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Abstract— Synthetic aperture radar interferometry (InSAR) is a
technique that exploits the phase difference between two synthetic
aperture radar (SAR) images to generate digital elevation models
(DEMs) of the imaged terrain. InSAR has a well-established
theoretical background, but approximations for narrowband
signals are often made. To unwrap the interferometric phase,
dual-baseline techniques are also commonly employed. Modern
InSAR systems will use wider bandwidths to improve the accuracy
and resolution of the DEMs. This letter generalizes the expressions
of the baseline decorrelation and the critical baseline for InSAR
systems with wide bandwidths and large baselines, where the
spectral shrinkage is not negligible. It is also shown that
radargrammetry offers high potential to wunwrap the
interferometric phase already on a pixel-by-pixel basis. The
proposed approach can also exploit acquisitions with multiple
baselines or frequency bands. The results show that a single
wideband interferometric acquisition may suffice to perform
phase unwrapping for high interferometric coherences. The
concepts discussed in this paper will help to design and enhance
the performance of future wideband and multi-band InSAR
missions to deliver a new generation of DEMs with unprecedented
resolution and accuracy.

Index Terms—Synthetic aperture radar (SAR), SAR
interferometry, wide bandwidth, interferometric coherence,
multi-band, unmanned aerial vehicle (UAV), drones, spectral
shift, radargrammetry.

1. INTRODUCTION

CROSS-TRACK synthetic aperture radar (SAR)
interferometry (InSAR) is a technique that combines
two SAR images of the same scene acquired from
different positions to extract the phase difference and
form a digital elevation model (DEM) of the observed terrain
[1], [2]. Conventional InSAR systems such as TanDEM-X are
characterized by a range bandwidth much smaller than the
carrier frequency (a few percent in the case of TanDEM-X) and
are therefore considered as narrowband InSAR systems [3].
InSAR acquisitions with larger geometric baselines can yield
DEMs with improved accuracy due to a smaller scaling factor
between the interferometric phase and the terrain topography,
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which is often defined as the height of ambiguity h,,;. For
distributed scatterers, however, the interferometric coherence
between the SAR images degrades with increasing baseline due
to baseline and volume decorrelation, which adversely affect
the performance of large-baseline interferograms. This baseline
decorrelation can be avoided by filtering the signals to a
common range frequency band at the expense of resolution
degradation, which also reduces the available number of looks
[4], [5]. Therefore, a trade-off between the height of ambiguity
and the interferometric coherence is required.

Future InSAR systems will make use of wider bandwidths
and hence enable larger baselines. This is supported by the new
regulation adopted by the International Telecommunication
Union (ITU) in 2015, which allows using a bandwidth of up to
1200 MHz at X-band. High-resolution wide-swath (HRWS) is
an example of a X-band SAR mission proposal which makes
use of such bandwidth [6]. Airborne systems such as DLR’s F-
SAR allow multi-band InSAR measurements at X-band and S-
band [7]. Furthermore, recent works have shown that unmanned
aerial vehicles (UAVs) or drones can be equipped with radars
with very large fractional bandwidth, i.e., the ratio between the
radar bandwidth and center frequency [8]. Approximations for
narrowband systems are usually considered in the InSAR
theory. InSAR systems with wide fractional bandwidth enable
improved performance, but require a revision of some
theoretical points. This letter addresses two key aspects of
wide-fractional-bandwidth InSAR.

The first aspect concerns InSAR baseline decorrelation for
wide fractional bandwidth, which is especially important in
systems using large baselines. The proposed model considers
not only the spectral shift, but also its shrinkage, i.e., the
frequency-dependent spectral shift within the system
bandwidth, and allows accurate coherence modeling and
improved DEM performance regardless of the system
bandwidth and baseline [2], [9].

The second aspect concerns the phase unwrapping of an
interferogram formed from wideband SAR images. Phase
unwrapping can be performed using at least two interferograms
with different baselines, as in the dual-baseline technique used
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by TanDEM-X [10]. As an alternative, we propose to use
radargrammetry on the same InSAR data to perform pixel-
based phase unwrapping, as its absolute height measurements
have an accuracy comparable to that of InSAR in wideband
systems [11]. Radargrammetry was used for phase unwrapping
in TanDEM-X only to some extent due to its limited height
accuracy with narrowband signals [10], [12]. Therefore, a
fundamental advantage of our approach is that it can be
integrated very efficiently with InSAR due to the high
commonalities between both processing chains, i.e., the
radargrammetric shifts are computed in the coregistration stage.

