential cross multiplying (DCM) demodulation.
The noise information of the optical reference is used to cancel out the system noise introduced by the interferometer, thereby achiev-
ing the dynamic noise suppression. Finally, numerical simulation and experimental verification are conducted on the microphone ar-
ray system. As a result, the phase noise measured in the non-equilibrium interferometer is reduced from approximately + 0.34 rad to

within + 0.15 rad compared with the system without optical reference under field experimental conditions. The noise peak is sup-
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pressed by more than 7 dB, and the noise power spectral density is reduced from -25.02 dB/V Hz to below —-32.93 dB/V Hz. The

suppression effect of phase noise is significant.
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Fig. 1 Schematic diagram of fiber laser microphone array system with phase noise suppression

S H L BOCAE 75 45 FE 5 PGC i 551 Ji
PREGE 2 B, TEAL 75 4R BE 8 PGC i 8 o7 i,
AN B AL 7 2RSS 5 7, O~V (0 0 5 20k
TR0 AME — B S HF 5 S@), LS S@)

MHIEZ N EIE S HZE S I(OHFE, HESAEE
21 ) A5k 43 58 SUAH 7€ (Differential Cross Multiply-
ing, DCM) J /= i i€ Jf% (High-Pass Filtering, HPF)
JEAE AT fg A

| Sy GEREEETEE 05 N)
V(1) = — DCM \
— (Zero drift 39:(1)
suppression) ()
| 10
20) . — DCM )
- (Zero drift Ipal0)
suppression) )

DCM )
(Zero drift I, (1)
suppression) Yunll)

B2 RAFRLFHEF LS PGC AL X RER

Fig.2 Schematic diagram of PGC demodulation algorithm for optical reference based fiber laser microphone array

XF T2 i O AL 7 i A IR TR 15 5
Vi{t)=4, cos[w.t+ o)+ ¢, ()+p,O)]=
A, cos[o t+a(t)], i=1,2..nxm (D
K, A, RESIRME, o, R GGG,
o() RER 2GS HALER, o,0) MRBIER
AIFABLAR R, @, () NARPBT TALS L ARIARNEER
XFFER i AL OEAE P as e Al — AR P

G A= AR AR R R A
a,()=p,(O)+ ((011' D+, (t))

dnnd dnnd (Ad ~ An) .
= },gi M,+ ﬂ,ol. (d+n), l—l,2...i’l><m

)
Aob, n BT A A, OB TV K2, AnAd



36 - BIENES, BETHSEMNAREERMETIBAREESHIFI7E

5 46 B 3 1)

g i AT A AR R AR PR R G A4
AL, A, N RO OIS, AL
fFo I A K AR .

ZTF K0 Ja 5 I AL [a] — P4 1 95 A i 1y
EDESHE S

S(t)=Ascos[w 1+ ¢5(0)+ 9y 1)+, (0]

=A,cos[w. t+ ()] 3)

KA, o, - 5CEFRHEOCAE 4% VR A5 [R5 AY 2
WA, os(0) WS IR TI AR SBEMAAEE
05 () NARBER FAHOLAR 2, 0, () WA T3
NGIPNIUE A S

XTI R0/ A S EE S 4RIk
AT A A AR LSRR O -

op,' ()=, ()= (1)

BO=p50)+ (95 (0)+ (1))
4
=4§ZdA/1S+ 4::)d(Add+Ann) 4)
B CS A5 S0 BEAT A IRAR 5L 45 21 7] R
EAHOEAH2E 90° Y IEAZ B H AR5 1(r), 4L P Il il
fF oSS HE AT, 743
cos[ 2w t+a,()+p()]
+cosl[a,(t)-p(@)] ’
sin[ 2.t +a,()+p0)]|
—sinla, ()~ (0)] }
i=L2.nxm ®)
Z3IDCM i, 43
3= [demoi= § 42,4,410,0-p01  (©)
HPRYFAAE B -

V.(0SW0)= 5 4,4,

VOl0)= 3 4,4,

(20, an) s (3 )

d+n /lsod+n

dnnd dnnd Annd

= AL, — e Adg+
0 S0

_ 4n;1d Al— 47‘[:10’ Ms+(

}‘Oi }‘SO

dnnd Annd (
= AL — AM—|(1-

Ao [% ’

