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Abstract

Abstract

Frequency Modulated Continuous Wave (FMCW) ladar is a kind of coherent ladar,
which generally uses linear frequency modulated continuous wave laser as the detection
light source, With high measurement accuracy, strong anti-stray light interference ability, -
high sensitivity and high resolution It has been widely used in ranging, speed
measurement, imaging and other fields.

FMCW ladar is mostly used for short-range detection. However, it has single-
photon detection sensitivity, which is very suitable for long-distance target
measurement with sparse photon echoes. In this paper, the long-distance ranging
technology of FMCW ladar is studied, and the FMCW ladar ranging method based on
phase noise compensation and periodic continuous frequency modulation laser signal
is proposed. The theoretical model is established, the data processing method is given,
and the verification of outfield ranging experiment is completed.

Firstly, the influence and compensation technology of light source phase noise are
studied. According to the theoretical model of laser light source phase noise, the basic
theory of light source phase noise recording and compensation using auxiliary reference
heterodyne channel is established. Using a 1550nm single-frequency narrow linewidth
laser, the indoor and outdoor experiments of laser light source phase noise
compensétion based on acoustic-optic frequency shifting or chirping were carried out.
The indoor experiment is carried out in an all-fiber environment, and the fiber length
of the target channel reaches 30km. In the outdoor experiment, the target channel is
carried out in an atmosphere environment, and the distances are 12km and 19.5km,
respectively. Both indoor and outdoor experiments have obtained good light source
phase noise compensation effects, indicating that this method can effectively reduce the
influence of light source phase noise.

Secondly, detailed theoretical and experimental research on long-range FMCW
ladar ranging technology is carried out, including:

(1) A two-dimensional data processing method for long-range FMCW ladar
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ranging using periodic.chirping laser signalvs is propésed. Drawing on the synthetic
aperture ladar imaging theory, by dividing the FMCW ladar measurement time into fast
time (range direction) and slow time (azimuth direction), the one-dimensional optical
heterodyne data of the target echo is converted into two-dimensional data, and
performing Fourier transform respectively, all the target echo photons with phase noise
compensated can be superimposed coherently, thereby greatly improving the signal-to-
noise ratio of ranging and realizing high-sensitivity long-distance ranging.

(2) A two-step measurement method is proposed to achieve long distance high-
resolution FMCW ladar ranging. Step 1 is the coarse measurement, the FMCW ladar
uses a long pulse-width and small frequency bandwidth laser chirping signal for coarse
distance estimation. Step 2 is the fine measurement, according to the target distance
value obtained by the coarse measurement, select the appropriate precise measurement
frequency modulation pulse length, Reset the modulation frequency of the FMCW ladar
to measure the target with high resolution. The two-step measurement method can
greatly extend the unambiguous measurement distance of FMCW ladar, and can
improve the ranging resolution while reducing the requirements for the electronic
processing bandwidth.

(3) According to the two-step long-distance high-resolution FMCW ladar ranging
theory, a 1550 nm wavelength laser is used to establish the FMCW ladar ranging
experimental device including a reference channel for measuring the phase noise of the
light source, the distance ranging experiment is carried out with the optical corner cube
as the experimental target. And the FMCW ladar detection laser signal fine
measurement frequency modulation bandwidth is 10GHz, and the electronic processing
bandwidth is 200MHz. When the target distance is about 12km, the fine measurement
result is 12013.905m with a 2.4cm range resolution; when the target distance is about
19.5km, the fine measurement result is 19442.603m with a 2cm range resolution. All

experimental results are basically consistent with the theory.

Key Words: FMCW lader, Long distance, High-resolution ranging, Phase noise

compensation
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Figure 4.1 Schematic setup of all fiber PNC experiment
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Table 4.1 Parameters of all fiber PNC experiment
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Figure 4.2 Phase noise: reference channel 1.09km, target channel Skm

ME 42T UEY, BAn@EMRAREE (Eis) NEsREHERS
EREMARES (L) KBE, RKEED 9.1rad, XEFENHIFEE
EREAK, EARSEBE LR OCEH 5 . 1HESR HirBEHEAM ST %=
A Ao? (1)=9.699rad , SHBIEARNIEF N Ac? (7)=0.553rad o

