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Abstract—An accurate and efficient SAR raw data generator is of
considerable value for testing system parameters and the imaging
algorithms. However, most of the existing simulators concentrate on
the raw signal simulation of the static extended scenes and targets.
Actually the raw signal simulator of the moving targets is highly
desired to quantitatively support the application of the ground moving
targets indication. The raw data simulation can be exactly realized
in the time domain but not efficient especially when simulating an
extended scene. As for the issues, the analytical expression for the 2-D
signal spectrum of moving targets with constant acceleration is derived
and a fast raw data simulation method in the 2-D frequency domain
based on inverse w-« algorithm is proposed in this paper, where the
inverse STOLT interpolation is applied to simulate the range-azimuth
couple. So it is more efficient than the time domain one by making use
of Fast Fourier Transform (FFT). Simulation results for a man-made
scene and a real SAR scene are provided to demonstrate its validity
and effectiveness.

1. INTRODUCTION

Synthetic aperture radar (SAR) is a powerful remote sensing technique,
which can work in all weather conditions and day and night [1-6]. The
ground moving targets indication (GMTTI) is one of the most important
applications for synthetic aperture radar [7-10], and the performance
of the GMTI system can be analyzed and evaluated by modeling the
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whole system through simulation method. SAR raw data generator is
essential for designing the new sensor, testing the imaging algorithm
and devising inversion algorithm, so the raw data simulator is a hot
issue in the research of SAR [11-21]. However, only static targets are
taken into account in existing simulators while the moving targets are
rarely discussed. So SAR raw signal generator of moving targets is
required, particularly when the real raw data are not available yet.

The SAR raw signal simulation methods include time domain,
the two-dimensional frequency domain, and the hybrid time/frequency
domain. The time domain method can achieve a realistic simulation,
but it is highly time consuming especially in the present of extended
scenes. The two-dimensional frequency domain approach greatly
reduces the computational load with respect to the time domain
approach, and it can accommodate the space-varied range-azimuth
coupling and senor trajectory deviations exactly. The hybrid
time/frequency simulation is a trade-off of the above two methods.
Nevertheless, few studies are reported on an efficient frequency domain
raw signal simulation that includes not only fixed but also moving
targets.

There are some SAR raw data generators (RDG) of moving
targets with drawbacks and applied limits [22,23]. Reference [24]
simulates the raw data of moving point targets in the time domain;
however, the efficiency cannot be tolerated in the present of distributed
moving targets. In [25], the paper proposed an efficient SAR raw
data generator of a scene that includes fixed and moving targets;
nevertheless, it can only simulate the raw data of moving targets
with constant speed. In addition, the precision of the simulator is not
high enough because it uses the hyperbolic approximation during the
derivation of the spectrum of the moving targets. As for above issues,
this paper presents an accurate and efficient strip-mode SAR raw
data simulator of extended scene included fixed and moving targets,
where an general analytical slant range model is proposed and the
corresponding point target reference spectrum (PTRS) is derived. The
precision and efficiency of the method are analyzed in detail, and the
simulator is verified through a mixed scene simulation experiment in
the paper.

The paper is organized as follows. In Section 2, the point target
reference spectrum of moving targets with constant acceleration is
derived. In Section 3, the procedure of the proposed simulator is
described in detail. In Section 4, the high performance of the proposed
generator is verified by a mixed scene simulation experiment, where the
accuracy verification and efficiency analysis is presented and discussed.
Finally, in Section 5 some concluding remarks are reported.
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2. GEOMETRY CONFIGURATION AND 2-D SIGNAL
SPECTRUM

The geometry configuration for the strip-mode SAR including a moving
target upon a fixed scene is shown in Fig. 1. In this figure, t is the slow
time, O the start point, v the SAR platform velocity, and « the squint
angle. A target denoted by P(rg, xo) is located in the fixed scene with
velocity v, in the slant range direction and v, in the azimuth direction.
a, and a, are the target acceleration in the slant range and azimuth
directions, respectively. The closest slant range from the platform to
the point target P(rg, zo) is ro.

Figure 1. Strip-mode geometry.

According to the geometry in Fig. 1, the slant range between the
platform and the target can be expressed as

R(t) = \/ (m ot — ;art2>2 + (a:o (o= va)t— ;aatQ)Q (1)

A 2-D signal spectrum is necessary in order to apply a fast raw
data simulation method in the 2-D frequency domain. So the section
derives the analytical spectrum of the moving target using the principle
of stationary phase (POSP) [26].

