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Abstract—Tandem-L is proposed as a spaceborne SAR
mission developed and operated by the German Aerospace
Center in cooperation with several Helmholtz research centers and the German space industries. The mission concept
comprises two fully polarimetric radar satellites providing
mono- and bi-static SAR imagery. A key feature of these SAR
sensors is the employment of large light-weight unfurlable
mesh reflectors fed by digital feed arrays. The main advantage of this new SAR system concept is the provision of
large antenna apertures in space and flexible operation via
reconfigurable feed electronics. By this, it becomes possible
to map, for the first time, a continuous 350 km wide swath
with 7 m azimuth resolution with excellent noise equivalent
sigma zero (NESZ) and ambiguity suppression.
This paper shall give an overview on the technical aspects
of the Tandem-L SAR instrument and antenna design. In
particular, after a short review of the SAR system requirements, the concept of reflector SAR systems is outlined and
the operation principle is presented. General guidelines for
the design of array-fed reflector antennas with application
to SAR imaging are given. Then the optimization approach
of the feed array design is detailed, with specific emphasis on a fixed beamforming concept in azimuth. In this
context also the problem of cross-pol pattern mitigation
is addressed. These optimization steps are shown to be
crucial for achieving the performance requirements in quadpol acquisitions. Beamforming in elevation is performed
on board the spacecraft via digital hardware. This paper presents the beamforming architecture on receive for
Tandem-L, which would apply in general for instance also
to planar multi-elevation beam SAR antennas with ScanOn-Receive capabilities. Tandem-L is operated as a staggered
SAR, which means varying the pulse repetition interval from
pulse to pulse. In this context the major design challenges
are presented. Moreover, the impact of pulse staggering on
the imaging performance is discussed. Tandem-L’s SAR performance is presented by means of numerical simulations
showing that the performance requirements imposed by the
scientific user community could be met. The final part of
the paper addresses options for high azimuth resolution
imaging as well as a beamforming method for enhanced
range ambiguity suppression.
Index Terms—synthetic aperture radar (SAR), spaceborne
SAR mission, array-fed reflector, high-resolution wide-swath
(HRWS), multichannel system, digital beamforming (DBF)

I. Introduction
ANDEM-L is a fully polarimetric bistatic spaceborne L-band SAR mission with the goal of monitoring dynamic processes on Earth’s surface [1]–[7].
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Important applications are regular inventories of globalscale biomass [8], systematic measurements of surface
deformation with millimeter accuracy, the generation of
digital surface and terrain models, as well as disaster
monitoring related to flooding events, earthquakes and
volcano eruptions.
The Tandem-L radar satellites make use of large unfoldable mesh reflector antennas, which have been identified as ideal for highly sensitive, high-resolution wideswath (HRWS) SAR acquisitions [9]. Figure 1 presents an
artist’s conception of Tandem-L. In this context a multi-

Figure 1: Concept art graphic showing the Tandem-L
SAR satellites in orbit over Europe.
channel digital feed array architecture will be employed,
whereby the radar echoes received by the individual
feed elements are digitized and processed on board the
spacecraft. This concept offers the potential to realize
gapless SAR imaging over a large swath width with high
azimuth resolution.
The Tandem-L SAR imaging concept requires the
gapless acquisition of swathes with a width of up to
350 km and 7 m azimuth resolution. These demanding
requirements have a significant impact on system design
and have led to the development of advanced radar
signal processing techniques. This paper details some
of the design and radar signal processing concepts to
be implemented on Tandem-L. The paper is organized
as follows: Section II gives an overview of the main SAR
system requirements. In section III, the SAR antenna and
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instrument architecture are introduced. Section IV details operational and processing related concepts. Section
V presents the SAR imaging performance for the main
Tandem-L modes. In section VI options for high azimuth
resolution imaging and potentials for performance improvement are discussed.

and the range and azimuth ambiguity-to-signal ratio1
(ASR). Depending on the application, Tandem-L features
several other observation modes, with reduced range resolution. For example the 20+5 MHz split-band mode will
have a better sensitivity compared to the 84 MHz mode
such that NESZ values below -30 dB can be expected.

II. Tandem-L SAR System Requirements
The Global Climate Observing System (GCOS) has
identified a list of so-called Essential Climate Variables
(ECVs) in the atmospheric, ocean and terrestrial domains. The monitoring and quantification of these ECVs
is highly important in the context of the United Nation
Framework Convention on Climate Change (UNFCCC)
and Intergovernmental Panel on Climate Change (IPCC)
[10]. The Tandem-L mission is an opportunity to provide
to the scientific community data related to the ECVs at
an unprecedented scale.
The Tandem-L science team comprises approximately
180 national and international members, with the
Helmholtz Alliance as core of this research framework.
The scientific mission requirements and products were
iterated and refined in cooperation with further partners
and in further research programmes (e.g. network EOS,
the geotechnology programme Exupery, TERENO and
ACROSS) [11]. In this sense the Tandem-L performance
specifications represent a compromise in the scientific
user community with regard to the data quality to be
expected from this mission.
Tandem-L shall be operated in a 740 km orbit with a
16-day repeat cycle. The two spacecraft are supposed
to acquire SAR data over a mission lifetime of 1012 years. Depending on the mode, signal bandwidths

III. Tandem-L SAR System Concept
The operation principle of an array-fed reflector SAR
system is illustrated in Fig. 2 [12]–[16]. The reflector
is illuminated by an array of feed elements, which
are typically patch antennas at L-band. On transmit,
all elements are activated simultaneously such that the
entire swath is covered by a wide antenna footprint.
In contrast to direct radiating arrays, in the reflector
case each feed element illuminates a distinct spot in this
footprint. This means, there is a direct mapping between
the feed array topology and the position on the Earth
surface. On receive, typically two to seven elements are
used in each elevation column to track the radar echo
from the ground, employing digital beamforming (DBF)
techniques [17]–[20]. The number of active elevation
elements depends on the feed element spacing. After
elevation beamforming, the associated signals are then
downlinked to the ground for further processing. For
reasons of hardware complexity and data rate constraints
Tandem-L will employ a combination of azimuth feed
elements forming a single channel to be downlinked
to ground. Insofar, with regard to the azimuth channels, the Tandem-L feed array could be regarded as
one-dimensional. This Tandem-L feed array concept is
explained in detail in the next section.

polarization
swath width
max. signal bandwidth
gr. range res. (near/far)
min. azimuth resolution
NESZ (20+5 MHz)
NESZ (40+5 MHz)
NESZ (84 MHz)
ASR
ASR

single/dual
350 km
84 MHz
4.0 m/2.4 m
7m
< −30 dB
< −28 dB
< −25 dB
< −25 dB
-

quad
175 km
84 MHz
3.8 m/2.8 m
7m
< −32 dB
< −30 dB
< −28 dB
< −25 dB (co-pol)
< −22 dB (cx-pol)

