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Abstract 
 
To solve the problem of motion compensation for accurate 
shadow inverse synthetic aperture radar (SISAR) imaging, 
an SISAR motion compensation algorithm based on dual-
frequency is proposed. By conjugate multiplication of two 
echo signals with different carrier frequencies and different 
sampling rates, the influence of the scattering phase can be 
compensated and Doppler phase shift can be obtained by 
resolving recursive equations. Further, the Doppler 
variation rate at the baseline-crossing time is used as the 
initial value to solve the recursive equations. The 
simulation results show that this algorithm can give a more 
accurate SISAR contour image, the resolution of which has 
been greatly improved compared to that obtained by 
traditional SISAR motion compensation methods.  
 
1. Introduction 
 
As a kind of bistatic radar of special topology, forward 
scatter radar employs the enhancement of radar cross 
section (RCS) in forward scatter region and has great 
advantages in detecting stealth targets and low-slow-small 
targets compared with traditional monostatic radar [1]. 
Moreover, if applying the shadow inverse synthetic 
aperture radar (SISAR) imaging theory, it can extract target 
shadow profiles for recognition [2]. SISAR imaging 
technology utilizes the variation law of the target 
diffraction signal over time, and combines with the 
estimation of the target motion parameters to obtain the 
complex profile function (CPF) that contains the target 
silhouette information by inverse transforming the echo 
signal. Further, the target’s two-dimensional silhouette 
contour features can be extracted from the CPF for target 
recognition and classification. In summary, SISAR 
imaging technology can provide with the length of the 
target, the silhouette contour, and other important features, 
being of great significance to the target recognition in 
forward scatter radar. 
 
According to the applicable size of diffraction angle, the 
existing SISAR imaging methods are mainly divided into 
two kinds: small-diffraction-angle SISAR imaging and 
large-diffraction-angle SISAR imaging. Small-diffraction-
angle SISAR imaging uses the traditional Fresnel 
diffraction integral based on the second-order 

approximation of the baseline slant range. Though the 
limited imaging resolution, the implementation of this 
SISAR imaging algorithm is simple and can be quickly 
calculated by fast Fourier transform (FFT). Moreover, the 
motion compensation needs only to estimate Doppler 
frequency variation rate [3]. For the large-diffraction-angle 
SISAR imaging, its signal model is improved based on the 
small-diffraction-angle SISAR imaging theory and the 
slant range modeling is acquired using the second-order 
expansion based on the target center-point slant range [4]. 
Thus a higher resolution can theoretically be obtained. 
However, its precondition is the accurate estimation of the 
target Doppler phase shift (or slope range) for motion 
compensation. As is known, the accuracy of the traditional 
tracking algorithm for slope range estimation is far from 
meeting the requirements of motion compensation. 
Therefore, the large-diffraction-angle SISAR imaging 
algorithm is now actually only a theoretical possibility. 
 
To solve the problem of motion compensation for accurate 
SISAR imaging, we proposed an SISAR motion 
compensation method based on dual-frequency signal 
processing in this paper. Through the processing of 
different carrier frequency echoes, we can obtain the 
accurate estimation of the target slant range history, which 
is to be used in the motion compensation of SISAR 
imaging. The following sections are organized as follows. 
In Section 2, the basic principle for large-diffraction-angle 
SISAR imaging is introduced. In Section 3, the dual-
frequency motion compensation method is proposed. In 
Section 4, simulation results are provided for discussion. 
Our conclusions are given in Section 5. 
 
2. Large-diffraction-angle SISAR imaging 
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Figure 1. Forward scatter radar system topology. 



The system topology used for shadow field modelling is 
shown in Fig. 1. The receiver locates in the origin of a 

Cartesian coordinate system ( ), ,x y z , and the transmitter’s 

position in this coordinate system is ( ),0,0L , in which L

is the length of the baseline. The local coordinate system 

( ), ,x y z′ ′ ′ , the origin of which  ( ), ,p p px y z  is the target’s 

center P , is parallel to the global coordinate system 

( ), ,x y z . The distances from the target’s center to the 

transmitter and receiver are represented by 1cr  and 2cr  

respectively. The target is assumed to move linearly in a 
plane parallel to the x y−  plane with an velocity of v . The 

angle between the direction of the velocity and the baseline 
is expressed as φ . The projection of target’s center to the 

x y−  plane when crossing baseline, expressed as C , has 

bi static distances Td and Rd . 

