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In order to satisfy the requirement of SI-traceable on-orbit absolute radiation calibration transfer with high accuracy
for satellite remote sensors, a transfer chain consisting of a fiber coupling monochromator (FBM) and an integrating sphere
transfer radiometer (ISTR) was designed in this paper. Depending on the Sun, this chain based on detectors provides precise
spectral radiometric calibration and measurement to spectrometers in the reflective solar band (RSB) covering 300–2500 nm
with a spectral bandwidth of 0.5–6 nm. It shortens the traditional chain based on lamp source and reduces the calibration
uncertainty from 5% to 0.5% by using the cryogenic radiometer in space as a radiometric benchmark and trap detectors
as secondary standard. This paper also gives a detailed uncertainty budget with reasonable distribution of each impact
factor, including the weak spectral signal measurement with uncertainty of 0.28%. According to the peculiar design and
comprehensive uncertainty analysis, it illustrates that the spectral radiance measurement uncertainty of the ISTR system
can reach to 0.48%. The result satisfies the requirements of SI-traceable on-orbit calibration and has wider significance for
expanding the application of the remote sensing data with high-quality.

Keywords: SI-traceable calibration, on-orbit high-accuracy transfer chain, integrating sphere transfer ra-
diometer, uncertainty analysis
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1. Introduction

In recent years, global warming and earth observation
with high resolution and extreme disaster forecast have be-
come a hot topic, therefore the demand of high-quality re-
mote sensing data traced to unified radiation standard is be-
coming more and more urgent.[1] The radiometric calibration
accuracy directly determines the use value of the remote sens-
ing data. So far, two methods have been proposed for on-
orbit spectral radiometric calibration. One introduced the so-
lar radiation into remote sensors for calibration through a dif-
fused reflection device.[2,3]For example, the RSBs of MODIS
(moderate-resolution imaging spectroradiometer) instrument
on the Aqua satellite were calibrated by SD/SDSM (solar dif-
fuser and solar diffuser stability monitor) system.[4] The other
set standard radiation sources (halogen tungsten lamp, black-
body source, etc.) on the payload for sensor calibration,[5]

such as the SOLSPEC (SOLarSPECtrum) instrument in the
SOLAR payload.[6] Due to many factors affecting the atten-
uation of the sensor-response in the space, the uncertainty
and stability of above calibration methods are not satisfactory.
However, there is no united SI-traceable radiometric bench-
mark for on-orbit radiation calibration currently, thus the de-
viation of spectral radiance calibration between different plat-

forms can sometimes be as large as 10%,[7] which eventually
results in a great waste for data resources. Therefore, estab-
lishing an on-orbit calibration transfer chain for SI-traceable
benchmark with high-accuracy has become a future research
direction of on-orbit radiometric calibration.

The uncertainty level of the current on-orbit radiometric
calibration method is about 10−2 scale.[8] MODIS, whose on-
orbit performance is about 2%–4%,[4] is generally accepted as
the on-orbit reference standard. In contrast, the uncertainty
of SOLSPEC on-orbit calibration is about 4%.[6] However, to
meet the demands of meteorological research, the on-orbit cal-
ibration accuracy needs to be 10−3 scale,[9]which has a large
gap with the current calibration method. To solve the problem
above, a new radiometric calibration transfer technology based
on a cryogenic radiometer was proposed and the feasibility of
this transfer chain was demonstrated in this paper.

CIOMP (Changchun Institute of Optics, Fine Mechan-
ics and Physics, Chinese Academy of Sciences) is working
on developing a calibration transfer system that uses a cryo-
genic radiometer as the space-based spectral radiation bench-
mark and uses the Sun as the calibration source. This sys-
tem is composed of an FBM (fiber coupling monochromator)
and an ISTR (integrating sphere transfer radiometer). FBM
is used to accomplish absolute calibration of monochromatic
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light power and ISTR is used to measure the spectral char-
acteristics of SDP (solar diffuser plate). This transfer system
(ISTR system) ultimately achieves the absolute spectral radia-
tion calibration transfer from on-orbit radiance reference stan-
dard to optical payloads with a breakthrough in the uncertainty
of 0.5%. The ISTR system aims to establish a formula of con-
trolling data quality and data accuracy to standardize satellite
sensors calibration. This formula can ensure that all of the di-
rectly acquired data and active data products are able to trace
to SI truly and effectively. Then it can eventually achieve the
systematization, normalization, and standardization of radio-
metric calibration with high accuracy for remote sensors.

