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Abstract— Multiple-elevation-beam synthetic aperture radar
(SAR) is a concept based on digital beamforming (DBF) in
elevation and simultaneous recording of the echoes of multiple
transmitted pulses. It enables high-resolution imaging of wide
areas and is therefore ideal for the systematic observation of
dynamic processes on the Earth’s surface. Furthermore, if the
pulse repetition interval (PRI) is continuously varied (staggered
SAR), it is possible to map a wide continuous swath rather
than multiple subswaths separated by “blind” ranges. Within the
design of multiple-elevation-beam SAR, however, it is fundamen-
tal to consider how nadir echoes affect the mapping capabilities
of systems with constant PRI and the image quality of staggered
SAR systems, where nadir echoes are intrinsically smeared due to
the PRI variation. This article addresses the characterization of
nadir echoes in multiple-elevation-beam SAR with constant and
variable PRI by presenting a parametric model for the nadir echo
profile based on real radar measurements, a formulation of the
nadir echo location and smearing in staggered SAR, and realistic
simulations based on TerraSAR-X data, which show that nadir
echo are likely to be barely visible in staggered SAR images. The
results of this work are relevant to both the design of future SAR
systems and the interpretation of the acquired data.

Index Terms—Digital beamforming (DBF), high-resolution
wide-swath (HRWS) imaging, multiple-elevation-beam SAR,
nadir echo, NASA-ISRO SAR (NISAR), staggered SAR, synthetic
aperture radar (SAR), Tandem-L.

I. INTRODUCTION

YNTHETIC aperture radar (SAR) is a widely-used
Sremote-sensing technology, capable of providing
high-resolution images independent of weather conditions
and sunlight illumination [1]. However, conventional SAR
systems are intrinsically limited, in that a wide swath can
only be mapped at the expense of a degraded azimuth
resolution, i.e., by increasing the pulse repetition interval
(PRI). This limitation can be overcome using systems with
multiple receive apertures, displaced in along-track, which
simultaneously acquire multiple samples for each transmitted
pulse [2]-[6]. These systems, however, require a very long
antenna to map a wide swath.

If a relatively short antenna with a single aperture in
along-track is available, an attractive solution to map a wide

swath is given by SAR systems that exploit a wide beam
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illuminator on transmit and digital beamforming (DBF) in
elevation to form multiple receive beams, which follow the
directions of arrival of the radar echoes of multiple transmitted
pulses and can therefore simultaneously image multiple sub-
swaths [7], [8]. If such systems are operated with a constant
PRI, “blind” ranges will be present between the multiple
imaged subswaths, as the radar cannot receive while it is
transmitting. In contrast, if the PRI is continuously varied
and data are sufficiently oversampled in azimuth—the overall
concept is referred to as staggered SAR — it is possible to get
rid of blind ranges and map a wide continuous swath [9]-[12].
The multiple-elevation-beam SAR concept is well established
and currently being considered as the baseline acquisition
mode for the Tandem-L mission proposal and the NASA-ISRO
SAR (NISAR) and ALOS-4 missions [13]-[17]. It furthermore
represents an attractive solution for the future SAR missions
of European Space Agency’s Copernicus Program [18].

Within the design of multiple-elevation-beam SAR systems,
it is fundamental to consider the impact of nadir echoes in
terms of both mapping limitation, in case nadir echoes are
avoided through PRI selection in the constant PRI case, and
image quality degradation, in case nadir echoes are present
and superimpose on the underlying scene for the variable
PRI case, for which a comprehensive analysis is still missing.
In the latter case, a thorough understanding of the nadir echo
signature allows providing recommendations for the design of
the staggered SAR system, e.g., regarding the selection of the
PRI sequence.

The article is organized as follows. Section II presents
a parametric model for nadir echo based on real radar
measurements. Section III discusses the mapping limitations
imposed by nadir echoes on a multiple-elevation-beam SAR
with constant PRI, whereas Section IV provides an ana-
Iytical formulation of nadir echo location and smearing in
multiple-elevation-beam SAR with variable PRI. In Section V,
the impact of nadir echoes on SAR image quality is assessed
through simulations based on real TerraSAR-X data and con-
clusion is drawn in Section VI.

