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Abstract  

The scan-on-receive (SCORE) is a key digital beamforming (DBF) technique for future high-resolution wide-swath syn-
thetic aperture radar (SAR) systems. A sharp and high gain receive beam, steered in real time towards the expected 
direction of arrival (DoA) of the backscattering signal, allows for improved SAR imaging performance with respect to a 
conventional approach. Nevertheless, it also exposes the system to new errors, associated with a mismatch between the 
expected and the actual DoA. This paper identifies possible sources of error, specific of SCORE-based systems, and 
investigates their effect on the SAR image quality in dependence of instrument and geometrical parameters. 
 
 
 

1 Introduction 

The scan-on-receive (SCORE) [1] is one of the most rele-
vant digital beamforming (DBF) techniques for high-reso-
lution wide-swath synthetic aperture radar (SAR) systems 
[3]-[7]. It is considered for advanced missions, such as the 
United States-Indian NISAR, the European Sentinel-1 
Next Generation, and the German Tandem-L [5]-[7]. 
According to SCORE, a large swath is illuminated by using 
a wide transmit (Tx) beam; whereas on receive (Rx), mul-
tiple digital channels are used to realize a sharp and high 
gain beam, that scans the illuminated swath from near to 
far range, following the pulse echo as it travels along the 
ground range direction [1]. The mentioned, original 
SCORE technique was then extended by more complex 
concepts, involving the use of multiple Rx beams or incor-
porating null-steering techniques, to further enhance the 
achievable SAR image quality [3], [4]. 
With respect to a conventional approach, SCORE allows 
for improved radiometric performance all over the swath, 
as well as a more efficient suppression of range ambiguous 
signals. Nevertheless, a full exploitation of the advantages 
offered by SCORE-based systems is constrained by the 
knowledge of the direction of arrival (DoA) of the Rx sig-
nals, useful and ambiguous. This is a prerequisite to 
properly collect the backscattered energy of interest, and to 
effectively suppress undesired returns. Accordingly, 
SCORE-based systems could be sensitive to unconven-
tional errors, associated with a mismatch between the ex-
pected and the actual DoA of the Rx signal. A specific error 
and performance analysis is of interest, which accounts for 
effects that for conventional systems may be negligible, 
such as radiometric variations induced by pulse duration 
[8] and terrain morphology [9]. 
A first attempt to thoroughly describe these unconventional 
errors, and characterize their relevance in relation to instru-
ment and acquisition geometry parameters, was recently 

published in [10]. This paper recalls and extends that study, 
by investigating how these errors affect the SAR image 
quality. 

2 Steering Errors 

Main sources of unconventional errors, associated with a 
mismatch between the expected and the actual DoA of the 
Rx signal, include: topographic variations, pulse duration, 
range cell migration (RCM), and pulse bandwidth [10]. 
The amount of error depends on the instrument parameters 
and the acquisition geometry. In particular, for a given un-
modelled terrain elevation, the steering error changes ac-
cording to the orbit height and the range position. The error 
associated with the pulse duration depends on the acquisi-
tion geometry too, and additionally on the SCORE steering 
velocity. The RCM steering error, on the radar wavelength 
and the azimuth resolution.  The pulse bandwidth intro-
duces an error according to the pattern behaviour versus 
frequency [10]. 
As an example, Fig. 1 and 2 describe, respectively, the an-
gular mismatch induced by an unmodelled terrain height 
and pulse duration, in relation to the acquisition geometry. 
Both figures evidence larger errors in near range, and for 
lower orbit heights: around 23 deg incidence angle, for an 
orbit height of 500 km, the errors could reach values of 
about 0.5 deg and 1 deg, respectively. For range ambigui-
ties, located in near range, the errors are even larger. 

3 Image Quality Degradation 

The effect of steering errors on the radiometric properties 
of the image is here investigated, both from a numerical 
and theoretical perspective. The focus is on errors gener-
ated by an unmodelled terrain height and pulse duration.  
The frequency dispersion of the SCORE Rx pattern over 
the chirp band is neglected, as well as the RCM.  



For simplicity, a planar array antenna and a stripmap oper-
ational mode are considered. More in detail, an antenna 
with K digital Rx elevation channels, uniformly distributed 
along the height, in such a way that the SCORE Rx pattern 
can be approximated with its array factor (AF).  
Based on the previous assumptions, SCORE behaviour can 
be investigated by considering only the processing in the 
range dimension [9]. Specifically, the following simulation 
frame is considered. The imaged scene is modelled as a set 
of Na discrete sequences of scatterers (range lines). Each of 
the Na sequences is associated with a given azimuth instant. 
Within a single discrete sequence, the scatterers are posi-
tioned along the range direction, and spaced by the range 
sampling interval, assumed to be (approximatively) equal 
to the range resolution cell size. The signal backscattered 
 

 
 
Figure 1  Steering error due to unmodelled terrain eleva-
tion, h, versus incidence angle, for different orbit heights, 
Horb. SCORE steering is computed assuming no terrain el-
evation.  
 