The purpose of this paper is to provide an overview of the
operating principle for the SI-traceable ISTR system and an
uncertainty budget to evaluate its calibration performance. An
overview of the transfer chain design will be presented in Sec-
tion 2. Section 3 will provide a comprehensive and reasonable
uncertainty analysis for the whole system. The summary and
prospects are set out in Section 4.

2. ISTR system for spectral radiance calibration
2.1. Integral structure of ISTR system

In the purposes of establishing the SI-traceable on-orbit
calibration transfer chain based on spectral radiation standard
for satellite remote sensors, CIOMP consults some mature
technology for transfer radiometers used in other metrol-
ogy research institutions, such as SXR (sea WiFS trans-
fer radiometer)[10,11] designed by NASA, and PTR (polarize
transfer radiometer) designed by ESA.[12] CIOMP developed
an ISTR system with an innovative transfer technology that
is suitable for the absolute radiometric calibration taking the
Sun as an invariable source.[13] The ISTR system takes ISTR
as the core equipment and it integrates the functions of inte-
gral sphere light source and spectral standard calibration trans-
fer. It also achieves the conversion from cryogenic radiometer
benchmark to radiance standard with the assistance of FBM,
and it realizes the goal of calibrating and measuring other on-
orbit remote sensors. The components of the system are shown
in Fig. 1.

Sun

FBM

fiber

cryogenic
radiometer
on orbit

ISTR

guide rail

Fig. 1. (color online) Schematic diagram of the SI-traceable calibration
and traceability chain of the ISTR system.

spectral radiance 
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solar spectral 
radiation
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ISTR
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standard convert

Sun light

white arrow represents calibration  

standard transfer process

Fig. 2. (color online) Traceability chain for SI-traceable on-orbit cali-
bration.

ISTR is composed of three components, an integral
sphere shell with a dual-aperture field stop, a filter radiome-
ter (FR), and a photoelectric measurement module (PMM).
Therefore, it can work as a secondary standard[14] or a fil-
ter spectral radiance working standard. ISTR can achieve the
traceability from trap detectors to the SI-traceable cryogenic
radiometer benchmark through using FBM output narrow-
band monochromatic light whose power is calibrated by the
cryogenic on-orbit radiometer.[15] ISTR can also complete the
inner calibration for filter radiometer. Coupling with the dual-
aperture field stop, it can implement the conversion between
power and radiance. Through this conversion, ISTR can ac-
complish the calibration standard transferring from the above
reference standard to payloads such as imaging spectrometers.
The whole process is shown in Fig. 2. In the following parts of
this paper, the structure, parameters, and implementation pro-
cess for every component of the ISTR system are introduced
in detail.

2.2. Fiber coupling monochromator

The function of the FBM in the ISTR system is outputting
monochromatic light whose power is calibrated by a cryogenic
radiometer through moving the bended fiber on the rail. It
can transfer the power benchmark to ISTR to achieve the ra-
diance standard calibration by FBM. The transfer accuracy is
mainly limited by the low power level of the monochromatic
light when using sunlight as the spectral on-orbit radiometric
calibration source. Currently, most monochromators adopt the
light dispersing methods of grating or interferometry, which
can obtain high-quality monochromatic light with an accu-
rate central wavelength and an extremely narrow bandwidth.[6]

However, in consideration of the limitation of the minimum
detectable power of the cryogenic radiometer and the mea-
surement accuracy of 0.5%, the output power of FBM should
be larger than 1 µW. Meanwhile, the output power scales be-
tween FBM and SDP should be as similar as possible for im-
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proving the measurement accuracy of the radiance reflected by
SDP. Therefore, FBM uses the double-grating type, which is
suitable for an on-orbit ISTR system, to get monochromatic
light with an accurate central wavelength and a narrow band-
width but lower power. To increase the output power, it adopts
gratings with high efficiency, parabolic mirrors with high re-
flectance, and fibers with high coupling efficiency.

