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Abstract

Future spaceborne synthetic aperture radar (SAR) systems are subject to conflicting high-resolution and wide-
swath imaging requirements. As several studies show, this fundamental conflict can be resolved by advanced in-
strument modes employing multiple receive channels in elevation and/or azimuth (MAPS). Currently, SAR system
concepts include MAPS-ScanSAR systems and Staggered-SAR systems with Scan-on-Receive (SCORE). These
show disadvantages: either scalloping or increased sampling rate/on-board complexity need to be tolerated. This
paper discusses a method to achieve high-resolution imaging using complementary coverage of a wide swath with
two (interleaved) constant-PRI sequences, motivated by the goal of avoiding Doppler spectral gaps but also limit-

ing system-complexity.

1 Introduction

Spaceborne Synthetic Aperture Radar (SAR) systems for
remote sensing are subject to a well-known compromise
between the best azimuth resolution and the maximum
swath width [1]. ScanSAR [2], [3] is a well-established im-
aging mode in which a wide swath composed of several
sub-swaths is imaged by means of alternately illuminating
each sub-swath. The available illumination time is shared
between a number of bursts covering different regions on
the ground, trading-off azimuth resolution for wider cover-
age. The mode is subject to Doppler spectral gaps and thus
an undesirable scalloping effect.

Multichannel architectures combined with digital beam-
forming (DBF) [4], [5], [6] show the capability of overcom-
ing this limitation and simultaneously delivering Aigh-res-
olution wide-swath (HRWS) SAR images. These methods
can be combined with the ScanSAR imaging mode [7], cur-
rently considered an alternative for upcoming SAR systems
such as HRWS [8]. One family of methods derives from the
use of multiple channels in elevation [9], [10], [11], [12]. A
system capable of simultaneously forming multiple eleva-
tion beams (MEB) through DBF can be used to image sev-
eral sub-swaths at once, extending the SCan-On-Receive
(SCORE) [13] concept. A broad transmit beam is used to
illuminate all sub-swaths, whereas multiple narrow receive
(Rx) beams follow simultaneously multiple radar echoes
arriving from different directions. In comparison to a con-
cept with multiple azimuth channels [14], the use of multi-
ple elevation channels has the potential to lead to a more
compact antenna design [ 10] and simpler signal processing.

An inherent limitation remains in the form of blind ranges
between the sub-swaths. These are formed due to the impos-
sibility of recording the echoes while transmitting — a charac-
teristic of monostatic systems — and have regularly spaced
positions determined by the (constant) PRF. A possible solu-
tion is Staggered SAR [15]: a fast and systematic PRI

variation scheme which distributes the gaps over range and
allows for narrow gaps and to be recovered by interpolation
over azimuth. The mode shows the considerable advantage
of a complete Doppler spectrum, but at the cost of non-uni-
form sampling. This drives up the average sampling rate and
as a consequence the complexity, as on-board processing be-
comes necessary for data rate reduction.

The motivation for the dual-sequence mode, first addressed
in [16], is to achieve imaging of a wide gapless swath with
multiple elevation beams while keeping a uniform sam-
pling scheme in azimuth and simultaneously avoiding Dop-
pler gaps. It is shown that it is feasible to form images from
each of the two sequences (processed independently, each
with a constant PRF) and achieve a gapless wide swath by
mosaicking of both. The main advantage would be to thus
inherently avoid scalloping and at the same time limit the
required oversampling (and thus need for on-board pro-
cessing), potentially reducing system complexity.

Section 2 provides a description of the mode and the first-
order design strategy. In turn, Section 3 provides a perfor-
mance assessment of an exemplary planar C-Band system
covering a 350 km swath. A single-channel system in azi-
muth, but capable of multi-beam SCORE is assumed (cf.
[16] for a possible multi-channel configuration in azimuth)
and the performance is compared with that in the Staggered
SAR mode. Section 4 concludes the paper.

