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INTRODUCTION 
 
Although high-resolution wide-swath (HRWS) SAR imaging and ground moving target indication (GMTI) systems 
from the system architecture point of view look quite similar (both system types employ multiple receiving (RX) 
channels arranged along azimuth direction), they generally need to be operated in different modes, in particular with 
significantly different PRFs. HRWS systems require a comparatively low PRF, reflecting the overall length of the full 
antenna. The low PRF enables wide-swath imaging, and the multiple RX channels are used for signal spectrum 
reconstruction. The PRF is ideally chosen such that the uniform sampling condition of the RX antenna array is fulfilled: 

ୌୖୗܨܴܲ ൌ
୮ݒ2

ܯ ⋅ ୟ,ୖଡ଼ܮ
 (1) 

where ݒ୮ is the platform velocity, ܯ is the number of RX antennas and ܮୟ,ୖଡ଼ is the length of a single RX antenna which 
conventionally also defines the minimum along-track baseline. In contrast, GMTI systems require a high PRF, 
reflecting the short length of the individual RX antenna. For obtaining good clutter suppression and moving target 
parameter estimation capabilities, it is desired that the displaced phase center antenna (DPCA) condition between 
adjacent RX channels is fulfilled. Thus, for a system with given along-track baselines ܮୟ,ୖଡ଼ the PRF has to be adjusted 
according to 

ୈେܨܴܲ ൌ
୮ݒ2
ୟ,ୖଡ଼ܮ

ൌ ܯ ⋅  ୌୖୗ. (2)ܨܴܲ

By having a closer look at this equation it becomes clear, that in principle classical multi-channel GMTI can be 
achieved with a HRWS system by simply increasing the PRF by a factor of ܯ. Unfortunately, the high PRF system 
operation mode prevents both wide-swath GMTI as well as wide-swath SAR imaging. Thus, depending on the PRF, 
either narrow-swath GMTI or HRWS SAR imaging can be performed, but not both at the same time. 
 
The basic resolution of this conflict we have already addressed in [1][5][6], where we have shown that a simultaneous 
HRWS SAR imaging and low PRF wide-swath GMTI operation mode is feasible. In the present paper we lay the focus 
on the HRWS-GMTI processing approaches and on the performance assessment of exemplary HRWS-GMTI system 
concepts. The work presented in [1] and in the following sections we have carried out in the frame of a contract 
extension of the ESA-funded TRP Activity “Study of Multi-Channel Ka-Band SARs for Moving Target Indication” [2]. 
 
 
MATHEMATICAL RELATIONSHIPS 
 
For reconstructing a highly ambiguous moving target signal sampled by low PRF the beamformers and reconstruction 
filters conventionally used for HRWS SAR imaging (see e.g. [4][7][8]) have to be adapted according to the target 
motion parameters, in particular to the target’s line-of-sight velocity and Doppler shift, respectively. A detailed 
mathematical derivation we have given in [1], where we have adapted the conventional Maximum Signal Method from 



[7][8] so that it also can be used for moving and not only for stationary targets. We have shown that the reconstructed 
moving target signal can be written as 

Z୰ୣୡ,൫ݎ, ୟ݂ ,൯ ൌ ࢍ
ୌሺݑ୲, ୰ሻݒ ⋅ ,ݎሺࢆ ୟ݂ሻ (3) 

where ࢍ
ୌሺݑ୲,  ୰ and the directional cosineݒ ୰ሻ is the beamforming vector adapted to the target’s line-of-sight velocityݒ

ܨis the ambiguous multi-channel signal vector, ୟ݂ is the ambiguous Doppler frequency in the range ሺെܴܲ ࢆ ,୲ݑ 2⁄ 
ୟ݂ ൏ ܨܴܲ 2⁄ ሻ, and ୟ݂ , is the unambiguous Doppler frequency for Doppler band ܾ. The adapted beamforming vector is 

given as 

,୲ݑሺࢍ ୰ሻݒ ൌ
1

,୲ݑሺܩ ୰ሻݒ
⋅ ,୲ݑሺ࢛൫ ,୰ݒ ࣖሻ൯ ⋅ ,୲ݑሺࢶ ୰ሻݒ ⋅  (4) 

where  is the antenna pattern matrix,  is a matrix with ones, ࣖ is a parameter vector containing further parameters 
like range and incidence angle, ܩ is a normalization factor taking into account the antenna patterns, and ࢶ is the 
baseline delay matrix. 
 
