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Abstract—Raw data simulation is very important for system
parameter design, performance evaluation, and route planning of
bistatic synthetic aperture radar (SAR). However, most conven-
tional simulation methods focus on improving the efficiency of echo
simulation, without considering the impact of terrain fluctuations,
resulting in insufficient fidelity of simulated echoes. In this article,
a raw data simulation framework under undulating terrain for
bistatic SAR with arbitrary configuration is proposed. In the frame-
work, based on the prior information of digital elevation model
of undulating terrain and the small facet theory, the time-variant
scattering coefficient is computed first with the empirical formula
related with the angle variation of transmitter and receiver for
bistatic SAR. Then the shadow is judged from the perspectives of
transmitter and receiver, respectively, and the formation of double
shadow is discussed. At last, the above process was embedded into
the time domain pulse by the pulse echo simulation algorithm,
forming a framework for simulating bistatic SAR raw data under
undulating terrain with arbitrary configuration, and the simulated
and measured data experiments are illustrated to verify the effec-
tiveness of the proposed framework.

Index Terms—Bistatic synthetic aperture radar (SAR), double-
shadow phenomenon, raw data simulation, SAR shadow
simulation, undulating terrain.

I. INTRODUCTION

NDULATING terrain synthetic aperture radar (SAR) raw
data simulation plays an important role in SAR system
parameter design, SAR route planning, imaging algorithm ver-
ification, performance evaluation, and SAR image postprocess-
ing [1],[2], [3]. Bistatic SAR, whose transmitter and receiver are
mounted on different platforms, has more flexible configurations
and more complex imaging processing than monostatic SAR [4],
[5], [6], which means that raw data simulation for bistatic SAR
is much more important.
As to the simulation of SAR raw data, most of the works
focus on the simulation algorithms, and they can be classified
as time domain algorithms [7], [8], [9], [10], [11] and frequency
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domain algorithms [12], [13], [14], [15], [16]. These algorithms
in different domains have different merits. Generally, the time
domain algorithms can simulate raw data of SAR with arbitrary
configuration and can effectively embed the impact of platform
motion errors [17], [18], while the frequency domain algorithms
have higher computational efficiency, but always with some
configuration limitations [19].

The simulation algorithms mentioned above play an impor-
tant role in the verification of imaging processing algorithms
and the design of system parameters. However, the flat terrain
assumption is often made in these simulations, and the influence
of terrain is not considered, so the simulation results of raw data
usually cannot reflect the special phenomena in SAR image,
such as the shadow occlusion, which not only can reflect the
accuracy of the simulated raw data but also can be used in many
subsequent processing, such as moving target indication [20]
and target height estimation [21], [22]. Hence, the raw data
simulation of SAR considering undulating terrain is necessary,
which also provides a foundation for the construction of deep
network datasets [23], [24].

One key point for SAR raw data simulation considering
undulating terrain is to acquire the scene scattering coefficient.
In principle, it can be obtained through electromagnetic cal-
culations [25], [26], which always takes a large amount of
computation time. Therefore, such methods are mainly used for
accurate modeling of typical targets with relatively small size,
such as the building, the airplane, or other man-made targets. The
other is based on scattering statistical models [27]. This kind of
method usually divides the actual terrain into facet elements,
and then obtains the scene scattering coefficient based on the
empirical formula. For example, the monostatic SAR raw data
simulation methods considering 3-D scene in [28], [29], and[30].
Besides, SAR echo simulation methods for specific scenarios,
such as oceans and forests, have been developed in [31], [32], and
[33]. However, they cannot be applied to bistatic SAR directly
due to the differences in geometric configuration and scattering
characteristics. Besides, many electromagnetic scattering ana-
lytical solutions, such as the small perturbation method [34],
geometrical optics [35], physical optics [36], AIEM [37], small-
slope approximation [38], and bistatic anisotropic polarimetric
two-scale model [39] have been developed in recent years.
Especially, the AIEM method has been widely used, and the
simplified empirical statistical model based on AIEM has been
developed in [40].
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Fig. 1. Bistatic SAR geometry model with undulating terrain.

Another key point for SAR raw data simulation considering
undulating terrain is the judgment of shadow area. At present,
it mainly can be divided into the ray tracing method [41] and
angle comparison method [42]. The former method follows the
geometrical optics model, imitating the propagation process of
light in space, and can effectively handle multiple scattering,
shadowing and occlusion effects. However, this method needs
to trace the path of a large number of rays, resulting in a huge
amount of calculation. As the imaging scene increases, the
computational efficiency of the algorithm will drop rapidly.

On the contrary, the latter method utilizes the different view-
ing angles of the radar to each target point to judge the occlusion
situation, which can effectively simulate the SAR shadow of the
undulating terrain. Butit always faces the problem of insufficient
accuracy. For example, by comparing the elevation angle of each
grid on the same line of sight, an elevation-angle-based shadow
judging method is proposed in [43] and [44]. This method is
easy to implement and can be used to quickly judge shadows.
However, it is based on the assumption that the radar beam is
a plane wave and the effect of beamwidth is not considered,
which would lead to inaccurate shadow judgment results in the
elevation-angle-based method. With the assumption of spherical
wave, the method in [29] divides the radar beam into two
dimensions, and then judge shadows in each azimuth beam grid.
But it cannot guarantee that the targets in the same beam grid
are on the same line of sight, which leads to many targets unable
to be judged. A dynamic elevation angle interpolation (DEAI)
algorithm for SAR shadow simulation is proposed in [42], but
multiple interpolations will introduce error accumulation, and
the shadow of the undulating terrain contour may be smoothed
to a certain extent, resulting in an inaccurate shadow judgment.