2 Mode Description

Assume two pulses sequences interleaved as shown in Fig-
ure 1. The degrees of freedom of the configuration in-
clude the pulse repetition intervals (PRIs) of the first and
second sequences: PR1;, PRI,, respectively; and the de-
lay Ap between their first pulses. The pulse duration 7,
is assumed to be the same for simplicity, though this is
not necessary.
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Figure 1: Schematic representation of the two pulse sequences
(Main Sequence in blue and Secondary Sequence in red).

The pulses for each of the transmitted sequences are as-
sumed to be centered at the time instants

ti[ni] =n, - PRIy,
ey
t,[n,] = n, - PRI, + Ap,
for integer n, and n,.
It is assumed that the swath’s echo has a duration

Techo = % " (Rmax — Rinin) + p &)
for slant range limits Ry, Rmax Such  that
Techo > max(PRI;, PRI,), as expected in a in a multiple
elevation beam system [17]. Thus, transmit events will
occur during reception of the echo, leading to gaps in the
acquisition for both sequences (assumed to be processed
independently in azimuth, thus forming two separate im-
ages). The gaps are in this case of two distinct natures:
the co-blind ranges (for which a sequence causes a gap
on its own echo, as usual for single-sequence systems)
are centered at

Ry (ny) = % ny - PRI,
(proportional to t;[n, + n.]- t;[n,]) and (3)
Ry (ny) = % Ny PRIy;

2:Rmin
C'PR 1

where n, = [ J is the number of travelling pulses.

And the cross-blind ranges (for which the other sequence
causes a gap in a given sequence’s echo) at

c

Ry3(ky,my) = 3 (Ap + ky - PRI, —m, - PRIY)

(proportional to t,[k,]- t;[m,]); 4)
c

Ry1(ky,my) = 2 (ky - PRIy — Ap —my - PR,).

The rationale of the method is to choose the parameters
such that no overlap occurs between any of these forms
of gaps, i.e.

(@)
(b) ()
IRiz(ky,mz) = Ry ()| >~ -7 (©)
Rz (s, mz) = Ryy (kg my)| > -7 (d)

|R11(n1) — Ry (ny)| > % “Tp

|R11(ny) — Rpy (fey, my)| > g "Tp

where 7, =1, + 74 is the effective pulse length (in

terms of the gap), for all relevant indices

Ny, My, kq, My, My, ky (i, leading to blind ranges R;;
within [Rin, Rmax]-

If (5) is fulfilled, all regions of the swath will be covered
by at least one of the two images, and thus a mosaic be-
tween them in elevation will yield a gapless acquisition.
For maximum efficiency, the second sequence only
needs to image the missing parts of the first image, as in-
dicated in Figure 2. On the top (a), the swath as covered
by the main sequence is seen, showing blind ranges
caused by the first sequence itself (co-blind ranges) and
the secondary sequence (cross-blind ranges). The form
on the right indicates the Tx illumination. On the bottom
(b), the same for the secondary sequence, illustrating the
strategy of illuminating only the gaps which the first se-
quence is not capable of acquiring, for increased effi-
ciency (though in practice some degree of redundant il-
lumination is to be expected given the limitations on the

directivity of the achievable elevation patterns).
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Figure 2: Swath as seen by each of the sequences, assuming
the echoes of each are processed independently.

This is equivalent to mosaicking the image of a different
pass of the satellite, acquired with a different PRI. This
would in fact represent a simpler manner of achieving the
same result, but with an obvious increase in the time for
acquisition of the gapless swath. The mode can be inter-
preted as transmitting the sequences of the “two passes”
concurrently by interleaving. This clearly comes at the
cost of transmitting more pulses (with implications for
number of gaps, transmitted power and range ambigui-
ties) but a judicious choice of the parameters allows an
instant acquisition of the gapless swath.