II. PARAMETRIC MODEL FOR NADIR ECHOES

Delay/Doppler radar altimeters allow retrieving important
geophysical parameters and several models have been pro-
posed through the years for the received echoes [19]-[22].
Nadir echoes in SAR images result from succeeding pulse
echoes that are scattered back from the nadir, i.e., the point
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Fig. 1. (a) Typical geometry of an SAR. The imaged swath is highlighted
in red and the nadir in blue. (b) Transmitted pulses (top) and nadir echo of
transmitted pulse no. 3 (in blue) superimposed on swath echo of transmitted
pulse no. 1 (in red) (bottom).

Fig. 2. Example of SAR images, acquired by the TerraSAR-X satellite over
Australia (left) and the Indian Ocean (right), where nadir echoes appear as a
bright vertical stripe in the middle of the image. The horizontal and vertical
axes represent slant range and azimuth, respectively.

with the closest distance to the radar, and come back at
the radar simultaneously with the echoes from the imaged
swath and represent a disturbance. Fig. 1(a) shows the typical
side-looking geometry of an SAR, where the imaged swath
is highlighted in red and the nadir in blue. In Fig. 1(b) the
sequence of transmitted pulses is displayed, where the nadir
echo of transmitted pulse no. 3 (in blue) superimposes on the
swath echo of transmitted pulse no. 1 (in red).

Although the radar antenna is designed to limit the energy
transmitted to and received from the nadir direction, due to the
smaller range and the specific characteristics of the scattering
process (specular reflection), the nadir echo may be even
stronger than the desired one and may therefore significantly
affect the quality of the SAR image [23]. Fig. 2 shows two
SAR images collected during dedicated TerraSAR-X acquisi-
tions over Australia and the Indian Ocean, respectively, where
nadir echoes appear as a bright stripe [24].

The two aforementioned TerraSAR-X acquisitions were
carried out to investigate in more detail the properties of nadir
echoes and can be exploited to derive a simple, parametric
model for the nadir echo that consists of a backscatter profile
and an azimuth autocorrelation function. This model is there-
fore not based on the electromagnetic theory of scattering,
but simply on a fit of a parameterized function to real
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radar measurements. In particular, the dataset acquired over
the Indian Ocean is used, as the lower backscatter of the
underlying scene allows a better analysis of the falling edge
of the nadir echo, as also apparent from the visual comparison
of the two SAR images in Fig. 2.

The model is derived from range-compressed data (Fig. 3(a)
shows a few hundred azimuth lines, where the nadir echo
signature is visible) by aligning all range lines to compensate
for the tilt due to the height change during the acquisition
[see Fig. 3(b)]. The backscatter profile is then obtained by
averaging across azimuth to remove the speckle. Fig. 3(c)
shows a range line of the aforementioned range-compressed
data [a zoom around the echo peak is displayed in Fig. 3(d)],
where the effect of speckle is visible, whereas Fig. 3(e) shows
the backscatter profile obtained after aligning and averaging
all range lines of the dataset [a zoom around the echo peak is
displayed in Fig. 3(f)].

The nadir echo backscatter profile ¢°(z), where ¢ denotes the
range (or fast) time, can be modeled through the continuous
and differentiable piecewise function
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where 7.« 1S the range time at which the backscatter is maxi-
mum, ¢, is the maximum backscatter, i.e., 60 = 0 (tmax),
Trise 18 the rising time, defined as the time interval between the
start of the echo and its maximum, a, o > 1, is a parameter
that characterizes the shape of the rising edge, ¢, is the falling
time, defined as the time interval between the maximum of the
echo and its half-intensity point, i.e., 0 (fmax + Tran1) = 00,,/2,
and f,0 < f < 1, is a further parameter that characterizes the
shape of the falling edge.