In addition to the common issues mentioned above, there
are also some new features for the raw data simulation of
bistatic SAR. For example, the scattering features are different
due to the separation of transmitter and receiver, hence the
empirical scattering coefficient equation should be modified
accordingly. Meanwhile, the shadow occlusion is different, and
we should evaluate the occlusion both from the perspectives of
transmitter and the receiver, and there may be double shadows in
bistatic SAR image. Besides, how to evaluate the effectiveness
of the simulation scheme is another problem In this article,
a simulation framework for raw data of bistatic SAR under
undulating terrain is proposed. In the framework, based on the
prior information of digital elevation model (DEM) and the
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small facet fitting method, the time-variant scattering coefficient
is computed first with the empirical formula related with the
angle variation of transmitter and receiver, and the shadow is
judged by the elevation angle comparison from the perspec-
tives of transmitter and the receiver, respectively. Meanwhile,
the double shadow phenomena are analyzed and its formation
condition is discussed. At last, the simulation framework of raw
data for bistatic SAR under undulating terrain is formulated
combined with the pulse-by-pulse simulation algorithm, and
the simulated and measured data experiments are presented.
Besides, the comparisons between the proposed scheme and the
benchmark obtained by the ray tracing shadow judgment and
time-domain pulse-by-pulse simulation algorithm are made to
further illustrate the effectiveness of the proposed framework.

Moreover, since the geometry of bistatic SAR can be divided
into two types: 1) translational invariant and 2) translational vari-
ant. In translational invariant bistatic SAR, the transmitter and
receiver move with the same velocities, while they move with
different velocities in translational variant bistatic SAR [45],
[46]. In this article, the two sets of simulation experiments
belong to the above two modes have been illustrated to validate
the effectiveness of the proposed method, which means that
it is suitable for bistatic SAR with arbitrary configuration. In
addition, different imaging algorithms of bistatic SAR, such
as range Doppler [47], chirp scaling [48], w-k [49], and back
projection (BP) [50] algorithms can be adopted to validate the
effectiveness of the simulated raw data. Considering that the
frequency domain imaging algorithms usually have the restric-
tions of geometry configuration, the time domain BP algorithm,
which can be applied to arbitrary bistatic configurations, is used
in this article.

The main contribution of this article is summarized as follows.
First, a raw data simulation framework under undulating ter-
rain for bistatic SAR with arbitrary configuration is developed,
which mainly includes the time-varying scattering coefficient
computation by the empirical formula related with the angle
variation of transmitter and receiver, and the shadow judgment
by the elevation angle comparison from the perspectives of
transmitter and the receiver, respectively. Second, the double
shadow phenomena of bistatic SAR are analyzed and its forma-
tion condition is discussed. At last, with the ray tracing shadow
judgment method and pulse-by-pulse simulation algorithm as
a benchmark, the effectiveness and efficiency of the proposed
scheme has been illustrated.

The rest of this article is organized as follows. In Section II,
the signal model of bistatic SAR will be illustrated. The acqui-
sition process for scattering coefficients of undulating terrain
and the shadow judgment method are given in Section III. The
bistatic SAR raw data simulation framework will be shown in
Section IV. The simulated and measured data experiments will
be shown in Section V. Finally, Section VI concludes this article.

II. RAW SIGNAL GENERATION FOR BISTATIC SAR

In this section, bistatic SAR raw signal model and the echo
calculation equation will be established first according to the ge-
ometry configuration, and then the efficient simulation algorithm
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in time domain will be illustrated, which lays the theoretical
foundation for the subsequent simulation experiments.

The geometry configuration of bistatic SAR is shown in
Fig. 1, where the transmitter and receiver fly along different
trajectories, and their coordinates are (xr(t), yr(t), zr(t)) and
(xr(t),yr(t), zr(t)), respectively, where t is the azimuth slow
time. The simulated undulating terrain scene can be approxi-
mated by many small facet cells with a grid of size M x N
and spacing p between adjacent grids. At a certain azimuth
moment, the distance traveled by the radar wave incident
from the transmitter to the facet cell grid (m,n) at coordinate
(Tm.n» Ymon, #m,n) 0 the scene and scattered back to the re-
ceiver is shown in (1) shown at the bottom of this page.

Assume that transmitted signal is a linear frequency modu-
lated (LFM) pulse

s¢(T) = rect (;) - exp (j27TfC7' + jﬂ'Kr’Tz) 2)
p

where 7 denotes the fast time, K. is the chirp rate, rect(-) is the

rectangular window function, 7}, is the pulsewidth, and f. is the

carrier frequency. The time delay generated by the radar signal

incident from the transmitter to the target and then scattered by

the target back to the receiver is

R(t,m,n)  Rp(t,m,n)+ Rr(t,m,n)
c c

tg = 3

where c is the speed of light. Thus, the baseband echo signal can
be expressed as

—t
s(r,t;m,n) = o(t;m,n) - rect (T d)
Ty

oxp [—j2n fetaimE, (r—ta)’] @)

where o (t; m,n) is the scattering coefficient of the grid (m, n).
The scattering coefficient of the whole undulating scene can be
obtained by superimposing the scattering coefficients of all small
facet cells, so the bistatic SAR echo signal of the undulating
scene can be represented as
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Considering that the scattering coefficients and the shadow of
SAR is time-varying and the configuration limitations of echo
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simulation algorithms, the existing frequency-domain simula-
tion method maybe invalid. Therefore, the time-domain pulse-
by-pulse approach is used to generate echo data.

III. CALCULATION OF SCATTERING COEFFICIENT AND
SHADOW JUDGMENT

According to the echo calculation formula in Section II,
the scattering coefficient calculation is a key step in SAR raw
data simulation, which reflects the characteristics of the actual
undulating terrain, and will be affected by the shadow occlusion.
Besides, it varies with the change of the platform position at dif-
ferent azimuth moments, and this changing characteristic needs
to be considered in order to achieve more accurate simulation.

