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1 Introduction
Thepurpose of imaging spectroscopy is to acquire image and
spectrum information simultaneously. One of the instrument
systems that can achieve this aim is the spectrally agile staring
sensor (SASS). This concept was first introduced by Kollodge
et al.' in 1981. The schematic diagram of SASS is shown in
Fig. 1. The light from a target is focused on a 2-D array of
detectors by the optics, and a spectral filter is placed im-
mediately in front of the detectors. A series of monochromatic
images of the target can be acquired by tuning the passband
of the spectral filter. SASS has advantages such as simple
construction, high optic efficiency, etc. These advantages
give it potential for use in remote sensing.

Kollodge et al) and Babrov and Jacobs2 have given the
design results for when the target behaves as a classical point
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source. No research has been reported about the situation
where the target behaves as an area source, which is the most
common case in remote sensing. In this paper, we treat the
target as an area source and choose an acousto-optic tunable
filter (AOTF) as the spectral filter of the SASS system. The
SNR and overall performance analysis of the SASS system
consisting of an AOTF is given in Sec. 2. Next, the complete
SASS system setup we constructed is reported. By means of
this setup, the theoretical analysis is verified and the image
and spectrum information of a simulated target is acquired.

2 Performance Analysis of the SASS System
The spectral filter is one of the key parts of SASS; its type,
construction, and characteristics determine the system design
and performance. The AOTF is one of the prospective spec-
tral filters that can be used in the SASS system. It is an
electronically tuned optic filter that operates on the principle
of acousto-optic diffraction in an optically anisotropic me-
dium.3 The acoustic wave propagating in the acousto-optic
medium modulates the index of refraction of the medium
periodically, so the medium disperses light just as a phase
grating. The spectral transmission of an AOTF for incident
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Fig. 1 Schematic diagram of SASS.

parallel light has been derived by Harris and Wallace,4 and
is expressed as h(X, X, 13 r), where X is the central
wavelength of the AOTF passband; a and 3 are the polar
and azimuthal angles, respectively, of the deviation of in-
cident light from incident angles determined by momentum
match conditions; and r is the ratio of real acoustic power to
that needed for 100% diffraction efficiency. Also, h(X, X,
a, 3, r) is a function of the AOTF construction parameters.
When the wavelength Is. deviates from X or a and 3 deviate
from zero values, the value of h(X, X 13 r) decreases.
When h(X, X0, 13 r) reaches its first minimum, the cor-
responding deviation of X is defined as the passband width
(denoted by z Xe), and the corresponding deviations of a and
f3 aredefined as polar and azimuthal aperture angles (denoted
by and 3), respectively. Here, co and are some-
what different from those defined by Ref. 3 for the conve-
nience of normalized analysis of the AOTF transmission.

When an AOTF is used in a SASS system, the incident
light beam is a cone. Assume the intensity distribution of an
incident cone of light is uniform. Then, the spectral trans-
mission of the AOTF for the incident cone of light is

T(X, X, , r)=ffh(X xo, r) d d/
where Il is the solid angle of the cone of light, and the limits
ofintegration are set by the cone oflight. The light at different
wavelengths that is diffracted by the AOTF all reaches the
focal plane of the system, so the quantity corresponding to
the signal level is fT(X, Xo, r) dX. As the expression of
h(X, X, cx, 3, r) is sophisticated, it is impossible to integrate
T(X, X0, fI, r) over X analytically. To get an analytical expres-
sion for system design guidance, the AOTF performance
parameters X, ao and I3 are used to replace the construc-
tion parameters in h(X, X, a, 3, r). The function h(X, X0, a,
1, r) is simplified further by means of the normalized pa-
rameters (X —X0)/X0, a/a0, and 13/13g. The final result
obtained by numerical integration is5

JT(X X0, , r) dX=X0D(r)

zX=F(f/ao13o)zXo

where D(r) is the factor that is relevant to the acoustic power
in the acousto-optic medium whose curve obtained by nu-
merical integration is shown in Fig. 2, z X. is the passband
width of the AOTF for the incident cone of light, and F (1
/a0130) is the passband widening factor (i.e., zX/zX0) ob-
tained by numerical integration whose curve is shown in
Fig. 3. In fact, D(r) is the integration of the AOTF trans-
mittance over the normalized parameter (X —X0)/ X0. It
arises from the variation of diffraction efficiency with acous-
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Fig. 3 Function F(f/cio13o) by numerical integration.

