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Abstract 

Precise knowledge of the far-field antenna patterns associated with individual receive channels of a multi-
channel SAR system is of fundamental importance to operate the radar instrument in advanced imaging modes. 
A prominent example is Tandem-L which uses a large deployable parabolic reflector that is illuminated by a digi-
tal feed array with multiple receive channels. This architecture enables, in combination with an appropriate on-
board signal processing, the acquisition of a wide image swath by simultaneously recording multiple scattered 
radar echoes with a set of narrow elevation beams that are steered in real time towards the angles of the arriving 
wavefronts. As such a multiple elevation beam technique is prone to range ambiguities, optimized real-time 
beamformers are considered that maximize their gain in the direction of the desired radar echo and suppress, at 
the same time, the range ambiguous radar echoes arriving from different angles. The implementation of these 
advanced real-time beamforming techniques requires, however, precise knowledge of the amplitude and phase of 
the secondary far-field antenna patterns associated with the excitation of single feed elements. As it is impossible 
to measure these complex antenna patterns on ground with sufficient accuracy, we propose here a novel tech-
nique that enables a highly accurate in-orbit measurement of the relative amplitude and phase of the far-field 
secondary antenna patterns associated with individual feed elements. The key idea is to collect SAR data in 
space by a set of dedicated calibration flights, where the signals from all feed elements are simultaneously rec-
orded in a transparency mode, i.e., without any real-time beamforming on board the satellite. The multichannel 
data are then transferred to the ground, where the relative antenna pattern information is extracted and calibrated 
beamforming coefficients are derived, as required for the implementation of advanced SAR modes. This paper 
provides an overview of the proposed multichannel antenna calibration technique and demonstrates the superior 
SAR imaging performance that can be achieved by employing this technique in conjunction with a series of es-
pecially designed calibration flights over natural terrain with known topography. 

1 Introduction 
Tandem-L is a proposal for a highly innovative SAR 
mission to monitor the Earth system with unprecedented 
spatial and temporal resolution [1]. To meet the de-
manding mission requirements, a new SAR instrument 
architecture and imaging mode has been developed [2], 
[3]. The system architecture is based on a large parabol-
ic reflector antenna that is illuminated by a digital feed 
with multiple elevation channels (cf. Figure 1) [4]. As 
each feed element is associated with a different second-
ary beam, it becomes possible to image a wide swath 
with high Rx gain by a time-variant combination of the  
feed signals in synchrony with the expected direction of 
arrival of the desired radar echo [5], [6]. The imaging 
capacity is further increased by using not only one but 
multiple elevation beams that map multiple swaths at 
the same time [7]. As these swaths are separated by 
blind ranges, several strategies and modes have been 
proposed to avoid such gaps in the SAR image [8]. Out 
of these modes, Tandem-L will employ a technique 
where the pulse repetition interval is rapidly changed 
from pulse to pulse [9]. This technique, now denoted as 
staggered SAR, has been further analyzed and elaborat-
ed in detail in [10], [11]. In combination with an opti-
mized Tandem-L reflector and feed system it becomes 

then possible to map a 350 km wide swath with an azi-
muth resolution of 7 m, thereby significantly improving 
the imaging capacity if compared to state-of-the-art 
L-band SAR systems like ALOS-2 or even the C-band 
satellite constellation Sentinel-1A and 1B.  

While staggered SAR enables the acquisition of an 
ultra-wide image swath with high resolution, it requires 
also a notable oversampling in azimuth. Such an in-
crease of the average pulse repetition frequency (PRF) 
is mandatory to avoid a rise of azimuth ambiguities 
caused by missing samples along the synthetic aperture 
[12]. The high PRF will, however, also increase the sus-
ceptibility to range ambiguities. Range ambiguity sup-
pression is further challenged by the required wide 
swath illumination, which causes multiple mutually 
ambiguous radar echoes to arrive at the same time from 
different elevation angles but with comparable magni-
tudes (cf. Figure 1). This poses high demands on the 
multichannel receiver system which has to steer multi-
ple elevation beams in real time towards the radar ech-
oes’ expected directions of arrival. The shape of each of 
these receiver beams must be adjusted to maximize for 
each instant of time the antenna gain in the direction of 
the desired radar echo, while minimizing the gain to-
wards the arrival angles of the interfering range ambig-
uous radar echoes.  