In this section, the calculation method of bistatic SAR time-
varying scattering coefficient for undulating terrain scenes will
be presented first, and then an accurate shadowing judgment
method is illustrated to determine the shadow of the transmitting
and receiving stations, respectively. Finally, the conditions for
the formation of the possible double-shadowing phenomenon of
bistatic SAR are discussed.

A. Calculation of Time-Varying Scattering Coelfficients

The small facet cell model is commonly used to calculate
the scattering characteristics of the ground scene [28], where
small facet cells are used to approximate a rough terrain surface,
and each small facet cell is tangent to the actual plane, and the
scattering characteristics of the ground scene are the result of
coherent superposition of the scattered fields of all small facet
cells.

Generally, the scattering characteristics of the actual ground
scene are related to the scatterer shape, ground roughness, inci-
dence angle of the radar wave, wavelength, and other factors.To
facilitate the simulation, an empirical statistical model based
on bistatic radar electromagnetic scattering [40], as shown in
(6) shown at the bottom of the next page, is used to obtain
the scattering coefficients, where o represents the scattering
coefficients, #; and 6, are the local incident angles of the
transmitter and receiver, ¢, and ¢, are the incident azimuth
angles of the transmitter and receiver, respectively. P, ~ Pr are
constants related to terrain type, carrier frequency, polarization
mode, and their values under the terrain used in this article are
shown in Table I. The frequency used in this article is X-band
and the polarization mode is HH.

The small facet cell model adopts multiple adjacent data
points of the DEM to fit a small facet cell tangential to the ground
surface, and then find the parameters of the small facet cell. As

R(ta m, TL) = RT(t7 m, TL) + RR(t7 m, TL)

= @) = Tmn)® + () — gonn) + r(E) = 2m)

2

@R = Tmn) + W) = Ymn)? + (2R = 2mn)

where 1 <m < M,1<n<N.

2
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TABLE I
VALUES OF P} ~ P;

POL [ Py Py Ps Py Ps P Pr
HH 9.45 0.0017 1.43 -0.0003 1.6 84.05 1.53
VV | 2590 0.107 2.178 1.232 1.98 189.14 | 1.52
S HH 8.64 0.30 2.0 -0.009 0.11 46.13 1.21
VV | 88.15 -0.268 1.94 1.11 0.88 152.3 1.50
X HH 2.2 0.33 1.8 -0.0075 | 0.098 27.60 | 0.90
VV | 46.18 -0.66 1.51 1.25 3.62 100.9 1.43
Ku HH 4.39 0.30 1.80 -0.01 0.152 57.66 | 0.66
VvV 39.88 | -0.0013 1.83 1.07 1.25 211.48 | 0.98
A
z
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P ! y Normal vector:7
Receiverpf- ! N
(XR (I),‘R f), Zz (f)) ___ __________ — Facet element
<Le Ah_j
———————— ’
-y o, .
o > X
Fig. 2. Small facet cell model of undulating terrain.

shown in Fig. 2, supposing that the size of facet projected onto
the ground is p, and the facet of a certain area is composed of
four adjacent points A(x1,y1, 21), B(x2, Yo, 22), C(3,ys, 23),
and D (x4, y4, 24). Hence, the plane equation fitted by these four
points can be expressed as: z = a - © + b - y + ¢, and we can get
the objective function

4
f=2
i=1

Let % = 8—£ = % = 0, the coefficients a, b, and ¢ can be ob-
tained, and then the coordinates of the center of the facet will
be known: xo = (z1 + x3)/2, 90 = (11 +v3)/2,20 = a -z +
b-yo+c

The incident beam vector of the transmitter to the small
facet cell is (zg — x7(t),y0 — yr(t), 20 — 2r(t)), and then the
incident wave vector and the normal vector of the small facet
cell are dotted to obtain the local incidence angle as (8) shown
at the bottom of this page. Similarly, the scattered beam vector

of the receiver to the small facet cell is (zr(t) — o, yr(t) —

(ax; + by; + c)) . (7
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Yo, 2r(t) — 20), and the local scattering angle can be obtained
as (9) shown at the bottom of this page. Besides, the incident
azimuth angles of the transmitter and receiver can be calculated
as (10) and (11), respectively

o —yr(t)) / (o — 2 (t))] (10)
"o — yr(t) / (z0 — zR(1))] . (n

In addition, the choice of facet size is usually a compromise
between simulation accuracy and computational efficiency. Gen-
erally, the smaller the facet, the higher the accuracy of echo
simulation, and the greater the computational burden. Besides,
the facet size is usually smaller than the resolution cell de-
termined by SAR system parameters, but larger than incident
wavelength [1]. Besides, the intensity of speckle mainly depends
on the size of the facet relative to the resolution cell. Generally
speaking, the smaller the facet relative to the resolution cell, the
more obvious the speckle noise, and vice versa, which would be
validated in the part of simulations.

Besides, because SAR echo simulation of different scenarios
often have different characteristics. For example, the raw data
simulation of ocean scenes often requires consideration of the
Bragg effect [32], while the simulation of urban scenes often
require consideration of multiple scattering [51]. Considering
that bistatic SAR raw data simulation under undulating terrain is
discussed in this article, the proposed method focuses on bistatic
SAR shadow introduced by large-scale undulating terrain, and
the primary scattering is mainly considered.

Py = tan~

pr = tan

B. Shadowing Judgment Method

Shadow judgment is a key part of the simulation of raw data
for undulating terrain, which will directly determine the simula-
tion accuracy. The traditional angle-based shadowing judgment
method does not consider the influence of beam width and radar
platform motion, resulting in a certain error in the judgment
result. Therefore, in order to ensure the accuracy of shadow
judgment in the simulation process and make the results more
consistent with the actual SAR images, a shadow simulation
scheme for SAR images of undulating terrain based on facet
cell fitting and elevation angle comparison [52] is adopted here
and compared with the ray-tracing method.

