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Abstract

Phase synchronization poses a significant challenge for multistatic synthetic aperture radar (SAR) systems. A novel con-
cept, called MirrorSAR, has been introduced, which relies on a configuration of transmitter and receiver satellites posi-
tioned at separate locations. In this setup, the receiver satellites serve as mirrors or space transponders, redirecting the
radar echoes back to the transmitter. This configuration simplifies the receiver functionality and enables the utilization of
cost-effective platforms. Within the transmitter, the forwarded radar signals are coherently demodulated using the same
oscillator responsible for generating the radar pulses. This eliminates the need for a bidirectional phase synchronization
link between the transmitter and receiver, as done in TanDEM-X, thus allowing for innovative synchronization ap-
proaches that guarantee the desired bistatic and interferometric performance, while keeping the receiver complexity low.
This paper addresses in detail this phase synchronization approach and introduces optimized implementation aspects. The
phase synchronization accuracy is assessed through simulation based on interferometric TanDEM-X data. Residual phase
synchronization errors smaller than 1° are achieved for typical oscillators.

1 Introduction

Synthetic aperture radar (SAR) is a remote sensing tech-
nology widely utilized for Earth observation applications.
In recent times, there has been a growing interest in the de-
velopment of bi- and multistatic SAR systems, involving
the deployment of separate transmit and receive antennas
on distinct platforms [1]. Multistatic SAR systems offer
new opportunities over their monostatic counterparts, in-
cluding frequent monitoring, high-resolution wide-swath
imaging, improved scene classification through bistatic
imaging, generation of high-resolution digital elevation
models (DEMs) with decimeter-level height accuracy
through multibaseline cross-track interferometry, SAR to-
mography, as well as enhanced flexibility and reliability.
However, the implementation of these systems poses new
challenges that require attention, such as collision avoid-
ance within closely spaced satellite formations, orbit de-
sign for establishing appropriate baselines, instrument syn-
chronization involving time, space, and phase synchroni-
zation, as well as considerations for cost reduction
[2] - [3]. Among the mentioned challenges, phase syn-
chronization is one of the most critical. In bi- and multi-
static SAR systems, the radar oscillators are physically sep-
arated and, as a result, the relative frequency deviation and
phase noise between the transmitting and receiving oscil-
lators cannot be canceled, unlike in monostatic SAR sys-
tems that use the same oscillator for modulation and de-
modulation. Uncompensated phase errors in bistatic SAR
systems can lead to several undesired effects, including
distortions in bistatic SAR focusing, such as time-variant
shifts, spurious side lobes, and broadened impulse re-
sponses, as well as low-frequency phase modulation in the
focused SAR image. Additionally, these errors can intro-
duce interferometric phase errors, which may result in
low-frequency modulations of the DEM along the azimuth
direction [4].

The stringent requirements for interferometric phase stabil-
ity will require relative phase referencing between the in-
dependent ultrastable oscillators. In recent years, several

studies on phase referencing for bistatic SAR systems have
been published. The concept of employing a continuous
duplex satellite links with an ultrastable local-oscillator
signal to compensate for oscillator drift was first proposed
in [5]. An alternative synchronization approach involving
pulsed alternates was suggested in [6] and effectively em-
ployed in the TanDEM-X mission [7]. Another approach
to address the need for relative phase referencing involves
the utilization of hyperstable oscillators combined with
ground control points [4].

MirrorSAR, a new SAR system concept proposed in [8],
consists of a set of spatially separate transmit and receive
satellites and employs a fractionated radar architecture to
reduce the complexity, weight, and power demands of the
receiver hardware. MirrorSAR is a promising technique for
implementing low-cost yet high-performance multistatic
SAR missions, such as those being developed in the con-
text of NewSpace. It can be operated in various modes, in-
cluding single-transmit single-receive mode, single-trans-
mit multiple-receive mode (as shown in Figure 1), or even
multiple-transmit multiple-receive mode. The scene is illu-
minated by the transmitting satellite and the backscattered
radar signals received by the receiving satellites are for-
warded towards the transmitter through a phase preserving
link. The routed radar signals are then demodulated to
baseband by using, for example, a coherent I/Q demodula-
tor driven by the local oscillator of the transmitter. Since
this oscillator has also been used to generate the transmit-
ted radar pulse, possible frequency and phase drifts are
canceled, as in a classical monostatic SAR.

