





























This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

MARTONE et al.: QUANTIZATION EFFECTS IN TanDEM-X DATA

| DEM Difference Matrix |

|

| 2-D High-Pass Filtering |

Relative Height Error
Matrix

Fig. 16. Workflow for relative height error analysis from repeat-pass DEMs.

and is defined as the uncertainty on a height estimation due to
noise-like disturbance contributions. HoA stands for height of
ambiguity, which represents the height difference correspond-
ing to a complete 27 cycle of the interferometric phase and, in
turn, is defined as

Arsin(6;)

HoA =
By

(12)
with A being the radar wavelength, r the slant range, 6, the
incidence angle, and B the baseline perpendicular to the line
of sight. For the first global acquisition of TanDEM-X, the HoA
was typically between 45 and 60 m, ensuring good unwrapping
quality over most land types. For the second global DEM
coverage, larger baselines have been considered (HoA of about
35 m). The combination of at least two acquisitions by means of
multibaseline phase unwrapping algorithms [24] will allow to
fully meet the mission requirements [2]. The estimation of the
point-to-point relative height error requires the computation of
the probability density function obtained by evaluating the dif-
ference between two random variables, each of them describing
the fluctuation of the height estimate within one DEM. From
real data, the point-to-point relative height accuracy can be
estimated by evaluating the difference between repeated DEM
acquisitions with identical imaging geometry and configura-
tion parameters, each of them affected by independent noise
components [25], as shown in Fig. 16. A high-pass filtering is
then performed to erase slowly varying error sources, such as
baseline or attitude uncertainties, which will be removed during
the final DEM calibration process [26], [27]. Due to a baseline
estimation error on the order of millimeters, the resulting DEM
horizontal localization accuracy, for typical TanDEM-X base-
lines and incidence angles, is on the order of few meters [28].
Together with the dominant noise-like contribution, additional
error sources may be due to phase unwrapping errors, as
well as temporal changes in the scene occurring between the
two acquisitions. For the present analysis, we have considered
repeated bistatic TDX acquisitions commanded with BAQ by-
pass. The 90% point-to-point relative height error, as required
by TanDEM-X mission specifications [2], [29], has been eval-
uated for the test areas listed in Table III (corresponding to
the sites 1, 3, 5, 8, and 11 of Table II). It is computed as
the 90% percentile of the absolute value of the height error
matrix evaluated as in Fig. 16. The relative height error, Ahgqy,
resulting from different compression rates, is shown on the left-

TABLE III
TEST SITES FOR RELATIVE HEIGHT ERROR ANALYSIS. FOR EACH TEST
SITE, REPEATED BISTATIC TDX ACQUISITIONS HAVE BEEN
COMMANDED WITH BAQ BYPASS AND WITH
IDENTICAL IMAGING GEOMETRY

Test Site 1°¢ Pass 274 Pass HoA
Salar de Uyuni (Bolivia) | 2010-11-16 | 2012-06-10 | 36 m
Mexico City 2012-02-07 | 2012-02-29 | 67 m
Greenland 2012-01-15 | 2012-02-06 | 81 m
Amazon Forest (Brazil) 2012-01-17 | 2012-02-19 | 84 m
Death Valley (USA) 2010-11-24 | 2010-12-05 | 150 m

hand side of Fig. 17. Each value represents the 90% point-
to-point relative height error obtained from two repeat-pass
DEM acquisitions, and for each height error estimation, both
DEMs result from data takes that all use the same compression
rates. According to (11), the relative height accuracy is directly
proportional to the HoA. Indeed, looking again at the plot on
the left-hand side of Fig. 17, it can be noticed that the highest
height error values are obtained for the test area of Death Valley
(from 6 to 8 m), acquired with a HoA of about 150 m. On
the other hand, the height errors estimated over the salt lake
of Uyuni are of about four times smaller (approximately 2 m),
which is consistent with the ratio of the heights of ambiguity of
the corresponding DEM acquisitions (150 m/36 m). Therefore,
in order to consistently compare the performance between the
different test areas, normalization with respect to the HoA
characterizing each acquisition pair is needed. We may define
the normalized relative height error degradation, for a single
data take, as the difference between the 90% point-to-point
height error derived from noncompressed DEMs, and the ones
originated from different BAQ rates (see n bits/sample), i.e.,

1

A(Ah9(]%,n)HOA = 7(Ah90%,bypass - AhQ()%,n)-

HoA (13)

