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In-flight spectral calibration of UAV hyperspectral imager based
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Abstract: An optimized method was proposed for in-flight spectral calibration of unmaned aerial vehicle (UAV') hyper-

spectral imager in visible and near infrared band. Taking simulated radiance as a reference spectrum, the method uses

spectrum matching technique to retrieve the most important spectral parameters of center wavelength and bandwidth.

With the data in Urad Front Banner, Inner Mongolia on November 14th, 2010, hyper-spectral camera on UAV was cali-

brated based on the laboratory spectral calibration result. The efficiency of data process was 100 times that of normal al-

gorithm. A method of accuracy evaluation with ground targets was also developed. The in-flight spectral calibration ac-

curacy for a sensor with bandwidth of 7nm was proved to be better than 0. 5nm.

Key words: unmaned aerial vehicle (UAV) ; hyperspectral imager; radiance matching; spectral calibration

PACS: 07.60.Rd

Ell

T

O B AR HA R S — IR E,
25 [ A2 AR K G, IR A T P R Bt
JZ S T M Rl S A A A
TALESAE RAT HT 75 2 40k 15 2285 AR R L &

iR HA.2011 - 09 - 28, f&[@ HHA:2012 - 03 - 09
BE&£ WA : E R EB A I & IR0 H (2008 AA121806)

AT Z B RS AR BT S
Je FEARIE 1 22 4. DT RE b 0 1R 22 B R WA A4
Uz B RS DA PR A T My B ) T
JEIHR AR R A W e B 3T 3T L AT O B 3 i Dl i
Bl I FH A W R A E S A T O S i AOE 3
FRAREOR B P2 i, A AR 222 F ALK T AT

Received date: 2011 - 09 - 28 ,revised date: 2012 - 03 - 09

Foundation items : Supported by the National High Technology Research and Development Program of China (2008 AA121806 )
{EZE BN (Biography) : 2= Z( x x x x-), 5 WAL, -+, 20327, FENFRIEFE. E-mail ; lyan@ pku. edu. cn.

1B I4EE ( Corresponding author) ; E-mail ; gouzhiyang@ 163. com.



518 4h 5 2 K F W 31 %

(G SRR HE AT T YR A WY Barry 2548 11 T A
FARAM I AR 52518 RS 5 S5 5
P Lo e o A5 B R AR oo o0 K 8 bR Y
7575 Guanter 25 ) IR A SCRY AF HEAT 15 D' 38 i
GG 3 T PO KR A A 5 Harry 25 7]
FH T S 000 e R Ao Ak 118) B 8 G 00 3 B3 v o
W AT A RS T e R e B ' B i 7 A A8 A X
MODIS HEATFEFE#R 5 Gao 25 F1 FH % 1% UT e (Y
D735 55 M oG AN AR 5 ) RO BT RS
MODTRAN 15195 2 5636 2 18] (/) 22 S dE AT 72 1
Hr K ERR 5 Robert 25 ) I R 5 3 2 16 14 75
T L A8 YT AT SR O i A 1A O K Rl B
PEAT T #R" 5 Green %5 1 HI A 4 €AT 9 AVIRIS
Fi s T 0 £ % EO-1 Hyperion #E4T 1 72 8% 3% Fl
marErR s TRBESTEN LR, S A0k
B, %) Hyperion 5230 T 75 S 7 B S5 000 H 36 )52 5
S OLT , [A] B B2 386 1 A% B s o P 5 A

e [12]
Il .

FU R SN i s b ikl A sty
i AN BRI T B2 1 E 3 AR O K A i 7
— LEEVL BN [ if S 38 o PR Al B 12 Ay SE A2 Ak
T (AR AR RIS S A oy AR SCHERT A ST
St IO OB SRR, fEORIE
RERERYATEE NI T —FhbRod S s Bk AT
SEYRFRAT T AL WA AT L, M FH v i 1 114 22
FOETERLRR X E bR BEHEAT T ALY, X AL
o G R RS S A A E 2R L

