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Abstract In order to improve the spot position detection performance of four—quadrant detector (QD), the main
factors affecting QD position detection accuracy in the Gaussian spot model are studied. The basic principle of QD
position detection is analyzed. Then on the basis of error theory, the mathematical model of the relationship between
position detection accuracy and spot radius, centroid position, signal to noise ratio (SNR) is obtained when a laser
spot of Gaussian energy profile illuminates QD. The validity of mathematical model is verified by numerical
simulations and experimental analysis. The trends and degree of the factors impact on the position detection
accuracy are further discussed. The results show that adoption of smaller spot radius, closer to the center of
photosensitive area, and higher SNR, can effectively improve the accuracy of spot detection when the detection
range of QD system is fixed. When system’s SNR is 57.48 dB and spot radius is 0.6 mm, the center position detection
accuracy of QD can be up to 0.514 pm.
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Fig.1 Schematic diagrams for operating principle of four—quadrant detector
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Fig.2 Simulation curves of £, in different spot models

P15 D i

p(x.y)= i = 3)

o, {z[w—xo)%(y—yof]
SEeXpy— R

Kb Py R CBE SR, (x,.y,) HOCEENTC LR LS, o Jm WOGEE R R (N SCH ARG BE AR R
B BB Bk A4 v 7 DU R BRI A5 N, TR DG SO AP B OL BE B Z WA T AR A BT BRAT RLIBCR TR 55, A

(P, +P) f j (x,y)dxdy , (4)
(P]I +P|||) f f X }’ dxd}” ’ (5)
4 (3)~(5) 2 A (1)U 15 51 .
X =erf 7\/5% , (6)
w
A erf(x) R 25 %L [FHEA
y, = erf % s (7)

PO AT DL Y v ST O IR RO S PR A (xo yo) MR e 2 A0 .

x,=Lerf (2)

2

yo=—=erf (7)
2

S erf™ (w) Dy 2R 22 PR, 7R AL PRI FT LA S 4 4k pR 8RR A%

3 DU G R 5 457 B G A JEE A 5 R o

BECBERT L (0L R (xyey,) PR (B (KO BRUE 22 o 26 1 o B A FE A5 o 22 K % Tl — 3 8 40
P 0 A, 3 A M X 53 5F K RS FE ARG o IR 0T o 5 111 o, 0 M i
TS5 5007,y 7 12 10

AEBAENTBL T -

X U=1+1, . V=1,+1, .
TS B b F B RO M P & AN AT ke e 1), 76 25 TR MR P 52 e 1 I O T

(U+Un) (V+Vn)_ U—V+U"_V“ . 1 (10)
U+U +V+V.  \U+V  U+V 1 U+v,)’
+7
U+V

X, =

1217002-3



R WMk
AU, =L+ V=L, + Ly, Ly Ly o L Ly 220 UG BRI 28 T T I IV 52 BR A b 3 MR 74 KT L
T B A TR, B K 0 2 By Hh A, P R P K ST R L 7 A G AR I K B S N T A
m%%ﬁﬁgﬂmm+m<Uﬂuﬂﬁ——327—ﬂﬁ%%%ﬂkﬁﬁﬁ%%ﬁﬂwmﬁﬂuﬁgﬁ:
[
R zU‘VJrz.U"V_UVn
U+v w+vy '
PP — 4 S S B X A S LA A S ph MR A B A BERL R 2% . Pl T LA 7 MR
W 045 1 6 BEAR X 58 I 2 — A R T 7 — A 90 R P D B, 7 K OF A 0k Bl 9 B A g
Ko MR XA 2E N £, WA
o o~ 2V - 2U v,
(U+V) U+v)

(11)

(12)

A% of KRERENUE R 2, 7T 7 .
2 4V? 2 407 2
- 40-u+ 40-\ ?
(U+V) (U+V)
Kt ol BU W2, ol BV, 525, TECTEAL BRI RS, i T 7042 BRI 28 19 70 A4 vl A 48 L J
DU B P R — RE IR, 7E S % BEOG T A MR TR S B0 R, DUAS S BR A M 7 K R A AR S B o = 0t =242, Hir i
FAE YR 45 G BRI 75 1 5 AR~ 5, ) (13) X AT L ek 5y