In particular, it is of interest to consider the mutually-
prime integers N; and N, so that

N, - PRI, = N, - PRI, (6)
We may assume, without loss of generality, that
N, < N, = PRI, > PRI,

Defining t;; = 2/c - R;; for notational convenience, it
should be noted that the conditions to be fulfilled in (5)
take the form:

|Tl'PR11—m'PR12|>TB (a)
[n-PRI; —m - PRI, + Ap| > 13 (b), (c) %
In-PRL, —m-PRL,+2-Ap| >15 (d)

fornme€Z,

which explains the convenience of assumption (6), also
used in [18] in a different context.

Clearly, the left-hand side of (7)(a) reaches zero, violat-
ing the condition, if n,m = N;, N, or any integer mul-
tiple of those, i.e., at the end of each PRI cycle. This
means that the blind ranges at multiples of the dual-PRI
sequence’s period Ty, = N; - PRI; = N, - PRI, are
no longer recoverable by mosaicking, but this is not a dis-
advantage as long as Ty, > 2/c - (Rpax — Rinin) + Tp.
Furthermore, the remaining design variables/degrees of
freedom PR1;, N; and N, may be adapted in dependence
of Rpyins Rinax: @ favourable configuration is to match the
swath extension to Ty,, fitting the swath between two
(unresolvable) blind ranges.

An important consequence of the interleaving is the in-
creased proximity to the next pulse (of the other se-
quence), which tends to increase range ambiguity levels
(as e.g. in a polarization-interleaved sequence used for
quad-pol acquisitions). To minimize this effect, it is ad-
visable to choose the initial delay Ap as to make the min-
imum distance between pulses as large as possible. The
optimization can be made numerically, but it can also be
shown that an optimum choice would be

. PRI

Ap 2N, ®
The result is presented here without proof for reasons of
conciseness, but will be featured in a follow-up publica-
tion.

To fix ideas, assume as an example N; = 2, N, = 3
and the swath extension to be matched to
Ty, = 2- PRI,. The delay between the sequences is
chosen as Ap = (PRI, — PRI;)/3 = PRI, /9 (opti-
mum for 7z = PRI, /18 means a 5.5% duty cycle). The re-
sulting gap pattern is shown in Figure 3. In the illustration,
the position of the swath is kept fixed to illustrate how
the gaps change with the pulse index. The co-blind ranges
are true blind range for which all pulses are lost, but the
cross-blind ranges are seen to be periodical gaps (every
2nd sample in the first sequence and every 3rd in the se-
quence is lost). Assuming Ty, > 2/c: (Rpax —
Rpmin) + Tp, the main sequence will image a swath with
a total of ngg,s = Ny - N + (N; — 1) gaps, since there

are N, cross-blind ranges for each N; “sub-swaths” (be-
tween pulses of the main sequence) and N; — 1 co-blind
ranges.
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Figure 3: Gap pattern from the co-blind ranges and cross-
blind ranges in the <case Ni,N,=2,3 and
Ap = (PRI, — PRI,)/3 in the echoes’ reference frame. In
the scale of the plot, 7 = PRI, /18.

It is interesting to note that, in general, for the cross-blind
ranges Ry,(n,, m,) and R,;(n,, m;) not all but rather
every N (2°) and Nf" (3') samples are lost, respec-
tively. For small N;, N, as in the example, this results in
severe undersampling and the gap is treated the same as
a co-blind range (i.e., range bins are assumed to be dis-
carded).

3 C-Band Design Example

This section presents simulation results to assess the SAR
performance of a planar direct radiating array (DRA) sys-
tem in C-Band from a Sentinel-1[19] like orbit (698 km).
The system has a single channel in azimuth, but multiple
elevation beams are assumed. The general parameters are
described in Section 3.1. The SAR performance of the same
system (in terms of the antenna and front-end parameters,
kept constant as far as possible) is assessed for operation in
either a Staggered SAR mode (Section 3.2) or the Dual-PRI
Mode (Section 0). The Chapter is concluded with a com-
parison and discussion in Section 0.