FBM is composed of three parts, a pre-convergent
parabolic mirror used to collect the incident solar light, the
double-grating monochromator for light dispersing, and a fiber
system to export the monochromatic light. The monochro-
mator adopts four off-axis parabolic mirrors and two gratings,
the optical configuration is central symmetry about the cen-
tral slit, as shown in Fig. 3. It has three channels with the
same optical path but different gratings to cover the range of
320–640 nm, 640–1250 nm, and 1250–2500 nm with corre-
sponding resolution of 1 nm, 2 nm, and 6 nm, respectively.
The pre-convergent off-axis parabolic mirror uses Schott Ze-
rodur as a base with the surface coating AlSiO. The core di-
ameter and outer diameter of the optical fiber are 550 µm and
600 µm, respectively. The fiber length is 1 m and the fiber
numerical aperture is NA = 0.22. FBM is characterized by a
narrow bandwidth with high system transmittance and satis-
fies the demand of minimum light power larger than 1 µW for
the high-accuracy measurement.

pre convergent
parabolic
mirror

double

grating

monoch
romater

Fig. 3. (color online) Schematic diagram of double-grating fiber
monochromator.

Considering the solar light is not ideally collimated (with
a divergence angle of 0.5◦), the pre-convergent mirror is de-
signed to image at the entrance of the monochromator and fill
the slit, then we can obtain

Φ(λ )enter = E(λ )Sun
π

4
D2 = Eslit

π

4
l2, (1)

DAiry = 2.44
λ

D
fpre < 0.02 mm, (2)

where Φ(λ )enter is the spectral power entered into FBM,
E(λ )Sun is the incident sunlight spectral irradiance at the cen-
tral wavelength λ . Through diameter D and focus fpre of the

pre-convergent parabolic mirror, we can know that the first
Airy diameter DAiry is lower than 0.02 mm which is narrower
than the slit width w = 0.2 mm at the wavelength range from
300 nm to 2500 nm, l = 4 mm is the slit length. Thus diffrac-
tion effects can be ignored and we obtain

Φout =
∫

∆λ

E(λ )Sun
D2w

l
(τrm

ρ
2
τc1τc2)dλ , (3)

where Φout represents the spectral output power of FBM at
the central wavelength λ with the bandwidth ∆λ , r is the re-
flectance of the m parabolic mirrors in FBM, ρ is the diffrac-
tion efficiency of the two gratings, τc1 is the fiber coupling
efficiency,[16] τc2 is the fiber transmittance, and τ is the trans-
mittance of the convergent system.

Table 1. Parameters of typical channels.

Channel
Central wavelength/ Bandwidth/

Φout/µW
Eλ /

nm nm W·m−2·nm−1

1 300 1±0.1 1.561 0.351
2 345 1±0.1 3.744 0.746
3 390 1±0.1 7.679 1.530
4 430 1±0.1 9.285 1.850
5 460 1±0.1 9.968 1.986
6 480 1±0.1 10.54 2.100
7 520 1±0.1 9.651 1.923
8 600 1±0.1 8.873 1.768
9 700 2±0.2 13.57 1.402
10 850 2±0.2 10.28 1.025
11 1000 2±0.2 7.408 0.738
12 1300 6±1 12.55 0.417
13 1600 6±1 7.649 0.254
14 2050 6±1 3.342 0.111
15 2400 6±1 1.897 0.063

The spectral irradiance of the Sun distributes irregularly
in the range of 0.3–2.5 µm, E(λ )Sun at 15 typical central wave-
lengths of the monochromator as shown in Table 1, where the
minimum incident spectral power of the Sun in the range of
0.3–1.1 µm is E300 = 0.351 W·m−2·nm−1 and in the range
of 1.0–2.5 µm is E2500 = 0.052 W·m−2·nm−1. Synthesiz-
ing the properties of every channel component in FBM, the
values of the parameters in Eq. (3) are as follows: m = 4,
r = 0.9, τ = 0.9, ρ=0.2, τc1 = 0.5, τc2 = 0.85, ∆λ = 1–6 nm,
D = 100 mm. Then, Φout is in the range of 1.5–13.5 µW
as shown in Fig. 4. The output power of channel 1 (central
wavelength is 300 nm) is minimum but still more than 1 µW,
which satisfies the measuring dynamic range (1 µW–1 mW) of
the high-responsivity cavity in the cryogenic radiometer under
50 K temperature. It can ensure the uncertainty of the FBM
output power less than 0.08%.
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Fig. 4. FBM output spectral radiant power at different central wave-
lengths λ with bandwidth ∆λ .