=0,(0)~ Lo O+, (1)]
=0,(t)— 09, ()
Mg BRI A S AP K AR, f
7R R YL WO AR TR B 3 AE R B AW AN E i
HAE AR/, RIS &, R A
BRI B IAT R — T A 32 A AT 7 A Y 1k
s T SO0 AL 75 4 #E FH ITU-TG.692 %
Koy I Lo, T A g FH 25 R /N 1 5 (B, A

Jm%wﬁﬁ$1m5ﬁ@,%ﬂwﬁﬁ@@%;

e LN H DS AR 3  RE 2 1 SR M ()N
0o (O BEUEBR , (H SR b IH B A5 21 5 AH o M 4
SRAT WRHE FHES ] 1 9 22 5%

Fiz [\ B 1 75 20 G IR R AT e 3h A 22 OB R
B, THEHOGEF UL 5 AR AN FR B K F(E]
22 At,, TESEBRIE Al .

09 ()=, ()= K.0¢, (t + At;) (8)

()X TTH, Mo, () K.op,(t+At)RF, JEF
TP LA B M 7S A 2GR S A

4nnd /1w47tnd)(Ad An)

/’{SO

+
do Ay J\d T ™

lm)4nmi(Ad An)}
7+7

Ao\ d n

2 TERZRER

ML WO S O R A, A
SERTIN FMR RS NG AR OGS 75 s i 3
SR N HOLHL A AR R IR . D B RO
RS ARy e, HEE SO EOE
75 A O JEE MR iR B2 AR >4, 1] MATLAB XU{i {5 HC
BRAF 7 AR B 0.1 rad /Y 11 M A5 45 SR BERUL LT
WO AR IR

1 TR HOE AL 75 A4 it B 455 fDE 2
F AR T H R AR A% R GE, FLAH AL P AR 22 B
I SSIPIRAR SR L 2 RN L EUEERE Y EN Y
xo, WSEETHAQG)FRR, BSHEHE TR
MCEERGE, MBI, Al RN .

E(t)=A, cos(w.t) )

Ho, 4, M ZSHEESHREE, D53 E
NV BT ERME N E ST R, 25 HDE
ZHAG T MBS HAF T ROCE HOCE 75 & I8 {5
REATREA o 7 L A i I MR R IR SR A T



2025 45 H

« 37 -

R 430 an P 3 AL 4 R

Fig.

amplitude/rad

amplitude/rad

W

FSD/dB/\Hz

0.15
0.1

0.05
o b
~0.05 [l

~01
~0.15 ‘
~02070:01 0,02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
time/s
(a) HBHHHLEE

(a)

Electric reference-based simulation result

0.08
0.06 : ; : |
0.04 ] ] [

0.02 ‘ | |
il ‘\ \‘ | “ \|
It | I
—0.02 K ‘ | ‘ I FI N ““
—0.04
—-0.06 i
~0.08 N R S I ; i I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
time/s
(b) e HH AR
(b) Optical reference-based simulation result

B3 A7 Fidir sk od fRR R 5 a0k B
Simulation results of the time-domain waveform of

demodulation noise

|
D
(=}

| | |
O o
(=} =] (=}

1000551 15 2 25 3 35 4 45 5
frequency/kHz
(a) HWESHHMER

FSD/dB/\Hz

Electric reference based simulation result

0 05 1 15 2 25 3

35 4 45 5
frequency/kHz
(b) e FHhmhasiR

(b)

Optical reference-based simulation result

B4 A ke ek s b 2 E AR

Fig. 4 Simulation results of the power spectral density of

demodulation noise

MR T DLE L, [ DES %55 A
15 B G LR O AL 7 25 RS R I A I Sk /N T r
ZZAE 5 A B0 IS MR R AR . DA ) RS
(Power Spectral Density, PSD)iJLIE i, HiHES
FAE S VR B 0O LR OG AL i IS I T AR ]
KT HBSHE S ARSI R, i &
S5 50 oy R W AP S %55 7T LA 8Um i i T
WA GRS