3.1 Scenario and Antenna Parameters

The scenario parameters assumed for the SAR performance
assessment are described in Table 1, whereas the antenna
parameters are given in Table 2. The goal is to image a 350
km swath with area resolution §,, < 30 m?, total ambi-

guities ASR < —23dB and noise sensitivity
NESZ < —22dB.
Platform and Swath parameters
Orbit height Rorpit 693 km
Swath width on ground Worouna 350 km
Swath minimum/maximum look O min/ 17.8/38.6 deg
angle Omax
Boresight angle 6 29.5°
Pulse and frontend parameters
Guard time (after Tx window) Tguard 5 us
Pulse (chirp) bandwidth Bwepirp 120 MHz
Antenna ohmic loss (two-way) Lqg 4.5dB
System noise figure (temperature)  F, (T,,) 3.5 dB (649 K)
Transmitted polarizations - \%



Data rate related parameters

Number of bits for Block-Adap-

tive Quantization (BAQ)
Oversampling rate in range
Oversampling rate in azimuth

Npits 4
Yrg 1.265
A 1.200

SAR Performance requirements

Two-dimensional resolution area

(azimuth times ground range)
Noise Equivalent Sigma Zero

Ambiguity-to-Signal Ratio (com-

bination of range and azimuth

ambiguities)

820 <30 m?
NESZ <-22dB
ASR <-23dB

Table 1: Common simulation scenario parameters and SAR
performance requirements for 350 km swath.

Antenna height in elevation
Antenna length in azimuth
Center frequency

Number of Tx phase centers
in elevation/azimuth (for ana-
log beamforming)

Tx beamforming

Number of Rx channels in el-
evation/azimuth

Channel spacing in eleva-
tion/azimuth

Rx beamforming in elevation

1.8 m
12.0 m
5.4050 GHz

40/1

Uniform taper in
az. and Phase
Spoiling in elev.
(cf. Figure 6)

Ngi/Ng, 40/1

0.811

SCORE with mode-
dependent amplitude
taper (Dolph-Cheby-
shev [21] with case-

specific sidelobe pa-

rameters)

der/daz

Table 2: Planar antenna parameters.

3.2 Operation in Staggered SAR mode

The Staggered SAR mode for this scenario, designed ac-
cording to [15], is summarized in Table 3. As shown in Fig-
ure 4, the goal SAR performance is fulfilled with a mean
PRF of 2250 Hz and average Tx power of 811 W. The in-
herent data rate of 3320 Mbps can be reduced to 1395 Mbps
per polarization, which requires, however, on-board

resampling [20].
Mean PRF PRF
Number of PRIs Npg;
Initial PRI of each PRI,
sub-sequence
Length of each N
sub-sequence sub
PRI Step Apg;
PRIrange -
Processed band-
width BWoroc
Pulse duration Tp
(pulse duty cycle)  (dc)
Average Tx power  FPyyg
Data rate wo. DR
Doppler filtering max
Data rate with DR...
Doppler filtering min
Elevation Rx
beamforming .
Maximum number
of simultaneous  Nscorg

SCORE beams

2250.0 Hz
124 (5 sub-segs.)

[0.45, 0.46, 0.48, 0.49, 0.51] ms

[27, 25,25, 24, 23]

-2.72 ps
[375.99 - 509.38] ps

788 Hz

222 ps (5.0 %)

811 W

3320 Mbps (SP)

6640 Mbps (DP)

1395 Mbps (SP)

2790 Mbps (DP)
SCORE

(Cheb. Taper @ -30 dB)

4

Table 3: Staggered SAR: Mode-specific parameters.

