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Abstract—Synthetic aperture radar (SAR) interferometry
(InSAR) is a remote sensing technique that allows the generation
of digital elevation models (DEMs) by combining two complex
SAR images taken with a certain across-track separation. DEMs
are of paramount importance for monitoring the Earth’s surface
and have traditionally been obtained using space- and airborne
SAR systems, which are, however, characterized by stringent
bandwidth regulations, constrained revisit times, and costly
deployment and operation. Drone-borne INSAR enables cost-
effective surveillance of local areas with unprecedented accuracy
and resolution through the exploitation of wider bandwidths and
has therefore emerged as an attractive complementary system
with short deployment times and flexible revisit intervals. This
paper shows how to generate accurate, high-resolution DEMSs
through multiple acquisitions performed by a radar with
ultrawide fractional bandwidth onboard a drone. We discuss the
impact of the characteristics of the system and the acquisition
parameters on the quality of the resulting DEMs. We also present
a SAR processing scheme based on the omega-k algorithm, which
allows fast processing of the drone-based raw SAR data and still
yields comparable quality as back-projection algorithms, and an
INSAR algorithm that takes into consideration the wide
bandwidth of the system and exploits it to support phase
unwrapping using radargrammetry. An  experimental
demonstration is conducted showing that DEMs with a height
accuracy of a decimeter can be obtained at an independent posting
of 25 cm x 25 cm. The system presented in this paper enables the
generation of very high-quality DEMs with very short temporal
baselines and also represents an important step towards the
realization of single-pass distributed drone-based INSAR systems
in the future.

Index Terms—Synthetic aperture radar (SAR), SAR
interferometry, digital elevation model (DEM), wide bandwidth,
multi-band, multi-baseline, unmanned aerial vehicle (UAV),
drones, radargrammetry, phase unwrapping, omega-k algorithm.
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I. INTRODUCTION

YNTHETIC aperture radar (SAR) interferometry
(INSAR) is a coherent remote sensing technique that
exploits the phase difference between two complex SAR
images to measure range differences with an accuracy of a
fraction of a wavelength [1], [2]. In across-track INSAR, the two
SAR images are ideally taken from two parallel tracks, whose
separation component orthogonal to the azimuth and slant-
range directions is known as the perpendicular baseline. The
interferometric phase in across-track INSAR depends on the
topographic height of the imaged scene and, therefore, this
technique is widely used to obtain accurate digital elevation
models (DEMS) [3], [4]. INSAR data, and DEMs in particular,
are widely used in numerous commercial and scientific
applications to monitor the topography of the Earth’s surface
and its changes over time. Notable applications include
mapping surface elevation and topographic changes in ice
sheets and glaciers to estimate changes in their volume and
mass, monitoring subsidence and erosion, as well as measuring
displaced volume associated with, for instance, landslides or
volcanic eruptions [4], [5]. Therefore, INSAR is of paramount
importance for monitoring the fast-changing dynamics of the
Earth’s surface and the interest in obtaining higher quality and
more frequent data continues to increase [6], [7].

The quality of the DEMs is usually specified in terms of
horizontal resolution, or independent posting, and height
accuracy. The independent posting depends on the ground
resolution of the SAR images used to form the interferogram
and on the multi-looking factor (equivalent number of looks).
The height accuracy depends on the interferometric coherence,
the multi-looking factor and the height of ambiguity, i.e., the
scaling factor between the interferometric phase and the
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topographic height [2]. Large perpendicular baselines can be
used with radars with wide bandwidths because the critical
baseline, i.e., the baseline for which the two images are totally
decorrelated in case of distributed targets, is larger. The
increased baseline length enables smaller heights of ambiguity
and thus potentially better height accuracies of the DEMs [8].
However, the interferometric coherence decreases due to the
difference in the look angles of the two radar antennas and,
therefore, a trade-off between the height of ambiguity and the
interferometric coherence has to be reached [4], [9]. The two
antennas could be located on the same platform, although high
accuracies impose, especially at low frequencies, large
baselines, which often require the antennas to be located on
separate platforms. In addition, spaceborne systems such as
TanDEM-X often require the two platforms to fly in formation
and operate in bistatic mode (one platform transmits and both
receive), or at least in a pursuit monostatic configuration, i.e.,
the two platforms acquire data independently with a very short
time lag, to avoid temporal decorrelation and obtain high DEM
height accuracies [4], [10].

Unmanned aerial vehicles (UAVS) or drones equipped with
radars are convenient systems for frequent monitoring of local
areas, as they are based on easy-to-deploy and cost-effective
platforms. Low-altitude drone-borne SAR systems can be
equipped with radars that transmit wide bandwidth signals,
allowing very high resolutions to be obtained. In many cases, the
fractional bandwidth of the radar, defined as the ratio of the
system bandwidth to the center frequency, can be very high and
even exceed one [11]. The bandwidth available in space- and
airborne SAR systems for Earth observation is, in contrast,
strongly limited by the International Telecommunication Union
(ITU) regulations. Therefore, drone-based SAR emerges as a
complementary system to the classical space- and airborne SAR
that can allow for flexible, very frequent and high-resolution
monitoring of, e.g., natural dynamic processes in local areas
through time series of DEMs with high temporal density. In
addition, UAVs represent an attractive technology for
demonstrating distributed and multi-static SAR concepts for
future spaceborne SAR missions [12].

In recent years, UAV-based radar and SAR systems have
been extensively investigated for high resolution sub-surface
imaging, e.g., for buried object detection [13], [14]. UAV-based
SAR systems for high-resolution SAR imaging have also been
recently developed. Angelliaume et al. described the
development of ONERA’s UAV-SAR platform, which
operates with a bandwidth of up to 1200 MHz in X-band [15],
and Jeon et al. developed a drone-borne L-band radar system
that was shown to produce high-resolution mono- and bistatic
SAR images [16]. Furthermore, some UAV-based SAR
systems with interferometric capabilities have been reported in
the literature. Burr et al. showed that single-pass wideband
INSAR data acquired from a UAV flying circular trajectories
aids in the detection of buried targets [17]. Kim et al. proposed
a UAV-borne multi-channel radar system capable of
performing single-pass INSAR measurements in W-band [18],
where the two antennas were located on the same platform.

Moreira et al., presented a drone-borne single-pass INSAR
system in P-band for forest inventory [19]. Preliminary repeat-
pass INSAR products were obtained by Yocky and West [20],
Frey and Werner [21], Lort et al. [22], and Ruiz-Carregal et al.
[23]. The aforementioned repeat-pass UAV-based InSAR
systems were used to generate preliminary InNSAR products, with
resolutions comparable to those of spaceborne systems due to the
limited radar bandwidths. In addition to the aforementioned
INSAR drone experiments, Wang et al. demonstrated a
prototype UAV-borne P-band distributed SAR capable of
wideband tomographic measurements in a single pass [24].

INSAR from a space- and airborne platform is a well-
established technique. Satellites are able to maintain a very
stable trajectory which, combined with a sophisticated payload,
ensures the correct processing of the data. Processing data
acquired from airborne platforms is more challenging, as the
aircraft trajectory is not linear and motion compensation
methods are required, which also entail limitations. This is even
more critical for low-altitude drone platforms for a number of
reasons, including: 1) the deviations of a drone track from a
linear trajectory relative to the platform altitude are
considerably larger and, in many cases, comparable to the
largest interferometric baselines that are usable; 2) topographic
height variations are often comparable to the drone flight
height, which requires accurate motion compensation; 3)
positioning systems onboard a drone are less sophisticated than
those of an aircraft and the platform is less stable (e.g., in terms
of rapid deviations from the ideal track or variation of attitude
angles), which requires experimental assessment. Further
challenges stem from the use of ultrawide bandwidths and long
synthetic apertures to achieve unprecedented resolutions in both
dimensions of the SAR image.

