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Fig. 1. Schematic diagram of the programmable reference

source.
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Fig. 2. Schematic diagram of the programmable reference

source structure.

FEMER R AT vh, NI 3o S 254
PR SR, S om g bl T ADS675, X & —K
K 25 10 TE A S IB ORAR, HAT AR R L A%
IR PR T LA A D R R A TAR IR TS
PRl SRR AR, T AR R B A AR 08 s LS. 4b
WR4ES FPGA 5 PC 44T AD579L8 A SPI {55,
DK s il i 1 P L

FE AT 1) 75 | 780 B o B e P A v,
BOW B ROLHR O A OB, 25
FIH RSB ME AT LRI E MR 2E(5 %, &3d PID
Je R B AR U R s R S F g, SEBIDE L R
RGO EM R . PR RO D% T it
T353R B G r I 25 AN ], S 350 07 S At e
S FEL I R AN (], 3ot 5 2 S 3 ] i
FEAFEEAEDR, (R 11 (7] 25 18] 5 | 7 30 G 75 PP A
S b A A A A R ) B s ) T Bk
T 7 2 )4 A R FH B 752K

JITAAR SCRI ] FPGA A5 s R 4248 F 3 1
¥ PID B3] FPGA ik, 454 &Mk
U T S 3T F, s R v U i 9 ], FPGA 194
WO AR A I S AR BRI, T LA JE T
BT BT T AR S B e 4 B A RO
AR

3 ERkE. dBRRERSMN

TERIAE SEIEL T LTZ1000 A8 F 1 B i o o
(L F R IR LA I i — 2 85 B RO s A
(ADS5791) A7 5 (AR F 7T 8 75 i 366 offe VAL 1 F
FE PRGN 0 SLml b FRAT AN BT,
A1 BB FEL 3% T 7 O At T AR e R AL T R A S
SR, b — DT E AT oA e, DAE S

FEVEPRIRME 70 i BTt I, T 2L
Fa 25 F PSR, SRR il o 1 | RS R AR
DASHE 2 LA R0 5, e B L TR M TR
55 BASARE 54 DASR R b Bl
A B s il {5, ke B ok i i X AR 11
S 5 B At R R YR R 2 ] A R A ), i A
VAL R s - EB 52 5% L 25 L B R B O R L SRR S
AT DA G L 5 PR AR 2 1 B TV P U
BRI HEON], kit = BB A . LA, A R AR L B
BT RPN, 2D bR AN R R R T,

049502-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 4 (2023)

049502

IEf AT A5 T 50 1 7 A i A R PSR S T B

TEATERR: TAE D, i TR A2 7 (AR
MR I E N R, P ATE TSR b2 &
IR R A TTE. AT LA 2 O R I L
A3 B TR RS SR IEAG LM B, AD8675 5 AD8676 H.
A/NF 0.6 wV/C I TH R RIEERS, WS Ik ) 11
WEEEHE 0.1 nV LAT; ADA4077 B RERS N T
0.55 uV/C, KA EER (10000 h) 7E 0.5 pV
D N i ) NS I S S U= o S I P bt A
i v, R4 AR RHEL FELRE BRI ST oS, S B H B
AR E .

HE—2, NI-PXIe 7852 FPGA HiHA 96 %
7 10 8 BRAFAL 1/0 4% 10, il FPGA 4 2
AT S R BE RO S s R, (R S R R A
VIR B n] 4, B ] LA R [l ST 5
W R FPGA Bk i 22 BAC74 il B e ik
PR, AE SEB AT S AR AR | B By A
P R, nf g —25 ST b | R REfE e
U AT R BB LR

K 3 JER T BRI R 5%, BT H
HI A A SE RS 5 BT X S5 5 4 7T DL B 4500 B 25
)51 7 e R MR B 0.1 mHz—1 Hz 5B e | (il
FH K5 BE K007 7 R 45 6 X B0 2Rl 1) e 5 4%
TR P20 g J T — IR B O o 3 M
I3 PP R A 81, ) FH e b B 0 T R S A
728 V5 B P A5 ) P MR R B MR L
ZJE ik LPSD Skt 473 % B 4 B, 459 B0

