%36 557 St T AR Vol.36, No.7
2009 47 A Opto-Electronic Engineering July, 2009

Atticle ID: 1003-501X(2009)07-0050-05

Characteristics of Spectral Radiance Measured by
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Abstract: In order to study the characteristics of spectral radiance measured by imaging spectrometer with motion
compensation, the relationship between measured radiance and the tilt angle of the axis of Instantaneous Field of View
(IFOV) was derived. In the Visible-near Infrared (VNIR) (0.4~1.0 um), the ratio of the spectral radiance measured by
imaging spectrometer with a certain tilt angle ¢ to that with tilt angle =0° (corresponding to observing nadir point) was
calculated. Compared with observing nadir point (tilt angle o=0°), the measured total radiance decreases with the tilt
angle « increasing in the process of motion compensation. And the proportion of measured target radiance in measured
total radiance also becomes small. In order to make the increment of measured radiance keep or approach the gain by
design in the process of motion compensation, the tilt angle of axis of & should be less than 30°.
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0 Introduction

An Imaging spectrometer measures the image of ground scene pixels and simultaneously obtains spectral
data of each scene pixel in tens to hundreds contiguous spectral bands -2 The spectral radiance measured by
detector pixels of an imaging spectrometer would be little for observing water or low albedo target. It is
anticipated to prolong the integral time of detector to increase the Signal-to-Noise Ratio (SNR) of the imaging

spectrometer. Motion Compensation (MC) method is generally used to increase integral time of detector such as
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COIS ), Hyperion ™ and HIRIS ™). The principle of MC is shown in fig.1. When the pointing mirror is laid 45,

imaging spectrometer observes nadir point. When the space-borne imaging spectrometer lies in position 1, the

pointing mirror turns ¢/2 ahead. So the axis of Instantaneous Field Of View (IFOV) is turned ahead o along flight
direction and points to D; before the nadir point B;. And then the axis of IFOV is turned backwards relative to the
imaging spectrometer by controlling pointing mirror. Until position 3, motion compensation is completed. The
point mirror is quickly turned ahead again and the axis of IFOV points to B,. Next motion compensation is
beginning. If the distance from position 1 to 3 is 4;8;=nl and the observed distance is C1D=I, the integral time of
detector will increase n times compared with without MC for observing scene area C,D;. Using MC can increase
SNR of an imaging spectrometer. But it makes spatial resolution some loss ™). In addition, the geometrical ubiety
of ground scene pixel relative to the entrance pupil of imaging spectrometer and the transmission path of scene
radiance would change with the Tilt Angle of the Axis of IFOV (hereafter, TAA for short). Further, the measured
scene radiance and atmosphere scatter radiance are varied with TAA. The characteristics of spectral radiance

measured by imaging spectrometer with MC will be analyzed concretely in the following sections.
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1 Theoretical Discussion

For a spaceborne push-broom imaging spectrometer without MC, the measured radiance @ of the detector
pixel is the convolution of the spectral response function f{A-4¢) with a high-resolution upwelling spectrum L(4)
across the spectral band :

®=T,7,, [ LD f(A—A)dA-cosi-AS - Aw (1)
Where, Ty is integral time of detector. L(4) is upwelling spectral radiance. The spectral response function
generally is Gaussion function. 7, is transmittance of optical system. cosi is cosine of the included angle between
ground pixel normal and the axis of [FOV. For imaging spectrometer without MC, i=0°, cosi=1. AS=GSDnadir2 is
ground pixel area. GSDp,g is Ground Sampling Distance (spatial resolution) corresponding to nadir point.
Aw=nD’/4H" is the solid angle of entrance pupil to ground pixel. D is diameter of entrance pupil of imaging
spectrometer system. H is the height of space orbit.