In this article, we show how to generate accurate, high-
resolution DEMs through multiple acquisitions performed by a
radar with ultrawide fractional bandwidth onboard a drone. The
considered system performs repeat-pass InSAR, which
nevertheless enables very accurate height measurements if
compared to spaceborne or airborne SAR systems due to the
short time interval between consecutive acquisitions.

The article is organized as follows. Section Il presents the
system concept, features, and design constraints with special
attention to the drone-borne SAR particularities. Section Il
discusses the SAR and InSAR data processing, where fast
processing options based on the omega-k algorithm are also
proposed. Section IV shows an experimental demonstration.
Conclusions are drawn in Section V.

I1. SYSTEM CONCEPT AND DESIGN ASPECTS

The proposed concept consists of a drone-based SAR
interferometer and its main objective is the generation of a
DEM of a local area with high resolution and high height
accuracy. The indicative target DEM requirements can be
identified as follows:

e Height accuracy (standard deviation): <20 cm

e Independent posting: in the order of 25 cm x 25 cm

e Coverage: in the order of 1 — 5 km?
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Fig. 1. Example of a drone-borne INSAR acquisition geometry over a
rectangular-shaped area of interest.
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Fig. 2. Estimated imaged area by a drone-borne SAR versus the platform speed
and flight altitude, assuming a flight duration of 30 min.

The objective is to achieve the best possible height accuracy for
the given independent posting. Both the posting and the height
accuracy may be traded off to, for instance, obtain better height
accuracies worsening the independent posting. The system
design considerations for achieving the above performance
using drone-based repeat-pass INSAR are discussed below. The
main differences with respect to the design of space- and
airborne INSAR systems are highlighted.

A. Coverage Considerations

Coverage is a major constraint of drone-based SAR
compared to higher-altitude platforms and is limited primarily
by the swath width, acquisition duration, and platform speed.

The swath width is mainly limited by the platform flight
altitude and the dependence of the INSAR performance on the
incidence angle. To maximize the swath, the maximum possible
flight altitude is to be preferred, which for commercial low-
altitude drones is currently limited to a maximum of 120 m
above ground level by European regulations (higher altitudes
up to, e.g., 200 m are allowed, for instance, in China). However,
flying at higher altitudes could be possible with the appropriate
permissions, in which case the radar transmit power and
autonomy may be the limiting factors. The range of incidence
angles that can be used is limited by the interferometric
performance. Steeper incidence angles result in lower
resolution and higher baseline and volume decorrelations, while
shallower incidence angles result in lower signal-to-noise ratio
(SNR) and larger heights of ambiguity. Therefore, incidence

angles between 20° and 55° are in general preferred for INSAR
DEM generation [4]. An antenna beamwidth of about 40° in
elevation would be required, in order to also account for
changes in the platform attitude angle during the acquisition.
Considering the aforementioned range of incidence angles from
20° to 55°, the resulting swath width is very close to the
platform flight altitude. Given this swath width, a snake-like
trajectory could be used to survey a given area, as depicted in
Fig. 1. The area of interest is represented as a rectangular shape
of dimensions a x b and L, and L, denote the dimensions of
the antenna footprint in ground range and along-track
directions, respectively. The orange and green lines represent
the trajectories of the master and slave drones, respectively.
The acquisition duration is limited by the battery life.
Typically, the propulsion power consumption is the limiting
factor for the acquisition time, as its consumption is
considerably higher than that of the radar system [25]. Typical
battery life can range up to about 30 min. As for the platform
flight speed, the typical speed of multicopters ranges between 1
and 15 m/s. Therefore, the time T, to cover a certain area of
dimensions a x b (both assumed to be much larger than the
ground swath width W, and therefore than the height H) can be
approximately estimated from the geometry in Fig. 1 and the
flight speed and altitude of the platform as follows:
ab ab

~

Tacq ~ ~ va' (1)

v Wy
where v, denotes the flight speed. It is assumed that there are
no border effects, that takeoff and landing times and velocity
drop in turns are neglected, and that the swath width is equal to
the platform altitude. Fig. 2 shows the estimated surveyed area
by a single drone versus H and v,, assuming a flight duration of
30 min. Considering a single pair of drones flying at an altitude
of 120 m with a speed v, = 5m/s, an area of approximately
1km? can be surveyed in 30 minutes. There is a trade-off
between platform speed and acquisition time. On the one hand,
one may want T, to be as short as possible, which requires a
high v, but on the other hand, one may also limit the maximum
v, to guarantee a minimum SNR, as it will be shown in the
following.

B. Geometric Resolution and Number of Looks

The height accuracy of the DEM depends on the
interferometric coherence, the height of ambiguity h,,,;, and
the number of looks Ny, ., Which allows improving the height
accuracy at the expense of posting degradation [4]. The
available number of looks can be approximated as [2]

Arg Aaz
3.5 )
rg az

where A, and A,, are the required posting in range and
azimuth, respectively, and 8,4 and &, are the ground range and
azimuth resolutions of each interferometric channel after
spectral filtering, respectively.

The azimuth resolution §,, depends on the azimuth angle
6,, along which the returns are integrated within the synthetic
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Fig. 3. (a) Ground range resolution of the SAR image and (b) available number
of looks in range versus incidence angle for a single interferometric channel
and for horizontal baselines of 2 m and 4 m, assuming H = 120 m, B,; =
3 GHzand A,y = 25 cm.

aperture [1]. Wider integration angles yield better azimuth
resolutions but are also more difficult to process because the
required drone location accuracy increases [11]. In the
following, §,, = 6 cm will be assumed, which corresponds to
6,, = 12° in X-band and 6,, = 43° in S-band, resulting in 4.1
looks available in the azimuth dimension. The antenna
beamwidth in azimuth should be chosen accordingly, i.e., at
least as large as the aforementioned azimuth angle, if a strip-
map acquisition is performed.

To calculate the number of independent looks in range, it is
assumed that range filtering will be used to optimize the
interferometric coherence [4]. Therefore, the common
bandwidth may be smaller than that of the individual SAR
images, which reduces the available number of looks. §,., can
be approximated in this case as [2]

5 ccos(@) By
i ZBrg Sin(ei —a) BJ.,crit - BJ.'

IR

©)

where B, is the radar signal bandwidth, c is the speed of light,
a is the local slope angle of the terrain, 6; is the incidence angle,
B, is the component of the baseline B perpendicular to the line-
of-sight direction, and B . is the critical baseline, which can
be expressed for the case of wideband repeat-pass InSAR

systems as detailed in [26]
T

BJ_,c‘rit =

S @

tan (0 75,72)

where Br = B,,/f, is the fractional bandwidth of the system,
being f, the center frequency, r is the range, and g is the angle
between the baseline and the horizontal plane in the zero-
Doppler plane. Fig. 3 shows in (a) the ground range resolution
and in (b) the available number of looks in range versus the
incidence angle for the case of the unfiltered and the range-
filtered SAR images, assuming horizontal baselines of 2 m and
4 m, A,y =25cm, H=120m, an X-band system, and flat
terrain. Due to the required range posting of 25 cm, a radar
signal bandwidth of 3 GHz is selected for the calculation. The
baseline considered is notably below B, .., which is depicted
in Fig. 4 together with B, .,;, for the cases of bandwidths of
1 GHz and 2 GHz, and hence the impact of the baseline in the
available number of looks is still small. The criteria for the
selection of the baselines to meet the requirement on the height
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Fig. 4. Critical baseline of the drone-system operating with bandwidths of 1
GHz, 2 GHz, and 3 GHz in X-band, flying at an altitude of 120 m, and assuming
flat terrain.

accuracy are discussed below.