421

EUSAR 2018

ISBN 978-3-8007-4636-1 / ISSN 2197-4403 © VDE VERLAG GMBH ∙ Berlin ∙ Offenbach



 

 

Several beamforming algorithms have been developed 
to address this challenge, but their performance depends 
crucially on the accurate knowledge of the amplitude 
and phase of the secondary beam patterns associated 
with individual feed array elements [4], [13]. While this 
knowledge is less important for a planar array, where 
the element patterns are typically pretty similar and the 
overall radiation performance is primarily determined 
by the array’s geometry and excitation, it becomes man-
datory for reflector SAR systems, where each feed has 
its own element pattern that points its secondary beam 
to a different direction. As it is impossible to measure 
the antenna patterns for a SAR system like Tandem-L 
with sufficient accuracy before launch on the ground, 
one needs an alternative strategy to obtain the required 
far-field pattern information. One established approach 
is the use of dedicated calibration targets like corner re-
flectors or transponders [14], [15]. A very large number 
of calibration targets would, however, be required to 
meet the accuracy requirements as the antenna patterns 
associated with individual feed elements cover different 
areas and are moreover characterized by a high degree 
of spatial variation, which is further complicated by the 
fact that the patterns are typically non-separable in ele-
vation and azimuth. Another approach, which was suc-
cessfully applied for TerraSAR-X [16], is based on the 
use of an appropriate antenna model, but the require-
ments regarding the precise knowledge of the deployed 
reflector’s attitude and shape are rather high to meet the 
demanding performance requirements [17]. 

2 In-Orbit Multichannel Antenna 
Pattern Calibration  

As a complement to the conventional antenna pattern 
estimation and modeling techniques discussed before, 
we propose here a new multichannel calibration ap-
proach that enables highly accurate in-orbit measure-
ments of the amplitude and phase differences between 
the secondary far-field patterns of the feed ele-
ments/channels. The proposed technique is capable of 
providing this information in two dimensions without 
the need of dedicated calibration targets and/or a sophis-
ticated antenna model. The core concept is to operate 
the SAR system over an appropriately chosen natural 
scene with known topography in a series of dedicated 
calibration modes, which are described in more detail in 
the following subsections. The basic idea of this tech-
nique has already been suggested in the context of the 
cross-elevation beam range ambiguity suppression tech-
nique CEBRAS [18], and is here further elaborated in 
view of the demanding requirements for Tandem-L.  

2.1 Low PRF Antenna Calibration (LPAC)  

As a first calibration mode, we consider an operation 
with a very low pulse repetition frequency (PRF), so 
that only a single radar echo arrives at the radar satellite 
at any time. A wide swath is illuminated, and all eleva-
tion channels simultaneously record and digitize their 
received signals independently from each other without 
applying any on-board beamforming. As the total data 

Figure 1: Reflector SAR with multiple elevation beams. Digital beamforming on receive plays a crucial  
role for the reliable separation of the simultaneously arriving radar echoes from range-ambiguous positions. 
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rate of this transparency mode is likely to exceed the 
capacity of the input channel to the on-board memory, it 
is suggested to reduce the RF bandwidth in this mode. 
Tandem-L is, for example, capable to handle in its nom-
inal staggered SAR mode the radar signals from five 
elevation beams, each recording a radar echo with an 
RF bandwidth of 84 MHz. A reduction to, e.g., 10 MHz 
allows therefore the simultaneous recording of all 35 
feed signals without increasing the internal data rate.1 If 
necessary, the full bandwidth can then be covered by 
subsequent measurements where the range center fre-
quency is appropriately varied from data take to data 
take. The multichannel radar data acquired in this dedi-
cated antenna calibration mode are then transmitted to 
the ground, where they are further evaluated.  

