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Fig. 1 Schematic diagram of a wireless optical communication system using a double reflector
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Fig. 4 Variation of the light intensity value of the reflected beam passing through the filter module. (a) Light spot diagram at /=0. 10 s;

(b) light spot diagram at 7=0. 05 s; (c) light intensity variation with time

ML AR LU B8O % 5 e i JA 30 AN ] 4%
D0 R B AR S SO AR AR s 2 e B

B P 2 S ey DU e 5 D S0 /N
DG TR SR B B 14 UCROBR 22, X6 I s 221 9 R T ) RO

 TE B A I (] PN 5

2406003-3



%43 % 5 24 #1/2023 £ 12 B/ RFFR

SR ELBR A o Y 4 1 A B 2 LAA () 38 B gl I A R
(AN E AT T i St SRR 7 i S S R e
DAL I 3 2ok L% B s [ g 00 T SR R 4 BRE Y S
AL S B X g W s AR AL AR 3 B O A O BE Y
F Y.

3 BUGBE Y A I 5 % e

3.1 XsesEx A RIE

5 X AR B R RO ROEBE I, o R Al As b N
N GEREAER. AT LA DA B0 B e A R
T B8 A 37 s o B ER T DR WL 5 B DI SRR RS A
B U 3l S U DB BE 2 Y B A AR, A 15 6 F
N A SO BEAN R4 58 2 T SRS, 5 ZOR R
T G 0 81 4 D' B A R L A T A5 A IS S B A 4 o
g, TR AT X s o TR, AT LR 1 ) T XSO B
F1% T 5 17 00 A ) ) D' TR 7 X

@ I
50 100 150 200 250
N

18
1.6
14
1.2
1.0
0.8
0.6
0.4
0.2

K7 R BT 206 BE /T B0t B O 32 ORI B
P AR, 2 AR RO BT o SO 2 BOR X
JER AT B ML 2 B2 A5 . A HEOLR)
AE T 70 A 5 AE BT O 8 7 589 % bR 1 B0 R AT Ak R
B OCEE MG Z 1) 2 HAR T4 TORBERR R
A TR DRI A SR B B SR G TR B4 B ), AT LA
260 i R B0 BEEAT AR AT, DA RIS R g T
ACHE, AR5 AT B AL B

P 8(a) & x 4 6 B DG BEHE AT 10 G i WU A8 K 2
FIER, /T LA RO PIASCBEAH BORG % (& 72K 8
(a) R BIN T — P EERPOCHE . [ 8(b) & XL
B P B — S, al DL L OB BERY OG5 1 2 B
WA A RS TG ES LR R AL B E
Bo JARI AR b O BE A B UK AE 280, 7 20K
B (19 BE VA 3t 00 B O BROEBE , AT BEAT R A
EE BRI

(b)

PS5 XN UL T B UOBBEIR o (a) 7 6 5 5 (b) K 4]

Fig. 5 Double spot maps in the alignment case. (a) Original color map; (b) grayscale map

@

1
50 100 150 200 250
N

14
12
1.0
0.8
0.6

(b)

K6t B 1 BOGBEIR . (a) % (0 5L IE] 5 (b) B ]
Fig. 6 Double spot maps with offset. (a) Original color map; (b) grayscale map

3.2 EEWHIE
MO E SR RN LB SEMRE N, &
B DCIE H 2 BT RE fR O0 R R ok 3R A H A
XTSRRI
P.=4xS/C?, (5)
K P IB IR ¥ 280 S y— A% 3l BOGIE Y
s COMBEEM T .

0l B 1 T 19 I, P BB T 1, 6B
AT &, U R G X B2 AR M o B8 BOG B
&R N

Ry =1—1L/D, (6)

A 2 Ry W EEEZHGL WA G BE 0 2 [
FHES s D o RE L BERY BLAZ

Pl 9 I MR 52 P 0 2 K580 222 1 0 B P 5 R, 19

2406003-4



%43 % F 24 #1/2023 £ 12 B/ RFFR

%
N
\

' " g I
video : I |
: infrared CCD :> flare image > : median : |
1\ camera, acquisition ’J : : filtering | :
N P 4 | | ¢ : |
IS (S ) T Z P ,:

s e, |
,7 spot alignment A 4 S : ! threshold image | !
i module flare target 5 | : segmentation preprocessi%lg :
| sl v o
I

