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Abstract In order to acquire the full Stokes parameters in the new hyper-spectropolarimetric imaging system
quickly and accurately, which is filtered by the acousto-optic tunable filter (AOTF) and modulated by the liquid
crystal variable retarder (LCVR), we propose a new measurement method that two LCVRs are controlled by one
driving signal source, and we take four fixed driving voltages in turn when the LCVR phase modulation is carried
out under different wavelengths. The full Stokes parameters about incident light via the corresponding mathematical
calculation are obtained. In order to verify the accuracy of this method, we take three polaroids with the polarization
directions of 0°, 90°, and 45° respectively and a quarter-wave plate as the target, with a sheet of frosted glass as the
background. Images of all the Stokes parameters are obtained by the imaging system. The results show that the
proposed method can obtain all Stokes parameters with high imaging quality. In addition, we further verify the

feasibility of the system and the accuracy of the method with the aid of hyper-spectropolarimetric imaging of true
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leaves and false leaves with different colors. The factors that influence the measurement accuracy of Stokes
parameters are analyzed theoretically, providing a theoretical basis for further improving measurement accuracy.
Key words  spectroscopy; hyper-spectropolarimetric imaging; Stokes parameters; acousto-optic tunable filter;
liquid crystal variable retarder
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Fig. 1 Wave diagram of anisotropic AOTF diffraction
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Fig. 2 Schematic diagram of hyper-spectropolarimetric imaging detection system using two LCVRs and one AOTF
Stokes & f AL AT LA A 58 2 i R 06 3B 43 i 4 0% L B I 4RO T B 4 DS AR RO E. 5 T
Wi, 3 Stokes ZE(H— ) FiEKX N
=141y =1+ =13+ O TIT<D
M=1py—Tpp(—1<M<1
C=Il;—1 5(—=1<C<1)
B=Ixy—I1,(—1<B<1
Ao T EOGIERBE M R EAE 0% 90° T In] (14 2 Al 41 43 5 98 BE 25, C S JGAE A5°FI — 45777 [n] B e A H% 43 £ 548
25 . B SR i 2 e 18 i % 4 s R A T 6RO e 1 5 8 2 O 4 L e Ml B B TR O i 2 RN 2 Al i £ 2 R

W
D, — M*+C*+B
I

M* 4 C*

DLP:f
o (5)

B
D(‘,P:‘Ii‘
A= ?arctan M

0811001-3



H = # ot

B B bR G2 LCVR A AL HI I AOTF 3835, th 56 Stokes BN

S" = 7CGOMpy M cvie Moy S » (6)
Xrp O RES RGEEL R AOTF fT 41 8CRA KR LM M icvie M icvia 705 & i 4 Po LCVR2
1 LCVRI MBI FE 0,8 g ASIHE Stokes 2,8 =[1(Q) M) CQQ) B I, i 6)RX a5

I 1 cosd,; sind,sind; sind,cosd; IA)
M Q) 1 cosd, sind,sind; sind,cosd; M)
S =| | =7(d) ol ; 7
C ) 0 0 0 0 c)
B’ 0 0 0 0 B

Ao, y LCVRI RYAAIIEIR .6, Jy LCVR2 RUAAIIER . N RS 5PE Stokes ZRHNE —1NSE TR
CCD gAYt RN, &t s M al 1, BT 4 0E5EsR E (4 AN ZEIR §,) BRI AT 3R 15 A Bt 438 Stokes & &
S, G XMTHK 15

I(A) 1 Cosalg Sinamsinan Sin3lgcos5” -1 Il
M) 1 cosds sindysindy sin 04,08 09 I,
E . . . =S :M7117 (8)
Cc) 1 cosdy sindssindsy Sin 03,c08 04 I,
B 1 cosdy, sindy;sindy  sin d,.cos 0y 1,

KA EER 6, (1 =1,2,3,4,j=1,2),i IRRALK.; RF LCVRIFS .1, ~1, 735 F I RER 4 18K 1Y

St . At () KT HAR B A G2 H Stokes St N

I =1, —Mcosd;, —Csind,,sin 6;; — Bsin d,,c0s 014

M=[,—1, —I,C—TI,B]/T,

C={I" — I\ I'DI, — [, (s +Ty) — Ty, +T )], + [, +T) — I (Dy + T 115 —
(r,r,—rIy1,}/[T,(Ds; — '\ I'y) + T (I'\['y —I'sT";) + (D0, — Ty ] ’