1 MRFE

FER] UG- 2T AN B, s BRAS S (1 R 5 7T L) 22
W, B AU 2 R B G A e S 1 .t g 24
— B AR, 28 A 152 1 A R 5 B P LSRR N -

L, =LT(6,) +L;:, (1)
Hodr, L, Dy SR SE I L, BEAR AT, T(0,) UL
7 18] B R A B R

H1 ] DO 5 T 2T A i B R R S AR, T
WA VA, U 7Co,) 5 L, IERVER, A il A
i Ak 14 2 UL 7 B8 A R AR I A ip B B AR
SRR, AL AR TN A A9 DN EAR A 5 5%
O RS L, AT LR T O R A A R SR A
JE 5 A TR AR BRI EA T 0 e 2 B M P 45 7 Y
PTG A b PR | M TR AT R
] O # R KRS S S, Ead
MODTRAN 545 2 20 (1) H 4 8as A AL 4 5

JE. AT A B T RS RURS 41 A0 28O0 SR
JEE2k i HITRAN #045 J5 % £ #1143 45 ). MODTRAN
i B 0 B 2 i a5 1 R R L R
M 17 PRI T, SR J5 55 AR AR B 6% S o
AT oA
R PR B A 7 i 2 R 11 B A A 5 S
W
L=l L ;(A)f,;,(A)dA, (2)
Hor  LARRA BN, b i) 9 FRE K
AL ERER | EIEEIE , BRS¢ A1 2050 RO
TSI R EE e 2 2 B w i IH— R . A
R S (A R GG 68 i 17 PRI, SR FH
2 (3) MR T R ARCRAIE
B A= (Ac(iy) +AN) 2
$iih) _(mp[_((FVﬂ{th4-AFVﬂ{M)/2 vﬁﬁi)] )
P AL (i) FR I = e bRl B 45 52 R0 G o
WK, FWHM ( Full Width Half Maximum) 57 %,
AN Pt KR i, AFWHM Sy s 25 4k
K (2) WA BB ENE B i i R 2 e
S H O, LY 2. 715 Ad Al AFWHM
) A BRI

A’ (A AFWHM) = Y [L7 (AN AFWHM) - L 17, (4)

A,y F1ny 4351 R BT BE R AE WIS B X [R] 1) 121
BLXE Zon R s A $ R /MR AL A AFWHM.

R A5 ' M 750 € 30 DA RS2 56 5 b M, SOk
WA U A AT A LR, TP B K AR R A 3
M €2, 155 0 2R, AN SO ™ A 6 B0 I R A DXL e AR [
23 [, B A A i 8 I K Am A B2 —FEY, 7
B AU A BRI T RS B BT X BT A i
RO R RE.

e Y B A e RE S A2 B L I K R e
THABIEE AT . A BRERE T R PX
FhERA BN, (EL A 0] AR 5 757 . A B (] () 2 4 X
T 1 AR RO R R B v A R SR A B A 1
=S NOb Al WS RS B et 2 S = RS oy
PEAE RNt X v I K RTS8 76 61 S 80U 1 0
T AH B RZ M (A IF 5T 2 B0, H s B 1 A AR AR XY FE
FA Y 45 SR S AR K T 9 ) e 28 X6 o K
B Y 45 SRS M AR BN, G HOR AR 25 0.5 nm D
g -A E| - o4

T UL gl B, 6k — 4ER 0 R B O g
SR EIEIAT T R4k, & 0, TE UG IS 1
23 [8) 7 1) b 2B A7 45 (8] BE Fas B A , R FH b A 25 3 4



6 1] 2 G TR VLAY TE AWML B0 LIS UM 6 E bbb e 519

w20 (4) IR AL F AFWHM. SR J5 4 S i 45
HR R S 0 AT R DA 25 18] 7 ] 7 N BEA T =ik %
AL, FRRHU G B 45 RAT i e i AT
PR B O PR B R AR R ik O
AL, AN [) Z Ak FURAS UL 1T SESERA T 0 BRI,
T — 4RI SR B E R R L R AR E
I AT S 04 S T8 A S A S 38 (R A I R A
S AR A R/ IMEDR . AR S B B Bk B 2 v
A B R 58 78 A T 3347 DG 1 1 R AY 25 15 R
Wi, S T RRCR.

