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Abstract  
A major challenge facing state-of-the-art spaceborne Synthetic Aperture Radar (SAR) missions is to provide high-reso-
lution wide-swath (HRWS) imagery. The need to keep a low azimuth sampling rate and to achieve in the same time wider 
swaths is no more a limitation for high resolution SAR systems, if a multichannel sensor is used and the right reconstruc-
tion algorithm is implemented. This paper studies the applicability of an existing Digital Beamforming (DBF) reconstruc-
tion algorithm to real multichannel X-band data, acquired by the new DLR DBFSAR airborne system. The investigation 
analyses the impact of the reconstruction on the azimuth ambiguities and also discusses potential areas of improvement 
to be addressed in future research. 
 
 

1 Introduction 
The requirements for high-resolution spaceborne 

SAR imaging contrast with those for wide swath imaging. 
One of them, and the focus of this paper, concerns the Pulse 
Repetition Frequency (PRF). High resolution SAR systems 
need to process a wider azimuth bandwidth, which implies 
the necessity of using a higher azimuth sampling rate, or 
PRF. Contrary to that, the requirement to cover a broader 
swath imposes a longer time window length to receive the 
radar echoes, thus forcing a lower PRF [1].  

Multi-channel architectures combined with digital 
beamforming use the displaced phase centre (DPC) tech-
nique to overcome this fundamental limitation, simultane-
ously achieving high resolution and wide swath SAR im-
ages without introducing ambiguities in azimuth [2]. These 
systems work with aliased receive channels, which operate 
with a PRF smaller than the processed azimuth bandwidth. 
As it will be explained briefly in the later sections, the re-
ception of echoes in each channel is followed by a recon-
struction stage, where the azimuth ambiguities are can-
celled and the recovered image is equivalent to a single 
channel operating with a PRF N times larger, where N de-
notes the number of channels arranged in the azimuth di-
rection. 

The aim of this paper is to test the reconstruction al-
gorithm proposed in [2] for a monostatic SAR system com-
prising up to six azimuth channels. First, simulated data 
with multiple point targets were used in order to test the 
developed algorithm with a simplified scenario. This was 
followed by a reconstruction of real acquired data from a 
measurement campaign of the German Aerospace Center 
(DLR) DBFSAR airborne system [3], performed in Kauf-
beuren in October 2020. In all cases, the data used for the 
reconstruction were already compressed in range.  

The paper is structured as follows: Section 2 presents 
a quick overview of the basic theory behind the reconstruc-
tion algorithm used for the experiments. Section 3 briefly 
summarises the principal features of the new DLR DBF-
SAR airborne system and describes the antenna geometry, 
needed to define the algorithm. Then, the data used for the 

reconstruction are described and listed in section 4. After-
wards, in section 5, the results for a practical example using 
three of the six channels is presented. Finally, Section 6 
reviews the contents of the paper and compiles some of the 
potential future investigations and projects where use of 
these reconstruction techniques is foreseen.  

2 Displaced phase centre theory 
In this section, a brief summary of the fundamentals 

of azimuth DBF are presented.  

2.1 Multiple signal reception in azimuth 
We can define the phase centre of an aperture as the 

effective position of the transmitted (Tx) or received (Rx) 
signal, usually placed in the centre of the given aperture. 
The real position or spacing of the acquired samples in az-
imuth is taken to be half way between the phase centres of 
the Tx and Rx antennas [5]. Since the distance between the 
receiver and transmitter is different for each channel, the 
real position of a sample will have a displacement with re-
spect to the samples acquired at the same time instant in 
other channels. Therefore, this basic principle allows for a 
finer sampling in azimuth when the information in all chan-
nels is combined.  