Fig. 4 shows a sketch of the piecewise function approx-
imating the backscatter profile of the nadir echo, whereas
Fig. 5 shows the normalized piecewise function (fnx = O,
a,ﬂax =1, Tise = 1, ey = 1) for different values of a and f.
The values fitting the data acquired over the Indian Ocean and
over Australia are: 7., = 28.03 and 19.48 ns, 7g; = 60.97
and 6.04 ns, « = 2.4 and 1.3, and £ = 0.38 and 0.4, whereas
the ratio of the nadir echo’s maximum backscatter to the
average backscatter of the background (clutter plus noise) in
the range-compressed data is equal to 6.8 and 9.8 dB, respec-

tively. For the dedicated acquisitions the two-way antenna
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Fig. 3. Derivation of the nadir backscatter profile from range-compressed
data. (a) Portion of range-compressed data affected by nadir echo. (b) Portion
of range-compressed data with nadir echoes aligned to the same range.
(c) Sample range line of range-compressed data with strong intensity variation
due to speckle. (d) Zoom of (b) around the echo peak. (e) Averaged intensity
across azimuth. (f) Zoom of (e) around the peak.

pattern attenuation in the nadir direction with respect to the
illuminated swath was 50 dB and the look angle was 26.5°.
The value of the nadir echo’s maximum backscatter ¢, can
be unequivocally defined only after absolute calibration of the
data and might better refer to the calibrated focused data to
compare it to the backscatter of the rest of the scene. For
the dedicated acquisitions, a chirp bandwidth of 150 MHz
has been used and a generalized Hamming window with
oo = 0.6 has been applied in the processing that leads to
a temporal resolution of 8 ns and a slant range resolution
of 1.2 m. A worse range resolution would result in a smoother
nadir echo profile [19].

A peculiar characteristic of the nadir echo signal is that
its azimuth autocorrelation function is wider than that of
the underlying SAR signal for a distributed scatterer. Pulse-
to-pulse correlation effects in delay/Doppler radar altimetry
have been reported in [21] and then exploited for increasing the
posting rate in [22]. The azimuth autocorrelation of the under-
lying SAR signal for a distributed scatterer is given by [9]
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Fig. 5. (a) Shape of the rising edge for the normalized piecewise function
and different values of a. (b) Shape of the falling edge for the normalized
piecewise function and different values of S.
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where ¢ is the azimuth (or slow) time, v, is the satellite veloc-
ity and L is the antenna length. It holds Rggnal (¢ = L/20y) =
0.25, i.e., the autocorrelation of the signal falls to 0.25 for & =
0.31 ms in the TerraSAR-X case (vy, = 7675 m/s, L = 4.8 m).
The azimuth autocorrelation of the nadir echo is instead
modeled as a Gaussian autocorrelatiog function
Ruair(&) = e~ (%) 3)
where [ is the correlation length, defined here as value of
¢ for which the autocorrelation falls to 1/e = 0.37. The
correlation length / can be estimated from the aligned range
compressed data [see Fig. 3(b)] considering the azimuth line
where the nadir echo peak occurs, subtracting the autocorre-
lation component due to the clutter and the noise that can be
estimated from the azimuth lines preceding the start of the
nadir echo, and fitting the resulting curve to the expression
in (3). For the data acquired over the Indian Ocean and
over Australia the estimated correlation length is equal to
[ = 0.46 and 0.29 ms, respectively. Fig. 6 shows the models of
autocorrelation functions for the nadir echo and the underlying
SAR signal fit to the data acquired over the Indian Ocean.
The azimuth autocorrelation function for the nadir echo will
be needed in the following for an accurate determination of
the ratio of the nadir echo levels between the constant and the
variable PRI cases.

