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I. INTRODUCTION

Recently, a team of scientist lead by the German Aerospan&eCELR) have proposed a Ka-band single-pass interfer-
ometric mission concept named SIGNAL (SAR for Ice, GlacidalobAL Dynamics) 1], [2]. The main goal of SIGNAL
is to estimate accurately and repeatedly topography arajtaphic changes variations associated with mass changbeanr
dynamic effects on glaciers, ice caps and polar ice sheetachiieve the required elevation accuracy, in the order ef\a f
decimeter, a formation flying constellation of two compaateflites was proposed as the only way to obtain the desired
cross-track baseline.

As in most studies for Ka-band SAR missions, a reflector basehitecture was chosen. A major design challenge was
to balance the requirement for a compact reflector that cfiluid a Vega launcher, and which automatically lead to a high
azimuth resolution system, with the need to achieve a seiffilyi large swath. The system proposed had a relativelyowarr
swath width of 20 km, which was sufficient to meet the missidiectives in polar regions, but lead to degraded global
coverage. Later studies considered a slightly modifiecawiand a multi-diamond SCORE acquisition mode, resultintyé
simultaneous acquisition of two 25 km wide swathes with a B0vkide gap within them3d]. While this greatly enhanced
SIGNAL's global systematic mapping capabilities, the 25 &amtinuous swath remains narrow for many applications.

This paper presents a new evolution of SIGNAL's instrumenhoept that uses novel Digital Beamforming (DBF)
techniques to further extend the coverage of the missiomdtition, by introducing two phase centers in azimuth, Wwhic
are needed to achieve the swath extension, the system daigsteack interferometric capabilities. These may bedyse
for example, to measure ocean currents. Besides theseswialtr and ATI-modes, the paper will also discuss ping-pong
multi-baseline acquisitions modes exploiting a novel pultses technique in order to keep a low PRF. For all these sjode
the SAR performance will be described. Also the final interfigetric performance, in terms of relative height errorobr
ocean surface velocity errors will be discussed.

II. DIGITAL BEAMFORMING ARCHITECTURE

The overall trend in the conception of next generation SARte&ys reveals the shared characteristic of being multi-
channel systems utilizing DBF techniques. Among thoseesystseveral reflector based system utilizing a digital feeaya
are being investigated!], [5]. The idea of applying digital beamforming to a reflectorteys was first suggested ir]f
such an architecture has the potential to combine both thibifiey and the capabilities of digital beamforming withe
high antenna gain provided by a large reflector aperture.

This section first describes the DBF techniques utilizedheySAR instrument and its architecture. A salient featurihef
architecture proposed in the unconventional use of of teogmit antennas with a single receive one. Most of the mutual
interference problems associated to this choice are omerduy the introduction of a novel sub-pulses technique, wisc
discussed in the following.

[I-A. Antenna Configuration and Instrument Architecture

Unlike conventional approaches the antenna configuratéye hises two transmit antennas separated in flight direction
as shown in Figl. This provides two separate phase centers (samples) whitlbe used either to improve resolution or
for ATI applications. Each Tx reflector & x 0.6 m (azimuth x elevation) and has2an focal length. The Tx reflectors are
placed at the end df m booms which are unfolded during deployment in orbit. Theertfirs are illuminated by a feed
arrays mounted on the satellite bodyn{ offset), which avoids laying waveguides and active RF ¢irgwon the deployable
boom. The wide beam of the two transmit reflectors illumirthie same area on the ground, the half power beamwidth is
set 102.9 x 0.16° in elevation and azimuth, respectively.



Each transmit antenna has its RF power supply consistingh adxéended interactive klystron (EIK). A peak power of
~ 6 kW, depending on the required bandwidth, is state-of-thgsarformance. Note that the distributed power approach
using two EIKs enable a doubling of the available RF trangmiver, without using power combiners.
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Fig. 1. Antenna configuration with the two transmit (Tx) reflectptaced at the end of the booms, while the receive (Rx)
reflector is fixed to the platform.

A single reflector antenna is used on-receive. The size oflitte antenna i8 x 2m which is larger (in elevation) than
the transmit reflectors. The reflector is fix mounted on thellat platform and illuminated by 8.4 m feed array arranged
in the plane perpendicular to the flight direction and modrie a deployable boom in an offset configuration. The digital
feed array of 27 receive elements is used for SCORE operétiem sectiorll-B) [6]. Each element results in a narrow
beam, illuminating a region on the ground, which partiabedaps with the region illuminated by the beams of the asljac
elements. To illuminate a given angular segment in elemdti@ corresponding feed elements are activated. Here each s
of elements is only active during a subinterval of this tinegipd. The signals of the feed elements are combined ordboar
using time variant complex coefficients to form the SCOREnbe@he receive beam will scan the complete swath within
the time period of onePRI.

The Rx antenna system is equipped with additional scanrapgllities such that the SCORE beams span an angular
segment of+2.9°. This way the Rx antenna can cover double the swath of the Tenaa. Such a configuration allows
doubling the total swath in bistatic operation mode as wélldxplained later. This also means that the two satellitegdes
are not identical, since the the Tx illumination overlapsimthe upper part of the Rx pattern for one satellite and whigh t
lower part for the other.