(13)

2 2_7 4_2
ol ~g AV o 2 (14)
u+v) S

2l +(s-UvY) _
vt k=[;” Lk BUE SCBEAE A S=(U+V) N —&H. F R 4 J DU BREE D ES ) B i
47

2
Mool SO R BRI, SN o] TR

M DA, ST A DGR R R B

o~

2
[

1
. (15)

(15) 5 TOLBEFLOARX AL E £ 7 220 B x5 &, ZEIFAEZPE R il i (8) A (15) ik LA 2] «,
V2 %,

(0]

B9J7 25 o AR OB DX, AR (6) 20 HP 1R 22 R erf[ Jﬁ%%%,#fﬂlémiﬂu,ﬁ%ﬂ x, 5 &, BT

B = T e L I ML BB ZEHR 0 v, = B SRR 4 14.5% %

242

A5 Y |x0|<% A, AR XS 1R 25 /N T 0.1% ., FaE 3 (15)= 0] DAAS 21 &, 107 220

2 \Ew ’ k

~| = 16

PR Gt ) B e (V250 e e
m(6)ﬁ\(9)ﬁ$ﬂk=#ﬂ*ﬁak5xo RN k=1+erf - JEA16)3 A LA F] .
o %7\/?(”'71 . 1+erf2[\/§x0J, (17)
242 [Ry, w

(17)2% 4 7 2 BR300 580 A RS B 10T AU B A 00y SRS 280 T L7, D 5 R 0 8 0 2 5 A WO 5
ECHEL A @ JEBEFL G (v,,y,) FIEHRH Ry %

1217002-4



S I S

4 BRI Koy B

HIFTET S 278 75 5 30 1 BREASE 0T D e R R0 3 7 0 Gy 0 Ay B A U O R 3R 2 5 SO0 A4 B 37 A
BB 5P o DEBETG AL E MR L Ry AT EIOC R Oy 17— 2R K = A4 R 500 A K 0 A
JEE B 2 e 35 B R/ R AZAE AR O& R 5, 76 Matlab 20590 X0 45 52 M PR R EAT T 05 LM HT
4.1 ABHFE o SO EQNEE R M

RITEVEE BUE RS EEMREL Ry =50.97 dB,E 343 T ©=0.60 .0.65.0.70.0.75 F1 0.80 mm T Jt 5
JF0 M« Bl -0.3 mm A 2 £ +0.3 mm Bf o B 07 FLfh 2o M AT LA B e B 42 o B, o, B91E
WA, DU G BRI 4 A o7 A TR R pE AR o X R PR o AR, i JUT O B i AN SR v, B LB B T
Vg2, TR E AR LT . — e OL T O 3R iR A A RS AT DU/ BE AR (E R SR B AR i
— ELUB/DN SR N D S BE A AR B R A B TR Y o 0N ARG R I Y PR g T LA AR B 5
Prfis D0, 76 DR UEAS TS R 2 PR L R B R/ 6B

03 -02 <01 0 01 02 03
2 /mm

3 AR o F o, 0022
Fig.3 Simulation curves of o under different @
4.2 BB B L B A OS2
TE G B4 A28 15 W Ll — 5 I g8 0 16 BRE A 90 7 U 5 BR800 48 D' 1 5 P60 G W0 B2 5 AS AR ) 1 i i
HALE M . HBE 0=0.6mm | Ry =50.97 dB, [8] 4 £ th T £ x J7 7] 0~0.3 mm Py o, (¥ {5 2L
oo WL 4TI LU Yy, 0BT O fid 5 PP e | o, MO, 37 AR UDRS JEE AR . LOBBEBTG 5 QD L A
i, o, BUAHR/IMEL, 2978 1.09 X 107 mm 3% B 7 4 K ORS B foe K o T LATE BE LR 32 37 45, A 0 Ak DI BRE Y
TR0/ i % i D' B S8 A NSRS 1 R BRI i o BEE O SR T LB i R 0 L
1.30