I |
i | l : : : morphological ! [
o é : | : | open operation | |
2 I I |

o0 | !
g z | get flare offset : : : ¢ : :
= I b I
® : ¢ | : | edge extraction| : |
I I I

| | .
L PID control ; | IL':__:__:::::__#_‘:______:::_‘__ S
algorithm / [ | |
N L g s [ calculate shape ! |
SR N O = .- ol e SO ol factor P, t
v TN : I :
/ v i | -
: calculate the number of pulses : I N : |
| controlled by the turntable | : : double spot :
: o center | |
I ¢ o extraction | |
! I : : Y : :

| 2 I |
| control the rotation of the two- | | 3 |
I two-dimensional dimensional reflector turntable to | : : sgvgl?tgtl;?fn : :
: mirror turntable make the two light spots coincide (T g I |
| at the center of the field of view : . ¢ .
! no P
: : I : extraction of light I :
[ ! |

! "o I

turntable
\ control module

end tracking
X
e

L.
= spot center

7 Z 6Bt/ A G RE b S IRORT 6 BRE 42 il it A [

Fig. 7 Flow chart of multi-spot/overlapping spot center extraction and spot control

@

K8 S XOGHEEIMR . (a) BRI (b)

Overlapping double-spot images. (a) Edge-extracted grayscale map; (b) cross-section of the grayscale distribution map

Fig. 8

KA BIARE 7 0 BE R s N Po, KHE P 5
Ry Z B G R BEE PofH N 0.6 24 Pe<P, I,
W 6 BE 22 (8] 2 B 1 5 24 P> P I A KOG BE S AN
0. B 6, Pe=0. 6481, W I Wi L B2 E A .
3.3 WhAREESE

RPN E N E BT, AT H XA
AR A AR R R Al A R B/ TR A R4
BT R B — M AR BT T A SR A
L, 52O WA IS F U Y AR b e RETE AR 2
KA AL o 5 R A A E A I 05 R LS v

) 1.0

0.8
0.6
~

0.4+

0.2

0 50 100 150 200 250
y /pixel

R BE 435 1R Y — 4> U 5]

10 b 52 R B 1 057 A R TR o ) P AV TR L B i
Z CBE/ TS CBEHEAT O B, A XA a A v T i
TP 41

FE S — UK 43 ) 2o AR v, o AR 00 5 4 B AT 2
PEILS S R L y=k 40, Hoh & A 653 ) 3R
A B M RERANE RE LABARE BT /06
BEOP R H AT . VRS — R B A HILR L &
S CBE W O A AR B (2, y) HAE B TR H LR LW
M BT, Ros R

2406003-5



&5 43 % % 24 H1/2023 £ 12 B /R3320

0.85

0.80 A

0.65 -/

0.60

0 01 02 03 04 05 06

Rover]ap

K9 JEARE T 5B E SR CR
Fig. 9 Relationship between shape factor and the degree of spot

overlap

L ki # 0, (7)
T =,

TESS — A EI B Al L 64T R ar . it 5
— UKL RIS L I G B WU Bl 3 S R 4, 79 4 s
4 I S A5 AT ST R B AL, R S LA A R i R
K H 53 A0 18 B 2k LRI 75 B A2 45 08 Qi (&, y,) (=1,
2,0 M) o RARGT I O 15 20 A AR L5 BRAR > HI R
B 3T A5, XoF oy 81 PRI A5 v gl 2 R A ' BRE 1 0 5 1M1 I £
o SRJEAE [P 53 04 AR LA 2 Bl P
P 85 55 Qu (s va)  Qu(y, yo) o B 3K I A B Ky 4]
Mo KA T A3 22 T) 1) 3% R AR R 20 Ok 43 1 1) 4t 4 1)
NN |

{y=(ysz —yalze—x )z —2)Fya, To— 2,70

X == Tl

(8)

r—xqa=20

(R RE o 28 585 — U0 e B 3 53 5l TR A 0k S AR DL, AT AR A A T e e AR 11 X D 4 7 A KB

RSH BB S B0 RN

Ax’+ Bxy+ Cy*+Dx+ Ey+1=0, (9)
KH,AB.C.D.ERZFE . %Pz, y)(G=1,2,,N)FR M B 6 BE T S50 50 0 W 55 5008 28 AR 48 e /> — e i