ME 420)FTVE Y, HESHEEREENEROGCEMRMCRE#RL (L6
HEREEARMRESE (B BRI, RURIHSHBEM A= 5T
DMRIFEM BFrBIEAHLIE S ; 4 PNC R RAE L (RE) BEDN, ¥

33



IR B A FMCW BOGE A B0 55000

B R T4, PNC f§ BFRBERANARRIRE T EA A (7)=0209rad, DTS
ZEEANIEEFER—F, SHIRTHIHERT.
SHBENLKE 1.09km, X BHARBENLAKEN Skm K] PNC B R R,
FESLER b, EESEBEARL, 80 EFREEEN YA, T PNC BR.
B 43 ABELBENCTKE 1.09km. EIFEECFKE 30km B HISLI L
B HA, B 4305058 BiFRENSEEERNHMES CGER.LE); B 4.3(b)
SRR BARBEARAMES (e, FASHEERIEEGRAMEEL (6D
FPNC J5 BFpEE A RS (RE).
HAALIR 75 2%

40
—— E
St

-

P A

AL 7= (rad)
i o N
2l
. {

-40 : ' '
0 5 10 15 0
B [E] (ms)
(a) HiRBEMSEBERMERS
40 LIRS L
—— AR
—— BRI
——PNCJ5 i
20+

E

Og)

@

I?I‘El (rad)
S

0 5 10 15 20
A (8] (ms)
(b) PNC J& H¥riEEMALRE S
B 4.3 AR : %3858 1.09km, BHREE 30km

Figure 4.3 Phase noise: reference channel 1.09km, target channel 30km
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Figure 4.5 Schematic setup of space transmission PNC experiment
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Table 4.3 Parameters of space transmission PNC experimental
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B, *MEEREH S, BERGEKE R 6000 NESEKM (L9 150ms). VEGLEE
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Figure 4.6 Experimental results at 12km with 100Hz linewidth laser
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Figure 4.8 Experimental results at 19.5km with 100Hz linewidth laser
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Figure 4.9 Experimental results at 19.5km with 3kHz linewidth laser
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Figure 5.7 Results with Step 1 coarse measurement when the echo signal is strong
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Figure 5.8 Results with Step 2 high resolution measurement when the echo signal is strong
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Figure 5.9 Results with Step 1 coarse measurement when the echo signal is weak
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Figure 5.10 Results with Step 2 high resolution measurement when the echo signal is weak
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SHFAS SRR B FPT FE88 3B TH0 35948, 101 5.7(d)+ 5.8(d)~5.9(d)~ 5.10(d)
Fim. B=FRARENITE, BRHSEEEHNT PNC M4 FFT, WK
5.7(h)s 5.8 (h)x 5.9(h)« 5.10()FF T« |
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x52 BAHUEES
Table 5.2 Distance Measured

J e 4 R 3 B S . ‘

(E D (MHz) (kHz) (m) (m)
. 80.0975 87.50  12014.625 13.125 & 5.7(d)
1CREM)
" 80.0925 6.25  12013.875 0.938 & 5.7 (h)
1(5%)
\ 110.0376  84.60  12013.905 0.034 Kl 5.8 (d)
20K5)
110.0376  60.15  12013.905 0.024 B 5.8 (h)
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Table 5.2 Distance Measured (continued)

[BlE WE S BEHR SR FEE e
\ i e B RUR
B, R (MHz) (kHz) (m) (m)
‘ 80.0900 3125  12013.500 4.536 5.9 (d)
1CFE)
25 80.1025 8.62 12015.375 1.294 & 5.9 (h)
) ‘ 110.0752  53.76  12013.920 0.021 5.10 (d)
20K590)
110.0752  62.03  12013.920 0.025 & 5.10 (h)

fEFR 52, ATUERITESE | HENERN, TRERESRIEREIRES
55, BEEOHREER T EEET, WE 5.7(d). B 5.7(h)FIE 5.9(d). Bl 5.9(h),
A3FIM 13.125m $2FFZE 0.938m FIM 4.536m $FFE 1.294m. X2 F HIES,
TSP ©,,, UK, ERBOGIRAAE T A, BT AR B 4G AR

P (3.6) ATRNGEZEAD ZE 3R AR e 75 7 25 S5 A (] A IR BL, TR AR T b B 1]
MK, FAIMERS SRR . AR PNC BB, BT Rk
P FHTIEA T BN SRR REE AP, WE S 7()MBE 59w, JFR
TR B Rl BEESF G 4T PNC FIMETF&NE, WEREEE
A FEA LR ZRE, WE 5.7(h). 5.8(h). 5.9¢(h). 5.10(h)Fx.

