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Abstract

The generation of global backscatter maps allows for the exploitation of a priori knowledge of local synthetic aperture
radar (SAR) backscatter statistics. SAR backscatter maps can be used for accurate performance prediction and for the
optimization of instrument settings for present and future SAR systems. Also, many further SAR applications can benefit
from the availability of backscatter maps in order to monitor the backscatter evolution in time and to investigate the
radar reflectivity behaviour depending on sensor parameters and target properties. In this work, X-band backscatter
maps are generated by mosaicking images acquired by the TerraSAR-X (TSM) and the TanDEM-X (TDM) missions
at global scale. The correction models used for the characterization of backscatter behaviour are based on the database
provided by Ulaby in [3] and are here presented for HH polarization and for any required reference incidence angle. As
an example of application for future SAR missions design, a novel performance-optimized block-adaptive quantization
(PO-BAQ), coming from the need of optimizing the resource allocation of the state-of-the-art quantization algorithms for
SAR systems, is then considered. The methodology relies on global backscatter statistics for the generation of bitrate
maps, which can provide a helpful information for performance budget definition and for optimizing resource allocation
strategies.

1 Introduction

Synthetic aperture radar (SAR) systems represent nowa-
days a well-recognized technique in the field of remote
sensing. They are able to acquire high-resolution images of
the Earth’s surface, independently of daylight and weather
conditions, and provide useful data for a large number
of scientific applications, such as hydrology, glaciology,
forestry, and oceanography. Precise a priori backscatter
knowledge is necessary for an optimized operation of SAR
systems in order to automatically adapt radar parameters
on-board during a data take. For realistic performance pre-
diction of future SAR systems, the backscatter informa-
tion represents a valuable input, e.g., for signal-to-noise
ratio (SNR) estimation or data clipping values computa-
tion. Moreover, many further SAR applications can ben-
efit from the availability of backscatter maps, such as the
monitoring of backscatter evolution in time and the investi-
gation of radar reflectivity depending on land type and soil
conditions [1]. On the other hand, backscatter maps can
also be exploited in the field of quantization. In the last
decades, innovative spaceborne radar techniques have been
proposed in order to brake the limitations imposed by "con-
ventional" SAR systems and to acquire wider swaths with
finer azimuth resolutions. Clearly, the consequent increase
in the amount of information implies harder requirements
in terms of on-board memory and downlink capacity. This
has motivated the investigation of advanced quantization
strategies in order to meet a trade-off between the qual-
ity of the resulting SAR products and the sensor acquisi-
tion capabilities. In this framework, a novel performance-

optimized block-adaptive quantization (PO-BAQ) method
[2], which exploits the availability of global backscatter
maps, has been proposed in order to extend the concept
of the state-of-the-art BAQ and to optimize the resource al-
location together with the resulting interferometric perfor-
mance. As a consequence, large-scale mosaics of backscat-
ter images gain a central role in the generation of SAR
backscatter maps and allow for the global monitoring of
the Earth’s environmental change as well as the generation
of bitrate maps for advanced quantization strategies.
Radar backscattering is defined as the portion of a radar
signal which is redirected back to the radar antenna after an
interaction with a target on the ground. Its properties de-
pend on several factors, which are related to the instrument
itself, such as frequency, polarization, and acquisition ge-
ometry, as well as to the characteristics of the illuminated
on-ground area, such as soil conditions, surface roughness,
and scene topography. Different quantities are usually ex-
ploited to represent SAR backscatters, as described in [3]
and [4]. However, the radar brightness β0 is the only one
that does not require a precise knowledge of the local in-
cidence angle. In order to avoid mistakes due to limited
knowledge of ground topography (which direct impacts on
the estimation of the local incidence angle), β0 will be used
in this work as radar backscatter reference quantity.
Several models can be found in the literature to charac-
terize the backscatter behaviour depending on sensor pa-
rameters and target properties. Well known and widely
used in the scientific community are the ones provided by
Ulaby and Dobson in 1989 [3]. Moreover, the availability
of a large amount of high-quality SAR data provided by



Figure 1 Algorithm flowchart. The output backscatter
map is referred to a precise reference incidence angle.

the TerraSAR-X (TSM) and TanDEM-X (TDM) missions
allows for a precise statistical analysis of X-band backscat-
ters from space, depending on specific system parameters
and on-ground target properties, such as polarization, vege-
tation class, local incidence angle, acquisition and seasonal
time [1].
This paper is structured as follows. Section 2 shows the
procedure for the generation of SAR backscatter maps, fo-
cusing on the interpolation algorithm to the output refer-
ence incidence angle and on the dedicated algorithm re-
quired for filling the missing values. Section 3 describes
the application of the PO-BAQ as example of future quan-
tization enhancement thanks to a priori knowledge of SAR
backscatter statistics. Finally, the conclusions are drawn in
Section 4.