B={((:I', — '\, — [, +T) — (D, +T )], + [0 1) — (D + T I —
(r,r,—r.r)1,}/[Cs(s' =T Iy) +T(D\[y — I, + Ty (0,0, — 5]

D)
I' =cos 815 —cos 0y s, =sindy;8in 012, — sin 05, 8IN 042 s1'3 =c0s 01751N 015 — cOS 02, SIN 02y »
I') =cos 83 —c05 03,15 =s5in 05,8IN 0y, — SIN 03, SIN 032 s1 ¢ =COS 021 51N 093 — COS 03, SIN O3 »
I'; =cos 83, — cos 0 ys s s =sin 83,510 83, — sin 04, 81n 42 sy = c0s 03, 51n 033 — co0s 041810 04 o (10)
1 (8) AT (9 A nT i, EAR AR A G143 Stokes i, BT 4 4l AR ZEIR (R 8 AN AHA LER) BI AT,
T LCVR WY ARDL E IR 5 3K 5l B A7 3G, S 1 RE % DR I A A b AR 42 78 Stokes S i, RG0SR — AN K 7
SR FE R LCVRT M LCVR2 BEINE — 3K A5 5 UL il [ 3 LCVRT A LCVR2 (9 A1 47 8 38
8y F 8o A7 ERAT 8 ANAHALKEIR , A a8 4 AN [R) 9Ky v s B AT 5 9547 A [ 9 < At 41 D' 1% AR I, 7T LA £
FFIX A4 A SR L AN S SRAGAS [ P A R 4 AN 3K Sl i T Bl o bz A9 AR 57 48 3R BIAT AR Stokes 26,

3 SEER T
3.1 WiIERE

R T R UE N Ry B ER P R G R A FR 2 R RS A T SR AL, SR EE R (25 OO F
HEAT B R AR A 486 4 35 [ Thorlabs 28 #) 42 7= (1) LPVISE100-A #1452 & 5w Ik B CTAE I K98 Fl oy
400~700 nm,400~500 nm I+ 70 Bl PG KT 100:1,500~700 nm 3% K 38 Bl Y IE O% KT 1000 1),
K H WPQO5SM-632 Z4% 1/4 P 7 CHHA AL IR KE FBE/NTF A /3000 . LCVRI Fl LCVR2 4352 LCC1221-A #2f
PO AT IR 25 A LCC113-A 4 W A A8 R 4 (B E 2 350~700 nm, fii i HLFE 2 0~25 V) ,AOTF R
FE] L B 4 A B A 26 5% TR Y LSGDN-3Z RLuE Yo (K T A 450~900 nm, #L37 M 0 £3°),
CCD 2R A 5 A E A &) Tl AR AL O 7 % 4 400~1000 nm)

S T U S B AR LB B O 5 DR AR 7 43 510 07,907 45° 1 = AN R Ik A ol B 2R e A R 1R

0811001-4



H = # ot

LRI LI 3 PPy, Py ], DIOEHN T W) 2 907/ 1/4 3 - (A =632 nm) 2 B A B f 8 5 P 1 B s P
YLK 3 WLz oGS 45° 77 w4 F 0932 98 05 17 32 £ oy 45°, Il s Y I an il 3(a) s . 4 AOTF
WA A =632 nm, in#k#E LCVRL Al LCVR2 7 % Y 3K 2l HL R AR IR B 1,2,3,4 V Bf, LCVRI fil LCVR2
TEIX 4 2R X W AR AL AE IR 3R 1 s, 2 W el 1 2 Fi s 19 3R G O RS 3 ik (40 R (5) ik Ay
T A 3 615 2R 2% 28R an 1 3(b) ~ (D T .

iy PZ(SLL - PP,

1/4
waveplaf® }W
90°
(90°) P.(45°)

B3 WARENASEE ., (O MEHFR; () I; (o M; (d) C; () B; (D Dp; () Dips (h) Deps (D) App
Fig. 3 Figures of different parameters. (a) Target; (b) I; (¢) M; (d) C; (e) B; (f) Dp; (g) Dip; (h) Dep; (1) Arp