Ry T 2B WU T B G AR OB AL S R
GIMEFE N ROR , TEAMNA L AR, Xt
Ft KA AL 205 T 1 I8 6 41 SO A% 75 48 [ 5
NV R G AT T MRS R, ot e
BT 7 Rz 8 DO GEF SO A 2R 64T T XL,
RGEEMF LREGR I THRSH Y Tts%,
KA e iR 2 B 1, SRAEXT MRS (5 R .
H T e R G5 IR 2 2% R 40 (1) CH8 S i 2l
TS EEE, HIX g R Gl T
CHI~CH7 i 7 I 1 M 45 5 . Hh 37 52 96 B 35 I
PRI BN S fir s, X it 25 5 an 1] 6~
& 9 ffi7R o

NIV 2 L TR R N &

HEEFHOEAL i A%

2

B5 9 ERHmRB b Rt B R B LA L%

we E 2 4E

kB R EINGH
Fig. 5 On-site pictures of noise acquisition equipment for
the fiber laser microphone array and its demodulation

system in the outside experimental environment



£ ARG & kY Ry N-TR —=og o KEpN b NP
- 38 - REMEE, ETASEMNRARNAERETIEAIEENSINGI 5 E 55 46 55 3 1
= 04 =2 04
£ 02 £ o2
2 0 2 0
£ -02 = -02
-04 04 " 1 1 "
E 0 2 4 6 10 § % 2 4 6 8 10
time/s time/s
(a) The time-domain waveform of CH1 (b) The time-domain waveform of CH2
T 04 T 04
g £
£ 02 £ 02
=) T 0
% -0.2 %_ -0.2
-0. ~04 L " : "
g% 2 _ 8 10 §70 2 4 6 8 10
time/s time/s
(¢) The time-domain waveform of CH3 (d) The time-domain waveform of CH4
= 0.4 = 04
5 02 5 02
=2 0 = 0
Z-02 £ 0.
=204 - : : - = o4 -
& 0 2 4 6 8 10 & 0 2 4 6 8 10
time/s time/s
(e ) The time-domain waveform of CH5 (f) The time-domain waveform of CH6
T 04
5 02
RN — %
'E_ -0.2
5045 2 4 6 8 10
time/s
(g ) The time-domain waveform of CH7
6 shLIIREER B A R AR R B
Fig. 6 The time-domain waveform of demodulation noise acquired through electrical reference in outside experimental
environment
o 04 = 04
£ 02 £ 02
S 0 2 0
£ -02 £ 202
& 04 g -04
] ]
time/s time/s
(a) The time-domain waveform of CH1 (b) The time-domain waveform of CH2
¥8.055 04 303
304 ifieh 3 0 5052 1]
2 0 3 0 -
= =
% -0.2 % -0.2
- : : - : -04 : : : :
5 04 0 2 4 . 6 8 10 5 0 2 4 6 8 10
time/s time/s
(¢) The time-domain waveform of CH3 (d) The time-domain waveform of CH4
\:9.945 X:8.021
E0) R
$ 3% ;
£-02 =-02
—04 B . . . :
8§70 2 8 10 § 040 2 4 6 8 10
time/s time/s
(e ) The time-domain waveform of CHS5 (f) The time-domain waveform of CH6
=] X:8.005
g o
i
é -0.2
& 044 2 4 6 3 10
time/s
(g) The time-domain waveform of CH7
EREPSTES ST EY FXE T LT T
Fig. 7 The time-domain waveform of demodulation noise acquired through optical reference in outside experimental environment

ME6, B 7HHSRBIE ERAZE R T AR, 5
MEFEIG, 7RO P AR IR A RS
FH+0.34 rad 247 2508 N80, 15 rad LAY, AR
AR R I G M8 &1 9 [ it gl S m]

IFE L,

HiE 1 105.5 Hzf&{%5 37.88 Hz AN, PSD

R L,

&, fEMER

H—-25.02dB/ vV HzJil/N1-32.93 dB/ vV Hz LA
WE(E AL ARt 7 dB; 7 150 Hz L

R B W P A SOR W W, i B M P AR AN

B
T

WS E Ik, 454 PGCFMB L, 7]
B AR MRS A TG 25



2025 45 H =

Eﬁ’:’\
o
H}

.39.