2.2 Channel impulse response function  
The two-way range history of a multi-channel SAR 

system is defined in [5] as 

𝑅௞(𝑡) =  𝑟଴(𝑡) + 𝑟଴ ൬𝑡 −
∆𝑥௞

𝑣௦

൰ =  𝑟଴(𝑡) + 𝑟௞(𝑡) ,    (1) 

where 𝑟0(𝑡) represents the one-way Tx path and 𝑟𝑘(𝑡) the 
Rx path. The index k is an integer and will be used from 
now on as the channel index. 𝑣𝑠 is the velocity of the sensor 
and ∆𝑥𝑘 the phase centre separation between transmit and 
receive.  It is assumed that the slant range distance to the 
target is given by a single function 𝑅଴(𝑡) for both Tx and 
Rx, with a certain azimuth time delay in the latter due to 



the displaced phase centre. Taking that into account, the 
impulse response function (IRF) for one channel can be de-
rived as 

                     ℎ௦,௞(𝑡) ≅ ℎ௦(𝑡 − ∆𝑡௞) ∙ 𝑒௝∙∆ఝೖ ,                    (2) 

                𝐻௦,௞(𝑓) ≈ 𝐻௦(𝑓) ∙  𝑒௝∙∆ఝೖ ∙ 𝑒ି௝∙ଶగ∙௙∙∆௧ೖ            

= 𝐻௦(𝑓) ∙ 𝐻௞(𝑓) ,                                   (3) 

where ℎ௦,௞(𝑡) and 𝐻௦,௞(𝑓) denote the IRF in the time do-
main and in the frequency domain, respectively. This chan-
nel IRF is equivalent to the IRF of a conventional mono-
static SAR system ℎ௦(𝑡), where the transmitter and the re-
ceiver have the same phase centre, after adding a time shift 
(∆𝑡௞) and a constant phase shift (∆𝜑௞) [5]. These shifts de-
pend on ∆𝑥௞, defined in (1), implying that the value of 
𝐻௞(𝑓) will be different for each channel, while 𝐻௦(𝑓) will 
be independent of the channel. 𝐻௞(𝑓) can be described as 
the influence of the multi-channel system and will be the 
key to build the reconstruction chain. There are several ap-
proaches to estimate the value of 𝐻௞(𝑓) [2,6], depending 
on the system geometry. The experiments performed in this 
study use the approach from [2], as it assumes an equiva-
lent monostatic multi-channel system. 

2.3 The reconstruction algorithm 
The structure of the reconstruction algorithm used, 

first proposed in [2], and based on the studies presented in 
[7], is shown within the red box in Figure 1. The block di-
agram shows each of the aliased channels k = 1...N, to 
which a filter 𝑃௞(𝑓) is applied as a function of the Doppler 
frequency 𝑓. As explained in [2], the filters 𝑃௞(𝑓) depend 
on the PRF and the system geometry, since their value is 
derived from the inversion of a matrix composed of the 
functions 𝐻௞(𝑓). 

After the filtering stage, all the channels are coher-
ently summed, obtaining the signal which will be pro-
cessed as a conventional range compressed monostatic 
SAR signal sampled with an azimuth sampling rate of 𝑁 ∙
𝑃𝑅𝐹.  

In practice, and depending on the SAR processor 
used for focusing in azimuth, it can be more convenient to 
have a reconstructed image that preserves the range history 
of a specific channel, denoted in this paper as reference 
channel, whose Rx phase centre does not coincide with Tx. 
In this case, the relative azimuth distance to the reference 
channel phase centre becomes the key parameter to define 
the reconstruction filters. In this scenario, the function 
𝐻௞(𝑓) for the reference channel will be always  

𝐻௥௘௙(𝑓) = 1 ,                                  (4) 

so that its phase is kept after the coherent summation with 
the rest of channels, obtaining at the end the following re-
constructed signal: 

ℎ௦,௥௘௙(𝑡) ≅ ℎ௦൫𝑡 − ∆𝑡௥௘௙൯ ∙ 𝑒௝∙∆ఝೝ೐೑ ,             (5) 

where ∆𝑡௥௘௙ and ∆𝜑௥௘௙ depend on the distance between Tx 
and the Rx reference antenna. For more details about the 
mentioned reconstruction matrices and equations, please 
refer to [2] or [5]. 

