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Table 1 Parameters for optical transformation system'”
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Fig. 3  Simulation results of optical transformation system

using the parameters in Table 1
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Table 3 Parameters for designed optical transformation system
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Fig. 5 Simulation results of optical transformation system

using the parameters in Table 3. (a) Relationship

between L and A; (b) relationship between w and A

BEHEETHESENFK LDV LI A4, nE 6 i

detector

pinhole

beam splitter

(b)
/’ optical transformation system ‘\‘
2 T —
3 i lens2 5
1
! LDV ilens 1 ! : =
: e |
! focusing | f;=—4 mm ; !
I lens | f,=600 mm;, !
" P10 S s cn s mme o ae ¢ / rotating
(C)\ “““““““““““““““““““““““ target
e optical transformation system \
FE | peTEmmemERERmSammamses ~ '
I ’ 1
| LDV i lensl e i >
| | 8X ;
i expander
: | f,=-100 mm / i
| \ f2=600 mm / ‘1
Y 2 Tomeemmemssemmmssssee K rotating
e S S e S R e R target

6 LDVEE ARG (A)LDV NFREEH ; (b)) R 1 28I R4 (O R 3 H SR LR RS
Fig. 6 Experimental system of LDV. (a) Structure of LDV probe; (b) experimental system using the parameters in Table 2;

(c) experimental system using the parameters in Table 3

1712002-4



FFIE I8 3L

Ko LDV NERSS AN 6 (a) BF 7, Horh S H0in 4k 4 fF
No LDV NFEREH] T 21558 100 mW AOG AR (B8 1)
P wm WA A TR TN RS SR CNR) . BObZ e
B B 21 5 W HHE S 98 1 43 SRk e 40 o B HOKE , 1
AR Y — APl 4 B BE S S I PR 0 0 A B 3k R %
RENENSEG, 57— A A O R 285 5 2/t
AR ZR G MRS B FAR R T o IO ' I 3 0] 1) 3k %0
AR, 5 HTAR S H ORI MATE 5, D0 45 e 1
Je M FEUE S IEAT AR PR, A PR IR R AR B
#4 E6(a)T LDV SH
Table 4 Parameters for LDV in Fig. 6(a)

Output power of probe  Laser wavelength / . .
Splitting ratio
beam /mW nm

100 532 98:1

F6(b) () PIEN¥THAGZHNSHEES
1L 3MPTESEAX N . HARRE K 6(b)H LDV
4 00 O AR 25 AR e R SR, S A2 I /=100 mm
BB sEETSR, BERERRE LR o=
0. 06 mm ;&1 X & 6 (c) H Y KRB 226 A S5 L
SE YT AL S 8 X A HfE BT A A8 X LDV il i O o i
FFP AL B AR B Y K 2= HIE 42 0,=10 mm Jf
LA P G AR AR e R G AT AR

TE LDV W 0F ¢ v 3l (d ] 235 805 55 0 ot R+
(Q) R FMEHEEAT 5 1A webE " HoE SR < 2400
RATHE# R PR - (525 LDV s sh #& K A 3h)
B, b — B 252 s 8] P 40 #5905 B HL AR S R AT P
8B AR e (FFT) AL BE % 45 21 /9 40 3% 08 17 3 35 Fn j3
— AL EEAE B HAT S50 LDV A 0 e A e 5 2 0
R B G B  LE PRI 4R B o (802 3% LDV 1z 3h 3
RFF IR HLBN ) B, 4 FET 59k AL PEAS 2] A4 45 1% 1 2
PR S 0 A2 0 | 2R 0 BT X 4 A R B R 5 32 Bl B A
K 2238 AR 22 A AR 2 W 1) A e R B
DA MR e 5 I 1 S 359 001 3% 5 B AL, B4 3 L R AR S 1Y
ZEES ST Q. QTR ILTTLIFRR N

Q:PI)OMA/(ZVP,'/N), (10)

FH 2 Py XTI T 22 385 58 00 6 4 0 114 AT % 8 A ; p,
Sy W 7 RS v 45 0 A X IO A A T R R 5 N O A
R R, NS R AT LR
Q& —Fhnl LA LR AE I 15 5 CNR Y & i, 7
SRR AT DA R G CNR B A% . DA g 7 S2 56
L 2238 A S 0 PR R R T A S Y T

WRYE UAV TAER A — B AT R B 0L K &
F G5 50 D G AR AR 2 bR R S B O 50 mo i A
BLEA TN OB S CE TR T 8050 m g A7
BB 2 AR W R SR A LDV IR G AR IR A
SE AN =i BUN > 2 R Bri 7% R L8 VA WS va: o N g o

