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ABSTRACT Simulation in the passive millimeter-wave (MMW) imaging of rough surfaces is an indis-
pensable step in the simulation in passive radiation imaging. The multi-layer brightness temperature tracing
method (MBTTM) can be used to simulate the image of a rough surface, which has been proven in our
previous work. However, it causes a significant decrease in efficiency of the simulation. To solve this
problem, a fast MBTTM is proposed in this paper. In the new method, the uniformly emission method
and multi-layer densification method are presented. To validate the correctness of the new algorithm, the
comparison of the simulation and measurement results are proposed. These results are in good agreement,
which indicates that the fast MBTTM can notably shorten the computing time of the simulation of the rough-
surface scene.

INDEX TERMS MMW, rough surface, MBTTM, MLDM, UEM.

I. INTRODUCTION
Millimeter-wave (MMW) imaging has been a heavily
researched topic in imaging work in recent years. A desirable
advantage of MMW imaging is that millimeter-waves can
penetrate cloud, mist, and dust [1]–[4]. Compared with active
millimeter wave imaging, the passiveMMW imaging is more
widely used because of its good stealth in detecting and
discriminating targets [5]–[11].

Currently, the work of passive MMW imaging is restricted
by the imaging distance. At the beginning of the twenty-
first century, with the development of advanced technology of
large-field instantaneous imaging [12], [13], passive MMW
remote sensing was also developed. Consequently, the sim-
ulation in passive MMW imaging was developed, which is
of great value in the study of passive MMW radiation of
various types of targets. First, it is helpful to recognize the
radiation characteristics of the target, explain certain radia-
tion phenomena, identify the specific radiation patterns and
determine the measured results. Second, the simulation in
passive MMW imaging is beneficial to the parameter design
of the radiometer system, with which the performance and
situation of the radiometer can be conveniently assessed.
Finally, the passive MMW imaging sensor is state-of-the-
art and expensive to date, and raw passive MMW image
data of natural scenes are difficult to acquire under various

conditions. Thus, the simulation of passive MMW has
become an effective supplement and substitute for real mea-
surements to save time and cost.

Simulation works of MMW imaging are reported
in [14]–[18], but those works focus on the active MMW
imaging. Passive MMW imaging simulation technology first
appeared in Salmon [19], where plastic- and metal-object
microwave imaging was simulated; however, only few spe-
cific objects are modeled in this paper. Next, a suitable
general model for all simple scenes was established in [20],
where the effect of single reflection was only considered,
and the connection among the targets in the scene was not
concerned. After that step, to simulate more complex scenes,
a greater level of sophistication in the model was proposed
in [21], where the interaction among various brightness
temperature targets in the model was counted with the radio-
metric method. However, the interaction in the brightness
temperature tracing method is counted with the ray-tracing
method, which can adjust the resolution in a certain range
to improve the flexibility [14], [22], [23]. Next, a passive
MMW imaging system for remote sensing was developed
in [24]. A fast ray-tracing method for passive MMW sim-
ulation was proposed in [25] to promote the efficiency, and a
new simulation approach for passive MMW was presented
in [26], which combined the ray-tracing method and
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Huygens’ Principle. Afterwards, the brightness tempera-
ture simulation in extremely rough surface imaging was
obtained in [27] and [28], where the surface was approxi-
mated by Lambertian approximate law. In the previous work,
we presented an improved model to simulate the rough-
surface scene, and MBTTM was proposed to obtain the
radiation brightness temperature of the rough surface [29].
An improved model to simulate the image of multi-layer
rough surfaces was proposed in [30], which extended the
applied range of the simulation in passive MMW. Unfortu-
nately, the MBTTM must calculated more layers; therefore,
it will significantly decrease the efficiency of the simulation.

