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Abstract—Technological advances have opened up the possi-
bility to combine small unmanned aerial vehicles (UAV) and
radar sensors. In this paper, a novel, multistatic system concept
is presented that incorporates several identical, fully digital,
multichannel radar sensors carried by UAV platforms. Each
single radar is implemented in a direct sampling architecture
on an AMD Zynq Ultrascale+ RF System on Chip (RFSoC), and
all processing steps are performed in the digital domain, offering
a high level of flexibility to the system. The system is currently
being build up and intended primarily to serve as a research
and development platform for the exploration of new multistatic
synthetic aperture radar (SAR) imaging modes and techniques
such as single-pass tomography, multi-baseline interferometry
and holography, as well as new acquisition modes and techniques
for future NewSpace SAR missions. Due to the individual local
oscillators in each radar unit, accurate time, frequency and
phase synchronisation is crucial for achieving a good multistatic
measurement and imaging performance. An error model as well
as the results of first ground-based experiments will be presented
for mono- and multistatic measurements with the digital radars.

Index Terms—synthetic aperture radar, multistatic, synchro-
nization

I. INTRODUCTION

Synthetic aperture radar (SAR) imaging has become an
established technique to gain unique information for applica-
tions such as climate change research, earth monitoring, ship
detection, environmental research, forestry and agriculture as
well as security related applications [1]. In multistatic SAR
systems, the transmitter and receiver units are not located
on the same platform and are typically separated by a con-
siderable distance [2], offering several benefits. Single-pass
multi-baseline cross- or along-track interferometry as well as
tomographic and holographic imaging SAR can be accom-
plished with several baselines, without the negative impact of
temporal decorrelation, which is a major drawback of repeat-
pass observations [3], [4]. Due to technological advances
in recent years, multistatic unmanned aerial vehicle (UAV)
based radar systems have become a new field of interest,
offering higher flexibility, lower development costs, and a
faster deployment time [5]. New multistatic SAR concepts can
be explored more rapidly, providing a valuable building block
towards NewSpace SAR [6], [7].
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Fig. 1. Example visualisation of the multistatic radar system

Although several investigations have been carried out with
monostatic UAV-based SAR [3], [8]–[11], not much can be
found about multistatic UAV-SAR in open literature [4].

A novel distributed UAV-based SAR system is currently
being built at the German Aerospace Center (DLR). The radar
sensors are developed as fully digital, multichannel, direct
radio frequency (RF) sampling sensors on an AMD Zynq
Ultrascale+ RF System on Chip (RFSoC). Since the core
components of the radar system are implemented on the field
programmable gate array (FPGA) of the RFSoC, it offers a
high reconfigurability and can be reprogrammed to investigate
different, novel radar concepts and techniques. The UAV fleet
(cf. Fig. 1) shall work in several synchronous and coherent
acquisition modes. For instance, MirrorSAR [12], multistatic
SAR, multiple-input multiple-output (MIMO), and other novel
acquisition schemes. As the system can be used as a whole or
with only a subset of its radar units and UAVs, it provides a
broad field of applications such as environmental or traffic
monitoring, infrastructure monitoring, disaster management,
coastal protection and maritime security as well as agriculture,
forestry and archaeology.



II. MULTISTATIC SYSTEM CONCEPT

Since each radar will have its own local master oscillator
(cf. Fig. 1), synchronisation errors in time, frequency, and
phase are unavoidable and have to be compensated [13],
[14]. Contrary to monostatic systems, oscillator noise does
not cancel out in the multistatic case and can lead to several
unwanted effects like additional range shifts, increased and
unbalanced sidelobes, and a loss of resolution [14], [15].
Since internal logic counters are driven by the individually
free running local master clocks, the local timestamps for
transmission and reception on each radar unit will vary and
drift apart over time [4]. Different synchronisation concepts
have been developed in past years. A dedicated, bidirectional
synchronisation channel (cf. green arrow in Fig. 1) will serve
to test and implement several such methods, incorporating the
exchange of different types of reference signals [4], [16]–[18]
or new transponder based multistatic methods as presented
in [12], [19], [20]. Additionally, ground reference targets
and active transponders can be used to further improve the
synchronisation.