III. MAPPING LIMITATIONS DUE TO NADIR ECHOES
FOR CONSTANT PRI OPERATION

Denoting as & the height of the platform, which carries the
radar antenna, and assuming a constant PRI, the echo from a
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Fig. 6. Models of azimuth autocorrelation functions for the nadir echo and

the underlying SAR signal (distributed scatterer) fit to the data acquired over
the Indian Ocean.

scatterer at nadir is superimposed on the echo from a scatterer
in the scene at slant range Ry, if the following condition holds:
co

2PRF @
where k is an integer number [k = 2 in the sketch of Fig. 1(b)],
co is the speed of light in free space, and the pulse repetition
frequency (PRF) PRF is the reciprocal of the PRI [23].

In conventional SAR, the nadir interference is usually
avoided by choosing a PRF for which the swath echo is
received between two consecutive transmitted pulses and the
nadir echo comes back at the radar while the radar is transmit-
ting, i.e., neither transmit nor nadir interferences occur [23].
Fig. 7(a) shows the timing (or “diamond”) diagram of an SAR,
in which for a given PRF (displayed on the x-axis) the green
zones represent slant ranges (displayed on the y-axis) that
cannot be imaged due to the transmit interference, i.e., because
the radar cannot receive while it is transmitting, whereas the
blue zones represent slant ranges that cannot be imaged due to
the nadir interference, i.e., the presence of the nadir echo in the
imaged scene. PRFs can be therefore chosen for which neither
transmit nor nadir interferences occur within the desired swath
to be imaged [see red marks in Fig. 7(a)].

In multiple-elevation-beam SAR with constant PRI, a nadir
echo will be present for each imaged subswath; therefore, it is
not possible to keep the nadir echo out of the imaged area.
However, analogously as in conventional SAR, the PRF can
be selected in order to have (all) nadir echoes coming back
at the radar while the radar is transmitting. In this way, nadir
echoes will be superimposed on “blind” areas [Fig. 7(b)].

In particular, the superposition of nadir echoes and blind
ranges occurs, if the following condition holds:

RO:h—i—k%PRI:h—i—k

co
PRF = k— 5
o (5

where the approximately equal sign is used to account for
the temporal (or spatial) extension of nadir echoes and blind
ranges. For typical SAR mission orbits, comprised between
500 and 750 km, the PRFs that satisfy the condition in (5) are
about 200-300 Hz apart.

Considering the ambiguity requirements and the data vol-
ume constraints, only few distinct PRFs can be selected for
which nadir echoes and blind ranges superimpose, e.g., PRFs
around 1400, 1600, and 1800 Hz for the Tandem-L sys-
tem operating in constant PRI mode, which means that two
complete coverages can be achieved every three passes of
the satellite. Therefore, while selecting the PRFs according
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Fig. 7. Timing (or “diamond”) diagrams of (a) a conventional SAR,

(b) a multiple-elevation-beam SAR with constant PRI where nadir echoes
superimpose on transmit events, and (c) a multiple-elevation-beam SAR,
where nadir echoes do not superimpose on transmit events. The green zones
represent slant ranges that cannot be imaged due to the transmit interference,
whereas the blue zones represent slant ranges that cannot be imaged due to
the nadir interference.

to (5) seems to reduce the total useless areas across the swath
and minimize the number of subswaths, it might not be the
optimal option to uniformly distribute the useless areas across
the swath and maximize the number of complete coverages
achieved within a given time interval.

If the PRFs are instead selected ignoring the condition
in (5), additional useless nadir echo areas are present across
the swath in addition to blind ranges [Fig. 7(c)]. In this
case, it can be shown that the number of complete coverages
achieved within a given time interval depends on the pulse
width. Fig. 8(a) and (b) show for the Tandem-L system
operating in constant PRI mode the location of nadir echoes
(in blue) and blind ranges (in green) across the swath for
different passes (and corresponding distinct PRFs within the
interval 1350-1840 Hz) for pulse width equal to 15 and 45 us,
respectively. Seven complete coverages can be achieved every
eight passes in the first case, whereas only three complete
coverages every four passes in the second case.