Table I: Main Tandem-L imaging mode requirements.
The total ambiguity-to-signal ratio ASR accounts for
range and azimuth ambiguities. For the quad polarization mode the ASR requirement for the cross polarization
channels has been relaxed to < −22 dB.
ranging from 20 MHz to 84 MHz within L-band between 1.215 GHz and 1.3 GHz shall be employed. This
corresponds to 7.5 m to 1.8 m slant range resolution,
while an azimuth resolution of 7 m is being considered
as baseline. Table I lists the main Tandem-L imaging
modes. Single and dual polarization data are acquired
over a 350 km swath, while the quad polarization mode
covers a swath in the order of 175 km. The requirements
are specified via the noise equivalent sigma zero (NESZ)

A. Feed-Array Design
To design and evaluate the performance of this coupled electromechanical feed-reflector system, it is necessary to consider near-field electromagnetic interactions.
The approach adopted for Tandem-L is to simulate plane
waves originating from the antenna footprint on ground.
These plane waves will generate an electromagnetic field
in the domain of the focal plane. The corresponding
feed elements would then be placed at the maximum
of the field collecting a certain percentage of the field
power. The response of the entire feed array results from
the superposition of all incident plane waves originating
from within the antenna footprint. Figures 3a to 3c show
examples of field distributions in the feed array plane.
The central beam near the focus of the reflector shows a
compact energy distribution (Fig. 3b). The outer beams
exhibit defocusing (Figs. 3a,c). The coverage with feed
patch elements for a given spacing in elevation and
azimuth can be found via a power constraint
X"
|ℜ{Sz (x, y)}|dxdy ≥ ηPtot ,
(1)
i

Ap,i

1 The range and azimuth ambiguity-to-signal ratio approximately
equals the sum of the range ambiguity-to-signal ratio (RASR) and the
azimuth ambiguity-to-signal ratio (AASR)

single beam

DBF unit

Figure 2: Array-fed reflector principle. Each cell in the
antenna footprint is associated with an element in the
2-D feed array. On transmit a wide beam is generated by
simultaneously activating all feed elements. On receive
a high gain beam follows the pulse echo on ground.

where Sz is the z-component of the Poynting vector in
the feed plane. This inequality states that the power
propagating through the electrical area of the ith patch
element Ap,i is added until a certain percentage η (80 %
in Fig. 3) of the power of the corresponding incident
plane wave Ptot 2 is collected. Important to mention is
that the sum in equation (1) is ranked, starting with the
patch element catching the highest power. Combining
all patches yields the transmit beam pattern. The ’boneshaped’ flair of the energy distribution away from the
center is a consequence of the defocusing. The TandemL feed array has a length of 5.5 m and a width of 0.86 m
(see Table II). The choice for this particular feed array
length is mainly driven by the need of accommodating
the two spacecraft in a single launcher. Commonly, the
element spacing is taken larger than 0.6 λ, ensuring
that coupling effects can be neglected. In principle coupling is not an issue, as long as the coupling matrix is
known. In general, SAR antenna models are based on
so called embedded patterns, which take into account
electric interactions of the radiating element with the
surrounding antenna structure. In case of Tandem-L,
additional considerations, like T/R-module redundancy
and a specific tile structure of the feed array, led to
the particular number of 35 elevation elements with a
spacing of 0.6591 λ. In azimuth, the field distribution
could be covered by six elements spaced 0.6 λ. Here, the
choice of an even number was motivated by a cross polar
cancellation technique, where always two neighboring
2P
tot is the power incident on the projected aperture area of the
reflector.
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Figure 3: Field in the feed array plane for a plane wave
incident from near range (a) swath center (b) and far
range (c). The entire feed array (d) results from the combination of the individual feed patches corresponding to
the individual plane waves. The blue box indicates the
actual feed array size for Tandem-L.
azimuth feed elements have been grouped together. This
is explained in more detail in the next subsection. The
frequency
azimuth diameter
elevation diameter
focal length
offset (elevation)
azimuth elements
azimuth spacing
elevation elements
elevation spacing
feed array size

1.2575 GHz
15 m
15 m
13.5 m
9m
6
0.6 λ
35
0.6591 λ
5.5 m × 0.86 m

Table II: Antenna and feed array design parameters
using a parabolic reflector type with circular aperture.
design approach according to equation (1) is based on
an integration of the focal plane field over a flat surface.
Figure 4 shows the geometric conditions of the
Tandem-L SAR antenna in a cross-sectional view. The
feed array at the bottom of the image is mounted on
top of the satellite bus and connected via a boom with
the reflector. The choice for the offset is driven on the
one hand by the need of minimizing blockage, which
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angle
offset 9 m

Tx
D
A
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w12

azimuth

diameter of
aperture 15 m

w13
elevation

feed tilt angle
Nadir

feed coordinate system

Figure 4: Cross sectional view of the Tandem-L SAR
antenna. The flight direction is into the paper plane.
requires large offsets, and on the other hand by avoiding
excessive defocusing of the beams, which would be
optimal for zero offset. Although a heuristic value, the
9 m offset turns out to be a good compromise for the
given reflector dimensions, feed size and focal length.
The focal length is the distance between the origins of
the two coordinate systems in Fig. 4. The significance
of this compromise becomes evident, by considering a
center-fed configuration with zero offset. In this case the
reflector aperture would be centered around the boresight axis and the feed array would face the reflector with
a feed tilt angle of 0 ◦ causing a maximum of blockage.
On the other hand, increasing the offset would shift the
reflector further to the right and consequently require
an even larger feed tilt angle. This would be best in
terms of blockage but result in severe defocusing effects.
From a mechanical point of view, the antenna assembly
as drawn in Fig. 4, with the feed array horizontally
aligned, is usually preferable over tilted ones, since here
the system requirements for active attitude maintenance
can be significantly reduced3 . This situation occurs when
the boresight angle approximately equals the feed tilt
angle. For Tandem-L these angles will lie in the order of
30-37 ◦ .
B. Azimuth Beamforming Concept
Tandem-L shall acquire SAR data with azimuth resolution down to 7 m. A design goal for the SAR antenna was to cover the required Doppler band with a
single azimuth beam, shaped for improved ambiguity
performance. As indicated in Fig. 5, the Tandem-L feed
array employs three patch doublets in azimuth. Within
each doublet the two patch radiators are connected
via an RF circuit such that the resulting cross polar
patterns in the horizontal and the vertical polarization
channel are reduced [21], [22]. Figure 6 shows in the
top left an example of a co-polar pattern for horizontal
3 In general the entire mass distribution in the spacecraft needs to
be taken into account.

