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Abstract: The space-based gravitational wave detection frequency band is located in the range of 0.1 mHz-1 Hz,

because the gravitational wave source information with larger characteristic quality and scale is contained in the
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aforementioned frequency band. At present, large-scale laser interferometer space-based gravitational wave
detection projects based on different sizes and space orbits have been gradually implemented. It should be
emphasized that the laser intensity noise and frequency noise should be suppressed in the laser source system of
the interferometer. Moreover, as the first level device of laser noise characterization and suppression, the
performance of photoelectric detection will directly affect the effect of laser noise suppression. First of all, on the
basis of selecting low noise chip and high stable bias system, the whole circuit was designed by self-reducing
circuit and transimpedance-amplifying circuit. In addition, in electromagnetic shielding, low temperature drift
factor element, low noise power supply and active temperature control and other technical means, realize the
development of high gain and low noise balanced homodyne detection system. Finally, the gain and bandwidth of
the photodetector were evaluated and tested by combining the fast Fourier transform method and the number line
power spectral density algorithm, and the intensity noise of the laser was detected and characterized in the
0.05 mHz-1 Hz band by using the detector. The experimental results show that the electronic noise spectral
density of the balanced homodyne detector is less than 3.6x10° V/ Hz"? in the frequency range of 1 mHz-1 Hz,
which is less than the noise requirement of the laser source for space-based gravitational wave detection. When
the incident light power is 400 uW, the gain of the balanced homodyne detection system is measured to be more
than 40 dB in the frequency range of 0.1 mHz-1 Hz. What’s more, the spectral density of laser intensity noise is
3.6x107% V/ Hz'* at 1 mHz. Low noise photoelectric detection and laser intensity noise characterization are

achieved, which provide key device support for laser intensity noise characterization and suppression in space-

based gravitational wave detection.

Key words: space-based gravitational wave detection;
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Fig.l Schematic diagram of balanced homodyne detection
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Fig.4 Schematic diagram of the balanced homodyne detector
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Fig.5 Schematic of the experimental setup for measuring performance

of photodetector

HYk, MR 4 Nyquist-Shannon K ¥ 52 B, B 58l {5 5
W BT 5 5, AR b e KA BT o R B AT
SRAER LI, B SR /NI TR froin B RAE R
FBRULECRAE S BN, A E 5] R B R AT
0.1 mHz~1 Hz SB[ N 151 1055, S T RE&EFF
AT AT B 1) J e i e 7, 9 K ) SR K
SEAREAEE, BT AR BB R FE AR /00 2 S/ T
HLL 2 Sfs RAFRBEATHUE R AR, 27 A 2 51 7 PR
T4 0 5 Wil 7 O AT 5 R, IR M B/ N T AT T
0.1 mHz, SRAEET[H] 2 /058 2.8 he A T 54 H X
0.05 mHz~1 Hz #1 B Mt 75 43 B LA Rt e 500408 £ K52 1)
B AL PR R, LI R AR ARV 2 S/s, SRAEI [H]
WEE R 5 hy 36 T80 SR SR K R R e S
R R T A Y i 2R

XFF AL S8 FRT S0k, i 85000 &5 R HLA B e o
X S M 45 R AE AR O (H23 0.1 mHz %) it £k
BN, AR AR (23T 1 Hz I iR S % R
Gy oy B A, W R I Y, SR WOSA
DT IR YT LR (A1, (E AR A B AT 4 A 2 45 AN -
W, R 22, T HEAT AR AR s 22 )5 18 [ Michael
Trobst™ 45 A & & T X B0 %6 il Ty 2 3% % 1 50k

(Logarithmic frequency axis Power Spectral Density,

LPSD), XA [7) il L it 43 A 41 23 SR FH AN ] (7 A3 2%
Oy PR IEAT R AL B, AR AP DL T WOSA J5iETE 4
BT A AT A JE , (EVER X 2 8] 5 ] 0 e 4000 11
PR BLR AT T Xt o3 B B W S W A TPl R4 T
R EARA . 4t LabVIEW 2% 44 5 (9 LPSD
& 48 FFT AR ¥ X R A5 5 HEA T 52 A 5175
M P A AT 4G 2R