Furthermore, the UAV platforms will not be able to follow
the desired ideal flight paths exactly and will suffer from tra-
jectory disturbances. This results in varying baselines between
the UAVs so that motion compensation has to be considered
during SAR processing. A custom-made localisation unit with
an accurate multichannel and multiband global naviagion satel-
lite system (GNSS) real time kinematic (RTK) receiver and
an innertial measurement unit (IMU) will be integrated onto
each UAV platform, providing precise position, orientation,
and absolute time measurements (Fig. cf. 2).

III. RADAR SENSORS AND LOCALISATION UNITS

Each UAV-borne digital radar unit is intended to fly in
user defined formations with a maximum altitude of 120 m
above ground level (AGL). The system is designed to collect
a scene size of 1 km2, which will lead to long acquisition
times of about 30 min when a velocity of 10 m/s is assumed.
A block diagram of a single UAV payload is shown in Fig.
2. Each radar unit will have up to four transmit and four
receive antennas, enabling transmission and reception in both
horizontal and vertical polarisation. At the core of each digital
radar unit is the RFSoC board (Fig. 2 left), which houses,
among others, the digital to analog converters (DACs) and
analog to digital converters (ADCs) that sample the signals
directly in the RF domain. The radar unit will be tightly
integrated with a localisation unit (Fig. 2 right), providing
RTK measurements with GNSS based coordinated universal
time (UTC) timestamps. The absolute position accuracy will
be in the order of ≤1 cm and orientation angle accuracy ≤0.25
◦. Since the radar is fully digital, different radar waveforms
such as linear frequency modulated (LFM), stepped frequency
modulated (SFM) or other waveforms can be generated and
transmitted. Additionally, parts of the radar processing such
as mixing and deramping will be carried out in the digital
domain on the RFSoC board.
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Fig. 2. Block diagram of a single UAV payload, showing the main system
components.
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Fig. 3. Multistatic transmit and receive architecture. Example echo model for
a point scatterer (red diamond).

IV. CHALLENGES AND ERROR MODEL

Each digital radar is driven by its own master local oscillator
(LO). Different synchronisation errors arise that have to be
compensated for multistatic processing. Those errors can be
summarised into the following main problems [4], [14], [17],
[21]:

• Clock drift of the local LOs, leading to timing and
frequency errors, as well as sampling frequency errors.

• Uncompensated phase noise in the multistatic acqui-
sitions, which will reflect itself in terms of sampling
frequency jitter.

• Initial phase offsets and time offsets
• Different onboard latencies and path delays due to man-

ufacturing tolerances.
For the setup shown in Fig. 3 a first frequency modulated

continuous wave (FMCW) signal model incorporating all
expected synchronisation errors is presented in the following.
Transmitter and receiver are each on their separate RFSoC
boards (a single one is shown in Fig. 4). The transmitted
waveform at the transmitter antenna (cf. RFSoC-A in Fig. 3)
can be described as:

sTx,A(t) = sideal(t) = ej2π(f0t+
α
2 t2) (1)

with the starting frequency f0 and frequency ramp rate α =
B/Tc being the ratio between modulation bandwidth B and
chirp duration Tc. The echo received at the multistatic receiver
RFSoC-B is directly sampled by the ADC. Deramping is done



Fig. 4. RFSoC board used in the radar sensors.

in the digital domain with the ideally stored reference chirp
samples. Synchronisation errors therefore occur at the domain
crossings from the digital to the analog domain and vice versa.
In a multistatic receiver (cf. RFSoC-B in Fig. 3), the received
and sampled echo can show a deviating start frequency f ′