The basic principle of the signal reconstruction for a 5-channel system is shown in Fig. 1. Depending on the chosen 
beamformers ࢍ either conventional HRWS reconstruction for stationary targets or adapted reconstruction for moving 
targets can be performed. For reconstructing and focusing a moving target signal the beamformer has to be adapted to 
the correct line-of-sight velocity of the target. The reconstruction and ambiguity suppression will not be optimal if there 
is a velocity mismatch. However, just this behavior can be exploited for estimating the velocity with high accuracy by 
the application of a Matched Reconstruction Filter Bank (MRFB) [1]. This even works with a conventional HRWS 
SAR system without any system modifications. A potential application is high-resolution wide-swath ship monitoring, 
where not necessarily a clutter suppression capability is required. 
 
 
HRWS-DPCA ALGORITHM 
 
Especially for targets with low radar cross section (RCS) embedded in a rather strong clutter environment, clutter 
suppression capability is mandatory. One applicable method is the DPCA technique. For enabling this, ܯ additional RX 
channels have to be added to a ܯ-channel HRWS SAR system as sketched in Fig. 2 left. The PRF needs not to be 
increased in this case, i.e., the uniform sampling ܴܲܨୌୖୗ can be used. After reconstruction the DPCA condition for 
the reconstructed FORE and AFT channels is fulfilled. 
 
DPCA clutter suppression is then performed by simply subtracting the coregistered AFT (blue color) from the FORE 
(red color) channel (cf. Fig. 2 right). Since the target’s motion parameters are not known a priori, the reconstruction has 

 

Fig. 1. Basic principle of HRWS reconstruction for an exemplary 5-channel sytem. 

 
 



to be carried out in a loop where for each iteration different velocity assumptions have to be made (cf. MRFB explained 
in detail in [1]). 
For achieving the same phase center separations as depicted in Fig. 2 left, instead of ܯ additional RX channels 
principally a subpulse technique can be used as discussed in [1]. 
 
 
HRWS-STAP ALGORITHM 
 
A different approach for clutter suppression is to use Post-Doppler STAP instead of DPCA as depicted in Fig. 3. Here 
an arbitrary number ܰ of additional RX channels can be added to a ܯ-channel HRWS SAR system. The shown 
Covariance Matrix Estimation block is optional since in principle also a theoretically derived clutter-plus-noise 
covariance matrix can be used, if the two-way antenna patterns are accurately known. 
 

Fig. 2. Principle of the HRWS-DPCA algorithm (left: HRWS system operated with ܴܲܨୌୖୗ with ܯ additional RX 
channels and corresponding bistatic phase centers before and after reconstruction (5=ܯ in shown example); right: 
simplified block diagram with the main processing steps). 

 

 
Fig. 3. Principle of the HRWS-STAP algorithm. 

 
 



Clutter suppression and motion adapted HRWS reconstruction is carried out in a single step. Instead of the 
reconstruction described in (3), which is used for the MRFB and the HRWS-DPCA algorithm, for HRWS-STAP the 
reconstructed signal is obtained by 

ܼ,൫ݎ, ୟ݂ ,൯ ൌ
ࡾ
ିଵሺ ୟ݂ሻ ⋅ ,௧ݑୠሺࢍ ୰ሻݒ

ටࢍୠ
ுሺݑ୲, ୰ሻݒ ⋅ ࡾ

ିଵሺ ୟ݂ሻ ⋅ ࢍ ሺݑ୲, ୰ሻݒ
⋅ ,ݎሺࢆ ୟ݂ሻ (5) 

where ࡾ is the clutter-plus-noise covariance matrix. Meanwhile a conference paper appeared where a similar 
technique as we suggest is proposed for clutter suppression [9]. 
 
 
HRWS REFERENCE SYSTEM FOR SAR IMAGING 
 
For assessing the performance of a novel HRWS-GMTI system as a first step a conventional 5-channel HRWS SAR 
system based on reflectarrays was designed for Ka-band. This system is considered as HRWS Reference System in the 
following. For fulfilling the requirements given in Table 1 it is necessary to decrease the orbit height to 400 km if a 
reasonable overall antenna size shall not be exceeded. Furthermore, the SCan-On-Receive (SCORE) technique is 
required for each RX channel. For shallower incidence angles or larger slant ranges, it is necessary to switch to a 
narrower elevation TX beam for increasing the antenna gain. This behavior can principally be implemented using a 
single reconfigurable reflectarray TX antenna or two different TX antennas. 
 