tic power and reaches its maximum when r = 1 ; F(Wa0
13) arises from the variation of the diffraction wavelength
with the incident angle, and the numerical integration results
show that F (Wa0 13) ishardly relevant to parameter r, there-
fore, the parameter r is isolated from the solid angle 1 in
Eq. (2b). From the physical point of view, the transmission
of AOTF for the incident cone of light is the convolution of
that for the incident parallel of light over the solid angle, so
L X should equal the square root of the sum of z X squared
and the solid angle contribution squarpd, i.e., F (fl/a0 13)
shouldhave the form [1 +k(11/a013)2] /2 where k is a factor
that expresses the extent ofthe solid angle contribution. Thus,
F (Wa0 13) becomes a linear function approximately when
1/a0 13>> 1. Because the preceding analysis is based on the
normalized method, the result does not vary with the AOTF
construction parameters; it is universal.

When the target behaves as an area source, the relevant
radiometric quantity to describe the source is the spectral
radiance N (in units of W nm ' cm2 Sr ' ). The SNR
analysis discussed here is based on the SASS system with
detectors that are in direct contact with a mosaic of CCDs,
so the performance of the detectors can be described by the
spectral noise equivalent exposure NEEX (in units of J
cm 2) Assume the spectral radiance of the target N, the

(2a) spectral transmittance of the atmosphere Ta and the optics
T0x change slightly within the passband of AOTF. Then, the

(2b) SNR expression of the SASS system can be written as
follows:

(S/N)= xo, ' r) dX , (3)

where t, is the integrating time of the CCD. Equation (3)
shows that the SNR of the SASS system is determined by
the mission condition N0Ta, optics T0,fl, detectors
t/NEE0, and spectral filter [fT(X, X f, r) dX]. Using Eqs.
(2a) and 2(b), Eq. (3) can be rewritten as follows:

D(r)

o.cO:81.'2 r
Fig. 2 Function D(r) by numerical integration.

4 F(n/0fi0)

(1)
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(s\ ( 1
kN) X)t,
The parameters on the left side of Eq. (4) represent the signal
resolution S/N, wavelength resolution 1 /z X, and informa-
tion recording rate 1 It1, respectively. Multiplication of these
parameters represents the power of the system to obtain in-
formation and evaluates the overall performance of the sys-
tem.6 The right side of Eq. (4) is related to the mission con-
dition, optics, filter, and detectors. When these have been
determined, the three performance parameters on the left side
of Eq. (4) restrain each other; the enhancement of one per-
formance parameter must be at the expense of others. There-
fore, the way to enhance the overall performance of the sys-
tem is to choose the parameters on the right side of Eq. (4)
and maximize them. The corresponding methods are as
follows:

1 . enhance the transmittance of optics by design or
coating,

2. choose the 2-D array of detectors that have small
NEEX,

3. choose the AOTF that has high diffraction efficiency
(r is near 1),

4. enlarge the aperture of the optics (i.e., fI) [However,
when 1/ct0 >4,and ft/F (f/cx0 3) is near constant,
it is of no use to enlarge f further.]

5. choose the AOTF that has large aperture angles, which
makes F(fl/a030) smaller at the same

Ofcourse, these methods may be limited by materials, design,
and fabrication technology, so the overall performance of the
system can be enhanced only in an allowed range.

3 Experiments
The experimental setup of the complete SASS system con-
structed by us is shown in Fig. 4, and its schematic diagram
is shown in Fig. 5. The tuning range of the AOTF used in
the setup is 500 to 680 nm, the passband width of the AOTF
at the 580-nm wavelength is 3.5 nm for a parallel beam of
light, the pixel number of the Si-CCD used in the setup is

Fig. 5 Schematic diagram of the SASS experimental setup.

500(H) x 582(V), the pixel dimension is 17 m(H) X 13
pm(V), the dynamic range is 100:1, NEEX is about 0.1 nJ
cm 2 and the integrating time is 40 ms. The performance
measurement results of the setup show that the image reso-
lution is 4.2 lp/mrad, which is mainly limited by CCD pixel
distance; the passband width at 580 nm is 3.8 nm, which is
determined by the AOTF passband width and the solid angle
of the incident cone of light; and the dynamic range of the
setup is 50: 1, which is due to the small dynamic range of the
Si-CCD and the stray light introduced by interface reflection.