C. Selection of Baselines

The standard deviation of the DEM height accuracy g}, can
be approximated for a sufficient number of looks and high
values of the interferometric coherence yr,., which are usually
necessary to meet DEM quality requirements, by its Cramer-
Rao lower bound [2]

11 J1-Yi

hoo . Y- fTot
2T Yror JZNjgors

where hg.,,;, i the height of ambiguity, which can be written as:
Arsin6;

hamp = 2B, (6)

where A denotes the wavelength. According to (5) and (6),
larger baselines can yield improved DEM height accuracies.
However, y;,. degrades for large baselines, as baseline
decorrelation occurs or, if range filtering is used, the number of
available looks is reduced, and this also has a negative impact
on ay,. In addition, a small h,,;, increases the complexity of
phase unwrapping, as the variation of the interferometric phase
for the same slope becomes proportionally faster [2]. Therefore,
baselines should be chosen considering a compromise between
these effects. Considering an X-band system, 6; = 45°,
Nioors = 14 (cf. Section 1l. B), and yg,; = 0.6, which is a
reasonable value for the minimum required coherence for
drone-borne repeat-pass INSAR acquisitions over surface-like
scattering areas with short temporal baselines (cf. Section 1V),
a maximum hg,,, = 2.5 m is allowed to achieve the target
height accuracy, which corresponds to B, = 0.9 m for H =
120 m.

Note, that the limited accuracy in the interferometric
baseline estimation may cause additional height errors, such as
height offsets, in the DEM. They can be reduced by using larger
baselines. For instance, a baseline uncertainty of 2 mm in the
case of h,,,, = 2.5 m would cause height errors of up to 13 cm,
which are reduced to 8 cm for hyy,, = 1.5m (B, = 1.5 m).
Therefore, poor baseline estimation accuracy may become the
main limiting factor for the achievable DEM height accuracy.

The baselines required to achieve the target o, lead to
baseline-to-flight altitude ratios in the order of 0.02, a value
much higher than that typically used for large-baseline
acquisitions in spaceborne (a baseline of 1 km at a satellite
altitude of 511 km results in B/H = 0.002 [27]) and airborne
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Fig. 5. (a) Deviations from the ideal linear trajectory in the horizontal and
vertical coordinates for a set of flown tracks. (b) Measured deviations from a
linear trajectory in the line of sight and across-track directions.

(a baseline of 20 m at a nominal flight altitude of 2420 m yields
B,/H =~ 0.008 [28]) scenarios.

The platform deviations from the ideal straight track have to
be considered as well when choosing the baselines. Fig. 5 (a)
shows the deviations from the corresponding linear trajectory
in the horizontal and vertical coordinates for an exemplary set
of tracks. Fig. 5 (b) shows the evolution of the platform
deviations from a linear track for a single acquisition both in
line of sight and across-track dimensions. The deviations were
observed to be larger in the horizontal dimension (up to
approximately £ 30 cm) than in the vertical dimension (up to
+ 10 cm). Therefore, baselines smaller than approximately
0.5m may be difficult to achieve in repeat-pass INSAR
acquisitions, due to the limited flight accuracy.

D. Noise Equivalent Sigma Zero (NESZ)

In spaceborne SAR, the main factor limiting y,. is typically
the SNR [4]. In the case of the considered drone-based SAR
system, large baselines and platform instabilities are likely to
degrade the coherence significantly (cf. Section IV). Therefore,
it is reasonable to maintain a high SNR to avoid further
decorrelation, e.g., SNR = 13 dB, which results in a coherence
value of 0.95 [4]. The SNR can be calculated as the difference
in dB between the normalized backscattering coefficient oy,
which can be taken from Ulaby [29], and the NESZ, whose
calculation has some peculiarities compared to the case of
space- and airborne SAR. The NESZ can be expressed as
follows [4]
73v,Bg
P, A3PRF’

where Pr,, is the transmitted power, PRF is the pulse repetition
frequency, and cygsz is a factor containing the remaining
standard NESZ contributions. This includes the Boltzmann
constant, the receiver temperature and noise figure, the system
losses, the antenna gains, the speed of light, the pulse duration,
and the incidence and slope angles. The g, for soil and rock in
VV polarization and X-band with 90th percentile is of the order
of —17 dB at 6; = 45° [29], hence the NESZ has to be better
than —30 dB to obtain an SNR higher than 13 dB. Although the
contributions included in cygsz are predominantly fixed, drone-
based SAR allows adjusting several other parameters, which are
typically less flexible in space- and airborne SAR systems.
The flight altitude can be varied, although to maximize
coverage the maximum possible flight altitude is to be

NESZ = CNESZ * (7)

5

TABLE |
REFERENCE PARAMETERS FOR THE CALCULATION OF NESZ
Parameter Value Parameter Value
Antenna gain (G) 8 dBi Bandwidth (B,,) 3GHz
Platform height (H) | 120 m Wavelength (1) 3.3cm
System losses (Lg,s) | 9 dB Pulse duration (T;,) 1ms
Receiver 1000 K Incidence angle (6;) 45°
temperature (Ty,5)

1000,
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Fig. 6. Required P, at X-band to have NESZ = —30 dB at 6; = 45°with
respect to the PRF and the platform speed, and assuming the system
parameters in Table I.

preferred. The flight speed is usually fixed or restricted for
satellites and fixed-wing aircraft. For multirotor platforms,
however, it is a parameter that can be set with some flexibility
in the range of 1 m/s — 15 m/s to ensure a certain SNR level,
although it plays also an important role in the coverage
achieved. The range of bandwidths that can be used in drone-
borne SAR is flexible because the regulation is less restrictive
than in spaceborne SAR. However, as mentioned above, the
radar signal bandwidth is mainly determined by resolution
requirements.

The PRF is also a parameter that can be widely adjusted,
taking into account that it must be larger than the imaged
Doppler bandwidth [2]:

4v 0
PRF > Tp sin % (8)

For v, = 5m/s and §,, = 6 cm, the minimum PRF is about
100 Hz. Unlike spaceborne SAR, drone-borne SAR can operate
with a high PRF with no risk of range ambiguities due to the
low flight altitudes. For H = 120 m and 6; = 60°, the signal
delay is around 1 ps, while the required pulse repetition interval
(PRI) is of the order of milliseconds. Therefore, depending on
the NESZ requirement, it may be beneficial to use higher PRFs,
e.g., up to 1000 Hz. Due to the short-range geometry and the
absence of range ambiguities, the maximum PRF is constrained
by the pulse duration. Fig. 6 shows the required transmit power
Pr, in X-band to have a NESZ = —30 dB as a function of v,
and the PRF, assuming the system parameters listed in Table I.
The NESZ could hence be adjusted by more than 10 dB without
modifications in the transmitted power. The values of P, will
scale with, e.g., 4 or r as indicated by (7). For example,
considering flight heights of 60 m and 240 m and keeping
constant all other parameters of the radar system, the transmit
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power of Fig. 6 will vary respectively by —9 dB and + 9 dB to
keep the same SNR.

A higher P, or a higher PRF would also enable a larger
coverage for a given acquisition time while maintaining the
same DEM quality, since v, could be increased. Note, that the
power required by the propulsion system does not necessarily
increase with v, for multicopters. Hovering is already a power
demanding state and the power required by the propellers
typically remains almost constant up to a certain speed, which
can be about 15 m/s depending on the characteristics of the
multicopter [30]. Considering a drone SAR system with
parameters H = 120 m, Pr, = 20 dBmand PRF = 500 Hz,
the coverage could be increased from 1.2 km? to 2.5 km? by
increasing the transmitted power by 3 dB (see Fig. 2 and Fig.
6). This assumes that the power consumption of the propellers
remains approximately constant, which is a reasonable
assumption for multicopters [30]. Therefore, unlike in space-
and airborne SAR systems, coverage could be increased by
allocating more power to the radar system.