R T VTS ST A R AR R G A A )5 | ik
PR AT B 1 B8, 40 R T I 5 1 e DU U B, o
I e AR 73 BT (Rohde & Schwarz FSWS8) il 4 H
7. 2~500 Hz # BE W P Rp 1 5 A3 73 P17 58 (RBW)
FIRLAR 43 9 2240 55 (VBW) 384 10 Hz 1 1 Hz,

S A5 AN A 6(a) B, B B R A AR
X h BHD 1 HL 22 e 7 DL K A S 5643 011 R 500 wW
1 mW DL K 2 mW RIS il £, H T30 A CFE AR AR AT
Mg 7 SR B MR P T A AU B Mg 7 R 1
i, NI 6(a) 0] 1 BT iF & BHD 1Y HL 2% W 75 4
—110 dBm AR, *JASDEII#A 500 pW i, HAF BHD
R 25 303K 50 dB DL, B 200 R SO R S A HR I 7 R
L 45 00 5% 76 48 35 78 2~500 Hz 0 il 3% 25 Lt i P2

E—3, R P AS BE Y 8.5 if DMM R AR, 45
A DR 8] B P o R BN D 35 9% B DAl BHD
FORAT P E . % J& B i 0.1 mHz~1 Hz J BE i, 75
5 h I A T), ELOG L TR A A A O K s )
RSP, 25 RS o i AR A 1 i A Ak S SOE I £ P 5
ABHMRZE, HBE T OETIZH 500 pW AHIE 1) 400 pW
NS G HEA T I AT B S PRI

SLEGZE AR 6(b) IR o 4 DU 2 1) HL 2 g
K- B 52 R SO MG 7 O o A A R D SO M e
() BR, B S E AT BHD 4 T2 W DL 7
BHD(Newfocus, 2 117) 7£ 1% & 3 £ & 3x10* V/W B} 1Y
L2, 30 R 18T 6(b) rhise T THTZL 60 il Ze 1 v )
i ol 28 IS5 SR 0 A #F BHD 7E 0.05 mHz~1 mHz
Af B, -2 M A 2 B AIG T 4.32% 107 V/HZ'%; 7E 1 mHz~
1 Hz P B9 ML -2 R i 25 B R 3.6x107° V/HZ? LUF,
I T R BE 2 (8] 51 7 3 8 I 13 o T s e g Wi s
K (12107 V/HZ"?)o I H A BRI AR 0 B 27 e I
TG R, R AT DL SRR B O e
DRI, PRI 25 T LA, 132080 B ) 306G TR e
FAEFPEAN

20220300-7



ISk A2

% 64 www.irla.cn % 51 %
@ 0 — (b) 7
-10 F - EleFtronlc no1se 10° F Electronic noise of self-developed BHD
20 —— Noise of 500 uW —— Noise of 400 pW
r Noise of I mW Electronic noise of newfocus BHD
=30 r Noise of 2 mW 10" F i
=40 .I.
e et L e Ll 1 P
=50 I R S e S 102 F |

Noise power/dBm
I
D
(=)

—100 t
—110
—120

—-130

Frequency/Hz

0 100 200 300 400 500

Noise power/V-Hz "2
_
<
:

107(, I L i I Pt
107 107 1072 10 10°

Frequency/Hz

[l 6 BHD M:REMZE R . (a) BHA Y BHD 7£ 2~500 Hz Sl B M RESS S (b) W& 1Y BHD 7 0.05 mHz~1 Hz 4B (P REINZE S, miks R0 3R

SAESK 2 S/s, RAENFE A 5 h, LPSD AMIREHR TS %K 0.3

Fig.6 BHD performance test results. (a) Performance results of the BHD developed in the 2-500 Hz frequency band; (b) Performance test results of the

developed BHD in 0.05 mHz-1 Hz band. The sampling rate of the high-precision multimeter is 2 S/s, the sampling time is 5 h, and the data overlap

rate of LPSD processing is 0.3

7 4h, AW BHD L2 B A0 T35 H BHD,
# 1 mHz~1 Hz P4, §j F BHD (% B 2= 75 5 F [ #F
BHD Hi F27 M s — it g, %1 A 4 BHD, 4 A
SPGTIER 400 pW OGRS, M #45%] BHD 7£ 0.1 mHz~
1 Hz A 1) e M P 35 2 B2 48 £ 1K 31 20 dB DA |, X 17
Ty AR i 4 i 1K 31 40 dB LA, I HLINAS 0o
WP AE 1 mHz I8 3.6x107° V/HZ"?, 76 AR A B 58 %
WOt B2 WP YR AE