During its Phase 0/A, the Microwaves and Radar Institute
of DLR proposed to extend the HRWS mission [9] with
three small and low-cost receive-only satellites based on
the MirrorSAR concept. The MirrorSAR concept will ena-
ble the acquisition of multiple large and small Rx baselines
at the same time, allowing for highly accurate and robust
SAR interferometry. The goal of the mission is to provide
a global X-band DEM with a height accuracy of 2m
(point-to-point error, 90 % confidence interval) and hori-
zontal posting of 4 m x 4 m [9].



An important aspect of MirrorSAR is bistatic radar signal
synchronization. Two different synchronization ap-
proaches were proposed in [8] with the goal to keep the
MirrorSAR receiver complexity low and still guarantee the
bistatic and interferometric performance.

One of the synchronization options considers the use of a
modulation that preserves the phase of the routed radar sig-
nal and avoids any dependency on the phase of the modu-
lation carrier. For instance, the receiver satellite generates
a high frequency signal, which can be either microwave or
an optical carrier. This signal is then amplitude modulated
by the radar echo before being forwarded to the transmitter.
A simple amplitude demodulation at the transmitter can re-
cover the time-delayed radar echo without phase disturb-
ance from the high frequency carrier. Afterward, the radar
echoes are demodulated to baseband using the same oscil-
lator used to generate transmitted radar pulses. An alterna-
tive solution for achieving the required phase synchroniza-
tion, instead of using an optical link, is the utilization of a
microwave link. In this approach, a synchronization signal
is transmitted from the transmitting satellite towards the re-
ceiving satellites by using a dedicated low-gain antenna.
The received synchronization signal is superimposed to the
radar echo on the receiving satellite. Subsequently, it is for-
warded to the transmitter satellite, where the demodulation
to baseband is performed by using the same oscillator used
to generate transmitted radar pulses. This approach ensures
that any additional phase error introduced on either the re-
ceiver and transmitter side will be identical for both the
mirrored synchronization signal and the radar echo. An
evaluation of the synchronization signal will allow for the
compensation of these phase errors in the radar echo.

The approach based on the microwave link still leaves
some open issues:

(i) Synchronization signal: The synchronization signal re-
ceived by the Rx satellite should be weaker than the radar
echo from the ground in order to avoid corrupting the radar
echo data, while still ensuring phase error estimation with
an accuracy of less than 1° for interferometric applications.
(if) Removal of the synchronization signal: The removal of
the synchronization signal should have minimal to no im-
pact on the radar echo from the ground.

In light of the aforementioned challenges, this paper im-
proves the phase synchronization approach based on a mi-
crowave link by introducing some novel implementation
aspects, such as a pulse-to-pulse phase modulation to shift
the synchronization signal outside the processed Doppler
bandwidth, and assessing the performance for typical os-
cillators.

2 Phase Synchronization via Micro-
wave Link

In this section we describe the processing steps performed
to convert the data into a phase-corrected radar echoes suit-
able for SAR and interferometric processing. An overview
of these processing steps is provided in Figure 2, where
two panels are depicted that represent what is happening
‘on-board’ and ‘on-ground’. We will introduce the funda-
mental building blocks of each part. Afterward, each block

of the synchronization concept will be refined in greater
depth.

The on-board synchronization for the case of a bistatic
SAR system is shown in the upper panel of Figure 2. A
synchronization signal is sent from Tx satellite to the Rx
satellite. The synchronization signal is received in the Rx
satellite by a dedicated antenna and superimposed then to
the radar echo. In the Rx satellite, the overlaid signals are
jointly frequency shifted by +A4f using a coherent mixer
and then radiated back to the transmitter. The superim-
posed shifted signal is received by the Tx satellite. Then,
the additional frequency shift is reversed before the signal
is down converted to baseband using the transmitter’s local
oscillator (LO). Finally, the baseband signal that is the sum
of the radar echo and synchronization signal is digitized,
stored in memory, and transmitted to the ground.
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Figure 1 Illustration of the Mirror-SAR concept operating
in single-transmit multiple-receive mode. The scene is il-
luminated by the Tx satellite. The scattered radar waves are
then received by Rx satellites that route their recorded sig-
nals to the transmitter. The Tx satellite then coherently de-
modulates the forwarded signals before transferring them
to the ground.
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Figure 2 Main building blocks of the micro-
wave link-based synchronization approach: (upper panel)
on-board and (bottom panel) on-ground.