0,
deviating chirp rate α′ [17] and a deviating sampling interval
T̃s = Ts(1 + ϵ). Moreover, the phase noise in the receiving
LO causes jitter ∆tjitt in the ADC [21]. After the multistatic
path delay p = r/c, with r being the travelled distance and c
the speed of light, for a static point scatterer (cf. Fig. 3 right),
the sampled signal by the receiver ADC is modelled as [22]:

sRx,B [nT̃s] = e
j2π

(
f ′
0[nT̃s−p+∆tjitt]+

α′
2 [nT̃s−p+∆tjitt]

2
)

(2)

Here n = 0, 1, . . . , N−1 denotes the sample index and N the
number of samples in the chirp. Due to time synchronisation
offsets from different initial clocks and additional drift over
time, the deramping reference will be shifted in time, which
is expressed as a time delay ∆t in the reference chirp:

sref,B [nTs] = ej2π(f0·[nTs−∆t]+α
2 [nTs−∆t]2) (3)

For deramping, (2) and (3) are conjugate multiplied to obtain
the beatsignal:

sd,B [n] =s∗Rx,B [n]× sref,B [n]

ej2π(α
′pT̃s+∆f̃0−αTs∆t)n×

e
j2π

(
f ′
0p−α′

2 p2
)
×

ej2π(
∆α̃
2 n2−f0∆t+α

2 ∆t2)×

ej2πϕ[nT̃s]

(4)

where (·)∗ denotes complex conjugation, ∆f̃0 = f0Ts − f ′
0T̃s

and ∆α̃ = αT 2
s − α′T̃ 2

s . The last term in (4) represents the
phase noise terms, expressed as jitter ∆tjitt in the receiver
ADC [21].

The error model is currently further developed to simulate
all relevant occurring multistatic synchronisation errors and
their effects on SAR imaging. It will serve as a base to
develop and investigate different synchronisation methods for
the multistatic radars.

V. FIRST SIMULATION AND MEASUREMENT RESULTS

The digital radar system is still under development. First
experiments have been done using a DAC and ADC channel on
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Fig. 5. First monostatic, loopback measurements. a) Spectra of the deramped
beat signals (overlayed), b) Phases at the peaks of the deramped beatsignals
spectra.

the same RFSoC board to transmit and receive linear FMCW
chirps via a loopback cable in a monostatic arrangement
(cf. Fig. 4). Over a timespan of 140 min, 14 chirps have
been transmitted and collected. The chirp is generated in the
software system of the board via C++ code and stored in the
internal random access memory (RAM) of the Zynq processor.
It is then transmitted to the DAC while simultaneously samples
incoming from the ADC are written to another memory region.
Deramping is performed offline with the ideal reference chirp
and a subsequent fast Fourier transform (FFT) yields a peak at
the frequency according to the time delay through the system
and the loopback cable (Fig. 5a). The oscillator built into the
RFSoC board is a oven-controlled crystal oscillator (OCXO)
by Connor Winfield with frequency tolerances in the order of
±3 ppm s [23]. The phases at the peaks of Fig. 5a, shown
in Fig. 5b, show a spread of about 0.016 ◦ with a variance
of 2.62×10−5 ◦, indicating good stability of the used LO for
the monostatic receiver. However, internal time counters still
need to be adjusted or tracked periodically, since time drifts
in the order of ≈ 5.4 ms can occur in the worst case, over the
planned long collection times of about 30 min.

Multistatic, cable bound measurements between two boards
are currently performed. The results will be included in the
final paper.

VI. OUTLOOK AND PRELIMINARY CONCLUSIONS

First measurements with the RFSoC board have been de-
veloped and will be further extended. The first monostatic
measurements suggest a good short-term stability and quality
of the digitally generated chirps. This is currently further
investigated for the reception with two independent RFSoC
boards. Besides the timing offsets between two independent
boards, phase noise of the LOs is expected. In anticipation,
a first multistatic error model for the digital radar has been
derived and will be further developed and verified with the
multistatic measurements. These investigations and the ob-
tained results will be shown in the final paper.
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