 
Figure 1 Multi-channel SAR system: block diagram with 
a DBF azimuth processing network [8]. 

3 Airborne DBFSAR system 
Airborne SAR sensors are essential to research, espe-

cially to validate innovative techniques for later implemen-
tation on a satellite. Concerning DBFSAR systems, DLR 
has developed a new high-resolution airborne SAR system 
with digital beamforming capabilities. This is intended to 
supplement the operational FSAR airborne sensor [3].  

3.1 The DBFSAR antenna array 
Previous DBF demonstrations, such as the one pre-

sented in [8], were performed using the FSAR airborne 
DLR sensor. This system used up to four antennas, oper-
ated in two receiver chains, meaning that a maximum of 
two channels could be acquired simultaneously. In con-
trast, the new DBFSAR airborne sensor can currently use 
up to six different antennas, which are recorded simultane-
ously for a total of six receive channels. In addition, there 
is the possibility to toggle different Tx antennas to intro-
duce different gains and phase centres. Furthermore, the 
DBFSAR airborne system supports multi-channel Ground 
Moving Target Indication (GMTI) and Marine MTI 
(MMTI). In Figure 2, the aircraft used in the campaigns is 
depicted. Under the image of the airplane, a picture of the 
antenna array is shown. The Rx channels, delimited by blue 
squares, each comprise 3 x 2 DBF-Receive Antenna Mod-
ules (DBFRAM). The Tx channel is composed of 4 x 3 
DBFRAM modules and is coloured in red. The phase cen-
tre of each antenna is located roughly in the middle of each 
DBFRAM group [3]. 

3.2 DBFSAR sampling 
The optimum PRF for a given DBFSAR system is the 

one which corresponds to a uniform sampling, as explained 
in [5]. From equation (7), the ideal PRF is 
 

k 



𝑃𝑅𝐹௨௡௜ =
2 ∙ 𝑣௦

𝑁 ∙ ∆𝑥
 ,                                (6) 

where ∆𝑥 denotes the along-track displacement between 
adjacent sub-apertures, which must be constant for uniform 
sampling. 

The spatial sample distribution in azimuth for the ex-
periments described in this paper is illustrated in Figure 3. 
As will be explained in the next section, the original raw 
datasets were decimated to generate aliased channels. Fur-
thermore, the subsampling factor was chosen such that a 
quasi-uniform sampling scenario was obtained. The capa-
bility to use this technique with non-uniform sampling 
cases was demonstrated in [8]. 

  
Figure 2 DLR DO 228-212 aircraft showing the location 
and a zoom of the antenna array. The yellow rectangles 
correspond to the antennas used for this demonstration. 

4 Experimental data 

4.1 Input data preparation 
A similar procedure as followed in [8] was used to 

generate the input for the reconstruction. The main differ-
ence lies in the motion compensation (MoCo) approach. 
The relative second order MoCo applied in this experiment 
is based on the one used in the two-step range dependent 
motion compensation first suggested in [9]. However, 
while in [8] MoCo consisted of the correction of each indi-
vidual channel track to a linear trajectory, the alternative 
used in this experiment preserved the non-linear motion of 
the reference channel and adjusted the rest of the channels 
to the shape of this “reference” trajectory. Furthermore, the 
motion compensation in [8] was performed before low pass 
filtering and decimation while, in this case, the relative 
MoCo is applied after decimation, making the approach ap-
plicable to a real subsampled multi-channel airborne sys-
tem configuration. The term “relative” was used with in-
tention, since a full MoCo is still required when the refer-
ence channel is reconstructed.  