The review leads us to the conclusion that a fast MBTTM
is required to increase the simulation efficiency in compli-
cated scenes with several rough surfaces. The principle of the
MBTTM is introduced in detail in Section 2. In Section 3,
the UEM and MLDM are proposed to reduce the number
of sub-layer rays, which can also increase the usage of the
rays. In Section 4, we use the fast MBTTM to simulate the
actual scene to demonstrate the correctness of the proposed
method, and the effect of two parameters on the simulation
is discussed. Next, the conclusion follows in Section 5. The
results imply that the fast MBTTM can significantly increase
the efficiency of theMBTTMand reduce the calculation time.

FIGURE 1. Schematic diagram of MBTTM.

II. PRINCIPLE OF THE FAST SIMULATION ALGORITHM
Compared with the single-layer brightness temperature trac-
ing method, the diffuse reflection can be accounted in the
MBTTM to simulate a rough surface. All rays are layered in
the tracing, and the principle of layers relies on the time of
the diffused reflection of the ray. For instance, the rays that
do not experience the diffused reflection are considered the
first layer, and the rays that experience the diffused reflection
once are considered the second layer. The schematic diagram
is shown in Figure 1.

We have demonstrated that the relative error of the result
decreases with the number of layers, which increases the
rays. The tracing model of MBTTM of a single ray is shown
in Figure 2.

In Figure 2, a ray crosses the ground in the direction θi,
the intersection point is considered a new source, and several
rays scatter in several directions in the model.

In the calculation of the brightness temperature of the
rough surface, the emissivity of the surface should be

FIGURE 2. Tracing model of MBTTM of a single ray.

obtained. For a smooth surface, the emissivity edp(θi) in
direction θi is represented by [28], [31]

edp(θi) = 1− rdp(θi)− tdp(θi) (1)

where rdp(θi) and tdp(θi) are the reflectivity and transmittance
in the p polarization of the ground in direction θi. Unlike a
smooth surface, the contribution of the non-reflection direc-
tion should be considered in calculating the emissivity of the
rough surface; thus, we have [28]

edp(θi) = 1− rcodp(θi)− r
non
dp (θi)− tdp(θi) (2)

where rcodp(θi) and r
non
dp (θi) are its coherent and non-coherent

reflection coefficients, respectively. In this case, tdp(θi) in (1)
and (2) is 0. The former has been introduced above, and the
latter is given by equation (3) [28].

rnondp (θi)

=

∫∫
�

[σpp(θi, ϕi; θm, ϕn)+ σpq(θi, ϕi; θm, ϕn)] · sin(θm)
4π cos(θi)

× dθmdϕn (3)

where σpp(θi, ϕi; θm, ϕn) is the bistatic scattering coefficient
from direction (θm, ϕn) to (θi, ϕi) in the p polarization. we
can conclude from (3) that the reflectivity in direction θi is
the integral of the bistatic scattering coefficient on the half
sphere surface. In the numerical calculation, the reflectivity
is the sum of the reflectivities in different directions, which is
the product of the bistatic scattering coefficient andweighting
coefficient. The number of the rays is the number of items
in the calculation. Obviously, the accuracy of the results
increases with the number of rays. However, more rays will
lead to extra computation. Hence, a newmethod to reduce the
number of rays without decreasing the accuracy of results is
required to reduce the computational complexity.

III. FAST MULTI-LAYER BRIGHTNESS TEMPERATURE
TRACING METHOD
The fast MBTTM contains two approaches: UEM and
MLDM, whose details are as follows.

25052 VOLUME 6, 2018



C. Yin et al.: Fast Algorithm for Rough-Surface Scene Simulation in Passive MMW Imaging

FIGURE 3. Traditional emission method.

A. UNIFORMLY EMISSION METHOD
First, we found that the mission method in the original
MBTTM is not appropriate for a rough-surface scene. The
traditional emission method is shown in Figure 3. The angle
between the adjacent rays is clearly an invariant value, and
the rays are not uniformly distributed on the sphere surface.

Assumed that θ is the angle between the ray and the Z axle.
The density of the rays decreases with angle θ ; therefore, the
rays are sparsely distributed when angle θ is nearly 0 degree.
Clearly, the traditional method is not appropriate to compute
the emissivity of the rough surface.