I1l. DATA PROCESSING

To process the drone-borne ultrawideband radar data, a
processing scheme based on the processors of state-of-the-art
airborne InSAR systems such as DLR’s F-SAR is used [31].
However, it has to be adapted to take into account the
peculiarities and challenges of such a drone system, namely the
wide fractional bandwidth and the wide antenna beamwidth, the
strong platform instability and the phase unwrapping approach
considering the very large interferometric baselines relative to
the employed flight altitude. The omega-k (w-k) algorithm is
used for the SAR image focusing, while similar systems employ
a SAR processor based on the back-projection algorithm, e.g.,
[17], [20] — [23]. With today’s computing power, the use of
back-projection is usually no longer a major concern
considering also the smaller swaths of drones compared to
spaceborne SAR. However, the use of fast processing is
welcome as a step forward to implement the processor onboard
and resort to cognitive capabilities in the future. Furthermore,
for relatively large areas of, e.g., 1 — 5 km?, the processing time
can be long in view of the very high resolution of the SAR
images, which may prevent applications that need the data
processed shortly after the flight like disaster monitoring and
precision farming.

The overall processing chain is depicted in Fig. 7. It is
assumed a frequency-modulated continuous-wave (FMCW)
radar, which is commonly used in drone-borne radars, although
the signal processing after range compression would be
identical when employing pulsed radars [32]. The raw radar
data are compressed in range using a fast Fourier transform
(FFT) and corrected for the residual video phase (RVP) error,
as detailed in [32]. The RVP is an unwanted range-dependent
phase term that results after range compression and will cause
an interferogram skew if not compensated. It can be neglected
for short ranges and small chirp rates, i.e., the pulse bandwidth
divided by the pulse duration, but this does typically not apply
for drone-borne ultra-wideband SAR. Assuming B,, = 3 GHz

SAR Data Focusing InSAR Processing
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Fig. 7. Flowchart of the SAR and InSAR data processing.

Motion compensation error [cm]
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Fig. 8. Error resulting from the calculation of the motion compensation terms
due to an uncertainty in the terrain height, assuming an incidence angle of 45°
and a platform deviation in the zero Doppler plane of 20 cm both in the
horizontal and vertical dimensions. The dashed and dashed-dotted lines
indicate the values +1/4 for center frequencies equal to 2.5 GHz and 7.5 GHz,

respectively.

and T, = 1 ms, the residual video phase is about 0.5 rad and
3 rad for ranges of 30 m and 100 m, respectively. Afterwards,
the variable platform velocity as well as the variations in the
PRF are compensated for by interpolating the radar data to a
uniform grid in azimuth and range. The range-compressed data
are then presummed to reduce the data volume and speed up the
processing. Due to the wide fractional bandwidth, a frequency-
dependent low pass presumming filter is required to maintain
the annulus sector shape of the SAR signal spectrum and reduce
the appearance of non-orthogonal sidelobes. Non-orthogonal
sidelobes are notable in wideband wide-beam SAR data,
especially when the two-dimensional spectrum of the SAR data
is not a complete annulus sector, i.e., spectral content is missing
[33], [34].

After presumming, trajectory deviations from a straight line
have to be corrected. Precise motion compensation has stringent
requirements on the knowledge of the scene topography due to
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the short-range geometry of the acquisition. Fig. 8 shows the
errors resulting from the calculation of the motion
compensation terms as a function of the target height error for
different flight heights and in the case of platform deviations in
the zero Doppler plane of 20 cm both in the horizontal and
vertical dimensions. For a flight height of 40 m, a knowledge of
the target height better than 7.5 m and 3.5 m is required for the
error to be less than A/4 in the cases of center frequencies equal
to 2.5 GHz and 7.5 GHz, respectively. The error decreases for
higher flight altitudes and the same platform deviation. In the
Motion compensation is applied and the data are focused using
the omega-k algorithm. Furthermore, processing based on the
back-projection algorithm is also applied as a reference
processing scheme for comparison. The main output of the SAR
processing is a single-look complex (SLC) image.

INSAR processing starts with image coregistration, which is
a critical step in INSAR and especially important in our case,
considering the very high resolution of SAR imagery. A multi-
step coregistration is used [35]. The first step comprises the
coregistration using the acquisition geometry and positioning
data of the drone. In a second step, the coregistration is refined
by means of cross-correlation-based coherence maximization.
The size of the cross-correlation patch is progressively adapted
in two steps from 1 m x 1 m to approximately 0.4 m x 0.4 m to
correctly track topographic variations. The final refinement of
the coregistration is achieved using a spectral-based
coregistration technique [36]. The outcome of the coregistration
stage are, on the one hand, the coregistered SLCs, and, on the
other hand, a map of the shifts applied to the SAR data in the
azimuth and range dimensions.

The geometric decorrelation is lower in wideband INSAR
systems, but is still evident when large baselines are employed.
This decorrelation can be avoided at the expense of resolution
degradation by filtering the range spectra of the INSAR data pair
to a common frequency band in range. The performance of the
spectral filtering with wideband signals in the case of large
baselines can be notably improved by accounting for the spectral
shrinkage along with the spectral shift [26]. In the cases of air-
and drone-borne SAR, the incidence angle, and hence the
spectral shift, varies strongly along the swath and thus an
efficient implementation of the filters for the entire swath is
needed. A state-of-the-art implementation valid for narrowband
signals was proposed by Reigber in [37], where a single low-
pass filter is employed for the entire SAR data after
compensating for the spectral shift. This implementation is
adapted in this work for use with ultra-wideband signals by also
accounting for the spectral shrinkage considerations described
in [26]. The first step is to align the spectra of both master I,
and slave I, SAR images, which can be achieved by
demodulating the SAR signals using the flat Earth phase term

¢re (1), given by

4
bre() = = [R (1) = Ry, ©

where R,(r) and R,(r) denote the slant-range distances
between the master and slave sensors and a pixel located in the
coregistered images at range r. If available, the interferometric

phase extracted from a reference DEM can also be used to
account for topography. Although multiplying I, by
exp|jdr.(r)/2] and I, by exp[—j¢y.(r)/2] aligns the ground
reflectivity spectra, the common band is still not centered in
baseband due to the different spectral shrinkages in the case of
ultra-wideband signals. Therefore, an additional correction is
applied to account for this effect. The master and slave images
whose common ground reflectivity spectra are aligned and
centered in baseband, I; and I3, can be calculated as:

I =1 expljpre(r)/2] - exp[—jus (1] (10)
I = I - exp[~jre (1) /2] - expl—jpup (1] (11)
where ¢,,, (1) is a phase correction term that accounts for the

range-dependent spectral shrinkage of the spectra and can be
computed as

b () = d(r) + 21 f Af (T,

To

(12)

where 1y is the nearest range, ¢ (1) is an arbitrary phase that
can be selected to be zero and Af,,, () is given by

Abe (T) — fwb,l(r) ;— fwb,z (T')'

where f,,,1(r) and f,,, ,(r) are the center frequencies of the
filters, which can be calculated as detailed in [26]. The second
step accounts for the varying bandwidth of the filters along the
swath. A range-dependent stretching of the spectra can be
achieved by a range-dependent resampling as

] Wf(r)
T Wf(T)'
where A, is the pixel spacing in range, A.(r) is the new non-
uniform pixel spacing, We(r) is the bandwidth of the filter
calculated from the parameters of the master acquisition as
detailed in [26], and W,(r) is an average value of W,(r). After
this, a single 2-dimensional low-pass filter with range
bandwidth W (r) at zero Doppler can be applied to the data.
The reason for employing a two-dimensional filter is to
maintain the annulus sector shape of the SAR data spectra and
prevent the appearance of unwanted non-orthogonal sidelobes.
The cut-off frequencies of the filter for non-zero Doppler
frequencies can be calculated by considering that

kyo = ky + k3, (15)

where k,, , denotes the wavenumber in the range dimension at
zero Doppler, and k, and k,, denote the wavenumber in the
azimuth and range dimensions, respectively. After filtering, the
inverse of the resampling and phase shifting processing steps
have to be performed. When comparing the narrowband and
wideband implementations, very small differences in the
retrieved coherence values were observed. This result is due to
the fact that the spectra of the SAR images were already aligned
by the multiplication with the flat Earth phase term and
therefore any low-pass filter improves the coherence. However,
ignoring the large fractional bandwidth results in an overly
strong filter that unnecessarily reduces the image bandwidth,
i.e., the bandwidth decreases by about 10-15% for baselines of

(13)

A(r)=A (14)
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the order of 15% of the critical baseline and a fractional
bandwidth of 1.2, which corresponds to a reduction of the signal
bandwidth by around 300 MHz. Therefore, the proposed
implementation optimizes the filtered bandwidth while
minimizing the coherence loss due to the baseline.