2.3. Integral sphere transfer radiometer

ISTR receives the monochromatic light output from FBM
and then the power primary standard traced to cryogenic ra-
diometer is converted to radiance working standard by using a
dual-aperture field stop. Relying on the Lambertian property
of the integral sphere, the uniform output radiance of ISTR is

Lsphere =
Φout

πAs

ρ

1−ρ(1− f )
, (4)

where Φout is the FBM output light power and As is the entire
sphere inner surface with reflectance ρ . The port fraction f is
given by

f = (Ai +Ae)/As, (5)

where Ai is the sphere input port area and Ae is the sum area
of all exits. To acquire the steady output condition of smaller
reflection numbers for better special uniformity, lower ρ and
larger f are necessary. Considering the requirement of the
export light power and the spatial uniformity of ISTR,[17] a
larger sphere diameter with smaller port fraction will improve
the radiance spatial uniformity performance. Therefore, ISTR
diameter D > 50 mm, the requirement for all the channels is
ρ > 0.94, f < 0.05.

Combining the above analysis of the parameters with the
actual limitation of the payload in space, the final design of
ISTR adopts the sphere diameter of 80 mm with the input port
diameter of 10 mm. A field stop composed of two precision
apertures is used as a power-to-radiance standard converter in
front of the input port when the light fills the field stop. The
two apertures are 20 mm apart with diameters of 16 mm and
10 mm respectively. The equation of the standard conversion
process is

φi(λ ) = NS(λ )π

(
d1

2l

)2
πd2

2
4

=
π2d2

1d2
2

16l2 NS(λ ), (6)

where φi(λ ) is the received spectral power of the input port at
the wavelength λ , and NS(λ ) is the radiance of the source un-
der test. The diameter of the aperture in the field stop near the

light source is d1 = 16 mm, the other one close to the input port
is d2 = 10 mm, and the distance between them is l = 20 mm.
According to Eq. (6), the spectral radiance responsivity to the
source under test is RSN(λ ) which can be expressed by the
spectral power responsivity RSφ (λ ) as follows:

RSN(λ ) =
π2d2

1d2
2

16l2 RSφ (λ ), (7)

where RSφ (λ ) can be calibrated by the FBM output monochro-
matic light power which has been calibrated. To achieve the
transfer from power benchmark to radiance standard with high
accuracy, the area precision of each aperture needs to meet the
demand of 0.03%.

ISTR has two exit ports with the same diameters of 6 mm,
which are connected with an FR and a PMM, respectively. For
improving the spatial uniformity of the output radiance, a baf-
fle is mounted between the incident plane and the exit ports.
The baffle can prevent the first reflected light outputting from
ISTR directly and increase the reflection number of the inci-
dent light in ISTR. The inner surface of ISTR is coated with
Spectralon@ material and its reflectance is greater than 0.99 in
the range of 400–1500 nm and greater than 0.95 in the range
of 250–2500 nm. The schematic of the ISTR configuration is
shown in Fig. 5.

dual aperture

field stop

ISTR system

filter
radiometer

(FR)

baffle

photoelectric
measurement

module (PMM)

integral
sphere

Fig. 5. (color online) ISTR schematic of configuration and principle.

2.4. Photoelectric measurement module

PMM is mounted in front of one of the integral sphere
exit ports, it is composed of Silicon and InGaAs trap detec-
tors and a signal control circuit.[18] Going through the inte-
grating sphere, the FBM output spectral power turns to a uni-
form weak radiance signal. Then, the trap detector receives
it and works as a secondary standard traced to the cryogenic
radiometer primary power standard to calibrate the FR. The
incident spectral power exported from the integral sphere into
the trap detector is φdet(λ ),

φdet(λ ) = Edet(λ )Adet = αLsphere(λ )Adet,

α = 2π(1− cosω), (8)
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where Edet(λ ) is the spectral irradiance incident on a trap de-
tector whose active area Adet = 2.0 mm×2.4 mm. 2ω = 10◦ is
the field of view from detector to the exit port, α is the corre-
sponding solid angle, and Lsphere(λ ) is the export radiance of
the integral sphere. As the optical fiber diameter is 3 mm and
NA = 0.22, FBM output light can propagate completely into
ISTR. Combining ISTR’s relative parameters with Eqs. (3)–
(5), and (8), we can obtain the value of φdet(λ ) ranging from
0.3 nw to 2.6 nw corresponding to the wavelength of 300–
2500 nm. Since the calibration uncertainty of the ISTR sys-
tem is 0.3%, the noise equivalent power of the detector needs
to be lower than 10−13 W scale. While, the noise power Pn

