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Fig. 1. Schematic diagram of a typical lock-in amplifier.
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Table 1.  Comparison of performance for current available lock-in amplifier products around the world.
X i e R L ST el S LT
Standford SR830 1 mHz—102 kHz 256 kSa/s 87 prad 6 100 1980
Research (3£H) SR865A 1 mHz—4 MHz 1.25 MSa/s 1.7 prad 2.5 120 2015
Zurich HF2LI DC—50 MHz 0.5 MSa/s >17 nrad 5 120 2008
Instrument UHFLI DC—600 MHz 1.6 MSa/s (LAN)  >17 nrad 4 100 2013
(Fi ) SHFLI DC—8.5GHz 1.6 MSa/s (LAN)  >17 nrad 4 100 2022
et Liquid Moku:Lab  1kHz—200 MHz 1 MSa/s 1 nrad-Hz '/2 30 120 2017
Instrument (M)  Moku:Pro 1 kHz—300 MHz 10 MSa/s 1 nrad-Hz /2 20 120 2021
AMETEK Signal 1mHz—250kHz 1 MSa/s (HiL#) 1.7 prad 5 100—120 1999
(5 ) Recovery 7265
NF(HZA) LI5660 0.5 Hz—11 MHz 1.5 MSa/s 17 prad 4.5 100 2018
OE1022 10 pHz—250 kHz 1 MSa/s >17 nrad 2.5 120 2012
FERRHL
OE2041 10 pHz—60 MHz 1 MSa/s >17 nrad 2.5 120 2020
i {3 LIA00IM DC—1 MHz N.A. >170 nrad 2.5 120 2021
B HB293(JD-1) 1 Hz—100 kHz N.A. N.A. 3 140 ~1980
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Fig. 2. Literature keyword clustering plot with phase-locked loop, signal amplitude and lock-in amplifier as keywords.
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Fig. 3. Schematic diagram of structural correlation and difference between phase-locked loop and lock-in amplifier.
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Fig. 4. Primary components in a digital lock-in amplifier are

realized using digital circuits.

DLIA i TAE B A S HF 5L BIRHA
£ FPGA J&, MIAAE S S %t Hatk A A5l 5, Jf:
FESTRAE A B IESZ IR A%, 1E %R 25 i %
FHAIAH2Z 90°IIESL R, Horp— K IE 5% (5 5l ok
RERCEs w5, B LPF FOE 32 9% 5 IF i B
HATE N7 )5 s Bl FPGA, 78 FPGAP L E
I Y AR B LR S H R S AR RS 5, IR
223 B 5 1 LR EE R A BNE LR G %, 1IE 5% TR
D PR PR A FU AR PR S AT R AN 7, B il
I IESZ S5 5 A NS5 580, E Sl
555 MG RS 25 T

SR DLIA R 48k fg
4 AR,

1) BRI 3%5, DLIA )3 B0R— A
[ F ALTARC {8 B £ E R I [R] 5. h Rl L
55 PG REE RT AL S BAOC AR IS ] R K
B, A R ke AR A5 B RS , T EL T B s T
SBRES. DLIA FUAR TR 1) — S8 [ B
B A B R B (B AR oA g A, e — ]
DI FERg . HES b, DLIA U fa] & %]
PIUAAT R (E. i ALIA PEig 0] A1, DLIA 1 & 5891

P B R B 2 32 5

MG IE LT N, Horh N 2BFE RS0 2k,
LD 1V O A WD I S G e = N B
SNR BARMY I OL T, BT R GE 0 A 45 2R 1 22
SEMAAR I RO [B) 5 OB, T 2R 40 1) B o 175 e
Lt SNR FlZR G BRRG BEF o . (HORAE IR B —
FARS RS B 2% PER, S R GRS [RI T R 58
WAHZE A SR HIE R, S BRI, RER
FHES (AR 1255 A . SRR s3]
BB PR AT R R R B R R — A
HEERE.

2) AR AmES . B AT TE 3 A R
ARSI EIAME 5, FOAR T BEAZ A B) L R BE L R R
o S I 2 ), P2 A SRR S . T AT 1 S 1
WG, TR T I RA R KA DAC 2%
LR AR e M, HAIORm B 2 B BN, AR
Al SO AT B R G, WS A M A (]
52 SHINE 5A0 R A 2 5 4 — B X 2R 40
AHEE TR .