3.1 Verification of Theoretical Analysis

By means of the experimental setup constructed by us, the
SNR expression obtained by theoretical analysis is verified.
The diffraction efficiency of the AOTF varies with the light
incident position because of the attenuation of acoustic wave
propagating. The diffraction efficiency of the AOTF at four
distances along the path of acoustic propagation was mea-
sured in the experiment and found to be 80, 79, 64, and 42%
at the 580-nm wavelength. The source is a white plate ma-
diated by a standard lamp and its spectral radiance at the
580-nm wavelength is 2.94 xW/(nm cm2 Sr), where
ci= 0.02124 Sr, Tox = 0.45, and TaX By means of these
quantities and Eq. (4), the SNR values for the four distances
are calculated; they are listed in Table 1 .The measured SNR
values are also listed in Table 1 and are obtained by 3 1 re-
peated measurements of the monochromatic image at the
580-nm channel. The relative error between the theoretical
calculation and the experiment is in the range of 7 to 17%.
One of the reasons for this error is the diffraction efficiency
measurement error, which is about 4%. But the main reason
is the noise measurement error; because of the randomness
of noise, its measurement nonrepeatability in our experiment
is as high as 20%. In addition, the parameter NEEX used in
the theoretical calculation, which is given by device instruc-
tion, may vary with different devices.

Equations (2a) and (2b) are also verified by experiment.
The central wavelength of the test channel is 580 nm. With
f1/c 13 varying from 0 to 2.5, the relative error between the
theoretical calculations and the experimental results is 5%.

Table 1 Comparison between calculated and measured SNR.

Diffraction efficiency 80% 79% 64% 42%

Calculated SNR 31. 3 30. 7 25. 0 15. 1

Measured SNR 37.5 36.6 27. 6 14. 1
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Fig. 4 Experimental setup of the complete SASS system.
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3.2 Acquisition of Image and Spectrum In formation
To demonstrate the ability of the SASS experimental setup
to obtain image and spectrum information, a red filter placed
on the open hole of an integrating sphere is used as a source.
The filter transmission measured by the SASS experimental
setup is shown in Fig. 6(a). The measurement results from a
Shimadzu UV 210 spectrophotometer are shown in Fig. 6(b)
for comparison. It can be seen from Fig. 6 that the wavelength
calibration of the SASS experimental setup is accurate; the
difference is that the curve in Fig. 6(a) is about 5%higher
than the curve in Fig. 6(b) in the shorter wavelength range,
which is due to the stray light introduced by interface re-
flection. Another difference is that the curve measured by the
SASS experimental setup fluctuates because of the low SNR
of the system.

A slide is used to replace the red filter as a simulated
target. It consisted of a red flower with a yellow center and
a number of light green leaves. Figure 7 shows a series of
monochromatic images of the simulated target obtained from
the SASS experimental setup. The wavelength changes from
555 to 665 nm in steps of 10 nm. It can be seen from Fig. 7
that the leaves are brighter than the flower at shorter wave-
lengths. As the wavelength becomes longer, the leaves be-
come dimmer, and the flower becomes brighter. The center
of the flower maintains brightness at all wavelengths. Once
the image data at different wavelengths have been recorded,
the spectrum information of each pixel can be extracted easily
by computer.

4 Conclusions
Theexpressions of SNR and overall performance ofthe SASS
system have been given by theoretical analysis. The methods
to enhance the system performance have been discussed.
These results provide guidance for the SASS system design.
The experimental setup of the complete SASS system has
been constructed. By means of this setup, the theoretical
analysis has been verified and accordance error is about 10%.
The experiments show that the SASS system consisting of
an AOTF is able to obtain both image and spectrum infor-
mation of the target. The disadvantages of the current setup
include small dynamic range and narrow spectral tuning
range. If the AOTF used in the setup is coated with antire-
flection film and some stops are set in the setup, the stray
light in the SASS system will be decreased by one order of
magnitude and the dynamic range of the system will be in-
creased to 60: 1 . Furthermore, if a 2-D array of detectors
whose dynamic range is 500: 1 is used in the SASS system,
the dynamic range of the system will be increased to about
300: 1. The tuning range of the setup is limited by the AOTF
at present. The narrow tuning range of the AOTF is due to
impedance mismatching between the AOTF and its driver,
and it can be widened to one octave by the matching circuit.
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