* 52 8or, EEREEESEIERT, BT HI S0 HF SR 7=
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K 5.8(hAr; 7E BAREIE S 590 M T, FrillBE e 12013.920m, BRES 4%
FH 2.5cm, WHE 5.10FR. FEXHEMAELT, EESHES 10GHz BOGHA
S 5 BT AR A PR 1.5em B AR E ST .

* 53 RUEBMERESHMELT, IR BARERESEBL
RIgZmg, 4 BITHE TR IS I B AR AL R T VR L (SNRD. MR 5.3
FAETLEH, NRESE 1N, 258 2 B, £/ PNC F1 -4 FFT J5,
BN LI REB B — B4R TF, HII SNR M 8.36dB #2F+ZE 30.87dB, &M T
22.51dB; FEMIET SNR M 5.72dB $2Ft £ 32.24dB, #5401 26.52dB.

Hie b, T SMAIEAET B0 FEEE AL 7515 R 2 B AR EEAE S 0
5Lk, BAREE S APER ARG S RH AR . L, BirERB s
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MR . BRI o MR 2 OIS AL K AU R. JR B AR P %,
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®53 BirEKIENEREIEEEK SNR
Table 5.3 SNR’s on Range Peak when the echo signal is weak

MESE FEAEFE  BHE (m) SHE (m) SNR (dB) HERIR

EFET 2 12013.500 4.536 8.36 & 5.9(d)

1 CRHI)
AT 12015.375 1.294 30.87 & 5.9(h)
EHET 2 12013.920 0.021 572 & 5.10(d)

2 (&)
TSN 12013.920 0.025 32.24 & 5.10(h)
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19.5km G@EiT GPS AARMED FILTikt.
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HBE 19.5km BAR B, HbhaaBiafovEmENE. B 513 24
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B 511 GPSWEBEFER (19.5km)
Figure 5.11 Target distance measured by GPS (19.5km)
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B 512 SRR 19.5km BHIsBER A

Figure 5.12  Photo of the 19.5km target location viewed from the experimental system
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Figure 5.13 Monitoring 19.5km target photo by infrared camera
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G = 4B S B 5.140 2 Bl 5.14(e) My EE SR B m I, (A
129.6295MHz 4k, FWHM #7124 5.59kHz. |
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Figure 5.14 Results with Step 1 coarse measurement when the distance is 19.5km

ME 5.14(0) T LAF i, W25 E0E BAE B Hmgs G, Birh B rim
IEEAE . BRAR DB, EIUEE IR B — I, AR,
JFH B RBAE SIS, JIFERREER.
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EIEE RS PR FMCW OB BRI 5%

W 514 T th, 7E 162 BRI, FAH - BA_E GO i IR
BRI B B AR EEAE S, XLBAZE 19.5km MIBEES R, SEIOEUE RER KA
WIE, BT A BAREEE S . B 5.14(d)2 B 5.14(c)REE R [AFIT, A
BIR AT LAE H, BERTEUE ™ E, S5 AIE&RTEIEE K.

B 5.14(e) R4 PNC Al 4 FFT EEEE EG . BFrEEEN LA —EE
FERIELAE . I 5.14(0)2 B 5.14(e) BB 5 8E B8 1| T, A2k FEARXS T~ & 5.14(b)

K 514 B %, REHRES.
5.14(DIEME7E 129.6295MHz, FWHM #124 5.59kHz, #Eidz (5.5) &

1R R EAREE SN L, =19443.675m , FEE PR ANSL =4.875m .

FRABHELI B AREE B L, =19443.675m , M 5.3 F AT LAFR 5 1% B0 28 AR X B FY)
W om =5 ARSI K 7, =25.85ps « X BAREHAT S IR 2 Moy BRI, A
55N B, =10GHz,, A N 25.85ps , BHIRFEES#EAN 1.5cm. A
F 3 P A 2 ) Bk £ 2500 S, REHEIK 404 64.6ms.

