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Abstract

High resolution and wide swath imaging are conflicting requirements in the design of spaceborne synthetic aper-
ture radar (SAR) systems. Several studies have shown that this fundamental conflict can be resolved by ad-
vanced instrument modes and architectures employing multiple receive channels in elevation and/or azimuth.
This paper introduces a new high-resolution wide-swath SAR imaging mode that uses multiple elevation and az-
imuth beams in combination with a slow variation of the pulse repetition interval (PRI). It is shown that this new
mode enables the development of a highly performant SAR system with a rather compact antenna. As an exam-
ple, the design of an L-band system is presented that is capable of imaging a 400 km wide swath with an azimuth
resolution of 5 m in single polarization. A detailed analysis reveals that an excellent performance is achieved by
combining a digital feed with 3 azimuth and 30 elevation channels using an unfurlable reflector that spans a di-
ameter of 12 m. If compared to the staggered SAR mode of Tandem-L, which will employ a reflector with a di-
ameter of 15 m, the required antenna aperture is reduced in the new mode by more than 35 %. Moreover, the
same architecture enables the operation in a multichannel staggered SAR mode, which allows for the mapping of
a 200 km wide swath with an even higher azimuth resolution of less than 2.5 m in a fully polarimetric mode.

1 Introduction

Spaceborne Synthetic Aperture Radar (SAR) systems
for remote sensing are subject to a well-known com-
promise between the best azimuth resolution and the
maximum swath width [1]. ScanSAR [2],[3] is a well-
established imaging mode in which a wide swath com-
posed of several sub-swaths is imaged by means of al-
ternately illuminating each sub-swath. The available il-
lumination time is shared between a number of bursts
covering different regions on the ground, trading off az-
imuth resolution for wider coverage.

Multichannel architectures combined with digital beam-
forming (DBF) [4],[5],[6],[7] show the capability of
overcoming this limitation and simultaneously deliver-
ing high-resolution wide-swath (HRWS) SAR images.
One family of methods derives from the use of
multiple channels in elevation [8],[9],[10]. A system
capable of simultaneously forming multiple elevation
beams (MEB) through DBF can be used to image sev-
eral sub-swaths at once, extending the SCan-On-
Receive (SCORE) [11] concept. A broad transmit beam
is used to illuminate all sub-swaths, whereas multiple
narrow receive beams follow simultaneously a set of
radar echoes arriving from different directions. In com-
parison to a concept with multiple azimuth channels
[12], the use of multiple elevation channels has the po-
tential to lead to a more compact antenna design [9] and
simpler signal processing.

An inherent limitation remains in the form of blind
ranges between the sub-swaths. These are formed due

to the impossibility of recording the echoes while
transmitting — a characteristic of monostatic systems —
and have regularly spaced positions determined by the
(constant) PRF. An interesting extension of this system
[8],[9] would be a multi-elevation beam ScanSAR with
two-bursts, whose pulse repetition intervals (PRI) admit
two values chosen as to be complementary in terms of
the blind ranges, as shown in Figure 1 (a). Notice that
this may be regarded as a particularly simple form of
PRI variation (analyzed in a broader context in [13]), in
which the instantaneous PRI curve is a square-wave.

A different strategy would be to allow the PRI to slowly
vary between the two extreme values, as illustrated in
Figure 1 (b). A slow and linear PRI variation, repeated
cyclically, causes the PRI curve to become a saw-tooth
waveform. As a consequence, the transmit (Tx) induced
gaps migrate slowly across the swath, inducing gaps in
the Doppler spectrum. Their length will, however, be
determined by the extent of the transmission events (i.e.
duty cycle), instead of the number of sub-swaths. This
represents an opportunity to increase the effective ob-
servation time in comparison to a conventional Scan-
SAR mode. The PRI variation has the downside of lead-
ing to a non-uniformly sampled azimuth signal. At the
cost of a slight oversampling in azimuth, the signal can
be regularized by interpolation, which takes a particular
simple form due to the relatively small deviations from
uniform sampling. Owing to the slow variation, linear
interpolation may be applied instead of the more ad-
vanced algorithms required to interpolate across the
gaps in the fast PRI variation criterion (cf. [13]).