The evaluation starts with a range compression of 
the signals from the individual elevation channels. As-
suming a calibration scene that is sufficiently flat and 
free of layover, there exists thereafter a one-to-one rela-
tion between the instant of time in the range-compressed 
data and the elevation angle from which the radar ech-
oes are arriving. This relationship is easily derived from 
the imaging geometry and the known topography of the 
calibration scene.2 However, as the low PRF of the 
LPAC mode does not allow for azimuth focusing, radar 
echoes arriving at the same time from multiple azimuth 
angles cannot be separated from each other. A compari-
                                                           
1 The reduced RF bandwidth is also beneficial to increase the 
SNR of each recorded signal. By this, even the weak echoes 
from the antenna sidelobes can be acquired with sufficient ac-
curacy. The SNR could be further improved by increasing the 
length of each individual pulse, if compared to the rather short 
pulses used in the stagered SAR mode. 
2 A coarse DEM with a resolution in the order of 100 m is con-
sidered as sufficient. 

son of the recorded feed signals in amplitude and phase 
yields therefore an estimate of the relative antenna pat-
terns integrated over azimuth.3 The performance simula-
tions in Section 3 reveal that this information is never-
theless well suited to derive beamforming coefficients 
for highly efficient range ambiguity suppression without 
detailed a priori pattern knowledge.  

2.2 High PRF Antenna Calibration (HPAC)  

While the LPAC mode outlined in the previous section 
is well suited to derive appropriate weights for elevation 
beamforming, a more detailed knowledge of the relative 
azimuth antenna patterns may be of interest to further 
improve the SAR imaging performance and to support 
the end-to-end system calibration.  

For this, we suggest to acquire SAR data over an 
appropriate scene in the high PRF antenna calibration 
(HPAC) mode. In contrast to the LPAC mode, only a 
narrow swath is illuminated by transmitting with one or 
a small subset of the available feed elements. The re-
duced swath illumination provides an efficient means to 
suppress range ambiguities as they are, in contrast to the 
nominal wide-swath staggered SAR mode, already sup-
pressed by the Tx pattern.4 The calibration data for the 
full swath extension can then be recovered by combin-
ing the data from a series of measurements where dif-
ferent subswaths are illuminated.5 In comparison to the 

                                                           
3 The involved azimuth angles are typically small and span for 
Tandem-L an angular interval in the order of 1°. 
4 Residual range ambiguities could, in principle, also be re-
solved by blind source separation as proposed in [18].  
5 For stability reasons, these measurements can be combined 
into a single data take, where the Tx pattern sequence is simi-
lar to that of a ScanSAR mode. 

 
Figure 2: Illustration of the basic steps of the proposed multichannel antenna calibration. The recorded radar data of 
each feed are first individually range compressed (RC) and bandpass-filtered in the Doppler domain (DF). In a second 
step, the feed signals are mutually compared and relative amplitude and phase patterns are computed as a function of 
range and Doppler. In a third step, the relative amplitude and phase patterns are transformed from the range-Doppler 
coordinates to the corresponding elevation and azimuth angles. This transformation requires knowledge of the satellite’s 
orbit and attitude in combination with an appropriate digital elevation model. Finally, the relative pattern information is 
used to calculate a calibrated and optimized set of digital beamforming coefficients that are uploaded to the satellite. 
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staggered SAR mode, the use of a constant PRF avoids, 
moreover, the loss of azimuth samples and enables 
therefore an excellent suppression of the azimuth ambi-
guities. Stated differently, a reduced PRF could be used 
to achieve the same azimuth ambiguity-to-signal ratio. 

The HPAC data are then transmitted to the ground 
and further analyzed as illustrated in Figure 2. The eval-
uation starts again with a range compression of each in-
dividual feed signal. In contrast to the LPAC mode, the 
range-compressed data are then transformed to the 
range-Doppler domain (or decomposed into multiple 
azimuth looks) which provides the basis for a two-
dimensional analysis of the antenna patterns [18]. In the 
next step, the phases and amplitudes from different feed 
elements are compared in a local neighborhood of each 
range-Doppler bin. This comparison may either be 
based on local averages, or on a more elaborated model-
based evaluation. A pretty simple approach could, for 
example, start from the hypothesis that the signals from 
different feed elements ݑ௜ሺ߬, ஽݂ሻ and ݑ௝ሺ߬, ஽݂ሻ are, for 
each range-Doppler bin ሺ߬, ஽݂ሻ, scaled functions of the 
same backscatter, i.e., they are related by complex 
weights ௝ܽ௜ሺ߬, ஽݂ሻ. Each feed signal will also be subject 
to mutually independent noise ݊ሺ߬, ஽݂ሻ and we obtain 