1 ARFEEEXYA LCVRL A LCVR2 K47 ZER
Table 1 Phase delay of LCVR1 and LCVR2 under different driving voltages

. 632 nm 550 nm
Driving voltage /V 0, /rad 8, /rad 0, /rad 0, /rad
1 3.6547 6.4850 3.9385 8.1020
2 2.6116 2.3360 3.2840 2.9190
3 1.7666 1.3130 2.1953 1.6400
4 1.2215 0.9277 1.4952 1.1590

R4 (1, Stokes 8 T A HARY BHOER, BT 2L P, P, P, W AT SHARSE [ 3Ca) ], M At 0°F0
90° LR M ¥ 7 ROGSR 22, BT LA Py AbfR 22, C R 45°F1 — A5 2R m R 20 OG22 T L Py 52, B LA
G [53] fi 41 43- E: F1 22 T [) A 41 43k 1) 6 2% L T A W Ab S . H (5) SR 7E i A R b, B 2R R R Y
P, P, Py Wb FEA PR B ) W AR5, HOR KB T H AR5 15 50 % bbBE L 17 2 41 B2 el v, IR W 4k
HA BmIREE TS, BmIREE Ll O, W 4h5% . P P, Py AR5, T =ik A PP
P, Ab AR 75 ) £ A HH R ARG (5) 3, fE ik /A 1€ b, Py P, sEEEAEI], B PP, AbSEES P W AR R,

23k R, % 6 e AR AR FR G0 B I A T AT i I O s DS L O T — 2B iR AT R S E AR
For I B4 5 1 A
32 RGEFEMERIERXE

R Tt 25 W2 e T vk L T S PR A R AT M R S AR AL 4 Ca) FTR R 2T (A2 b —) L EL
Gt b—) B EE CR AN A9 81 3 38 5 6 1% i I 1% 7‘6 2 400~800 nm, AOTFE 94 8] s 2y
5 nm, B TE 5 B2 nt B sk RS ik 635 B AN & 4 (b) fraR o AR R OG5 L R R i R AT K
A=550 nm, LCVR K5 o FEAR SRR I 1,2.3,4 V(LCVRIL Hl LCVR2 X W 09 AH A ZE R 403 1 7R ) B9 I
PTG AR Do AT A B3 B 4o L (D B,

MIEL 4 (h) H ARG 7087 AT A R B — S8 SR S AR RAE P 600,685,760 nm b X A BHOGAT B 2 A9 W2 i
HER - FEPAS KT 700 nm J5 S 565 558 B2 3G 58 L 3% 55 A0 00 20 A i BOIE AR W) & i — 2D Ui T RGO

0811001-5



+
H
&

b

1.0
(b) — red artificial leaf

E’ —— green natural leaf
g 0.8 — green artificial leaf
) —— background
=
£0.6
=
S04
;g K
£02
Z

0
400 500 600 700 800
Wavelength /nm

&4 BERR L AR AR E . () SR (b)) Y6 (o) Dips (D A
Fig. 4 Spectra and polarimetric images of leaf targets: (a) Light intensity; (b) spectra; (¢) Dip; (d) A
T FICAR Y U A N AT A
i P SAGAR I AT LA 280 03 B AT S ) i B A 1 19 2 UL K o el 7 N3 00 A ) s 91 8 2 LG 1 SR AR TR
JIt LA A & i ) 26 1T 20 BHOM I G5 R L LAk i B S W [ 4 (o) 10 5 1 4 Ca) A L 3R TS0 RS A 5 O oY (2, ]
PAAR B DX o B SR R R GE Wik . DR R B A i S T L BORURE HL7E B I 550 nm AR Y 2 5 e/ L B DLH:
RIS PFEAYI R . 7ELfmyR i E LK 4D I W] LURZ 5 & BB L 2445 B .