(condition of B = 1000 Hz) is given as

Pn = NEP
√

B = 4×10−14×
√

1000 = 1.2×10−12 W. (9)

The weak radiation signal is easy to be submerged in the
noise if received by PMM directly, especially in the near in-
frared spectrum of 1200–2500 nm. Because the primary mis-
sion of on-orbit ISTR is to measure the radiance reflected by
SDP with high precision, it needs to keep the power used to
calibrate the detector similar to the power measured by the
detector. The spectral power entering ISTR directly from
SDP will be only 10−10 W scale due to the lack of concen-
trating light like FBM, thus, we cannot simply enhance the
output power of FBM to solve the signal measuring problem
above.[19] A light modulating system (for both PMM and FR)
should be introduced to make the spectral radiance measure-
ment accuracy 0.3%.

light 

modulator

trap 

detector

pre
amplifier 

light

frequency 

generator

incident light

reference 

signal

frequency 

modulating

digital phase sensitive

detection technique  

Fig. 6. Schematic diagram of photoelectric measurement in theory.

The light modulator locates in front of PPM and carries
out high-accuracy electronic measurement with digital phase-
sensitive detection technique, the whole control principle is
shown in Fig. 6. With this additional measuring system, B
in Eq. (9) reduces to 0.1 Hz and Pn depresses to 10−14 W
scale. Comparing with the 10−10-W incident spectral power
into PMM from FBM or SDP, it brings only 10−4 scale to
the measurement uncertainty. Because the maximum spectral
power φdet(λ ) is about 10−9 W scale, it allows the ISTR sys-
tem to have a dynamic range of 105. While the light modulator

system has frequency drift caused by the rotational error of the
chopper wheel, it will make a minor change to the light power
incident on PMM. This change is the major uncertainty source
of this measuring system and it is analyzed in detail as fol-
lows.

The input signal is shaped to be a rectangular wave
through the SR830 with a high fidelity sine wave as the refer-
ence signal. Then, the synthetic source does phase lock based
on the reference signal, which is

R(t) =Vr cos(ω0 +∆ω)t, (10)

where R(t) is the synthetic reference signal with the modula-
tion frequency ω0, and ∆ω is the frequency drift caused by the
rotational error of the chopper wheel, and VS is the amplitude
of the reference signal.

This measuring method modulates the input optical signal
with the chopper’s frequency and make it able to be expressed
in the following rectangular wave:

X(t) =
4Vs

π

∞

∑
n=1

(−1)n+1

2n−1
cos[(2n−1)ω0t+θ ], (11)

where Vs is the amplitude of the input optical signal, ω0 is
the modulation frequency, and θ is the equivalent phase corre-
sponding to the input light position. Multiplying X(t) with the
reference signal R(t), we obtain

Uout = X(t)R(t)

=
2VsVr

π

∞

∑
n=1

(−1)n+1

2n−1
cos [(2n−2)ω0t−∆ωt +θ ]

+
2VsVr

π

∞

∑
n=1

(−1)n+1

2n−1
cos(2nω0t +∆ωt +θ), (12)

where Uout is the multiplier output. When Uout passes through
the low-pass filter, the sum-frequency parts of the first item
and the difference frequency parts with n > 1 of the second
item in Eq. (12) are all filtered out. Therefore, the final output
signal is

U ′out(t)=
2VsVr

π
cos(∆ωt−θ). (13)

In practice, the value of phase θ is constant, the measur-
ing accuracy of U ′out(t) is mainly affected by the frequency
drift ∆ω and phase-locked amplifier time t. Because ∆ω and t
are both small amounts, the measuring relative uncertainty of
U ′out(t) can be approximated as

δU = 1− 1
∆t

∫
∆t

0
cos(∆ωt)dt. (14)

For the light modulator system above, the light chopper
selects a three-hole cutting disc and the frequency is set to be
100 Hz with peak-to-peak phase accuracy of 0.1%. It means
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that there is a 0.2π-phase error generated per second. Depend-
ing on the 0.2-s amplifier time, the relative uncertainty δU cal-
culated from Eq. (14) is 0.26%. Combined with the 10−4 scale
uncertainty introduced by the noise signal of the detector itself,
the whole measuring uncertainty of the PMM with the digital
phase-sensitive detection technique is about 0.28%.