1.25

1.20

0, /um

1.15

1.10

0 005 010 015 020 025 0.30
2 /mm

4 QD LT AR IR 8 4% o, i 015 201 2
Fig.4 Simulation curves of o at different positions of QD
4.3 {RMREL R, X130 B 46 B O 720
i W L2 52 0 DU G BRI 8 407 B RGOS B2 1 — AN EEL LR o I S()28 T 7E @ =0.6 mm, PH G BRI 25
L o, B Ry B0 ELMZ A AT LB 2 Ry < TR, o, R R 10 R A IS 5 90 B0 7E T g
e R G RS B R KRR AIG B S(b) & th T xR AR T Ry M 10 dB 4T3 70 dB AYEBL (5 B LK, o,

1217002-5



L G-

SRS MR T QD o7 A IORG BE A S A SN . E R ZBUEBL T EBEEAR o RO A U B 52 PRl 2
171152 8 BR A6, s Ao B e o B A MDA 2, B i R G A5 MR LU AL AR 0 G . B, 2 @ =0.6 mm | R, =40 dB
B, DU G BRI 25 DAL B o, = 3.76 X 107 mm 5 45 SR 4 BB T Ay 00 78 174 DU G BR 44 00 458 R e R, 1= &
T A SR R0 R S R T R T B R B YA M L 5 B 50 B MK o, =~ 1.19 X 107 mm {81 15057 B 46 DA B i 3%
PETE . FRBE AT UL R R AR R L Y 3R G 4 v DU G R R 2 1 07 B A DR B FE O

1@ )
1.2 |

£ 1.0

Es 0.8
)
0.6

0.4

0.2
0 2 4 6 8 10 10 20 30 40 50 60 70
R Ry, /dB

F5 EARFGEMRILT o M AL, (@ EFERIEF0F 10T o, MO EMZ; b) X BT o, B0 Z 2

Fig.5 Simulation curves of o, under different R . (a) Simulation curves of o, when Ry ranges from 0 to 10;

(b) simulation curves of o in logarithmic coordinates

FTA 3 5910 % 52 1) D 5 B PR T 88 67 6 R DR 32 i) 2 2 IR 3R, BRI BE /N OB A7 B S B LL i A7 1 I

AT, I B 2 n] DL 38 2 /N B AR AR DXCBEE 3 0 G BR PRI g rhoCs R R R GE R IR L] )

PE R B R DIORE B o AEAR 22 B3 5 B 2 42 T A DX el PR T AR 17T A2 S B i A e B v A A RS B e A
RO 7 R = R G AE R L

5 LRSS0
9T ReE (17) 2 1 R G ELA BT 45 R 10 TE A L T T 6 R Bk S 7 SO R 2

AD
ollectiou\?
system| C

() m m
]
)\

VA

plastic lens converging
lens

amplifiers

one-dimensional
displacement table

Ko SR RGAM. (a) REREREL (b) REIEWH
Fig.6 Experimental system. (a) Schematic diagram of the system; (b) experimental system
ESTI R S0P OB T AR 3, 0T % T 98 3 InGas 1 5 B4R 35 22 55 75 — 4 MRS S B S T 2
L FTRASE S« T T R RS Sl (A oK G ) 5 R A v B T Y TR A B O 30 MV/A, HAR I TR
BOK AR S ST IR W AE 1 kHz; SR A BY AD SR8 R 4 NLZ A 5 UG8 1 75 A7 &R BE AD SR MR, 154 38 18 P
A MSEHY AD R PRIE TR A B 19— BRSSP 5 7R PC AL L, >R ] LabVIEW 2 5 (9 B4 R 5 %08l | il
JH Matlab X 55 g #5417 4b B

1217002-6



mOE B ok

RG TAES R WOLE & 1550 nm 3% B 1Y i oG R 2065 R G0 f5 A ST FE g 0 1d 42 BRI
JCHCE b I R B H 20 T B BRI 5O B2 I 5 QDR O BE e e 45 i DU B OIG LR L 48R SR S S A
Pl i 4 B ik 4 PCEAT G A E
5.1 XBEENEI