The resulting normalized height error degradation, expressed in
the percentage of the HoA, is depicted on the right-hand side of
Fig. 17 for different compression rates. It has to be noticed that,
for a given test site, the DEMs used for comparison have been
created from the same original raw data, i.e., they differ only in
the quantization rate employed for compression. Therefore, the
observed height accuracy degradation represents the contribu-
tion to the total relative height error in the DEM, which is pro-
duced uniquely by the quantization process. Once again, it can
be verified that the performance degrades more severely for the
urban area of Mexico City, for which a degradation of up to 4%
of the HoA is observed. If considering typical HoAs employed
for TDX nominal acquisitions (between 30 to 50 m), the use of
2 bits/sample for both coverage areas would in this case have
resulted in an increase between 1.2 and 2 m in terms of relative
height accuracy, ultimately leading to a probable violation of
the DEM specifications. As aforementioned, for most of the
global DEM acquisitions of TanDEM-X, BAQ 8:3 (mainly) and
BAQ 8:4 are employed, which grant a mean additional error of
about 30 cm with respect to the uncompressed data (and below
60 cm for the worst case).

The present results have been also validated with the well-
established theoretical model proposed in [20], which has
been referred to in Section III-C. According to the model,
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(Left) 90% point-to-point relative height error as a function of the compression rate, evaluated as shown in Fig. 16, for the repeated acquisitions listed in

Table II. (Right) Normalized degradation of the relative height error with respect to the bypass case, expressed as fraction of HoA [see also (13)]. The horizontal
lines represent the corresponding height error degradation obtained from the theoretical model in [20]. For a given test site, the DEMs used for comparison are
generated from the same raw data, i.e., they differ only in the quantization rate employed for compression. Therefore, the observed height accuracy degradation
represents the contribution to the total relative height error in the DEM solely due to quantization.

Fig. 18.  Variation coefficient ¢,, of the interferometric coherence for the first global DEM acquisition. The Antarctic region has been already acquired but not yet
processed. For each scene (50 km x 30 km), ¢, is calculated as the ratio of the standard deviation and the mean coherence, according to (14). The main regions
considered for resource optimization for the second global acquisition are outlined with black circles. Here, homogeneous backscatter distribution and very good
performance (v > 0.8) are usually observed. On the other hand, yellow and red areas require additional acquisitions with optimized imaging geometry to further

improve the overall DEM performance.

the interferometric phase error ¢ can be estimated directly
from the coherence v and the independent number of looks
N; employed within the multilooking process. In particular,
for each pixel of a processed interferogram, the 90% relative
height error Ahggy, is estimated, and the mean value per scene
is then considered. The relative height error degradation derived
from the model proposed in [20] is given by the horizon-
tal bars on the right-hand side of Fig. 17. Good agreement
between the two approaches can be verified for the sites of
“Amazon Rain Forest,” “Greenland,” and “Uyuni.” These ar-
eas are characterized by flat and regular height profiles, with

an almost error-free phase unwrapping process. On the other
hand, for the “Death Valley” and “Mexico City” test sites, the
theoretical model underestimates the height error degradation
derived from the data. As aforementioned, both test areas are
characterized by an inhomogeneous backscatter distribution,
together with rugged topography, where low scattering suppres-
sion effects cause additional performance degradation (see also
Section III-A). For the described reasons, phase unwrapping
errors occur more often (and most likely in the case where fewer
bits are employed for quantization), leading in turn to incorrect
height estimates in the resulting DEM. Such errors, as well as
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possible temporal changes in the scene occurring between the
two repeated acquisitions, are not taken into account in the theo-
retical model used for comparison, which explains the observed
discrepancy.

IV. RESOURCE-ALLOCATION STRATEGY FOR THE
SECOND GLOBAL DEM ACQUISITION

Up to July 2013, TanDEM-X has completed the acquisition
of two global DEMs in bistatic configuration. For nominal
mission operation, mainly BAQ 8:3 for both satellites has been
employed. Indeed, TSX and TDX have a relatively limited
downlink capacity, which is due to an average contact time with
the ground station network of about 10 min/orbit at a total net
data rate of about 260 Mbits/s, as indicated in Table I (the down-
link time has to be shared among the two spacecraft since
the close satellite formation does not permit the simultaneous
downlink of the data). Considering nominal acquisition param-
eters, this implies an allowed time for bistatic data takes of
about 180 s/orbit, for the case of a quantization with 3 bits/
sample [2]. Based on the analyses presented in this paper, the
strategy for optimizing the resource allocation for the second
global acquisition of TDX has been consequently adapted.
Areas showing very good performance and homogeneous
backscatter characteristics have been acquired with reduced
compression rates. The variation coefficient of the interfero-
metric coherence for the first global DEM coverage is given
in Fig. 18. The variation coefficient is defined as the ratio of the
standard deviation ¢ and the mean p of the coherence v, i.e.,