 

The moving target forward scattering signal ( )E t  of large-

diffraction-angle SISAR imaging can be expressed as [4]:  
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where imQ  contains the Doppler phase shift and reflects 

impacts of target geometry to echo signal, 2k π λ=  is the 

wave number. imγ  is a time-varying parameter determined 

by the target-center slant range, the track angle, and the 
target velocity. It is noted that imγ  is equal to the Doppler 

variation rate under small-diffraction-angle assumption at 
the baseline-crossing time. ( )imH x′  is the CPF function 

related to the target profile and can be obtained by the 

inverse transforming of ( )E t : 
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where sT  is the observation interval.  

 
When ignoring the phase introduced by the quadratic term 
of the target height, the CPF of the target is approximated 
as follows [4]: 
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where ( )imH x′  and ( )im xψ ′  represent the amplitude and 

phase of the CPF, respectively. According to (3), the target 

shadow height difference profile ( )h x′  and median profile 

( )m x′ can be extracted from the forward scattering signal 

of the moving target. 
 
3. Dual-frequency motion compensation 
 
The large-diffraction-angle SISAR imaging algorithm 
given in (2) can be regarded as a coherent accumulation 
process. In general, the key to coherent accumulation is the 
coherence of phase. Similar to other coherent imaging 
approaches, the focus of SISAR imaging on phase is far 
greater than the concern for amplitude. We can observe that 
the parameters to be estimated in the integral of (2) are 
mainly imQ  and imγ . In fact, the accuracy requirement for 

the estimation of the amplitude of imQ  is not quite high. 

And in most cases the parameter imγ  can be approximated 

by its central value ( ) 2 2
0 1 1 sinT Rk d d vγ φ= + . With this 

in mind, the main problem of motion compensation is the 
estimation of the phase of imQ . In another word, the 

accurate Doppler phase history is needed.  
 
According to the electromagnetic theory, the target’s 
forward scattering signal can be written in the form: 
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where 0A  is a complex constant determined by system 

parameters, sσ  is the target’s complex scattering 

coefficient. By comparison of (1) and (4), we can express 

sσ  as the form of inverse Fourier transform under the 

assumption 0imγ γ≈ : 
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Further, the time-varying CPF ( )imH x′  is replaced with 

the time-invariant ( )H x′ , the far-field approximate 

expression of which is: 
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Also, under far-field conditions the phase term

( )2 2
0exp 2j x vγ ′ can be seen as 1. Then (5) can be 

rewritten as:  
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Figure 2. Illustration for the recursive solution of system of equations. 

 
Equation (7) indicates that under the given approximate 
conditions, there are certain time-scale transformation 
relations between the target complex scattering coefficients 
of different wavelengths: 

 ( ) ( )
1 2

1 2s sk k
t k k tσ σ=                             (8) 

 
Next we will show how the above scale transformation 
relationship can be used for motion compensation. Firstly, 
the signals of the two carrier frequencies are respectively 
resampled at sampling rates 1 2,s sf f  and the sampling rates 

satisfy 1 2 1 2s sf f k k= . Then, observation durations of the 

two signals are set as 1 2,s sT T , and 1 2 2 1s sT T k k= . So the 

sample points of the two signals are equal and we have: 

 ( ) ( )1 2exp expk kj n j nσ σϕ ϕ   =                  (9) 

where 2, ,0, , 2 1n N N= − −   denotes the sampling 

numbers. In another word, the phases of the scattering 
coefficients of the same sampling point on these two 
signals are the same. 
 
