ISSN 1003-50;1X . CN 51 1346/04

== (85| Jy iR T AR AR S L A 52
Re®, TOE, ARR, REK, BRY, BB, TH, Kk

S| A&

R&R, T/ME, BER, & DE5| AEEUTFSIURMEX LR R[], BT, 2024, 51(2): 230134,
Wu J G, Wang X Y, Bai S J, et al. Comparative study of detection modes for space-based gravitational wave
observation[J]. Opto-Electron Eng, 2024, 51(2): 230134.

https://doi.org/10.12086/0ee.2024.230134
%5 A H#A: 2023-06-12; &3 HHA: 2023-11-09; FFH HH3: 2023-11-09

PSS

=8 5] JR RN ISR R it R

FAE, Agg, sk e, 2 R

SR T 2023, 50(11): 230219  doi: 10.12086/0e€.2023.230219
BiRRAEREENET R RBRFEIESN

B, FEEUY, WEIL, KB, i

BT 2023, 50(11): 230158 doi: 10.12086/0e€.2023.230158
ETEMWMN R ES| iRt & SRR T

W, W, SUE, TR, BBE A Zam, SR, R SR
FE T 2023,50(11): 230194 doi: 10.12086/0ee.2023.230194

ZE 5| K EH BT TN ST AR AT RER
Lo, HE, RAE Bed, BiveR, EuE, BUIE, ek
SE T 2024, 51(2): 240027 doi: 10.12086/0ee.2024.240027

Tt TN L

OEE £ & x4

Opto-Electronic Engineering

http://cn.oejournal.org/oee @ OE_Journal Website


https://www.oejournal.org/oee/
https://www.oejournal.org/oee/
https://doi.org/10.12086/oee.2024.230134
https://cn.oejournal.org/article/doi/10.12086/oee.2023.230219
https://doi.org/10.12086/oee.2023.230219
https://cn.oejournal.org/article/doi/10.12086/oee.2023.230158
https://doi.org/10.12086/oee.2023.230158
https://cn.oejournal.org/article/doi/10.12086/oee.2023.230194
https://doi.org/10.12086/oee.2023.230194
https://cn.oejournal.org/article/doi/10.12086/oee.2024.240027
https://doi.org/10.12086/oee.2024.240027
https://cn.oejournal.org/article/doi/10.12086/oee.2024.230134?viewType=relative-article
https://cn.oejournal.org/article/doi/10.12086/oee.2024.230134?viewType=relative-article
https://cn.oejournal.org/article/doi/10.12086/oee.2024.230134?viewType=relative-article
http://cn.oejournal.org/oee

Opto-EIectronlc:Engmeermg P EIR Art|C|e
% & xr 43 EHERBEEH (D)

2024 F, 555145, 55 2 8

DOI: 10.12086/0ee.2024.230134

=2 18) 5| JIRARM 35 SR AR T
PRI

Re%", FAB, AgR', RERY, a9,
A, £ OZ, mmu

batas AL ARG, dEa 100094

P ERIT LR AR R 2B, LA 150001
PSR SRR R, HAR 220 730000

N e 2 2 o8 I

TE: AT FAEMHEREG | ARAZFTNE, ATHOETFH KRB 6921 3] Ea8n i 2 2R F i 2 R4 ARR #
IRT 2 Bk B AR, S AT BAR B T BATIR B T 2 360 TARSAF. ASORRMAEX R F0 A B L L, 4f
FTELEMNEREIAFHEX TR B RERRUAREETIETFHRABX, FAF T IR B AT
HATT #mitit, SRAY, PR T ST RO R R E A G @ Ok Reey TS ARtk A, {23t dr )
BE N Z R T ARBORFLy R, AT ARG R B T RAMES R B R EF L e, st—F ey ok,
BT TR BAME RGN IR R F AT B H X — e rh, TRR M R, BB MO R AR R B A O R
P eI B 00 AR B AME, BPRAest, CFAAEX T 0935 ZRARFE IR, B R R KAL) R KB A
PR R TARLRATR R,