1) Shadow Judgment With Elevation Angle Comparison: For
the bistatic SAR configuration, the transmitter and receiver are
mounted on different platforms, and both will form shadows

o — 10 Pycos™20,.cos720, ( Pysind;sind,. — cos(p, — ¢1)) 1 ©)
(P5 + P % (sin2€)r + sin%@; — 2sinf;sind,.cos (i, — got)))P7 .
&mw< la- (w0 — o7 (t)) + b (yo — yr(t) = (20 — 21(1))] ) )
) Va2 + 0% +1-\/(zo — 22(t)2 + (yo — yr(£))? + (20 — 21 (1))?
- la- (zr(t) —20) +b- (yr(t) — yo) — (2r(t) — 20)|
0, = . 9
o8 (Wﬂ+W+L¢@M0%P+@M) %V+@Mﬂ%?> ®
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Fig. 3. Schematic of the proposed method in this article. (a) 3-D Schematic.
(b) Top view schematic.

when imaging the undulating terrain area, so it is necessary
to make shadow judgments separately during the simulation.
Since judgment process is the same for the transmitter and
receiver, here the transmitter is taken as an example to illustrate
the judgment process of shadow. Based on the small facet cell
fitting above, the irradiation range of the radar beam needs to be

determined first
O‘_O‘Sq> . rect (¢¢ld> (12)
Qlazi (bele

where rect(-) is a rectangular window function, (g and ¢y
represent the squint and elevation angles of the beam center,
respectively. a,,; and ¢, denote the beamwidth in azimuth and
elevation directions, respectively. a and ¢ are the squint and
elevation angles for the center of the facet, respectively, and
they can be written as follows:

Area(a, ¢) = rect <

o — sin! <y°]gTy(f)(t)) (13)
¢ = sin~! (ZTgT)(;)ZO) (14)

where sin~!(-) is the arc sine function, and Rr(t) is the slant
range from the center of the facet cell to the SAR.

The next step is to judge the occlusion of the grid points within
the beam range. As shown in Fig. 3(a), the blues dots represent
the center point of each fitted facet. Assuming that there are N
facetcells Q;(j = 1,2,3,..., N) onthe beam line-of-sight path
for the target point P(xp, yp, 2p), and the corresponding fitted
facet equation coefficient are a;, b;, ¢;. Then, we can obtain the

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

height of each facet cell on the beam line-of sight path for the
target point P, as shown in the red dot in Fig. 3(a), respectively

hj:aj-xj+bj-yj+cj (15)

where x; is the coordinate of the center of the facet element on
the X-axis, z; =z, — (N —j + 1) - p, and the corresponding
coordinates on the Y-axis is y; = k - x; + Y;, where k is the
slope of the projection of the beam line of sight on the ground
in Fig. 3(b)

— t
g Yo yrt) (16)
Tp — x7(t)
Hence, the corresponding elevation angle for the jth facet cell
can be computed

b = sin~ ! <ZT(t>_hﬂ) a17)
j

R

where  Rj=./(z;—ar(t))2+(y; —yr(t)?+(h;—2r(1))2.
Similarly, the elevation angle ¢, of target point P can be
obtained. If there is a ¢; which satisfies ¢; < ¢,,, the target
point P is considered to be occluded, and if all ¢; have ¢; > ¢,
the target point P can be illuminated by the radar beam. In
the beam range of the current azimuth moment, the occlusion
judgment operation is performed on all grid points, and the
shadow judgment result of the scene at the current moment
can be obtained. According to the process above, we can see
that the result of shadowing judgment also changes with the
azimuth time, and the shading situation of the same target at
different moments is different. Besides, the shadow occlusion
of the receiver can be judged similarly.

In order to superimpose the shadow judgment result into the
echo data, the general practice is to calculate the echo data
of all grids in the scene first, and then perform the Hadamard
product of the shadow function and the echo data. However, this
approach generates many redundant computations, which leads
to inefficient computation. Here, the shadow judgment results is
superimposed on the scene scattering coefficients

Omn(t) = o(t;m,n) - shadowr (t; m,n) - shadow g (¢;m, n)

(18)

where shadowr(t;m,n) and shadowgr(¢;m,n) represent the
judgment results of transmitting beam occlusion and receiv-
ing beam occlusion, respectively. When target grid(m,n) can
be illuminated by the transmitter, shadowr(m,n)=1, other-
wise shadowy(m,n)=0. Similarly, when the grid(m,n) can
be illuminated by the receiver, shadow g(m, n)=1, otherwise
shadow r (m, n)=0. o,y () represents the scattering coefficient
of the grid after shadow superposition, and it can be written as
follows:

Omn (t) = {J(t; m, n), visible (19

0 invisible

s

where visible means that the grid can be illuminated by both the
transmitter and receiver, and invisible means at least one of the
transmitter and receiver cannot illuminate the target grid.

Since the scene grids do not contribute to the echo data
after being occluded by shadows, they can be ignored in the
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Fig. 4. Schematic of the shadow judgment method. (a) Ray tracing method.
(b) Elevation angle comparison method.

calculation of echoes, which can greatly reduce the burden of
echo calculation. Thus the echo calculation (5) can be modified
as

et (T - R(tT,pm, n) /c)

- exp [*jQ’JTfCR(t, m,n)/c+jrK, (T—R(t,m, n)/c)ﬂ .
(20)

2) Comparisons With Ray-Tracing Method: In this part, the
proposed method will be compared with the ray tracing method
and the reasons for the efficiency improvement of the proposed
method will be explained. Taking the facets where P is located
in Fig. 3 as an example, the schematic diagrams of the ray tracing
method and the elevation angle comparison method are shown
in Fig. 4.