4 RS wARI R B A A

Tk — Ak R G 2R G R R B A A AN T2 . (7)) ~ () AT LU LB Stokes &
TR A E BN R R LCVR P 5 = Biag e 0 B LCVR MM N ARA ZER 6, Mo, 1EE 2 iR RS
rF L S i PR R A R BN R 2 LCVR2 YAl S o il A2 /1, B L35 R 40 i, R K 3% 3 A s )
E 1MW EN . LCVR ARG o RS B RG0S R xF o Mt o, I = A5gm, iR RE T,
LCVR #3710 £3°, LCVR M98 1 B RS 36 R 0.01 Vil k% LCVR B9 @ bR Hr f 2 a0, LCVR
P14 v, | A4 R o7 28 3R A 22 A6 (UD 240 19 £0.012 rad, A ST BE 51 59 A 47 48 38 I 5 Ik 22 A6 (8) 29N
+0.05 rad. KT FfLIT5FRAX, RGN E Stokes S (Y AIXT R 2 A 0N

[AS|/S=|F0+20,6+28)— f0.0)]|/f0+ 0.6+ A, (1D

HH LCVR2 Y5 = e /s 0= —45°, e Ml 2% A0=+1°,6 & LCVR Ml H45 2| fAHALFEIR , A0y LCVR
W o R AR I IR AR 22 . 258 B R A T L 4 Matlab 115545 33 5 i 22 %F 4 4 Stokes 5 i BT i
B AR R 22 Qi 8] 5 T

MIEL S 0] LU o B 2 3 G0 Rt 7 26k E AR G HETT i R DU &t B, LCVR2 PR 5 & il e # 1) e 22 il
LCVR A7 A 3R 1 0 1t I 22 #R 23 X 4 A Stokes S £ 0, b 25 T (R RAARX R 2E/N T 4.2% .M 1)
RRMXFIR2ZE/NT 4.6 % ,C BRI R 2Z/NT 3.2% B B KA IR 2 /N T 5.0% . B2 b
BAREESERZ WA RS Stokes S B I 1 7= A2 52 W0, 8 1 80/ W75 R0 G 0 3h 51 kS A9 ) o 3 22, ]
DL 22 U BOT- 244

LR 75 IR AR G0 1R 25 P BE HL 1R 22 60 I o 25 R SR A s e, £ 5 LCVR H R IR DR BE A1 LCVR AH A7 28 38 1Y)
DB K BE LA LOVR P S o il e ffr vl DLtk — 25 38 1% 07 15 DI & Stokes ZEMAEE .

0811001-6



0.01 0.06

46/(—)0~01 -0.02 a
73 =0.02-0.06 AD @

©

0.04
0.03
30.02
<
0.01

0.06

0.02

0.02
0,06 025 ivad

4&,(—)0‘01 -0.02 a
73 —0.02-0.06 A 2

0
%0.01
15 20.02

Kl 5 4% Stokes ZRAMIRE, (a) AI/I; (b) AM/M; (¢) AC/C; (d) AB/B
Fig. 5 Relative error of each Stokes parameter. (a) AI/I; (b) AM/M; (¢) AC/C; (d) AB/B

5 4 e

YKTHA AOTF Fl LCVR AHZE A 0638 i 4k B8 &R G2 76 R B H b7 O6 Stokes 2 i B L8 B BIAE I, 42
H TR —A AOTF FIB A LCVR [ 1 F 037 B0 = 6 i R i1 R 40, X R4 2% AOTF+1 9fii it
JE AR s F— A~ 3R Bl e V5 [ 4 ) A LCVR, I FLFE HEAT 80 6335 0 B AR I 3R 3 Hh FE AR A8, 2 — T g 25 A
{1 Stokes SN Tk . FIMR IR A AL HEAT T 9256 50 U » 25 5% 2% W32 I o J7 75 B 6% DI B8 of 1 1 AR TR 42
#f Stokes Zik , RGMAR T R AT . I5c i %k BB v 64T T i 4k R E L iF — 25 B0 0E T % R Ge i n] S
AZ N 55 1 Ve

& % x #

1 Kim J, Escuti M J. Snapshot imaging spectropolarimeter utilizing polarization gratings[C]. SPIE, 2008, 7086: 708603.

2 Zhao Yonggiang, Pan Quan, Cheng Yongmei. Imaging spectro-polarimetric remote sensing and application[ M]. Beijing:
National Defense Industry Press, 2011: 15-18.