2.5. Filter radiometer

The filter radiometer will be utilized to measure the spec-
tral radiance emitted from SDP in space and is the main task
of the ISTR system operating on-orbit. Through measuring a
series of spectral power at different central wavelengths with a
narrow bandwidth by FR, the curve of the relative spectral re-
sponse function (SRF) can be calculated by a smooth interpo-
lation fitting method.[20] According to the predictability of rel-
ative spectral responsivity, the calibration for the whole solar
reflective spectrum could be accomplished. FR is connected
with the other exit port of the integral sphere and receives the
uniform output radiance. FR finally selects 15 spectral chan-
nels with interference filters of OptoSigma-VPF series, cov-
ering 300–1000 nm, 1000–1600 nm, and 1600–2500 nm with
corresponding spectral resolution of 3 nm, 5 nm, and 10 nm in
sequence. FR uses the same Silicon trap detector with PMM
for the 11 spectral channels covering 300–1100 nm spectrum
under 300 K working temperature, and the same InGaAs trap
detector for the channels over 1100–2500 nm under cryogenic
environment of 240 K controlled by the mechanical refrigera-
tor. The distribution of these 15 channels is determined upon
the smoothness and complexity of the SRF curve of the Sun
(shown in Fig. 4). The spectral radiance responsivity of ev-
ery channel is calibrated by the secondary standard PMM. The
calibration process is expressed as follows:

SsFBM(∆λ ,λ0) =
∫

∆λ

Rsφ (λ )φFBM(λ )dλ

∼= Rsφ (∆λ ,λ0)
∫

∆λ

φFBM(λ )dλ , (15)

where the value of
∫

∆λ

φFBM(λ )dλ is calibrated by cryo-

genic radiometer and represented as φFBM(λ0) below.
SsFBM(∆λ ,λ0) is the output signal (unit: V) of the PMM re-
sponse to the spectral channel at wavelength λ0 with band-
width ∆λ , Rsφ (∆λ ,λ0) is the average responsivity to the spec-
tral power of the (λ0, ∆λ ) channel by the chain consisted
of the integral sphere and PMM. As ∆λ is small for FBM,
Rsφ (∆λ ,λ0) can be represented approximately by Rsφ (λ0) and
the traceable result is

Rsφ (λ0) = SsFBM(∆λ ,λ0)/φFBM(λ0). (16)

During the shutdown period of cryogenic radiometer, the pro-
cess of using PMM to calibrate FR is

Ssi(∆λ ,λ0) = Rsφ (λ0)φi(λ0), (17)

Sfi(∆λ ,λ0) = Rfφ (λ0)φi(λ0). (18)

In Eq. (15), φi(λ0) represents the output spectral power of
FBM (λ0, ∆λ ) channel uncalibrated by a cryogenic radiome-
ter, Ssi(∆λ ,λ0) is the output signal (V ) of the secondary stan-
dard trap detector in PPM response to φi(λ0). In Eq. (18),
Sfi(∆λ ,λ0) represents the output signal (V ) of FR response to
φi(λ0), and Rfφ (λ0) is the average responsivity of the chain
composed of the integral sphere and FR to the spectral power
of the (λ0, ∆λ ) channel. Since the two exit ports of the inte-
gral sphere are positional symmetric to the incident plane with
the same diameter of 6 mm, Rfφ (λ0) just has one more influ-
encing factor introduced by the filters than Rsφ (λ0). However,
the bandwidth of FBM is narrower than that of the FR, hence
in the calibration process, just the transmission of the filters
contributes to the result of calibration, which means that the
effect introduced is linear. Therefore, the power response co-
efficient of the FR can be obtained by Rsφ (λ ) calibrated by the
SI-traceable φFBM(λ ).

Rfφ (λ0) =
Sfi(λ0)Rsφ (λ0)

Ssi(λ0)
. (19)

Combining Eq. (17) with Eq. (7), we can obtain the converted
radiance response coefficient

RfN(λ0) =
π2d2

1d2
2

16l2 Rfφ (λ0). (20)

As the stability of the detectors in the cryogenic environ-
ment is extremely high and the precision of the uniformity of
the integral sphere output radiance can be 0.1%, the accuracy
of the radiometric standard transfer can reach to the level of
0.3% in the traceability calibration process above. The FR will
measure the spectral radiance emitted from the SDP through
the digital phase sensitive detection technology described in
Section 2.4. The main parameters and technical indicators of
the whole system are summarized in Table 2.