KA F AR PAERMAEX; R A RS

FESZES: TH744, 0439 XHEFRERE: A

Rarpt, T/NK, BGR, S ASES TR T GRS LB AT [J]. JGH TR, 2024, 51(2): 230134
Wu J G, Wang X Y, Bai S J, et al. Comparative study of detection modes for space-based gravitational wave observation[J].
Opto-Electron Eng, 2024, 51(2): 230134

Comparative study of detection modes for
space-based gravitational wave observation

:1,2,3

Wu Jingui ™, Wang Xiaoyongl, Bai Shaojunl, Wu Kailan"?, Guo Zhongkail,
Zheng Yongchao', Wang Yun', Lin Xuling"*

! Beijing Institute of Space Mechanics & Electricity, Beijing 100094, China;
?School of Mathematical Science, Capital Normal University, Beijing 100048, China;
*School of Physical Science and Technology, Lanzhou University, Lanzhou, Gansu 730000, China

Abstract: In order to achieve the measurement of gravitational wave signals in the millihertz frequency band, the
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space-based gravitational wave detection projects such as LISA, TianQin, and Taiji projects, which are based on
laser interference systems, require the hardware noise floor of the interferometers to be lower than the interstellar
weak light shot noise limit. This imposes stringent engineering specifications on the optical-mechanical design and
the corresponding interferometer payload. This paper approaches the issue from the perspective of detection mode
selection and derives the expressions of readout noise and stray light noise in the interference signal under the
single detector mode and the balanced mode. Furthermore, a detailed discussion is provided on the weak-light
interference process of the scientific interferometer. The results demonstrate that the balanced mode is capable of
suppressing the interference phase noise caused by laser power fluctuations and backscattered stray light across
multiple orders of magnitude. However, the suppression capability is constrained by the unequal splitting property
of the beam combiner. To address this, a relative gain factor is introduced to compensate for the unequal splitting
property of the beam combiner. Further analysis reveals that electronic gain compensation can only eliminate the
impact of unequal splitting on one of the two noises rather than both simultaneously. Therefore, a balance must be
struck in selecting gain compensation between the suppression of laser power fluctuation noise and stray light
noise. Even with this consideration, the balanced mode still offers significant noise suppression capabilities at a
magnitude difference, thus potentially reducing the engineering requirements for laser power fluctuations and

telescope backscattered stray light.

Keywords: gravitational wave observation; balanced detection mode; read out noise; straylight analysis
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Comparative study of detection modes for
space-based gravitational wave observation
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Wu Jingui"*’, Wang Xiaoyong', Bai Shaojun’, Wu Kailan"’,
Guo Zhongkai', Zheng Yongchao', Wang Yun', Lin Xuling"**

Telescope or optical fiber

Optical path of stray light

Overview: In order to achieve the measurement of gravitational wave signals in the millihertz frequency band, the
space-based gravitational wave detection projects such as LISA, TianQin, and Taiji projects, which are based on laser
interference systems, require the hardware noise floor of the interferometers to be lower than the interstellar weak light
shot noise limit. This imposes stringent engineering specifications on the optical-mechanical design and the
corresponding interferometer payload. This paper approaches the issue from the perspective of detection mode selection
and derives the expressions of readout noise and stray light noise in the interference signal under the single detector
mode and the balanced mode. Furthermore, a detailed discussion is provided on the weak-light interference process of
the scientific interferometer. The results demonstrate that the balanced mode is capable of suppressing the interference
phase noise caused by laser power fluctuations and backscattered stray light across multiple orders of magnitude.
However, the suppression capability is constrained by the unequal splitting property of the beam combiner. To address
this, a relative gain factor is introduced to compensate for the unequal splitting property of the beam combiner. Further
analysis reveals that electronic gain compensation can only eliminate the impact of unequal splitting on one of the two
noises rather than both simultaneously. Therefore, a balance must be struck in selecting gain compensation between the
suppression of laser power fluctuation noise and stray light noise. Even with this consideration, the balanced mode still
offers significant noise suppression capabilities at a magnitude difference, thus potentially reducing the engineering
requirements for laser power fluctuations and telescope backscattered stray light.
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