-20 -22
<22dB | |- <-23dB_
B A e 24 I | w}\'x
o Lo A0 | LT
R 2 g ""i“ .\ ““‘I‘;‘H "H‘lt‘w‘ ‘\Uw‘g"
g AT
= < -26 "-“ el ’ f |
-26 1l \\
{1
~25%% 320 420 520 ~25%% 320 420 520
Ground range [km] Ground range [km]
() (b)
-20 -28
-30
=e2 -32
824 o —-34
3 = -36:
2-26 ,\W S -38-
& 2 -40
3-8 22
-44
-30
-46
~330 320 420 520 ~4850 320 430 530
Ground range [km] Ground range [km]
(© (@)
=9.325 33.2
£83825 —31.2
$8.325 £29.2
£ 7.825 3272
517.325 i
5 £25.2
26.825 8535
2 6.325 52
25825 2212
£5.325 $19.2
£4.825 all2
54325 N15.2
382350 320 420 530 13350 320 430 530
Ground range [km] Ground range [km]
() ®

Figure 4: SAR Performance for the Staggered SAR mode.
NESZ (a), ASR (b), AASR (c), RASR (d), Azimuth resolution
(e) and 2D ground resolution (f) are shown. Imaging require-
ments are highlights by red dashed lines. A summary of the
worst-case values is provided in Table 5.

3.3 Operation in Dual-PRI mode

A dual PRI mode is designed according to Section 2 to
cover the same swath and fulfil the same SAR perfor-
mance requirements. The (N, N,) = (2,3) configura-
tion is chosen, as in Figure 3.

PRF (1* sequence)
PRF (2™ sequence)
Sequence relative
length

Delay between se-
quences

PRIs of both se-
quences

Sequence “atom”
Processed bandwidth
Pulse duration

(pulse duty cycle)
Average Tx power
Data rate wo. Doppler
filtering

Data rate with Doppler
filtering

Rx beamforming in el-
evation

Maximum number of
simultaneous SCORE
beams

PRF, 1300.0 Hz
PRF, 1950.0 Hz
N N)  (2,3)
Ap 89.74 us
(PRI, PRI, (769.23,512.82) ps
N 256.4 ps
BWpyoc 773 Hz
Tp (dc) 38.5 us (5.0 %)
Pavg 1334 W: [841, 493] W
DR 1941/4853 Mbps (SP)
max 3883/9707 Mbps (DP)
DR... 1385/3462 Mbps (SP)
min 2770/6924 Mbps (DP)
) SCORE
(Cheb. Taper @ -37 dB)
5.
Nscore

2 (1%seq.) + 3 (2" seq.)

Table 4: Dual-sequence: Mode-specific parameters.



In this case, a PRF; = 1300 Hz is chosen, which causes
Nadir returns to coincide with the co-blind ranges.
Ap is chosen according to (8), given the PREF, the pulse du-
ration and guard time provided in the table.

The timing is summarized in Figure 5, which shows that the
coverage is indeed complementary between the two se-
quences and thus the design criterion is fulfilled. In the plot,
the swath boundaries are indicated by vertical dashed lines.
Pulses of the main sequence are shown in blue, whereas
those of the secondary sequence are shown in red. These
lead to co- and cross- blind ranges (denoted Co — BR,, and
X — BRy, for orders n, k) with the colors of the sequence
causing the gap. In the gaps, the solid color regions indicate
range bins which are completely lost, whereas the transpar-
ent color regions are signals with reduced resolution, here
treated as blind ranges without distinction. (Co-)Nadir re-
turns are denoted N, whereas cross-Nadir returns are de-
noted X — N,,.

Ground range [km]

300 350 400 450

XN XNy XNz}
Co-BR ToBR

XN XN

17 19 21 27 29 31 33 35 37 39

23 25

Look angle [deg]
Figure 5: Timing of receiving windows in terms of ground range
and look angle for the main sequence (top) and secondary one
(bottom).

Complementary illumination for the second sequence is
achieved by phase spoiling. The patterns for each se-
quence are seen in Figure 6. The same pattern as in the
Staggered SAR case is used for the first sequence.
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Figure 6: Elevation antenna patterns. Main elevation pattern
(a) used for Staggered SAR and the first sequence of the
dual-sequence mode. Pattern for second sequence (b) acquir-
ing exclusivelly over the gaps of the first (highlighted by
vertical green boxes). The swath boundaries are indicated by
vertical dashed lines.

