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Abstract—This paper presents the estimation of emissivity of
calibration load using discretized scattering simulation data in bistatic
reflection measurement, and analyzes the effect of several measured
parameters on emissivity of calibration load. In the analysis of the
impact of measured parameters on emissivity, a new calibration target
is designed to improve the accuracy of emissivity measurement. In
this bistatic measurement, the scattering from calibration load is
simulated by FDTD (Finite-Difference Time-Domain) method. Based
on Kirchhoff’s law, the emissivity of calibration load is estimated by
the discretized scattering data composed of different scanning angle
interval and sampling azimuth planes. By the studies of simulation
results, the estimation accuracy of emissivity of calibration load can
be improved by selected appropriate measured parameters in bistatic
reflection measurement.

1. INTRODUCTION

The absolute accuracy of microwave radiometers is very important
for quantitative remote sensing. In order to achieve the higher
accuracy of microwave radiometry, the calibration load-blackbody is
generally used to provide brightness temperature reference to the
radiometry. Usually the electromagnetic and physical properties
of calibration load are widely studied [1–3], and the design and
manufacture of blackbody are of concern [4–6]. However few studies
investigate the measurement of emissivity of calibration load which
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is essential for industrial application. The emissivity of calibration
load can be measured either directly or indirectly. The direct method
requires measurement of the radiation emitted from a sample of
known temperature. Sometimes, the temperature of sample is difficult
to be obtained. The indirect method can be chosen alternatively,
which measures the reflectivity of calibration load, and its emissivity
is deduced from the reflectivity by use of Kirchhoff’s law. In
addition, there are two general types of indirect measurement. One
is called monostatic measurement system [7, 8], in which only the
backscattering power of the calibration load is measured to estimate
the emissivity of calibration load. Using this method, the accuracy of
emissivity will be influenced. Different from monostatic measurement,
bistatic measurement [9], the other method, measures not only the
backscattering, but also the scattering from the other direction [10–12].
Bistatic scattering in the space is measured to improve the estimated
accuracy of emissivity of the calibration load. Although the bistatic
measurement can improve the measurement accuracy of emissivity to
some degree, it also needs a complex process in measurement, which
demands optimization of scanning angle interval and sampling azimuth
plane of measurement [13, 14].

In this paper, we will concentrate on the estimation of emissivity
of calibration load in bistatic measurement. By the simulation, we
study the effect of several measured parameters on the emissivity.
Section 2 introduced the fundamental theory used in the estimation of
emissivity in measurement. Section 3 provided the simulation results,
which include measurement conditions, measured parameters and the
analysis of results.

2. THEORY AND METHOD

In this section, the differential scattering coefficient and Kirchhoff’s
law are introduced, which are widely used in the estimation of
emissivity [15–17]. The estimation of emissivity used in this section
is presented as follows.

2.1. Estimation Method of Emissivity of Calibration Load

Assuming that the surface of target is rough enough, the radiation
incident from upper half space can be scattered to the direction of
(θs, φs). Fig. 1 showed the relationship of the incident and scattering
wave. Differential scattering coefficient can be defined as below [16]

γ(θ0, φ0; θs, φs) =
4πR2Ss

S0A cos θ0
(1)
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Figure 1. Schematic of the incident and scattering wave.

where (θ0, φ0) denotes the direction of incident wave, and (θs, φs)
denotes the direction of scattering wave.

The reflectivity A(θ0, φ0) of surface A can be expressed as

A(θ0, φ0) =
∫

R2Ss

S0A cos θ0
dΩs (2)

where dΩs donates the solid angle of scattering wave.
The horizontal polarized wave is discussed firstly, and the vertical

polarization is similar to the horizontal polarized.
Both the horizontal and vertical polarization contribute to the

scattering, so the equation as follows can be gotten,

R2Ss

S0A cos θ0
= γ(0, s) = [γhv(0, s) + γhh(0, s)]

1
4π

(3)

Considering the total polarization in the totally upper half, the
reflectivity can be improved to

Ah(θ0, φ0) =
1
4π

∫

2π

[γhh(0, s) + γhv(0, s)]dΩs (4)

