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Abstract— Unmanned Aerial Vehicle (UAV)-based synthetic 

aperture radar (SAR) systems enable very accurate and cost-

effective monitoring of local areas with unprecedentedly short 

revisit intervals. Unlike current spaceborne systems, UAV-

based SAR systems are often characterized by a large fractional 

bandwidth, a short-range geometry and a broad range of 

incidence angles, due to the wide antenna beamwidth. This 

paper discusses how to exploit these characteristics to generate 

very accurate digital elevation models (DEMs) by combining 

multi-baseline SAR interferometry (InSAR) and stereo 

radargrammetry to achieve a more robust unwrapping of the 

interferometric phase. Based on the theoretical analyses and the 

specific characteristics of the UAV scenario, a multi-baseline 

InSAR experiment was planned and conducted. The DEM 

performance analysis and the simulations show that large 

baselines result in height accuracies in the sub-decimeter range, 

where geometric and volume decorrelation become the limiting 

factors. The demonstration of these concepts paves the way to 

height measurements with unprecedented accuracy and will also 

be of paramount importance for the design of future wideband, 

multi-baseline, or multifrequency spaceborne SAR missions. 
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I. INTRODUCTION  

Synthetic aperture radar (SAR) is widely used in remote 
sensing for Earth observation. It exploits the radar movement 
to obtain high-resolution images and monitor Earth’s surface 
on a global scale [1]. The use of unmanned aerial vehicles 
(UAVs) for small-scale remote sensing has gained interest, 
since UAV technology currently allows for increased payload 
capacity, improved positioning accuracy and flying stability, 
and cost reductions [2] [3].  Compared to traditional air- and 
spaceborne systems, UAV-based SAR systems are cost-
effective, easy to deploy, offer a higher flexibility in operation 
and enable very accurate and frequent monitoring of local 
areas. Furthermore, the possible flight configurations and 
available bandwidths are generally less constrained [4]. These 
features make them ideal for studying local-scale dynamic 
processes using densely sampled time-series, e.g., harvest 
monitoring, or obtaining digital elevation models (DEMs) 
with unprecedented horizontal resolution and vertical 
accuracy. Furthermore, UAVs are very attractive for 
demonstrating new space-based concepts involving multiple 
platforms, multiple frequency bands or large bandwidths [5]. 

Across-track interferometric SAR (InSAR) is a well-
established technique that exploits the phase difference, 
known as interferometric phase, between two complex SAR 
images of the same scene acquired from slightly different 
positions. The most common product obtained are the DEMs, 

which contain the topographic information of the scene [6] 
[7]. In repeat-pass InSAR, the two SAR images are acquired 
at different times in monostatic mode, whereas in single-pass 
InSAR they are acquired at the same time using two spatially 
separated antennas in bistatic mode. To avoid undesired 
changes within the imaged scene that may compromise the 
quality of the resulting DEM, single-pass InSAR is preferred, 
but the complexity of the system raises since synchronization 
between radars is usually needed.  

On the one hand, the height accuracy of the DEM 
improves as the distance between the antennas, known as 
geometric baseline, increases. On the other hand, the height 
accuracy is also affected by the interferometric coherence, i.e., 
the complex cross-correlation between the two SAR images. 
The decorrelation due to the geometric baseline is a 
contribution which causes a coherence loss due to the fact that 
the scene is imaged from different incidence angles, increases 
with the separation between antennas, and poses an upper 
limit to the baseline. There are as well other decorrelation 
sources that affect the performance, such as the limited signal-
to-noise ratio (SNR), the temporal decorrelation (in the case 
of repeat-pass InSAR), and the volume decorrelation [8]. The 
use of large geometric baselines to optimize the performance 
poses as well other constraints, e.g., the interferometric phase 
unwrapping and the coregistration of the two SAR images, 
increasing the complexity of the system. Multi-baseline 
InSAR, which is very suitable for UAV-based systems, aims 
at solving these restrictions.  

This paper analyses the constraints that arise in the context 
of a multi-baseline InSAR system, provides an overview of 
the expected interferometric performance when large 
baselines are used together with absolute ranging approaches, 
and discusses the main aspects that arise in the DEM 
performance estimation and planning of a measurement 
campaign with UAVs in order to demonstrate the theoretical 
outcomes.  