As in [8], the original dataset was acquired with a 
high oversampling in the azimuth dimension. In order to 
show the effectiveness of the reconstruction algorithm, it 
was necessary to pre-process the input by subsampling the 
datasets applying a certain factor, denoted as 𝐾௦௨௕ , in order 
to obtain aliased images. The block diagram describing the 

process, leading to the reconstructed image, is shown in the 
top half of Figure 4. There, a filtering stage previous to the 
decimation can be seen. This low-pass filter (LPF) was just 
applied to the real data, since, it that case, the data needed 
an additional subsampling factor, denoted as 𝐾ௗ, to be 
comparable to the simulated data. For this reason, a filter-
ing proportional to this additional decimation factor (𝐾ௗ) 
was required to assure a non-aliased reference case.  

In order to quantify the improvement in comparison 
with a traditional single-channel system, two additional da-
tasets were created. The first one was the output of a single 
subsampled, and, hence aliased, channel. The last set was 
the oversampled original dataset. Both were pre-processed 
in a manner similar data input to the reconstruction process. 
The block diagrams for these two data sets are presented in 
the bottom half of Figure 4. 

 
Figure 3 Azimuth spatial sampling for 3 of the 6 channels 
after decimating the original raw datasets with a subsam-
pling factor of 10 (𝑃𝑅𝐹 = 300 Hz). The sensor velocity 𝑣௦ 
was around 90.3 m/s. 

4.2 Simulated data 
Before testing the developed algorithm with real data, 

some simulated scenarios were generated to have a better 
understanding of the influence of different potential error 
sources, such as variable sensor velocity, across-track mo-
tion or the antenna pattern. 

The first dataset included simulated, range-com-
pressed data of ideal trihedral reflector responses. The ge-
ometry was basically identical to that of the real data but 
across-track motion and the antenna pattern were excluded, 
leaving a system with non-constant, realistic sensor speed. 
Next, a more realistic simulation included across track mo-
tion, but the antenna pattern was still not considered. Fi-
nally, the antenna pattern was added to obtain a full fea-
tured simulation, very close to what can be expected with 
the real data. 

For the three cases an operational 𝑃𝑅𝐹௢௣ ≈  600 Hz 
was selected. Then, a subsampling factor 𝐾௦௨௕ = 2 was 
chosen to alias the individual channels, leaving 𝐾ௗ = 1. 
This time, no previous low-pass filtering was required. 
Since the azimuth bandwidth (𝐵௔௭) was set equal to 𝑃𝑅𝐹௢௣, 
applying a decimation of two reduced the individual chan-
nel PRF to 300 Hz resulted in an aliased spectrum. The rel-
evant parameters for the simulated system are listed in Ta-
ble 1. 

4.3 Real data 
The last step was to take real range-compressed DBF-

SAR data from the measurement campaign in Kaufbeuren 



in October 2020 for the tests presented in this paper. As 
noted above, the real data did not include any new com-
plexity that was not already present in the third simulated 
dataset.  

One significant difference between the real and the 
simulated data is the high oversampling present in the air-
borne SAR datasets, as they were used for different pur-
poses besides demonstrating digital beamforming capabil-
ities. An additional decimation factor, denoted 𝐾ௗ in Figure 
4, was required in order to obtain a comparable subsampled 
scenario like the one shown in the simulations.  

 In this case, the original operational PRF for each 
channel was approximately 𝑃𝑅𝐹௢௣= 3 kHz. For this reason, 
an additional subsampling factor 𝐾ௗ = 5 was included to 
set an azimuth bandwidth of 600 Hz, and therefore, result-
ing in a total subsampling factor of 𝐾𝑠𝑢𝑏 ⋅ 𝐾𝑑 = 10. This 
factor 𝐾ௗ was applied even to the reference dataset, since 
the aim was to generate the same scenario presented in the 
simulations. Then, as before, the individual channel PRF 
was reduced to 300 Hz by decimation, resulting in aliased 
spectra. The relevant parameters for the system are listed 
on the right in Table 1.  