Table 1. Requirements for the HRWS reference system. 

Requirement Value Comment 

Noise equivalent sigma zero (NESZ)  -18 dB 
assumed 4 dB two-way atmospheric 
attenuation included 

Range ambiguity-to-signal ratio (RASR)  -20 dB  

Azimuth ambiguity-to-signal ratio (AASR)  -20 dB  

Azimuth resolution  1.5 m  

Ground range resolution  1.5 m  

Ground swath width  50 km  

 
 
The 5-channel HRWS reference system is sketched in Fig. 4 and the corresponding key parameters are listed in Table 2. 
 
 
HRWS-GMTI SYSTEM CONCEPT AND PE RFORMANCE FOR HRWS-DPCA PROCESSING 
 
For the HRWS-DPCA system concept 5 additional RX channels have been added to the HRWS reference system, so 
that the overall RX antenna length increases to 20 m. In total 10 RX channels are available. 
 
For obtaining the GMTI performance Monte Carlo simulations have been carried out using the novel HRWS-DPCA 
algorithm. In Fig. 5 the obtained GMTI performance is depicted for three different target RCSs of 10, 3 and –6 dBm². 
All plots are for an incidence angle of ߠ ൌ 34° and a clutter reflectivity of -6 dB. The PRF was set to 1533 Hz. The 
probability of detection is plotted for a desired false alarm rate of 10-6 (cf. Fig. 5 top right). 
 
An excellent GMTI performance is achieved for the targets with a RCS of 10 dBm² (blue color) and 3 dBm² (red). The 
minimum detectable line-of-sight velocity is in the order of 0.5 m/s (cf. Fig. 5 top right) for a false alarm rate of 
ܲୟ ൌ 10ି. The azimuth re-positioning error for the 10 and 3 dBm² targets is better than 30 m outside the blind 

velocity regions (cf. Fig. 5 bottom left). Even for the target with the comparatively low RCS of -6 dBm² (green color) a 

 
Fig. 4. HRWS reference system with 5 RX channels. 

 
 



reasonable probability of detection (cf. Fig. 5 top right) and azimuth position accuracy (cf. Fig. 5 bottom left) is 
achieved. 
The line-of-sight velocity estimation accuracy ߪ୴୰ and the across-track velocity estimation accuracy ߪ୴୷, which are 
not plotted, are directly proportional to the azimuth position accuracy ߪ୶. The corresponding equations for computing 
these velocity accuracies are: 

୴୰ߪ ൌ ฬെ
ݒ
ଵݎ
ฬ ⋅ ୶ߪ , ୴୷ߪ ൌ

௩ߪ
sin ୧ߠ

 (6) 

where ݎଵ is the range to the target. For the given acquisition geometry in Table 2 and an incidence angle of 34°, an 
azimuth position accuracy of 30 m corresponds to 0.48 m/s (= 1.72 km/h) line-of-sight velocity estimation accuracy and 
to 0.85 m/s (= 3.07 km/h) across-track velocity estimation accuracy. 
 
The along-track velocity is computed form the estimated Doppler slope of the moving target signal. The results are 
plotted in Fig. 5 bottom right. The along-track velocity estimation accuracy is in the range from 5 to 20 km/h for the 10 
and 3 dBm² target. Note that for all Monte Carlo simulations the absolute along-track velocity of the simulated target 
was fixed to 0 m/s for avoiding additional (computation time consuming) iterations in the Monte Carlo simulation. The 
absolute value of the along-track velocity is less important since it has no significant impact on the Doppler slope 
estimation accuracy and, hence, on the along-track velocity estimation accuracy. 
 
 
HRWS-GMTI SYSTEM CONCEPT AND PERFORMANCE FOR HRWS-STAP PROCESSING 
 
For HRWS-STAP the ܯ-channel HRWS reference system needs to be extended by a number of ܰ additional RX 
channels. The HRWS-STAP GMTI performance obtained from Monte Carlo simulations is depicted in Fig. 6 for a 
different number of RX channels and a fixed target RCS of 3 dBm². All plots are for an incidence angle of ߠ ൌ 34° and 
a clutter reflectivity of -6 dB. For a total number of 9 and 11 RX antennas the performance is close to the HRWS-DPCA 
performance of a 10-channel system (cf. Fig. 5). 
 