M {5 L, DT S BRXT H M 7 11 4 T AT

TERARFAERT, 5 2R AT 1—2h
TARRE, H B RS 5 S BRie R A A\ = ks B
HiZ%, it LabVIEW 4i5 P8s SO ITAG Ry
XoF R T FH A T B AR SR EE LU I LPSD
SR TS SRy T AR AR AT B o ot IR 7 ) MRS
P, WG 55 ] B A Mg s Y A T I B
FRFRAE, 1T 0 et BB T R AR AN IS
Mg 2 A S oK

2 FHOR AN Bt R SRR A T A
BT, R I 5L T LTZ1000 A5 A 1% 56 v i, 1R 4
. SEEREE A 4 R, H A 4(a) ST B,
M9 B d 45 vl 0, £6 5 h 4, LTZ1000 85 F i
SEIEME A2 x 1075V, E R 7.11297 V; [E 4(b) N
LPSD Sk Ab#ZE R th A PEE5 S AT A1 LTZ1000 Y
MEH7E 0.1 mHz—1 Hz SEEPET 1.4x10°6 Hz /2,
£ 1 mHz—1 Hz JEFEK T 6.7x107 Hz /2, il s
IR T LISA X AL ot om B M i 22k (2x 107
Hz '2@0.1 mHz—1 Hz)3 M.

4 LTZ1000 $& ki 5 — i th B 5 S A
AD5791 % i R ui, ] H FPGA £ 8 g5 72 i
10 B ECFE AR S, o il AD5791 0
“SCLK”, “SDIN”, “CLR”, “INVCC”, “DGND”,
“SYNC”, “LDAC”, “DGND”, “RESET”, “SDO”
G IR, AR PR B LA R A o s T LA AR
AD5791 P ERERL A4 RO i A5 BN [ L v F R
Fi ) & 5(a) o T — 4L SR O BT 1 4

Polarizer ~ \/2 PBS Matching lens Optical fiber coupler
m_1 fl [ !;
‘ i i \ 4
PD Optical module
DAC Reference chip
ﬂ PID Subtracter
5
Control bus Precision voltage source

DAC: B0 2%)

AR M 7 R 4 R RN 1K S B0 R R B (0 /2: 2R s PBS: PR3 R A% PD: DG HL RN 8% 5 PID: LU FR 3 343 128 B 4%

Fig. 3. Schematic diagram of the low-noise numerical control reference source test experimental system (\/2: half-wave-plate; PBS:

polarization beam splitter; PD: photodetector; PID: proportional- integral-derivative arithmetic unit; DAC: digital-analog-

converter).

049502-4



) 32 3R Acta Phys. Sin. Vol. 72, No. 4 (2023) 049502

LA I, PR SR IR A AL SR A5 5, nl e 2, BRI E N 1LV, 5V,
7% A4 P R O T e 1 R B £10 1V, B () A 7V, 10 V, I A I RSO T R e e
L AR A A SE BRI ZE S, DA SIE B0 25 SR ] i S P, SEEREERANE 6 Uin, Hoh R 6(a) N BAET
iy  H TR /B K 18.9940.68 iV, 35 20 bit MR R ANl i B 5 h N AR, 5] 6(b)

Vi = SRy ek 07 AT IR HE , MCIEL 6(b) T, S E R AE
7.112970
(a) (b)
7112965 1 LTZ1000
LTZ1000
. 7.112955 - =
S =
2 7.112950k 3 g
= o
o
> 0.000005 5 3458 A
3458A Z j0-7h
I———— -
—0.000005
_0'0000100 2 zl é é 1'0 1'2 1'4 1I6 10'—4 10'—3 10'—2 10'—1 100

Time/(10% s) Frequency/Hz

4 LTZ1000 .8 F¥i i 5 3458 A HUF22I 75 (a) IHSRAE 55 (b) M7 Oy 54
Fig. 4. LTZ1000 chip output and 3458 A electronic noise: (a) Time domain; (b) spectrum estimations.