7

. (14)
Hry

Cy =

It is calculated for each processed scene, which extends for an
azimuth length of about 50 km, and a range width of about
30 km. Usually, high variation in the amplitude is associated
with high variation in the coherence distribution. On the other
hand, for high coherence, smaller variation has been typically
observed (¢, < 0.2) for the most part of natural land areas. The
main regions, which have been selected for resource optimiza-
tion, are highlighted in the black circles. Here, high coherence
(usually bigger than 0.8), homogeneous backscatter distribu-
tion, and good unwrapping quality are observed. In particular,
quantization rates of 2 and 2.5 bits/sample (the latter obtained
using 3 bits/sample on one satellite and 2 bits/sample on the
other satellite) have been employed over such selected areas.
The mean BAQ rate was then reduced from 3.09 bits/sample
for the first global DEM acquisition to 2.95 bits/sample for the
second one, and a consequent reduction in terms of mean data
rate of about 5% was gained, without affecting the overall mis-
sion performance (for many of these areas, a single acquisition
is already sufficient to fulfill the relative height error mission
requirements [19], [30]). On the other hand, the resulting free
orbit usage (about 125 s more per day) has been exploited
for reacquisition with optimized imaging geometry of areas
affected by poor performance [31], [32], such as forest areas
and difficult terrain (depicted in yellow and red in Fig. 18) to
improve their final DEM quality [33], [34].

V. CONCLUSION

In this paper, we have presented the effects of raw data
quantization on TanDEM-X bistatic data. Special experimental
data takes were acquired with 8 bits/sample (i.e., without BAQ
compression). On ground, all available quantization rates have
been synthetically applied to the SAR raw data providing
multiple data sets per satellite stream. Reprocessing with the
interferometric chain was performed, even combining mixed
data rates; as an example, 2 bits/sample from one satellite data
and 3 bits/sample from the other satellite data result in an equiv-
alent compression rate of 2.5 bits/sample. By this, a dedicated
comparison with the original data was possible, isolating the
quantization effects from other error sources. Key parameters
in determining SAR and interferometric performance have been
evaluated over test areas, showing different land cover types
and topography characteristics. The radiometric sensitivity of a
radar system (the NESZ) is severely affected by quantization,
and a degradation of about 4 to 6 dB for the highest (i.e., 2-bit)
compression rate with respect to the bypass case is shown.
Quantization effects on the interferometric coherence are
strongly dependent on the backscatter distribution of the im-
aged scene (low scattering suppression), and the observed
decorrelation for the highest (i.e., 2-bit) compression rate varies
between 8% for flat and homogeneous areas, and 20% for irreg-
ular regions, such as urban areas. Consistent results have been
observed in the interferometric phase errors, as well as in the
relative height accuracy of the DEM. In particular, it could be
verified that, for typical TanDEM-X acquisition configurations,
the employment of BAQ 8:2 for both coverage areas could have
resulted in increased height errors, which in our analyses range
from 0.5 m to 1.8 m, leading in many areas to a violation of
the DEM specifications. Therefore, for the first global DEM
acquisition of TDX, mainly 3 bits/sample on both satellites
are employed, which grant an acceptable performance degra-
dation and, at the same time, a sufficient compression ratio in
consideration of the nominal mission duration. Based on the
presented analyses, an optimization of the resource-allocation
strategy for the second global DEM acquisition of TanDEM-X
has been carried out. Acquisitions over areas showing very
good performance and homogeneous backscatter distribution
have been commanded with reduced quantization rates of 2 and
2.5 bits/sample. On the other hand, the resulting free onboard
resources could be exploited for reacquisition of areas affected
by poor performance to further improve the global DEM
performance.

Looking at present and next-generation spaceborne SAR
missions, an increasingly huge volume of onboard data is
going to be demanded, which implies, from mission design,
harder requirements in terms of onboard memory and downlink
capacity. In this scenario, SAR raw data quantization represents
an aspect of primary importance since the data rate employed
for raw data digitization defines the amount of data to be stored
and transmitted to the ground, and at the same time, it directly
affects the performance of the SAR products. By exploiting the
state-of-the-art quantization algorithms for SAR systems (the
idea of mixed quantization rates in TDX has already progressed
in terms of a new quantization switching scheme for future SAR



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

systems [8]), the results presented in this paper can be therefore
combined with the high-resolution and precise knowledge of
the Earth’s topography and backscatter characteristics produced
by the TDX global data set [35]-[37], in order to provide a
helpful tool for performance budget definition and optimization
of the resource-allocation strategies for future SAR missions.
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