Figure 5: Basic hardware architecture of the feed array.
The fixed complex weights wik shall be realized via
different cable lengths and power dividers/combiners.
polarization and in the top right image the corresponding cross-polar pattern. The co-polar-to-cross-polar ratio,
measured from peak-to-peak, is 25.6 dB. Important to
mention here is that these patterns are secondary patterns, namely the patterns of the primary feed field,
scattered by the reflector. The particular beam here
corresponds to a patch element in the corner of the
feed array and points to near range. Note that elevation
and azimuth are the angles in the antenna coordinate
system (cf. Fig. 4). Correspondingly, in the second row
of Fig. 6, the patterns of a patch-doublet with cross-pol
cancellation network is presented. Here, the peak copolar-to-cross-polar ratio improves by 10.2 dB to 35.9 dB.
As explained in more detail in the next pargraph, the
three azimuth doublets are combined via fixed weights
wik , i ∈ [1, 35], k ∈ [1, 3] (see Fig. 5). The weights apply on
transmission as well as reception, and will be realized
by using different cable lengths for phase adjustments,
and combiners/dividers for amplitude adjustments. The
impact of this pre-weighting on the co- and cross-polar
patterns can be studied in the lower row of Fig. 6. The
peak co-polar-to-cross-polar ratio improves slightly by
another 1 dB to 36.9 dB, which is not surprising, since
the co-polar patterns of the three patch doublets are
combined optimally in terms of directivity. But even
more important is that an additional notch in azimuth
becomes noticeable, which would not be present without
this cancellation technique. This notch will be preserved
even after applying beamforming in elevation, which
means that the notch is scanned over the swath in
accordance with the co-polar beam. It turns out that
the SAR cross-talk performance predominantly benefits
from this feature, since any target for a given range
will fall into this notch and therefore contribute with a
much reduced cross-talk to the polarimetric polarization
channels.
1) Antenna Pattern Optimization: The necessity for optimizing ambiguity performance of the azimuth pattern
emerges from the need to vary the pulse repetition
interval (PRI) using the Staggered SAR methodology to
overcome the problem of the blind ranges, as described
in Section IV: Staggered SAR operation with a reasonable
quad-pol azimuth ambiguity ratio is only possible with

5

45

-15

-5
-15

-4

-25
-10
-8
elevation, °

-6

-12

-10
-8
elevation, °

-6

25

5

-2

azimuth, °

0

-4

15
0

5

-10
-8
elevation, °

-6

-5

-4

-4

-12

-10
-8
elevation, °

-6

5

-2

-5
-15

-4
-10
-8
elevation, °

-6

-4

1.0

45

0.5

15
0

5

-2

-5
-15

-4

-25
-12

-10
-8
elevation, °

-6

60
channel i

80

100

80

100

Re{wh}
Im{wh}

0.0

25

-25
-12

-25

35

2
azimuth, °

15
0

|Eco,h,pre-w|, dB

25

2
azimuth, °

4

35

1.5

-4

45
4

40

(a)

-15

-25
-12

20

25

-2

-5
-15

0.0

35

2
|Eco,h|, dB

azimuth, °

45
4

35

15

0.2

-4

45

2

0.4

-25

-4

4

0.6

wh

-12

|wh|

5

-2

-5

-4

15
0

step 1
step 2
step 3

0.8

|Ecx,h|, dB

-2

azimuth, °

5

25

2
|E1,co|, dB

15
0

1.0

35

|E1,cx|, dB

25

2
azimuth, °

45
4

35

|Ecx,h,pre-w|, dB

4

-4

Figure 6: Left column: Secondary Co-polar patterns
for h-polarization. Right Column: Corresponding crosspolar patterns. Top row: Patterns for a single patch element (peak co-polar-to-cross-polar ratio 25.6 dB). Middle
row: Patterns for a patch doublet (peak co-polar-tocross-polar ratio 35.9 dB). Lower row: Patterns after preweighting of the three patch doublets (peak co-polar-tocross-polar ratio 36.9 dB)

narrow azimuth beams that reduce the ambiguous signal
energy that would arise from the flanks of the nonoptimized azimuth pattern. This is most critical for
the near and far range beams, which naturally tend to
broaden due to their distance from the focal point of
the feed array. In this context, a three-step procedure
for finding optimized azimuth pre-weighting coefficients
wik (cf. Fig. 5) was adopted. The evolution of the weights
during this procedure is illustrated in Fig. 7a. Here, the
index ’h’ shall indicate that the weights are different for
the two polarizations, since the corresponding patterns
usually differ slightly in amplitude and phase from each
other. Note that in this unwrapped representation the
coefficients of channel 36 to 70 correspond to the center
column of the feed (k = 2), while the other coefficients
are associated with the outer azimuth columns (k = 1
and k = 3). Since the antenna geometry is symmetric, so
are the azimuth coefficients. A good result to sharpen
the flanks of the azimuth beams could be achieved by
placing nulls in the antenna diagram close to the main
beam using so called Linear Constrained Minimum Variance beamforming (LCMV) [16], [23]. The corresponding

-0.5
-1.0
20

40

60
channel i

(b)

Figure 7: (a) Absolute value of the pre-weighting coefficients in azimuth. First, LCMV coefficients are computed
for every azimuth triplet. Then, these coefficients are
normalized to the maximum. Finally, the coefficients
are quantized in order to restrict the number of power
divider/combiner ratios to four. (b) Real and imaginary
part of the final pre-weighting coefficients.

weights are marked by the red ’+’-symbols in Fig. 7a.
An example of such an azimuth beam is presented in
Fig. 8a versus azimuth angle. These patterns correspond
to a center feed row (i = 16). Clearly, the nulls, which
have been placed at ±1.3 ◦ in the co-pol patterns, can be
observed. The second step in the optimization procedure
is simply a normalization of each of the weight triplets
to their maximum, in Fig. 7 indicated by the blue diamonds. In the final step (green triangles) the weights are
quantized such that only four discrete combiner/divider
ratios are necessary. This step is purely motivated by
cost saving arguments. Figure 8b shows the beam as
presented in Fig. 8a but now with quantized coefficients.
Obviously, the deep nulls vanish, however, the narrow
beam width is very well preserved. Figure 9b shows the
azimuth pattern cuts corresponding to the 35 elevation
channels after LCMV pre-weighting. These azimuth cuts
have been taken at the gain maxima. For comparison,
Fig. 9a shows the corresponding azimuth pattern cuts for
the center column of the feed array. It becomes clear that
this strong variation of the azimuth beamwidths across
the swath would prevent achieving the performance
requirements in terms of azimuth ambiguities.
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Figure 8: (a) Azimuth antenna pattern cut after application of LCMV coefficients to the triplet. (b) The same
pattern using quantized coefficients.

Figure 9: Azimuth cut plots of the antenna patterns
taken at the maximum of the 35 reflector beams. (a)
Center column of the feed array. (b) Feed array after preweighting.