4 &

=A

SO T 1 UH (6 B B RO H R A T
AR T T HAE R R bR 3B T BHD
(R M P R AR BE , R0 (% ) HL 2 I P Y 52 B
eI B 5t FL BELR 1) FAIER 75 RT3 T i A Pl T MR P
HE— 25 ST ) 23 () 5 | g v 1 i A0 M e A
TR RGBT . R S R BCF T IR, 456
PR TR B I 4 DA R ) B8 ) AR 2 T 1, SN
0.05 mHz~1 Hz A8 B (4 ZR I 2% F 27 I A 1) 3000 i
Br, 20 H -2 W P % % B 7EE 1 mHz~1 Hz B 4356
TWEIEF 3.6x107° V/HZ'?, IF HARF R EE 451 5] 1k
PRI 00T T OG5 B M S R (1x1071 V/HZ"?); 78
NS 400 W G, BRI AR TE A B3 45 35 31 20 dB
PLE, 76 1 mHz B 306 3 B2 S Ry 3.6x107 V/HZ'
SR FH 5 53 BRI, S8 B - AT R 2R 42

(8 £ AR | A SE SRR RE D RS I, S A 1a] 5|
T3 AR T e i JEE NGRS 0 ) LA B M AR A B s 4
BT IR

SE Lk :

[1]  Shi Shaoping, Tian Long, Wang Yajun, et al. Demonstration of
channel multiplexing quantum communication exploiting
entangled sideband modes [J]. Physical Review Letters, 2020,
125: 070502.

[2] Wang Qingwei, Li Wei, Wu Yimiao, et al. Demonstration of
1—3 continuous-variable quantum telecloning [J]. Physical
Review A, 2021, 104(3): 032419.

[3] Liang Hexi, Dai Yonghong, Ai Yong, et al. Design and test of
space optical coupling balance detector [J]. Infrared and Laser
Engineering, 2017, 46(3): 0320002. (in Chinese)

[4] Kong Yingxiu, Ke Xizheng, Yang Yuan. Impact of local
oscillator power on SNR in space coherent optical
communications [J]. Infrared and Laser Engineering, 2016,
45(2): 0222002. (in Chinese)

[5] Lin Xuling, Wu Zhiqiang, Yang Song, et al. A weak signal
detection technique applied in deep space exploration [J].
Infrared and Laser Engineering, 2017, 46(9): 0913002. (in
Chinese)

[6] Sun Xiaocong, Wang Yajun, Tian Yuhang, et al. Deterministic
and universal quantum squeezing gate with a teleportation - like
protocol [J]. Laser & Photonics Reviews, 2021, 12: 2100329.

[71 Yang Wenhai. Experimental and instrumented study of strong

squeezing quantum light source[D]. Taiyuan: Shanxi University,

20220300-8


https://doi.org/10.3788/IRLA201645.0222002
https://doi.org/10.3788/IRLA201746.0913002
https://doi.org/10.3788/IRLA201645.0222002
https://doi.org/10.3788/IRLA201746.0913002

s Gk A2

www.irla.cn

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

2018. (in Chinese)

Jin Xiaoli, Su Jing, Zheng Yaohui, et al. Balanced homodyne
detection with high common mode rejection ratio based on
parameter compensation of two arbitrary photodiodes [J]. Opt
Express, 2015, 23: 23859-23866.

Huang Duan, Fang Jian, Wang Chao, et al. A 300-MHz
bandwidth balanced homodyne detector for continuous variable
quantum key distribution [J]. Chin Phys Lett, 2013, 30: 114209.