II. MOTIVATION AND CONSTRAINTS OF LARGE BASELINES 

In SAR interferometry, the topographic height is 
calculated from the interferometric phase. The scaling factor 
between them is the height of ambiguity, ℎ2𝜋, i.e., the height 
variation corresponding to an interferometric phase variation 
of 2𝜋. The interferometric phase is typically characterized by 
the standard deviation (std.), 𝜎𝜑 , and the 90th percentile, 

𝜑90%. Thus, the height accuracy may be computed as [8]: 

Δℎ = ℎ2𝜋 ⋅ (Δ𝜑 2𝜋⁄ ),     (1)  

where Δ𝜑 can be either 𝜎𝜑 or 𝜑90%. The height of ambiguity 

decreases as the geometrical baseline increases, whereas the  



  
Fig. 1. Simulated height accuracy (Δℎ90%) and height of ambiguity with and 

without filtering the signals to a common frequency band (left) and total 

coherence (right) as a function of the perpendicular baseline. 

accuracy of the interferometric phase worsens, mainly due to 

the effect of the geometric baseline decorrelation supposing 

all other decorrelation effects stay approximately constant. 

Therefore, depending on the mentioned contributions, there 

should be a baseline or an interval of baselines that optimize 

the performance. The height accuracy has been computed 

through a Monte Carlo simulation and plotted in the left-hand 

side of Fig. 1 as a function of the perpendicular baseline for a 

platform altitude, H, of 100 m, an incident angle, 𝜃, of 45°, a 

bandwidth, 𝐵𝑅𝑔, of 3 GHz, and a central frequency, 𝑓0, of 3 

GHz. A reasonable coherence of 0.85 is assumed due to 

decorrelation sources other than the geometric baseline, and 

a post-spacing of 0.25 m in the final DEM is selected.  The 

evolution of the total coherence is depicted in the right-hand 

side of Fig. 1. The achieved performance improves notably 

up to baselines of around 5 – 10 m, then it mostly stays stable 

for larger baselines. Narrowband spaceborne systems work in 

the region of very small baselines, thus underutilizing the 

system's full capability. Hence, attending to the obtained 

performance, a large baseline around 5 – 10 m (corresponding 

to approximately 10 – 15 % of the critical baseline) should be 

a good compromise between performance and complexity. 
Making use of such large baselines implies as well some 

challenges. Firstly, coregistration complexity increases with 
the baseline, since larger baselines require a more accurate a 
priori height information for a given coregistration accuracy. 
A geometric coregistration is typically performed in first place 
as detailed in [9]. For a short-range geometry with large 
baselines, long-range approximations do not hold for the 
interferometric angle, Δ𝜃 , i.e., the difference between the 
incident angles of both platforms, hence the accuracy in range 
dimension in units of pixels, Δ𝑖, may be expressed as:  

           |Δ𝑖| =
sin Δ𝜃

sin 𝜃1Δ𝑟𝑔
|Δℎ|,   (2) 

being Δℎ the height accuracy of the DEM used to coregister, 
and Δ𝑟𝑔 the resolution in range, assumed the same for both 
platforms, and where Δ𝜃 may be instead written as: 

Δ𝜃 = arctan (
𝐵⊥

𝑅−𝐵∥
),     (3) 

with 𝐵⊥ and 𝐵∥ the perpendicular and parallel baselines, and 

R the slant range. Even if the coregistration is often refined 
afterwards using patch-wise cross-correlation, a very accurate 
result is needed to maximize the overlap between patches. 
This is even more important in a short-range geometry with 
dissimilar incident angles between radar platforms, which 
yields notable differences in ground range resolution and 
hence in the size of the patches if the SAR images are not 
properly coregistered. For an accuracy of 1/4 pixel, a baseline 
of 10 % of the critical baseline (the large baseline selected 
from Fig. 1), and 𝐵𝑅𝑔 = 𝑓0 = 3 𝐺𝐻𝑧, a DEM with a 0.5 m 

height accuracy is needed, which can be obtained from a 

second acquisition using a small baseline. Hence, as the small 
baseline shall be chosen considering the height accuracy 
required to coregister the SAR images acquired with the large 
baseline, a small baseline of 1 meter (approximately 2 % of 
the critical baseline) should be a good option.  