2 ERREIEIREX

2.1 BRIEHGHIERE

SIS A BGOSR E R B B
RGNS Y3 5T e, 9 T AL B
Tk B A 396 ~ 1030 nm, 5256 % 28 i V-2 98 24
6 nm, TAEMIZ 50 ~ 100 Hz, S 5k 128,
23 (0] J7 MR R ECH 1024, Bl 11.5°.

2010 4E 11 H 14 HIEEN S W Z RT3 1T 1
TE NG 8 8 b AT 28w, AT & R 3500
m , HB AR A 1000 m, TAEA5 R A 100 Hz. & 1 K
Te AHUBAG TS AR B = iAol FOR (5 iU
8. Bl B Bk E VO 15 m x 15 m % AR
e 5 A A 55 UE ¥R AR, 45 43 i 2 HOL, HO2 |
HO3 . HO4.
2.2 EHARSSHEIKE

Te AHUE RGO BE AR it |25 1
[R5 1 28 47 1l 1 Sl 2 A S 59 %8, R R s
rh b T R ORI A . F AT MicrotopIT 2K PO EE
THZE 22 W K PEE 1545 8 sk 5 S i S A5 L, I
AW 23 S D AU I ) 2 Y R AR A RN S
B IR FE . R S MR 6 YRS BRI 1
PR R EE GBI RRSFE RIS
2.3 BERVEREITE

Vg b TR 22 1) RSB ML S R S 3R D
G BHE U % S 808 A MODTRAN it i &0
TS A HE ALk A 200 D o BE A R i A i 2 R
PR, A AR I B 26 B HITRAN %540 22 14 26 1
AR B A RS BN 1 s, S S0 B 40
iR e A 2 fiR.

3 FER59Hm

ML XD PRI 5 TSR 557 4 9L,
45 1 0 2 91 S50 R F % 2760

BT ERRIX G R A5 R
Fig.1 True color synthetic image from hyperspectral data
of test site

&1 MODTRAN itHHEZEH/ASH
Table 1 Main parameters for MODTRAN

WASHAFK ZHUi
KA A
KA EHIA #HE(Slant Path)
BT R
CO, i 390 ppm
TR e 1.03 km
IR o0 3.54 km
5 RS £ B 180° (A F)
hFERGE Dead grass
SR S VIS =23 km
PKAT 300 ~ 1100 nm
TG RE lem™!
FWHM lem™!
AR 28 108. 856°
HARX i 40.635°
fi 1] (GMT) 2.65h
0.16
0.14
g 0.12[
Z 0.10f-
g
3> 008
E( 0.06|
& 0.04
0.02

0 : i |
300 400 500 600 700 800 900 1000 1100

A/nm

B2 SRR AR A i AR e

Fig.2 Simulated precise spectrum

AR AR LA B 940 nm BFIE A AP ER , T 7K 35
MR 32 L T 50 A9 72 FH 2 ) E A ., O i
T FLAE . 760 nm SRR 52 E T 55 PR 532 e



520 4h 5 2 K F W 31 %

/N, IR YR E AR T I 760 nm B I/E F) 480U
WA AR HES DL IS, 75 2010 4F 1 H S8 2005
TEARG BRI AT T AR B CEALA S0t
TEEDR.

TERDEE R B L 10 4757 807 1) 1 A9 K dla
BEAT B, X S JH 4 SR SR 3 7 81 R L A v 1)
PSR JEIETT O, K X 8] 0-5 nm ] 5 nm,
AARBEE 0.1 nm. A B 23 8] J7 [0 #4250 H L
WA A A Ay s &l 3 RTEL 4 TR, TR Y
SR, R B A A% e AT ST TS A R A A e B Ry
T IR ZS TR B TR A [ 51 S B 26 o A6 I 114 5%
Wi, AT ERRAS AR T =R Z A5