II. DECORRELATION DUE TO THE GEOMETRIC BASELINE

A. Geometric Decorrelation and Critical Baseline

The geometric or baseline decorrelation ygg, is a contribution
to the interferometric coherence loss caused by the difference
in the incidence angles of the master and slave acquisitions, 6;
and 6,, when a scene with distributed scatterers is imaged. Let
us consider the INSAR acquisition geometry represented in Fig.
1, where P; is the position of the i-th SAR acquisition and the
subscript i € {1, 2} is the index of the radar platform. In the
figure, i, H;, 6, AG, and 8, denote the slant-range, platform
altitude, incidence angle, interferometric angle and angle
between platforms, respectively. The baseline B is decomposed
into the parallel and perpendicular components, B and B, .

In the case of repeat-pass InSAR, it can be observed that the
terrain reflectivity is shifted in frequency by 27 f;, sin 6; and the
bandwidth is stretched by a factor of 1/sin6;, where f,
denotes the center frequency of the radar signal [13].
Analogously, in the case of single-pass bistatic InSAR, the
terrain reflectivity is shifted by 2rf,(sin8; + sin6,)/2 and
stretched by a factor of 2/(sin 8; + sin 6,). The shrinkage of
the spectra can only be neglected for narrowband signals. Under
the assumption that 8, > 6,, a shift factor ¥ between the two
SAR signals can be defined as

sin 04

19repeat = S 0, )
for the case of repeat-pass interferometry and as
2
singlte = FECyra— 2)

for the case of single-pass interferometry. The frequency shift
and bandwidth shrinkage are equivalent to a model that projects
the imaged frequencies of the transmitted spectra on the ground
[2], [5]. Thus, ygg can be computed considering the common
and non-common spectral parts, which yields:

_ i 2+BF _ Z—BF] 3
" Bp [ 1+9  1+1/9) 3

YRg
for baselines smaller than B ., where Bp = Bggy/fy is the
fractional bandwidth of the system, being Bg, the radar
bandwidth, and 9 is the shift factor determined by (1) or (2)
depending on the acquisition mode [5], [13], [14]. If A8 is
small, the parallel ray approximation holds and (3) yields the
linear geometric decorrelation expression used in spaceborne
scenarios, in which the single- and repeat-pass expressions only

:llu
Fig. 1. Geometry of across-track InSAR acquisition in the zero-Doppler plane.
differ by a factor of 2 [2]. The critical baseline B, .,;, may be
then derived from (3) by assuming yz, = 0 and solving for B, .
The shift factor at the critical baseline is given by
_ 24Bf

19r:rit' - 2-Bp' (4)
Considering also that the interferometric angle is given by
— By
A@ = arctan (r1—3||)’ %)
B crit can be approximated as follows
BJ_,crlt ~ tan(6;,—B)+ 1m-BF 7 (6)
tan(91—1+BF/2)

with m = 1, 2 for repeat- and single-pass InSAR, respectively.
Yrg has been evaluated from simulated radar data, generated
through InSAR acquisitions over a uniform, surface-like scene
modelled using numerous point scatterers as detailed in [15],
and compared with the narrow- and wideband models. Fig. 2
depicts, for the case of repeat-pass InSAR, the predicted ygg,
B, (it and the recovered coherence after filtering, evaluated
using the conventional and the proposed models with dashed
and solid lines, respectively. The curves for the case of single-
pass InSAR are similar but considering baselines approximately
twice as large. Fig. 2 (a) shows the predicted yg4 with respect
to the ratio B, /B, . , calculating B, .., using (6) and
assuming Br = 10% (orange) and Brp = 100% (blue). The
conventional model notably underestimates yg, for wide
fractional bandwidths and large baselines. Fig. 2 (b) compares
B, .ritcalculated using the conventional formula and (6). The
former gives values larger than using (6) by a factor of 1.25,
1.55 and 1.9 at fractional bandwidths of 20%, 40%, and 60%,
respectively. The values of the coherence and the critical
baseline obtained with (3) and (6), respectively, agree with the
simulations. If we consider a UAV-based wideband InSAR
system with Br = 100% and B, = 0.2 B, 4+, the wideband
model leads to ygy = 0.65, while the conventional model
yields a value of 0.8, therefore overestimating the performance.
The failure of the conventional narrowband approximation can
also become significant for wideband coherence SAR
tomography and can lead to a baseline-dependent discrepancy
between the measured and expected coherences.