Using the wavelength-time scale transformation of the 
complex scattering coefficient, we can compensate the 
effect of the complex scattering coefficient by using the 
echo signals of the two frequencies and obtain the accurate 
estimation of Doppler phase shift from the echo phase. 
According to (9), phase terms of two signals of the same 
target can be expressed as: 
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From the sampling rate relationship we know that 

( ) ( )2 1 1 2D n D k k n≈    . With this in mind, we can carry 

out the conjugate multiplication the two signals to 
eliminate the influence of the target scattering phase and 
obtain the relationship between the conjugate phase and the 
target-center slant range: 
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Here we can give an equation set about the estimator 

( )1D n , where ( )nΦ  is the observation, and 1k  and 2k  

are the known parameters. In fact, the equation set given in 
(11) is not easy to solve because each independent equation 
contains the two slant ranges at sampling point n  and 

( )1 2k k n . Supposing 1 2k k> , if we have known the 

( )1D n which is closer to the baseline-crossing time, we can 

substitute it into (11) to find ( )( )1 1 2D k k n  that is further 

away from the baseline-crossing time. If follow this 

recursive mode to continue computing, we can find ( )1D n ，

( )1 1 2D k k n   ， ( )2

1 1 2D k k n 
  ， ( )3

1 1 2 ,D k k n 
   , 

as shown in Fig. 2. 
 
So far, the remaining problem is how to find the slope 
ranges near the baseline-crossing time as the initial value 
to solve the equation set. Fortunately, the Doppler phase of 
a target can be expressed as a quadratic term with respect 
to time using a Fresnel diffraction approximation when the 
target is approaching the baseline, i.e. when the diffraction 
angle is small we have: 
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Although the approximate accuracy of (12) decreases with 
increasing target-to-baseline distance, the approximate 
accuracy is quite high for a period of time near the baseline. 
Therefore, we can use (12) to approximate the target slope 
distance near the baseline by estimating the Doppler 
variation rate at the baseline-crossing time. Ignoring the 
effect of target height, the process of extracting the target 
slant range by (12) is expressed as:  
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4. Simulation results 
 
In this section, the proposed method is validated by 
simulation. The simulation target is a small aircraft model. 
The silhouette of the model is shown in Fig. 3. The specific 
simulation parameters are given in Table 1. 
 

Table 1. Simulation parameters 

Parameter Value Parameter Value 
Baseline 10km Target height 100m 
Track angle 90° dT 5km 
Wavelength-1 0.6m Wavelength-2 0.3m 
fs1 238Hz fs2 476Hz 
Velocity 100m/s Target size 4m 

 

 
Figure 3. Aircraft model for simulation. 

 
First, the phase error introduced by the approximation in 
the dual-frequency scale transformation is given, as shown 
in Fig. 4. When the sampling time for the wavelength of 
0.6m is ± 20s (corresponding to azimuth angle ~ ±20 
degree), the phase error, or the difference between the 
scattering coefficient phases of the two resampled signals, 
is less than 90 degree. Therefore, the maximum time for 
extrapolating the equation should be less than ± 20s. 
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Figure 4. Comparison of dual-frequency scattering 
phases. 

 
Fig. 5 shows the simulated SISAR images obtained using 
difference methods: the black lines denotes the real profiles, 
the blue lines denotes the profiles obtained by ideal large-
diffraction-angle SISAR, the green lines denotes the 
profiles obtained by ideal small-diffraction-angle SISAR, 
and the red lines denotes the profiles obtained by our 

method. Here the small-diffraction-angle SISAR used the 
signal with a Fresnel approximation phase error less than 
90 degree, which means the corresponding accumulation 
time is about ± 5.1s and the resolution is 1.46m. In contrast, 
the resolution of dual-frequency large-diffraction-angle 
SISAR imaging with an accumulation time of 16s is 0.47m. 
We can see that the height difference profile obtained by 
our method is almost identical to the result of ideal motion 
compensation. Since the phase is more sensitive to errors, 
there was some distortion in the median line profile.  

 

 
(a)Height difference profiles (b) Median line profiles 

Figure 5. Comparison of simulated SISAR images. 

 
5. Conclusions 

 
Overall, the dual-frequency SISAR compensation 
technique greatly improves the engineering achievable 
resolution of SISAR imaging. Also its motion 
compensation can be applied to some unsteady state of 
motion without the aid of specific model assumptions, 
which also reflects the robustness of this method. 
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