A pulse width of 15 us corresponds to a duty cycle in
the order of 2%, which is not ideal to guarantee the required
noise-equivalent sigma zero under typical peak power con-
straints. Therefore, even in case nadir echoes and blind ranges
do not superimpose, the ratio between the number of complete
coverages to the number of passes is not likely to be higher
than 75%-80%.

IV. FORMULATION OF NADIR ECHO LOCATION IN
STAGGERED SAR DATA

A multiple-elevation-beam SAR is operated in staggered
SAR mode if the PRI is varied from pulse to pulse. As a
consequence of the continuous PRI variation, the blind ranges
will be different for each transmitted pulse and, as long as the
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sequence of PRIs is properly selected and data are moderately
oversampled in azimuth, the non-uniformly sampled, gapped
raw data can be interpolated onto a uniform grid and focused
with a conventional SAR processor to obtain a high-resolution
SAR image over a wide continuous swath [9]-[12].

Under the assumption that a sequence of M distinct PRIs,
PRI, k =0,..., M—1, is employed and repeats periodically,
the location of the blind ranges in the raw data can be
described through the blockage diagram. Fig. 9 illustrates the
construction of the blockage diagram for the simplified case
of a sequence of M = 6 PRIs: On the top part of the figure the
transmitted pulses separated by varying PRIs are displayed on
a time axis, where the circled number indicates the pulse index;
immediately below, the received echoes corresponding to the
transmitted pulses are shown assuming that echo recording
starts as the pulse begins to be transmitted (the circled number
on the left of the echoes always indicates the pulse index); in
the bottom part of the figure, the blockage diagram, obtained
by aligning all received echoes, is shown for a single cycle of
PRI variation, as it repeats then periodically, and as a function
of slant range R, where R is related to fast time through a
scaling factor co/2.

For nonnegative pulse indices k, k > 0, the blind ranges
start at Rpjingk,p given by

k+p—1
Rylindk,p = %0 Z PRLymodm, p = 0 (6)

n=k
where mod is the modulo operator and p is here defined as the
“ambiguity order,” i.e., echoes of transmitted pulse k cannot
be received from range Ryiingx,p. because pulse k + p is being
transmitted. Ryplingk,p 1 therefore given by a moving sum of p
consecutive PRIs, starting with PRIzmoqps, times co/2. As an
example, Rpind2,3 is marked in Fig. 9, where it is also apparent
that the start of the blind range is given by the sum of three
consecutive PRIs (as p = 3 in this example) starting with PRI,
(as k mod M = 2 mod 6 = 2 in this example) times cy/2, and
where blind range intervals with the same ambiguity order p
are shown using the same color. Furthermore, blind ranges
extend over a slant range interval given by the uncompressed

pulse width 7z times co/2.

While in Fig. 9 the blockage diagram is shown for the sake
of explanation for slant ranges starting at R = 0, only slant
ranges within the imaged swath, i.e., Rpnin < R < Rpax, are of
practical interest, and the sequence of PRIs of a staggered

PRI, PRI; PRI, |
Sum of p =3 consecutive PRIs

Fig. 9. Construction of the blockage diagram. Transmitted pulses separated
by varying PRIs, received echoes corresponding to the transmitted pulses, and
resulting blockage diagram as a function of slant range.

SAR is indeed designed so that two consecutive azimuth
samples are never missed in the raw data within the imaged
swath [11]. Fig. 10 shows an exemplary blockage diagram for
the staggered SAR system of the Tandem-L mission proposal,
where 233 distinct PRIs are used and a 211-km slant range
swath (corresponding to a 350-km ground swath) is imaged.

Analogously to the blockage diagram, a nadir echo location
diagram can be constructed, where, for each pulse index,
the slant ranges where the nadir echo is expected to appear
are identified [27]. While the blockage diagram is utilized to
verify that for a given PRI sequence two consecutive azimuth
samples are never missed in the raw data within the swath of
interest, the nadir echo location diagram helps characterizing
the expected nadir echo signature. For this reason, while
the blockage diagram refers to the raw data, as it is better
to resample data before range-compression [10], it is more
convenient to construct a nadir echo location diagram that
refers to range-compressed data.