F43%5 F 17H/2023 £ 9 B/ RFFHR

FE o A BRI S 0 A i 5 T O BE /NG
H s PR FE op | PR A AR — B 3 LA BOBBEA B AR
LR Z WG S R R T QA L, H QikEl &
B W LDV &SGR A SR A & R . bR
B, R G 2 40 % B B 5 11 50 m B AL ) e %
R R AT A R T RS R R FH R S T e
JEE R A T TR B A IR A AR L X ) e S R i R X
N 5 R P SR AT SR L A5 SR AN ] 7 T A Rk
B[] 24 60 so & 7(a) . (b) F () . (d) 43 5 XF Ry F 5] 6
(b) (o) RGE R L5 N IC s 09 23 15 5 i i R
TRE B 6Cc) i iy ZZ M S 2R B B0 F R 6(b),
HI & 238 805 5 b 5t 7 ¥ {8 R 3685, 111 J5 7 i it
AP B A 1789,

T AN R BE A I E R G A T AR B Ny
50 m 6 SRR AL G R T R A L R e TG
BER /N EAT I A, 25 A& S fr s o B 6(c) R G AR
B E A OEBE AR K 6(b) 28 845 2 By /)N, {0 #R L B
WITEAA B AR K, X R Z 3 T B gl BR 22 105 1) .
ZE LTIk, 23 W45 5 5 B 7 DG BE R /N 5 I e 2
SRAE B T 5 BT A
3.3 HANARMTCITER

N HEFT UAV ALE ®AT 5250, X R 6 (c) h i R 48
AT T FENLEE B, FEDL I S (R g5 4 2 R A MR & &
FEE B 20 i U 4, U AR UE T R 48 2= o 1
AL . AR 9 Bz , AT B 22 43 500 o0 M 5 101 S0 48
B BB G AN R B AL B AL T )2 A
Kb, R R T OB R R 2%, R ER T HLEE
i A5 S Ab H R G MEMS %85 4% B as LA M 22 4y 2 BR
FEN RS (GPS) U AT o 76 B IR B 2% Z /i, XFREHLIY
TAFEFE 85 (50 m) #47 & br , S8 I il = o 45 B3 48 iF
AT BRA, B 1b FEAE S 56 h R AR, R bR AR . B
Jo XERERLI T AE SR SEAT T 00 A R i i TR R L R AT
RAE R R IEF S 4880 5 m, X T L=45m Ml L=
55 m WAL G0 5% P A 7 B AL AR 1Y 235 B AE
R T IF B A, 25 S an & 10 frs . Wl LAE B 7
TR BRF T B A 10 m B9 SRR P 0 0 4 AR T
e B T R

UAV £ RAT B 828 — AR A2, Xt
SO ' PR 5 M T Y e A 2 SR Hb R AR R . R
T B firp S T AR AIL TP AR B T AT SR (HW T 6052-
485MEMS) F TR MUK UAV B & EA b, nE 11
Ji 7R, XY Z N AL IR B = A0, XY B £
T2 K B A 0. 01°, 43 31 6 B2 T ML AR A 4 A0 71 0 1R
. AN, LDV IR E R T 29 GPS # I % ol
SR 1) AL B X BEL, R HT LDV I 3 245 5 14 7 2L
o LDV fij th () 3 B 5 5 MEMS % 2 & & 2% f
GPS 1 B8 #8 FH AL 2% e B dE A7 SR R Fnid sk o HLEk
i 7R M TR 42 ) R A S Ao TG 28 B ph R R AT AR, 0T SE
VI e S S SCHE A T R T M LA R A AT R A

1712002-5



48 3L 43 % 5 17 H1/2023 £ 9 B/ FZ2H

a 2400
@ 1.21 ®
«n -
1.20 e a209
W . 2000}
n Q2
: 1.19 £ Q1789
S 118 5 1800 | e
g 1.17f & 1600
G 2
> 116 3 1400
&
1.15 1200
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time /s Time /s
() 118 @ 6000 [
117¢ é 5500 F
“ 5000 |
w 1.16f b=
g & 4500
5 L15] 8 4000} Q,0a=3685
= Q
S 114 £ 3500
()
= = 3000}
113} El
& 2500 F
1.12 1 1 1 1 1 2000 1 1 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time /s Time /s