 
 
 
Figure 2  SCORE steering variation during a time interval 
equal to the pulse duration, T, versus incidence angle, for 
different orbit heights, Horb, and T values. SCORE steering 
computed based on the centre of the pulse and no terrain 
height. The maximum steering error associated with T is 
about half the steering variation. 

by each discrete sequence is then described by the reflec-
tivity function. For instance, the reflectivity is a Dirac 
delta, for a point target; while, for a distributed uniform 
target, it is a white complex Gaussian (WCG) process, 
where each sample is CG distributed, with zero mean and 
variance (mean power),  2, given by the “radar cross sec-
tion” of the resolution cell [11].  
As regards the image formation process, for a conventional 
(single channel) system, the Rx signal is obtained by the 
convolution of the Tx chirp with the reflectivity, and the 
SAR processing reduces to the range compression. For a 
SCORE-based system, the reflectivity, “seen” by each ele-
vation channel, includes the interferometric phase term, ac-

cording to the actual DoA, act . SCORE pattern steering 

is then performed on the set of K raw data, by including a 
range-time dependent phase term, based on the expected 

DoA, exp , and adding up the K signals. Finally, the range 

compression is applied [9]. All the signals are in baseband. 
To describe SCORE effect on the radiometric quality of the 
image, the SCORE loss (SL) is here defined as: 
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where, sP  is the power of a pixel obtained by SCORE; cP  

the power of the same pixel obtained by conventionally 
processing a single channel; t , the pixel range position (in 

two-way time delay).  
The SL is evaluated numerically by simulating the imaging 
process. Note, that in case of a point target, the power in 
eq. (1) is the (deterministic) intensity of the pixel, i.e. the 
peak power of the impulse response; whereas for a resolu-
tion cell of a uniform target, it is the mean intensity of the 
pixel, i.e. the pixel intensity averaged over the azimuth di-
mension.  
A novel theoretical expression for the SL in eq. (1) is de-
rived, for a point target and a uniform target, respectively: 
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where, T  denotes the pulse duration, and sN  the corre-

sponding number of samples; t  the (discretized) two-way 

time delay; 0t  the two-way time delay at the target/resolu-

tion cell; exp ( ) t  the expected DoA; 0( )act t  the actual 

DoA associated with the position of the target/resolution 
cell; nAF  the normalized SCORE array factor, steered to-

wards exp ( ) t  and computed in 0( )act t . 

Both the previous theoretical expressions reflect the fact 

that each sample, received from a given DoA, 0( )act t ,  

during the pulse duration, is weighted by different SCORE 
pattern values, according to the SCORE steering law, 



exp ( ) t . Nevertheless, in case of a point target, the samples 

add coherently in voltage; whereas, they add in power for 
the uniform target.  
Eq. (2) and (3) state that the SL is negligible, if two condi-

tions are simultaneously satisfied: (i) exp 0 0( ) ( )  actt t ; 

(ii) SCORE steering angle variation within the pulse dura-
tion is small w.r.t. SCORE half power beam-width. Other-
wise, a loss occurs. This loss is different for a point and a 
uniform target, depends on SCORE pattern shape and 
steering velocity, on the topography, the pulse duration, 
and the location of the target (in near or far range).  
It is worth noting that the derived theoretical expressions 
are valid also for a range ambiguous target/resolution cell, 

and for an arbitrary SCORE steering law, exp ( ) t . 