According to the thermodynamic equilibrium, absorptivity can be
obtained

αh(θ0, φ0) = 1−Ah(θ0, φ0) = 1− 1
4π

∫

2π

[γhh(0, s) + γhv(0, s)]dΩs (5)

Furthermore based on Kirchhoff’s law, the emissivity in a certain
polarization is equal to the absorptivity with the same polarization,
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which can be expressed as
e(θ0, φ0) = α(θ0, φ0) (6)

From the above deduction, the relationship between emissivity and
differential scattering coefficient can be derived from the Equations (5)
and (6).

eh(θ0, φ0) = αh(θ0, φ0) = 1− 1
4π

∫

2π

[γhh(0, s) + γhv(0, s)]dΩs (7)

Similarly, the emissivity in vertical polarization is the following,

ev(θ0, φ0) = 1− 1
4π

∫

2π

[γvv(0, s) + γvh(0, s)]dΩs (8)

2.2. Fundamental Method of Estimation of Emissivity in
Measurement

If the distribution of scattering field from calibration load is
symmetrical, the emissivity of horizontal polarization can be estimated
from scattering field in one azimuth angle. The Equation (7) can be
denoted as follows,

eh(θ0, φ0) = 1− 1
4π

∫ 2π

0
dφ

∫ π
2

0
[γhh(0, s) + γhv(0, s)] sin θdθ

= 1− 1
2

∫ π
2

0
[γhh(0, s) + γhv(0, s)] sin θdθ (9)

Figure 2. Schematic diagram of the estimation of emissivity in one
sampling plane.
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The Equation (9) is the fundamental formula applied in emissivity
estimation. However in practical measurement, the scattering power
from the whole space is difficult. Usually what we can measure are
the discrete data. Sometimes only one sampling azimuth angle (in this
paper, we call this sampling azimuth angle sampling plane) will be
gotten in the measurement (shown as Fig. 2).

Under this situation, the discrete data are measured, and the
scanning angle interval is determined. Thus, the equation should be
described by Equation (10).

eh (θ0, φ0) = 1− 1
2

n∑

i=1

[γhh (θ0, φ0; θi, φs1)

+γhv (θ0, φ0; θi, φs1)] sin θi∆θ (10)

If, in one measurement, several sampling planes located on the angle
φs1, φs2, . . . , φsn can be measured, we can estimate the emissivity of
calibration load using Equation (11).

eh (θ0, φ0) = 1− 1
2n

n2∑

j=1

n1∑

i=1

[γhh (θ0, φ0; θi, φsj)

+γhv (θ0, φ0; θi, φsj)] sin θi∆θ (11)

where, φsi denotes the angel in ith sampling plane (shown as Fig. 3),
and n2 denotes the total number of sampling planes.

Figure 3. Schematic diagram of the estimation of emissivity in several
sampling planes.
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Figure 4. The measurement system of bistatic near field scanning in
a circular orbit.

In practical measurement, we need to use the calibrated target to
calibrate the calibration load-blackbody. The Equation (11) will be
expressed as Equation (12),

eh (θ0, φ0)

= 1−

1
2n

n2∑

j=1

n1∑

i=1

[γhh (θ0, φ0; θi, φsj)+γhv (θ0, φ0; θi, φsj)] sin θi∆θ

1
2n

n2∑

j=1

n1∑

i=1

[γ
′
hh (θ0, φ0; θi, φsj)+γ

′
hv (θ0, φ0; θi, φsj)] sin θi∆θ

(12)

where γ
′
vv and γ

′
vhdenote the corresponding reflectivity of calibration

target.

3. SIMULATION OF THE EMISSIVITY
MEASUREMENT OF CALIBRATION LOAD

In this paper we adopt the measurement system of bistatic near
field scanning in a circular orbit as shown in Fig. 4 to simulate
the emissivity of calibration load in horizontal polarization. The
transmitted Gaussian beam illuminates on the surface of calibration
load perpendicularly, and the reflected wave is received in the circular
orbit.
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(a) (b)(a) (c)

Figure 5. The structure of calibration load. (a) Structure of a circular
cone unit. (b) Arrangement of the units (side view). (c) Arrangement
of the units (vertical view).