Parameter Simulations DBFSAR Data 

Carrier frequency 9.50 GHz 

Chirp bandwidth 400.00 MHz 

Sensor velocity 90.12 m/s 90.33 m/s 

Sensor altitude 3050.00 m 

Operational PRF 600.96 Hz 3004.81 Hz 

Azimuth bandwidth 600.00 Hz 

Processed Doppler bandwidth 500.00 Hz 

Processed Doppler centroid -245.58 Hz -246.18 Hz 

Number of channels 3 

Table 1. Important system and processing parameters 

 
Figure 4 Block diagram summarizing input data genera-
tion and SAR processing for different cases: Reconstruc-
tion of multi-channel data (top), ideal monostatic reference 
(bottom right), and image for a single aliased channel (bot-
tom left). 

5 Results 

5.1 Simulated data reconstruction 
In the interest of clarity, a small area of the output of 

the processor was selected for illustration. In Figure 5, a 
focused point target in time domain can be observed. This 
image will be used as reference for all the simulations. The 
2D plots in this section show beta naught backscatter am-
plitudes. For a better representation of the results, the data 
range covered by the image colormap was reduced by sat-
urating all the values over a certain threshold (vmax). The 
point target and its 1st order azimuth ambiguities are high-
lighted by circles, blue and red, respectively. Next to them, 
their respective original peak values (without applying any 
plotting threshold) are depicted, expressed in dB. Addition-
ally, in the right corner on the bottom of each image, the 
azimuth resolution (𝛿௔௭) achieved for the bandwidth used 
in the azimuth compression (500 Hz) is depicted. 

 
Figure 5 Reference focused simulated point target.  

5.1.1 Simulation with only variable sensor velocity 

For the first case, the aliased channel is shown on the 
left of Figure 6, where the ambiguities of the point target 
are present in the azimuth direction. The right side of Fig-
ure 6 shows the image obtained after applying the recon-
struction algorithm using the three channels presented in 
Figure 3.  

After reconstruction, the Azimuth Ambiguity to Sig-
nal Ratio (AASR) was clearly improved. The considerable 
difference of energy or asymmetry between both ambigui-
ties, shown on the right plot in Figure 6, is due to non-com-
pensated residual motion errors, e.g. non-constant velocity, 
during the reconstruction process. 

  
Figure 6 Left: aliased scenario after applying a subsam-
pling factor 𝐾ௗ = 1 and 𝐾௦௨௕= 2. Right: Reconstructed point 
target using N = 3 channels. 
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It is also important to remark, that the reconstruction man-
aged to achieve the same azimuth resolution than the orig-
inal image (0.18 m), while the single subsampled channel 
just could reach a resolution of 0.31m. 

5.1.2 Simulation with across-track motion  

After adding the real aircraft motion to the simulated 
data, the implementation of the relative MoCo, introduced 
in Section 4.1, became a mandatory processing step. The 
result on the left of Figure 7 shows the focused recon-
structed signal without relative MoCo. It shows that the 
AASR did not improve or even got worse. In contrast, after 
applying the MoCo correction, the ambiguity level was sig-
nificantly reduced, but artefacts remain discernable.  

  
Figure 7 Left: reconstructed image without using the rela-
tive MoCo. Right: Reconstructed point targets when apply-
ing phase correction before reconstruction. In both cases 
𝐾ௗ = 1, 𝐾௦௨௕= 2 and N = 3. 

5.1.3 Simulation with antenna pattern 

Including the antenna pattern did not introduce sig-
nificant additional difficulties. Each channel dataset had its 
own antenna pattern, and this was not considered during 
the reconstruction. Adding this to the fact that the antenna 
pattern itself shaped the spectrum, the level of energy 
within the whole scene changed, affecting differently to the 
strength of each ambiguity. 

  
Figure 8 Left: aliased scenario after applying a subsam-
pling factor 𝐾ௗ = 1 and 𝐾௦௨௕= 2. Right: Reconstructed point 
targets using N = 3 channels and phase correction before 
reconstruction. 

