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Abstract

Synthetic aperture radar (SAR) interferometry (InSAR) provides accurate topographic information of an area by using of
a pair of SAR images. However, ambiguities arise in the case of volumetric media where multiple scattering occur in a
single resolution cell. Polarimetry-based methods assume orthogonal and deterministic scattering mechanisms to resolve
the ambiguity and obtain three-dimensional structure of the volume. SAR tomography use additional measurements
which require numerous observations. An alternative approach is to use signals with wide fractional bandwidth and
obtain the InSAR coherence over a wide range of vertical wavenumber with a single baseline. Signals with a wide
fractional bandwidth is available from radars mounted on drones, which is a promising platform for local and frequent
SAR remote sensing. A method to simulate radar data backscattered from semi-transparent media and the coherence
estimation over a wide vertical wavenumber using a single baseline is presented. The coherence estimated from the
simulated data can be used to demonstrate the single-baseline three-dimensional inversion method.

1 Introduction

While synthetic aperture radar (SAR) interferometry is
a precise method to map the Earth’s surface, ambiguities
arise for volumetric media where multiple scattering occur
in a single resolution cell [1]. Attempts were made to re-
solve these ambiguities using additional measurements and
processing for measuring above ground biomass [2, 3], for-
est height retrieval [4, 5], and agricultural monitoring [6].

Polarimetric InSAR (PolInSAR) employ InSAR data
from multiple polarimetric channels to separate different
scattering mechanisms occurring at different heights [7, 8].
These methods are effective for forest height retrieval,
where the assumption that orthogonal scattering mecha-
nisms occur at different heights is valid.

Methods that use SAR data from multiple acquisitions in
different heights exploit the Fourier relationship between
the data and vertical reflectivity [9, 10] or the InSAR co-
herence, which can be modeled according to the vertical
scattering profile [11, 12]. However, these methods require
tens of acquisitions in the vertical direction to properly ac-
quire the volumetric information. The vertical wavenum-
ber kz , which is the ratio between geometric parameters of
an InSAR acquisition, is a factor used to model the the In-
SAR coherence. Due to the narrow fractional bandwidth
used in conventional radar systems, diverse measurement
in the vertical wavenumber is only possible using multiple
acquisitions. These acquisitions require immense effort in
data acquisition and may lead to temporal decorrelation.

While the narrowband signals cannot be avoided in air-
borne or spaceborne radars due to regulations, transmit sig-
nals with frequency spanning over L-, S-, and C-bands are
being investigated for use in radars mounted on drones or
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Figure 1 A high-level overview of the method to retrieve
three-dimensional information using a single baseline.

unmanned aerial vehicles (UAVs) [13, 14]. These radars
with a wide fractional bandwidth enable the measurement
over a wide range of vertical wavenumber using a sin-
gle baseline, which can be exploited to invert the three-
dimensional information of a semi-transparent medium
[15]. A high-level overview of the single baseline inver-
sion scheme is depicted in Figure 1.

In this work, the InSAR coherence is estimated over
a wide range of vertical wavenumber assuming a radar
mounted on a drone. The radar is assumed to transmit
signals with a wide fractional bandwidth where the ratio
between the bandwidth and center frequency is larger than
one. Point scatterers that model a semi-transparent media
were used to generate the simulated radar data. The InSAR
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Figure 2 InSAR coherence model assuming a random
volume with constant extinction coefficient. The solid
blue and red lines depict the coherence varying with dif-
ferent wavenumbers for extinction coefficient of 0.6 dB/m
and 0.2 dB/m, respectively. The dashed lines depict the
factor of convolution that involves the extinction coeffi-
cient. The blue line depicts the factor of convolution that
involves the volume height.

data of a single baseline was processed to estimate the co-
herence over a wide range of vertical wavenumber and was
compared with the expected coherence.

2 Vertical Scattering Profile and
Coherence Model

The InSAR coherence is a normalized complex corre-
lation coefficient between a pair of SAR images. While
the phase of InSAR coherence is used to extract the topo-
graphic information, the magnitude involves the quality of
the height measurement. The magnitude of InSAR coher-
ence decrease in the presence of semi-transparent media
due to multiple scattering from different heights, resulting
in the loss of height measurement accuracy. Treuhaft et al.
showed that the coherence due to volumetric scattering can
be modeled as follows:

γ = exp [jϕ0(z0)]

∫ hv

0

exp

(
j

4πB⊥

cRs sin θ
fz

)
gv(z) dz∫ hv

0

gv(z) dz

= exp [jϕ0(z0)]
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0
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0
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,

(1)
where j is the unit imaginary number, ϕ0(z0) is the to-
pographic phase with regards to the ground z0, B⊥ is the
perpendicular baseline, c is the speed of light, θ is the in-
cidence angle, f is the frequency, z is the height from the
ground, and gv(z) is the vertical scattering profile [16].

In (1), the vertical wavenumber kz is defined as a ratio
of geometric parameters written as follows:

kz =
4πB⊥

cRs sin θ
f . (2)

Given that signals with wide fractional bandwidth is avail-
able, the change in the frequency f is considerable and the
coherence can be modeled as a continuous function of ver-
tical wavenumber.