The new imaging mode with slowly varying PRI and mul-
tiple elevation beams will be analyzed in Section 2, in
which a concept for azimuth DBF is also introduced, tak-
ing advantage of the mode’s properties. Section 3 provides
performance simulation examples, assuming a multichan-
nel system which is, in addition, able to operate in a com-
plementary multichannel staggered SAR [14] mode. Final-
ly, the paper is concluded in Section 4 with a summary
and discussion of the introduced concepts and the perfor-
mance assessment results.
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Figure 1: Schematic representation of imaging modes.
(a) Multiple elevation beam (MEB) system with two
bursts and two different PRIs. At each burst, sub-swaths
separated by blind ranges are simultaneously imaged. The
two PRIs are chosen such that the blind ranges of one
burst are covered by the other, combining into a gapless
swath. (b) MEB system with slow pulse-to-pulse PRI var-
iation where Tx-induced gaps migrate continuously.

2 Mode Description

This section describes the aforementioned slowly varying
PRI mode mathematically and discusses its properties.
Section 2.1 addresses the timing characteristics of the
mode and derives a criterion for a first-order design. Sec-
tion 2.2 discusses the signal’s Doppler spectrum, which
motivates the azimuth antenna pattern design and DBF
concept proposed in Section 2.3.

2.1 Timing Analysis

To analyze the mode in more detail, we start from a
constant PRF SAR operated at a sampling interval of
PRI between pulses of duration z,. The corresponding
gaps, whose signal cannot be recorded due to the pulse

transmission, correspond to the ranges
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5k PRI < Ryuna(K) <5 -k - PRI+ 15, (1)

for integer k, which defines the return order. Now, allow
the system’s PRI to undergo a slow linear variation be-
tween PRy, and PRI, 4y, during a period of Ty,cqe. If
the swath of interest extends between R,,;, and R,y
the orders of interest lie in the interval
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Ignoring the effect of the travelling pulses and assuming
that the PRI variation sequence is long and smooth
enough to be treated as continuous, the ranges corre-
sponding to the beginning and end of the blocked return
regions are given, for a fixed order k, by
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cycle
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Hence, the azimuth gap length for a given range R, can
be obtained by setting Ry = R,(t;) = R,(t;) and cal-
culating Tyqp, = t, — ty, which leads to
Tp Tcycle
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Albeit long, the PRI variation sequence is discrete. As-
suming a sequence with length Npg;, the PRI varies as

Tgap (k) =
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0 < n < Npp; — 1, and the cycle has a total duration
e APRI
Toyete = ZO PRI[] = Nogy - (PRIpa = =) (6)

The delay corresponding to a given number k of travel-
ling pulses (the beginning of the k" transmit/blockage
event) starting from pulse i may be defined as
i+k-2
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Performing the summation leads to
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for Npg; +2 — k < i < Nppg;.
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Note that, for a given k =kj, the expressions
Rylil =¢/2 - d;p, and R,[il = /2 - (diy, + 7p) de-
scribe the boundaries of the k5" blockage region over
the pulse index i. It can be shown that the minimum and
maximum range of these regions are given by
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A meaningful criterion for the PRI variation is to ensure
that the blockage regions do not overlap, i.e.

(k PRI, — (ky—1) - ko + Tp)

Rblock min(k + 1) > Rblockmax(k) (11)
for all ks of interest within the swath. The violation of
this condition would cause two large gaps at that range,
impairing performance. Thus, it is required that
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However, provided that the sequence is long,

k M NPRI >> 1 al’ld NPRI - k = NPRI _ 1 = NPRI and
the condition can be simplified to

PRIygyx — APRI - (k + 1) — 7p > 0. (13)
Assuming that the maximum order of interest within the

swath is k4 = k + 1, the maximum PRI variation
satisfying the criterion can be approximated as
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Following this criterion, the gap length for a given order
ko becomes
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where Ay is the duty cycle and the substitution
Tp = Dgycre - PRIpgx was used. A peculiarity of this
mode is the dependency of the gap length on the duty cy-
cle, which allows smaller gaps than in a typical ScanSAR,
whose minimum is half of the cycle (for two sub-swaths).
From (15), an equivalent gap of more than 50% is only
obtained for Agyce > 33% — an unusually high value —
meaning that as a rule shorter gaps are expected. This im-
plies that the cycle time is used more efficiently, and
moreover an increased control over the maximum squint
is made possible, as Ay, may be set arbitrarily.