Suppose that the received baseband signal from a point target is

G(s,t)=0(ro, xo) x exp[—jdm foR(t)/c| x exp [im K, (s—2R(t)/c)*] (2)
where o(rg, z¢) is the reflectivity coefficient of the point target; s and

t represent the range and azimuth time variables respectively; c is the
speed of light, fo the carrier frequency, and K, the chirp rate.
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Using the POSP and performing Fourier transformation (FT) with
respect to range time, i.e.,

G(fs,t)=0(ro, x0) x exp (—jm ¢/ Ky) xexp [—jdn(fo+ fo) R(t)/c] (3)

where fs; denotes the range frequency. To obtain the two-dimensional
spectrum, a further Fourier transformation with respect to the azimuth
time is performed. However, it can be observed that it is difficult
to obtain the 2-D signal spectrum owing to the existence of the
acceleration in the slant range (1). Instead a variable substituted and
square method [27] is applied to reformulate the slant range history in
order to circumvent the obstacle.

By Taylor expansion and discarding higher order terms induced
by acceleration, the slant range (1) becomes,

R(t) = \/R(z) =2 [rovy+xo(v—0g)] t+[VZ+ (v—14)% —Toar —x0a4] t

R2—2R [mvr+% V—10q ] t
0280 | 7 Ro( )

2 2 To xo 2
- a _R —— T_R p—— a t
+|:UT+<’U v ) 0 Oa 0 Oa :|

_\/ R3—2Ry [cos avy,+sin a(v—wv,)] t

+ [vf + (v—va)2 — Ry cos aa, — Ry sin aaa] 12

(4)

Changing the slant range (4) into the square, the following can be
obtained

2 2 A72
R(t)—\/Rg—QRoNtJth?—\/ (RoN _mt> N (Rg_RON>
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Based on the transformed slant range (5) the accurate 2-D
spectrum of moving target is given as follows,

2 .
G(fs, fr) = a(ro, o) exp (]j;(fs > exp <j27rftRovsm(p)
r eq
2
€xp <_jW\/(f0+fs)2—Zif2t> (12)
eq

When all the motion parameters of the moving targets are equal to
zero, the (12) becomes,

2 .
G(fs, ft) = o(ro,x0) exp <]7Z8> exp (jQFftROima)

T 2 £2
exp (_ﬁ L \/ (fo+ fo)? - cft) (13)

492

It can be seen that (13) is the same as the spectrum of the fixed
targets [26], which proves the accuracy of the derived 2-D spectrum of
the moving targets. Then some remarks concerning about the last two
terms of (12) will be made in order to understand the characteristic of
the moving targets sufficiently.

Ry sin go) _

exp (—j 2 f
Vegq

This term will decide the azimuth position of the moving target
in the final imaging. In fact it also denotes the azimuth displacement
by the range velocity of the target.

2 2
exp (_j47rRoccosg0\/(f0+fs)2 c ft> :

42,

This term contains azimuth modulation, range cell migration and
the high-order range-azimuth couple. Thus the term would result in
the smear of the moving targets because it is modulated by the speed
of the target.

With the precise 2-D spectrum model of moving targets a raw data
simulator is designed which can generate the raw data of the extended
scenes included the moving and static targets. In the next section the
simulator will be introduced in detail.

3. RAW DATA SIMULATION

The raw signal simulation procedure for the extended scenes included
fixed and moving targets is shown in Fig. 2(a), and the basic steps of
the simulator are illustrated in Fig. 2(b).
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Figure 2. (a) Mixed scenes raw data simulation procedure. (b) Raw
data simulator.