VU G2 BP0 25 0 AE 43 3R 0% 55 1) FE SSUHT , AT DA o 2 7 5 B A RN 2 =2 () 6% B S R 3k 3 IR S B
W H B o KB PR 2] QD Rty IH L TR RN A(E I L2908 50.97 B, 43 il R % @ 4 0.60.0.65 .
0.70.0.75 F10.80 mm B} (8 . & 145t T AR RDEBEE 42T (0,000 & 5 o, 11 FIE(E S0 B0 (0 X F 25 4 .
WL 1A LLE W 1) SCEG A B (W B I K, (H AR5 1 52) BEE LB AR o IR, o, AE K,

F 1 RFEDEREAR T (0,0)07 B A4 o, 1906 F S50 (8 10 X LE45

Table 1 Comparison result between theoretical and experimental values of o, at (0,0) position in different spot radii

® /mm o, (theory) /mm o, (experiment) /mm
0.60 1.06x107° 1.09x 10
0.65 1.15x107° 1.17x 107
0.70 1.24%10° 1.25%107°
0.75 1.33%x 107 1.36x10°°
0.80 1.42x10° 1.44x10°

5.2 XN ENEI

FH =0.60 mm 15 WOCHE, 2580915 1 LA R 50.97 dB, 38 RO B 1 G BE O A S DU 4 B 2R 2%
Hs T8 i — 4 8 KA B - B SR I 25 7E 2 5 1) R LA T um/s B EE FE A5 30 300 wm o [ 745 11 T SEBR 25 58 A
PR al LA S AR AR B « K, o, g 8 K, 5 T A A3 AT — s 7 TR R BT — S S A
B X T RE R AN R R T IS R R R B . N T — A I U AR A R L B 8 4 T 0~
0.05 mm L7 B FFFIIT , o, S50 05 5 07 B0 R 0 6 L T R 4R 22 R 5 0.1% , DR IH 52 06 25 SR 5 B
15 B4 B AR M FF 1

9
8 S 1.072 — simulation curve K
. LW Lo71 - experimental result -
#.Sl‘:- 1.070
6 oA g 1.069
\5 5 g < 1.068
gl ¥ o =
vy 2R © 1.067
3 o 1.066
9 1.065 .
1.064t 52
107 005 010 015 020 025 030 0 001 0.02 003 004 0.05
 /mm 2 /mm
K7 FEx771mM 0% 0.3 mm N o, Y5250 2k P8 7E x 77 1] 0~50 pm A o, HYSE R 5 475 20 it 2 X L 4
Fig.7 Experimental curve of o, when x ranges Fig.8 Comparison figure between experimental result and
from 0 to 0.3 mm simulation curve of o, when x ranges from 0 to 0.05 mm

5.3 RG{EMRLLAF T

3R @ 270.6 mm [ 55 8T GEE, P8 2% R G0 11O BE T A S 7E DU G2 BRER I 28 o0, 815 e 2 sieas
fEME L, AT AR M LL A 52 o T8 9~11 23 Wl 25 10 1 R Ge 45 e L O 39.40 dB.50.97 dB 1 57.48 dB I (14 52 5 45
WX o, 43 S 0.00411.,0.00109 1 0.000514 mm, & /1, #HL T 1000 4> AL A, o Bl by e 5 1 1 52 B
PE v o HERXIWE AN, REMGEME K, « WA/ T ik — 5 300 ) 5, 3% 2
BT X EAERR LT o, BOHS (A SR A X 2SR .l R 2 W LA IS S R E A A,
HLBEZE (M L3 K, o, DN A0 B A TUOKE 3 3, 5 B8 0 B0 BT 45 R — B

LR SLS A M T AR 45 DR 36 7 ARG DRSS I 1 SE B0 25 R S0 B R E B, B E S
FRS B WA W R R g, X T4 UEBA T T A ST A B E AR Y A s

1217002-7



&
H
&
o

0.010

E 0,=0.00411 E ,=0.00109
E % 0.005¢
© Q
() =
3
3 5
> o
= =
5-0.005 5-0.005
< <
S 1 N 0.010 : : . :
“0010) 200 400 600 800 1000 0% 200 400 600 800 1000
Number of sampling Number of sampling
P9 75 R G5 M HE o 39.40 dB I, (0,0)1 B A5 « 114 B 10 72 RYAF M LR 50.97 dB IR, (0,0)07 & A% » 1Y
fifp S AE 53 A7 1 itk AR 43 A 1
Fig.9 Distribution of calculated values of x at (0,0) position Fig.10 Distribution of calculated values of x at (0,0) position
when system Ry is 39.40 dB when system Ry is 50.97 dB
. e ,=0.000514
&
= 0.005
Yy
S
[}
=
S ol A B
o0
£
s I
3—0.005
O
=
© 0.010 : . !
0 200 400 600 800 1000
Number of sampling