E 7 KRS BRGNS 3 5 2385 815 B R 2k o (a) 81 6. () 2R 48 DA 1) 3 18 1 285 () &1 6. (b) 2R 48 I 45 139 4t S5t (R - 1t
2 ()& 6(c) RGNS By B M2 5 (d) P 6(c) ZRGT A i BT AL 1 it &
Fig. 7 Measured velocity and Doppler signal quality factor curves of systems with different parameters. (a) Velocity measured by
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K8 RIEFR G TAEHE 50 m &G BE 142 D K/h o (a) B 6(b) T &% (b) K 6(c)h R4
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Research and Flight Test on Airborne Laser Doppler Velocimeter for
Unmanned Aerial Vehicles
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'College of Advanced Interdisciplinary Studies, National University of Defense Technology, Changsha 410073,
Hunan, China;
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Abstract

Objective Unmanned aerial vehicles (UAVs) have emerged as a versatile platform for a wide range of civil applications,
and offer flexibility and convenience in performing various tasks, like mapping, investigation, and patrolling. Accurate
navigation information such as velocity and position is required to ensure the flight safety of UAVs. However, the global
navigation satellite system (GNSS) is easily denied in urban environments due to the occlusion of tall buildings, which
results in navigation information loss. Inertial navigation systems (INSs) are also hard to be relied on for long-scale
autonomous navigation as its error accumulates over time. High-precision and independent velocity measurement methods
will be beneficial for the navigation of UAVs. The laser Doppler velocimeter (LDV) has been applied to the integrated
navigation of land vehicles improving localization accuracy. There is a bottleneck for LDV deployment on UAVs due to
the limited working distance of LDV which is typically restricted to only a few meters. However, UAVs often operate at
flight heights of dozens of meters, posing a challenge for LDV integration and utilization.

Methods The carrier-to-noise ratio (CNR) of LDV is analyzed concerning coherent Doppler wind lidar since both of them
are coherent detection systems. For the same LDV, the CNR can be improved by reducing the size of the probe beam spot
on the target. On this basis, we propose a solution to the bottleneck of implementing airborne LDV by an optical
transformation system to extend the working distance of LDV. The optical transformation system comprises a concave
lens and a convex lens. By passing the Gaussian probe beam through this system, the size and location of the beam waist
can be adjusted by varying the distance between the two lenses. Simulation and experiments show that the size of the
transformed waist can be reduced without changing the transformed location of the waist by a probe beam with a larger
waist size in the optical transformation system. Before the airborne LDV prototype is assembled, the parameters of the
transformation system are optimized through simulation, while considering the size and weight of the LDV. The focuses of
the concave and convex lenses are chosen to be — 100 mm and 600 mm respectively. Before being input into the optical
transformation system, the probe beam is expanded to 10 mm by an 8 X expander. The entire LDV system is constructed
with a sturdy cage structure, with four metal rods serving as the core skeleton to ensure the coaxial alignment of the optical
transformation system. As the attitude of UAVs changes over time, a micro-electromechanical (MEMS) INS has been
employed to measure and track these variations in UAV attitude. Additionally, the quality factor of the Doppler signal is
defined as the ratio between the amplitude of the Doppler frequency and the mean amplitude of the base in the frequency
domain, and it is adopted to represent the CNR in experiments.

Results and Discussions After designing, a single-beam airborne LDV prototype is fabricated with a working distance of
50 m and a 10 m depth of field. The spot diameter of the probe beam at 50 m is 0. 34 mm. The quality factor has been
measured to be 3685 at the working distance of 50 m and remains above 800 throughout the entire depth of field. The
depth of field is enough to prevent signal loss and a 110-second flight experiment is conducted with a UAV as the carrier.
The velocity measured by the prototype is corrected for the pitch angle recorded by MEMS INS, and the corrected velocity
is basically consistent with the velocity recorded by global position system(GPS) as a reference. The entire measurement
maintains a high Doppler signal quality factor. However, the accuracy of MEMS INS is insufficient. Although the
airborne LDV provides highly precise velocity components along the direction of the probe beam, the accuracy of velocity
worsens after correction for pitch angle. The utilization of a two-beam LDV can alleviate this problem since the two beams
have different angles for the ground. The velocity can be accurately determined by measuring the Doppler frequency and

the angle between the two beams.

Conclusions The airborne LDV is designed and tested through simulation and experiments. We verify the feasibility of
airborne LDV which has promising applications in UAV-integrated navigation. Our study lays a foundation for the
development of multi-beam onboard LDV in the future. The acquisition of all accurate velocity components can
significantly improve the navigation and localization of UAV's.

Key words optical measurement; laser Doppler velocimeter; velocity measurement and navigation; unmanned aerial

vehicles
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