From Fig. 2(a), it can be seen that the proposed simulation
method can generate raw data of mixed scenes which include extended
scenes, fixed targets and moving targets with different velocities. First
the simulator can generate the raw signal of the extended scenes and
fixed targets at a time, where the fixed targets contain fixed point
targets and fixed distributed targets composed of hundreds of point
scatters. For the fixed targets, the targets velocities in the both
directions can be set to be zero and then the simulator can generate
the raw data very fast. Then the raw data of moving targets with
different speed is generated, where the moving targets still include
point targets and distributed targets. For the moving targets they
should be classified with different velocities first of all, which may put
the targets with the same motion parameters together and generate
the raw signal at the same time with the simulator. It is important
note that the moving distributed targets that composed of hundreds
of moving point targets always have a threshold undivided size (TUS)
such that the range velocities of the targets contained in can be
assumed fixed, independent of the incidence angle [24]. When a big
size moving distributed target exists, one may divide it in the range
direction according to the threshold undivided size and then generate
the raw data separately. Therefore, the raw data of the moving
distributed targets can be simulated at a time and the consuming time
is greatly reduced. After generating the raw signal of extended scenes,
fixed targets and moving targets, they should be added together to get
the strip SAR raw data of mixed scenes.

The simulator used in Fig. 2(a) is illustrated in Fig. 2(b). Based on
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the signal spectrum model, the basic steps of the raw signal simulation
are outlined as follows:
1) The reflectivity o(rg, zg) is projected to the imaging plane, the
signal can be expressed as

o(s,4) // G ()0 (ro, 70)8(5 — 50)0(t — to)dsodte  (14)

where G, (s) is the antenna beam pattern in the range directions,
rref the reference slant range, and s the propagation delay of the
interested target corresponding to the one in the scene center, i.e.,
2(Rpcosp —r
so = ( 0 @ ref) (15)
c

2) 2-D Fast Fourier Transform (FFT) is performed to transform the
signal into the 2-D frequency.

fs’ft
//G o(ro, o) exp[—j2m(fo+ fr)so— 727 feto]dsodto (16)

3) The range frequency transition will be performed in the 2D
frequency domain to simulate the range—azimuth coupling, i.e.,

2 £2
\/ (ot 12+ 510 gt a7)
eq

Inverse STOLT interpolation is applied to finish this step based
on the above mapping relation. After the operation the signal

becomes
G(ff) = [ Gulso)atro,a)exp [-3(f1, )] dsudto (18)
where
_ 2
@(fé,ft)ZM(ROCOz(P rref)\/(fwf;) 4"; +orfito (19)

4) Reference Function Multiplication (RFM) operation is applied
to simulate all the range-invariant phase, thus the function is
expressed as

mr 02
HRFM(f;,ft)ZeXp{ 4 Tef\/(f L2 4Uft}

€q

2 i 2
xexp{— 2mfHosing +27rftt0}>< exp {— 7}? s} (20)

Veq r
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Then the simulation data becomes

fs?ft)
// rect[ ] x o(ro, o) exp[—j® (fi, fr)] dsodto (21)
where
. 12
b1, f) = TR gy %ftfo eI ()
eq r

5) To make sure the generated raw data precise, the skewness
of the spectrum in the frequency domain must be simulated.
Thus the variance of the azimuth beam pattern G,(f;) with the
range frequency fs should be taken into account. Neglecting the
variation will result in the supporting area of the raw data deviate
from the ideal area in the time domain. After the antenna pattern
modulation, the signal is expressed as

G (fl fr)
/ /G rect[ ] Galf1) x 0 (ro, 20) exp| —j® (!, )] dsodto (23)

6) Finally, after all the above operations, the raw signal is generated
by applying 2-D Inverse Fast Fourier Transform (IFFT).

9(57t)://ff(mxo)Gr(S)Ga(t)rect [S 25( )/C}
xexp|—jdr foR(t)/c] x exp [jm K, (s—2R(t)/c)?|dsodt (24)

It can be seen the above simulation procedure bases on an inverse
w-k algorithm, which can exactly simulate the high-order range-
azimuth coupling. So it has high precision.

4. SIMULATION EXPERIMENT AND VALIDATION

4.1. Man-made Scenes Simulation

In this section, our work concentrates on the verification of the raw data
of moving targets generated with proposed method. As we know, the
most effective way to verify the precision of the generated raw data is
to evaluate the corresponding imaging quality. The simulated raw data
are validated based on the characteristic of the moving target imaging.
The simulation system parameters are shown in Table 1. First, the
raw data of a man-made scene are generated, which include fixed and
moving point targets with different velocities, as presented in Fig. 3.
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Figure 3. Man-made scene with fixed and moving targets.

Table 1. System parameters.