Assuming a constant extinction with depth, the vertical
scattering profile can be written using two parameters hv

and σ as follows:

gv(z) = exp
[ σ

cos θ

]
rect

[
z − hv/2

hv

]
, (3)

where hv and σ is the volume height and the two-way ex-
tinction coefficient. The function rect is a window function
defined in the interval as rect(·) = 1 if − 1/2 < · ≤ 1/2
and zero elsewhere.

The coherence model for a vertical scattering profile
with a constant extinction can be derived using (1) and (3)
as follows:
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∣∣∣∣∣∣∣∣ ,
(4)

where ∗ denote the convolution operator and sinc is defined
as sinc(·) = sin (π·)/(π·). In (4), g1 and G1 is the vertical
scattering profile assuming an infinite volume height and
it’s Fourier transform written as follows:

g1(z;σ) = exp
[ σ

cos θ
z
]

if z ∈ (−∞, 0]

G1(kz;σ) =

∫ ∞

−∞
exp (jkzz)g1(z;σ) dz∫ ∞

−∞
g1(z;σ) dz

=
1

1 + j
kz

σ/ cos θ

(5)

An example of the coherence model assuming a volume
height of 3 m is depicted in Figure 2 as solid blue and red
lines. The two coherence models differ in the value of ex-
tinction coefficient, where the blue and red line represent
the result from σ = 0.6 dB and σ = 0.2 dB/m, respec-
tively. The function G1 corresponding to the two extinc-
tion coefficients are depicted in dashed lines, and the sinc-
function in (4) is depicted in a green line. It is shown that
for higher extinction coefficients, the expected coherence
is no longer similar to the sinc-function, which involve the
volume height parameter.

The simulated radar data were generated assuming a
semi-transparent media with constant extinction coefficient
σ = 0.5 dB/m, constant volume height hv = 3 m, and flat
ground topography z0 = 0 m. The slave acquisition was
assumed to be 3 m away from the master acquisition in the
direction perpendicular to the line of sight.
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Figure 3 Coherence trend estimated from simulated data
(orange) and the coherence model.

The radar data was first filtered in fast time frequency
using highly overlapped filters to estimate the coherence
change with the vertical wavenumber. The coherence was
estimated using a window of 14 looks in azimuth and 14
looks in slant range. The coherence measured using the
simulated radar data is depicted in Figure 3 as solid orange
line.

The coherence model calculated using the known vol-
ume parameters is depicted in Figure 3 as solid blue line.
The coherence model and the measured coherence exhibit
great similarity. Such similarity between the model and the
measurement can be used to invert the volumetric parame-
ters of a given resolution cell.

3 Coherence Estimated from
Drone-borne InSAR Data

A repeat-pass InSAR experiment was conducted using a
ground-penetrating radar operating at L-, S-, and C-band
mounted on a hex-rotor UAV. The experiment scene con-
sisted of a flat ground with multiple trihedral corner re-
flectors and short grass with height less than 50 cm. The
antenna illuminated the ground at 45◦ look angle with no
squint.

The radar utilized frequency-modulated continuous-
wave (FMCW) waveform with a center frequency, band-
width, and pulse duration of 2.5 GHz, 3 GHz, and 3.5 ms.
The FMCW signal was digitized using a sampling fre-
quency of 2.6 MHz which allowed maximum range of
90 m after range compression.

The experiment incorporated the use of real-time kine-
matic (RTK) system with a local RTK station on site. The
positions were given in local East-North-up (ENU) coor-
dinates referenced to the RTK station, which were used to
form the SAR images using back-projection algorithm.

The synthesized SAR image is shown on the left-hand
side of Fig. 4, where the vertical and horizontal axes rep-
resent the North and East from the RTK station, respec-
tively. The direction of the platform movement was ap-

proximately in the negative East direction.
The pair of SAR images were filtered in spatial fre-

quency domain using a two-dimensional filter to obtain the
portion of spectrum which represent the response from a
specific center frequency. The filtered data was used to es-
timate the coherence with respect to frequency where the
magnitude is shown on the right-hand side of Fig. 4.

4 Outlook

A method to simulate a radar data backscattered from a
semi-transparent media is presented in this paper. Assum-
ing a radar signal with a wide fractional bandwidth, the
InSAR coherence over a wide vertical wavenumber can be
obtained using a single baseline. The vertical scattering
profile can be inverted from this measurement subject to
it’s relationship between the InSAR coherence model. The
method to simulate the radar data involves defining the am-
plitude and phase modulation terms for each point scatter-
ers. The amplitude modulation term is defined based on
the vertical coordinate, ground terrain, volumetric parame-
ters, and the vertical scattering profile, which can be used
to simulate complex terrain with semi-transparent volume.
The simulated radar data were used to obtain the coherence
over a wide range of vertical wavenumber. These measure-
ments capable of inverting the volumetric parameters pro-
vide an opportunity to achieve three-dimensional structure
retrieval without the need of numerous acquisitions.
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