3) REESIR, M TF— SRS, RENIR
FERR IR N A BRE, AR e /A, R5
YR 10 Fe KA S R R R R — 2, N5 5 4
A BRRAE ) 25 5 R R Uk L

4) BUFPAHE BRI, R TR TF RS
FEEARTRIRZE, REEHRAABE R0
FIEM R R, — b, XFECE R Y e £ — Ty 1f fh
ADC 1 DAC WA B, A O fin v SR 4 K
J7 B A] | AR BAR LR 5 — T, 3 H SRk i 2
Eiz 50, RS REVE SRR L A B B TR
AT LA A= B 1, SOnT DAFEAS T A 3994
Pz R 22 1 S s> R R, AR
E BRI S 7= B Y SR RO B s
AN FEIE HE R 1932 B TT 3, S R G S
11 LR AR i (R B4, X Fpid 22 SRR A K.
BB, & BEBERE ADC, DAC FITILEC
FIEE S R LB R

FE T EARR R R G, 80, R R R
3= 1ERE DLIA BYE B ALIE,

2.3 RSB KRS

HEALBAHOR S &2 ] CPU A5 AL B 4%
AB AT BRAF SR S B ORI 25 A% 0 T RE A — Ff AL 25
WK 5 s, fEREAUBIUR O R b, AR iR
it LA . LPF L2l A BLAR A48 AU AL

224206-5


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

#) 32 2 3R Acta Phys. Sin. Vol. 72, No. 22 (2023) 224206

PEURAR LI, AT — PR IR B3, Bt Ak 2
E RSP AR L I ET A
H1 L R EL7 (I R S A SR, dsk
PRAFERIF B ORS , 5200 LR T B B
LRSI ) NS

R BB RTS

B8
23

01
D

HRNEAR

ﬁﬁﬁﬁl

-

v

Bl 5 MERVBIRT A S & P i CPU 5484 AR I 58 I A
B

Fig. 5. In the virtual lock-in amplifier, all computations are

accomplished by the CPU instruction workflow.
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Fig. 6. Schematic description of classification criteria for analog, digital and virtual lock-in amplifiers.
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Fig. 10. Various indicators of noise suppression properties and their relationship for evaluating lock-in amplifiers.
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Fig. 11. Lock-in amplifier is used to enhance the spectral signal-to-noise ratio in optical measurement via two kind of modulations:

(a) Chopper modulation; (b) high speed electronic control switch.
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Fig. 12. Several typical application scenes with circuits for impedance measurement using Lock-in amplifier: (a) Battery internal res-

istance measurement!™; (b) bioimpedance for movement monitoring in microfluidic channels(™; (c) superconducting resistance meas-

urement!®l; (d) precision capacitor monitoring!™.
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Fig. 13. Schematic diagrams of typical magnetic measurements carried out by lock-in amplifier: (a) Magnetometer based on atomic

magnetic resonance™; (b) the vibrating sample magnetometer measures the DC magnetic moment®); (c) AC magnetic susceptibil-

ity measurement; (d) dynamic magnetostriction measurement/s.
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Fig. 14. Several microscopic imaging systems using lock-in amplifier: (a) Atomic force microscopy®?; (b) near field spectroscopic mi-

croscopel®l; (c) scanning Auger electron microscope!”’l.
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Fig. 15. Laser heterodyne interference two optical paths using phase-locked feedback: (a) A pair of laser beams with controllable

phase coherence from a single Laser; (b) the master-slave dual light source outputs a pair of laser beams.
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Abstract

The lock-in amplifier can perform high-precision measurement in both time and amplitude dimensions, so
that it becomes a key component of instrumental system for precision measurement and control. This article
overviews the concept, technology, and application of phase-locked amplifiers as a guide. It first explains the
development and evolution of phase-locked amplifiers of analog, digital, and virtual phase-locked amplifiers,
demonstrating their relationship and differences. Then, it classifies phase-locked amplifiers from a mathematical
perspective based on the order and type of phase-locked loops. Subsequently, the testing process and
metrological calibration progress of the main performance of phase-locked amplifiers, such as amplitude,
frequency, and phase noise, are introduced. The conversion relationship between key indicators such as phase
noise, time-domain jitter, Allan variance, and the coupling relationship with amplitude noise are discussed.
Finally, the application forms and effects of phase-locked amplifiers in the fields of spectral enhancement,
impedance analysis, magnetic measurement, microscopic imaging, and space exploration are listed. Through
some new applications, the prospects of their transition from scientific instruments to industrial and even

civilian products through intelligent computing, precise IoT, and other means are briefly given.

Keywords: lock-in amplifiers, phase-locked loops, metrology calibration, signal-to-noise ratio, precision

measurement
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