2.0
18
1.6
1.4
12
1.0
0.8 f---t
0.6 k-
04
02
0

LK AR B /nm

0 100 200 300 400 800 600 700 800 900 1000
2 [0 77 % 4

B3 5575 DB ES R s 18] 75l ) A8 4k
Fig.3 Center wavelength shifts of band 75 in cross-
track direction

W — P

QB - Tmct-m- ket ad R -
g 6
®
i F N s St SEEERE SEERES EEFERE S

5% TN NN N SO T S

0 H i i i i i i )

0 200 400 600 800 1000

AT R

P4 Sy SR 2 18] J5 ) b f) 3 A i
Fig.4 Band width of band 75 in cross-track direction

JEIEE PR AR R, AT B0 A i 1
R R A T RS , T 2 BT O R
SR = G E AR E I . DG T A4 5846 7 nm
it

TE AR AR O R R A2 i 35 T
fife 1 HER. AT R R A R 10 AT 0 1R
Wl (1024 x 10 AMEoC, BAMEOTH 128 AN3ED) A
FIPRACTE AT THAA, X e b — A7 B3040 £ 23 8] J7 1)

AT AR R R AR B AR B 102 MR EREBIEE
ML R B FEA. #2371 MATLAB 5 5 40 5. I
RAEFHITENLZECH : Inter(R) Core(TM )2 Duo
CPU E7500,2. 93 GHz,2. 93 GHz; 1. 98 GB [N 7E:
Windows XP #4E R 45, A 25 R a0k 2 s, AR
AL R B AN A SC 8 R X ] S AP iR,
BT T —4iie 5, SO AR e Lol DR
100 f%. f15& 2 FTLAAE ), A0 5 A9 S a3 SE brd
= T 94 A, R H RS B R R R A B s 1 T
BL2 1500 h, B ] BAS S . DA S ISR R HE v
T IRESCE.

x2 RIEBEMEILEK

Table 2 Comparison of efficiency

WAL RGNS
R/ G & 102 10240
HEmEE/h 15 16

N TV SN E BR A HERR I SR FH M IR S
SR B B 5 3 0 S A G BE AT AR R
SNTCTE E bR AR BT S BT BDEE 7]
3 HO1 (HO2 \HO3 \HO4 f) S A < L K M T 52 0 't 1%
Sy anIEL S ~ &1 8 Bran. i TGl e bR Z B 0 ik i
T T334 Ml 46 T 8 55 A 2R 8, M) P S 3 = A A
i 2R RO A SSp #A h 2 A5 S S S R A BB AT
TE—5E 2257, [ELAS 2 MRDGF I AR B 114 221 I AR Y o
TERFKE A Z H A R m b X, AR E A T4,
T I A5 Y G S S R AE 760 nm BRI HLAP- I, R DL
BEUWE. IS ~ [ 8 Fn] LU th, MM 1 E bR
HIT G 2 805 8 B DU SRR S S A 26 7E760 nm
B AR A T WY A S AN TR T A FH A1 3 7 B
J5 BOGIES BTG B K S A i 2 Az ol B
A1

1.2 prrem====e==c=s > T Sttt Sl siuints nieti St Setntet
—- - kb

1.0 F1

0.8
0.6

O

400 500 600 700 800 900 1000
ALK /nm

5 ZIEAR(HOL) SRR
Fig.5 Reflectance of the red target HO1



6 11 z

B8 TS FE DORU 6 A LRSI SN Y 5 21

1.2 prozmmoc=as=a-s Al st SRLt REEE
- - - - EbRTH
1.0 e R S~ gt

S eS|

IS

Kl 6 B HbR (HO2) [ 3
Fig.6 Reflectance of the yellow target HO2

e

0 ;
400 500 600 700 800 900 1000
HyE K /nm

K7 Zp@ilhs (HO3) R
Fig.7 Reflectance of the green target HO3

------------------------------------------------------

s —-
LOf—— EWE -
------- T S0

08— Tt
& 06
X

400 500 600 700 800 900 1000
FFL K /nm

K8 EEEHLER(HO4) SR
Fig.8 Reflectance of the blue target HO1

Xt TN 5E b I BT S RS 1) S S R
LR T A B, A5 3 B T B AR it e A Dy BEARE
Xt S A S R A TR B PN PR SR R, A
G155 B i AR O 35 2 R0 T ) S S A SR A B
W e KR 22K 13% ~ 18% , 1lii T 47 63 E
SR 18 B AR A S W O B e R 22
1.1% ~ 4.8%. 1819 FII& 10 735 S0 bR e
{HE S S 3R 22 e K 1 HOA SR R 22 fi /)N i) HO3