,௜ሺ߬ݑ ஽݂ሻ ൌ ,ሺ߬ݑ ஽݂ሻ ൅ ݊௜ሺ߬, ஽݂ሻ 

,௝ሺ߬ݑ								 ஽݂ሻ ൌ ௝ܽ௜ሺ߬, ஽݂ሻ ∙ ,ሺ߬ݑ ஽݂ሻ ൅ ௝݊ሺ߬, ஽݂ሻ
(1)

The complex weights ௝ܽ௜ሺ߬, ஽݂ሻ can then be derived 
from a cross-correlation of the ݑ௝ሺ߬, ஽݂ሻ and ݑ௜ሺ߬, ஽݂ሻ	 

௝ܽ௜ሺ߬, ஽݂ሻ ൌ
,௝ሺ߬ݑൣܧ ஽݂ሻ ∙ ௜ݑ

∗ሺ߬, ஽݂ሻ൧
,௜ሺ߬ݑ|ሾܧ ஽݂ሻ|ଶሿ െ ,ሾ|݊௜ሺ߬ܧ ஽݂ሻ|ଶሿ

 (2)

where the expectation ܧሾሿ is approximated by averaging 
over a local neighbourhood ࣨ of the range-Doppler bin 
(߬, ஽݂ሻ. To ensure consistency and improve the estima-
tion accuracy, it is suggested to evaluate all feed pairs 
jointly in a matrix-like approach. The contribution from 
the noise ݊௜ሺ߬, ஽݂ሻ can either be neglected by restricting 
the evaluation to samples with very high SNR (i.e. 
|௜ݑ| ≫ |݊௜|ሻ, or be measured separately. The proposed 
technique is very accurate, as the Tx pattern and scene 
reflectivity cancel for each range-Doppler bin. 

3 Performance Simulation  
This section shows an example of how the multichannel 
radar data acquired in the LPAC mode can be used to 
improve the elevation beamforming in a reflector SAR 
system like Tandem-L. For this purpose, we simulate a 
time series of multichannel radar data, as they would be 
recorded by a dedicated LPAC data take. To simplify the 
calculations, we model the backscatter by independent 
and identically distributed complex Gaussian noise, but 
a more refined simulation could also use real radar data 
to better account for inhomogeneities in the backscatter 
statistics. After range compression and appropriate con-
sideration of the radar imaging geometry6, the simulated 
                                                           
6 This includes the incorporation of the known scene topogra-
phy. The simulation in this paper assumes the same geometry 
and spherical Earth model with flat topography as in [18]. 

multichannel radar data are obtained for each radar 
channel and range line by projecting the antenna-
weighted backscatter along iso-range contours (cf. green 
line in the upper plot of Figure 3, which shows the 2-D 
antenna pattern of an optimum MVDR beamformer 
steered towards this range). To provide a realistic 
weighting, we use here the results from GRASP compu-
tations that predict, for each feed element, the two-
dimensional complex antenna pattern for the nominal 
Tandem-L antenna geometry. The computation is then 
repeated for all transmitted pulses such that we obtain, 
for each range ݎ, a time series of radar signals ݑ௜ሺݐ௞;  ,ሻݎ
where ݅ ∈ ሼ1, … , ோܰ௫ሽ denotes the receive channel (i.e. 
feed element) and ݇ ∈ ሼ1,… ,  ሽ the number of theܭ
transmitted pulse. To account for thermal noise in each 
channel, we further add to each of the simulated radar 
signals white noise, the power of which is calculated 
from the predicted NESZ in the LPAC mode and the 
strength of the backscattered signal.7  

                                                           
7 The simulations in this paper assume equal noise level for all 
channels where a total SNR of 20 dB would be achieved after 
applying an optimum MVDR beamformer. The high SNR is 
not necessary, but nevertheless justified by assuming a 
backscatter coefficient of -15 dB and an NESZ of -35 dB in 
the LPAC mode. The low NESZ is due to the reduced band-
width in the transparency mode. 

