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Reference 10
signal 7,(7)
Input signal x()
Reference (a)
signal r,(¢) \ 3 X 0
Fig.1 Block diagram of quadrature phase lock-in principle v \/W\/\/\/WM
Sl B x(0) FR: o

x(t) = Asin2nft+6) +n(t) 6)
2 A AR n() SR (5. TS5 (55
B8, 33135

r () = sin2nft + ¢) @)

ry () =cos2nft+¢) ®)
ZTTEAS AR UE P 5, AT 2

X= %cos(&—@ Y= %sin(e—qﬁ) ®

FREET5 SR JPARBEES , FI A
R:VW+W:% (10)

2 PitEM KR
2.1 $EMKXBE XS
21,1 AFEEH

Z: A e L AR R A v S B () L, 2% i 3
RGERBIAYES i, JET DDS R, fESH R4
WA BOE &% 2 %55 . DDS £ AR5 i FlA7 54
TR S0 e BBOBSCHE oK 7 A A5, T B T HURSE e
BSRR N f clk, THEIRE depth, $5 2356 F- £ ctr,
D45 ) 5 phase_ctr, WA BUAE 5 B ARR. R Uf FH 37

phase 53 313278 A
f=(f_clk/depth)x f _ctr (1)
phase = (phase_ctr/depth) X 2n (12)

O b, FEARTRBE R, WA LAY 055 403 BAS
g1 BN (N o s Sl N o el LTI ol R 8
120 kHz 54T, WA EE 240, £EA# 07 58 8 bit, H]
A AR N 1~40 kHz (N IERZES . 3% HESN
D5 EAE AN 2(a) 7N, AT UL RS B = HLEAT 4
(49 90°HH 7 22 o M 45 il A2 A B, i b AR 5
P 2(b) BT/, T f7 21 W TE B BR Bk AR, RT3k A2 A
UK AREER

P2 (a) % T DDS JFEHAE M IER LS E(E S, (b) BIU R
Fig.2 (a) Sine and cosine reference signal generated based on DDS

principle; (b) Waveform changes with frequency

2.1.2 ARIE IR IR

VT U8 0 252 UM R# vh dR SCBRE Y A 2 —,
HUB PR B IS AR S e . 7E FPGA st
IECT RN, BRI RS S A W BT IR
PR AT TIR JE % 2% A1 FIR JE % 4%, TIR & I 7% B £/
EARAS A S, 0 D0 6 T AN, T FIR A A 2k,
i s RS BTy, A B B s v A E v
R, EAEAEAE FIR JEIL AR, U8 Ik 25 B E
1o, THFERE R A TR IR AR L A IR £ . SChoxt
CIC U8 Dk #5 E A7 B0k, P42 B SR R B FIR UK I 45,
DA /T 3 AR S B s A1 B )

LS5 CIC JEPE g el 2 ik 0 i R U4,

y(")=zli:1x(n—k) M=1,273-- (13)

XF CIC P8I #5 2F 47 T 4n R ettt 1) AR 4% TDLAS
RGP B R, R — R L A S o SR AR
Ty 5 2) A EXT AR 5 R BOT- 88 o JEBLAN R : AR
KR HIATT, T ZXHHOCIR S 28 B A A5 5, 1ER
FEZR fs R AR A5 5 A% RIS O T, AT —
AT R A SRR S BN R

N=fs/fr (14)

Btk , CIC R K MR 2R E (8, T2
PN 3L, 57 510& N. 2N, 3N---pN,

B Ao KB MR RN, B R B R fig
2P0 PR U a5 AR, D — B
AR B BRI B R e . b TR RS,
i RS A8 S SBT3, -2 0o B LG S 4l i 7 R
AISE . BT KB 1. 2, 4, 8., 16, 32, 64+,
SAZE 2090, 1,2, 3,4, 5, 67, AL BE A K
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SIS . PR B, AR E AR TR A A K
2 R, (B R BRIE R K 5 2 RSB fE R T,
3.6, 12, 24, 48, MKIR AT LI FHAS o v ok 52 9P
¥y, B g R 5 P a5 B RAEE — 1 i R 80
BEIE MBUE A N, 2N, 4N+ N ~ 20, Wk itk s
1) CIC B ik X anF

Y= 3" =k >y +1) (15)