The shape of calibration load measured in this simulation is
designed the finite periodic array which is composed of many circular
cone units with absorbing material as shown in Fig. 5. The Fig. 5(a) is
the model of unit cone in the calibration load, and it can be obtained
by removing the circular edge. The bottom of unit cone is square
to ensure that they can be connected easily. The size of periodic
array unit is 17.5mm × 17.5mm × 85mm (17.5 mm is side length
of the square, and 85mm is the height of unit cone). The totally
number of array units is 186, and the arrangement of the cone units
is shown in Fig. 5(b) and Fig. 5(c). The composition of absorbing
material is ECCOSORB R©CR112. The surface of the calibration load
and the calibration target is very smooth. In practical measurement,
we need to use the calibration target to calibrate the blackbody which
we study. In this simulation of measurement, the calibration load
is made completely of absorbing materials, and calibration target is
made of perfect metal. The calibration target is used to calibrate the
blackbody-calibration load. The emitting wave is Gaussian beam [17],
which illuminates in the center of the array perpendicularly. The noise
of measurement system is not considered in the simulation process.

In this study, the scattering characteristic of calibration load
is calibrated using FDTD method [18, 19]. FDTD method was
presented first by K. S. Yee [20] in 1966, which was widely applied in
electromagnetic scattering and propagation of the target with complex
shape [21–24].

The simulation provides differential scattering coefficient, γhh(0, s)
and γhv(0, s) of the circular cone units. And then, the Equations (10)
(11) and (12) are used to calculate emissivity of the calibration load.
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(a) (b)

Figure 6. (a) The estimation of emissivity when φ = 0◦ (10.65GHz).
(b) The estimation of emissivity when φ = 45◦ (10.65GHz.)

(a) (b)

Figure 7. (a) The estimation of emissivity when φ = 0◦ (18.7GHz).
(b) The estimation of emissivity when φ = 45◦ (18.7GHz).

3.1. The Effect of the Scanning Angle Interval on the
Estimation of Emissivity

In the practical measurement, we hope to obtain the emissivity close
to the true value through dense scanning angles. However, a large
number of scanning angle require much measurement time, as a result
the efficiency is limited in a great extent. In addition, dense scanning
angles are limited by laboratory equipments. Here, the effect of
scanning angle interval on estimation of emissivity of blackbody will
be studied, and a reasonable angle interval considering both accuracy
and efficiency is discussed.

In this simulation, several frequencies of incident wave are selected,
which are 10.65GHz, 18.7 GHz, 23.8GHz and 36.5GHz, respectively.
The scanning angle is shown in Fig. 1, where θ is the angle measured
in a sampling plane. When scanning angle interval is set to 1◦, θ
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(a) (b)

Figure 8. (a) The estimation of emissivity when φ = 0◦ (23.8GHz).
(b) The estimation of emissivity when φ = 45◦ (23.8GHz).

(a) (b)

Figure 9. (a) The estimation of emissivity when φ = 0◦ (36.5GHz).
(b) The estimation of emissivity when φ = 45◦ (36.5GHz).

is changed one by one from 0◦, 1◦ . . . to 90◦. If it is set to 2◦, θ
will change by 2◦ from 0◦, 2◦ . . . to 90◦. The rest can be deduced
from this. The sampling plane is set in two directions φ = 0◦ and
φ = 45◦.The Equation (10) is applied to estimate emissivity. The
results of estimation are shown in Figs. 6–9.

In Figs. 6–9, the dot lines show the estimation of emissivity with
different scanning angle interval in a certain sampling plane (φ = 0◦
or φ = 45◦), and the straight lines show the true value of emissivity
estimation on the same plane. With the comparison of the both value,
the influence of scanning angle interval will be clearly presented. From
these figures, we can see that when the angle interval is small (about 1◦
or 2◦), the estimation values is close to the ideal value obviously. But
when the interval increases more than 4◦, the values estimated appear
serious fluctuation from the true ones.
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A smaller angle interval may bring more accurate results of
estimation. However, the dense scanning anglers are limited by
measurement instruments and time in practical operation. From above
simulation, we know that when the angle interval is not too large, the
estimation is closed to the true value. From this simulation, we know
that the angle interval 1◦ or 2◦ is more desirable in the measurement.