 

 

Figure 3: Simulated Tandem-L pattern for an optimum 
MVDR beamformer that is steered in elevation to a 
ground range of 460 km assuming full knowledge of each 
complex feed pattern. The top figure shows the 2-D two-
way pattern which is projected on a spherical Earth, while 
the bottom shows 1-D pattern cuts for fixed range bins 
corresponding to the swath echo and range ambiguities 
for PRIs of 130, 140 and 150 s. The desired swath echo is 
shown in green, while the near and far range ambiguities 
are shown in orange and magenta, respectively.  
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The ோܰ௫ radar signals ݑ௜ሺݐ௞;  ሻ, which are free of rangeݎ
ambiguities due to the data acquisition in LPAC mode, 
can then be used to compute, for each range, an estimate 
of the covariance matrix  

ܴ௜௝ሺݎሻ ൌ ;௞ݐ௜ሺݑൣܧ ௝ݑ	ሻݎ
∗ሺݐ௞; ሻ൧ (3)ݎ

where the expectation operator ܧሾ	ሿ is replaced by a sum 
over the time samples ݇. From this matrix, we can now 
derive, again for each range bin ݎ, a weight vector that 
steers a high gain beam towards the direction of the rec-
orded radar echoes. While there exist several options to 
exploit the covariance matrix for this purpose, we use 
here a beamformer where the weights are provided by 
the conjugate complex of the eigenvector which corre-
sponds to the maximum eigenvalue of the covariance 
matrix ܴ௜௝ሺݎሻ. The resulting 2-D antenna pattern and a 
set of iso-range slices to be explained in the next para-
graph are shown in Figure 4. It becomes clear that this 
eigenvector beamformer has succeeded in steering a 
highly directive beam towards the desired range using 
only the simulated radar data acquired in the LPAC 
mode, but no explicit knowledge of the individual feed 
patterns. A quantitative comparison with the MVDR 
beamformer from Figure 3, which maximizes the SNR 
for a given direction and makes full use of the precise 
knowledge of all individual feed patterns, reveals more-
over that the LPAC eigenvector beamformer has a gain 
loss of less than 0.4 dB if compared to the optimum 
MVDR beamformer (see also Figure 6). 

The eigenvector beamformer can now be used to ex-
tract, for each range ݎ, a desired signal ݑௗሺݐ௞;  ሻ whichݎ
is free of range ambiguities due to the acquisition in 
LPAC mode. Furthermore, for each channel a corrupted 
signal ݑ௖,௜ሺݐ௞;  ሻ contaminated with range ambiguitiesݎ
can be simulated by a linear superposition of the simu-
lated feed signals from different ranges: 

;௞ݐ௖,௜ሺݑ ሻݎ ൌ ;௞ݐ௜ሺݑ ሻݎ ൅෍ܽ௠ݑ௜ሺݐ௞; ݎ െ ௠ሻݎ
௠

 (4)

where ݎ௠ denotes the range of ambiguity ݉. To account 
for a backscatter difference between the desired and the 
ambiguous signals, we have moreover introduced a 
scaling factor ܽ௠.8 Based on these data, we may now 
minimize the mean square error between the desired 
signal ݑௗሺݐ௞;  ሻ and a weighted superposition of theݎ
corrupted data ݑ௖,௜ሺݐ௞; -ሻ. The corresponding beamݎ
former is known as Wiener beamformer, where the 
weights are derived by multiplying the covariance ma-
trix of the corrupted signals with a vector obtained by 
correlating the corrupted feed signals with the desired 
signal. Figure 5 shows the resulting antenna pattern that 
has been obtained from such a simulation, where three 
                                                           
8 A more accurate simulation should include the scaling factor 
in the backscatter to avoid any scaling of the thermal noise.  