0.99664

(b)

0.99662
0.99660

Z 2 0.99658

o) ()

20 20

= £ 0.99656

o ]

> >

0.99654

0.99652

0.99650

0 2 4 6 8 10 12 14 16 18 0 2 4 6 8
Time/s

1‘0 1‘2 1‘4 1‘6 1‘8 20
Time/ps
K5 (a) S48 B, (b) SR k4 0 e R B ik

Fig. 5. (a) Reference output range test; (b) reference output voltage accuracy test.

9.921790

=
o
|

9.921785 (b) —— Output 1 V
9.921780 ) —— Output 5 V
9.921775.L(a) ‘

Output =10 V

—— Output 7V

6.945385 —— Output 10 V

6.945380
6.945375
6.945370.
4.961100
4.961095

4.961090 _
4.961085 Output =5V

0.992625
0.992620 T T  Output =1 v
0.9926150 1 . . ; - . . .

2 3 4 5 6 7 8 9
Time/(10% s)

Output =7V

Voltage/V
Noise power/Hz~1/2

Frequency/Hz

B 6 (a) FEEEFEMEDR 1—10 VEH; (b) FEEEELMEIR 1—10 VAW s o R

Fig. 6. (a) 1-10 V output of programmable reference source; (b) noise power spectrum of 1-10 V output of the programmable refer-
ence source.

049502-5



¥ 12 Z R Acta Phys. Sin. Vol.

72, No. 4 (2023) 049502

10 V45 pV i, 78 0.1 mHz &b, By f R A
Xo T 7 1) SR 85 BE S 2.0 1070 Hz V/2; i Y o R 7E
7 V45 uV i, 7£0.1 mHz Ab, M5 3.3 %1076 Hz /2
By W HL R AE 5 V45 uV I, 0.1 mHz 4b, B 5
42x10% Hz 72 %y W LR #E 1 V45 uV, 7
0.1 mHz &b, MRk 9.6 106 Hz V2 A I, Fissdt
YEAE L T AR R O L P 34 RTS8 380 5 | T i R oy
SRS 7K

4 ZHERE

BT LTZ1000 flRME 7= B R, 256 e
BORLL 2% B % A B L B 1T, JF i FPGA
B g R A5 H AR T Bt & kG 8 A s rl P S MR
R K P 5 7 R ko Rk v R A R R R AT R
I )t SR 4, I3 5ok LPSD 450wk b 47 45 ok e
TEA , SEBRNT FTAF  J vE R 7 4 el %
HFaK 4 5 5r AR N . T B A 3R v VR T i o R R
J1V,5V,7VH10 VB, 5h BN T
1.3 ppm, HAHX MR EE EEY/NT 9.6 %106 Hz /2
@0.1 mHz, 1.2x10° Hz?@1 mHz & 3.1x107
Hz @1 Hz; M2 B I3k o mT A 4 S o U5 1)
By RV A £10 V, B R 20 R 20 bit;
FERL LR b i i e R T S P T FPGAER Y
7 PID Bk, WA A 0.1 mHz—1 Hz 55K
DAL 1R ' P IS 5 A0 A ' i e 7 i (A R P RS
it BB PID MASS A 10 2 0% S s ol [l
SRy 23 1815 | 3 I v 3 i S e e AR AR T 58 R G
RS

S 0k

[1] Abadie J, Abbott B P, Abbott R 2011 Nat. Phys. 7 962

[2] Aasi J, Abadie J, Abbott B P 2013 Nat. Photonics 7 613

[3] Jennrich O 2009 IOP Classical Quant. Grav. 26 153001

[4] Luo Z R, Bai S, Bian X, Chen G R, Dong P, Dong Y H, Gao
W, Gong X F, He JW,LiHY,LiX Q Li Y Q, Liu H S,
Zhao M X, Song T X, Sun B S, Tang W L, Xu P, Xu S N,
Yang R, Jin G 2013 Adv. Mech 43 415 (in Chinese) [# T A,
FUE, LR, BRESHG, TEMG, FEM, mih, 3Bk, B, ARt

(19]

[20]
21]
[22]
23]
[24]
[25]

[26]
(27]