. M =N,2N,4N,--- ,2'N,

A, BORFEUR 524 120 kHz, #4545 590
KA 5 kHz, BCE RS CIC B e A5 e 7 il 28 4n 4] 3(a) BT
o INEIHATLUE Y, Bl RO B M ) 3]
T, 08 T g 010 L 0 3 A AR AT, L X L 49 i sk SR
Fhr . BAKES CIC U I 8 8 k4 R 1 56 R
B 3(b) B, L rbies A dr 2 ALK BE SRR EK (), DL
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—10 — —— Two cycle
Three cycle
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1000 | 4
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500 b %

0 10 20 30 40 50
Times of N
&3 (a) AR AR A3 8 1y ik 28 CIC U J0E 4 W AR 137 5 (b) et AU
CIC UEBEAHUE R SR C R
Fig.3 (a) Amplitude frequency response of improved CIC filter with
different integration length; (b) Relation between cut-off

frequency of improved CIC filter and integration length

AR AR IR AT B A -3 dB g, BEE UK, g
U 7 B AR AT RN BT R A o FERAE 2R s [ A1 1O
T, FROR BE AT L A R A3 B T, S S AR A3
B[] 200 ps~20 ms 38 FE P 7 A4 w8, R A9 3 1 O A
14K 2220~24 Hz.,

Lol iR CIC XHE S g 5, FXHE S TR
B, B35 5 9% FIR U828V IC AR FE R . B3R AR
5 kHz, BRI 100 Hz, PR 200 Hz,
NS 0.1 dB. B 8 60 dB 955 i 4 FIR, BT
DR ER B ECR 136, 5 AE RAE SR 120 kHz 5544 T %
BT LB A%, DRI A% B BCK 35 51 3260, 38 L B R
R0 J7 TR R AR B 2 8k, #1548 FPGA
A H R E AR LUT Ml DSP %R

FIR U8 #i g #F — 20 i AL AL B A 18 ¥ & 2] FPGA
Hh e A R A, I D g I AR I 7 R 3 BT T Y
SR, BRI 230 FPGA (IR TN FE, LB % e, ik
B8 AR S HCR AL . RALHTS AR S  R A E
WA 4 Frow, RS N AR A N, RS 5 R AT
Gy, BEAT P A SR80 T T R K

— 8 bit quantized
--- Reference

Magnitude/dB

0 0.5 1.0 1.5 2.0
Frequency/kHz

Pl 4 FIR W50
Fig.4 FIR amplitude frequency response

FIH FIR U8 I #% 22 B X R, 7€ FPGA g8
R 7050, T e T B VI
FEo 5B mIE B A S8 T A R R
.

(1) =x(n+68) X 1 (68) + Z:O[x(n i)+

x(n+136- )] xh (i) (16)
s h() R UE U A% R B x(n) R AAE S5 () R

1555

202300234



i E ok A2

% 104

www.irla.cn

213 FI AR

FE T IE A [ PR S BAAR ROR 2%, s R (AT
T AT MRS 58, H FHPE 7 fiJF M iz 554 JPL
#3:H CORDIC 12,

JPL B e — Rtk o, A= (17) BioR, 78
FPGA 1 SE LI Jo 5 #EAT 264, S it b J& 4 B AT 5 g
B8, AR AR RE AR,

) { IX]+0.125]Y],  |X]>3[Y] a7
0.875[X|+0.5[Y], |X]<3|Y|
o X=max {X,Y}; Y=min{X,Y},

CORDIC B3k J&—Fh e e A, 151 8 3 48 1 g e
BT, AR 2, PRI R xo. vo, | RARHE
i YRk , d; W Tiede J7 1n)

d = { J_’}

X = X —diy 2"
Vie1 = Vi +dix;27

yi<0
y;>0

(18)

JPLXH?
—
wn O

10
5F
0
20

10 o X

0
» 710 NI
-20 —20 *

30

CORDICAx+7?
=

-10
&> -10
—20 -20 X

28 n WiERE , n — oofff, 1531
X, =A, X+ Y,

yn=0 (19)
n—1
A, = l_['fo Vit

e A, AAMER T, WIE S B R = X2+ =
X, /A, BISEBT- 7 FOFAR o 76 T/ b n AFTBBIA RN TG
75, VLB n IEA 10, JEEE 4,0=1.646 8, FFUEFT1 .

