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Abstract; A uniform collimated laser source, composed of the integrating sphere source and the off-axis

parabolic, is designed. The calibration process is analyzed theoretically, and Monte Carlo ray tracing

method is used to simulate and analyze the design model. The results show that when the calibration

source is composed of an 8cm diameter integral sphere, 10mm diameter exit port, and 1 000 mm focal

length, and an off-axis angle 60° parabolic mirror, the maximum divergence angle is 7. 5mrad and the uni-

formity of irradiance is 99. 31%. Finally, the uncertainty of radiometric calibration process is analyzed,

and the calibration accuracy of 0. 335% for imaging spectrometer can be achieved by using the radiation

calibration laser source.

Key words: transfer radiometer; radiometric calibration; laser source; uniformity

CLC number; TP 732 Document code: A

In recent years, global warming and earth ob-
servation with high resolution and extreme disaster
forecast have become a hot topic. Therefore it has
become more important to improve the accuracy of
earth remote sensing datal, High accurate calibra-
tion for hyper-spectral imaging spectrometer en-
sures the validity of the data. There are two on-or-
bit calibration methods at present. One is based on
standard source such as standard lamps'™® and the
other introduced the solar radiation into remote
sensors for calibration through a diffused reflection
(3

devicel %,

The error of on-orbit calibration using
the standard source method is about 5% ; therefore,
it is difficult to satisfy the demand for calibration
accuracy. In the 1990s, cryogenic radiometer was

developed successfully and reached an accuracy of

0. 01% — 0. 02%. At present, it has been widely
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used in ground calibration devices. For example,
the SIRCUS system has an accuracy of 0. 3%,
Therefore, the research trend of the radiometric
calibration is to use the cryogenic radiometer as the
first standard and the transfer radiometer as the
second standard. The cryogenic radiometer is a de-
vice for measuring total power, but the imaging
spectrometer measures spectral radiance. Thus, a
suitable monochromatic source is needed. There are
two main ways to obtain a monochromatic source:
one way is light splitting using as a monochroma-
tor'”, a filter and so on. However, these devices
will introduce some error sources in the process of
calibration. The other way is to use the monochro-
matic light source as the calibration light source.
For example, lasers® can be used as on-board cali-
bration source. There is also a high-precision cali-
bration method used in the ground, but because of
the limit of space environment, we need to design a
uniform collimated laser source’.

Standard transfer chain for radiometric calibra-

tion"" """ based on space cryogenic absolute radiom-
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eter is as follows: cryogenic absolute radiometer—
transfer  radiometer—diffusing  panel—imaging
spectrometer. In the above standard transfer chain,
the diffusing panel under solar radiation is the most
common radiation source for the detector-based im-
aging spectrometer calibration. The radiance of the
diffusing panel is calibrated by the transfer radiom-
eter, thus the imaging spectrometer’s responsivity
can be obtained by measuring the radiance of the
diffusing panel. The space environment, however,
is more complex. When the diffusing panel is ex-
posed in the cosmic environment, it will be serious-
ly affected by cosmic rays and particles''?’. For

example, the solar diffusing panel on the MODIS

satellite degraded by 20% 470 nm
[13]

at in 5

years In this paper, we introduce a calibration
chain design based on uniform collimated laser
source for Sl-traceable on-orbit spectral radiometric

calibration.

1 Radiometric Calibration

In order to meet the requirement of refined analysis
of earth remote sensing data, Changchun Institute of Op-
tics, Fine Mechanics and Physics, Chinese Academy of Sci~
ences(CIOMP) established the SF-traceable on-orbit calibra-
tion transfer chain based on uniform collimated laser
source,
1. 1 Standard transfer chain for radiometric cali-

bration
The standard transfer chain for radiometric calibra-
tion is shown in Fig. 1. This main transfer chain is divid-
ed into two parts. First, the space cryogenic radiometer
calibrates the transfer radiometer and measures the out-
put power of the laser, and then the transfer radiometer
measures the power. The power responsivity of the
transfer radiometer is calibration by the ratio of their out-
put signal (V). Second, the transfer radiometer calibrates
the imaging spectrometer. The output light of the laser is

converted from Gaussian beam to lambertian source and

then collimated by an off-axis parabolic mirror. The light
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from the off axis parabolic mirror is uniform collimated
monochromatic light, which is used to illuminate
the diffusing panel. The transfer radiometer and
hyper-spectral imaging spectrometer simultaneously

measure the radiance of the diffusing panel.

| Integrating sphere |

Space cryogenic absolute
radiometer

@Power standard
ﬂPower standard

| Transfer radiometer

Lambertianl

| Off-axis parabolic mirr0r|

Power

Irradiance

Solar diffuser plane |

Radiance standard
Radiance standard

Imaging spectrometer |

Fig. 1 Standard transfer chain for radiometric calibration
1L 2 Transfer radiometer

The Transfer radiometer which is shown in
Fig. 2 is composed of a integral sphere, a dual-aper-
ture field stop and a photoelectric measurement
module (PMM). The photoelectric measurement
module is mounted in front of one of the integral
sphere exit ports. It is composed of silicon and In-
GaAs trap detectors and a signal control circuit.
The transfer radiometer receives the light output
from the laser which its output power traced to the
cryogenic radiometer. The power responsivity of
the transfer is obtained.