FSD/dB/NHz

FSD/dB/NHz FSD/dB/VHz FSD/dB/NHz

FSD/dB/NHz

FSD/dB/NHz FSD/dB/NHz

FSD/dB/NHz

time/s
(a) The power spectral density of CH1

[
RN B
SO O O

time/s
(¢ ) The power spectral density of CH3

=
(= e )
SOOOO

-120

[
0 & D
SO OO

-100
-120

time/s
(g ) The power spectral density of CH7

X:0.105 5
20 mY:- ]

FSD/dB/NHz

time/s
(b) The power spectral density of CH2

Hz

FSD/dB/

0 1 2 3 4 5
time/s
(d) The power spectral density of CH4

-20

FSD/dB/NHz
|

Sk b
S&53S

-120

time/s
(f) The power spectral density of CH6

B8 s RBIASRFE CHAERESFEE LA

Fig. 8 The power spectral density of demodulation noise acquired through electrical reference in outside experimental environment

time/s
(a) The power spectral density of CHI

time/s
(¢ ) The power spectral density of CH3
20 b
-60
-80
-100

|
[5~3
(=}

=}
—
S}
w
o~
W

time/s
(e ) The power spectral density of CHS5

X:0.029 09
-20 F Y37

Lo
0 N &
S SO
-
0
'

time/s
(g) The power spectral density of CH7

B 3k AR B A S RIS R T LB

Fig. 9 The power spectral density of demodulation noise acquired through optical reference in outside experimental environment

0.021 55
=20 [[r:-4072
'

4O M--=----~ )

FSD/dB/NHz

time/s
(b) The power spectral density of CH2

FSD/dB/\Hz

time/s
(d) The power spectral density of CH4

FSD/dB/Hz

time/s
(f) The power spectral density of CH6




* 40 - BIENES, BETHSEMNAREERMETIBAREESHIFI7E

5 46 B 3 1)

3 &FRIE

AR SCEE XS SE LT HOE AL 75 A FE 5 AE TR 3
R il T WA ARG R [, oA 1 I
PRI, TFRE T 5 TS H HOLL Ot S 4%
W B AR o W P A A IS o e A IR ) R S
FIA L 7] — AR TR 2 WOLLIRAE ot 2%
55, a4 R A IR Sk, SRS
(E M B ShASH o OF B AN LRI A R R
W T2 R AR, AEMR R I (R4 T 53 7dB 1Y
WERE, AR T RGERE, R 7O
VO P e A T AR L v B BRS8N

e

(11 EHiE, Fs, XU, 55 . G L mE SR, A HR,
2017, 41(6): 28-33.

WANG Kunbo, ZHOU Yu, LIU Chao, et al. Fiber optic
microphone[J]. Electroacoustic Technology 2017, 41(6):
28-33.

[2] ZHANG L, LAI X, JIA K, et al. A sensitivity-enhanced fi-
ber optic microphone based on packaging design[J].
IEEE SENSORS JOURNAL, 2024, 24(9): 14306-14612.

[3]1 ®eVL, A, B, S BT - T AL

REOC LT AL E 0], AL 50 B TR %22 4k, 2014, 34
(12): 1294-1298.
ZHAO Longjiang, FENG Jie, CHENG Jin, et al. A high
sensitivity fiber-optic microphone based on Fabry-Perot
interferometer[J].
Technology, 2014, 34(12):1294-1298.

[4] MA X M, ZHANG F X, WANG J W, et al. Research on

Transactions of Beijing Institute of

demodulation technology of air acoustic sensor based on
DFB-FL[C]// International Conference on Optoelectronic
Materials and Devices, Proc. Washington: SPIE, 2020:
117670x.

[S] HU XY, WANG H B, YUE Y, et al. Robust fiber-optic
microphone with modified dual-wavelength demodula-
tion algorithm for low-frequency sound detection[J]. Ap-
plied Acoustics, 2025, 229: 110394.

[6] XU, X, A, 45 B T XS FR = A AR A fige 1 1)
FP T # SOBLF L R SR WETE (1], HL A HOR, 2024, 48(8):
99-104.