3.2. The Effect of the Sampling Plane on the Estimation of
Emissivity

In this simulation, the effect of sampling planes on measurement
accuracy is analyzed. The Equation (11) is applied to estimate
emissivity. From this equation, we know that the emissivity of
calibration load can be simulated by different sampling plane (the
angle ϕ). According to the number of sampling planes, three cases

Figure 10. The azimuth angle of
sampling plane.

Figure 11. Effect of sampling
plane (10.65 GHz).

Figure 12. Effect of sampling
plane (18.7 GHz).

Figure 13. Effect of sampling
plane (23.8 GHz).
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are discussed, from one sampling plane, two sampling planes to three
sampling planes. The angle φ denotes different position of the plane
(as shown in Fig. 10). In the case of one sampling plane, we select
the angle from φ = 0◦, φ = 10◦, . . ., to φ = 90◦. The angle interval
of sampling plane is 10◦. For two sampling planes, we select the two
angles which are complementary, from φ = 0◦ and φ = 90◦ as the first
group, φ = 10◦ and φ = 80◦ as the second group, . . . , to φ = 90◦ and
φ = 0◦ as the last group. For the last case, three sampling planes are
composed of two complementary angles and the angle φ = 45◦, from
φ = 0◦, φ = 90◦, and φ = 45◦, φ = 10◦, φ = 80◦, and φ = 45◦, . . ., to
φ = 90◦, φ = 0◦, and φ = 45◦ in each group.

In this simulation the frequencies of incident wave are still
10.65GHz, 18.7GHz, 23.8 GHz and 36.5 GHz. Fig. 11–14 show the
emissivity estimation of different sampling plane in these frequencies.

In these cases from Fig. 11 to Fig. 14, it can be seen that
although two or three sampling planes don’t improve the accuracy
of the estimation of emissivity too much in Fig. 13 and 14, it can
provide more stabled estimation. To some extent, this means that
increasing in number of sampling planes can decrease the uncertainty
of measurement. So in the measurement, we can select different
sampling planes to estimate the emissivity of calibration load according
to different acquirement in practical operation.

3.3. The Effect of the Calibrate Body on the Estimation of
Emissivity

This simulation analyzes the effect of calibration target on
measurement accuracy. Usually, in practical measurement, the
calibration target is used to improve the estimation of emissivity of
calibration load-blackbody. In traditional calibration method, metal

Figure 14. Effect of sampling
plane (36.5 GHz).

Figure 15. Effect of calibration
target (10.65 GHz).
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Figure 16. Effect of calibration
target (18.7 GHz).

Figure 17. Effect of calibration
target (23.8 GHz).

Figure 18. Effect of calibration target (36.5GHz).

plate is often applied as calibrated target. This simulation presents
another new calibration target-finite metal periodic cones array whose
shape is the same as the blackbody which we study. The Equation (12)
is used to estimate the emissivity of calibration load. To test the
feasibility of the new calibrated target, three kinds of emissivity data
are shown in the Figs. 15–18, the emissivity of true value, the one
calibrated by metal plate, and the one calibrated by finite metal
periodic cones array, respectively.

From the simulation result, it can be seen that the estimation
accuracy is improved. For the frequency 23.8 GHz and 36.5 GHz, the
performance of new calibration target is more apparent. But, for
the lower frequency 10.65 GHz, two calibration targets have almost
the same performance. Since the scattering characteristic of new
calibration target is similar to the traditional in the lower frequency,
they have the similar performance. So from this simulation, it can
be known that when frequency is higher, the performance of new
calibration target will be better.
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4. CONCLUSION

This paper analyzes the influence of incomplete measurement data on
the estimation of emissivity in two-dimension bistatic measurement
system. Through the discussion of angular interval, sampling plane
and calibration target, the relationship between estimation and true
are presented in numerical simulation. In the practical measurement,
it is suggested that the interval of scanning angle may be less than
2◦ as well and more sampling planes should be used to estimate the
emissivity of calibration load. Finally, a new calibration target with
the same corn unit as the calibration load-blackbody is applied in the
estimation of emissivity, which can improve the accuracy of emissivity
estimation in situation of high frequency.
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