This result also indicates a counter-intuitive “compres-
sion” of the gap duration for larger ranges (higher k).
This is, however, convenient for SAR processing, since
the Doppler rate decreases with increasing range [1] and
thus a longer observation time Tj;; is required to achieve
the resolution requirement. To ensure its fulfillment for
ko = kpax, the cycle time should satisfy

Tcycle =Ty + Tgap (kmax)
T =T - M

cycle i 1— Acycle (16)
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where 4, v, and §,; denote the wavelength, platform
velocity and required azimuth resolution. The equation
above gives a criterion for the design of the cycle time.

Figure 2 (a) shows an example blockage diagram for the
system described in Table 1. The abscissa values show 3
cycles of duration Ty = 3.58 s. In this case, the swath is
400 km wide and the orders 17 < k < 24 are relevant. For
each of them, the regions highlighted in red represent the gaps

c c
7 dije < Rgap(k) < 5-dyje + Tp, (17)

whereas the light blue parallelogram represents the azi-
muth aperture, with an example beamwidth of 2.0°.
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Figure 2: Examples for parameters of Table 1. (a) Block-
age diagram with all orders 17 < k < 24 for a 400 km
swath. (b) Azimuth patterns comparing unity beamform-
ing and Doppler-adaptive beamforming (Section 2.2).

2.2 Azimuth Spectrum

In the case of the traditional ScanSAR mode, each sub-
swath is imaged by a corresponding burst of pulses. For a
given range, the time in which the system is illuminating the
other swath(s) translates into a gap of duration Tj,, over
which no data are gathered, creating a (Doppler) spectral
gap. The illumination time T;;; defines the acquired Doppler
bandwidth of the signal, which should match the intended
resolution. Its Doppler centroid is, however, determined by
the target’s position in azimuth with respect to the swath’s
illumination cycle, which repeats itself with period
Tcycle = Tgap + Ty

Similarly, in the continuous PRI variation mode, the burst
(here understood as a period of continuous illumination) is
interleaved with (shorter) spectral gaps, as illustrated in
Figure 3, in which the best and worst cases of Doppler cen-
troid are highlighted. All targets within a particular range
fall in between these two extreme cases. Even though the
focusing uses only a single burst at a time (the one closest to
a given zero Doppler time), it should be noted that each
target is seen from at least one, but typically two, other
bursts (cf. Figure 3 (b) and (c)), whose duration is poten-
tially shorter than Tj;;. This additional and free information
could be used e.g. for interferometric multilooking or along-
track velocity estimates exploring squint angle diversity.

2.3 Multichannel Beamforming Concept

To ensure adequate performance, the azimuth patterns
should be made broad enough so that the signal has suf-
ficient power even in the (high-squint) worst case. The
lower gain may be compensated by the use of reflector
architectures and beamforming. The rationale for the
DBF concept presented in this section is that — since the
total PRI variation APRI is moderate and a very long
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Figure 3: Schematic representation of spectral gaps.
(a) Cycle time for a particular range, divided into the
observation time Ty; and gap time Tgq,. (b) Best case
(no Doppler centroid): zero Doppler time t¢ in the cen-
ter of the illumination, the spectrum lies in the antenna’s
maximum gain region. (c) Worst case (highest Doppler
centroid): zero Doppler time t in the center of the gap,
causing data loss around the zero Doppler region.

sequence of PRIs is used (Npg; > 1) — the PRIs can be
assumed to be nearly constant over a short time window.
For instance, for the parameters of Table 1, the PRI step
between adjacent pulses is in the order of 0.7 ns. This
means the azimuth sampling is locally regular, enabling
the use of frequency-domain techniques for DBF, provid-
ed that the system possesses multiple digitized azimuth
channels. For instance, a short-time FFT over azimuth
with a small number of pulses (e.g. 8 or 16) could be used
to efficiently implement the subdivision of the Doppler
spectrum into an equivalent number of sub-bands, as illus-
trated in Figure 4. An alternative is a set of bandpass filters.
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Figure 4: Block diagram for Doppler sub-band depend-
ent azimuth DBF. The bands are separated using a short-
time FFT (or equivalently a set of band-pass filters) and
each sub-band undergoes DBF independently.