The interferogram is formed and multi-looked, and the
interferometric phase is unwrapped. The map of shifts obtained
in the coregistration stage, i.e., the radargrammetric shifts, can be
used to support the unwrapping of the interferometric phase, as
described in our previous work [26]. Due to the short-range
acquisition geometry, the non-linearity in the phase-to-height
conversion is stronger than in air- and spaceborne systems.
Therefore, it is convenient to directly compare the shifts derived
from the interferometric phase and the radargrammetric shifts.
The range shifts Ary,, are calculated from the flattened

interferometric phase ¢y, i.€., the interferometric phase after

ground phase removal [31], and are given by

ld)flat (16)
4T

Considering as well the absolute shifts from the radargrammetric
measurement Ar,.. ¢, the correct phase cycle is selected according
to

Arpig =

A1y r — Ar;
Avypw = Arpqe — l Tefl/z flat] /2,
where Ar,,,,, represents the corrected range shift obtained from
the unwrapped interferometric phase, and | - | is the operation of
rounding to the nearest integer.

INSAR requires ideally straight trajectories along the
synthetic aperture, which is a major challenge for airborne
systems and especially for drones. In addition, sufficient overlap
between the imaged Doppler spectra is required for INSAR.
Platform orientation and flight direction are normally correlated
in fixed-wing aircrafts. In multicopters, however, this is not the
case and the two effects affect the acquired InSAR data
differently.

The changes in the flight direction cause phase errors due to
residual motion errors (RME) caused by Doppler centroid
variation that have to be corrected. Here, the multi-squint
approach proposed by Reigber et al. is used, where the time-
varying baseline errors are estimated from the azimuth shifts
calculated using spectral diversity and using multiple azimuth
sub-apertures to improve the estimation in decorrelated areas
[38]. Tilts and offsets in the DEMs caused by constant and linear
baseline errors are corrected by exploiting data in the overlapping
areas between contiguous DEMSs, whose height difference is
minimized.

The DEM is formed from the corrected shifts obtained from
the unwrapped interferometric phase as described in [39]. For the
conversion, the moving average of the antenna positions along
the synthetic aperture is considered. A DEM is also generated
from the radargrammetric shifts. The individual DEMs are then
geocoded to East-North-Up (ENU) coordinates and mosaicked
using an approach similar to TanDEM-X [40]. The mosaicked
DEM is formed from a weighted average of the heights of the
individual DEMs. The weights are calculated considering the
expected height error of each DEM and the distance to the edge

(17)

TABLE Il
REFERENCE PARAMETERS OF THE UAV SAR SYSTEM

Parameter Value Parameter Value
Frequency band 1 1-4GHz Tx power band 1 15 dBm
Frequency band 2 6 -9 GHz Tx power band 2 10 dBm
UAV speed 2m/s Duty cycle 0.8
Noise figure 6dB Antenna gain 6 dBi
Additional losses 3dB Antenna mounting 45°
Pulse repetition | 300 Hz Antenna beamwidth | 50°
frequency in azimuth
Signal quantization 12 bits Antenna beamwidth | 60°
in elevation
Positioning system RTK- Location accuracy <lcm
GPS/IMU

-20
—_ —— NESZ (H=30m
=30 ( )
= Go (90%, soilérock VV)

40

20 30 40 50 60

Incidence angle [deg]
Fig. 9. NESZ and g, used for SNR calculation.

of the DEM, in order to mitigate discontinuities between
contiguous DEMs.

IV. THEORETICAL ASSESSMENT OF THE DEM PERFORMANCE

The expected height performance of the DEMs that will be
generated from the experimental data is analyzed in detail in
this section. For the analysis, the system parameters in Table |1
(which are the parameters of the system employed for the
demonstration) corresponding to the 6 — 9 GHz frequency band,
as well as a flight altitude of 30 m and a horizontal baseline of
0.75 m are considered. The height accuracy of the final DEM
depends on the multi-looking factor, the height of ambiguity
and the interferometric coherence yr,; between the two SAR
images. The coherence can be estimated as the product of
several contributions [4]

(18)
where the various factors correspond to limited SNR ygsyg,
presence of ambiguities 4., signal quantization yguqne.
baseline decorrelation as well as misregistration in range ygg,
non-overlapping Doppler spectrum as well as misregistration in
azimuth y,,, volume decorrelation yy,;, and temporal
decorrelation yrepy,, respectively. It is assumed that ygyqne IS
negligible due to the large number of bits used in quantization.
Yremp 1S als0 assumed negligible due to sub-hourly temporal
baselines and the absence of tall vegetation in most parts of the
test field.

The coherence term due to the SNR is computed as [41]

1
J (@ +SNR7D - (1 + SNR3Y) (19)

YTot = VsnRr “ Yamb " YQuant " YRg *Yaz “ Yvol " YTemp:

VsNrR =
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Fig. 10. (a) Yaw and pitch of the master and slave platforms with respect to the
along-track direction. (b) Angle of the trajectories followed by the master and
slave platforms with respect to the along-track direction.

where SNRy; ,3 denotes the SNR of each interferometric
channel. The SNR is computed as the difference in dB between
the normalized backscattering coefficient o, which in this case
is taken from Ulaby [29] for soil and rock in VV polarization
with 90th percentile, and the NESZ, calculated using the
parameters in Table Il. Since large baselines are to be used
between the two sensors, the SNR of the two interferometric
channels is not assumed to be the same. Fig. 9 shows the
calculated NESZ and the g, used to compute the SNR.

The baseline decorrelation is reduced by filtering the signals
to a common frequency band [26], and hence y, is only due to
misregistration in range. Assuming unweighted processing in
the range dimension, y, can be written as yr, = sinc(r - dr),
where dr denotes the relative shift between the two images in
fractions of a resolution cell and sinc(x) = sin(x) /x [41]. A
coregistration error of 10% results in a coherence coefficient of
Yrg = 0.984.

The contribution y,, takes into account misregistration in
azimuth as well as a Doppler shift between interferometric
channels. In the considered drone case, there is no azimuth
displacement between acquisitions and the data are focused to
a constant Doppler centroid, which is assumed to be zero.
However, the flight direction of the drone, in reality, is
constantly changing due to the inherent instability of the
platform and, hence, the Doppler centroids vary throughout the
data acquisition. From the recorded experimental data (see
Section 11, Fig. 10), it is reasonable to consider an average
difference in the flight direction of the platforms of 2°, while in

some cases peaks of 5° are reached. The coherence loss can be
then calculated as [41]
[ (D - Hy () - exp(—j - 2m- %2 f) - a
Yaz = £ . (20)
VIHPOPR - df [ IH(D? - df

where §,, is the misregistration in azimuth in fractions of a
resolution cell, and the azimuth weighting functions H; (f) and
H, (f) are given by the product of the two-way antenna pattern
and the spectral transfer function of the azimuth processing
filter, which is assumed constant. The squint angle difference
that can be assumed between two drone-borne INSAR
acquisitions has been evaluated experimentally. Fig. 10 (a) shows
an example of the instantaneous orientation of the master and
slave drones considered for an interferometric acquisition.
Angular variations within the range -5° to 5° can be observed.
Fig. 10 (b) shows the instantaneous orientation of the trajectory
of the master and slave drones with respect to the along-track
direction for the same exemplary acquisition. A misregistration
of 10% is considered, which yields y,, = 0.853 for a squint
angle difference of 2° between platforms. This value would
drop to 0.742 for a squint angle difference of 4°.