AR, BITP L@ Z o 3 T A7 5 bR i OGS S 8%
T RS R R 25, A SN B T AT E hR S 8UR
T A AR AR 22 XOG T, S HUB AL RS O 3R
DRIEZ IR DC R AT A I, T8 2 I 248 15 2 it 6 't
SRR ORI TR, 4T 5 ~7
nm 5 B (1) 5 G AL IRAR, 0.5 nm [1)6I% S 501k
HAE 760 nm S WCHT B 3T 2377 A2 3T 5% W RO T
SPRR2E. SRR HTAE R B TR B VLR Ry G
NALEISAZ OB AL I 37 0 15 5 b B9 KG JBE AT L 3k 3
0.1 nm,—f&HEF 0.5 nm.

20 e
x 15t ____%*ﬂjﬁu 14
i\\/ 1 —:ii—i*)i)ﬁ
KOt A T
M_ Y N \/V
oS 5 ¥
E -10 i
-15 -
650 700 750 800 850

HULE K /mm

K9 W (bR (HO4 ) S MG B S 1 S I 4 i 22

Fig.9 Errors in reflectance inversion of the blue target
HO4
15 = '
S - SERRH A
< 10f| — ERR G o
# : H
oS . S
& oL NS hn S
X N v
N -5
=10
X : ‘ i ; ‘
-15 : — ‘
650 700 750 800 850
HLPE K /am

K10 20 @R (HO3 ) 4 W MAr i B S 3 S 40 1 22
Fig. 10  Errors in reflectance inversion of the green
target HO3

4 @%

SR FHHE T RIS 4 D' 5 5 B2 DS E 7 3k %o
T NHLE GO HEAT T 47000 1 7 b 3d s T
FUEARE RO S ECZ B A AR, S T
RDETES B TT k. AT SIS E AR R
7R B CHE A A% T8 1 R B R A T A, B A
23 [AME I O A P S 98 2 I 1% 7 A (L O .
YLAE T nm 724, HESEER A ERRAE R K 1 nm.

TE AR AR O RS RO A S 12 TS T
T FOR. U T3k 14 S T8 B3R H i Lk S Tk
YL T 94 7%, H T 100 A5 A BB (H.



522

ahh 5 =

K R 31 &

3 3 S ) G R R B AR R Aok B
17T w28 9 7 nm 2245 B9 TE AL S
JEIEALIN T 61 5 bn A AT LLGAE) 0. Inm, —f
T 0.5 nm.

REFERENCES

[1]Davis C O, Bowles J, Leathers R A, et al. Ocean PHILLS
hyperspectral imager: design, characterization, and calibra-
tion[ J]. Optics Express, 2002,10(4) ;210 — 221.

[2]Gu Y F, Wang C, Wang S Z, et al. Kernel-based regular-
ized-angle spectral matching for target detection in hyper-
spectral imagery[ J|. Pattern Recognition Letters. 2011, 32
(2): 114 —-119.

[3]Tiwari K C, Arora M K, Singh D. An assessment of inde-
pendent component analysis for detection of military targets
from hyperspectral images[ J|. Original Research Articleln-
ternational Journal of Applied Earth Observation and Geoin-
Jormation. 2011, 13(5) : 730 —740.

[4]Zhang L. F, Yan L, Yang S W. Narrowband vegetation in-
dex performance using the AVIRIS hyperspectral remotely
sensed data[J]. SPIE, 2006. 6419. 64190M1 —
M7.

[5]Barry P S, Shepanski J, Segal C. Hyperion on-orbit valida-
tion of spectral calibration using atmospheric lines and on-
board system[ J]. Proc. SPIE, 2002, 4480.231 —235.