BN b o B B R B S 7 R 4

N

i=1

F(A,B,C,D,E)=>(Az’+ Br,y,+ Cy! + D, + Ey,+ 1)’

° (10)

JF/0A = JF/dB = dF/0C = dF/dD = dF/JE = 0

il 2o SR 10D, 1] LASRATA 15 A9 HC AR (e, o) Bl @ R il 6 DL R il i £ 0

2,=(2BE — CD)/(4AC — B*)

yo=(BD — 2AE)/(4AC — B?)
a=/2<A1§—|—ony(>+ Cy{f—lV[A—i—C— /(A—c)2+32}
, (12)
bZ/Z(Axﬁ—O—onyo—l—Cy{f—1%A—|—C+ (A—C)Z—FBZ}
0= 0.5arctan( B/A — C ). (13) JE Ry 7T AW T E S KD ES (0<R =~

P 10 Ca) 2 P10 83 T2 AR |9 B 8 06 BEAE 28 0ed 9 IR
o3 FE R 25 R EL, 10 () J2& 22 06 B A5 0 15 40 5 4
Bt J5 B e 5 51 o O BRI B L B R 4 R
HEeRE L.

4 PrEERI

R VBT AR VEAT O BE GBSy E b T 3
14 3 B, g AR TR R A OB S
Z5EE R SR AEDF B B 1 =0. 01, BLRAR 55 i
TR RS

TN B B R AT SR, 23 R SO B
f1%) BEAR O A AR R B 0 R RO BE G P AR AR AT
E VA BE X H A o AR LS B R AR BOL BE &

0.25) A Je 85 22 B (0. 25<CR, 00, <<0. 50) = Fh 175 10t 7
553 Hr o B 11 A Ry, M 0.0 1849 .,0. 4522 I (1) B4
BEIK B2 A&, Pl 12 02 T 4 53 1 A7 6 3 43 ) 1 3L
A

B i /N X8 7 0% 2 R R AT SE B bt A b S BRAE
O AR I B, I DL R B B VR AR R . R 2 25K
R s A R BT 4 B 43 I S G AR BRI X BE SR
ZE 2 ] LA Y, BOGEETC S DL K X &
7 00T B8 rp s AR AR L 5% 22 1 L RO BRE 45/ T B 1 L
TE/N, BERZ EER LT, ol AL br AL B iR 22 (H7E
1 pixel LA .

Tt R T ) 2 B X6 22 2 O BE KR AT o3 o AE D
LI, 42 B 30 WG BE R 0 R 7 5 e As bR L 8

2406003-6



43 % %5 24 #1/2023 &£ 12 B/ HFHR

P10 FEAEHEHIE () 20 FIE5A ; (b) JEBE O S B AT 2R
Fig. 10 Diagrams of overlapping light spots segmentation. (a) Segmentation results; (b) light spot center extraction results

®1 TEZH

Table 1 Main parameters

Parameter Numerical value
Wavelength / /nm 1.55X107°

Turbulent coherence length r, 0.01
Turbulent internal scale /, /m 0.1
Turbulent outer scale L, /m 1

Phase screen size L, /m 0.4

Light spot girdle w, /m 10x107°
Complex matrix dimension N 256

Distance from 2D reflector to receiving surface /m 10
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Fig. 11 Double-spot grayscale images. (a) No overlap; (b) less overlap; (¢) more overlap
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Fig. 12 Split effect. (a) No overlap; (b) less overlap; (¢) more overlap
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Table 2 Comparison results of the actual central coordinate position and the central coordinate position after segmentation by the

proposed algorithm

unit:pixel

Light spot Ideal

After segmentation

Position error

(106.97,140.71)

Light spots in Fig. 12(a)
gntsp 6 (139.94,107.39)

(108.35,139. 84)
(139.59,107.50)

(1.38,0.87)
(0.35,0.11)

. o (148.29,105.67) (149.05,103. 22) (0.76,2.45)
Light spots in Fig. 12(b)
(124.03,118.83) (126.70,119.05) (2.67,0.22)
) o (118.59,126.42) (118.41,126.23) (0.18,0.19)
Light spots in Fig. 12(c)
(140. 30,141.15) (139.35,141.43) (0.95,0.28)
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Abstract