B. Modified Spectral Filtering for Wideband SAR Signals

The state-of-the art filters to avoid baseline decorrelation
only consider a spectral shift. The spectral shrinkage, however,
also needs to be accounted for in the wideband case [5]. The
wideband definition of the filters to bring the signals to a
common band in range is directly derived from (1) and (2) to
remove the non-common spectra of the InSAR pair, yielding:
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Fig. 2. (a) Baseline correlation coefficient obtained with the conventional and wideband models with respect to B, for B = 10% (blue) and B = 100% (orange).
(b) Critical baseline obtained with the conventional (dashed) and wideband (solid) models versus Bj. (¢) Simulated baseline correlation coefficient without filtering
(dash-dotted) and after filtering with the conventional (dashed) and the wideband (solid) filters for B = 10% (blue) and Br = 100% (orange).

Wy =2 +B3- - B,
forn =@+ 80 (5-1)]

Wy, = 2[(2+ Bp) — (2 — Bp) - 9],
fors =212 = B)® - 1)]

where Wy; and for, denote the bandwidth and central

O

®)

frequency of each filter, respectively [13]. The filters depend on
0; and have to be adapted depending on the topography, which
can be estimated, e.g., from an external DEM or a coarser DEM
obtained from a preliminary processing of the data, and range
like in their narrowband definition [5]. The two filtered SAR
images contain the same portion of the ground reflectivity
spectrum. Due to the different incidence angles, the resolution
and bandwidth of the filtered SAR images in slant range are
different. The difference in bandwidth is negligible only in
narrowband systems because A8 is small. Fig. 2 (c) shows ygg
measured from filtered data, where the dashed and solid lines
depict the results using the conventional and wideband filters,
respectively. The proposed wideband filters fully recover the
coherence as they are perfectly adapted to the common
bandwidth, while the state-of-the-art filters intended for
narrowband signals are less effective for wide fractional
bandwidths and large baselines [5]. The effect of the spectral
shrinkage results to be still small for systems with B = 10%.
Discrepancies become significant from Br = 30%, especially
regarding the calculation of By ;.. The recovered yg, is not
strictly 1 mainly due to residual coregistration errors.

III. PHASE UNWRAPPING USING RADARGRAMMETRY

Radargrammetry was used in the TanDEM-X mission to
detect phase unwrapping errors and calibrate the DEMs to
absolute heights. Nevertheless, because of the low height
accuracy of radargrammetry for narrowband signals, averaging
of many resolution cells over large areas was necessary [10],
[12]. In the following, it is shown that radargrammetry can be
used in wideband and multi-band InSAR systems for phase
unwrapping at a much smaller scale. This analysis considers the
case of fully developed speckle, while the presence of features
in the SAR images can further improve the shift estimation and
thus the height accuracy of the radargrammetric DEM [16]. The
Cramer-Rao lower bound on the standard deviation of the

height accuracies of InSAR oy ,54z and radargrammetry
On,rqq are given, respectively, by:

A 7rysin@; 1 ) 1+1-y2
0, PR St S [ S A, 9
h.InSAR (2 By 21n) y V2N ©)
and
_ ¢ rysin6, 3 yJ1-y? 3/2
Onrad = : : OSf P (1 0)
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where N denotes the multi-looking factor, N, is the size of the
estimation window, y is the interferometric coherence, and osf
is the range oversampling factor [4], [11]. The second part of
(9) and (10) represents the Cramer-Rao lower bound on the
standard deviation of the estimate of the InSAR phase and the
radargrammetric shift, respectively. The two height estimates
are compared assuming a sufficient number of looks so that no
interferometric phase wrapping occurs. The ratio between the
height accuracies of radargrammetry and InSAR results in
=2.2V3 osf 2.
Bf

Oh,rad (1 3)
Oh,InSAR

The height accuracy of radargrammetry approaches that of
InSAR when B increases because the scaling factor between
the radargrammetric shift and the topographic height decreases
with Bg,. However, the maximum possible By is 2, hence,
On,rqqa DNever reaches oy, ;psar according to (13) in the limit of a
sufficient number of looks. Fig. 3 (a) shows the expected
performance of InSAR and radargrammetry with respect to By,
assuming B, = 0.1 B, o4y, 64 =45°, y=0.8, and N =
N, = 12. The performance difference between both methods is
reduced due to sensitivity term although never equal.