JPL S35 ELAN B 5(a). (b) Fiw, S HRHEI J7 ofi
B L, 7825 7F 107 HE2% . CORDIC 3305 B 45
K 5(c). (d) Fron, ShRifEFF - B 1L, 5% 2276 107
B, ZEREM IPL Bk LHER AR 2K, CORDIC
ARz MAR BRI . H R BT E L
WA 5 AR AR AT, R T BRIIE R IR £ 5 o R 2 1)
YERE, TR 8 Y CORDIC i S 30 5 AT
B,

JPL-residual

x107°
1.5

1.0

0.5

CORDIC-residual

[ 5 (a) JPL “F-J7 FIFFAR; (b) JPL 5%2%; (c) CORDIC V77 FIFFAR; (d) CORDIC 5%2%
Fig.5 (a) JPL root of sum of squares; (b) JPL residual; (c¢) CORDIC root of sum of squares; (d) CORDIC residual

22 ZE%iE
22.1 FPGA %
FPGA fEE S PR | A PR B R IE B 715 5 Ab

PRATI Az W o SR B Xilinx 2 7] #Y xc7a35t
VE R BCF-BIAR I R # BY 008 Fe, KUK S B AA9 43 Ar
SR IIEE, BN R EHERWE 6 s, FEH
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A1 Bl FL S AN BB R 2 R . A Bl P R A A s R |
BRI Y (High Pass Filter, HPF), #%U## (Anal-
og-to-Digital Conversion, ADC), & 148 PHEk
PESEI T BOARBOR & 09 E AR T AR, 7T 4l 53 S B 4 4341/
R, 7 Az AN [ 431 2 1) B 4 1 5 R 3R Bl 45 A5
B, B HIAS [R]0 €8 X537 [ 1) B 4 3K 5l 5 HRORR A A
e, ¥t ADC % 1 B RICH R A T AR PR A A, filT LI AR 38 )
I3 A1 5 RS ORI H A A A5 A5 B 4H B DDS 55 &
A4S, WIE S % (55 TRIEBHL, 0K P Bk A
90°AHA 22 1 2 A5 5 S 1R A 5 AH 3R ; SK AL LA
SRR 2 ek AR CIC B8 ik 2%, S BT GG D
W5 B SRFEFIT FIR BE4k, 4 CIC A i s 25040 1417 75
FIC3E I8 1 ; CORDIC FF 77 B8, 5 4 %0 U5k i 111 36
F1°F 5 MR 55 R 5 8 LA AL AR R A% 00 2
RO, Bt T HRCU# TS, T 5ER LT A

i i 4> ik BT I S AR LR 5 Sy e B 5 H R R
BRI A v 1) 2R ELFN S 5R 9% , K BIURH TR 4 1) e
B S [ A2 38 F G, S IRAICHE Y R AR AL S . SR
e 2 58 ] S A0 WOk A% i 4 (Universal Asynchronous
Receiver/Transmitter, UART) [F] 14 % 45 , % B % 47 %
41 912600 bps PR IIE L it . FPGA 7E [l 4% B4 i) 75
TR R B M R A, ok B — A R A B9 £
P, A e A S RSB S R R TTL & 15 5,
il & AF S B, Rk FERF . Bt T s
PEH A E 75 490 xFEFEFEFE™, $UHa i o 5 5 75 F5K
0958 AL . AN T CORDIC A5 i i 9 42 XU
TR, T 5T U0 O A UART Bl B 15 8K
I, PRI B 7RSO UART 2l & ik ik,
T 5 H L PR

uart_clk 60 kHz

|
60 kHz | Scolli)rcci : Clock Y'MHZ Clock ad_clk(~u_clk)120 kHz FPGA (Artix7)
5 kHz | (50 MHz)| | multiplier division fir_clk 5 kHz
60 MHz | |
|
| : ROM
1 | sin cos
r |
|
ad_data ( ) cp_data 14
Detector -3 HPF |3 ADC : = Comp
| A code )
I : p\ N sin8
| fr | Wave
| | Msg read | cos8
' Serial .
| analysis
PC(QT) : bort | y
| |
. x ds 16 Y
| ' 18 ( Msg ), rl6 > fir @ D
: | | art send) splicing Cordic | , fir | FIR [, ds16 Down
Signal | | TTL — - sample
generator| | | ~ - ~ -
| Peripheral circuit | Software structure

6 BUFHURHOR 3 R GHE ]
Fig.6 Block diagram of digital lock-in amplifier

222 _EAAUERAF

Qt I JHAR P T A REZR B AL R (9 857 65 v AN
F & B APL AEH A Tl 6 A it . e s G
B WO R & e 2, R QE S 3y b A LS T 4
7 s, FTe 32 e O R | AR A A A
Beld e g RIS H 2l i . BORE OSSR mT 815 2 % (5
SR R B[], BE R AR R — U Il O I .
Wt T = PR A SERREE IR URT D SR AR
2, oy, S A 22 IR v S I Jr o it 3 L Y