The superimposed synchronization signal and radar echo
must be separated on the ground. It should be noted that the
independent Rx satellite up conversion, i.e., +A4f, and the
Tx satellite down conversion, i.e., —Af (see upper panel of
Figure 2) introduce phase errors. However, these phase er-
rors are the same for both the mirrored synchronization sig-
nal and the radar echo. As a result, after separating the syn-
chronization signal from the radar echoes, an evaluation of
the synchronization signal allows for the estimation and
subsequently correction of these phase errors on the radar
echo, as illustrated in the bottom panel of Figure 2. The
synchronization signal will be removed from the radar ech-
oes while attempting not to impact them.

Each component of the synchronization technique will now
be discussed in greater depth, along with challenges and
potential solutions.

2.1 On-board chain

The synchronization signal transmitted from Tx satellite
towards Rx satellite can be a copy of the radar pulses sent
to ground or a dedicated waveform that is coherently de-
rived from the transmitters ultra-stable oscillator. In the
following section, we will examine the performance in two
scenarios: one, where the synchronization signal is a rep-
lica of the chirp transmitted to the ground (both being down
chirp signals) and another, where the transmitted pulse and
the synchronization signal are up- and down-chirps, re-
spectively. It is important to note the synchronization sig-
nal will be weaker than the received radar echo. For every
transmitted pulse on the ground we transmit a synchroni-
zation signal towards the Rx satellite with an additional de-
lay (e.g., via a delay line or, more simply, by a cable whose
length exceeds the final range resolution) in order to avoid
potential interferences between the radar pulse sent to the
ground and the much weaker synchronization signal sent
to the receiver [8]. This interference could distort and shift
the phase of the synchronization signal. Moreover, we pro-
pose a pulse-to-pulse phase modulation of the synchroni-
zation signal with a linear phase term. This modulation will
shift the synchronization signal outside the processed Dop-
pler bandwidth without impacting the radar echoes after its
removal on the ground.

The synchronization signal will be received by the Rx sat-
ellite after a time delay that depends on the distance be-
tween the Tx and Rx satellite and the radar echo from the
ground will be received after a time delay that depends on
the bistatic range. Due to the different time delays a num-
ber of pulses equal to the number of traveling pulses (the
number of pulses transmitted before the echo of any given
pulse is received) will only have the synchronization signal
returns, so these pulses will be shifted in frequency of +A4f
and forwarded to the Tx satellite without the superimposed
radar echo returns.

The up-conversion, i.e., +4f, and the down-conversion,
i.e., — Af (see upper panel in Figure 2), are performed by
independent oscillators resulting in phase errors. The in-
stantaneous phase of an oscillator can be modelled as [10],
[11]:

Posc(£) = 2T fosct + @5t (E) + @0, 1)

where f,. is the frequency of the oscillator (or its expected
value, since the frequency itself is a random variable), ¢, is
a constant arbitrary phase and ¢ (t) is a time-varying
phase error. This phase error, also known as phase noise, is
a random process and is often modelled by a second-order
stationary stochastic process, which is conveniently char-
acterized in the Fourier frequency domain by its power
spectral density (PSD), S,,_,(f), where f is the frequency
offset from f,,. [4]. Based on (1) the phase errors on the
Tx side after the frequency shift reversing, (i.e., — 4f), can
be modelled as:

Pe (t) = 27T5ft + M(psth(t) - M(pstRx(t - (2)
AtRx—Tx):

where §f indicates a frequency offset produced by non-
identical stable local oscillators (STALO) frequencies,
M = Af /f.sc is the ratio of RF to master oscillator fre-
quency, Atg,._rx i the time delay in the MirroSAR link
(see upper panel of Figure 2), i.e., between the transmis-
sion of the superimposed signals from Rx satellite and their
reception by  the TX satellite, ¢, (¢) and
Pstp, (- Atpe_1y) are the random phase errors of the Tx

satellite and Rx satellite oscillators at time t and
t - Atgy_1x, respectively. Assuming uncorrelated master
oscillators on the Tx and Rx satellites with equal PSD,
Se..(f) and we can model the last two addends in (2) as a
random process with PSD equal to 2MS,,  (f). It is im-
portant to notice that these phase errors will be the same
for the synchronization signal and the radar echo, as the up-
conversion +A4f and down-conversion — Af is applied to
the superimposed signal.