B 5.15 RoRHIRPE 2 S PR Biscing R, B 5.15@)e2%8iE
) FERBE (46 FEA s RN BRI EEETE . B 5.150b)% B il
HG A E IR BB ESE 2500 N RATKAT RISE, IEfEEZ 142.0900MHz 4L,
FWHM #534 422kHz. [ 5.15(c)RXT AR mEst FRT T80 26 8 R 46
%o B 5.15(d)2 - 5.15(c)H 2500 MKk -3 BEBS 4340, WE{ETE 142.1083MHz
4b, FWHM £1°4 113.61kHz. B 5.15(e)/24 1t PNC F1 4 FFT 5 =4
%. B 515D 2B 5.15(e)FIUE(E S FEES (A5 T, WE{A7E 142.1083MHz 4t, FWHM
Z1°4 51.28kHz.

1 X 10 OHD:Ref Chan(Blue), Target Echo Chan(Red) 5s X 108  Target Echo Frequency Spectra
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Figure 5.15 Results with Step 2 high resolution measurement when the distance is 19.5km

W 5. 15(0) AT i, B AR B S LT B (AR SR P W 0%, B S 5
RATUER ) B AREE S
N S.ISO)TTE KRN B AR EE R T — M, B IR
BER T AEKLAIE 66.5ms KRR P, HAH %L\ b K H RS H R EIR B
FrE AR LSS, L RE. TE 5.15(d)R B 5.15(c)5F 2500 ki i~F 38R 55
A, MEHRTE A SIS IEERERK, BEEH.
Bl 5.15(e)2&% PNC Ff1—4 FFT AEEEG, BEAE, RERF. B
5.15(0) 2B 5.15(e) IS E S EE R R E, MNEIFITESE, S5 SEEMARTE

5.15(b)F1 1 5.15(d)F HRIRA, L EHEMTE.
B 5.15() &4 142.1083MHz, FWHM % 51.28kHz, H1Z(5.6)i+ & H %R

Bk E B N L, =19442.603m , BEEr#ENSL, =2cm, SHRHHFRAE
1.5cm ZEAFHLF
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TLEE B 4 PR FMCW Bo B IEE b 52

%54 B TR (5.5) R (5.6) HEAHT B MAETBNFHLE
JrE 4 BIN KM EARBR RS B4 HERAT SNR AR,

%54 19.5km BRRHIRIES R
Table 5.4 Measurement results of 19.5km target

MESE H\AESFE  BEE m) S5HE (m) SNR (dB) BIERIE

| GRS EMTEMN 19443675 4.875 3.66 & 5.14(d)
‘ TN 19444425 0.839 20.36 5.14(h)
. eMF 2 19442.603 0.044 8.04 & 5.15(d)

2 (k&
G T2 19442.603 0.020 ©32.03 & 5.15(h)

MR 5.4 FATUUFH, AR 1NN T2 SNR 25 20.36dB, AR
T-E MK 3.66dB 15 16.7dB, 1E¥R 2 FEMAAHFZ 08 SNR 24 32.03dB, HLE
FATENH) 8.04dB 15 23.99dB. #HTAL3 515 ELAIE MR B B tH i) FMCW
BOLE BN AR BAF I = R R UL .

54 NG

AELEEIAETIFREEE FMCW oL E AR S HFRMEE L. U—4
eI B AR, FEE4h 12km. 19.5km FANEE k4T T BB . B
H1, FMCW BOGE B 1% E W50 5 400MHz, JASE A 400us; HIR
2 ¥ BRI 5 10GHz; LI Z 8RR T 5 200MHz, RFEEZR 500MSPS.
ISR, X 12km BiR, BIEESHRE, ¥ EREEN 12013.905m, FEE
DPEER 2.4cm; BIEESIER, AN EFEEAN 12013.920m, EESHEN
2.5cm; Xf 19.5km B#r, *50 EHAREREN 19442.603m, BEE 5N 2.0cm. H
ANEFREEE b, SRR MEEE HEE 5 515 10GHz A4 550t BRI 8 4
HE2 1.5em BAMF. 19.5km VMBS SPFRML T 12km, BB L, WE D
ER—HN, SRR, ERLEPHE KA G S ER LI a
e SRR 4 R