In the ray tracing method, we determine whether the ray pass
through other facets during propagation based on the ray equa-
tion. Taking point A as an example, if the ray TA intersects with
facets Q1 ~ @3, itis considered that the target facet is occluded,
otherwise the target can be illuminated. However, when judging
the shadow of point P, due to different ray equations, ray TP
must revisit the same facet Q1 ~ (03, which means that it will
be time-consuming [53].

The proposed method determines shadows by comparing the
elevation angles of different facets on the same beam line-of-
sight path. When judging the shadow of point A, the elevation
angles ¢;(i = 1 ~ 4) of facet Q1 ~ Q4 have been calculated,
and the minimum elevation angle min(¢; (i = 1 ~ 4)) has been
obtained. According to Fig. 3, the grid points P and A are on the
same beam line-of-sight path, hence, when judging the shadow
of P, it is only necessary to compare the ¢p, min(¢;(i = 1 ~
4)), and ¢; (i = 5, 6). Besides, when there is little change in the
azimuth beam line of sight, more points can be approximated
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Fig. 5. Schematic diagram of bistatic SAR shadow.

with the center of the corresponding facets, which means that the
proposed method can avoid multiple revisits to obtain shadow
judgment results.

C. Conditions for the Formation of Double Shadow

In practice, whether the imaging results exhibit double shad-
ows depends on various factors, such as the bistatic SAR configu-
ration, the shape of the target, and the difference in gain between
the transmitting and receiving antennas. Here, the formation
conditions of double shadows are discussed from the perspective
of bistatic SAR configuration.

Generally, the direction and size of shadow should be con-
sidered. The direction of the shadow depends on the position of
the light source when it illuminates the object, because the light
propagates along a straight line, and the direction of the shadow
of the object can be known by connecting the light source to
the object and extending the line to the ground. The size of the
shadow is not only related to the size of the object itself, but also
with the location of the light source. Therefore, when judging
the SAR shadow of undulating terrain, a coordinate system with
the center of the scene as the origin is established first, as shown
in Fig. 5, and the superposition of two shadows is determined
by the position relationship between transmitter and receiver.

According to Fig. 5, the direction of the shadow is mainly de-
termined by the angle between the aircraft and the scene. For the
purpose of analysis and interpretation, the Cartesian coordinate
system is first converted into a spherical coordinate system, and
the respective conversion relationships of the transmitter and
receiver in the two coordinate systems are

Ry = /2% + y% + 2%

By = tan~ (£ (1)
v = cos™ ()

Ry = \/xh +yh + 25

By = tan'(£2) (22)

Yo = cos ()

where R; and R, are the ranges of the transmitter and receiver
to the origin, 8; and 7, denote the azimuth and elevation angles
of the transmitter, /3, and -,- denote the azimuth and elevation
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angles of the receiver, respectively. It can be seen that the
directions of the shadows of the SAR transmitter and receiver
are related to the azimuth angles 3; and (., and the shadow
sizes depend on the elevation angles ~; and ~,.. Accordingly, the
shadow feature of the bistatic SAR system is further discussed
as follows.

1) B; = B,: Since the direction of the shadow is determined
by the azimuth angle, when the azimuth angles of the transmitter
and receiver are equal, the shadows produced by them will
overlap and superimpose along the same direction, and the
superimposed relationship depends on the size of the elevation
angle. When 4 > +,, the transmitter’s shadow is larger than the
receiver’s shadow, and the receiver’s shadow will be covered by
the transmitter’s shadow; when v; < .., the receiver’s shadow
will cover the transmitter’s shadow; and when ~; = ~,, the
two shadows are exactly the same. Therefore, there is only
one shadow on the final imaging result, and double-shadow
phenomenon will not occur.

2) By # B When the azimuth angles are not equal, the
relationship between the transmitter shadow and the receiver
shadow is more complex. For simplicity, the variation of the
double-shadow phenomenon can be determined by comparing
the size of the area of the two shadows and determining whether
one of the shadows is completely covered by the other shadow.
If the transmitter shadow is larger than the receiver shadow,
we will go to determine whether all the receiver shadow pixel
points belong to the transmitter shadow. If each point can find
a corresponding location, the receiver shadow is considered to
be completely covered by the transmitter shadow, and only the
transmitter shadow will be present in the imaging result. Con-
versely, if the transmitter shadow is smaller, then this method can
also be used to determine whether the transmitter shadow is com-
pletely covered. As long as one shadow cannot be completely
covered by the other shadow, it is considered that double-shadow
phenomenon will appear. All the analysis will be validated via
the simulation results in Section V.

IV. BISTATIC SAR RAW DATA SIMULATION FRAMEWORK

According to the scattering coefficient calculation and shad-
owing judgment methods proposed in Section III, combined
with the time domain pulse by pulse echo simulation algorithm
in Section II, bistatic SAR raw data simulation framework for
undulating terrain is formulated in this section, just as shown in
Fig. 6, and the detailed implementation steps are as follows.

1) Setthe simulation parameters and geometric configuration

of the bistatic SAR and input the DEM data of the scene.

2) Fit the small surface cells using the DEM data of the scene
to obtain the coordinates of the center position of the small
facet cells and the plane normal vectors.

3) Calculate the angle of incidence, angle of scattering, and
elevation angle of view of the radar transmitting and
receiving beams for small facet cells at current azimuth
time.