As mentioned above, on transmit a wide beam is
generated by activating all elevation channels at once.
However, the azimuth beamforming procedure, which
is individual for each elevation segment, has the consequence that the transmit beam cannot simply be generated by activating the 35 elevation channels without
proper phase control. Therefore, as last step, the transmit
pattern has been optimized using only the phases of
the excitation coefficients. This allows achieving a nice
table-top shape, which is characteristic of large array-fed
reflectors.
C. Elevation Beamforming Concept
Sofar the design of the Tandem-L SAR antenna, including the analog feed network, has been discussed.
At this point 35 elevation channels are available for
each polarization. The most simple solution would be to
downlink these 35 channels to ground. However, this is
not an option for Tandem-L due to the limited data link
capacity. Consequently, processing on board the spacecraft is needed, preferably in the digital domain, since
this would allow for flexible re-configuration of the DBF
processors. With regard to the beamforming strategy two
basic considerations have been taken into account: First,
in order to efficiently use the large reflector aperture,
the beamforming network will have to be time-variant,
what is known as Scan-On-Receive (SCORE) capability

in the literature. Basically, this means a high receive gain
beam tracks the radar echo on ground. Such a concept
could be realized by weighting each elevation channel in
a time-variant manner with a single complex coefficient
and summing up the data streams. However, a second
consideration suggests that beamforming via a timevariant filter based DBF structure could improve the SAR
imaging performance even more. This is motivated by
the fact that the SAR antenna patterns show a distinct
non-constant behaviour over the frequency band, which
could be accounted for with such a DBF filter structure.
A second benefit of this DBF filter structure is that it
can deal with long duration pulses, which might relax
the pulse peak power.
In Fig. 10 a schematic of the elevation beamforming
architecture on receive is shown. The bright yellow beam
indicates the broad transmit pattern using all elevation
feed elements. On receive N frequency adaptive beams
(four to five beams in case of Tandem-L), here illustrated
by the rainbow color code, shall be formed. These receive
beams simultaneously track the N SAR pulse echoes of
length τp traveling over ground. A consequence of the
imaging geometry is that the illumination of the echo
spectrum is spread in spatial (angular) domain in near
range. This problem could be dealt with using more
frequency-adapted beams compared to far range. The
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variable sampled with the frequency f s = Ts−1 . Finally,
the individual signals have to be summed in order to
form the beam. Mathematically, the formation of the jth
beam, j ∈ [1, N ], can be described via a convolution of
the ith elevation signal ui , which is the signal after A/D
conversion, with time variant filter coefficients hij (n, n′ ).

reflector

beam 1

digital feed array

beam N

τp

A

A

D

τp

hij (n, n′ ) =

ith feed
radiator

A

D

ui

D

P

uDBF,N
P

uDBF,1
in

Ts

i
M−1
X

ui (n − n′ )hij (n, n′ ) ,

(2)

n′ =0

wij (n, m)h(n′ , m) .

(3)

m=0

DBF FIR filter hiN

hi1

uDBF,j (n) =

coef −1
X NX

Ts
hij (n, n′ )

out
Figure 10: Hardware concept of the receive chain for
beamforming in elevation. DBF stands for Digital Beamforming and FIR for Finite Impulse Response.
digital receiver hardware of the feed array is shown in
the first zoom window in the middle of Fig. 10. Here, all
T/R-modules, amplifiers, I/Q demodulators and filters
have been omitted in order to maintain a clear representation. The functionality can be summarized in the
following way: The electromagnetic signal received by
the ith elevation feed radiator4 is digitized by an analogto-digital converter (ADC) and distributed to N finite
impulse response (FIR) filters corresponding to the N
beams simultaneously scanning the swath. Note, here the
count variable for the beams is j. The purpose of the FIR
filters is to decompose the chirp signal of bandwidth B
into several sub-bands and apply a complex weight wij ,
which is time variant, to each sub-band beam [15], [16],
[20]. The structure of such a FIR filter is sketched in the
lower right box with the time variant filter coefficients
hij (n, n′ ). In this context n represents the discrete time
4 For Tandem-L each feed radiator represents a set of pre-weighted
patch doublets as sketched in Fig. 5.

In this context the filter h represents a bandpass5 which
decomposes the chirp signal into M sub-bands. This
means that theoretically at every time instance M · N
beams are formed. The advantage of such a beamforming
concept becomes quite evident by the following consideration: Suppose the SAR pulse has the length τp
as drawn in Fig. 10. If one assumes now a very large
antenna aperture, such that the beam would have the
width of, say, the yellow sub beam, then it is clear that
large parts of the pulse energy would be lost. Dividing
the pulse into several sub-pulses, as suggested above,
basically removes this problem. Moreover, due to the
linear relationship of time and frequency for a chirp,
it is possible to weight each sub-pulse according to the
frequency behaviour of the antenna patterns as well as
the receive chain transfer functions in their respective
sub-bands.
Not drawn in Fig. 10 is the so called re-formatting and
data volume reduction unit. The purpose of this unit is
to concatenate and re-formate the N beams to a 2-D data
field which can be processed by the data reduction filter
as explained in detail in section IV-B.
Tandem-L will rely on conventional T/R-module technology. This means each elevation channel employs a
TRM for v- and for h-polarization. A potential solution
for future SAR systems could be to split up the transmit
and receive chain already after the circulator. In this
way the transmit power could be provided by a single
source like a traveling wave tube (TWT) or multiple high
power amplifiers (HPA) and distributed across the feed
array. This power distribution would not necessarily be
homogeneous. For example with array-fed reflectors it
could make sense to distribute more energy to the feed
elements corresponding to far range where the worst
NESZ can be expected.
IV. Staggered SAR Operation
The Tandem-L requirements of Table I are met by
operating the instrument in staggered SAR mode [24]–
[26]. The large reflector antenna with the digital feed
array shall illuminate on transmit a wide swath and
form on receive multiple narrow elevation beams, which
5 The number of FIR filter coefficients N
coef might lie in the order
of a few tens.
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A. Concept
In a multiple elevation beam SAR with constant PRI
blind ranges are present between adjacent subswaths, as
the radar cannot receive while it is transmitting (Fig.
11a) [17]. If the PRI is continuously varied, even in
a cyclical manner, i.e., repeating a sequence of PRIs,
there will still be ranges, from which the echoes are
not received, because the radar is transmitting. In general, however, those ranges will be different for each
transmitted pulse (Fig. 11b). If the PRIs of the sequence
are selected such that two consecutive samples in the
azimuth direction are never missed and the signal is
averagely oversampled in azimuth, it is possible to accurately interpolate the data on a uniform grid and obtain a
high resolution SAR image over a wide continuous swath
[24]–[26]. As detailed in [26], [27], where demonstrations

impulse response is identical as in a SAR with constant
PRF and appropriate sampling.
1) Sequences of PRIs: The selection of the sequence
of PRIs to be adopted in a staggered SAR system has
been discussed in detail in [26]–[28], where several approaches to sequence design are considered. Specifically,
formulas are provided to obtain sequences where two
consecutive samples in azimuth are never missed in the
raw data. In particular, the use of the more elaborated
sequences of PRIs described in [26] is adopted for the
staggered SAR modes of Tandem-L. Figure 12 shows the
sequence of 224 PRIs to be used for the single- and
dual-pol modes of Tandem-L. The mean PRI is 0.385 ms,
corresponding to a mean PRF of 2600 Hz.