III. CORRECTION OF PHASE UNWRAPPING ERRORS 

The classic phase unwrapping approach reaches its limit 
for the case of the large baselines that become usable with the 
broad bandwidth available in UAVs and in future spaceborne 
SAR missions. Multi-baseline InSAR benefits from the 
advantages of both small and large baselines. The former are 
used to obtain a less accurate DEM in which phase 
unwrapping errors are unlikely to occur due to the large height 
of ambiguity, while the latter are used to generate more 
accurate DEMs, whose unwrapping errors can be solved by 
combining the two generated DEMs with techniques that 
compare the phase gradients between the co-registered 
interferograms [10] or that resolve the height ambiguity 
independently for each pixel [11]. These multi-baseline 
techniques can be combined as well with absolute ranging 
approaches, e.g., stereo radargrammetry. Their use is, 
however, constrained by the bandwidth of the system, since in 
general it is needed that Δℎ𝑎𝑏𝑠/ℎ2𝜋 ≪ 1 to be able to correct 
phase unwrapping errors, being Δℎ𝑎𝑏𝑠 the height accuracy of 
radargrammetry [12]. If the same acquisition is used to 
perform the interferometric and radargrammetric processing, 
i.e., both have the same acquisition parameters, the ratio can 
be written as: 

Δℎ𝑎𝑏𝑠

ℎ𝑎𝑚𝑏
=

𝑓0

𝐵𝑅𝑔
𝜎Δ𝑥,    (4)  

where 𝜎Δ𝑥 is the achieved co-registration accuracy in terms of 
resolution cells. If coherent cross-correlation is used, 𝜎Δ𝑥 
(Cramer-Rao bound of std.) is given by [13]:  

𝜎Δ𝑥 = √
3

2𝑁

√1−𝛾2

𝜋𝛾
   (5) 

where 𝛾  is the interferometric coherence and N is the used 
multi-looking, i.e. number of averaged cells. 

The left-hand side of Fig. 2 presents an overview of the 

expected performance from stereo radargrammetry in 

comparison with interferometry for the same UAV system, 

considering a perpendicular baseline corresponding to 10% 

of the critical baseline, an incident angle of 45° , an 

interferometric coherence of 0.8, and a multi-looking factor 

of 12. It becomes clear how the expected performance of 

radargrammetry becomes comparable to the one expected 

from interferometry and that from fractional bandwidths of 

0.1 it is already smaller than the interferometric height of 

ambiguity. The right-hand side of Fig. 2 shows the ratio 

Δℎ𝑎𝑏𝑠/ℎ2𝜋  as a function of the fractional bandwidth, 

specifying as well the location of several current and future 

spaceborne systems within the plot: TanDEM-X (9.85 GHz, 

150 MHz), Tandem-L (1.27 GHz, 85 MHz) and HRWS 

(high-resolution wide-swath SAR, 9.85 GHz, 1.2 GHz). For 

TanDEM-X and Tandem-L, the ratio is large (5 and 2 

respectively), thus phase unwrapping errors on the level of a 

single height of ambiguity cannot be detected. However, it 

becomes already smaller than 1 for HRWS (0.7), and even 

smaller for the UAVs (0.08).  Even if the height accuracy of 

radargrammetry is given in terms of the Cramer Rao bound, 

Monte Carlo simulations have been performed as well. The 

shifts between the two SAR images were calculated in a two- 



  

Fig. 2.  Height accuracy predicted for interferometry and radargrammetry 

(left) and ratio Δℎ𝑎𝑏𝑠/ℎ𝑎𝑚𝑏  (right). 

step coregistration process. First, performing a coarse 

geometrical coregistration [9], then the result was refined 

using patch-wise coherent cross-correlation. Achieved height 

accuracies resulted to be in the order of 20 % worse than 

predicted from the Cramer Rao bound.  