4) Calculate the scattering coefficient of the small facet cell
according to (6).
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Calculate system‘s echoes
by target-to-target

DEM data
Bistatic SAR
simulation parameters

and geometry model

Fit facet cells

] |

Calculate angle of incidence, angle of
scattering and elevation angle for each
small surface cell

+—I—+

Calculate scattering Determine shadow
coefficient by (6) occlusion function

I—‘—I

Multiply scattering
coefficient and shadow
occlusion function

Generate system's echo
signals by pulse-to-pulse

*

All pulses are
processed

Bistatic SAR echo signal
of undulating terrain

Fig. 6. Flow chart of the proposed scheme.
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Fig. 7. Digital elevation data for simulated ideal undulating terrain. (a) 3-D
terrain. (b) 2-D top view of (a).

5) Determine the shadow occlusion function of small facet

cells using the proposed method.

6) Multiply the results of (d) and (e) to obtain the scattering

coefficient of the scene at the current time.

7) Calculate system’s echoes by target to target with (20)

given a slow time instant.

8) Generate system’s echoes by pulse to pulse with (20) for

different slow time.

9) Repeat 4)-8) to generate the bistatic SAR echo data of the

undulating terrain.

At last, considering that time domain BP imaging algo-
rithm [54], [55], [56], [57] has no restrictions of geometry
configuration for bistatic SAR, it is used to process the simulated
raw data to validate the effectiveness of the proposed framework.

=

V. SIMULATED AND MEASURED DATA EXPERIMENTS

In order to verify the effectiveness of the bistatic SAR raw
data simulation framework proposed in this article, different
numerical simulated and measured data experiments are carried
out in this section.

A. Simulated Circular Mound Undulating Terrain Experiment

The circular mound undulating terrain is a relatively common
and ideal terrain, so the simulation experiments can illustrate
the effectiveness of the proposed framework. Fig. 7 shows the
simulated rolling mound terrain, the height of the top of the
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Fig. 8.  Scattering coefficients at different slow times. (a) t = 2.67 s. (b) t = 3.33 s. (c¢) Difference between (a) and (b).
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Fig. 9. Shadow variations at different slow times. (a) t = 2.99s. (b)t = 3.41s.(c)t = 3.97 s.

TABLE II
SIMULATION PARAMETERS
Carrier Frequency 10GHz
Polarization mode HH
Location of transmitter (6.-4.6)km
at aperture center
Velocity of transmitter | (0,150,0)m/s
Location of receiverer (-3.03)km
at aperture center
Velocity of receiver (0,150,0)m/s

mound is 120 m, the size of the entire scene area is 400 x400 m,
and the size of facet is 0.5x0.5 m. The transmitter and receiver
fly in parallel at the same speed, with the transmitter in squint-
looking mode and the receiver in side-looking mode, and partial
parameters for scattering coefficient computation are listed in
Table II.

Fig. 8 depicts the results of the scene scattering coefficients
calculated at different slow times and the difference between
them. It can be seen that the scattering coefficients of the scene
are changing as the aircraft moves, which is in line with the
practical feature that the scattering coefficients of the targets
are different in different directions. Fig. 9 shows the judgment
results of the shadows at different azimuth times. Since the

shadow judgment method takes into account the influence of
beam width, the SAR beam irradiation range is a limited area,
and the area outside the beam can be directly regarded as a
shadow area. In addition, the red arrow in Fig. 9 indicates the
direction of transmitter shadow and the blue arrow indicates
the direction of receiver shadow, and two white dashed lines are
auxiliary reference lines to better observe the changes in shadow
direction of transmitter and receiver at different azimuth times.
Besides, due to the large azimuth angle difference between the
transmitter and receiver to the center of the scene, an obvious
double-shadow phenomenon can be seen in Fig. 9.

According to the analysis in Section III, the double shadow is
closely related to the size of the azimuth and elevation angles,
but mainly depends on the size of the azimuth angle difference.
For example, when the azimuth angle of the transmitting and
receiving stations is the same, double shadows will never ap-
pear. Generally, the greater the difference in azimuth angle,
the wider the separation of shadows between the transmitting
and receiving stations, and the more likely there is a double
shadow phenomenon, hence, the simulation results with differ-
ent azimuth differences are illustrated in Fig. 10. It should be
noted that the result does not include the procedure of coherent
superposition of echoes from different facets, hence speckle
phenomenon cannot be observed here. As shown in Fig. 10(a),
when the azimuth angle difference is 0, one of the shadows
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right) Subimages in every row correspond to the shadow of transmitting station, shadow of receiving station, final shadow results, respectively.

is completely covered by the other due to the same direction
of the two shadows, and only one shadow is presented. From
Fig. 10(b), it can be found that as the azimuth angles of the
transmitting and receiving stations change, the direction of the
shadow also changes. However, due to the small shadowing
range of the receiving station, it is completely covered by the
shadowing area of the transmitting station, and thus, the final
result is also presented as a single shadow. When the azimuth
angle difference is larger, as shown in Fig. 10(c), the transmitting
station shadow cannot completely cover the receiving station
shadow, and a clear double-shadow phenomenon appears at
this time. In general, the simulation results shown above are
consistent with the theoretical analysis, which indicates the
effectiveness of the proposed simulation framework.

B. DEM Experiment

In order to verify the effectiveness of the proposed frame-
work, raw data simulation is performed using provided digital

elevation data, where the size of facet is 1 x1 m, the scene size
is 1200x 600 m, and the scene elevation information is shown
in Fig. 11.

The red arrow and black arrow in the figure are the trajec-
tory of transmitter and receiver, respectively. The SAR con-
figuration is bistatic forward-looking, where the transmitter
irradiates the scene with squint-looking, and the receiver with
forward-looking, and system simulation parameters are shown
in Table III.