The overlaid signal is then down-converted to baseband us-
ing the same LO that generated the transmitted radar
pulses. Due to a filtering effect known as range correlation,
the low-frequency components of the phase noise of the
LO are cancelled, similar to monostatic SAR systems. This
filtering effect behaves as high pass filter and is caused by
correlation between the phase noise on the LO signal and
the phase noise on the received signal. The amount of fil-
tering (i.e., the degree of correlation) is determined by the
time delay between the transmitted and received signals
and is greater at short time delays. As mentioned earlier,
the time delay associated with receiving the synchroniza-
tion signal, dependent on the two-way distance between the
Rx and Tx satellites, differs from the time delay of the ra-
dar echo, dependent on the bistatic range. Consequently,
the extent of low-frequency components canceled for the
synchronization signal differs from that for the radar echo.
However, it is important to note that this effect is negligible
when compared to ¢, (t) in (2). Therefore, we can con-
clude that the total phase errors on the synchronization sig-
nal and radar echoes, caused by the oscillators involved
following demodulation to baseband, are equivalent to

@ (t).

2.2 On-ground processing

The retrieval of phase synchronization errors ¢, (t) from
the synchronization signal is depicted in Figure 3. Firstly,



the pulse-to-pulse phase modulation applied to the syn-
chronization signal during transmission is removed from
the overlapped signal, which is the sum of the radar echo
and the synchronization signal. Consequently, the Doppler
spectrum of the synchronization signal will be shifted at a
Doppler frequency equal to

UTx-Rx

foopp = 8f — T(Zforx +4f), @)

where f,,.is the carrier frequency of the Tx satellite, ¢ is
the speed of light, and v;,_g, is the relative velocity be-
tween the two satellites. Moreover, the spectrum of the
synchronization signal does not exhibit a pronounced peak
at fpopp UL is be spread across different cells in range and
Doppler due to the varying distance between the Tx and Rx
satellites during the data take. To address this, following
the removal of the phase modulation, compensation for sat-
ellite distance variation is applied to the data in the range-
frequency-time-azimuth domain by exploiting prior infor-
mation from orbital data. At this stage, the synchronization
signal in the range-Doppler domain, after the range com-
pression, presents a distinct peak at the fp,,,, as defined in
(3). To shift the spectra of the synchronization signal at
Doppler zero, the fp,p,, cOmponent is removed from the
data. The estimation of the frequency offset 6f of the two
oscillators, i.e., the first component of the f5,,,,, in (3), re-
lies on the use of the first pulses containing only the syn-
chronization signal. Orbital data is then employed to re-
trieve the second component of the fp,, in (3). It is im-
portant to note that dual-frequency Global Navigation Sat-
ellite System receivers on both satellites and ground-based
orbit determination systems can provide accuracy on the
order of a few millimetres per second (1-sigma) for the rel-
ative velocity between the two satellites. This accuracy
level allows us to determine the second component of
fpopp 1IN (3) with an accuracy of less than 1 Hz for an
X-band SAR system. Afterwards a narrow range-Doppler
filter will be employed around Doppler zero. The extracted
synchronization signal is transformed back into the azi-
muth time domain and the phase of the compressed peak
for each pulse is estimated, assuming a constant phase
within the main lobe. It can be shown that the phase of the
peak is:

Ppeak @®) = M(psth(t) - M(pstRx(t — Atpe—1x) (4)
+ @re(t),

where ¢, (t) is the phase of the remaining radar echo com-
ponent within the range-Doppler filter. After some integra-
tion along different pulses the phase errors due to the two
independent oscillators are estimated.

Following this, the estimated phase errors are corrected in
the received radar echo data, which is overlapped with the
synchronization signal before the focusing process. The
synchronization signal is subsequently eliminated through
azimuth focusing due to the phase modulation, causing the
synchronization signal to shift beyond the processed Dop-
pler bandwidth. It is crucial to emphasize that when opting
for this phase modulation during transmission to displace

the synchronization signal outside the processed Doppler
bandwidth, a rough priori knowledge of the Doppler com-
ponent due to the relative velocity between the two satel-
lites and the frequency offset from the oscillators is neces-
sary. Figure 4 (a) shows the relative velocity between the
HRWS satellite (i.e., Tx satellite) and the three Rx satel-
lites as a function of the argument of latitude for the HRWS
mission proposal [9]. We note that the satellite distance
variation is less than 1.5 m/s. Figure 4 (b) shows the cor-
responding Doppler component as function of the argu-
ment of latitude and we note a Doppler frequency variation
of 200 Hz within 90 minutes.
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ellites as function of the argument of latitude for the
HRWS mission and (b) corresponding Doppler frequency
variation as function of the argument of latitude.



It is important to note that although only one Rx satellite is
illustrated in Figure 2 for simplicity, the proposed syn-
chronization scheme can simply be generalized to the case
of several Rx satellites. The frequency shift +4f will be
different for each Rx satellite in order to avoid interference
between the radar echoes from the different satellites. The
transmitting satellite may have a larger bandwidth in order
to accommodate the radar echoes received by all the Rx
satellites.