Parameters Values
Carrier Frequency 9.6 GHz
Reference Range 10 km
Transmitted Bandwidth 150 MHz
Platform Velocity 150 m/s
Pulse Repeat Frequency 400 Hz
Pulse Length 2.5 us
Antenna Azimuth Dimension 1m
Squint Angle 0°/10°/30°

In this figure, the horizontal axis is the range direction, whereas the
vertical is the azimuth direction. There are two roads parallel to the
range and azimuth directions, respectively. There are seven targets
of different velocities denoted by the rectangle with numbers, which
are placed onto the road parallel to the range and azimuth directions,
respectively. The velocities of targets are listed in Table 2. All of them
are point targets in order to validate the raw data conveniently. As an
expected backscattering phenomenon the reflectivity of the man-made
scene is higher than the road.

The processed raw data are presented in Fig. 4, from which it
can be seen that a focused image at the expected position is shown
for the fixed target (T3); the targets (T1, T2) with range velocities
show a azimuth shift phenomenon; the targets (T6, T7) with azimuth
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Table 2. Motion parameters of moving targets.

Target No 1 2 3 4 5
Vy (m/s) -1 05 0 05 -1
Va(m/s) 0 0 0 1 1

N O
Tt OV

Figure 4. Focus result with raw data generated by the proposed
simulator.

velocities represent the smear effect; the targets (T4, T5) with range
and azimuth velocities show a displaced and smear phenomenon [28].
The above results prove the accuracy of the simulated raw data of
the man-made scenes included fixed and moving targets initiatory.
Then the raw data with proposed generator are validated specifically
and verified by compare the two different simulation methods. The
comparison result is shown in Table 3.

From Table 3, it can be observed that the azimuth shift induced by
the range speed of moving target in frequency domain method agrees
well with the time domain one in broadside mode (T1, T2), even in
the presence of azimuth smear (T4, T5). In order to validate the raw
signal sufficiently, the raw data of moving point target only with range
velocities in squint mode are also simulated, and the result is given
in Table 4, which also shows the error between frequency domain and
time domain method is very tiny. For the moving targets with azimuth
speed, the point target’s smear width of 3-dB main lode is compared
between the time domain method and the frequency domain method to
validate the accuracy of the simulated raw data. As shown in Table 3,
the azimuth smear widths based on our 2-D frequency method are
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Table 3. Performance analysis of moving target based on different
raw data simulation method.

Measured Frequency Measured Time
Target Domain values Domain Values
No Azimuth Azimuth Azimuth Azimuth
Shift (m) Smear (m) Shift (m) Smear (m)
1 66.6660 0.9979 66.6700 0.9973
2 33.3350 0.9979 33.3400 0.9973
3 0 0.9981 0 0.9999
4 33.7800 1.0367 33.3300 1.0297
5 67.5650 1.0367 66.6650 1.0297
6 0 1.2539 0 1.2402
7 0 6.4800 0 6.1194

very close to that the time domain method, and the smear widths
deteriorate with the increasing azimuth speed (T6, T7). In addition,
the fixed target (T3) is well focused without any azimuth shift and
azimuth smear. The above results prove the accuracy of the raw data
of fixed and moving targets with proposed simulator.

In order to show the precision and effectiveness of the presented
simulator, another simulation experiment is made to compare with the
existing frequency domain generator introduced in [25]. The simulation
parameters are the same as those in Table 1, and the compared result
is given in Table 4.

Table 4. Performance analysis of moving target based on different
raw data simulation method.

Azimuth shift(m)
Vel(m/s) TDM FDM-1 ERROR-1 FDM-2 ERROR-2
Broadside mode
V., = 0.5,
V. =0 33.3400  33.3276 0.0371% 33.3350 0.0149%
V. = 1.0,
I 66.6700  66.6608 0.0137% 66.6660 0.0059%
Low squint mode
V., = 0.5,
V. =0 33.3288  33.8250 1.4900% 33.3338 0.0150%
V. = 1.0,
—— 66.6652  67.8150 1.7200% 66.6675 0.0034%
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In Table 4, the time domain method, the frequency method in [25],
and the proposed method are labeled as TDM, FDM-1, and FDM-2,
respectively. And ERROR-1 denotes the relative deviation between
the TDM and FDM-1. ERROR-2 stands for the relative deviation
between the TDM and FDM-2. The azimuth shift induced by the
range velocities is the compared parameters since it can clearly reveal
the accuracy of the three simulation methods. From Table 4, it can
be seen that in the broadside mode, both of the frequency domain
methods almost agree with the time domain one, where the relative
error is at the acceptable level; however the proposed method exhibits a
better performance. In the low squint mode (squint angle is 10°) it can
be observed that the method in [25] shows a large relative deviation,
which is not tolerable to the accuracy of the generated raw data.
Nevertheless, the presented method still keeps a good performance,
even in the case of high squint mode (squint angle is 30°), and the
error is still within a small range by the simulation validation. Thus the
proposed approach is more accurate than the other frequency domain
simulator.