Table 2. Specifications of ISTR system.

Characteristic indicator Design parameter
working temperature 300 K and 240 K
dynamic range 105

integral sphere diameter 80 mm
input port diameter 10 mm
exit port diameter 6 mm
dual-aperture field stop 10 mm and 16 mm
diffuse reflection material Spectralon@

FBM channel bandwidth 1–2 nm
(λ < 1300 nm),
5–10 nm (λ > 1300 nm);

entrance pupil detector 100 mm
Si and InGaAs detector

effective area 2.0 mm×2.4 mm
spectrum range 300–2500 nm
filters OptoSigma VPF
spectral channel numbers 15
total measurement uncertainty 0.48%
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3. Overall system uncertainty analysis
The whole process of the radiometric standard calibration

transfer through the ISTR system is as follows. Firstly, the
cryogenic radiometer was utilized to calibrate the output spec-
tral power of FBM, and then the well-calibrated FBM was ap-
plied to calibrate the spectral power responsivity of the PMM,
which is used as the secondary standard to calibrate the spec-
tral power responsivity of the FR. Subsequently, achieving the
conversion from power standard to radiance standard through
the dual-aperture field stop, and finally completing transfer-
ring the radiance standard to other satellite remote payloads
through the measurement of the spectral radiance emitted from
SDP, it can realize the SI-traceable on-orbit radiometric stan-
dard calibration transfer with the whole united uncertainty of
0.5% and accomplish the mission of making ISTR as the on-
orbit radiance reference standard for all the satellite optical
payloads. In order to evaluate the measurement uncertainty,
an accurate measurement equation to express the whole pro-
cess using the ISTR system above, refer to Eqs. (1)–(8) and
(15)–(20), is summarized as follows:

Sdet(∆λ ,λ0)

=
∫

∆λ

RN(λ )NS(λ )dλ

=
∫

∆λ

(
π2d2

1d2
2

16l2 Rφ (λ )

)(
16l2

π2d2
1d2

2
φi(λ )

)
dλ

=
∫

∆λ

Rφ (λ )φi(λ )dλ ∼= Rφ (λ0)φi(λ0)

= Rdet(λ0)G(λ0)τ(λ0)φdet(λ0)

= Rdet(λ0)G(λ0)τ(λ0)αLsphere(λ )Adet

=
2π(1− cosω)ρAdet

πAs(1−ρ(1− f ))
Rdet(λ0)G(λ0)τ(λ0)φi(λ0), (21)

where Rdet(λ0) represents the response of the detector to the
spectral power, G(λ0) is the effect coefficient of the mea-
surement circuit influence on the photoelectric signal, τ(λ0)

is the spectral transmission function of the whole system,
and the other parameters have been explained in the previous
equations. With Sdet(∆λ ,λ0) = SsFBM(∆λ ,λ0) and φi(λ ) =

φFBM(λ ), equation (21) represents the process of using a cryo-
genic radiometer to calibrate the spectral power responsivity
of secondary standard PPM. The process of using the well-
calibrated Rsφ (λ0) to calibrate Rfφ (λ0) of FR is expressed as

Rfφ (λ0) =
Sfi(λ0)Rsφ (λ0)

Ssi(λ0)
=

Sfi(λ0)SsFBM(∆λ ,λ0)

Ssi(λ0)φFBM(λ0)
, (22)

RfN(λ ) =
π2d2

1d2
2

16l2 Rfφ (λ0). (23)

Table 3. Uncertainty component contribution to the radiance calibration and measurement of the whole ISTR system.