Fig. 11 illustrates the construction of the nadir echo loca-
tion diagram for the previously shown, simplified case of a
sequence of M = 6 PRIs: On the top part of the figure the
transmitted pulses separated by varying PRIs are displayed on
a time axis; immediately below, the nadir echoes correspond-
ing to each of the transmitted pulses and the full received
echoes including nadir echoes are shown; in the bottom part
of the figure, the nadir echo location diagram, obtained by
aligning all received echoes, is finally shown. The slant ranges
affected by nadir echoes start at Ryugirk,, given by

c k+p—1
0
Rnadirk,p =h + E Z PRIandM
n=k
= h + Rylindk,p» P = 0. @)

Ruaditk,p is therefore the sum of & and a moving sum of
p consecutive PRIs, starting with PRIzmoqpr, times co/2 and,
if the pulse width and the extension of the nadir echo are
ignored, the nadir echo location diagram corresponds to the
blockage diagram horizontally translated by a quantity given
by the orbit height .
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Fig. 10. Exemplary blockage diagram for the staggered SAR system of the
Tandem-L mission proposal. Blind range intervals with the same ambiguity
order p are shown using the same color.

In practice, if the nadir echo location diagram is restricted
to the swath of interest, it appears quite different from
the blockage diagram, as it can be noticed by comparing
Figs. 10 and 12, where the nadir echo location diagram for
the staggered SAR system of the Tandem-L mission proposal
is shown. The reason is that the visible ambiguity orders in
the nadir echo location diagram are much smaller than those
visible in the blockage diagram, and the slant range intervals
where nadir echoes with a given ambiguity order extend over
are usually separated from each other rather than overlapping
(and highlighted as semi-transparent regions in Fig. 12). The
center slant range Ryadirmeany Of the latter intervals is given by

o M
Rnadirmeanp =h+ Pgo HZ; PRI,

—h+ pc—ZOPRImean, p=0 ®)

where PRl..., denotes the average PRI of the sequence,
whereas the upper bound of the extension of the intervals
A Rpagirp (always neglecting the nadir echo extension) is given
by

©)

where PRI,,.x and PRI, denote the maximum and minimum
PRI of the sequence.

The extension of the latter intervals is very important to
assess the range interval over which the nadir echo energy
spreads with respect to the constant PRI case. The worst case
(smaller interval) occurs, as is also apparent from the example
of Fig. 12, at near range and for the smallest ambiguity order
within the swath, denoted as pp,. Under the assumption that
the pmin maximum PRIs of the sequence are consecutive and
almost equal to PRIax, pmin 1S given by

 [Ran—h) 2
Pmin = | TBRL o

where [-] is the ceil operator, and the worst case for the slant
range interval over which the nadir echo A Rpagirp,,, is smeared
is approximately given by

Co
A Rpadirp = p?(PRImaX — PRlIin), p=0

(10)

~ €0
A Rnadirp,,, = Pmin 5 (PRIax — PRIpin)

Ri —h)2]c
~ [(P"}‘;Ii)ﬂ EO(PRImaX — PRIyy). (11)
max

PRIy PRI, PRL, PRI; PRIy PRIs PRIy PRI
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Fig. 11. Construction of the nadir echo location diagram. Transmitted pulses

separated by varying PRIs, nadir echoes for the transmitted pulses, received
echoes corresponding to the transmitted pulses including all nadir echoes, and
resulting nadir echo location diagram as a function of slant range.
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Fig. 12. Exemplary nadir echo location diagram for the staggered SAR
system of the Tandem-L mission proposal. Slant range affected by nadir
echoes with the same ambiguity order p are shown using the same color.