0.41
0.40
PRI, ms

follow the radar echoes while they traverse the swath.
Moreover, the pulse repetition interval (PRI) is continuously varied to overcome the problem of the blind ranges
and some additional onboard processing is performed to
reduce the amount of data to be downlinked.

0.39
0.38
0.37
0.36

PRI

PRI0PRI1PRI2 PRI0PRI1PRI2
…
…

Tx
pulses

0.35
0

Rx echoes

50

100
150
pulse index

200

Figure 12: Sequence of PRIs to be used for the singleand dual-pol modes of Tandem-L.
azimuth

raw
data

range

(a)

(b)

Figure 11: Location of blind ranges: (a) Constant PRI
SAR, (b) Staggered SAR.
with real data are also shown, if the oversampling rate
is sufficiently high, as is the case for the Tandem-L, the
interpolation is very accurate and independent of the
target (i.e., it is very accurate even for a distributed
target). The interpolation method only exploits the correlation induced by the azimuth antenna pattern and
not the target correlation. This is very important as the
proposed system is not intended to image only pointtargets or extended man-made targets, but should also
perform well for interferometry and retrieval of other
information.
Measures based on real airborne (F-SAR) data show
average relative interpolation errors below -22 dB in the
raw data of a typical scene. These interpolation errors
become manifest as azimuth ambiguities in the focused
SAR image with an azimuth ambiguity-to-signal ratio
in the order of -28/-30 dB [27]. Moreover the azimuth
ambiguities are smeared and therefore are likely to
be for the same ambiguity level less critical for most
parameter retrieval applications. The mainlobe of the

2) Interpolation: Besides the design of the sequence
of PRIs, staggered SAR requires additional processing
steps that are essential with respect to the ambiguity
performance and the amount of data to be downlinked.
From a conceptual point of view, the non-uniformly
sampled azimuth signal is first resampled to a uniform
grid and then focused using a conventional SAR processor. Moreover, it has been shown that resampling data
before range-compression leads to better performance
than resampling range-compressed data [25].
As far as the resampling method is concerned, Best
Linear Unbiased (BLU) interpolation accounts for the
statistical properties of the raw azimuth signal and
makes use of the knowledge of its Power Spectral Density (PSD) to reconstruct the signal at the desired locations, leading to superior performance compared to
two-point linear interpolation, i.e., a weighted average of
the closest preceding and succeeding complex samples
[24], [26]. As explained in [24], each sample of the
uniform grid is obtained as linear combination of a
small set of (neighboring) samples of the non-uniformly
sampled azimuth signal, where the weights of the linear
combination are related to the autocorrelation of the
azimuth signal, i.e., the inverse Fourier transform of the
antenna power pattern in azimuth.
As discussed in the following in more detail, performing the interpolation on-board allows a considerable
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reduction of the data volume to be transferred to the
ground segment.
3) Performance: The main advantage of a staggered
SAR over a multiple elevation beam SAR with constant
PRI is the possibility to map a wide continuous swath
rather than several subswaths mutually separated by
blind areas. The attained range and azimuth resolutions
are the same as for a multiple elevation beam stripmap
SAR with constant PRI.
The NESZ is the same as for a multiple elevation beam
SAR with constant PRI - assuming the same imaging parameters and a PRF equal to the mean PRF (PRF) of the
staggered SAR system - but for a possible NESZ degradation. This NESZ degradation is due to the described
interpolation, where noise is amplified in the matrix
inversion (a specific step in the interpolation algorithm).
Taking into account the possible NESZ degradation due
to the noise amplification caused by missing samples and
azimuth resampling, it holds
NESZ = NESZuni · Φ ,

(4)

where NESZuni is the NESZ of the corresponding constant PRI SAR and Φ is the SNR scaling factor, i.e., the
SNR degradation due to the resampling. An SNR scaling
factor larger than 1 indicates that the SNR degrades with
respect to the SNR of the corresponding constant PRI
SAR. The SNR scaling factor can be assessed by simulation, as explained in the following, and is expected to
vary across the swath, as different samples are missing
at different ranges. In particular, noise-only raw data can
be simulated for both the staggered SAR raw data and
the reference raw data with constant PRF equal to the
mean PRF on transmit of the staggered SAR. These noiseonly raw data are then processed as the raw data of a
point-like scatterer (i.e., resampling to a uniform grid,
conventional SAR processing). For both raw (input) and
focused (output) data of both the staggered SAR system
and the reference system with constant PRF, the SNR
is evaluated as the ratio of the energy of the data for
a point-like scatterer and the noise-only data. The SNR
scaling factor Φ is then evaluated as the ratio of the
ratios of the output and input SNRs of the staggered SAR
data and the reference data with constant PRF. Typical
values of the SNR scaling factor vary from 0.4 dB to
0.7 dB [26], [27].
Staggered SAR operation has significant effects on
range and azimuth ambiguities, as discussed in [26],
[29]. In a SAR system with constant PRI, during the
acquisition of the raw data, the range ambiguous echoes
of a scatterer are located at the same ranges along the
whole synthetic aperture. This is due to the constant
time distance to preceding and succeeding pulses. These
echoes cause, after azimuth focusing, the presence of
ghost targets in the SAR image, because the ambiguous
energy is integrated along azimuth, even though the
range migration is not fully matched, as for the scatterer.
In a staggered SAR system, the range ambiguities are
located at different ranges for different range lines, as

the time distance to the preceding and succeeding pulses
continuously varies. The ambiguous energy is therefore
incoherently integrated and spread almost uniformly
across the Doppler spectrum. If the mean PRF of the
system is much larger than the processed Doppler bandwidth (PBW) Bp , a significant amount of the ambiguous
energy is thus filtered out during the SAR processing.
Moreover, the residual ambiguous energy of a scatterer
is spatially almost uniformly distributed over the whole
synthetic aperture and over a range equal to the PRI
span times half the speed of light. The same applies to
nadir echoes, which result from the same phenomenon
[27].
These peculiarities, as well as the specific sequence
of PRIs, have to be taken into account for the evaluation of the range ambiguity-to-signal ratio (RASR). In
particular, for a given sequence of PRIs, the RASR has
to be evaluated for each of the M transmitted pulses
of the sequence. Due to the uniform distribution of the
ambiguous energy, the RASR is then obtained for each
slant range by averaging the RASR obtained for the M
transmitted pulses. Moreover, the amplitude weighting
of the Doppler spectrum applied in the processing Q(f )
has to be accounted for. The RASR can be then expressed
as [29]
RASR 