The main contribution to yy,; in the absence of tall
vegetation is expected to be ground penetration. It is calculated
assuming a vertical exponential reflectivity profile for the
ground. The extinction coefficient is calculated from the
permittivities measured by Hallikainen for a mid-moisturized
clayey soil and for the lowest frequency of the band, which is
the worst-case scenario [42].

On the one hand, the range and azimuth ambiguities are
negligible due to the low flight altitude and low speed of the
drone, respectively. On the other hand, the right-left ambiguity,
i.e., opposite-swath ambiguity, needs to be accounted for due to
the wide antenna beamwidth in elevation, which is 60° at -3 dB.
The measured antenna pattern can be found in [43]. Provided
that horizontal baselines are employed in the measurements and
the ambiguous signal level is below the main signal level, the
ambiguous signal is shifted to a location different to the main
signal after focusing and coregistration. Therefore, the
ambiguities are assumed to be incoherent with respect to the
main signal. Under the previous assumption, y,,,, can then be
estimated as

1
Vams = T ASR

where ASR denotes the local ambiguity-to-signal ratio, defined
as the ratio of the ambiguous signal to the main signal. If
uniform backscattering is considered, the attenuation of the
antenna pattern results in signal echoes from the opposite swath
between -12 dB and -18 dB with respect to the main signal,
resulting in y4,,, = 0.983 at an incidence angle of 45°.

The estimated overall coherence and the individual
contributions are shown in Fig. 11 (a). The DEM height errors
are estimated from the interferometric phase errors and the
height of ambiguity [4]. The height errors to be expected in the
radargrammetric DEM, which is mainly used to support the
unwrapping of the interferometric phase, are also calculated

(21)

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing. This is the author's version which has not been fully ¢

content may change prior to final publication. Citation information: DOI 10.1109/JSTARS.2025.3626140

10

> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) <

1
—
0.9
308
5
E 0.7
(] =
Youant = 1.000 — Ysnr
© 0.6 Tre= 0984  — Yy
Yaz=0853  — Yamb
0.5 Yremp = 1000~ —

20 30 40 50 60
Incidence angle [deg.]

(a)

[m]

0.1

20 30 40 50 60
Incidence angle [deg.]

Fig. 11. (a) Summary of all coherence contributions and total estimated
coherence. (b) Estimated standard deviation of the height errors of the INSAR
(blue) and radargrammetric (green) DEM considering (dashed) and without
considering (solid) errors due to the drone position uncertainty, and height of
ambiguity of the interferogram (orange).

from the estimated interferometric coherence and the Cramer-
Rao lower bound of the standard deviation of the height errors
[44]. Fig. 11 (b) shows the estimated height accuracy (standard
deviation) of the (solid blue) INSAR g, and (solid green)
radargrammetric oy rqqargr DEMs along with the height of
ambiguity of the InSAR DEM hg,,,. Furthermore, the
performance was also analyzed for other baselines considered
in the experimental demonstration, i.e., 0.5 m and 1.4 m. The
height accuracy in these cases was also below one decimeter.

The uncertainty of the localization system of the drone,
which is expected to be in the sub-centimeter range, may cause
additional height errors in the DEM. For the same acquisition
geometry and assuming a residual positioning error of 2.5 mm,
an incidence angle of 45° and a terrain height of 3 m with
respect to the reference height, the DEM can exhibit a
systematic offset, tilt and height errors due to erroneous h,;
estimation up to 1.5 cm, 5 mm/m and 10 cm, respectively [4].
If an additional 10% margin in the interferometric phase errors
is considered to account for a possible underestimation of the
interferometric coherence, additional height errors can be of
around 2 cm. The height errors of the DEM including errors
caused by the drone location uncertainty are also shown in Fig.
11 (b) as dashed lines. Therefore, height errors on the order of
one decimeter can be expected in the DEM with the system and
acquisition configuration considered. As can be seen, the main
contribution to the height errors in the DEM is the error caused
by the drone position, and hence baseline, uncertainty.

Fig. 12. Photograph of the UAV with the radar system onboard.

Fig. 13. Photograph of the test site including the corner reflectors and the drone
flying during an acquisition.

V. EXPERIMENTAL DEMONSTRATION

A. Measurement Campaign Description

A repeat-pass INSAR experiment was conducted in June
2023 to demonstrate the performance of the proposed UAV-
based INSAR system [45]. The experiment consisted of multiple
monostatic SAR acquisitions following linear trajectories with
a variety of interferometric baselines and flight altitudes.

The drone-based SAR system is shown in Fig. 12 and
consists of the multicopter and a radar system onboard, whose
parameters are listed in Table Il [11], [17]. The drone is a
hexacopter with maximum take-off mass of 12 kg. The
localization of the drone for the data processing is measured by
a real-time kinematic (RTK) — global positioning system (GPS)
and is further enhanced with data from an inertial measurement
unit (IMU), allowing position measurements to be obtained
with sub-centimeter accuracy [11]. The radar system operates
in two different frequency bands, specifically, 1 — 4 GHz and
6 — 9 GHz. It follows the principle of an FMCW radar and is
described in detail in [46]. The two frequency bands were
acquired together using interleaved radar pulses. Special care
must be taken when the radar system includes the frequencies
around 2.4 GHz, since this band is normally used to transmit
the UAV telemetry signals and interference may occur,
resulting in a disturbance added to the useful signal.

The test site is shown in Fig. 13 and consists of an area of
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Fig. 14. (a) Scheme of the acquisitions with the flight trajectories represented by blue lines. The DEM measured with the laser scanner is also shown, and the red
dots indicate the measured position of the corner reflectors. (b) Projection of the flight trajectories in the horizontal plane. (c) Interferometric baselines in the

horizontal plane generated from the flight trajectories depicted in (b).
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Fig. 15. Focused SAR images of the area containing the corner reflectors
acquired in the frequency bands of (a) 1 — 4 GHz and (b) 6 — 9 GHz.

approximately 30 m x 60 m, mostly flat with small topographic
undulations and covered by short grass. It also contains a
vegetated area with taller grass about 0.5 m high, which is not
shown in the photo. Several 55-cm trihedral corner reflectors
were placed along the measured area to serve as known
references. The position of the corner reflectors was measured

to cm accuracy using a differential GPS station. In addition, a
ground truth DEM of the test-field was acquired with a three-
dimensional laser scanner. The laser scanner is placed on a
tripod in the middle of the test field and provides a DEM with
cm resolution and height accuracy.

The SAR acquisitions were performed over linear
trajectories with nominal flight heights of 20 m and 30 m and
horizontal baselines ranging from 0 to 3 m. These baselines
correspond approximately to perpendicular baselines up to 15%
of B, it in the lower frequency band. Higher flight altitudes
could not be used in this demonstration due to the limited
transmit power of the radar system used for the experiment. Fig.
14 (a) shows a schematic representation of the experimental
acquisition with the flown trajectories used to form a DEM of
the test field, the DEM measured with the laser scanner and the
position of the corner reflectors. Note that, as the radar is left-
looking, in some cases the drone flies eastwards, while, in
others it flies westwards in order to cover the whole test site.
Note also that the drone takeoff, landing and turns have been
removed from the representation. Fig. 14 (b) shows the
projection of the flight trajectories from Fig. 14 (a) on the
horizontal plane. Offsets of up to 1 m in the horizontal plane
with respect to the planned trajectories were also observed. Fig.
14 (c) shows the horizontal interferometric baselines generated
from the trajectories, which are around the previously planned
0.5m, 1 mand 1.5 m. The variations of the baseline along the
acquisition and within the synthetic aperture are clearly
noticeable.