FIGURE 4. Model of triangle meshing on the sphere surface.

To solve this problem, an improved emissionmethod called
UEM is proposed in this paper. In the UEM, several seamless
joint triangles are meshing on the sphere surface, as shown
in Figure 4. The direction of each ray is the center of the
triangle. Therefore, the rays are uniformly distributed on the
sphere surface.

To demonstrate the effect of the improved method, two
methods are used to calculate the same scene as shown
in Figure 5.

FIGURE 5. Three-dimension model of a virtual scene.

In Figure 5, the work frequency is 90 GHz, the model
contains five hexahedrons of different sizes, a sphere, two
cylinders, and a tetrahedral in different positions, all of which
are located on the plane x-o-y. The permittivity of the hexa-
hedrons and cylinders is set as 3.4 − j0.02, the permittivity
of the sphere and tetrahedral are set as 8.0 − j0.02, and the
permittivity of the bottom surface is set as 6.0 − j0.1. The
physical temperatures of the sky, targets and bottom surface
are set as 50K, 300K and 250K, respectively. The radiometer
is at the vertex, and the central direction of the scanning
scope is defined by spherical angles θ = 45◦ and ϕ = 45◦.
However, the diffraction and transmission are not considered
in the model. The simulated image of the scene is shown
in Figure 6.

FIGURE 6. Simulated image of the scene.

The relative errors of the results are shown in Figure 7. The
relative errors are obtained by

relative errors =
‖A− B‖2f
num

=

√∑
(aij − bij)2

num
(4)

where A and B are the standard brightness temperature distri-
bution matrix and evaluation matrix, and num is the number
of matrix elements.

As shown in Figure 7, two curves represent the relative
errors with the rays using two different methods. The results
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FIGURE 7. Comparison of the relative errors with the rays using two
methods.

indicate that the relative errors of both methods decrease with
the increase in number of rays. The relative errors of the UEM
are smaller than that of the original method.

B. MULTI-LAYER DENSIFY METHOD
To further improve the efficiency of the MBTTM, the reflec-
tivities of different roughness surfaces from different direc-
tions are investigated in this paper. The results are shown
in Figures 8 and 9.

FIGURE 8. Change in reflectivity with the scattering angle of different
roughness values.

In Figures 8 and 9, the incident direction is (θi = 60◦,
ϕi = 0◦). The results in Figure 8 show that the reflectiv-
ity of the rough surface increases with the scattering angle
to a maximum value; then, it decreases with the scatter-
ing angle. The rough surface obtains the extremal reflec-
tivity when the scattering angle is equal to the reflection
angle.

In Figure 9, the change curves of the reflectivity are divided
by the symmetry axis ϕs = 180◦; when ϕs = 0◦, the reflectiv-
ity is maximal. Thus, the reflectivity is much higher near the
reflection direction than away from the reflection direction.
The densified area is shown in blue in Figure 10. To further
increase the usage of the rays, we densify the rays near the
reflection direction.

FIGURE 9. Change in reflectivity with the azimuth angle of different
roughness values.

FIGURE 10. Densified area near the reflection direction.

FIGURE 11. Model of the MLDM with one layer.

To assure that the new rays are uniformly distributed,
a new method called MLDM is proposed in this paper.
Figure 10 shows the model of one layer.

In Figure 11, triangle ABC is a meshed unit on the sphere
surface, point G is the center point of the sphere, and

−−→
GO1 is

the direction of the original ray, where point O1 is the center
point of the triangle. Points E, F, and D are the midpoints of
the three sides. Points O2, O3, and O4 are the center pointes
of the new triangles. Hence,

−−→
GO2,

−−→
GO3, and

−−→
GO4 are the
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FIGURE 12. Model of the MLDM with two layers.

directions of the new rays. Figure 12 shows the model of the
MLDM with two layers.

The detail of the MLDM is as follows.
• We assume the number of layers to be N , and the coor-
dinate of the three vertices of the meshed unit can be
represented in a matrix e(3, 3).