According to the proposed simulation framework, the scat-
tering coefficient of the scene is calculated at each azimuth
moment, and the 2-D echo data are obtained after traversing all
azimuth moments. Then, the BP algorithm is used for imaging
the generated echo data to verify effectiveness of the proposed
simulated framework and the results are shown in Fig. 12,
where Fig. 12(a) shows the simulated bistatic SAR raw data
of the scene, and Fig. 12(b) shows the imaging results of the
simulated raw data. It can be seen that the result can reflect
the scattering characteristics of the undulating terrain, and the
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Fig. 11. Digital elevation map of undulating terrain.
TABLE III
SIMULATION PARAMETERS
Carrier frequency 10 GHz
Polarization mode HH
Pulse duration S ps
Bandwidth 150 MHz
Range sampling frequency 180 MHz
Pulse repetion frequency 500 Hz
Synthetic aperture time Is
Confi i ¢ Translational Translational
onhiguration paramaters invariant Mode | invariant Mode
Location of transmitter (-6.-4.1.5) km (4-6.1.5) km
at aperture center
Velocity of transmitter (0,150,0) m/s (-150,0,0) m/s
Location of receiver
at aperture center (0,-3,1) km (0,-3,1) km
Velocity of receiver (0,150,0) m/s (0,150,0) m/s

double shadow phenomenon appears in the red rectangle domain
of Fig. 12(b). Besides, there are also obvious foreshortening and
layover phenomena, for example, the position of mountain peak
in the imaging result has shifted and is no longer located at the
horizontal center of the image due to the conversion between
slant-distance and ground distance, which indicates that the
results can effectively simulate the real echo acquisition process.

To further verify the effectiveness of the proposed framework,
we added some strong scattering targets to the scene and let the
transmitter fly along different trajectories shown in Fig. 13 to
observe the imaging results. Fig. 14(a) shows the result that the
transmitter flies along the trajectory 1, and Fig. 14(b) presents
the result that the transmitter flies along the trajectory 2. As can
be seen from the imaging results, the resolution is different, and
the shadow occlusion phenomenon changes due to the different
bistatic configuration, and most of the strong scattering targets
cannot be observed due to the shadow of the mountain in the
result that the transmitter flies along trajectory 2. The imaging
results of different bistatic SAR configurations indicate that raw
data simulation framework is effective and it can help to verify
the effectiveness of different configuration designs, which is also
an important research topic in bistatic SAR [58].
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Fig. 12.  Simulated bistatic SAR echo and corresponding imaging result. (a)
Amplitude information of echo data. (b) Imaging result.
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Fig. 13.  Digital elevation map with strong scattering targets.

Besides, in order to illustrate the difference between monos-
tatic SAR and bistatic SAR, the imaging result of monostatic
SAR that flies along the trajectory 1 is shown in Fig. 15.
Comparing the results in Figs. 14 and 15, it can be found that
due to the difference of geometric configuration, the scatter-
ing characteristics and imaging resolution of the scene under
the bistatic SAR configuration are quite different with that
of monostatic SAR. Especially, the shadow phenomenon has
undergone significant changes, where only one shadow appears
in the rectangular box. All the above findings are consistent
with theoretical understanding, which further demonstrates the
effectiveness of the proposed simulation framework.

C. Comparisons

In order to further illustrate the effectiveness of the proposed
scheme, the comparisons are made in this part. Considering that
the shadow judgment with ray tracing [41] and the simulation
algorithm with time-domain pulse by pulse calculation [7] own
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Fig. 14. Imaging results of simulated bistatic SAR raw data. (a) Transmitter
is trajectory 1. (b) Transmitter is trajectory 2.

Fig. 15. Imaging result of simulated monostatic SAR raw data with
trajectory 1.

the highest accuracy, they are used to simulate the raw data
first, and BP imaging is conducted on the raw data to get the
benchmark for comparisons, just as shown in Fig. 16.
Comparing Fig. 16 with Figs. 12(b) and 14(b), respectively,
it can be seen that the imaging results of the simulated raw
data with different schemes are basically consistent. Besides,
the structure similarity index measure (SSIM) [59] is used to
quantitatively evaluate the similarity of the two sets of images,
which can be calculated as follows:
SSIM(z,y) = [I(z, )]*[e(z,y)]°[s(z, )] (23)
where = and y are the two images. «, (3, and ~y are constants
and are usually set to 1 in real engineering. [(x,y), c(x,y),
and s(x,y) are functions of brightness, contrast, and structure,
respectively, and the corresponding calculation formulas are as
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(a) (b)

Fig. 16.  Benchmark for the comparisons. (a) Transmitter is trajectory 1. (b)
Transmitter is trajectory 2.

follows:
Ha,y) = uapy + 1)/ (1 + iy + 1)
o(2,y) = 204y + c2) /(07 + 0 + c2)
8(x,y) = (0uy + c3)/ (0204 + c3).

(24)

Among them, (1, and p,, repersent the average, and o, and o,
are variance of = and y, respectively, and o, is the covariance
of x and y. cl, ¢2, and ¢3 are constants to avoid system errors
caused by a denominator of 0, and corresponding calculation
formulas are as follows:

C1 = (le)Q
Cy = (kQL)Q (25)
C3 = CQ/Q

where k; and ko are constants and are usually set to 0.01 and
0.03 in real engineering, L represents the maximum grayscale
of the image. The value range is SSIM € [0, 1], and the larger the
value, the higher similarity between two images. After calcula-
tion, the SSIM value of the Figs. 16(a) and 12(b) and the SSIM
value of Figs. 16(b) and 14(b) are both greater than 0.97, which
means that the structure of the two sets of images are highly
similar. As for the degree of efficiency improvement, it depends
on how many facets are on the same or approximately the same
ground projection line. Generally, the more approximations
there are, the higher the efficiency improvement. Of course, there
may also be a certain loss in the accuracy of shadow judgment.
Under the conditions of DEM and simulation parameters used
in the article, and based on the shadow judgment time spent at
each azimuth moment, the efficiency of the proposed scheme is
better than that of the ray tracing scheme by approximately ten
times.