Objective  Atmospheric turbulence limits the accuracy of data return and position adjustment over long distances,
resulting in significant uncertainty in the long-axis beam tracking phase. With two-dimensional (2D) reflectors for beam
tracking, the receiver does not need to transmit data back to the transmitter, but instead carries out short-axis tracking
from the 2D reflector to the receiving antenna, which is convenient and less affected by the environment. At long
distances, the laser beam passes from the transmitter to the 2D reflector with a significant beam expansion effect. In a 2D
mirror-assisted acquisition pointing and tracking (APT) system, the difference from the conventional long-axis follow-
through at the transceiver end is the need for short-axis follow-through from the 2D mirror to the receiver end. In the
alignment control stage, the spot control needs to be maintained within the effective range of the detector. The detector
target surface at the receiving end detects the offset information of the reflected light spot, and controls the servo
mechanism through the tracking controller to adjust the optical axis of the reflected beam from the 2D mirror, so that the
reflected beam pointing is adjusted. The diffused spot can completely cover the entire 2D mirror, but the laser beam
reflected by a single 2D mirror is limited by the size of the mirror, and can only be reflected for the part of the beam that is
diffused over a long distance. To improve alignment efficiency and optical energy utilization, we conduct a study on the

employment of dual mirrors to control beam alignment for wireless optical communications.

Methods In the alignment control of the 2D reflectors to the receiving antenna, a single-detector multi-actuator tracking
control strategy is proposed. We use multiple 2D mirrors for beam tracking control. Multiple 2D mirrors are equivalent to
one large mirror that can increase the reflection area. To distinguish the double-reflected light spot on the detection
surface, a filter disc is inserted in the optical path between the reflector and the receiving end, and the filter, rotation is
achieved by rotating the corresponding discs through motor control. When the attenuation filters on the two optical paths
rotate at different speeds, the two beams of light at consecutive times will appear as two beams of light and dark alternating
with different frequencies on the detecting surface, thus distinguishing the two light spots. We design and study a double-
reflected spot identification and tracking control method for double-spot detection in the case of overlapping reflected
spots. For the overlapping double-spot images with offset, a multi-spot/overlapping spot center extraction method is
designed, and the binarised image after edge extraction is adopted to judge the overlapping spots by the shape factor. Then
the spot image is segmented by quadratic overlapping spot segmentation based on least squares ellipse fitting, and

segmentation is conducted for three cases of no overlapping, less overlapping, and more overlapping.

Results and Discussions A system architecture employing multiple reflectors for beam alignment is proposed for wireless

optical communication APT system, and a reflective spot alignment control method based on two 2D reflectors is

2406003-9
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investigated (Fig. 1). The structure is simple and low-cost compared to the multi-transmitter-multi-receiver wireless

optical communication system. By introducing a filter carousel module and applying different frequency perturbations to
the reflected beams separately, a method for the discrimination and tracking control of double-reflected spots is designed
and investigated for the double-spot detection in the case of overlapping reflected spots (Fig. 2). The images of the two
reflected beams received on the detection surface will differ depending on the rotation period of the filter disc (Fig. 4). The
higher the rotational speed of the discs, the smaller the rotational period, the more times the reflected beams are captured
per unit of time, and the greater the total light intensity value on the detection surface at the corresponding moment. When
the two discs are controlled to rotate at different speeds, there will be a difference in the number of bright spots captured on
the detection surface per unit of time. Therefore, by observing the number of bright spots captured on the detection surface
per unit of time, it is possible to achieve the purpose of distinguishing between two spots within the field of view of the

camera at the receiving end.

Conclusions After many statistical calculations, the standard deviation of the positioning of the spot center position does
not exceed 0. 2 pixel when there is no overlap of the spots, and the standard deviation of the positioning of the spot center

position stays below 0. 5 pixel when there is overlap of the spots. The smaller the degree of overlapping R of the two

overlap
spot images, the better the stability, and the stability of the non-overlapping spot is better than that of the overlapping

spots as a whole, so the proposed algorithm has good effect on the separation of overlapping spots.

Key words wireless optical communication; two-dimensional reflector; double-spot overlap detection; beam alignment
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