IV. EXPERIMENTAL DEMONSTRATION WITH UAVS 

 A measurement campaign for multi-baseline repeat-pass 
InSAR has been planned and performed in order to 
corroborate the theoretical and simulation outcomes in a real 
interferometric scenario. The demonstration of these results 
using UAVs will offer a very valuable information for the 
preparation of future wideband spaceborne missions. A broad 
and thorough DEM performance analysis has been conducted 
beforehand for each of the tested configurations. The analysis 
is based on the well-known spaceborne scenario [8], but 
special considerations are taken into account in order to model 
the specific features of the UAV system, e.g., wide bandwidth 
signals, short-range geometry, wide antenna beamwidth and 
worse flying and localization accuracy. Some of the most 
important points are discussed in the following.  

The UAV-mounted radar system considered is detailed in 

[4] [14]. To compute the SNR, the system parameters from 

Table 1 and the sigma nought model for soil and rock, VV, 

L-band from [15] are assumed. The main contribution to 

volume decorrelation is considered to be ground penetration, 

which is computed for a mid-moisturized soil using the model 

in [16]. The geometric baseline decorrelation is modelled as 

presented in [17]. Range and azimuth ambiguities are 

negligible due to the low flying altitudes of the UAVs and the 

low speeds, respectively. Instead, right-left ambiguities are 

considered due to the wide antenna beamwidth. The 

geometric and volume decorrelations are the most important 

contributions and have a greater impact on the steepest 

incident angles and large baselines, in contrast to spaceborne 

systems, where the finite SNR is the limiting factor.  

The predicted height accuracies of the DEM are in the 

sub-decimeter range for an independent post-spacing of 0.25 

m × 0.25 m.  Fig. 3 shows the predicted height accuracy for 

the aforementioned UAV system, a platform altitude of 20 m 

above ground level and different horizontal baselines. The 

height accuracy improves as the baselines increase. However, 

the height accuracy deteriorates for steep incident angles and 

very large baselines due to the effects of the geometric 

baseline and volume decorrelation. Furthermore, some 

additional degradation sources may have an impact on the 

final DEM performance. The DEM may have a systematic 

displacement and tilt below 2 cm and 2 cm/m, respectively, 

and height errors lower than 10 cm, which are reduced to less 

than 3 cm for large baselines due to the 1 cm accuracy of the 

positioning system, which is a GNSS receiver with real-time 

kinematic (RTK) capabilities [4]. These additional errors are   

Table 1.  System parameters assumed in the DEM performance analysis. 

Parameter Value Parameter Value 

Frequency band 1 - 4 GHz Drone speed 2 m/s 

Transmit power 10 dBm Duty cycle 0.8 

Noise figure 5 dB Antenna gain 6 dBi 

Additional losses 3 dB Antenna mounting 45˚ 

Pulse repetition 

frequency 

1 kHz Beamwidth in 

azimuth  

50˚ 

Signal 

quantization 

12 bits Beamwidth in 

elevation 

60˚ 

 

 
Fig. 3. Predicted height accuracy (90%) for a flying altitude of 20 m, different 

horizontal baselines, and an independent post-spacing of 0.25 m × 0.25 m. 

reasonable but, however, are in the same order as the 

predicted height accuracy. An underestimation of them may 

therefore cause a severe degradation of the DEM. 

V. CONCLUSION 

Future wideband SAR systems offer the opportunity to 

use large interferometric baselines for the acquisition of high-

resolution DEMs with unprecedented height accuracy. For 

the discussed UAV system, an interferometric baseline of 

around 10 % of the critical baseline was found to be a good 

compromise between performance and complexity, 

providing a spatial resolution of 25 cm and a height accuracy 

smaller than a decimeter. Challenges regarding phase 

unwrapping and coregistration will be solved by using 

multiple baselines and radargrammetry. Based on the 

analyses in this paper, a second and smaller baseline of 

around 2 % of the critical baseline should be a good choice. 

A measurement campaign involving a large number of 

acquisitions in a variety of interferometric configurations has 

been carefully planned and successfully performed on June 1, 

2023 to validate the theoretical predictions and simulations 

outlined in this paper. The results of these experiments will 

not only open the door to a new generation of DEMs for a 

variety of applications, but will also serve for the preparation 

of future wide-band, multi-frequency and/or multi-platform 

spaceborne SAR missions, such as HRWS. 
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