• The total number of rays in the triangle region is denoted
by nzi. The number of points on two sides of the triangle
is n; the total number of points in the triangle region is
nz. We have 

nzi = 4N

n = 2N + 1

nz =
(n+ 1) · n

2

(5)

• The coordinate matrices of the points on the two sides
are a(3, n) and b(3, n), which can be obtained by

a(j, o) =
o− 1
2N
· a(j, 1)+

n− o
2N

a(j, n)

b(j, o) =
o− 1
2N
· b(j, 1)+

n− o
2N

b(j, n)

a(j, 1) = b(j, 1) = e(j, 1)
(j = 1, 2, 3; o = 1, 2, 3 . . . 2N )

a(j, n) = e(j, 2)b(j, n) = e(j, 3)

(6)

• The raw order of the points is shown in Figure 13, and
it is difficult to compute the ray direction. To ease the
work, the order of the points was rearranged as shown
in Figure 14.

• After a(3, n) and b(3, n) have been obtained, the coordi-
nate matrix of the points in the triangle region is c(3, nz),
which can be obtained by the combination andweighting
of a(3, n) and b(3, n).

• Finally, the directions of the rays are obtained by
c(3, nz).

Combing the MLDM with the MBTTM, we can promote
the efficiency of the imaging simulation of the rough surface
scene.

FIGURE 13. Order of the points.

FIGURE 14. Rearranged order of the points.

FIGURE 15. Optical and measured image of an airplane runway.

IV. EXPERIMENTAL RESULTS
A. EXPERIMENT OF AN ACTUAL SCENE
To prove the correctness and high efficiency of the new
approach, we simulate the scene of an airplane runway using
the proposedmethod. The optical andmeasured images of the
airplane runway are shown in Figures 15(a) and (b) [28].

The model and simulated image of the airplane runway are
shown in Figures 16 and 17. In the model, the runway is an
asphalt road, the roof of the warehouse is metal, and the field
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FIGURE 16. Model of the airplane runway.

FIGURE 17. Simulated image of the airplane runway.

next to the runway is grass with two different roughness val-
ues. In the calculation, the work frequency of the radiometer
is 94 GHz; the lengths of the long grass and short grass are
set as 20 λ and 3.5 λ.
The simulated image clearly reproduces the measured

image of the radiometer accurately; however, there is a slight
difference between the measured image and the simulated
image because of the scene modeling.

To further improve the correctness of the new method,
we measure the brightness temperature of grass using a
radiometer antenna. Figure 18 shows the grass scene mea-
sured using a millimeter radiometer. The results are shown
in Figure 19. For convenient comparison, the calculated
results that use the new method are also shown in Figure 19.

The working frequency is 94 GHz, the spatial resolution
is 0.5◦, and the temperature resolution is 1K. The root mean
square height and correlation length are 3.5λ and 10λ. The
results reveal that the value obtained by the new method is
essentially consistent with the measured value; the errors may
originate from the inexactness of the details of the scene, such
as media and background parameters.

FIGURE 18. Measured scene of the grass.

FIGURE 19. Comparison of the new method with the measured value.

Hence, we can conclude that the new method is applicable
in simulating the image of a rough surface.

B. ANALYSIS OF THE RESULTS
To study the effect of the densified area on the simulation
results, three different densified areas are compared in this
paper: (50◦ < θ < 70◦, −10◦ < ϕ < 10◦), (40◦ < θ < 80◦,
−20◦ < ϕ < 20◦) and (30◦ < θ < 90◦, −30◦ < ϕ < 30◦).
The results are shown in Figure 20. The work parameters are
the same as Figure 19.

In Figure 20, to assure the comparability of the results,
the three curves are obtained using MDLM with one layer.
The results indicate that the relative errors decrease with the
number of rays, but the three densified areas have different
descending slopes. When the same number of rays is used,
the relative error of 20◦ is the lowest in the three curves, and
the relative error of 10◦ is the highest.