LIU Chao, LIU Yunfei, YANG Zengchong, et al. Re-

[7]

[8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

search on FP interferometric fiber optic microphone
based on symmetrical three wavelength phase demodula-
tion[J]. Audio Engineering, 2024, 48(8): 99-104.
REN B K, CHENG J, ZHAO L J, et al. Research on the
frequency response and dynamic range of the quadrature
fiber optic fabry - perot cavity microphone based on the
differential cross multiplication demodulation algorithm
[J]. Sensors, 2021, 21: 6152.
YAN L, SUN J Y, JIANG C L, et al. Dual fiber-optic mi-
crophone based on coherent synthesis technology[J].
IEEE SENSORS JOURNAL, 2023, 23(15): 16915-16921.
LORENZO S, SOLGAARD O. Acoustic localization
with an optical fiber silicon microphone system[J]. IEEE
SENSORS JOURNAL, 2022, 22(10): 9408-9416.
WU G J, LI H, YE H X, et al. Ultra-high-sensitivity,
miniaturized fabry-perot interferometric fiber-optic mi-
crophone for weak acoustic signals detection[J]. Sen-
sors, 2022, 22: 6948.
WU G M, HU X Y, LIU X, et al. Fabrication of glass
diaphragm based fiber-optic microphone for sensitive de-
tection of airborne and waterborne sounds[J]. Sensors,
2022, 22:2218.
JEEAR R AL AR IT . —Fh I8 o 3 U 2 1
MG LT O 75 2% 1 CN202011610042.9[P/OL]. (2021-
05-18) [2024-11-30]. http://epub. cnipa. gov. cn/Dxb/In-
dexQuery.
LI R Z, WANG X B, HUANG J B, et al. Spatial-
division-multiplexing addressed fiber laser hydrophone
array[J]. Optics Letters, 2013, 38: 1909-1911.
RSCE, I, R, 5 B BT RO K T
PRI S A I (7], H E O, 2022, 49(7): 124-133.
SONG Wenzhang, TANG Bo, HUANG Junbin, et al.
Low frequency dynamic response of diaphragm-
encapsulated fiber laser hydrophone[J]. Chinese Journal
of Lasers, 2022, 49(7): 124-133.
BEUKTE, BV, GFMG, S . AR 0 O LT K T 2 R
W50 4 2 3 3 1 7 40 4 (0], DG 2T 5 A 48 B CH R
R, 2019(2): 33-36.
CAI B T, JING C P, SHU P, et al. Cable vibration noise
suppression technique for unbalanced fiber optic hydro-
phone towed array[J]. Optical Fiber & Electric Cable
and Their Applications, 2019(2): 33-36.



2025 45 A & N g E - 41 -
[16] CHANDRIKA U K, PALLAYIL V, LIM K M, et al. [20] ZHAO J P, ZHAO C, ZHENG B C, et al. Phase noise
Flow noise response of a diaphragm based fibre laser hy- suppression method of DFB fiber laser microphone
drophone array[J]. Ocean Engineering, 2014, 91: based on optical reference[C]/ Proceedings SPIE,
235-242. AOMTA and YSAOM 2022. Washington: SPIE, 2022:
[17] B LR KT 2 R GEM 434 3 il £ R W52 D). 12507.
Kb BB RRE R A A2, 2008, [21] ZHAO C, ZHENG B C, ZHAO J P, et al. Zero drift sup-
(18] H#E, RHBE BEKAR, 4 SBL KT 48 R 4L 1L pression method of a distributed feedback fiber laser hy-
i W A 13 B I (0], 6 L TR, 2012, 39(10): drophone[J]. Applied Optics, 2021, 60(25): 7628-7633.
83-88.
CAO Chunyan, WU Yanqun, XIONG Shuidong, et al. [’f/}?f‘é‘rﬁ] ﬂ\] . .
Ry 199054, BT A, T,
Adaptive elimination of lead fiber induced noise in an B OB 1991 %4 . B4, TAIF.
optical fiber hydrophone system[J]. Opto-Electronic En- G 1980 % & | Fid, TA2)F.
gineering, 2012, 39(10): 83-88. W B 1981 44, Hid, R,
[19] QIAN H, WANG X C, CHEN X L, et al. Research on i%’é‘f-% 1974 % % | 14%;_%’ HRR
noise suppression technology of marine optical fiber ZE B 1996 54, #4, TA2)F,

towed streamer seismic data based on ResUNet[J]. Ener-

gies, 2022, 15: 3362.

(AL B#H. & =3%)