As seen in Figure 7, the SAR imaging requirements are
fulfilled for the given parameters, requiring an average

power of 1334 W (841 for the first and 493 for the sec-
ond sequence), a 65% increase; but a reduced inherent
(i.e. not requiring post-processing) data rate of 1941
Mpbs, a 42% reduction.
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Figure 7: SAR Performance for the Dual-Sequence mode.
(a) NESZ, (b) ASR, (c) AASR, (d) RASR, (¢) Azimuth resolution
and () 2D ground resolution are shown with the main sequence
in blue and the secondary in green. Imaging requirements are
highlights by red dashed lines. A summary of the worst-case val-
ues is provided in Table 5.

3.4 Performance Comparison

A comparison between the modes is provided in in Table 5.

Parameter / Mode Staggered SAR Dual-Sequence
(mean) PRF 2250 Hz 1300 Hz/1950 Hz
azimuth/ 81m/ 82m/
2D resolution 300 m? 292 m?
AASR -240dB -244dB
RASR -294dB -284dB
ASR -232dB -23.0dB
NESZ -222dB -220dB
Average Tx 1334 W*
power slw [841,4931 W
SCORE taper Chebyshev @ -30 dB Chebyshev @ -37 dB
Data rate
(per Rx 3320 Mbps 1941 Mbps
polarization)
Data rate with
Doppler filtering 1395 Mbps 1385 Mbps

“This value is the sum for both sequences, the power per sequence (main,
secondary) is also provided.
Table 5: Worst-case SAR performance and mode parameters
comparison.



The performance is fulfilled with a lower sampling rate
than staggered SAR, but a higher average Tx power (note
the power for on-board processing is not accounted for).
This is due to the fact that additional pulses are transmitted
and practical limits exist to the degree of complementarity
of the illumination in Figure 2, meaning some degree of
redundant illumination cannot be avoided and the Tx
power will thus increase by a factor within the range 1
(ideal, no redundancy) to 2 (complete redundancy).

Staggered SAR shows the advantage of flexible coverage
(arbitrary range and PRF combinations are possible), at
the price of higher data rates, which drive up on-board
complexity. The smearing of the ambiguities [22] can also
be seen as an advantage. The new Dual-Sequence Strip-
map mode in turn presents itself as a feasible option to
avoid high data rates and limit on-board complexity, pro-
vided that average power is not a major constraint in the
observation scenario.

4 Conclusion

The paper discusses a new Dual-Sequence Stripmap
mode in which the problem of blind ranges in a very wide
swath SAR acquisition is dealt with by transmitting two
interleaved constant-PRI sequences and mosaicking the
images (formed independently) from the two. The main
motivation is to obtain a Doppler-gap free acquisition
with reduced data rate and thus save on on-board system
complexity. This mode belongs to the class of multiple
elevation beam (multi SCORE) modes with digital beam-
forming in elevation. A timing analysis and a design cri-
terion for the mode were examined.

The imaging scenario showed the feasibility of achieving
high levels of SAR performance in this mode, with a data
rate similar to conventional Stripmap, as long as the pulse
duty cycles are relatively short (in the example around
5%) and the second sequence images exclusively the
gaps of the first one. The interleaving of the pulses has
two disadvantages. First, reduced pulse proximity drives
up the range ambiguities. This indicates the mode re-
quires a suitably high antenna in elevation (which is how-
ever expected for SCORE systems) and adequate digital
beamforming on receive. A lower PRF is thus also clearly
beneficial. Second, transmitting more pulses requires
more power, as the effective pulse duty cycle is increased.
This disadvantage is to some extent mitigated by the re-
duced power consumption of the on-board electronics, in
case of no or very simple on-board processing.
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