As we know, a tiny range acceleration will induce severe imaging
unfocused, and it is difficult to apply quantitative method to analyze
its accuracy. Thus the qualitative approach is applied to verify its
effectiveness, and the result is shown in Fig. 5. It can be observed
that the smear widths deteriorate with increasing acceleration, which
proves the accuracy of the simulated data.

0
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100 . I I .
0 500 1000 1500 2000 2500
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Figure 5. Azimuth smearing degree for different range acceleration.

4.2. Real SAR Scenes Simulation

In this section, a real scene simulation experiment is carried out to
validate the proposed simulation method. The real SAR image is used
as backscattering coefficients, as presented in Fig. 6(a). There are seven
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Figure 6. (a) The simulation scene imaging with moving targets.
(b) Focus result with raw data generated by the proposed simulator.

moving distributed targets which are artificially added with movement
format of (vg, vr, ar) as labeled in Fig. 6(a). The raw data of the
mixed scene are simulated by the proposed method, and the processed
raw data are presented in Fig. 6(b).

It can be observed that the focused result of the static scene is
almost the same as the features of the real SAR image in Fig. 6(a),
without any geometry deviation or defocusing. As for the moving
targets in the scene, the targets (T1, T2) with only range velocities are
displaced in the azimuth direction without the smear effect; the targets
(T3, T4) with only azimuth velocities show an unfocused phenomenon,
and the target (T5) with range and azimuth velocities generates above
both effects; the targets (T6, T7) with range acceleration show a severe
unfocused phenomenon; the target (T7) also shows a shift phenomenon
owning to the range velocity. The above results prove the accuracy of
the simulated raw data of the extended scenes included moving targets.

4.3. Efficiency Analysis

The primary advantage of the proposed raw data simulator is
computational efficiency. The complex multiplication number is
applied to compare the efficiency of the two simulation methods. And
the computation of the proposed simulator with a single type of target
can be expressed as

Nj = 10N, N, logy(NaN,) + 6NN, + 2(2Myer — 1)NoN,  (25)
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where My, is the length of interpolation kernel. N, and N, are the size
of simulated scenes in the azimuth and range directions, respectively.
The computation of the time domain simulator is

N; = N2N? (26)

It is difficult to estimate the efficiency of the proposed method
directly owing to various kinds of targets. Instead supposing that in
a simulated scene, there are p% targets belonging to moving point
targets and ¢% is moving distributed targets with threshold undivided
size (TUS) of K, and the remaining are fixed point targets and fixed
distributed targets. So the accelerate ratio of the proposed method
can be defined as

n— (NaNy # p% 4+ NoNp % ¢%/ K + 1)Ny
= N,

It can be observed that the efficiency of the proposed simulator
mainly depends on the percentage of moving point targets and moving
distributed targets. However, these targets usually take up very
small portion of the whole simulated scene. Therefore, the mixed
scene simulator can still demonstrate high efficiency. For example, a
simulated scene contains 4096 bins in the range direction and 4096
bins in the azimuth direction, in which 0.001% belongs to moving
point targets; 0.01% is moving distributed targets with TUS of 30 % 30;
the length of interpolation kernel is eight, then the accelerate ratio
of this method is about 270 by calculation, which greatly reduces the
simulation time with respect to the time domain method.

(27)

5. CONCLUSION

In this paper, a new strip-mode SAR raw data simulation approach of
extended scenes included static and moving targets has been proposed.
The proposed method can simulate the raw data of moving targets
with constant acceleration and works well in the case of high squint
comparing to the existing simulator. Meanwhile, it is more efficient
than the time domain methods. The experiment results show its high
performance for strip-mode SAR raw data simulation.
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