N1 =RG$ R 4P D

where Ny is the measurement results of the trans-

fer radiometer, R is the effect of nonlinearity of

Dual-aperture
field stop

Intergral
sphere

Photoelectric
measurement
module (PMM)

Fig. 2 ISTR schematic of configuration and principle
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detector power responsivity accuracy, G is the
effect of gain of the transfer radiometer, 4. is the
chopper power measuring accuracy, Ry is the pow-
er responsivity of the transfer radiometer, @ is the
input spectral power.

The power-to-radiance conversion is completed

by a dual-aperture field stop™* '™ as
_ ndid;
R,O= 1612 Ry (D) 2)

where Ry (1) is the power responsivity of the
transfer radiometer, Ry (1) is the radiance respon-
sivity of the transfer radiometer, d, is the diameter
of the aperture close to the entrance port of the in-
tegral sphere, d, is the diameter of another aper-
ture and [/ is the distance between two aperture
stop.

The filter radiometer will be utilized to meas-
ure the spectral radiance emitted from SDP under
the uniform collimated laser radiation and is the
main task of the ISTR system operating on-orbit.
1. 3 Uniform collimated laser source

The radiometric calibration source system is
shown in Fig. 3. It consists mainly of an integral
sphere and an off-axis parabolic mirror. The in-
tegral sphere produces lambertian source and the
off-axis parabolic mirror is the key component
which is used to collimate light. L, represents
the radiance at the exit of the integral sphere, r,

is the exit radiance of the integral sphere, ¢ is the

off-axis angle, f is the focal length, pis the reflec-
tivity of the off-axis parabolic mirror and A, is the
area of the exit port.

YA

(2,9,2) |

receiver

da /L

Receiver

Off-axis ™. >
angle o ™,
Source

(2,9,2,)

ny

p

Fig. 3 Structure diagram of calibration laser source
According to the irradiance transfer theory,
the irradiance is calculated was

E:LSCOS 6 czos 0,dA, (3)

r

where E is the irradiance on the bin of the off-axis
parabolic mirror, » is the distance between the exit
port and the off-axis parabolic mirror, ¢, is the an-
gle between r and the normal of the exit port, 6, is
the angle between » and the normal of the off-axis
parabolic mirror. L, is the radiance of the exit port
and dA, is the bin on the exit port of integral
sphere.
According to the law of refection
Ex=E/cos 0, 4)
According to the vector algorithm, the above

variables are calculated as

cos §, =—T_— (y—y\.)si‘n o—(z—=z)cos ¢ ‘ ‘ (5)
irlin.| (x—z2)" +(y—y)+(z—2)° VO+sin’ gt cos’ ¢
cos 6y — —rn__ , —21'(1,—11')—Zy(y_\(—y)+4f/(z_\—z) . : )
irlin (=)' +(y—y)H (=2 V(—220)* +(—2y)"+ 4 )?
_ —nn, _ Af
€08 0 = T T—n,] 2 — %)
' Qx)*+@y*+(—4
_oL.cos Oicos 0y, oL,
ER r2 CcOs 63 dA‘ 4f i
[(y—y,)sin o— (x—xz)cos go][—ZI(xx—x)—Zy(y)—y)+4f(zA—z)]
H (=)t (y—y)  F(z—2)" dz.dy, (8

where (x,y,z2) is the coordinate of point on the
off-axis parabolic mirror, (x,,y,,2,) is the coordi-

nate of point on the exit port of integral sphere and

s is the incidence angle of receive plate.
Eq. (8) represents the irradiance of the diffu-

sing panel , which is an integral expression. We
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can see that the irradiance of the diffusing panel is
not uniform and is related to the diverging angle,

focal length and the size of the exit port. Its ana-

lytical solution is difficult to solute but the size of
the exit port is small compared to the focal length.

So Eq. (8) is simplified to

) at bo af+y°
(ysm ¢—<T—f) cos 90”721 2y +4f<f—T>-‘
E =0l f f 9)
R 4f ) ) 2 +y2 2.2
[1‘Z+y~+(7+f> }
4f
The numerical integration of Eq. (9) is carried - l4rp
)
out using MATLAB, with a focal length of ;iﬁ 120
1 000 mm and an off-axis angle of 60°. The output % é Lok
Y= .
irradiance map is shown in Fig. 4. o B 4l
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The irradiance is related to the focal length
. .. -40+
and the off-axis angle. The analysis is based on the
Monte-Carlo method. We simulate the irradiance 80 | ! \ |
-100 -50 0 50 100

at the exit port with optical software Light Tools.
The result is shown in Fig. 5a and Fig. 5b and ex-
plain the irradiance on the acceptance surface.