[ 6 ] Guanter L, Richter R, Moreno J. Spectral calibration of hy-

Proc.

aaaaaaaaaaa

ooooooooooo

perspectral imagery using atmospheric absorption featuresp
[J]. Applied Optics.2006,45(10) : 2360 —2370.

[7 ]Montgomery H, Che N Z, Parker K, et al. The algorithm
for MODIS wavelength on-orbit calibration using the SRCA
[J]. IEEE Transaction on Geoscience and Remote Sensing,
2000,38(2) ;877 — 884.

[8]Gao B C, Montes M J, Davis C O. A curve fitting technique
to improve wavelength calibrations of imaging spectrometer
data[ J]. Proc. 11th Annu. JPL Airborne Earth Sci. Work-
shop, 2002: 99 —105.

[9]Gao B C, Montes M J, Davis C O. Refinement of wave-
length calibrations of hyperspectral imaging data using a
spectrum-matching technique[ J ].
ronment. 2004 ,90 :424 —433.

[10]Nevillea R A, Sun L X, Staenza K. Detection of spectral
line curvature in imaging spectrometer data [ J]. Proc.
SPIE.2003,5093 :144 — 154.

[11]Green R O, Pavri B E, Chrien T G.. On-orbit radiometric
and spectral calibration characteristics of EO-1 hyperion
derived with an underflight of AVIRIS and in situ measure-
ments at Salar de Arizaro, Argentinal J]. IEEE Transaction
on Geoscience and Remote Sensing. 2003,41(6) ;1194 —

1203.

[12]Wang T X, Yan G J, Ren H Z, et al. Tmproved methods

for spectral calibrationof on-orbit imaging spectrometers

Remote Sensing of Envi-

[J]. IEEE Transaction on Geoscience and Remote Sensing
2010, 48(11) :3924 —3931.

aaaaaaaaaaaaaaaaaaaaaa

I e T T R e e e o T o T e i T e T T i i T T i T i o T T e e I T AT B S S e e S S B S S T B S S R S T S

(k3516 7)

Italy,2009 ; 298 —299.

[6]Shin Y M, Baig A, Gamzina D et al. MEMS fabrication of
0.22 THz sheet beam TWT circuit [ C], 2010 IEEE Inter-
national Vacuum Electronics Conference, Monterey, Califor-
nia, USA,2010. 185 —186.

[7]Shin Y M, Barnett L. R, Baig A, et al. 0.22 THz sheet
beam TWT amplifier: system design and analysis[ C], 2010
IEEE International Vacuum Electronics Conference, Ban-
glore, India, 2011 61 —62.

[8]Ruan C J,Wang S Z,Han Y, et al. Investigation on fo-
cus and transport characteristics for the high transmission
rate sheet electron beam[ J],Acta Phys. Sin. (BUAE4-, £
B0 R, A R A E A IR T R AR S A R
PEREST , BB 24K ) ,2011,60(8) :084105 — 1 — 13.
[9]Zhou J, Bhatt R, Chen C P. Cold-fluid theory of equi-
librium and stability of a high-intensity periodically twisted

ellipse-shaped charged-particle beam [ J]. Physical Review
Special Topics-Accelerators and Beams, 2006, 9(3) :304401
-1-9.

[10 ] Nguyen K T, Pasour J A, Antonsen T M, et al. Intense
sheet electron beam transport in a uniform solenoid magnet-
ic field [ J]. IEEEE Trans Electron Devices, 2009, 56
(5): 744 -752.

[11]Gokhale A, Vyas P, Panikar J, et al. Numerical investiga-
tion of space charge electric field for a sheet beam electron
beam between two conducting planes [ J]. PRAMANA jour-
nal of physics, 2002, 58(1) . 67 —77.

[12]ZHANG Xiao-Feng, RUAN Cun-Jun, LUO Ji-Run, et al.
Beam-wave interaction and simulation program for sheet
beam klystron [ J], Acta Phys. Sin. (3k/Ne&, BLiEZE, %
B, A5 PR E R A T R SRR
5%, IHR R ) ,2011,60(6) :068402 — 1 — 10.