28]

049502-6

B, ZEI T, ZEEBE, XU, AR RENE, IMR =, FESOR,
RIS, TRA4E, ok, SR 2013 J124ikR 43 415]

Peterseim M, Brozek O S, Danzmann K, Freitag I,
Rottengatter P, Tiinnermann A, Welling H 1998 AIP Conf.
Proc. 456 148

Willke B, Uehara N, Gustafson E K, Byer R L, King P J,
Seel S U, Savage R L 1998 Opt. Lett. 23 1704

Chen Y L, Zhang J, Li Y M, Zhang K S, Xie C D, Peng K C
2001 Chin. J. Lasers 28 197 (in Chinese) [MR¥amN, 7K, 25k
R, SRTEN, B, 2R 2001 RO 28 197)

Tse M, Yu H, Kijbunchoo N 2019 Phys. Rev. Lett. 123
231107

Acernese F, Agathos M, Aiello L 2019 Phys. Rev. Lett. 123
231108

Trobs M 2005 Ph. D. Dissertation
University Hannover)

Zhang J 2020 Ph. D. Dissertation (Hefei: University of
Science and Technology of China) (in Chinese) [fK4# 2020 {8
LRSS (BIL: T EBEHOAR R )]

Hilbiber D 1964 IEEE International Solid State Circuits
Conference Ottawa, Canada, February 19, 1964 p32

Widlar R J 1971 IEEE J. Solid-State Circuits 6 2

An J H 2020 M. S. Dissertation (Suzhou: Suzhou University)
(in Chinese) [Z3%EK 2020 AL EABSC (M RMIRE))]

Du K X 2020 M.S. Thesis (Hefei: Anhui University) (in
Chinese) [FtHUIE 2020 f-2E00R 30 (GHE: ZRIKE))
Linearhttps://www.analog.com/media/en/technical-
documentation/data-sheets/LTZ1000.pdf [2022-9-28]

Analog Deviceshttps://www.analog.com/media/en/technical-
documentation/data-sheets/AD587.pdf [2022-9-29]

Li F, Wang J W, Gao Z C, Li J B, An B N, Li R X, Bai Y,
Yin W B, Tian L, Zheng Y H 2022 Acta Phys. Sin. 71 209501
(in Chinese) [, Taafh, @1, PR, LN, 2,
ML, JYER, W, AR 2022 P30R 71 209501]

Zhao Z L, Li F, Li R X, Wu Z X, Yin W B, Yang R C, Tian
L 2022 J. Quantum Opt. 28 1 (in Chinese) [# T #k, 2%, 2=
g, Rk, PR, BoRE, e 2022 haesik 28 1]
Analog Deviceshttps://www.analog.com/media/cn/technical-
documentation/data-sheets/AD5791 _cn.pdf [2022-10-3]
Analog Deviceshttps://www.analog.com/media/en/technical-
documentation/data-sheets/ AD8675.pdf [2022-9-28]

Analog Deviceshttps://www.analog.com/media/en/technical-
documentation/data-sheets/ AD8676.pdf [2022-9-28]

Analog Deviceshttps://www.analog.com/media/en/technical-
documentation/data-sheets/ADA4077-2-EP.pdf [2022-9-2§]
Liu B Z 2020 Electronic Measurement Technology 43 76 (in
Chinese) [XIZE M 2020 HFIE A 43 76)

Welch P D 1967 IEEE Trans. Audio Electroacoust 15 70
Trobs M, Heinzel G 2006 Measurement 39 120

Liu K, Yang R G, Zhang H L 2009 Chin. J. Lasers 36 1852
(in Chinese) [XIZ%, BoR [, sk JE, M= X, SR H, T 50
2009 P EHOE 36 1852)

Wang Y J, Gao L, Zhang X L 2020 Infrared Laser Eng. 49
20201073 (in Chinese) [FHER, R, TREEH] 2020 214506
T 49 20201073]