While interferometry outperforms radargrammetry, their
performance is comparable in wideband systems, and hence,
radargrammetry can be exploited to support phase unwrapping
when 6y, g4 < hgmp. The ratio between gy, ;.44 and hgyy, in the
case of equal acquisition configurations is given by

Ohrad 1
— = —Ors
Br A%

(14)

where g5 is the standard deviation of the radargrammetric
shift estimate. This quantity is depicted in Fig. 3 (b) with respect
to Bp, it results to be lower than 1 for By > 10%. Considering
the parameters of the HRWS mission, Fig. 3 (b) shows that
radargrammetry is a promising solution for phase unwrapping
in future wideband InSAR missions in X-band [6].

A fundamental advantage of using radargrammetry for phase

hamp
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Fig. 3. (a) Height accuracy of interferometry and radargrammetry, and height
of ambiguity as a function of the fractional bandwidth of the system for y =
0.8,and N = N, = 12. (b) Ratio 6y, 44 /hgmp versus the fractional bandwidth.

unwrapping is its high commonality with conventional InNSAR
processing, since the shifts between SAR images are computed
in the coregistration stage. Radargrammetric measurements can
also be used to calibrate the DEM to the absolute terrain height.

A. Phase Unwrapping in Wideband Systems

The proposed approach to perform phase unwrapping uses an
absolute DEM obtained by radargrammetry to pixelwise detect
and correct phase unwrapping errors in the DEM generated
using interferometry. A phase unwrapping error is detected if
the difference between the DEMs from InSAR and
radargrammetry is larger than h,,,;,/2. Upon detection of a
phase unwrapping error, the height is corrected as
hmia:i:SARl hamb (15)
where hj,s4r and h, .4 denote the heights of the DEMs from
InSAR and radargrammetry, respectively, and hginq; is the
corrected height. A very low probability of phase unwrapping
errors is needed in the considered pixelwise approach, i.e.,
Onrad/hamp < 1/6 for a correct unwrapping in around 99.7%
of the cases [10]. Post-processing techniques that exploit
surrounding pixels might further relax this requirement in the
pixelwise approach. According to (14), phase unwrapping can
be effectively performed with a single-baseline acquisition if
Br is sufficiently large. Furthermore, 0y, 44 can be improved
by increasing N, or averaging estimations, nevertheless the
resolutions of the DEMs from radargrammetry and
interferometry should be kept at a similar scale.

When the requirement on the probability of phase
unwrapping errors cannot be met, a second acquisition with a
smaller baseline can be used. In this case, the DEM from
radargrammetry obtained with the large baseline is used to
correct the phase unwrapping errors in the small-baseline DEM
formed using InSAR. The small-baseline DEM obtained with
InSAR is then used to correct phase unwrapping errors in the
large-baseline DEM. The proposed approach is applied to
simulated radar data generated with different acquisition
parameters to evaluate its phase unwrapping performance. The
radar data were again generated through repeat-pass InSAR
acquisitions over a uniform scene modelled using numerous
point scatterers [15]. The probability of unwrapping errors is
computed as the ratio of the number of simulated DEM pixels
where |hqq — Reryel > hamp/2, being hyp,. the true terrain
height, to the total number of simulated pixels. Fig. 4 (a) shows
for the proposed dual-baseline approach the probability of

hfinal = Rinsar + l

residual phase unwrapping errors for multiple values of B and
y. 5 looks are assumed in both azimuth and range. This
corresponds to a DEM resolution (or posting) of 0.25 m in
azimuth and 0.35 m in ground range, assuming B, = 3 GHz,
0, = 45° and no slope. The baseline ratio is chosen according
to the red line in Fig. 4 (b), which minimizes the probability of
unwrapping errors with respect to Br, while a large baseline
equal to 0.1 - B, ., is used. The dashed and dotted lines in Fig.
4 (a) indicate where the single-baseline approach would allow
a probability of phase unwrapping errors of 1% and 0.1%,
respectively, and hence illustrate the boundary of the regions
where phase unwrapping may be performed with one or two
InSAR acquisitions, as indicated by the two arrows. The results
show that less than 1% unwrapping errors can be achieved with
radargrammetry considering a second baseline with B > 10%
and y > 0.6, and hence the proposed approach is a promising
technique for future spaceborne wideband InSAR missions.
While the discussed case concerns two InSAR acquisitions
which are obtained separately, three platforms in a single pass
or three repeat-pass monostatic acquisitions can be used as well.