The definition of the angle of IFOV 8 is given by
tang _d _CSDuy )
2 2f 2H
When the dimension of detector pixel d, focal length of telescopic system f and the height of space orbit H are
fixed, the IFOV and GSDy.q also become fixed value. So cosi, AS and Aw are invariable for the imaging
spectrometer without MC.
For imaging spectrometer with MC, there is just one position where the system observes nadir point, while

there is an included angle o (TAA) between the axis of IFOV and nadir direction in other positions. The radiance
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transmission direction and path are variable. AS, Aw and cosi are variable. The relationship of AS, Aw and cosi

with ¢ can be expressed as
AS =GSD, - GSD, = R{arcsin[M sin(a + 6/2)] -

arcsin[M sin(a —2)] — 0}~ 21 tanE 3)
2 cosax 2
2 a2
(@D /4)sin” & cosi = cos[arcsin(M sin )] 4)

- {sin[arcsin(M sin o) — )R}
Where: R is the radius of the earth; M=(R+H)/R; GSD, and GSD, are along-track and cross-track spatial
resolution. We assume that the observed ground scene surfaces are spherical surface at along-track direction and
plane surface at cross-track direction.
The incident spectral radiance of imaging spectrometer with MC is given by
L(A,a)=L,(A)z, A" + L (A, @) %)
Where: L, is ground scene spectral radiance. L, is atmosphere scatter radiance. 7o(4) is the vertical transmittance of

atmosphere corresponding to nadir point. m(«) is the relative atmosphere mass, it can be expressed as *

1
m(a) = 6
@ cosa +0.150 0(93.885 — o) > ©)

Finally, substitute Eq.(3)~(6) into Eq.(1), the relationship between the measured radiance @, and TAA « for the
imaging spectrometer with MC is given by
nD’t, nT, H @ . .
@ ()= —r J [L, (D)7, (D)™ + L (D] f (A~ 4,)dA - cos[arcsin(M sin )]

22
{arcsin[M sin(or + g)] —arcsin[M sin(o — g)] -6} tan(9/2) . s &

(N

cosar  sin’[arcsin(M sin@) — ]
Where, n is MC gain. When a=0° and n=1, there is no MC and the system observes nadir point. Eq.(7) is the same
as Eq.(1).

According Eq.(7), the equation to compute the signal in electrons per pixel is
nD’nT, H Tl

N(@=—— 2

I[Lg (D7, (A)" + L,(D]f(A—A;)AdA - cos[arcsin(M sin )]

tan(8/2) sin® o0
cosar  sin’[arcsin(M sina) — o]

{arcsin[M sin(& + g)] —arcsin[M sin(a — g)] -6} ®)

Where: 4 is Planck constant. ¢ is light speed. # is quantum efficiency of detector. The SNR of the imaging
spectrometer with MC also varies with the tilt angle of the axis of IFOV «. The expression of SNR is

SNR=N, /N2 +N? ©)

Where Noe=N,,1/2 is the photon-to-electron conversion noise 7, N, is the electronic noise.

2 Calculations and Discussions

In order to analyze the characteristics of spectral radiance measured by imaging spectrometer with MC, the
upwelling ground scene spectral radiance, scatter radiance and the total spectral radiance at the top of the
atmosphere were modeled in the spectral range of 0.4~1.0 um with conditions of a 30° solar illumination angle, a
0.3 reflection horizontal surface at sea level, and the 23 km visibility, standard mid-latitude summer atmosphere
model (See Fig.2) ®] The spectral resolution is 10 nm. The height of orbit is /=400 km. The radius of the earth is
R=6 378.01 km. The gain of MC is n=2. The ratios of measured radiance @,()/ @,(0°) between a certain TAA «
and observing nadir point (&=0°) are calculated according Eq.(7) (see Fig. 3 to 5).

Fig.3 shows the ratio of measured scene radiance with a certain TAA « to that with observing nadir point
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(a=0°). The measured scene radiance decreases along with « increasing in the process of motion compensation.
When « increases, the transmission path of scene radiance in the atmosphere becomes longer. The absorption and
scatter of atmosphere become stronger. There is more energy loss for scene radiance in transmission. The signal
level of target radiance measured by imaging spectrometer also becomes lower. When « is less than 30°, the
average reduction of measured scene radiance is no more than 10%. When ¢=45°, the average reduction of

measured scene radiance is near 20% and more than 20% in short-wave spectral range.