Bl 11 75 RS A5 W e 57.48 dB S, (0.0)f % A« 14 fift AR 53 A1 1]
Fig.11 Distribution of calculated values of x at (0,0) position when system Ry is 57.48 dB
F2 AFEME R (0,007 F &L o, 1 FE IR (E 5 5256 6 i %) H 25 5

Table 2 Comparison results between theoretical and experimental values of o, at (0,0) position under different Rw}

Ry /dB o, (theory) /mm o, (experiment) /mm
39.40 4.03x10° 4.11x10°
50.97 1.06 x 107’ 1.09%x10°
57.48 5.02%x10™ 5.14%x10™
6 4 B
XoF Y G2 R 440 2 149 o7 B R TDORS BE EAT T IR A RO ST , AR 1% 25 B X L 5T T R AR R A A
X 5 ) o7 A DUDORS B 1 R B R AT T 05 B AT, R TSI AT I UE . ST SR, R QD A8 R MRS

BERY N 2R T ZADEHEFAR o JERERO AL E MAE M Ry, 4R S G BEAE I 28 48 A A INORS BE , al LA =
AT AT 2 1) AR BRSNS B 09 26 0 R SR /N B 8 O B 5 2) 7 A5 PF RV RO OL T R DB BEA
S DU R BRI i O BRI 5 3) /N R GE MR BB OGRS e E MR LD R BRI R .
Hb A ] LR TS R E AR R AL E AR IIORT L, g TR SR B T e

& %
1 Shuzhen Wang, Suping Chang, Tiebang Xie, et al.. Applied research on four—quadrant optoelectronic detector for surface topography

measurement|[C]. SPIE, 2007, 6723(1): 672329.
2 Jin Lufan, Zhang Yating, Wang Haiyan, et al.. Acceleration aging of InGaAs PIN photoelectric detectors[J]. Chinese J Lasers, 2014, 41

(10): 1008002.
S EE L, SRAERE, TIEHE, 45 . InGaAs PIN St HL 800 25 (4 I 2 AL WF 5 ()], v B 0%, 2014, 41(10): 1008002.

3 Bao Pengfei, Lin Chengjian, Yang Feng, et al.. Development of large—area quadrant silicon detector for charged particles[]J]. Chinese