2 Backscatter Map Generation Al-
gorithm

The objective of this work is the generation of a global
X-band backscatter map from TerraSAR-X (TSX) and
TanDEM-X (TDX) quick-look images [5]. Quick-look
products are generated as bypass data by the TanDEM-
X operational processor (ITP). They provide less resolu-
tion compared to standard single-look slant-range complex
products (SSC Level-1b)[6] and are radiometrically cali-
brated according to the specified absolute calibration fac-
tor. Also, they are geocoded into latitude/longitude coordi-
nates and are provided together with the associated matrix
of local incidence angles. The interpolation algorithm is
applied depending on the acquisition incidence angle and
vegetation class; the output backscatter map has thus to be
referred to a precise reference incidence angle αref . The
algorithm flowchart is shown in Figure 1. The input β0

values, associated to different local incidence angles and
vegetation classes, are interpolated to a specified output
reference incidence angle by using the Ulaby backscatter
models [3]. In particular, each input β0 pixel is associated
to a vegetation class. In this work, the GLOBCOVER clas-
sification map [7], provided by ESA in a resolution of 300

Table 1 Mapping between the GLOBCOVER classifica-
tion map provided by ESA and the land cover classes of
the Ulaby models.

GLOBCOVER classification map Ulaby model
Closed to open (>15%) broadleaved
evergreen or semi-deciduous
Closed (>40%) broadleaved deciduous
forest (>5m)
Open (15-40%) broadleaved deciduous
forest/woodland
Closed (>40%) needleleaved evergreen
forest (>5m) Trees
Open (15-40%) needleleaved deciduous
or evergreen forest (>5m)
Closed to open (>15%) mixed broadleaved
and needleleaved forest (>5m)
Sparse (<15%) vegetation
Closed to open (>15%) broadleaved
forest regularly flooded
Post-flooding or irrigated croplands (or acquatic)
Rainfed croplands
Mosaic grassland (50-70%) / forest or
shrubland (20-50%) Grasses
Closed to open (>15%) herbaceous vegetation
(grassland, savannas or lichens/mosses)
Closed to open (>15%) grassland or woody
vegetation on regularly flooded or waterlogged soil
Mosaic forest or schrubland (50-70%) /
grassland (20-50%)
Closed to open (>15%) (broadleaved or
needleleaved, evergreen or deciduous) shrubland Shrubs
Closed (>40%) broadleaved forest or shrubland
permanently flooded - Saline or brackish water
Artificial surfaces and associated areas
(urban areas >50%) Roads
Bare areas Soil & Rocks
Permanent snow and ice Dry Snow
Mosaic cropland (50-70%) / vegetation
(grassland/shrubland/forest) (20-50%) Short Vegetation
Mosaic vegetation (grassland/shrubland/forest)
(50-70%) / cropland (20-50%)
Water bodies None

x 300 m2, is used. In the final paper we will update the
work with the newly released GLOBCOVER 2020 map at
10 m resolution [8]. Since the land cover classes provided
by ESA differ from the Ulaby ones, an intermediate step
is required in order to associate the GLOBCOVER classes
with similar statistics to the same Ulaby model [1]. This
land cover mapping is reported in Table 1. The interpo-
lation is performed by evaluating the acquisition incidence
angle of the β0 pixel. A correction factor is thus derived
depending on the output reference incidence angle αref
and vegetation class and is then applied to the β0 value.
In particular, the correction of an input pixels β0

in, associ-
ated to an acquisition incidence angle αin and to a specific
vegetation class, is performed as:

β0
αref

= β0
αin

I(∆α) (1)

where β0
αref

is the pixel radar brightness of the output cell,
I identifies the incidence-angle-dependent correction curve
associated to a specif vegetation class, while ∆α is defined
as:

∆α = αin − αref (2)



Figure 2 X-band global backscatter map without gaps, i.e., after missing values interpolation. Backscatter mean value
in dB referred to HH polarization and to 40◦ output reference incidence angle.

Note that, doing so, backscatter maps can be generated
for any output reference incidence angle, starting from the
same input data. As described in the previous section, the
availability of a large amount of SAR data, e.g., several ac-
quisitions over the same ground area at different dates, al-
lows for a statistical analysis of X-band backscatters. Sev-
eral statistics can be thus derived from the n pixels con-
tributing to the same output cell:

1. backscatter mean value, defined as the average of the
n interpolated β0

αref
values;

2. backscatter standard deviation, defined as the sample
standard deviation of the n β0

αref
values within the

same output resolution cell;

3. backscatter maximum/minimum value, evaluated as
the maximum/minimum value of the population of the
n interpolated β0

αref
values;

4. backscatter population, defined as the number of input
values contributing to the same output resolution cell,
i.e., n;

5. backscatter 90th percentile, evaluated as the up-
per/lower bound of the 90% distribution of the n in-
terpolated β0

αref
values.

The above mentioned statistics can be exploited for differ-
ent purposes. For instance, the mean value can be used for
performance estimation, while the standard deviation map
can be seen as a measure of the backscatter dynamic and
can be therefore used for quantization tasks [9]. Also, the
maximum/minimum value can be useful for the evaluation
of saturation levels in order to avoid clipping, while the
evaluation of the 90th percentile aims to ignore infrequent
peaks and thus to give a more reliable estimation of the
backscatter distribution.