 

 

Figure 5: Tandem-L pattern for a beamformer with com-
plex weights provided by a minimum mean square error 
(MMSE) approach (Wiener beamformer). The desired 
signal is derived from the unambiguous multichannel ra-
dar data acquired in the LPAC mode using the beam-
former from Figure 4. The corrupted signal is derived by 
superimposing the multichannel LPAC data from the un-
ambiguous range with the corresponding data for the 
range ambiguous positions. A comparison with Figure 3 
and Figure 4 reveals that the ambiguity suppression has 
improved by more than 15 dB. 

 

 

Figure 4: Tandem-L pattern for a beamformer with com-
plex weights provided by the eigenvector decomposition of 
the covariance matrix. The covariance matrix was esti-
mated from a simulated data acquisition in the LPAC 
mode. The eigenvector corresponding to the maximum 
eigenvalue has been used as a weight vector. See Figure 3 
for further information. 

425

EUSAR 2018

ISBN 978-3-8007-4636-1 / ISSN 2197-4403 © VDE VERLAG GMBH ∙ Berlin ∙ Offenbach



 

 

near and three far range ambiguities have been simulat-
ed and the strength of each ambiguity has been set to 
ܽ௠ ൌ 1. A comparison with Figure 3 and Figure 4 re-
veals that the ambiguity rejection is improved from ap-
proximately -20 dB to -37 dB, which reduces the ambi-
guity power by a factor of more than 40. 

4 Discussion 
This paper introduced a set of new antenna calibration 
modes and techniques for multichannel reflector SAR 
systems. The proposed modes are well suited to acquire 
information about the relative amplitude and phase of 
the secondary far-field patterns associated with pairs of 
feed elements/channels. This mutual pattern information 
can then be used to improve the performance of ad-
vanced real-time beamformers that maximize their gain 
towards the direction of arrival of the desired radar echo 
and suppress, at the same time, range ambiguities arriv-
ing from different directions. Such beamformers are of 
great benefit for advanced SAR imaging modes like 
staggered SAR, which employs multiple elevation 
beams to map a wide image swath with high resolution.  

As the proposed technique does not depend on dedi-
cated calibration targets, it can be used anywhere in the 
orbit, provided the scene has a known and sufficiently 
flat topography. To simplify the derivation of optimized 
beams in the LPAC mode, it is moreover advisable to 
use a scene with homogeneous and sufficiently strong 
backscatter as, e.g., provided by rainforests. The 2-D 
calibration with the HPAC mode may, on the other 
hand, also benefit from inhomogeneous backscatter to 
obtain further information about low sidelobes. In this 
context, permanent scatterers may offer a promising po-
tential for advanced multichannel SAR calibration.  

The proposed LPAC mode can not only provide op-
timized beamforming weights to suppress range ambi-
guities, but also offers a new opportunity to improve 
nadir suppression. This prospect is of high interest for 
advanced imaging modes like staggered SAR, which is 
susceptible to nadir echoes. To this aim, the LPAC data 
recording must include the nadir return, which is treated 
as an additional directional interference. This interfer-
ence is then added while deriving the beamforming 
weights, either for all elevation beams, or at least those 
which may be superimposed by nadir echoes, taking 
into account variations in satellite height and nadir to-
pography. To improve the strength of the nadir signal, it 
may even be advantageous to use extra data takes over 
flat scenes like calm water. The width of the nadir notch 
can moreover be increased by combining data from 
multiple LPAC measurements, each acquired with a 
slightly different roll angle of the satellite.   

While this paper focused on multichannel antenna 
pattern calibration in Tandem-L and its use for advanced 
range ambiguity suppression, the proposed technique is 
neither limited to reflector antennas nor to beamforming 
in elevation. For example, a dedicated data take with a 
narrow azimuth Tx beam is well suited to derive the rel-
ative antenna patterns for a planar HRWS system with 
multiple azimuth channels.  
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Figure 6: Comparison of the two-way gain for the patterns 
of Figure 3 (red), Figure 4 (blue) and Figure 5 (green). The 
two-way patterns are shown for constant reference range 
as a function of Doppler frequency. The gain loss between 
the optimum MVDR beamformer, which was derived with 
full pattern knowledge, and the MMSE beamformer, 
which was derived from simulated LPAC data and pro-
vides enhanced ambiguity suppression, is less than 0.7 dB.  
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