B. Experimental Results

The acquired SAR data are processed following the steps
described in Section Ill. The radar data are presummed, using
presumming factors of 9 and 12 for the lower and upper
frequency bands, respectively. After motion compensation, the
data are focused using the omega-k algorithm. Fig. 15 (a) and
Fig. 15 (b) show focused SAR images of the area containing
some of the corner reflectors corresponding to the 1 — 4 GHz
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Fig. 16. Omega-k processing results: focused SAR image of a corner reflector
in the frequency bands (a) 1 — 4 GHz and (b) 6 — 9 GHz. Back-projection
processing results: focused SAR image of a corner reflector in the frequency
bands (c) 1 - 4 GHz and (d) 6 — 9 GHz.
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Fig. 17. Comparison of range and azimuth cuts of the SAR images of Fig. 16
obtained with omega-k and back-projection. (a) Range and (b) azimuth cuts of
the response of a corner reflector in the case of the 1 — 4 GHz frequency band.
(c) Range and (d) azimuth cuts of the response of the corner reflectors in the
case of the 6 — 9 GHz frequency band.
and 6 — 9 GHz frequency bands, respectively. The acquisition
was performed at an average flight altitude of approximately
27 m. The brighter backscattering at the bottom right of the
images corresponds to an artificial metallic target present on the
test field. Note the wider sidelobes in range and the non-
orthogonal sidelobes in the impulse response function for the
case of the 1 — 4 GHz frequency band, which is consistent with
the expected response of the point target [33]. The achieved 3-
dB resolution is in both frequency bands 6 cm inrange and 6 cm
azimuth, as the integration time was adjusted to obtain the same
azimuth resolution in both frequency bands.

Fig. 16 (a) and Fig. 16 (b) show the SAR images of a corner
reflector obtained with the omega-k algorithm for acquisitions
in the 1 — 4 GHz frequency band with an integration angle of
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Fig. 18. Two-dimensional spectra of the SAR images for the frequency bands
(@) 1 -4 GHz and (b) 6 — 9 GHz, corresponding to the focused SAR images
depicted in Fig. 16 (a) and Fig. 16 (b), respectively.

35° and the 6 — 9 GHz frequency band with an integration angle
of 12°, respectively. Fig. 16 (c) and Fig. 16 (d) show the
analogous images obtained using the back-projection algorithm
for acquisitions in the 1 — 4 GHz frequency band and the 6 — 9
GHz frequency band, respectively.

Fig. 17 (a) shows the range cuts of the responses obtained
with the omega-k and back-projection algorithms in the 1 — 4
GHz frequency band, while Fig. 17 (b) shows the azimuth cuts.
Fig. 17 (c) depicts the comparison between the range cuts
obtained with the omega-k and back-projection algorithms in
the 6 — 9 GHz frequency band, while Fig. 17 (d) shows the
comparison for the azimuth cuts. The 3-dB resolution achieved
in both frequency bands is 6 cm in range and 6 cm in azimuth.
Although the SAR data are properly focused with both
algorithms, differences are observed, especially considering the
side lobes in the image formed in the 6 — 9 GHz frequency band.
The main difference between omega-k and back-projection is
that motion compensation cannot be ideally applied when using
the omega-k algorithm. From the comparison of the impulse
response cuts, however, we notice that the achieved resolution
is the same and the side lobes are higher in range for back-
projection (cf. Fig. 17 (a) and (c)) and higher in azimuth for
omega-k (cf. Fig. 17 (b) and (d)).

The spectra of the focused SAR data in Fig. 16 (a) and Fig.
16 (b) are shown in Fig. 18 (a) and Fig. 18 (b), respectively. The
annulus sector shape of the spectrum is clearly visible in the
SAR data of the 1 — 4 GHz frequency band, since the fractional
bandwidth is 1.2 and the integrated azimuth angle is 35°. As
mentioned above, maintaining the annulus sector shape is
important to reduce the appearance of non-orthogonal sidelobes
[33], [34]. The non-uniformities present in the lower half of the
spectrum in the 1 — 4 GHz band are due to the interference from
the drone telemetry signal, which was mitigated, but a complete
elimination was not possible. The shape of the 2-dimensional
spectrum of the SAR data in the 6 — 9 GHz frequency band is
closer to the typical rectangular shape of spaceborne SARs due
to the smaller fractional bandwidth, 0.4, and azimuth
integration angle, 12°.
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Fig. 20. Ground truth DEM generated from the data acquired over the test field
with the 3-D laser scanner.

Fig. 19 (a) shows a multi-looked (15 looks) interferogram of
an acquisition with a large baseline (1.5 m) over a nearly-flat
area in the 6 — 9 GHz frequency band. The estimated magnitude
of the interferometric coherence and its histogram are depicted
in Fig. 19 (b) and Fig. 19 (c), respectively. The fringes that
appear at the bottom of the interferogram are due to the rapid
variation of the height of ambiguity, as shown in Fig. 19 (d),
with range. This is a consequence of the short-range geometry.
Furthermore, the phase undulations in the azimuth direction are
mainly due to the variation of the acquisition baseline, as it can
also be deducted from Fig. 19 (d). The decorrelated areas in the
interferogram correspond to parts where the vegetation height
has a similar magnitude to the height of ambiguity, A,y =
0.6 m around slant ranges of 35 m, and to far-range areas where
the SNR is lower and the height of ambiguity is larger (slant
ranges greater than 40 m correspond to incidence angles greater
than 60°). The circular feature visible in the interferogram
corresponds to a transition from the short grass of the test field
to a bare ground area, which already reflects the height
sensitivity of the interferogram.

The individual DEMs are then formed from the
interferograms and mosaicked to form a DEM of the entire test
site, as it has been described in Section I11. The performance of
the DEMs obtained from the SAR data is evaluated by
comparison with the DEM generated from the laser scanner
data, which is used as ground truth. However, it should be noted
that the scatterers imaged by the laser scanner and the radar can
be different. Therefore, there will always be small discrepancies
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Fig. 21. (a) DEM obtained from the multi-baseline radargrammetric data, (b)
map of the height differences between the radargrammetric DEM and the
ground truth, and (c) histogram of height differences between the DEMs from
radargrammetry and the laser scanner.

between the DEMs generated from the two sensors. In addition,
the incidence angle of the laser is very shallow and may also
produce small discrepancies between the DEMs formed from
the radar and laser data. The absolute height and tilt of the DEM
generated from the laser scanner data were calibrated using the
corner reflector positions measured with the differential GPS
station. Fig. 20 shows the geocoded DEM generated from the
point-cloud acquisitions of the laser scanner. A height
difference of approximately 1.5 m can be observed between the
lowest and highest points of the test field.

To ensure that the INSAR DEM is free of unwrapping errors,
the radargrammetric shifts are used as described in the dual-
frequency band approach in [26]. A DEM is also generated
from the radargrammetric shifts to show the performance
difference with respect to INSAR and its capacity to correct
phase unwrapping errors. Fig. 21 (a) shows the
radargrammetric DEM of the entire test field generated from
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Fig. 23 (a) DEM obtained from the multi-baseline INSAR acquisitions, (b) map
of the height differences between the INSAR DEM and the ground truth, and (c)
histogram of height differences between the DEMs from InSAR and the laser
scanner.

the mosaic of seven partial DEMs. The black rectangle
indicates the area for which the ground truth DEM (Fig. 20) is
available. Fig. 21 (b) shows the map of height differences
between the radargrammetric DEM and the ground truth, and
Fig. 21 (c) shows the correspondent histogram of height
differences. The standard deviation of the height errors is 25
cm, which needs to be significantly less than hg,,;/2 for an
effective correction of phase unwrapping errors. The 90%
point-to-point height error Ahgg, is 40 cm and the mean of the
height errors u is -8 cm. Based on the predicted performance in
Section IV.B., the height accuracy of the DEM from
radargrammetry is in good agreement with the predicted values.