The uniformity of the calibration source can
cause acalibration uncertainty because of the mis-
match of the field of view between the transfer ra-
diometer and the imaging spectrometer. We ana-
lyze the uniformity of the irradiance on the receiv-
ing surface and a total of twenty million rays are
tracked by Light Tools. In order to quantitatively
analyze irradiance uniformity, we define irradiance

uniformity as

ENEE—

where E; is the irradiance of each cell on the ac-

2

(10)

cepted surface; E is the average of irradiance on
the accepted surface and n is the number of cells on
the accepted surface.

We choose a flat part in the middle as the cali-
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x/mm
(b) Irradiance distribution on the acceptance surface

Fig. 5

Irradiance on the acceptance surface

bration source which illuminates the diffusing pan-
el because edge irradiance changes greatly. The
maximum relative error at the range of —10 mm—
10 mm is 0. 86% ., the average relative error is
0. 41% the of
99. 31%. According to the requirements of the cal-

and uniformity irradiance is
ibration field of view, the field of imaging spec-
trometer is 1. 5 cm X 0. 4 cm rectangular and field of
the transfer radiometer is a circle with a radius of 1
cm. The uncertainty which is caused by uniformity
of irradiance on the diffuse plate is 0. 16 %.

coarn =0. 167 (1D
The above observation area data, referring to the
United States HIS satellite data, proposed design

indicators.
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Overall
Analysis

System  Uncertainty

The transfer radiometer and the imaging spec-
trometer simultaneously observe the diffusing pan-
el, and then the calibration of imaging spectrometer
is achieved. Firstly, the transfer radiometer meas-
ures the radiance of the diffusing plane, and the ra-
diance responsivity of the transfer radiometer has
been calibrated by the cryogenic radiometer. The
calibration process is expressed as

N1 =RGpy ¢ LSw a2z

In Eq. (12), Ny is the output signal (V) of

the transfer radiometer, R expresses the coeffi-

Tab. 1

cients of spatial uniformity and nonlinear re-
G

effect coefficient of different gain options for a

sponsivity of a transfer radiometer, is the
transmission radiometer, p, expresses the radi-
ance responsivity of transfer radiometer, ¢. is the
effect coefficient of the phase-locked amplifier sys-
tem of the transfer radiometer, L is the radiance
which is measured by the transfer radiometer, S is
the area of the field stop of the transfer radiometer
and w is the field of view of the transfer radiome-
ter. Uncertainty components contribution to the
radiance calibration of imaging spectrometer are

calculated™® in Tab. 1.

Uncertainty component contribution to the radiance calibration of imaging spectrometer

Uncertainty Combination

Source of uncertainty component representation

value uncertainty
The cryogenic radiometer measurement accuracy oy 0. 04%
Uncertainty of different gain for a transfer radiometer o 0. 05%
Uncertainty of spatial uniformity and nonlinear of responsivity of detector or 0. 07%
Stability of the power from laser diodes o1gp 0.03%
Phase-locked amplifier system of transfer radiometer accuracy o4 0.15%
Spectral power responsivity of transfer radiometer calibration accuracy oy 0.18%
Dual-aperture field stop area measurement accuracy 0d, .d, 0. 05%
Distance between two aperture apertures measurement accuracy o; 0. 03%
Power-to-radiance conversion 0.109%
Uncertainty of the radiance which is measured by the transfer radiometer o7y 0.295%

Therefore, the uncertainty of the radiance of
the diffuse plate is
o1 = /obean T ot =0. 335%
From the above analysis we can see that the
calibration accuracy of imaging spectrometer is
0. 335% and can be achieved by using the laser

source designed above.
3 Conclusions

This paper introduces the space-based spectral

radiation standard calibration transfer system
which consists of laser and transfer radiance in-
struments. The system can measure the spectral
radiance with the accuracy of 0. 335%.

Aiming to work as the new generation of on-
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orbit radiance reference standard, the ISTR sys-
tem innovatively adopts the combination of a cryo-
genic radiometer, a uniform collimated laser
source, and a transfer radiometer. The ISTR sys-
tem eventually achieves the Sl-traceable on-orbit
calibration of the spectral radiance based on the u-
niform collimated laser source through the appro-
priate design after careful consideration with ad-

There is

currently no such calibration transfer system. A-

vanced precise calibration technology.

long with the future research on the combination
of SDP and on-orbit cryogenic radiometer, the IS-
TR system will build the SI-traceable on-orbit cal-
ibration chain for remote sensors in the visible and

near infrared spectrum with high measurement ac-
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curacy.
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