The SL is further investigated numerically, as shown in 
Fig. 3 and 4. In particular, for a distributed uniform target, 
Na = 1000 realizations of a WCG process are generated as 
reflectivity. These are then used to simulate the SCORE 
SAR image and to evaluate, according to eq. (1), the SL. 
The theoretical SL, given by eq. (2) and (3), are computed 
too. Additionally, the case of a very short pulse is consid-
ered for comparison. SCORE beam is steered towards the 
centre of the pulse, assuming no terrain elevation. 
Two different scenarios are investigated: in one, the un-
modelled terrain elevation, h, changes versus range; in the 
other, h is constant and the backscattered signal is re-
ceived in proximity of a pattern null. The second scenario 
could represent the case of a received ambiguous signal. In 
both cases, T ≠ 0.  
In Fig. 3, the considered h is 0 m in near range, then it 
increases linearly until 2000 m, and remains constant in far 
range; T = 56 s. In Fig. 4,h is constant and T = 28 s. 
As regards the other parameters: Horb = 514 km; the an-
tenna height, hant = 1 m; the radar wavelength, = 3.1 cm. 
The results obtained for the distributed uniform (WCG) tar-
get confirm the agreement between the theoretical SLu and 
the simulated SL. The simulated SL evidences additionally 
a possible radiometric instability, related to the pattern val-
ues weighting the Rx signal. A comparison between the 
loss for a point target, SLp, and that for a uniform target 
shows that the difference between the two losses can be 
huge in correspondence of pattern nulls (Fig. 4). The strong 
influence of the pulse length on the loss is highlighted by 
the SL for a very short pulse: here the loss is determined 
only by the value of the SCORE pattern weighting the 
pulse centre. 
These first results, even if limited, suggest that the uncon-
ventional errors, associated with topography and pulse du-
ration, cannot be neglected, especially considering the de-
manding requirements on the radiometric quality imposed 
on SAR images (the required accuracy and stability are in 
the order of 0.5 dB). The dependence on the imaged scene 
deserves attention too. 

 
 
Figure 3  SLp in eq. (2), SLu in eq. (3), SL in eq. (1). SL 
computed for: a WCG reflectivity (Na = 1000 realizations); 
a reflectivity from a homogeneous TSX image (Na = 1000 
lines); a very short pulse. The samples of the WCG reflec-
tivity and the TSX image have the same mean and vari-
ance. h: 0 m in near range; linearly increasing from 0 m 
to 2000 m in mid range; 2000 m in far range. T = 56 s; 
Horb = 514 km; hant =1 m; =3.1 cm; K=24.   
 
 

 
 
Figure 4  SLp in eq. (2), SLu in eq. (3), SL in eq. (1). SL 
computed for: a WCG reflectivity (Na = 1000 realizations); 
a reflectivity from a homogeneous TSX image (Na = 1000 
lines); a very short pulse. The samples of the WCG reflec-
tivity and the TSX image have the same mean and vari-
ance. h=7500 m (actual DoA around a pattern null). T = 
28 s; Horb = 514 km; hant =1 m; =3.1 cm; K=24.   
 
 
It is worth to remark that eq. (3) is derived assuming that 
the reflectivity samples, i.e. the signal backscattered from 
different resolution cells, are uncorrelated. If a correlation 
is present, the SL changes. This could be understood by 
considering the expression of a single sample of the Rx 
SAR raw data signal, after SCORE is applied: 
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where (a scaling factor is neglected), ( )r t  denotes the re-

flectivity, ( )c t the Tx chirp pulse, nAF  the normalized ar-

ray factor steered towards exp 0( ) t  and computed in 

( )act t , i.e. the summation is done over the instantaneous 

ground range extension of the chirp. For the ideal uniform 
target, the integrated reflectivity samples, ( )r t , are uncor-

related random variables, distributed as CG(0,  2),  and the 
mean power of the signal in eq. (4) is: 
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Nevertheless, if the integrated reflectivity samples are cor-
related, then cross terms affect the expected value, and the 
mean power cannot be simplified to the expression in (5). 
The effect of a possible correlation on the SL is shown in 
Fig. 3 and 4, by the green curve. Here, the reflectivity func-
tion, used to simulate the SL, is obtained from a homoge-
neous real TerraSAR-X (TSX) image (single look, slant 
range, complex), acquired over the Amazonas forest. Spe-
cifically, a single realization of the reflectivity is given by 
a range line of the TSX image.  
Due to the SAR processing, the pixels of the TSX SAR im-
age are correlated. As expected, the obtained SL deviates 
from the SL of the ideal, WCG, uniform target, even if all 
the other simulation parameters (included mean and vari-
ance of the reflectivity samples) are equal. In particular, 
Fig. 3 and 4 show that the difference could be significant, 
depending also on the pattern values weighting the Rx sig-
nal. This highlights the relevance of a proper simulation of 
the reflectivity.  

4 Conclusions 

With respect to conventional SAR systems, SCORE-based 
systems are exposed to new errors, associated with a mis-
match between the expected and the actual DoA. The main 
sources of error include topographic variations and pulse 
duration. The paper investigates their effect on the SAR 
image quality analytically and numerically. The first re-
sults show that both the radiometric and range ambiguity 
performance could degrade in a relevant way. The depend-
ence on the imaged scene deserves attention too. In fact, 
the amount of degradation differs in case of point and dis-
tributed targets, and depends, for a given pulse length and 
unmodelled terrain height, on the SCORE pattern shape 
and steering velocity, the target location within the image, 
and the statistical properties of the backscattering.  
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