Each of the sub-bands receives different beamforming
weights over azimuth. After combination over the azimuth
channels and a short inverse FFT over the azimuth sam-
ples, a Doppler-dependent weighting is achieved. A
matched-filter like beamformer (cf. [15],[16]) using the
average of the patterns over the sub-bands is an interesting
approach to maximize the gain. The pattern obtained in
near range by applying this approach with N,;; = 16 (a
FFT of this length [17] requires 68 real multiplications, as
much as a 17-tap FIR filter, and 162 real additions) for the
system of Table 1 is shown in Figure 2 (b), where it is
compared to the unity beamformer (sum of the azimuth
channels). Aliasing is taken into account, and the Doppler
regions spaced by integer multiples of PRF receive the
same weights. The improvement in the patterns is clear,
both in terms of increased gain (2 to 5 dB) and sidelobe
suppression. The latter is a consequence of the weight
mismatch for the aliased bands, which produces a conven-
ient “anti-aliasing” effect on the Doppler spectrum.

3 L-Band Design Examples

This section presents simulation results to assess the SAR
performance of a multichannel reflector system in L-band.
Section 3.1 illustrates the performance of the slowly vary-
ing PRI mode described in the previous sections, in the
case of a 400 km swath imaged with 5 m azimuth resolu-
tion in single polarization. Section 3.2 describes the per-
formance of a complementary multichannel staggered
SAR mode [14],[18],[19], which could be applied to the
same system to image the first 200 km of the swath with a
finer 2.5 m resolution in quad-pol. The imaging require-
ments are azimuth ambiguity-to-signal ratio (AASR),
range ambiguity-to-signal ratio (RASR) and noise equiva-
lent sigma zero (NESZ) levels better than -25 dB.

3.1 Slowly Varying PRI mode

The system described in Table 1 is based on a 12.0 m di-
ameter reflector with a multichannel feed. The elements
(30 in elevation and 6 in azimuth) are spaced at 0.6 A, but
they are summed pairwise in azimuth to yield 3 channels
spaced at 1.2 A. These are used to apply the method de-
scribed in Section 2.3 with 16 sub-bands (cf. pattern in
Figure 2 (b)). The PRI variation follows the considera-
tions in Section 2.1.

The SAR performance is summarized in Figure 5 in
terms of the AASR, RASR, NESZ (cf. [20] for a discus-
sion of this parameter’s estimation from the patterns and
system parameters) and azimuth resolution. The ambiguity
level estimation for staggered SAR follows special con-
siderations described in [17] in detail. For each parameter,
the best and worst cases (cf. Section 2.2) are represented
by green and red curves, respectively. The AASR and
RASR are better than -37.3 dB and -26.9 dB. The very
low azimuth ambiguity levels are a consequence of the
high PRF and the very good sidelobe behavior of the azi-
muth patterns (cf. Figure 2 (b)).



Platform and swath parameters Pulse and cycle parameters
Orbit height hy,pi: 773 km Cycle time T¢y e 3.58s
Swath width on ) 0.19 -
e 400 km Gap duration 024
. 24.0- Worst-case
Incidence angle range 47.2° illumination time 3.34s
Reflector, feed and front-end PRF range 3.200 -
parameters & 3.332 Hz
. Total PRI
Diameter 12.0m variation APRI 12.4 ps
Focal length 12.0m GG (17,24)
(kmin ’ kmax)
.Feed off.set 8.0m PRI sequence 11695
in elevation length Npg,
Center frequency 1.26 GHz Pulse length 7, 15.31 ps
Number of channels
Dut le A 9
in elevation/azimuth =0 Uty €ycle Beycie =
Channel spacing in 0.81/
elevation/azimuth 121 Average Tx power 475 W
. . o Worst-case
Elevation tilt angle 31.8 D 726 Hz
Noise temperature 600 K Chirp bandwidth 80 MHz
Feed loss 2dB Polarization A%
DBF and processing parameters
Total elevation beams 6 DBF S|de|.obe -36 dB
constraint
Active channels per 1 Processed bandwidth 1330
SCORE beam Bwproc Hz

Table 1: Relevant system parameters for slowly varying
PRI mode in L-band (single-pol).
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Figure 5: Simulated SAR performance of reflector sys-
tem in slowly varying PRI mode. (a) AASR; (b) RASR;
(c) NESZ and (d) azimuth resolution.