(Hannover: Leibniz


http://doi.org/10.1038/nphys2083
http://doi.org/10.1038/nphoton.2013.177
http://doi.org/10.1088/0264-9381/26/15/153001
http://doi.org/10.6052/1000-0992-13-044
http://doi.org/10.6052/1000-0992-13-044
http://doi.org/10.1063/1.57430
http://doi.org/10.1364/OL.23.001704
http://doi.org/10.3321/j.issn:0258-7025.2001.03.002
http://doi.org/10.3321/j.issn:0258-7025.2001.03.002
http://doi.org/10.1103/PhysRevLett.123.231107
http://doi.org/10.1103/PhysRevLett.123.231108
http://doi.org/10.1109/JSSC.1971.1050151
https://www.analog.com/media/en/technical-documentation/data-sheets/LTZ1000.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/AD587.pdf
http://doi.org/10.7498/aps.71.20220841
http://doi.org/10.7498/aps.71.20220841
http://doi.org/10.3788/jqo20222801.0201
http://doi.org/10.3788/jqo20222801.0201
https://www.analog.com/media/cn/technical-documentation/data-sheets/AD5791_cn.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/AD8675.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/AD8676.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/ADA4077-2-EP.pdf
http://doi.org/CNKI:SUN:DZCL.0.2020-05-018
http://doi.org/CNKI:SUN:DZCL.0.2020-05-018
http://doi.org/10.1109/TAU.1967.1161901
http://doi.org/10.1016/j.measurement.2005.10.010
http://doi.org/10.3788/CJL20093607.1852
http://doi.org/10.3788/CJL20093607.1852
http://doi.org/10.3788/IRLA20201073
http://doi.org/10.3788/IRLA20201073

) 32 3R Acta Phys. Sin. Vol. 72, No. 4 (2023) 049502

Programmable precision voltage reference source for

space-based gravitational wave detection”
Wang Jia-Wei!)  Li Jian-Bo! Li Fan'  Zheng Li-Ang!?  Gao Zi-ChaoV
An Bing-Nan!)  Ma Zheng-Lei?  Yin Wang-Bao 23T
Tian Long V3%  Zheng Yao-Hui V31t
1) (State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Opto-Electronics,
Shanai University, Taiyuan 030006, China)
2) (State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Laser Spectroscopy,

Shanzi University, Taiyuan 030006, China)

3) (Collaborative Innovation Center of Extreme Optics, Shanzi University, Taiyuan 030006, China)

( Received 5 November 2022; revised manuscript received 1 December 2022 )

Abstract

Gravitational wave detection plays an important role in exploring the universe and opening up a new
chapter for multi-messenger astronomy. As the most common device used for space and ground-based
gravitational wave detection, large-scale laser interferometer requires a low-noise laser as a beam source. The
noise of the laser can be suppressed by utilizing the optoelectronic negative-feedback noise reduction technology
to improve the sensitivity of large-scale laser interferometer. The optoelectronic negative-feedback control
system can suppress laser noise by subtracting the photodetector signal from the voltage reference signal, and
then calculating the modulated signal by a proportional integral differentiator to control the output power of
the pump current driver. Since the photodetector signal is affected by the laser intensity, its output voltage
varies within a certain range, which requires that the output voltage of the voltage reference source signal is
variable. In addition, the performance of the voltage reference directly affects the overall performance of the
feedback control loop, therefore it is the lower limit of laser noise suppression. We develop a high-precision low-
noise program-controlled voltage reference by selecting low-noise reference chip and digital-to-analog conversion
chip, designing external control circuit, using low-temperature drift coefficient components and using
temperature control and electromagnetic shielding. The digital-to-analog conversion is controlled through the
FPGA module programming to accurately realize the reference voltage change. The output voltage range of the
developed voltage reference source is from negative 10 V to positive 10 V and the minimal precision of the
voltage variation is 20 bit. The voltage noise spectral density of the developed voltage reference is below
9.6 x 107/+/Hz and the noise performance of the reference source is less than the laser intensity noise in the
space-based gravitational wave frequency band. The developed voltage reference source provides an important
technical support for laser intensity noise suppression in gravitational wave detection.

Keywords: space-based gravitational wave detection, voltage reference source, voltage noise characterization,

logarithmic frequency axis power spectral density
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