Therefore, the relative error does not continue to decrease
with the increase in densified area. To characterize the effect
of the densified area on theMLDM, anODA (optimum densi-
fied area) is defined in this paper based on the roughness. For
a complicated scene with a rough surface, when the densified
area is smaller than the ODA, the relative errors decrease with
the densified area; however, when the densified area is larger
than the ODA, the relative errors increase with the densified
area.

25056 VOLUME 6, 2018



C. Yin et al.: Fast Algorithm for Rough-Surface Scene Simulation in Passive MMW Imaging

FIGURE 20. Comparison of the relative errors with the rays of different
densified areas.

FIGURE 21. Comparison of the relative errors with the rays of different
numbers of densified layers.

To study the effect of the number of layers on the simu-
lation results, different numbers of layers are calculated and
compared in Figure 21. The work frequency of the radiometer
is 94 GHz, and the densified area is (50◦ < θ < 70◦,
−10◦ < ϕ < 10◦).
The results in Figure 21 reveal that the relative errors

decrease with the number of rays. When the same number
of rays is used, the relative errors decrease with the number
of densified layers in the simulation.

To study the effect of the roughness on the layers and
densified area used in the calculation, two different rough sur-
faces are compared in Figure 22. In the calculation, the work
parameters are the same as Figure 19 and 8000 rays are used.
The roughness of the two rough-surfaces are (σ = 3.5λ,
l = 10λ) and (σ = 2.5λ, l = 15λ).
The results indicate that the two rough surfaces both

decrease with the layers calculated in the simulation. How-
ever, various roughness has different descending slopes.
Moreover, the ODAs of the two rough-surfaces are marked
in Figure 22, and the results show that the ODA increase with
the roughness.

Finally, to demonstrate the high efficiency of the fast
MBTTM, two methods are used to simulate the scene in
Figure 5. The results are shown in Figures 23 and 24.

FIGURE 22. Comparison of the relative errors with the layers and
densified areas of different roughness.

FIGURE 23. Comparison of the computing time with the relative errors
using different numbers of densified layers.

FIGURE 24. Comparison of the computing time with the relative errors
using different densified areas.

In Figure 23, the densified area is (50◦ < θ < 70◦,−10◦ <
ϕ < 10◦), and the two methods are compared in terms
of computing time. The results indicate that the computing
time using the fast MBTTM is clearly shorter than that using
the original MBTTM. The computing time decreases with
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the number of layers. When the number of layers increases
from three to four, the two curves almost coincidence with
each other, which implies that three layers are sufficient for
this scene. The computing time of the fast MBTTM almost
linearly increases with the decrease in relative errors.

Figure 24 compares the computing time of different densi-
fied areas. The results also indicate that the fast MBTTM is
more efficient than the original MBTTM.When the densified
areas are (40◦ < θ < 80◦, −20◦ < ϕ < 20◦), the computing
time is the shortest; when the densified areas extend to (30◦ <
θ < 90◦, −30◦ < ϕ < 30◦), the computing time increases.
This result is consistent with the aforementioned conclusion.

V. CONCLUSIONS
A fast MBTTM is proposed in this paper for the Passive
MMW simulation of rough-surface scenes. The new method
significantly reduces the number of rays in the sub-layer
calculation and promotes the efficiency of utilization of the
rays. By comparing with the measurement results, it can
be indicated that the proposed method can be applicable in
simulating the image of a rough surface.

In addition, the effect of the densified area and the num-
ber of densified layers on the relative errors are also been
studied. The relative error does not continue decreasing with
the increase in densified area. When the densified area is
smaller than the ODA, the relative error decreases with the
densified area; however, when the densified area is larger
than the ODA, the relative error increases with the densified
area. The results in this paper imply that the relative error
decreases with the number of layers in the simulation. Fur-
thermore, the results indicate that the proposed fast MBTTM
can significantly increases the efficiency of the simulation
of complicated scenes that contain rough surfaces. However,
the fast MBTTM proposed in this paper is not perfect: the
ODA is related to the roughness and material of the rough
surface. Therefore, a useful theoretical formula is required to
compute the ODA, which will be discussed in future studies.
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