Fig. 22 (a) shows a DEM obtained from the INSAR data over
a portion of the test field that contains phase unwrapping errors,
as can be deducted by comparing it with the ground truth DEM

in Fig. 20. Note that, although the difference in terrain elevation
is small, there is still a sharp change in height of the order of
1.5 - hgyy that caused the unwrapping errors. Fig. 22 (b) shows
the corresponding radargrammetric DEM that is used to correct
the unwrapping errors of the DEM in Fig. 22 (a). Fig. 22 (c)
depicts the INSAR DEM after correction of the unwrapping
errors, where the better height accuracy compared to the
radargrammetric DEM is evident. Fig. 22 (d) shows, with
respect to the incidence angle, half of the height of ambiguity
for the 1owW hgpmp 10w /2 and high frequency bands hgpp nign/2,
the predicted height accuracy (one standard deviation, ¢) and
the measured height accuracy (one and two standard deviations,
o and 2 g, respectively) of the radargrammetric DEM. The
height accuracy of the radargrammetric DEM is in good
agreement with the predicted value and is notably lower than
hamb,low/z-

After correcting possible phase unwrapping errors, the
INSAR DEM is formed. Fig. 23 (a) shows the DEM over the
entire test field resulting from the mosaic of seven partial DEMs
obtained from InSAR. The height estimates in the overlapping
areas between the DEMs were combined to ensure smooth
transitions. The baselines of the acquisitions used yield heights
of ambiguity between 0.2 m and 5 m for the individual
interferograms. The multi-looking factor is selected to achieve
a posting of 25 cm x 25 cm in the DEM. The upper part of the
DEM is noisier since all the acquisitions correspond to far
range, where the height of ambiguity is considerably larger. The
lower part of the DEM has also larger height variations since
the terrain contains vegetation approximately 0.5 — 1 m high.
The area of the DEM inside the black rectangle is compared to
the ground truth generated from the laser scanner acquisitions,
the map of height differences is shown in Fig. 23 (b) and the
histogram of height errors is shown in Fig. 23 (c). The height
errors have a standard deviation of 13 cm, which is on the order
of the expected value, according to Section 1V. B. Several
observations regarding the accuracy of the measured DEM
height are worth noting. First, it was observed that the main
contribution to the height errors were tilts and offsets of the
DEM, most probably caused by residual errors in the drone
location and baseline estimation. The standard deviation of the
height estimates on the flat part was around 4 cm, which is in
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Fig. 24 (a) Height difference between DEMs formed over the flat area covered
with short grass from the data acquired in the 1 — 4 GHz and 6 — 9 GHz frequency
bands. (b) Height difference between DEMs formed over the flat area covered
with short grass from 1-GHz sub-bands with the center frequencies depicted in
the legend and the DEM formed from the entire 1 — 4 GHz frequency band.

good agreement with the prediction in Fig. 11 (b). Second, it
should be noted that the laser scanner DEM is not a perfect
ground truth. Errors in the order of a few centimeters can occur
to the very different incidence angles of the laser and the radar
and the fact that the radar signals experience some penetration.

Potential height biases in the DEMs due to frequency-
dependent ground penetration are an important aspect to be
evaluated given the wide frequency range used in the
measurements. On the one hand, a significant penetration
difference between the 1 — 4 GHz and 6 — 9 GHz frequency
bands would affect the performance of the multi-band phase
unwrapping using radargrammetry. On the other hand, the
signal penetration may be significantly different along the
frequency bands used due to the large fractional bandwidths.
The possible height bias between the DEMs generated from the
data in the two frequency bands is evaluated using a DEM
generated from each band over the flat area covered with short
grass. To avoid instrument biases, the absolute height of the
DEMs is calibrated using the corner reflectors, which resulted
in height differences for the corner reflectors of less than 2 cm
between frequency bands. The height difference of the 6 — 9
GHz band DEM with respect to the 1 — 4 GHz band DEM is
shown in Fig. 24 (a). As it can be appreciated, there is no
significant height offset. The penetration difference along the
1 — 4 GHz frequency band is now evaluated. Four sub-bands are
generated with bandwidths of 1 GHz and center frequencies of
1.5 GHz, 2.1 GHz, 2.8 GHz, and 3.5 GHz, respectively. To
ensure high coherence, the spectral shift and shrinkage are

-84

North [m]
S

corrected before filtering, as detailed in Section Il1. Fig. 24 (b)
shows the height differences between the DEMs generated from
the InSAR data of each sub-band and the DEM generated from
the data of the whole band. As in the previous case, very small
height offsets are observed.

To illustrate the very high quality of the DEMs that can be
generated using INSAR with such a system, let us now consider
a small patch of the imaged area containing a transition from
short grass to bare ground, as shown in the photograph in Fig.
25 (a), which represents a very subtle topographic change of a
few centimeters. Fig. 25 (b) and (c) show the DEM obtained
using INSAR acquisitions in the 6 — 9 GHz frequency band with
several interferometric baselines and the laser scanner data,
respectively. Fig. 25 (d) shows a histogram of the height
differences between the DEMs obtained with INSAR and the
laser scanner. The achieved standard deviation of the height
errors is 7 cm at a posting of 25 cm x 25 cm. Note, that many
differences between the two DEMs may be due to different
backscattering mechanisms or very different incidence angles,
among others.

The quality of the generated DEMs can be compared with
results obtained in other experiments over local and
predominantly flat areas using state-of-the-art air- and
spaceborne INSAR sensors. The combination of multi-baseline
INSAR data acquired with TanDEM-X allowed generating
DEMs with a height accuracy (standard deviation) and posting
of 0.27 mand 6 m x 6 m, respectively [27]. Furthermore, DEMs
with a height accuracy (standard deviation) of 5 cm were
obtained at a posting of 1 m x 1 m using multi-frequency multi-
baseline data acquired with DLR’s F-SAR platform [28].
Height accuracies of the same order are achieved with the
system described in this paper, while the large bandwidth
available on the drone-borne radar allows the resolution to be
improved by more than one order of magnitude.

V1. CONCLUSION AND OUTLOOK

A concept to obtain DEMs with unprecedented height
accuracy and resolution over local areas with a drone-based
ultrawideband INSAR system was proposed and experimentally
demonstrated. This is a cost-effective, very rapidly deployable
system that can complement classical space- and airborne
systems. It will enable the monitoring of very fast changing
phenomena thanks to its capacity of generating very accurate
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Fig. 25. (a) Optical image of the transition from grass to bare ground in the test field. DEMs over the same area obtained with (b) INSAR in the 6 — 9 GHz frequency
band and (c) the laser scanner. (d) Histogram of height errors between the INSAR and the laser scanner DEMs.
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DEMs in a repeat pass using one or multiple drones. It could
also be operated as a single-pass system, with proper
synchronization between the radars and scaling the baselines by
a factor of about two.

The main constraints and challenges of the system design
were addressed and the processing chain to obtain the DEMs
was presented, in which a fast processing based on the omega-
k algorithm was used and radargrammetry was effectively
integrated with interferometry to perform phase unwrapping.

The measurement campaign conducted demonstrated
obtaining DEMs with a height accuracy of 13 cm (standard
deviation) at a posting of 25 cm x 25 cm for the entire test site.
This performance implies a resolution improvement of more
than one order of magnitude when compared to DEMs obtained
with state-of-the-art air- and spaceborne InSAR sensors, which
can achieve DEMs with resolutions on the order of one meter
mainly due to bandwidth constraints.

While our first demonstration campaign only considered
platform altitudes up to 30 m above ground level due to the
limitations in the current radar system, drone regulations allow
for flight altitudes up to 120 m. This will allow reasonable
coverages, e.g., 1 km? in 30 minutes with a single pair of
drones, which can be scaled up by using multiple platforms.
Our results will not only open the door to a new generation of
DEMs and height change maps for several local-scale
applications, but will also serve for the demonstration and
preparation of future wide-band, multi-frequency and/or multi-
platform spaceborne SAR missions.

Future research steps include making the system operational
in environments with steeper topography and the generation of
further interferometric products beyond DEMs, such as
elevation change maps or DEM time series for crop monitoring.
Improvements in baseline estimation will also continue to be
investigated to reduce height errors due to the drone location
uncertainty.
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