LI R KR, FMCW BOGERUMBSETE, W LKIEEE KA

MEEE, FRRAKH R TR, LIEEE B & PR,

FAEh, B H FMCW BOGE AT - 48 FFT A 51k, 454 PNC 3%
A, T LK BRI R B AR B AR R ANRESR, IRERN R BE . X
JiEARHE B T B B 55 R B bR AR
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6.1 B4
ARSI LIRS YR FMCW BOCESIMBER AT R T Wi, R THT

JEIR PNC MR A ELLRABOLE SIRIKIZIEE S FMCW Bt REmadis
MBETT%. BAL T BOBIEIR PNC BORER T, fRH T @i &5 #E % FMCW
BOLHE BN — EHURAETTE, FRTERRHA. BEAFIATIEDT:

(1> 8T FMCW B EXRREE & PIRNEFENE T, a8
BN R BN VR AR M PR R . BAR IS SEe . BRI, DR E
RPEE P PR T 2 B SR A B, XTI i) R, $RH T TH Rz fEER L B AR
T B 25 I B 7 VE A& F TS B AR R MU BE ¥ — 4 FFT SR b3 772

(2)  XTITEE B FMCW BOG & I BE A i 6 U5 AR e A5 s FF & T ZR e AN
LA . IRABBOGCICIRAR AL 75 B 7= A LA R — B G e A S 25 @8 31T
PNC HIJ575, AL T FMCW BOLE KM BRI YGURAR A e FE A ME R B . 72
BN HDCEAE R ANTE AT AMERPE P AT PNC EARME LR, EHE
s A ESERENAKES BAREEHRIT PNC, SREHLSHRE N
SFREEH 0.14km B, Xf B AREE G E N 30km ) PNC MR BIF. ZHER
o, B  ELFEROGEET PNC BURM L, SR REYW, £ 12km 5
19.5km W= [AMER S, BINFERSRRAEZME, PNC HARMES R FHHME
MR

KB H FMCW BOGEEE 50 PNC ZRER, BNROHE. X—
TAERIAF A1 {Phase Noise Compensation Experiment with Frequency Modulated
Continuous Wave Laser in Atmospheric Propagation) #tf& {Optical Engineering)
(Submitted, under reviewing).

(3) JFRETimEERE FMCW BOLE Xm0 F R MR R AR LI 4.
fE PNC #7CERE L, $RHT FMCW BOGE AP S BE 7 M — 4 404E kb 28 7
%, SER T ERHET . R 1550nm WKBORRE, B T EEIEMHEAE SN E
SEEM FPMCW BObT A0SR, SObEmMIENSR B, FFRT
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IR B E A FMCW SO0 T A IS 0 15 5000

EE R ARSI, ok, FMCW BOCTE SISO E SRR %
N 10GHz, HLF24L3 5589 200MHz.

Y EFRIEE 20 12km B, BAREIREAESREIBELT, FMCW BULE SN
BEBI 12013.905m, BEESAPEEN 2.4cm; HAREEBOBR T, FMCW #0t
FIEEMEEE X 12013.920m, R HERN 2.5cm.

24 HAREE B 24109 19.5km Bf, FMCW BOLHEEAFIEERS A 19442.603m, FEES
SrEEEN 2em.

SIS S R 5L TURE A . .

LR, SHFRHEEEE BAR, ASCHRN _EHIRGHETTE, RS TE
A BT, KBRS RS S IR EMR .

BRI SEIG 45 RIS 7 A ST H FE BE B = 4 R FMCW BUGER B
B VR AT AT 1

#5513 (Long distance high resolution FMCW laser ranging with phase noise
compensation and 2D signal processing) #H& T (Applied Optics) (Accepted)

62 RE
HAl, AR FMCW B0 TE EmEE B w2 Fi B hn I BEERARE R 2 LLEEIE
MG MmN BART R 7 R SR e, #— B TERHFaE:

(1) BRY EEROMESLR. aEAEERRN Bir, BRFP KA
7. BRERR—BAT BB, BRI, Ess. XFMER AN T8
SR B AR IVIEERE 7T, BT RCSERR R H RGR KL HI R

(2) BirEshffm. BRteTIE, SRFEERSMEREIE, #RLT
IR BN R, WEEEBEsINEm. SEhRR A R IR B AR G2
BEK. HEMIES EARMER, X FMCW BORERREHE, EEE—
BF5
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