In the Tandem-L example presented in this article, in the
worst case (near range) the nadir echo energy spreads over a
slant range interval A Ryadirp,,, = 20.6 km, which corresponds
to almost two thousand times the slant range extension in
the case of constant PRI (about 11 m, assuming it equal
to co(Trise/2 + 7ran)/2 and substituting the values provided in
Section II). For the nadir echo energy to spread in an as uni-
form as possible way over the A Ryadirp,,, interval, the number
of PRIs of the sequence M should be at least in the order
of the ratio of the slant range interval A Rpagirp, . to the slant
range extension in the case of constant PRI (note that in the
Tandem-L example M = 233 is lower than the aforementioned
ratio, as the developments of this work were not taken into
account within the design). A very long sequence of PRIs,
where two consecutive samples are never missed in the raw
data along azimuth, can be obtained following the design prin-
ciples for more elaborated sequences described in [11], [12].

In principle, the PRI sequence can be selected to spread
the nadir echo energy over a larger interval by extending the
PRI span. However, this has a negative impact on the level of
range and/or azimuth ambiguities and therefore on the image
quality.
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V. SIMULATION EXAMPLES BASED ON
TERRASAR-X DATA

The nadir echo location diagram refers to the range-
compressed data and one cycle of PRI variation. As azimuth
compression is performed to obtain a focused SAR image,
smearing of the nadir echoes in the azimuth direction occurs.
In order to get some examples of nadir echo responses in
the focused SAR image, some realistic simulations based on
TerraSAR-X data are carried out.

Starting from a portion of a complex focused SAR image
acquired by the TerraSAR-X satellite in stripmap mode and
assuming the complex backscatter of the imaged region is
given by the focused SAR image itself, nadir-echo-free raw
staggered SAR data are simulated over a part of the imaged
swath by introducing a range and azimuth modulation accord-
ing to the system parameters of the Tandem-L example [14].
As the pixel spacings of the simulated system and of the
original image are different, the distances in the simulated
data are not exactly the same as in the reality. Furthermore,
nadir echoes are simulated according to the backscatter profile
model provided in Section II, and, after having introduced a
range modulation, located in the raw data matrix according to
the formulation of Section I'V. Fig. 13 shows some portions of
the raw staggered SAR data and of the focused data for the
underlying nadir-echo-free scene and for the nadir echo.

The same simulation has also been carried for the constant
PRI case and, following the considerations on the number of
PRIs of the sequence at the end of Section IV, for a staggered
SAR case with the same parameters of the Tandem-L example,
but with a longer sequence of PRIs, i.e., M = 1000.

A comparison of how the nadir echoes corrupt the underly-
ing scene in multiple-elevation-beam SAR with constant PRI
and staggered SAR is shown in Fig. 14, having assumed the
same nadir echo backscatter profile. To observe and compare
the nadir echo signatures a very strong, unrealistic, nadir echo
is considered, characterized by the largest observed width and
a nadir-to-clutter-plus-noise ratio in the range-compressed data
equal to 30 dB, i.e., more than 23 and 20 dB higher than
that of the images in Fig. 2 acquired over Australia and the
Indian Ocean, respectively, and 7 dB higher than the worst
possible case obtained if the land nadir echo of the image
acquired over Australia had superimposed on the background
of the image acquired over the Indian Ocean. The resulting
focused images are shown using a 36-dB logarithmic scale.
Even considering this huge margin, which allow accounting for
the variability of the responses from different surfaces and at
different wavelengths, in the staggered SAR case, the smeared
nadir echo shows a striped pattern for M = 233 and a
noise-such as pattern for M = 1000, and is barely visible
even over the calm water surface characterized by very low
backscatter such that it is likely to be well below the thermal
noise level in typical cases.