M−1
P N
Pa  σ0 (ηjm )
 3
m=0 j=1  Rjm sin ηjm
MPRF ·

PRF/2
R

Bp /2

G 2 (θ

−PRF/2

jm , f

)df

R

−Bp /2

σ0 (ηmain )
G 2 (θmain , f
R3main sin ηmain −Bp /2

R Bp /2

Q 2 (f




)df 


)Q 2 (f )df

(5)

where the subscripts m, m ∈ [0, . . . , M − 1], refer to the
transmitted pulse of the sequence and j, j ∈ [1, . . . , Na −1],
to the Na ambiguous (preceding and succeeding) returns
and where the azimuth ambiguities of the range ambiguities have been neglected. The same formula can be
also used for the fully polarimetric case, taking into
account that the ambiguous echoes from some of the
preceding and succeeding pulses correspond to radiated
pulses with different polarizations and using the proper
value of σ0 (η) for each contribution.
As far as azimuth ambiguities are concerned, for a
staggered SAR system it is not always straightforward to
evaluate the azimuth ambiguity-to-signal ratio (AASR)
using the azimuth antenna pattern as for a constant
PRI SAR. The reason is that the resampling operation
may change the shape of the azimuth spectrum of the
signal. In order to assess the impact of azimuth ambiguities, however, the acquisition process and the signal
processing can be simulated, assuming that only a pointlike scatterer is present in the scene. The focused data
obtained from the simulation correspond to the 2-D impulse response function (IRF) of the system, from which
several performance parameters - and in particular the
integrated sidelobe ratio (ISLR) - can be then evaluated.
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A good estimate of the AASR can be then obtained
as the difference of the attained ISLR and the ISLR of
a constant PRI SAR with PRF equal to the mean PRF
on transmit of the staggered SAR system PRFTx , same
values for the other system and processing parameters
as the staggered SAR, and an azimuth antenna pattern
equal to zero outside the interval [−PRFTx /2, PRFTx /2]
[29].
As far as the quad-pol staggered SAR operation mode
is concerned, merging the complex signals available
from both cross-polarized (cross-pol) channels of a fully
polarimetric SAR leads to a remarkable improvement
in the AASR and RASR of cross-pol data, especially
if azimuth phase coding is employed, as highlighted
in [28], [30]. Assuming that staggered SAR data are
resampled and decimated onboard prior to downlink
and that the complex signals available from the hv and
vh channels are available at the same time, the AASR and
RASR gain from merging (i.e. averaging) the complex
signals available from both cross-pol channels can be
evaluated by simulation. The AASR gain from merging
is due to the non-stationarity of the azimuth impulse
response of staggered SAR and is approximately equal
to 2-2.5 dB for typical quad-pol scenarios. As far as the
RASR gain from merging is concerned, this depends on
the coherence γ and the relative phase φ of the two
co-pol channels. However, if the azimuth phase code
proposed in [30] is employed, merging results in a 3 dB
RASR gain, independently of γ and φ.
B. Onboard Data Volume Reduction
In order to meet the azimuth ambiguity requirement
of Tandem-L, a high mean PRF is required for all
staggered SAR acquisition modes, which results in an
increased volume of data to be downlinked. However, as
the mean PRF is much larger than the PBW, the amount
of data to be downlinked can be drastically reduced
by performing onboard a Doppler filtering followed by
decimation, as described in [31].
While this technique can also be adopted for SAR
systems with constant PRI, in the staggered SAR case
Doppler filtering and interpolation can be jointly performed. As sketched in Fig. 13a, the Doppler filtering
should be performed on resampled data, which are
obtained from the raw staggered SAR (non-uniformly
sampled) data through BLU interpolation. Each sample
of the resampled data is obtained as a linear combination
of some of the samples of the raw staggered SAR data,
while each sample of the filtered data is obtained as
a linear combination of some of the resampled data.
This means that each sample of the filtered data can
be obtained directly as a linear combination of some of
the staggered SAR data (Fig. 13b). Moreover, there is no
need to compute the samples which would anyway be
discarded by the decimation operation. The FIR filter can
be designed as a Wiener filter, i.e., exploiting the knowledge of the PSD of the useful and disturbance signals.

raw staggered SAR data

b1

b2

b3

resampled data

azimuth
BLU
interpolation
azimuth

h1

h2 h3

h4

h5 h6 h7

filtered data

Doppler
filtering
azimuth

decimation

(a)
raw staggered SAR data
azimuth

c1 c2

c3

filtered data

c4

c5 c6

c7 c8

Joint (BLU) interpolation,
Doppler filtering and
decimation
azimuth

.

(b)

Figure 13: (a) Interpolation, Doppler filtering, and decimation in the staggered SAR case. (b) Equivalent scheme,
where interpolation, Doppler filtering, and decimation
are jointly performed. BLU stands for Best Linear Unbiased.
An alternative to design the FIR Wiener filter is given
by the Minimum Variance Distortionless Response (MVDR)
or Capon beamformer, where only the knowledge of the
PSD of the disturbance signal is exploited. The formulas
for the design of the filter and the consequent AASR
degradation are provided in [31], where it is also shown
that a 25-coefficient filter leads to a negligible AASR
degradation.
This data volume reduction scheme will be implemented on Tandem-L in near real-time by means
of an onboard hardware. All sets of required (range
and azimuth variant) coefficients for joint interpolation,
Doppler filtering and decimation are stored on board.
For the main single-pol staggered SAR mode it has been
estimated that about 10400 distinct sets of 30 coefficients
are needed (approximately 0.65 MB), while the required
computational load is well inside the capabilities of
state-of-the-art field programmable gate arrays (FPGAs).
V. SAR Imaging Performance
The Tandem-L performance has been assessed by
means of extensive numerical simulations. This involves
the simulation of the SAR raw data signals including the
two-way antenna patterns, the application of the digital
beamforming techniques in elevation, the staggered SAR
reconstruction as well as SAR focusing. Table III collects
major parameters describing the imaging geometry and
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the radio frequency (RF) frontend. For an orbit height
value
740465 m
8/16 days
6378137 m
L-band [32]
7484 m/s
value
1.2575 GHz
85 MHz
70
143 W
3.5 dB
3.6 dB

0.5
Re{h}

orbit and Earth parameters
orbit height at equator
orbit repeat cycle
Earth radius at equator
surface backscatter model
satellite velocity
RF frontend
RF center frequency
receiver bandwidth
number of TRMs (h and v-pol)
TRM peak power
system noise figure
total losses

1.0

0.0

-0.5

-400

-200

0
fD, Hz

200

400

200

400

(a)

Table III: General parameters assumed for the subsequent performance calculations.