1.3
1.0
o~ S 12
S 09 S
S S
S S 11
S 08
1.0
0.7 \ \ . . . . .
0.4 0.5 0.6 0.7 0.8 0.9 1.0 04 05 0.6 0.7 0.8 0.9 1.0
Wavelength/um Wavelength/um
Fig.3 The gain of MC is n=2, the ratio of Fig.4 The gain of MC is n=2, the ratio of measured
measured ground scene radiance @,()/®5(0) atmosphere scatter radiance ®,(c)/@,(0")

Fig.4 shows the ratio of measured scatter radiance with a certain TAA « to that with observing nadir point
(a=0°). The measured scatter radiance firstly decreases and afterward increases along with « increasing. This
characteristic is determined by the geometrical relationship of observer-target-sun. When « is less than 30° the
average variation of measured scatter radiance is no more than 5%. When ¢=45°, the average increment of
measured scatter radiance is 15%. The disturbance of the scatter radiance to the scene radiance is strengthened
obviously.

Fig.5 shows the ratio of measured total radiance with a certain TAA « to that with observing nadir point
(a=0°). The measured total radiance always decreases along with « increasing in the process of motion
compensation. It indicates that the reduction of measured scene radiance is lager than the increment of measured
scatter radiance. Although the average reduction of measured total radiance is no more than 8% when a<45°, the
proportion of ground scene radiance in total radiance becomes smaller compared with observing nadir point
(a=0°). The capability to detect the ground scene cannot maintain two times MC gains by design along with «
increasing. So the maximum of ¢ is better no more than 30° when using MC. Fig.6 shows increase ratio of SNR of
imaging spectrometer between with and without MC corresponding to different MC gain and ¢. The parameters of
imaging spectrometer used to calculate SNR are listed in Table 1°. When using MC, the increase values of SNR
corresponding to observing nadir point (¢=0°) are approximately proportional with the square root of MC gain n.

For a certain MC gain, SNR decreases along with ¢ increasing. When =45 SNR averagely decrease 15% (Fig.6).
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Fig.5 The gain of MC is n=2, the ratio of Fig.6 SNR increase gains corresponding to
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The relationship of MC gain n, observing distance / and the maximum of TAA (max) can be expressed as
)—o,. =m—-1)L/2R (10)

Eq.(10) indicates that: For a certain o4, if MC gains #n increase, the observing distance / will decrease. If the

arcsin(M siner,
observing distance / keeps invariable, increasing MC gain n must enlarge 4.x. But When 0>30°, the measured
total radiance and the proportion of scene radiance are much smaller than that with observing nadir point (05=0°).
The detective capability for the scene target cannot reach n times MC gain by design. Table 2 lists the observing

distance in MC with certain MC gain and Ogay.

Table | Systematic parameters of HIRIS Table 2 Observing distance / (unit km)
corresponding to different the maximum of TAA

Zarameters ;];ltulim (Gmax) and MC gain n

GSD 30 m

Integral time 4.55 ms MC gain

Aperture 376 mm Ol

Focal ratio F/3.8 2 4 8

Pixel size 52 micron

Readout noise <300 electrons rms 30° 973.87 324.62 139.12

Dark current Negligible

Spectral coverage 400~1 000 nm 45° 17774 592.46 253.91

Average spectral resolution 9.4 nm

Quantum efficiency >40%

3 Conclusions

Using motion compensation can prolong the integral time of detector and finally increase the SNR of imaging
spectrometer. While the geometrical relationship of ground target to imaging spectrometer and the transmission
path of spectral radiance are changed because of the swing of the point mirror. the total radiance measured would
decrease along with the tilt angle of axis of IFOV increasing in the process of motion compensation. And the
proportion of ground scene radiance in total radiance also becomes smaller. Just when observing nadir point (¢=0°)
the increase of SNR can reach the value by design. In order to make the detective capability of imaging

spectrometer to approach the increase value with MC, the tilt angle of the axis of IFOV is better no more than 30°.
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