(1 ORI, 0 SRAR AR S 2R S8 58 b E Z i, i)
R TP A JEE A TSI H

EAIHURR PR AN 8 BT

SERAIIR P IE A Rl I, AR A [ A
BEFE, PR PRSI, SR P B35 X8 U A5 5
S8 BRUCT38 J5 DR B 2RI 08P 4 RO R A
T—UCFE

BORTF B0 = QW UGR AR+ 2 B 24 8 <
Z R UEONZ FTF B UCRA A 2D, B
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BORE: o N | ™™™ g"’“f‘.kw - R 25 05 A 5 A SR ISCR = M B B &, A B
KR

IESZE = © BB O ApBiat

{.I'v" "‘J U:

B (Hz) ] 0K FARE FHRR -] IR T
g oK g R WL Ro
HEL®: | ] ok {475 [D:\Qt\exp_data\ | (RAFEE

/9013

0
0 100 200 300 400 500 600 700 800 900 1000

it
e

7 BRI

Fig.7 Software interface

Initialization

1

Pruning
data

N
Serial port Display —
harmonic
Y
N Display
& average —
harmonic
Send Display L
parameter concentration
N Splicing
data

K8 ARy AR
Fig.8 Program flow chart

avg data =(sum_data+avg dataxavg num)/
(avg num+ sum_num) (20)

eSS, B — B AT R . g
0SB, PRAF B4 —UGR (5 5 W (E R (], 22
LN, TR R B Z T R o SiHCR IR
SXHHB O, HESH

Xt AR BOR I, 2 BB RKEEE S IT4A
= ARk, 8 25 okl vk Bk, 2500kl T
WA = 5 A W 5 22 4 2 BRI BAR J3 W) ) 25 B
AR, T BRI SR &5 o W I i R S D D
FRARUBBRARI 09 = £ P A5 R B DR B i A 7, UG
FOGH ARG, S RGEHINE L. 1% WM-TDLAS
RGBT RO &, FERT B 0 I8 A5 b O A
— S5 SHF TR B B TS HE SR
V) BRI A5 380 8 D 5 1) PO AR AN T [ Ak
T T AR LA 2R 80 Hz 0 B 400 G Vi 780 3 0 Ik 25 1
SR E IR bR = AR

ADC BEHRI) 43 J8 A6 FIRAE 3 H2 5w Bl i
KT IR RE Ty o 45 TG0 B ' A 40 25 4 1
H S IR — BAE 100 mV B2, BT T R AR AL IR 2%
PR, 8 I 75 >R 3£ B ADI 23 7] 9 AD9240 i /- 5211
ADC i, HHA 14 f753 BE2%, 10 MSPS S 4l %
MEHBIERE N 2.5V, IRAE-2.5~25V {5
W RUE A HER R 03 mV,

Wit T FPGA S1H L %, A0 45 LB R | Flash
B JTAG BLHL . B3 IR AE o d5 2T 4 Fl B8 1l
WE 9 s, BEERK Y 11.6cm, 5627 8.6cm, & JF
247 1.5 cm, MRFRZY 150 em?®, 5 5 S ECR 28 AR FLE
Fixf b, sk 1 fos, AR /N T SRS830 il ZI-MFLI,
I H 5 HR RBA RS LIA-BVD-15 A Hoth HA A
AL H

P 9 B TR AR FiL i

Fig.9 Hardware circuit of digital lock-in amplifier
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= 1 PR KEEFRRTLE

Tab.1 Volume comparison of lock-in amplifier

Type LxWxHJcm® Volume/cm®
SRS830 43x50%13 27950
ZI-MFLI 23x28x10 6440
LIA-BVD-150 18x10x1.5 270
DLIA-1 11.6x8.6x1.5 150

3 XWKRESERSM

3.1 XWEE

S R 36 B0 BIUAR T i A D 3 DN 1 A 0 2
B HEHE T TDLAS SE90 R GE, 2R G040 F A S 0024 ' 4
P10 fT7R, R G0 L BRI 5 15 5 A B H | Sl
PR IR B, WOEE TR OB
2 004 nm [¥) DFB #0%#% (DFB-2004, Nanoplus), H:4j H
Y25 3 mW, Fil OB $ %% (LDCS01, SRS) X H:
AR BE AN AT . 45A HITRAN B4 e vh

Pressure gauge

Flow controller

« P
éﬂp
> }j : >
Y Multi-pass cell

?ﬁ P Collimator Detector
P 4
Aperture
Laser TTL
controller £, FrGa m
y DLIA
AN

] /
Signal Ah_ { PC
generator >

(b)
10 (a) TDLAS REA1RZEH; (b) TDLAS FREGE 504 1
Fig.10 (a) TDLAS system structure; (b) Experimental device of TDLAS

system

CO, 7F 2 um BRI IE LR, e HL 4991.26 cm ™' AbHY
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Abstract:

Objective The effect of thermal blooming in the laser propagation experiment is an important factor affecting
the propagation evaluation. The thermal blooming is due to the absorption of gas, which causes the local air to be
heated, causing the air to form a density gradient, resulting in refraction and scattering during laser transmission,
thus causing the distortion of the laser spot and affecting the experimental results. In the inner channel of the laser
propagation, because the laser energy density is high and the air velocity is slow, the thermal blooming is more
obvious. Even the trace greenhouse gases will affect the laser propagation. CO, is the greenhouse gases of highest
concentration and the most difficult to completely remove in the inner channel of laser propagation. Therefore,
high-precision detection of CO, in the propagation channel is of great significance for propagation evaluation.
The inner channel of the laser propagation is characterized by small space and low CO, concentration, so a
miniaturized and highly sensitive detection system is required. Wavelength Modulation-Tunable Diode Laser
Absorption Spectroscopy (WM-TDLAS) technology as an effective detection method is widely used in the
detection of trace gas. However, WM-TDLAS system has complex structure and large volume. Therefore, the
lock-in amplifier as the core device of WM-TDLAS system is studied in this paper to meet the requirements of

high-precision detection of CO, and make the WM-TDLAS system more miniaturized.

Methods The principle of wavelength modulation detection and lock-in amplifier deeply is analyzed, and the
key technologies of digital lock-in amplifier are optimized. The reference signal is generated internally based on
DDS principle, and the frequency of sine and cosine reference signal is designed to be adjustable which can
expand the scope of application (Fig.2). Combined with the characteristics of wavelength modulation, the integral
length of CIC filter is improved based on the number of periodic data points of the modulated signal, and the
average is achieved by shifting (Fig.3). The narrow-band low-pass filtering is achieved by CIC filter cascaded FIR
filter (Fig.4). JPL algorithm and CORDIC algorithm used to calculate root of sum of squares are simulated.
According to the simulation results, the CORDIC algorithm is more suitable for lock-in amplifier (Fig.5). The

functions of the lock-in amplifier are implemented based on FPGA (Fig.6). In order to make the system more
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miniaturized, the software is realized based on Qt and serial communication is combined, so that the lock-in
amplifier has the function of data acquisition and processing (Fig.7). Relevant hardware circuits are
designed (Fig.9). A WM-TDLAS system is built based on multi-pass cell and the experiments are carried out to
verify the function of the designed digital lock-in amplifier (Fig.10).

Results and Discussions The reference signal frequency of the designed digital lock-in amplifier is 1-
40 kHz adjustable and integration time is 200 us-20 ms adjustable. The high precision ADC module is designed,
and the voltage resolution can reach 0.3 mV. The volume of the final hardware circuit is about 150 cm®, which is
far smaller than the commercial lock-in amplifier (Tab.1). Under the condition of normal temperature and
pressure and optical path of 30 m, absorption spectrum of CO, was measured at 2 um band, the signal-to-noise
ratio of the wavelength modulated absorption spectrum is 102.6, which is about 11.7 times of the direct absorption
signal-to-noise ratio of 8.8 (Fig.11). Calibration experiment of low concentration CO, is designed and carried out
to obtain the linear correlation of the second harmonic amplitude and CO, concentration of 0.996 (Fig.12). Under
the condition of pure nitrogen, Allan variance is used to evaluate the system performance. When the average time is
2 s, the lower limit of system detection is 1.30 ppm, and when the average time is 180 s, the lower limit of system
detection is 0.19 ppm (Fig.13). The system response time is analyzed, and the gas concentration can be obtained
within 0.5 s (Fig.14).

Conclusions A digital lock-in amplifier is designed based on FPGA and Qt. The key algorithms in the lock-in
amplifier are analyzed and optimized, and the relevant software and hardware are implemented. Experiments such
as harmonic detection of low concentration CO,, calibration of low concentration CO,, analysis of detection
sensitivity and analysis of system response time were carried out. The experimental results show that the designed
digital lock-in amplifier has the characteristics of high sensitivity, adjustable parameters, real-time processing and
miniaturization, and can meet the requirements of low concentration CO, detection in the inner channel of laser
propagation.

Key words: digital lock-in amplifier;  laser transmission; FPGA; TDLAS; digital filter; CORDIC

algorithm
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