0

|h|, dB

-2

of 740 km and a 16 day repeat cycle the Earth can be
mapped using a 175 km wide swath. This means that
with a 350 km swath, for which the SAR instrument is
designed for, every spot on the Earth surface close to the
equator can be mapped four times within 16 days.
Before presenting the actual SAR performance, some
simulation results shall be discussed. Figure 14 shows
an example of the magnitude of a normalized resampled
raw data signal u as a function of the azimuth position y

-4

-6
-400

-200

0
fD, Hz

(b)

Figure 15: (a) Real part of the azimuth processing filter
versus Doppler frequency for a point target at swath
center (ground range 498 km). (b) Corresponding power
density spectrum.

0
-20
|u|, dB

-40
-60
-80
-100
-120
-100

-50

0
y, km

50

100

Figure 14: Magnitude of the resampled raw data signal
versus azimuth position y for a point target at swath
center (ground range 498 km). The vertical red lines
mark the domain to be processed.
resulting from a point target at the center of the 350 km
swath. The shape is mainly dictated by the two-way azimuth antenna pattern and rather insignificantly by the
local incident angle and the range variation. The regions
with strong amplitude variation are characteristic for
the interpolation process with staggered pulse repetition
intervals. Especially the interpolation artifacts at the
mainlobe flanks contribute with azimuth ambiguities
in the SAR image. The corresponding azimuth focusing
filter h is shown in Fig. 15 as a function of the Doppler
frequency f D . This filter is constructed according to
h ≈ hH ·

∗
∗
gTx
· gRx
,
aTx · aRx

(6)

with the Hamming window hH , the Green’s functions
gTx and gRx describing the wave propagation from the
transmitter to the target and back to the receiver and
the complex antenna patterns aTx and aRx on transmit and receive. Note that these antenna patterns are
understood after digital beamforming in elevation and
pre-weighting in azimuth. This filter example is for
an azimuth resolution of 7 m which is equivalent to a
processed Doppler bandwidth of 1127 Hz for the given
imaging geometry. Clearly, if the noise spectrum of the
SAR raw data was a white circular Gaussian process,
after azimuth processing it will be weighted proportional
to the filter transfer function. Here, at swath center the
high frequency parts of the spectrum would be damped
in the order of 7 dB, as it can be seen from Fig. 15b.
Finally, the azimuth impulse response function is shown
in Fig. 16a and in a zoom view in Fig. 16b. In the zoom
view the attenuation of the sidelobes resulting from the
Hamming weighting can be observed.
The mode dependent parameters, derived from the
requirements in Table I are listed in Table IV. Since staggered SAR needs an over-sampling in azimuth in order to
properly reconstruct the signal, the mean PRF has been
chosen 2600 Hz in single- and dual-polarization mode
and 2 × 2100 Hz in quad-polarization mode. This results
in the best compromise between range and azimuth
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Figure 17: (a) Azimuth ambiguity-to-signal ratio (AASR)
versus ground range for the single-/dual-pol staggered
SAR mode as defined in Table IV. (b) Noise equivalent
sigma zero (NESZ). (c) Range ambiguity-to-signal ratio
(RASR). (d) Total ambiguity ratio (ASR). Results shown
for the hh polarization.

(b)

Table IV: Parameters for the main SAR imaging modes.

-29
-30
NESZ, dB

quad
28.400 ◦ /39.455 ◦
25.224 ◦ /34.706 ◦
175 km
staggered
linear
84 MHz
2 × 2100 Hz
8%
7m
1127 Hz
MVDR
pre-weighting
Hamming (0.6)
Hamming (0.6)
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hv
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ASR, dB

single/dual
26.300 ◦ /46.975 ◦
23.390 ◦ /40.921 ◦
350 km
staggered
linear
84 MHz
2600 Hz
4%
7m
1127 Hz
MVDR
pre-weighting
Hamming (0.6)
Hamming (0.6)

AASR, dB

polarization
min./max. inc. angle
min./max. look angle
swath width
operation mode
polarization basis
pulse bandwidth
PRF
pulse duty cycle
azimuth resolution
proc. Doppler BW
elevation beamforming
azimuth beamforming
range weighting func.
azimuth weighting func.

-26
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Figure 16: (a) Focused azimuth SAR signal. The mainlobe
of the azimuth impulse response function, lying at y =
0 km, is hardly visible due to the large extent of the yaxis. (b) Zoom into the mainlobe region.
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A. Single-/Dual-Pol Modes with 5 m Resolution

Figure 18: (a) Azimuth ambiguity-to-signal ratio (AASR)
versus ground range for the quad-pol staggered SAR
mode as defined in Table IV. (b) Noise equivalent sigma
zero (NESZ). (c) Range ambiguity-to-signal ratio (RASR).
(d) Total ambiguity ratio (ASR). The cross polarization
channels have been merged, as explained above, which
helps to improve the cross polar range and azimuth
ambiguities.

So far the imaging performance for 7 m azimuth resolution has been proved. However, there might be a
reason in favour for an even better azimuth resolution
then 7 m. As shown in Fig. 15b the azimuth processing
filter is strongly tapered. The reason for this is that the

Hamming window outweighs the two-way pattern by
roughly 7 dB. If one is interested in a more uniform
noise spectrum it could make sense to process a wider

ambiguities. The resulting performances are shown in
Figs. 17 and 18.
VI. Options for Higher Resolution Imaging
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Doppler domain. By this the Hamming windowing and
the two-way pattern compensation would more or less
cancel out. Figure 19 shows a simulation example of
a point target at swath center, similar to the one presented in Figs. 14, 15 and 16, except that here the raw
data have been processed with 5 m azimuth resolution,
which is equivalent to 1577 Hz Doppler bandwidth. By
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Figure 20: (a) Azimuth ambiguity-to-signal ratio (AASR)
versus ground range for the staggered SAR mode processed with 5 m resolution. (b) Noise equivalent sigma
zero (NESZ). (c) Range ambiguity-to-signal ratio (RASR).
(d) Total ambiguity ratio (ASR).
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Figure 19: (a) Simulated raw data signal versus azimuth
y for a point target at ground range position at 498 km.
The red vertical lines indicate the domain to be processed. (b) Azimuth filter with Hamming weighting and
pattern compensation. (c) Azimuth impulse response
function. The mainlobe, lying at y = 0 km, is hardly
visible due to the large extent of the y-axis. (d) Zoom
view of the mainlobe region of the azimuth impulse
response function.
comparing the azimuth filter spectra from Figs. 15 and
19b it becomes clear that in the latter case a much
more homogeneous noise spectrum can be expected. The
imaging performance as presented in Fig. 20 exhibits
a slight degradation in terms of the AASR by roughly
1.5 dB. The NESZ degrades by roughly 2.5 dB, therefore
the pulse duty cycle has been increased from 4 % to 6 %
(8 % would be optimal).
B. Spotlight Mode
Very high azimuth resolutions can be achieved with
additional hardware effort, for instance by increasing the
feed array in azimuth direction by additional columns
[20], [33]. An interesting alternative to this is represented
by a concept where the SAR satellite is rotated around its
nadir axis. The antenna footprint on ground performs,
depending on the rotation rate, a movement similar to
that of a windshield wiper. This allows to illuminate a
region on ground for a longer period of time as in a
conventional spotlight mode. Preliminary investigations
showed that the spacecraft needs to be rotated by 720 ◦