Source of uncertainty component representation Uncertainty value Combined uncertainty
ISTR radiance measurement accuracy NSDP(λ0) 0.48%
power-to-radiance conversion accuracy 0.04%
dual-aperture field stop area measurement accuracy (d1,d2) 0.03%
distance between apertures accuracy (l) 0.02%
FR’s power responsivity calibration accuracy Rfφ (λ0) 0.36%
secondary standard power responsivity calibration accuracy Rsφ (λ0) 0.13%
primary standard power measurement accuracy 0.04%
secondary standard power measurement accuracy SsFBM(λ0) 0.12%
secondary standard power measurement accuracy Ssi(λ0) 0.12%
FR’s power measurement accuracy Sfi(λ0) 0.31%
FR’s power measurement accuracy SfSDP(λ0) 0.31%
secondary standard power measurement accuracy Ssi(λ0) 0.12%
input spectral power accuracy φFBM(λ0) 0.06%
cryogenic radiometer measurement accuracy 0.04%
banding repeatability of FBM output power τ(λ0) 0.05%
effects such as nonlinearity of detector power responsivity accuracy Rdet(λ0) 0.08%
integrating sphere radiance converting and output accuracy 0.07%
stability of spectral on material ρ 0.04%
ports aperture area measuring accuracy ( f , ω) 0.03%
detector receiving radiance cosine dependence error Adet 0.03%
variety of incident spot position and size influence on the radiance uniformity φdet(λ0) 0.04%
FR’s power measurement accuracy Sfi(λ0) 0.31%
spectral power measurement accuracy 0.29%
chopper system measuring accuracy G(λ0) 0.28%
input spectral power accuracy φFBM(λ0) 0.06%
non-uniformity of spectral power responsivity 0.10%
filter central wavelength uncertainty and transmittance accuracy Sfi(λ0) 0.04%
spectral out-band stray light effect Sfi(λ0) 0.05%
effects such as nonlinearity of detector power responsivity accuracy Rdet(λ0) 0.08%
integrating sphere radiance converting and output accuracy 0.07%
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In Eq. (23), besides φFBM(λ0) being directly calibrated by the
cryogenic radiometer, the rest of the parameters are all mea-
sured according to Eq. (21). Therefore, the uncertainty of the
absolute radiation calibration for the secondary standard will
be attached to the uncertainty of the power standard calibra-
tion for FR. When FR is used to measure the radiance of SDP,
expressed as

SfSDP(∆λ ,λ0) =
∫

∆λ

RfN(λ )NSDP(λ )dλ

∼= RfN(λ0)NSDP(λ0), (24)

it can be seen that the uncertainties of the secondary standard
calibration and the FR calibration are both added to the uncer-
tainty of this measurement process in Eq. (24), which forms
the final united uncertainty of the standard transfer through
the ISTR system. Finally, the accuracy achieves the level of
0.5%.

Combining parameters used in Eqs. (21)–(23) with the
practical design for each component of the ISTR system in
the application scenario, we make a comprehensive analysis
for the impact factors of the overall uncertainty. The specific
values of each factor are given in Table 3.

4. Summary
This paper introduces the space-based spectral radiation

standard calibration transfer system which consists of FBM
and ISTR instruments. The ISTR system covers the spectral
range of 300–2500 nm with a channel bandwidth of 3–10 nm,
it can achieve 105 dynamic range of the spectral radiance mea-
surement with the accuracy of 0.48%.

Aiming to work as the new generation of on-orbit radi-
ance reference standard, the ISTR system innovatively adopts
the combination of a cryogenic radiometer, an FBM, an inte-
gral sphere radiometer, and an FR radiometer. The ISTR sys-
tem eventually achieves the SI-traceable on-orbit calibration of
the spectral radiance based on the solar radiance through the
appropriate design after careful consideration with advanced
precise calibration technology. Compared with other tradi-
tional transfer radiometers, the ISTR system has the charac-
teristics of high-level integration, light load, large dynamic
range, wide spectrum coverage, and short calibration trans-
fer chain with low-level uncertainty. Relying on the outstand-
ing capacity of detecting an extremely weak light signal with
high accuracy, the ISTR system is specially designed for the
on-orbit radiometric calibration system, which serves Chinese
future satellite payloads to trace back to SI based on a cryo-
genic radiometer as the primary power standard. It is the pre-
requisite for achieving a breakthrough to the accuracy of the
absolute radiometric calibration for Chinese remote sensors,

which can be depressed to the 1% scale. The ISTR system is
also a project aiming at establishing an on-orbit metrology lab-
oratory, which is similar to NASA’s CLARREO[21] and ESA’s
TRUTHS,[9] to provide SI-traceable absolute radiometric cal-
ibration services for all the satellites. There is still no such
calibration transfer system currently. Along with the future
research on the combination of SDP and on-orbit cryogenic
radiometer, the ISTR system will build the SI-traceable on-
orbit calibration chain for remote sensors in the visible and
near infrared spectrum with high measurement accuracy.
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