In order to face to the lack of data in several regions, a
dedicated algorithm has been also integrated for filling the
empty output cells. As first step, SAR data acquired with
different polarizations, i.e., VV and HV, can be exploited
and interpolated to HH polarization and to the required ref-
erence incidence angle, according to Ulaby models. Other-
wise, the GLOBCOVER classification map, together with
the Ulaby models, can be used to directly fill the miss-
ing gaps. Anyway, given at least the two available global
coverages of TanDEM-X, remaining voids represent a very
small percentage (less than 0.1%) of all landmasses.
Figure 2 shows the X-band global backscatter map re-
ferred to HH polarization and to 40◦ output reference in-
cidence angle. Note that the map refers to backscatter
mean values and has a final posting of 5 x 5 km2 at the
equator, corresponding to an angular spacing of 0.05◦ in
latitude/longitude coordinates. The gaps have been al-
ready filled according to the dedicated algorithm described
above.

3 Performance-Optimized Block-
Adaptive Quantization (PO-BAQ)

Performance-optimized block-adaptive quantization (PO-
BAQ) [2] is a novel quantization technique aiming at the
optimization of the resource allocation of the state-of-the-
art quantization algorithm, i.e., BAQ. It was born from the
need of handling a large amount of data, in terms of on-
board memory and downlink capability, for future SAR
systems which will brake the "conventional" limitations of
acquiring larger swaths with finer azimuth resolutions. Ac-
cording to this quantization strategy, the bitrate Nb,req re-
quired for SAR raw data compression can by estimate as:

Nb,req = f(ζreq, σβ0
, Nl, Nacq). (3)



Figure 3 Global bitrate map resulting from a requirement on the interferometric phase error of σ∆ϕq
= 5◦.

In the equation above, ζreq identifies the requirement
imposed on the quantization performance, which can
be defined in terms of signal-to-quantization-noise ratio
(SQNR), coherence loss or interferometric phase error; Nl
is the number of looks, given by the system resolution and
the target posting, and Nacq is the number of available ac-
quisitions, which is usually defined at mission planning
and can be interpreted as a sort of "temporal" looks. Fi-
nally, σβ0

represents the local backscatter standard devia-
tion computed over the theoretical integration area of

ASAR = Lchirp × Ls; (4)

Lchirp is the chirp length and Ls is the synthetic aperture
of the radar which, in turn, are defined as

Lchirp =
cτp
2
, Ls = λ

R0

La
, (5)

where c is the speed of light, τp stays for the chirp pulse du-
ration, R0 is the slant range and La is the physical antenna
dimension along azimuth. The local backscatter standard
deviation can be derived from the generated backscatter
maps, and in general has to be available a priori before
a data take. Moreover, the function f(.) in (3) has to be
precisely described from a statistical characterization of
the performance degradation using real data, as described
in [2]. In particular, it describes the quantization perfor-
mance degradation as a function of the bitrate Nb and of
the backscatter statistics σβ0

. Once all the input parame-
ters and the function f(.) in (3) are known, a bitrate map
can be derived as

Nb,req = argmax
Nb∈[Nb,min,Nb,max]

{ζ(Nb, Nl, Nacq, σβ0
) ≤ ζreq}

(6)
where Nb,min and Nb,max are the minimum and maximum
allowed bitrates, respectively, which are usually set at sys-
tem/instrument design level.

As presented in [2], variable bitrate maps can be derived
depending on target performance parameters, such as the
interferometric phase error or the SQNR. An example of
global bitrate map, resulting from a requirement on the in-
terferometric phase error of σ∆ϕq = 5◦ is shown in Fig-
ure 3. The input X-band standard deviation map has been
generated as described in Section 2 with a final resolu-
tion of 5 x 5 km2 at the equator, i.e., corresponding to
an angular spacing of 0.05◦ along both latitude and lon-
gitude. Note that a large dispersion in terms of required
bitrate is present, ranging from about 2.5 bits/sample to 6
bits/sample.

4 Conclusions

In this paper, the generation of a global X-band backscatter
map from TSX and TDX quick-look images has been dis-
cussed. The interpolation approach using the Ulaby mod-
els has been also presented, together with a dedicated al-
gorithm for filling the missing values. Moreover, the bene-
fits of a statistical analysis of X-band SAR backscatters for
future SAR systems has been discussed, especially in the
field of quantization. A novel PO-BAQ method has been
applied as example of novel quantization strategy, in order
to point out the importance of a priori knowledge of global
backscatter maps for the optimization of future SAR sys-
tems. Some preliminary results have been shown in a fi-
nal output resolution of 5 x 5 km2 at the equator. In the
final paper, global X-band backscatter maps will be gen-
erated with a final posting of 50 m in both azimuth and
ground range, and corresponding bitrate maps will be pro-
vided at the same output cell resolution. Moreover, the
new WORLDCOVER classification map released by ESA
in a resolution of 10 m [8] will be investigated and hope-
fully used as input for the retrieval of vegetation classes in
the backscatter map algorithm.
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