in order to ensure stable SAR acquisition after reaction
wheel activity. One challenge for such a mode lies in
a proper adjustment of the rotation rate, the PRF and
the achievable swath length. Due to this windshield
wiper like movement of the antenna footprint it can be
expected that targets at varying slant ranges will be illuminated quite differently and therefore the performance
along and across the swath might also vary strongly.
Additionally, it might be necessary to adapt the scan rate
in elevation depending on the azimuth position. Such a
1 m-mode will be investigated in more detail in the next
mission phases.
C. Improved Elevation Beamforming
This section shifts focus to an elevation beamforming
technique which may prove useful to extend the width
of the swaths over which the performance requirements
are achieved. Even though the technique may be applied
regardless of a specific mode, the quad-pol staggered
mode of section V described in Table IV is considered as
an example of the possible gain in swath width. TandemL’s digital receiver hardware, as presented in Fig. 10, is in
principle suited for any kind of beamforming technique,
since the coefficients for the DBF FIR filters are precomputed on ground and stored in the FPGAs on board
the spacecraft.
Fulfilling the performance requirements over a wide
swath is especially challenging for quad-pol modes, for
which the cross-pol range ambiguity levels become driving factors of the design. This can be visualized using
the elevation patterns in Fig. 21a, where the receive
SCORE beam formed with MVDR at a look angle of
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40 ◦ is shown. The signal position is highlighted by a
green cross, whereas the position of cross-pol and copol range ambiguities are highlighted by yellow and red
crosses, respectively. Note that several positions exist for
each order of ambiguity due to the PRI variation. Closer
analysis of this pattern illustrates the reason why RASR
performance for the quad-pol modes is often poor in far
range: The range ambiguities arise either from the mainlobe or relatively high sidelobes of the pattern. In spite
of its robustness and effectiveness in maximizing gain
while setting the direction of maximum response, MVDR
beamforming offers no direct control over the mainlobe
extension or sidelobe levels. A technique presented in
[34] as an extension of this beamformer (also known
in the literature as sidelobe canceller) allows however
introducing a further constraint, namely the maximum
level with respect to the main beam over a grid of
angles which define the sidelobe region. The resulting
problem can be solved numerically with knowledge of
the patterns with convex optimization packages. The
SCORE pattern obtained by this method is seen in Fig.
21b, where the sidelobe region - designed to span the
position of the range ambiguities in the swath - and the
corresponding constraint of a (power) level no higher
than -33 dB with respect to the main beam are shown
by the dashed black line.
As expected, such a design of the sidelobe region
allows additional suppression of range ambiguities. In
Fig. 21c the RASR levels obtained for the quad-pol mode
of section V with the alternative elevation beamforming
are illustrated. The parameters from the third column
of Table IV apply, except for the swath limits, which
were extended to look angles from 32.2 ◦ to 40 ◦ . RASR
levels better than -25.3 dB could thus be achieved over
a swath of circa 325 km, a considerable gain over the
175 km swath seen before. Figure 21d compares the
worst-case RASR levels (HV polarization) with MVDR
and the sidelobe-constrained beamformer, highlighting
the potential range ambiguity suppression gain of the
approach. In this case the full 350 km swath of the
single-pol mode of Table IV is considered.
The results indicate that a 350 km swath may be
expected to be achieved by further optimization of the
parameters, using e.g. a slightly lower mean PRF or a
more advanced criterion for the sidelobe region design.
Possible disadvantages of this approach include a loss
of gain in comparison to a MVDR beamformer using
the same number of elevation elements, which, however,
can be kept lower than 1 dB by adequate choice of the
sidelobe region. The use of additional elements is also
beneficial to the pattern implementation in this case,
presenting the opportunity to compensate the gain loss
to some extent, at the cost of additional complexity.
However, employing patterns with high dynamic range
also means that such a beamformer might be sensitive to imprecise pattern knowledge as well as other
uncalibrated errors. Therefore, the sidelobe canceller is
regarded experimental for Tandem-L. Nevertheless, if
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Figure 21: SCORE beams on far range (look angle of 40 ◦ )
and associated RASR levels. (a) far range SCORE beam
obtained by MVDR beamforming with five active elevation elements. (b) far range SCORE beam obtained by
the sidelobe-constrained beamformer with eleven active
elevation elements. (c) RASR levels obtained for the different polarizations using the sidelobe constraint method
in a swath between look angles of 32.2 ◦ and 40 ◦ . (d)
worst-case RASR (HV polarization) for the MVDR and
the sidelobe constrained beamformer over the 350 km of
the single-pol mode of Table IV.
this technique is proven to be stable it might become
the baseline beamforming concept.
VII. Conclusion
Gapless SAR acquisitions are an important feature for
the scientific user community. Therefore, the TandemL SAR instrument comprises staggered SAR operation
as baseline for all imaging modes. This paper addressed
major design challenges encountered with this operation
principle. Specifically, the need of oversampling the SAR
data in azimuth led to a feed array concept, where narrow azimuth beams are generated by pre-weighting pairs
of azimuth feed elements. These azimuth feed pairs have
been optimized for cross-polar pattern suppression. The
Tandem-L SAR instrument is realized as a fully digital,
highly integrated system with a digital beamforming
unit at its core. This unit allows to cope with a second
challenge induced by staggered SAR operation, namely
the parallel generation of up to five digital beams, simultaneously scanning the swath. A further feature of this
DBF network is the fact that the non-constant frequency
behaviour of the SAR antenna can be accounted for using
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frequency dependent beamforming coefficients. Finally,
a third issue related to PRI staggering is the large data
volume generated as consequence of the required oversampling in azimuth. For this, Tandem-L will employ a
specific unit which firstly performs interpolation of the
non-uniformly sampled data and secondly decimation.
In the above performance assessment the very basic
MVDR beamforming technique has been found optimal.
This concept promises the best performance in terms
of sensitivity. Although complex pattern information
and knowledge of the signal direction is required, this
beamforming concept can be regarded as robust. In this
context also the potential of higher azimuth resolution
modes like five-meter stripmap and one-meter spotlight
have been discussed. As shown in the last part of the
paper, more advanced beamforming techniques with
sidelobe constraints could help to improve the ambiguity
performance further.
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