B. Phase Unwrapping in Multi-Band Systems

Performing multi-baseline InSAR acquisitions is costly,
while using acquisitions in different frequency bands is another
option to relax the condition in (14). This strategy is in line with
many future SAR missions using multi-band SAR to investigate
diverse natural processes simultaneously, e.g., the F-SAR,
UAV-based systems or NASA-ISRO SAR [7], [8], [17].

A system operating at two frequency bands is assumed, the
upper band is used to form the final accurate DEM, while the
lower band is used to create an easier-to-unwrap interferogram.
The DEM from InSAR in the lower frequency band is used as
an intermediate step similarly to the discussed dual-baseline
approach. The lower-band InSAR acquisition has potentially a
smaller bandwidth but the same baseline as the upper-band one,
nevertheless, B, .,;; depends on Bp , whose variation is
reasonable to be smaller. The number of looks in each
frequency band is chosen to keep similar resolutions between
the respective DEMs. Fig. 4. (c) shows the simulated
probability of unwrapping errors with respect to y and Bg. The
fractional bandwidth of the lower frequency band By is
assumed to be 20%. The chosen ratio between the upper f. and
lower band f;! center frequencies follows a similar trend to the
ratio between baselines, depicted in Fig. 4 (b). The different
ground penetration in each frequency band is modeled by
assuming for the volume representing the soil a vertical
exponential reflectivity profile, whose extinction coefficient is
calculated from the permittivities measured by Hallikainen for
a slightly moisturized clayey soil [18]. As in Fig. 4 (a), the
dashed and dotted lines indicate where a single frequency band
allows for a probability of unwrapping errors of 1% and 0.1%,
respectively, and, accordingly, the arrows indicate where phase
unwrapping could be performed with InSAR acquisitions in one
or two frequency bands. Phase unwrapping errors lower than
1% are obtained with the described system for B > 10%.

This approach is suitable to be used in a multi-band UAV
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system since its applicability is not constrained by the need of
specific baselines, which may be hard to achieve due to the low
relative flying accuracy of UAVs [8], [10]. In the case of very
distinct center frequencies, DEM calibration may be required to
account for, e.g., the different ground penetration in each
frequency band, similar to other multi-band approaches [19].

IV. CONCLUSIONS AND OUTLOOK

In this letter, a novel, generalized expression of the baseline
decorrelation has been derived for wideband InSAR systems
that allows achieving enhanced performance after spectral
filtering. The new model includes the spectral shrinkage and is
in good agreement with the simulations for both small and large
bandwidths and baselines.

It was also shown that radargrammetry is useful for phase
unwrapping in wideband InSAR systems because the height
accuracies of both techniques become comparable. In addition
to wideband drone- and airborne InSAR systems, the proposed
approach could be employed, among others, in future
spaceborne wideband X-band InSAR systems like HRWS
(Bgrg = 1.2 GHz, By ~ 0.12) as well as in L-band systems such
as Tandem-L (BRg = 85 MHz, By = 0.07) by increasing the
multi-looking factor of the radargrammetric DEM [6], [20]. If
a fractional bandwidth larger than 0.3 is available, performing
phase unwrapping with a single InSAR acquisition becomes
feasible. Furthermore, the proposed method is efficiently
integrated in the processing chain without posing further
constraints on the InNSAR acquisition geometry.

The previous results were obtained by means of SAR data
simulated over a uniform scene, which may differ from a real
scenario with non-uniform scattering properties. Furthermore,
the evaluation of the geometric decorrelation does not consider
the roughness of the target nor subtle signal penetration, which
have to be carefully considered in a real scenario due to the
small heights of ambiguity. Our future work will utilize the
presented concepts to generate accurate DEMs using
experimental wideband UAV-based SAR acquisitions.
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