Fig. 15 displays the nadir echo energy integrated over
azimuth as a function of slant range for the three scenarios
of Fig. 14, from which it is possible to observe that the
nadir echo level for the staggered SAR case with M =
1000 is about 26 dB lower than for the constant PRI case. For
sufficiently large M, a rough estimate of the nadir echo level
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Fig. 13. Portions of simulated staggered SAR raw data (top) and focused

data (bottom) for the nadir-echo-free underlying scene (left) and the nadir
echoes (right). Different range and azimuth scales are used for the different
quadrants.

in staggered SAR relative to the constant PRI case is given
by the smearing factor computed at the end of Section IV.
While this estimate does not account for the nonuniform
resulting smearing for typical more elaborated sequences of
PRIs (see green curve in Fig. 15) and the incoherent integration
in azimuth of the nadir echo energy, which spreads almost
uniformly across the Doppler spectrum in the staggered SAR
case and, as the mean PRF of the system is significantly larger
than the processed Doppler bandwidth, is partly filtered out
during the SAR processing (especially if a Hamming window
is used), these factors compensate each other and could be
neglected.

Despite the intrinsic nadir echo smearing provided by the
staggered SAR mode, the radar antenna has to guarantee
a significant suppression in the nadir direction in order to
avoid saturation of the receiver. For the Tandem-L design the
two-way antenna pattern attenuation at nadir ranges between
75 and 90 dB with an attenuation on transmit of around
40 dB, although the real values could be worse, due to
e.g., the sidelobes resulting from the quasi-flat facets of the
mesh reflector [25].

One option to control the gain at nadir is to place a notch
in the antenna pattern. As staggered SAR systems are likely
to be implemented using large deployable parabolic reflectors,
illuminated by digital feed arrays with multiple receive chan-
nels [14], [15], a precise knowledge of the complex secondary
far-field antenna patterns associated with the excitation of each
single-feed element is required for that. As it is impossible
to measure these antenna patterns prior to the launch with
sufficient accuracy, the novel technique for highly-accurate
in-orbit measurement of the relative phase and amplitude of
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Fig. 14. Effect of a very strong nadir echo on simulated multiple-
elevation-beam SAR images. (a) Constant PRI. (b) Staggered SAR with
M = 233 PRIs. (c) Staggered SAR with M = 1000 PRIs.

858

the far-field secondary antenna patterns from individual feed
elements in both elevation and azimuth presented in [26] can
be exploited.
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Fig. 15. Nadir echo energy integrated over azimuth as a function of slant
range for the scenarios of Fig. 14 (a) (black), (b) (Blue), and (c) (green).

VI. CONCLUSION AND OUTLOOK

This article extends the theory of multiple-elevation-beam
SAR with constant and variable PRI by describing how
nadir echoes affect the mapping capability for constant PRI
operation and the image quality for staggered SAR.

In particular, it is shown that for constant PRI operation
the ratio between the number of complete coverages to the
number of passes is not likely to be higher than 75%-80% for
typical scenarios, whereas a detailed theoretical formulation
of nadir echo location in staggered SAR data is presented that
allows assessing over which slant range intervals nadir echoes
are located and how long the sequence of PRI should be in
order for the nadir echo energy to spread in an as uniform as
possible way over those intervals. A simulation example based
on TerraSAR-X data confirms the theoretical results and shows
a scenario where a specific staggered SAR system the nadir
echo level is about 26 dB lower than for the constant PRI case.
The nadir echo is barely visible even assuming a huge margin
on the nadir-to-clutter-plus-noise ratio in the range-compressed
data that allow accounting for the variability of the responses
from different surfaces and at different wavelengths.

The results of this work are relevant to the design of
future SAR systems and the interpretation of the acquired
data. This work also represents a starting point to devise and
elaborate processing methods for nadir echo suppression in
staggered SAR. The knowledge of the nadir echo location
in range-compressed staggered SAR data, in fact, allows
identifying for each range line of range-compressed data
which samples are affected by nadir echoes. As nadir echoes
are located at different ranges for different range lines and
staggered SAR data are characterized by moderate azimuth
oversampling, samples affected by nadir echoes could be
replaced by values obtained from interpolation of neighboring
azimuth samples exactly as done for missing data due to
the transmit interference. This could be implemented as an
optional additional stage in the SAR processing chain and used
to reprocess raw data in case some smeared nadir echo is still
visible and critical for some specific applications [27].
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