3  End-to-End Simulation with
TanDEM-X Data

In this section, we present an end-to-end simulation of the
proposed synchronization scheme using TanDEM-X data.
Figure 5 (a) and (b) display the coherence and the Tan-
DEM-X interferogram acquired over Franz Josef Land,
Russia, which we have taken into consideration. We as-
sume that the two images were acquired by two Rx satel-
lites, Rxy and Rxa, respectively. Their relative velocities
with respect to the Tx satellite are in the order of 1.5 m/s
for Rx; and 0.8 m/s for Rx», as indicated in the results
shown in Figure 4. We generated two synchronization sig-
nals, assumed to be up-chirp signals, with a 20 ps pulse
length, 100 MHz chirp bandwidth, and synchronization
signal-to-radar echo ratios of -8 dB. These signals were su-
perimposed to the pair of raw data. Both synchronization
signals were phase-modulated to be shifted outside the pro-
cessed Doppler bandwidth of 2000 Hz. For the frequency
shift of +4f by the receiving satellites, we assumed the use
of the same ultrastable oscillator of 10 MHz as described
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in [4]. The same oscillator was considered also for the re-
versing, i.e., — Af, from the Tx satellite (see upper panel
in Figure 2). We considered different values of Af for the
two satellites: Af =1.9 GHz for Rx; and Af =1.6 GHz for
Rxz. The synchronization approach on the ground, as illus-
trated in Figure 3, was then applied separately to the two
images. Figure 6 compares the phase errors estimated from
the peak phase (shown in blue), without applying a range-
Doppler filter to the data, with the simulated phase errors
(shown in red) for a synchronization signal-to-radar echo
ratio of -8 dB. The estimated phase errors are integrated
across different pulses. In Figure 7 the blue curve illus-
trates the accuracy of phase error estimation as a function
of the integrated pulses for the main image. Notably, for a
synchronization signal-to-radar echo power ratio of -8 dB,
an accuracy of approximately 0.4° is achieved after inte-
grating 270 pulses. In Figure 6 the estimated phase errors
after integrating 270 pulses (shown in green) are compared
with the simulated phase errors (shown in red). Similar re-
sults are obtained for the other image, although they are not
presented here for brevity. The estimated phase errors were
then removed from both the master and slave images be-
fore SAR processing. Figure 5 (¢) shows the residual
phase errors in the interferometric phase, and we note that
the overall remaining phase errors are below 1° for the high
coherence areas. We repeat the same steps for the case
when the synchronization signal is an up chirp while the
signal transmitted to the ground is a down chirp. The accu-
racy of phase error estimation, as a function of the inte-
grated pulses, is compared to the previous case in Figure 7
(shown as the dashed red curve). We achieve better accu-
racy, specifically 0.29°, after integrating 160 pulses.

Residual phase [°]
Residual phase [°]

(d)

Figure 5 (a) Magnitude of the complex coherence of a TanDEM-X interferogram, acquired over the Franz Josef Land,
Russia, (b) interferometric phase, (c) residual phase errors on the interferometric phase after the synchronization when
the synchronization signal and the signal transmitted to the ground are both up-chirps (d) residual phase errors on the
interferometric phase after the synchronization when the synchronization signal is a down-chirp and the signal transmitted
to the ground is an up-chirp and (e) difference in amplitude between the main image after the removal of the synchroni-

zation signal and the main original data.
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Figure 5 (d) displays the residual phase errors in the inter-
ferometric phase for this scenario, and it is noticeable that
the overall remaining phase errors are below to those in
Figure 5 (c). This improvement is due to the mismatch dur-
ing range compression, which results in a smeared radar
echo proportional to the range compression ratio.

Finally, during the SAR processing of the phase-corrected
images, a Doppler bandwidth of 2000 Hz was processed,
and the synchronization signal was removed as it fell out-
side of the processed bandwidth. Figure 5 (e) shows the
difference between the main image after the removal of the
synchronization signal and the original main data. We ob-
serve errors below 0.05 dB.

4  Conclusions

In this paper, we investigated a phase synchronization tech-
nique based on microwave links within the MirrorSAR
concept. The accuracy of the proposed technique has been
evaluated through simulations using TanDEM-X data. We
demonstrated that even when the synchronization sig-
nal-to-radar echo ratio is as low as -8 dB, the proposed syn-
chronization technique guarantees phase error estimations
with an accuracy of less than 1°. Additionally, we showed
that the synchronization signal as it was shifted outside the
processed Doppler bandwidth, had no impact on the radar
echo data.
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