For a total number ܯܰ ൌ 7 RX antennas the azimuth re-displacement error is better than 60 m outside the blind 
velocity regions (cf. Fig. 6 bottom left). For 9 RX channels the azimuth re-displacement error even drops to 30 m. The 
probability of detection and the minimum detectable line-of-sight velocities (cf. Fig. 6 top right) are comparable with 

Table 2. Key parameters of the HRWS reference system. 

Parameter Value Comment 

Range bandwidth ܤ୰ 270 MHz 
ensures a ground range resolution  1.5 m for 
incidence angles ୍ߠ  22° 

Peak transmit power ୲ܲ 3137 W 
the available peak power is connected to the 
range bandwidth 

TX losses and atmospheric attenuation 5.3 = 4 + 1.3 ܮ dB 
4 dB two-way atmospheric attenuation is 
considered 

System noise figure 4.6 ܨ dB  

Duty cycle ݀ୡ 0.13  

Center frequency ୡ݂ 35.75 GHz  

Orbit height ݄ 400 km  

Platform velocity ݒ୮ 7670 m/s  

PRF for uniform sampling ܴܲܨୌୖୗ 1533 Hz  

Number of RX channels 5 ܯ  

Effective TX antenna height ݄ଡ଼ for steep 
incidence angle 

8.97 cm 
reconfigurable reflectarray antenna for TX 
necessary, or two different TX antennas Effective TX antenna height ݄ୟ,ଡ଼ for 

shallow incidence angle 
16.6 cm 

TX antenna length ܮୟ,ଡ଼ 4.14 m  

Effective RX antenna height ݄ୟ,ୖଡ଼ 1.656 m  

Single RX antenna length ܮୟ,ୖଡ଼ 2 m  

Overall RX antenna length 10 m  

TX antenna gain ܩଡ଼ for steep incidence 
angle 

47.25 dBi 
antenna efficiency of ߟଡ଼ ൌ	0.8 assumed 

TX antenna gain ܩଡ଼ for shallow incidence 
angle 

49.92 dBi 

Single RX antenna gain ୖܩଡ଼ 56.75 dBi 
antenna efficiency of ୖߟଡ଼ ൌ	0.8 assumed; 
SCORE needed for each RX antenna to achieve 
the required NESZ 

 



Fig. 5. HRWS-DPCA GMTI performance of a 10-channel HRWS-GMTI system with parameters given in Table 2 (top 
left: output SCNR; top right: probability of detection for ܲୟ ൌ 10ି; bottom left: azimuth position error; bottom right: 
along-track velocity estimation error; further parameters: ܩଡ଼ ൌ 47.25	dBi, 10 RX antennas; incidence angle ߠ୧ ൌ 34°, 
ܨܴܲ ൌ 1533 Hz, clutter reflectivity ߪ ൌ െ6	dB). 

 
 

Fig. 6. HRWS-STAP GMTI performance of a HRWS system with a variable number of ܰ additional RX channels with 
parameters given in Table 2 (top left: output SCNR; top right: probability of detection for ܲୟ ൌ 10ି; bottom left: 
azimuth position error; bottom right: along-track velocity estimation error; further parameters: ܩଡ଼ ൌ 47.25	dBi, 5+	ܰ
RX antennas; incidence angle ߠ୧ ൌ ܨܴܲ ,34° ൌ 1533 Hz, 3 dBm² target RCS, clutter reflectivity ߪ ൌ െ6	dB). 
 



the results obtained from the 10-channel HRWS-DPCA system for the 3 dBm² target. The along-track velocity 
estimation accuracy is better than 10 km/h except for the 5-channel configuration (cf. Fig. 6 bottom right, green dotted 
line), where nearly no clutter suppression is performed as indicated by the low SCNR value (cf. Fig. 6 top left). 
Compared with the along-track velocity estimation accuracies obtained with HRWS-DPCA, the HRWS-STAP 
algorithm provides more accurate along-track velocity estimates over the entire line-of-sight velocity range. 
 
 
CONCLUSION 
 
Two different HRWS-GMTI algorithms, which we call HRWS-DPCA and HRWS-STAP, were presented. A 5-channel 
Ka-band reference HRWS system was designed which then was extended by additional RX channels for improving the 
clutter suppression capability. It was shown by Monte Carlo simulations that with the extended reference system and 
the proposed algorithms a good HRWS-GMTI performance can be achieved. With the proposed methods and 
algorithms HRWS SAR imaging and wide-swath GMTI can be performed simultaneously without changing the system 
operation mode. 
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