D. Discussions About Speckle Noise

Speckle noise is an important phenomenon in SAR image. In
principle, speckle noise is formed by the coherent superposition
of scattered echoes from different small facets within the same
resolution cell. Hence, as long as the size of the facet is smaller
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Fig. 17. DEM and imaging results of corresponding simulated raw data with
different facets and resolution cells. (a) DEM of undulating terrain. (b) Facet
size: 1 x 1 m; Resolution cell: 1.25x 1 m. (c) Facet size: 0.25x0.25 m; Resolution
cell: 1.25x 1 m. (d) Facet size: 1x 1 m; Resolution cell: 3x3 m.

than the resolution cell determined by SAR system parameters,
speckle noise will form, and its difference mainly depends on
the size of the facet relative to the resolution cell. Generally
speaking, the smaller the facet relative to the resolution cell,
the more obvious the speckle noise, and vice versa. Of course,
the smaller the facets, the greater the computational complexity
it brings. In practice, the choice of facet number is usually a
compromise between simulation accuracy and computational
efficiency. To illustrate the influence of the relative relationship
between the facet size and the resolution cell on speckle, partial
area in Fig. 11 are chosen for simulation, as shown in Fig. 17(a),
and the simulation parameters are the same as Table III. Then,
with different facet sizes and resolution cells, the raw data are
simulated and the corresponding imaging results are shown in
Fig. 17(b)—(d), where Fig. 17(b) is the case with facet size:
1x1 m and resolution cell: 1.25x 1 m, Fig. 17(c) is the case
with facet size: 0.25x0.25 m and resolution cell: 1.25x1 m,
Fig. 17(d) is the case with facet size: 1 x 1 m and resolution cell:
3x3 m. It can be seen that the larger the resolution cell relative to
the facet size, the more obvious the speckle phenomenon, which
is consistent with theoretical analysis.

E. Simulation Results Including Platform Error

According to the simulation process above, most operations
are completed in the time domain, it can effectively embed the
errors of platform. To illustrate this point, we have added a set
of simulation results for embedding motion errors, and provided
imaging results using ideal trajectories and actual trajectories,
respectively, to demonstrate the effectiveness of simulated raw
data with errors. Just as shown in Figs. 18-20, which are the
used DEM, the actual trajectories of transmitting and receiving
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Fig. 18. Digital elevation map of actual terrain.
f— =
() (b)
—= —
(©) (d)
Fig. 19.  Actual and ideal trajectories of transmitting and receiving platform.

(a) XOY plane of transmitting platform. (b) YOZ plane of transmitting platform.
(c) XOY plane of receiving platform. (d) YOZ plane of receiving platform.

(b)

Fig. 20. Imaging results of simulated data. (a) With ideal trajectory. (b) With
actual trajectory.

platforms, and the imaging results with ideal trajectory and
actual trajectory, respectively. It should be pointed out that
this manuscript does not involve specific motion compensation
methods. In principle, when the actual trajectories are used for
imaging, it actually implicitly compensates for the nonideal
motion of the platform, while imaging with ideal trajectories
is equivalent to not compensating for the influence of platform
errors.

It can be seen that when the ideal trajectory is used for
imaging, defocusing problems will occur due to the mismatch
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Fig. 21.  Digital elevation map of actual terrain.
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Fig.22. Bistatic SAR image. (a) Measured SAR image. (b) Imaging result of
simulated bistatic SAR raw data.

between the actual trajectory and ideal trajectory, while good
focus can be achieved if the actual trajectory is used, which
indicates that the simulated raw data effectively embeds the
influence of motion errors.

F. Measured Data Experiment

Measured data results are given in this part to further illustrate
the effectiveness of the proposed framework. In December 2020,
with the GF-3 satellite as the transmitting platform, the Cessna
aircraft as a receiving platform, the satellite/aircraft bistatic SAR
experiment at C band is conducted in Zhoushan, Zhejiang, and
the DEM of the measured scene is shown in Fig. 21.

During the experiment, the transmitting antenna is almost
side-looking, and the receiving antenna is squint-looking. More
specific information about this experiment and bistatic SAR
system can be obtained in [60]. The imaging result with BP
algorithm is shown in Fig. 22, where Fig. 22(a) is the measured
bistatic SAR image of the scene, Fig. 22(b) presents the BP
imaging result of the simulated bistatic SAR raw data with the
proposed framework. It can be seen that although the imaging
result of simulated bistatic SAR raw data cannot fully represent
the actual distribution of ground objects due to the accuracy
limitations of DEM and geometric distortion phenomenon, it can
reflect the contours of the terrain, which is basically consistent
with the measured bistatic SAR image, which further illustrates
the effectiveness of the proposed framework. Besides, the sim-
ulated results can assist in SAR image registration, geometric
correction, etc. [61].
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VI. CONCLUSION

With time-varying scattering coefficient acquisition based on
the scattering model of bistatic radar and the prior information of
DEM data, the shadow judgement based on facet cell fitting and
elevation angle comparison, and the echo simulation based on
pulse by pulse in time domain, a framework of bistatic SAR
raw data simulation under undulating terrain is proposed in
this article, and it is verified through simulation and measured
data experiments. Because of the consideration of the impact of
terrain fluctuations, the simulation results of the proposed frame-
work are closer to the actual situation, especially in simulating
the shadow occlusion and possible double shadow phenomena of
bistatic SAR, which will provide a good foundation for bistatic
SAR task design, trajectory planning, algorithm validation, etc.
Besides, since the whole simulation process is conducted in
time domain, the framework has no limitations on the geometry
configurations of bistatic SAR.
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