5.2 DBFSAR data reconstruction 
After applying a subsampling factor 𝐾𝑠𝑢𝑏 ⋅ 𝐾𝑑 = 10, 

to obtain a channel PRF comparable to that of the simula-
tion, the output of the processor is presented in Figure 9. 
On top, the reference signal without any kind of subsam-
pling and without ambiguities is shown. Then, in the left, 

the aliased image is illustrated. Finally, the reconstructed 
image using three channels is plotted on the bottom right. 
As it can be observed, the ambiguities in the reconstructed 
image are still present, but the AASR after reconstruction 
was at least 20dB better than the output of one single chan-
nel, reflecting a clear improvement of the SAR image. Fur-
thermore, it can be also be observed, that as it happened 
with the simulated data, the resolution of the reconstructed 
image also improved in comparison with an aliased single 
channel. To give a better impression of the improvement of 
the image after reconstruction, Figure 10 shows the entire 
processed scene. The result based on a single subsampled 
channel scenario is very poorly focused, while the recon-
struction achieves a result very close to the reference im-
age. 

                          

              

Figure 9 DBFSAR airborne images: (top) reference, (bot-
tom left) aliased and (bottom right) reconstructed zooms.  

5.3 Residual ambiguity error sources 
The results suggest that in realistic scenarios residual 

ambiguities remain after the reconstruction. The error 
sources for these artefacts are currently under study. Nev-
ertheless, it can already be seen that the ambiguous energy 
in the simulation without across-track motion is signifi-
cantly lower than in the rest of the experiments. This fact 
may point towards a non-perfect relative MoCo, entailing 
residual uncorrected phase errors and increasing residual 
ambiguities after the coherent summation of channels. 
These ambiguities are not only not corrected, but also, they 
may even be amplified by the reconstruction filters. How-
ever, this is just a first guess and must be proven in future 
investigations.  

Another important effect to consider is the residual 
ambiguous energy for a multi-channel system due to the 
joint antenna characteristic of the Tx and Rx single aper-
ture, since it contains information from azimuth angles that 
correspond to Doppler frequencies outside the reconstruc-
tion band. It is assumed that this effect is negligible in the 
results, as a filtering of the oversampled data is applied 
prior to decimation, eliminating these components. 
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6 Summary and discussion 
Before summarizing main points discussed in this pa-

per, a brief look to future research directions for digital 
beamforming may be of interest to the reader. The results 
of Section 5 clearly showed that the output from the recon-
struction provided an image with much reduced ambiguous 
energy, but some residual unwanted errors were still evi-
dent. Future research might consider additional calibration 
techniques proposed in [5] and [8] to deal with azimuth 
ambiguities. On the other hand, the results also suggested 
that the relative MoCo channel correction used in this ex-
periment was not able to achieve the same performance 
than the simulation without across-track motion. This 
should also be further investigated. Finally, for the first ex-
periments, the information of just three of the six system’s 
channels were used, meaning that there are still a lot of un-
explored combinations to be tested. For instance, the use of 
separated groups of channels within the same acquisition 
to implement interferometry, shall be an interesting area of 
research. 

The aim of all these techniques and experiments is to 
have a real test scenario that helps to define the system 
specifications for future spaceborne SAR systems. These 
are foreseen to use digital beamforming as a technique to 
achieve high resolution and wide swath acquisitions, sim-
ultaneously. Some of the mentioned SAR systems are the 
ESA missions ROSE-L [4] and Sentinel 1 Next Generation 
[10], the JAXA mission ALOS-4 [11] and the planned Ger-
man X-Band spaceborne SAR system HRWS [12]. 

The results shown in the experiments presented in 
section 5 demonstrate that the new DLR DBFSAR airborne 
system has a great potential to perform practical demon-
strations for multi-channel processing SAR techniques. 
Nevertheless, as also mentioned at the beginning of this 
section, there are still many aspects to test and research.   

 

Figure 10: Reference (top), aliased (middle) and recon-
structed (bottom) images of an area close to Kaufbeuren, 
acquired in October 2020 (real size approx. 3 km x 7 km) 
The red rectangles correspond to Figure 9. 
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