Bk, W SR, R, 2011 BUGR IR 6 R O N M . db st BB Tk s iR, 20110 15-18.

3 Huang Honglian, Yi Weining, Qiao Yanli, et al/. Analyzing of optical remote polarization imaging simulation based on
intensity images and surface polarized bidirectional reflectance data[J]. Acta Optica Sinica, 2014, 34(10): 1028001.
WAL, YT, FRER, . B TR ORI M Y TR S S R R Y O o R U PR IR B B A A L] DG AR,
2014, 34(10): 1028001.

4 Kurosaki H. Earth observation by the adaptive wavelength optical image sensor[J]. Advances in Space Research, 2007,
39(1): 185-189.

5 Wang Qichao, Shi Jiaming, Zhao Dapeng, et al. Design of hyperspectral polarization image system based on acousto-optic
tunable filter[J]. Opto-Electronic Engineering, 2013, 40(1): 66-69.

E/FHE, R, RN, & BT AOTF M 6wk G Re it 1] . Jel T, 2013, 40(1): 66-69.

6 Hu Qiaoyun, Yang Weifeng, Hu Yadong, et al. Principle and simulation of a spatially modulated full Stokes parameters
polarization imaging system[]J]. Acta Optica Sinica, 2015, 35(2): 0211004.

W=, s, IR, 5. 25 [0 98 ) T 4 Stokes S & fi ¥R BUMR R 48 Ji 30 Je 05 B0 [T 6224k, 2015, 35(2):
0211004.

7 Gupta N, Suhre D R. Acousto-optic tunable filter imaging spectrometer with full Stokes polarimetric capability [J].
Applied Optics, 2007, 46(14): 2632-2637.

8 Gupta N. Development of spectropolarimetric imagers from 400 to 1700 nm[C]. SPIE, 2014, 9099: 90990N.

0811001-7



H = # ot

10

11

12

13

14

Li Kewu, Wang Zhibin, Zhang Rui, et al. A new technique of full polarization hyperspectral imaging based on acousto-
optic tunable filter and liquid crystal variable retarder[J]. Acta Physica Sinica, 2015, 64(14): 140702.

Zw, EX, B, . BT A OGUEOG AN & AR AL YOG G A IR SR BT ROR [J] . BB, 2015, 64(14):
140702.

Wang Yaoli, Zhang Rui, Wang Zhibin, er al. A new strategy of spectrum and polarization measuring based on LCVR and
AOTFL[]]. Spectroscopy and Spectral Analysis, 2015, 35(8): 2362-2367.

ERER, K E, EER, . LCVR M AOTF Y 15 fhi ik ) &8 s mg (1. e =& 50604, 2015, 35(8): 2362-
2367.

Zhao Zhao, An Zhiyong, Gao Duorui, et al. De-dispersion design of acousto-optic tunable filter based on TeO, [J]. Laser
&. Optoelectronics Progress, 2014, 51(6): 062301.

M, ZEH, WS, . T TeO, iikny o nl ki 4y E G ROk ] . Mot 5 th FE#E R, 2014, 51(6):
062301.

Yu Kuanxin, Ding Xiaohong, Pang Zhaoguang. Acousto optic principle and acousto optic device[ M]. Beijing: Science
Press, 2011: 257.

AT, TeLr, Jedir . AL S AR IM] . duat: Bl di ik, 2011 257,

Li Kewu, Wang Zhibin, Zhang Rui, et al. Study of birefringence dispersion based on liquid crystal variable retarder[]J].
Chinese ] Lasers, 2015, 42(1): 0108001.

i, EE, 5% i, 5. WO AR IER S BT ST @At SE U], RO, 2015, 42(1): 0108001.

Liao Yanbiao. Polarization optics[M]. Beijing: Science Press, 2003: 57.

BUER . M dROES (M. dbst: BR2 i p:, 2003: 57.

Zhang Ying, Zhao Haibo, Cheng Xuan, et al. Design of full polarized and multi-spectral imaging system based on LCVR
[J]. Spectroscopy and Spectral Analysis, 2011, 31(5): 1375-1378.

O, R, BOE, S AT LCVR I ik 25 BURE R ] Otk 50eik i, 2011, 31¢5): 1375-
1378.

0811001-8