Du Shanna. Research on quantum classical channel multiplexing
and source independent security of continuous variable quantum
key distribution with entangled states[D]. Taiyuan: Shanxi
University, 2021. (in Chinese)

Bai Yunfei, Zhang Junxiang. The experimental investigation of
time-domain balanced homodyne detection of weak pulse [J].
Journal of Quantum Optics, 2011, 2: 84-89. (in Chinese)

Ma Lixia, Qin Jiliang, Yan Zhihui, et al. Fast response balanced
homodyne detector for continuous-variable quantum memory
[J]. Acta Optica Sinica, 2018, 38(2): 0227001. (in Chinese)

Lu Huadong, Su Jing, Zheng Yaohui, et al. Physical conditions
of single-longitudinal-mode operation for high-power all-solid-
state lasers [J]. Opt Lett, 2014, 39(5): 1117-1120.

Goda Keisuke, Miyakawa O, Mikhailov E E, et al. A quantum-
enhanced prototype gravitational-wave detector [J]. Nat Phys,
2008, 4: 472.

The LIGO Scientific Collaboration. A gravitational wave
observatory operating beyond the quantum shot-noise limit [J].
Nature Phys, 2011, 7: 962-965.

Stefszky M, Mow-Lowry C M, Chua S S Y, et al. Balanced
homodyne detection of optical quantum states at audio-band
frequencies and below [J]. Classical and Quantum Gravity,
2012, 29: 145015.

Vahlbruch H, Chelkowski S, Danzmann K, et al. Quantum
engineering of squeezed states for quantum communication and
metrology [J]. New J Phys, 2007(9): 371.

Jennrich O. LISA technology and instrumentation [J]. IOP
Publishing, 2009, 26(15): 153001-153032.

Luo Ziren, Bai Shan, Bian Xing, et al. Gravitational wave
detection by space laser interferometry [J]. Advances in
Mechanics, 2013, 43(4): 415-447. (in Chinese)

Wang Zhi, Sha Wei, Chen Zhe, et al. Preliminary design and
analysis of telescope for space gravitational wave detection [J].
Chinese Optics, 2018, 11(1): 131-151. (in Chinese)

Liu Heshan, Gao Ruihong, Luo Ziren, et al. Laser ranging and
data communication for space gravitational wave detection [J].
Chinese Optics, 2019, 12(3): 486-492. (in Chinese)

Wang Luyu, Li Yuqiong, Cai Rong. Noise suppression of laser

jitter in space laser interferometer [J]. Chinese Optics, 2021,

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

20220300-9

14(6): 1426-1434. (in Chinese)

Wang Yajun, Gao Li, Zhang Xiaoli, et al. Recent development
of low noise laser for precision measurement (Invited) [J].
Infrared and Laser Engineering, 2020, 49(12): 20201073. (in
Chinese)

Luo Jun, Chen Lisheng, Duan Huizhong, et al. Tianqin: A space-
borne gravitational wave detector [J]. Classical & Quantum

Gravity, 2015, 33(3): 035010.

Shubhashish Datta, Abhay Joshi, Jim Rue. Large-area InGaAs
quad  photoreceiver  for laser interferometry  space
antenna[C]//Nanophotonics and Macrophotonics for Space

Environments IV, 2010.

Patrick Kwee, Benno Willke, Karsten Danzmann. Shot-noise-
limited laser power stabilization with a high-power photodiode
array [J]. Optics Letters, 2009, 34(19): 2912-2914.

Li Yugiong, Wang Luyu, Wang Chenyu. Preliminary test of
performance detection and analysis of weak-light detector for
space gravitational wave detection [J]. Optics and Precision
Engineering, 2019, 27(8): 1710-1718. (in Chinese)
intersatellite laser

Fernandez Barranco. Photodetection in

interferometers[D]. Hannover: Gottfried Wilhelm Leibniz
Universitat, 2017.

Sun Xiaocong, Wang Yajun, Tian Long, et al. Detection of
13.8 dB squeezed vacuum states by optimizing the interference
efficiency and gain of balanced homodyne detection [J]. Chinese
Optics Letters, 2019(7): 83-86.
Wang Jinrong. Experimental study of high-performance
photodetector in the squeezed light source[D]. Taiyuan: Shanxi
University, 2021. (in Chinese)

Jin Xiaoli, Su Jing, Zheng Yaohui. Influence of the non-ideal
balanced homodyne detection on the measured squeezing degree
[J]. Acta Optica Sinica, 2016, 36(10): 1027001. (in Chinese)
Xue Jia, Qin Jiliang, Zhang Yuchi, et al. Measurement of
standard vacuum noise at low frequencies [J]. Acta Phys Sin,
2016, 65(4): 044211. (in Chinese)

Wang Shaofeng, Xiang Xiao, Zhou Conghua, et al. Simulation
of high SNR photodetector with L-C coupling and
transimpedance amplifier circuit and its verification [J]. Rev Sci
Instrum, 2017, 131(7): 013107.