1217002-8



S I S

Physics C, 2014, 38(12): 126001.
4 Zhao Xin, Tong Shoufeng, Liu Yunqing, et al.. Application research on four—quadrant detector in space laser communication system][]J].
Journal of Optoelectronics -« Laser, 2010, 21(1): 46-49.
B A, X, AT DU G BRI A AR A RO E A RN AESELT]. B - 30k, 2010, 21(1): 46-49.
5 Song Cui, Yeng Chai Soh. Improved measurement accuracy of the quadrant detector through improvement of linearity index[J]. Applied
Physics Letters, 2010, 96(8): 081102.
6 Zhao Xin, Song Yansong, Tong Shoufeng, et al.. Dynamic demonstration experiment of acquisition, pointing and tracking system in space
laser communications[]]. Chinese J Lasers, 2014, 41(3): 0305005.
B R, AR g, A S (B OG £ AR X o IR EE RS S AR LI (). T E O, 2014, 41(3): 0305005.
7 Xiang Hao, Cuifang Kuang, Yulong Ku, et al.. A quadrant detector based laser alignment method with higher sensitivity[J]. Optik, 2012,
123(24): 2238-2240.
8 Chao Lu, Yusheng Zhai, Xinjie Wang, et al.. A novel method to improve detecting sensitivity of quadrant detector[J]. Optik, 2014, 125
(14): 3519-3523.
9 Qian Feng, Jia Jianjun, Zhang Liang, et al.. Defective pixel correction of spot—detecting camera in satellite—to—ground laser communication
ATP system[]J]. Chinese J Lasers, 2014, 41(5): 0505007.
BB BTEA sk 5, 45 BB AE ATP RS AL IR SRR [T H Ok, 2014, 41(5): 0505007.
10 Yu Xiaonan, Tong Shoufeng, Dong Yan, et al.. Single beam tracking subsystem of space laser communication network[J]. Optics and
Precision Engineering, 2014, 22(12): 3348-3353.
T, A, B A A IO E R LR RO AR ER T R ST O R TR, 2014, 22(12): 3348-3353.
11 Tang Guanqun. Analysis and comparison of several calculation methods of beam spot center|J]. Joural of Beijing Institute of Machinery,
2009, 24(1): 61-64.
FE SRR . JLAREOEIEEE H O A T Y EL A1) UL Tll 24 B 24 4, 2009, 24(1): 61-64.
12 Dang Liping, Liu Junhua, Tang Shugang. Analysis of the non—uniformity effect and soft correction algorithm for four—quadrant detector
[J]. Acta Photonica Sinica, 2006, 35(4): 540-544.
SEIH A, XU AR, AL G BRERIN & Ak 25 20 vk 59 52w o3 A B BCRIE SR [T]. 6 7274z, 2006, 35(4): 540-544.
13 Tang Xiaojun, Liu Junhua, Chen Jian, et al.. Mathematic model of ray—path of four—quadrant photoelectric detector[J]. Chinese J Lasers,
2004, 31(4): 421-424.
R, XUEAE, B 6, A% TG BR % H I # Y I B AR T, P O, 2004, 31(4): 421-424.
14 Zhang Lei, Zhang Guoyu, LiuYunqing. Affecting factor for detection accuracy of four—quadrant detector[J]. Chinese J Lasers, 2012, 39
(6): 0605007.
W, X0 B D W B RS I 69 P 0] o O, 2012, 39(6): 0605007,
15 Shang Tao, Li Xi, Liu Zengji, et al.. Novel four—quadrant design and the method for obtaining spot parameters|J]. Infrared and Laser
Engineering, 2012, 41(4): 1034-1040.
MR, A5 W, RIHESE, AR LR U R IR BT R HOBEE S B0 = (). 405 SO TR, 2012, 41(4): 1034-1040.
16 Chen Lin. Research on the Precise Detection Technology of Infrared Laser Facula Position Based on QD[D]. Changchun: Changchun
University of Science and Technology, 2010: 11-13.
Wi k. 3T QD M ZDAMEOL SR BE AL BORS A I B AR B TR (D). KA KA TR, 2010: 11-13.
17 Lazo M Manojlovic, Zarko P Barbaric. Optimization of optical receiver parameters for pulsed laser—tracking systems|J]. IEEE Transactions
on Instrumentation and Measurement, 2009, 58(3): 681-690.
18 Shen Chaobo. The Development of Photon Beam Position Monitor System based on Four—quadrant Detector[D]. Hefei: University of Science
and Technology of China, 2009: 20-23.
FEBR IR . T U G BRI g 1Y TR] A5 e i 5 0 4 R SR ORI (D], & A8 vh R R 2, 2009: 20-23.
19 Zhao Xin, Tong Shoufeng, Jiang Huilin. Experimental testing on characteristics of four—quadrant detector[J]. Optics and Precision
Engineering, 2010, 18(10): 2164-2170.
BRI, AR DO BRI R R P DU, 6 R s TR, 2010, 18(10): 2164-2170.
20 Yu Feng, He Ye, Li Song, et al.. Improvement of positioning algorithm for four—quadrant optoelectronic detection system[]J]. Journal of
Applied Optics, 2008, 29(4): 493-497.
Ay W Ml e 2 AN, BE L DU RO H RSN R S0 B A L B IR EOE B Rtk D). 1 DGR, 2008, 29(4): 493-497.
EERE: 0 0

1217002-9