The RASR is kept low in spite of the high PRF by usage
of the sidelobe-constrained beamformer described in
[19] with a sidelobe level at least 36 dB below the peak
level in the regions which yield range ambiguities for
the whole PRF range. The RASR values are estimated
for the mean PRF of 3266 Hz and the optimization is
done for the worst-case (with squint), which degrades
the best-case performance slightly but improves the
worst-case performance, which is the driver in terms of
fulfilling the requirements. The average power of 475 W

is designed to yield an NESZ better than -25.0 dB in the
worst case. The azimuth resolution is better than 4.84 m.
The requirements of 5 m resolution and -25 dB ambi-
guity/NESZ are seen to be satisfied.

3.2 Multichannel staggered SAR mode

The system from Table 1 possesses multiple azimuth chan-
nels and the capability of continuous PRI variation, and may
also be employed for a multichannel staggered SAR mode
using optimal mean square error resampling. The mode
shows a reduced swath width but finer resolution. The pa-
rameters which differ from Section 3.1 are listed in Table 2,
whereas the SAR performance is summarized in Figure 6.

Platform and swath parameters Pulse parameters
Orbit height hy,y;; ~ 773km | Mean PRFPRF 2 X:ZGSO
) 24.0- .
Incidence angle range 370° Initial PRI PRI, 204 ps
DBF and Processing parameters PRI step A -0.4 us
Total elevation beams 4 PRI sequence 2x63
length Npg;
Active channels per 9 Pulse lenath T 11.3
SCORE beam 8t Tp e
DBF sidelobe constraint  -40dB | Duty cycle A.y¢e 6%
Processed bandwidth 3732 Hz Average Tx 310 W
Bwproc power

Table 2: Relevant system parameters for multichannel
staggered SAR mode in L-band (quad-pol).

@ (b)

© (@)

Figure 6: Simulated SAR performance of reflector system
in multichannel quad-pol staggered SAR mode. (a)
AASR; (b) RASR; (c) NESZ and (d) azimuth resolution.

The AASR and the NESZ (which is influenced by the
beamformer’s noise scaling) depend on the Tx polariza-
tion, which dictates different sampling instants [13]. The
AASR is better than -27.2 dB, whereas the RASR is better
than -25.6 dB. The average power of 310 W is adjusted to
yield a NESZ better than -25.0 dB. The smaller average
power is a consequence of the swath restriction to near
range and the absence of squint for this mode. The azi-
muth resolution is better than 2.3 m, meaning all require-
ments are fulfilled.



4 Final Remarks

The paper analyzed and introduced a novel design crite-
rion for a slowly varying PRI mode in which a slow,
linear and cyclical variation is used to smoothly shift the
gaps due to Tx events over the swath. The mode as-
sumes multiple elevation beams and retains some prop-
erties of the ScanSAR mode (which may be portrayed
as employing a particularly simple PRI wvariation
scheme), but the illumination time is shown to be used
more efficiently. The PRI variation scheme is simpler
than the fast PRI variation of staggered SAR [13], also
leading to simpler processing. The multiple elevation
beam architecture requires multiple channels in eleva-
tion, however the overall antenna area is kept small. For
instance, the required antenna aperture is reduced in the
new mode by more than 35 % in comparison to the
staggered SAR mode of Tandem-L, which will employ
a reflector with a diameter of 15 m. Exploitation of the
nearly constant PRF to implement a Doppler-frequency
dependent azimuth beamforming is proposed to com-
pensate for the lower gain. The mode offers also the op-
portunity to acquire additional looks with lower resolu-
tion that can be used for multilooking or observation of
a target with angle of arrival diversity.

Simulations showed the possibility of imaging a 400 km
swath in single or dual polarization at 5 m azimuth reso-
lution with very good imaging performance in L-band.
The same system could be employed in a multichannel
fully polarimetric staggered SAR mode to yield a com-
plementary coverage of the first half of the swath with
2.5 m resolution. Combined, the two modes allow the
system to show excellent imaging performance.
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