Kay A. Operational Amplifier Noise: Techniques and Tips for
Analyzinig Reducing Noise [M]. Amsterdam: Elsevier
Publication, 2012.

Trobs M, Heinzel G. Improved spectrum estimation from
digitized time series on a logarithmic frequency axis [J].

Measurement, 2006, 39(2): 120-129.


https://doi.org/10.1364/OE.23.023859
https://doi.org/10.1364/OE.23.023859
https://doi.org/10.1088/0256-307X/30/11/114209
https://doi.org/10.3969/j.issn.1007-6654.2011.02.002
https://doi.org/10.6052/1000-0992-13-044
https://doi.org/10.6052/1000-0992-13-044
https://doi.org/10.3788/co.20181101.0131
https://doi.org/10.3788/co.20191203.0486
https://doi.org/10.37188/CO.2021-0045
https://doi.org/10.3788/IRLA20201073
https://doi.org/10.1364/OL.34.002912
https://doi.org/10.3788/OPE.20192708.1710
https://doi.org/10.3788/OPE.20192708.1710
https://doi.org/10.7498/aps.65.044211
https://doi.org/10.1016/j.measurement.2005.10.010
https://doi.org/10.1364/OE.23.023859
https://doi.org/10.1364/OE.23.023859
https://doi.org/10.1088/0256-307X/30/11/114209
https://doi.org/10.3969/j.issn.1007-6654.2011.02.002
https://doi.org/10.6052/1000-0992-13-044
https://doi.org/10.6052/1000-0992-13-044
https://doi.org/10.3788/co.20181101.0131
https://doi.org/10.3788/co.20191203.0486
https://doi.org/10.37188/CO.2021-0045
https://doi.org/10.3788/IRLA20201073
https://doi.org/10.1364/OL.34.002912
https://doi.org/10.3788/OPE.20192708.1710
https://doi.org/10.3788/OPE.20192708.1710
https://doi.org/10.7498/aps.65.044211
https://doi.org/10.1016/j.measurement.2005.10.010
https://doi.org/10.1364/OE.23.023859
https://doi.org/10.1364/OE.23.023859
https://doi.org/10.1088/0256-307X/30/11/114209
https://doi.org/10.3969/j.issn.1007-6654.2011.02.002
https://doi.org/10.6052/1000-0992-13-044
https://doi.org/10.6052/1000-0992-13-044
https://doi.org/10.3788/co.20181101.0131
https://doi.org/10.3788/co.20191203.0486
https://doi.org/10.37188/CO.2021-0045
https://doi.org/10.1364/OE.23.023859
https://doi.org/10.1364/OE.23.023859
https://doi.org/10.1088/0256-307X/30/11/114209
https://doi.org/10.3969/j.issn.1007-6654.2011.02.002
https://doi.org/10.6052/1000-0992-13-044
https://doi.org/10.6052/1000-0992-13-044
https://doi.org/10.3788/co.20181101.0131
https://doi.org/10.3788/co.20191203.0486
https://doi.org/10.37188/CO.2021-0045
https://doi.org/10.3788/IRLA20201073
https://doi.org/10.1364/OL.34.002912
https://doi.org/10.3788/OPE.20192708.1710
https://doi.org/10.3788/OPE.20192708.1710
https://doi.org/10.7498/aps.65.044211
https://doi.org/10.1016/j.measurement.2005.10.010
https://doi.org/10.3788/IRLA20201073
https://doi.org/10.1364/OL.34.002912
https://doi.org/10.3788/OPE.20192708.1710
https://doi.org/10.3788/OPE.20192708.1710
https://doi.org/10.7498/aps.65.044211
https://doi.org/10.1016/j.measurement.2005.10.010

	0 引　言
	1 平衡零拍探测原理及电路设计
	2 BHD噪声分析
	3 实验装置、过程、结果及分析
	4 结　论