[I-B. Digital Beamforming Techniques

The SCan-On-Receive (SCORE) mode of operation is primbdled on generating a wide transmit beam and a narrow,
high gain beam on receive that follows the pulse echo on tbergt [7], [8]. The high gain SCORE beam results in an
increased signal-to-noise ratio, compensating the low ¢aide beam) transmit antenna loss. Further, the narroeivec
beam has the advantage of attenuating the range ambig@ire= the direction of arrival of the received echo is a fiomc
of the slant range, a one-to-one relation exists betweenetiigired beam steering angle and the time variable. DBF&d us
to obtain a beam that chases the echo while it traverses thendr The specific beamforming implementation depends on
the system involved, but can in general be described by a leonamd time varying weighting of the antenna feed signals
followed by a summation (data reduction).

As known,the use of multiple phase centres in flight direcétiminated the tight coupling between azimuth resolution
and unambiguous swath-width applicable to a single chasystém. Alternatively, these multiple phase centers enaloing
track interferometry (ATI). In this paper we propose a sultsp illumination technique; the basic idea is to transmvib t
sub-pulses, one from each Tx antenna within éi&/ period (c.f. Fig.2) which illuminate the same swath on the ground.
Considering a single Tx antenna (and disregarding the A3é dar a moment) the spatial separation between the sanagles,
determined by the pulse repetition frequen&R(F’), is such that the Doppler spectrum would be undersampledaliased
or ambiguous. It is only through the combination of the sgatamples of all Tx channels, that the Doppler spectrum is
recovered unambiguously. Further, in most cases the syBtem will result in a non-uniform spatial sampling; this makes
the combination of the channels a non-trivial task, reqgira reconstruction of the Doppler spectrum as detailed®]n [
which based on a generalization of the sampling theor&th [

The challenge is to separate the signals from the two sutepuwthich are transmitted consecutively illuminating thme
swath which causes overlapping echo windows. The sub-$uabkse be thought of as range ambiguous with respect to each
other. The “trick” here is to utilize the fact that at each dinmstance the two echoes are arriving from slightly differe
(time varying) angles and can thus be separated by the i@#eSCORE beams and digital beamforming as indicated in
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Fig. 2. Single Satellite Stripmap operatin mode where two sulsgailare used to illuminate the same swath which are
separated by the two SCORE beams.

Fig. 2. This angular sub-pulse separation does not require anyiad hardware w.r.t. a conventional single-beam SCORE
system.

[ll. OPERATION MODE

Each instrument is designed for single pass along-traekferometry, or SAR imaging with two azimuth phase centres.
Using two satellites allows various operation modes witle @n more combinations of ATI, XTI, wide swath and high
resolution. In the following a selection of these modes aseussed (the sub-pulse technique is utilized in all mades)

Single Satellite Stripmap

The basic operation uses one satellite operating in thensagp mode (c.f. Fig2). Here the sub-pulse technique with the
two Tx antennas allow for two azimuth samples p&t/. This can be understood as enabling a redué&d’ and thus an
increased swath, or equivalently an improved azimuth wigol despite the lowPRF. In any case a sample re-ordering (as
detailed for example in1[1]) is necessary, since the two Tx antennas are non-contigguou

Single Satellite ATI

For sufficiently highPRF, an along-track interferometric operation mode is possibhis is facilitated through the two
Tx antennas, where thBRF needs to be high enough to result samples from differeneputeing at the same azimuth
position. This mode is depicted in Fig(a) where the swath width is reduced due to the timing conssaatised by the
higher PRF and the along-track interferometric operation is providethe cost of worsening the azimuth resolution. Due to
the fixed beam Tx antenna, the swath illuminated is larger tha imaged strip. This may allow imaging different incitlen
angles only by changing thBRF'.

Two Satellite bistatic XTI

Here as shown in Fig3(b) an across-track operation is feasible. The two satelliteiganeously illuminate two swathes
separated by a blind gap. Due to the extended scan capbiitithe receive antenna, each Rx antenna receives thesechoe
from the two swathes. In total, each satellite has 4 SCOREnbda separate the time overlapping echoes. This mode thus
produces a total of two monostatic and two bistatic imagesesponding to two swathes. The XTI imaged swath is thus
doubled.
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Fig. 3. Interferometric operation modes.

Two Satellite combined XTI and ATI

The only difference between this mode and the previous ohasthe PRF is increased to create overlapping azimuth
samples. Again the timing will limit the swath width but oretbther hand provide simultaneous XTI and ATl imaging. As
before, different swathes may be covered or, alternatithly same swath may be observed under distinct squint aimgles
order to obtain a 2-D ATl measurement.

IV. SAR PERFORMANCE

In the following the main performance of the system opetatin35.75 GHz are reported. The mode shown here is for
the single satellite stripmap case, since this can be redaad a reference for the other modes.

IV-A. Timing and swathes

The satellite operates in 80km orbit and the timing in Fig4 is shown for near range swath at an incidence angle
of 34 — 37° which corresponds t60 km swath width. Other swathes can be imaged by tilting the lgatéb point at the
respective swath.
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Fig. 4. Timing diagram for &740 km orbit and the near-range swath &fkm swath.

The combined Tx reflector lengths 6in set the minimum require@RF'. One particularity of reflector patterns that has
to be kept in mind is that the azimuth and elevation patterasnat separable. This point is crucial both for the system
design and the performance computation; it means that fheuttz pattern shape will depend on the elevation scan angle,
the azimuth patterns degrade at the swath edges. For tlersgsinsidered here theRF' has to be increased &y70 Hz to



compensate for the broader azimuth patterns. The sub-gutgecycle is10 % which together with the sub-pulse separation
and thePRF determines the available echo window length.

IV-B. Range-Ambiguity-to-Signal Ratio

Reflector based SAR systems have very low range-ambiguiy; leecause of the low sidelobe level of the Tx beam and the
narrow Rx beam. When using sub-pulses the range ambighéiesto be carefully considered, because the angular separa
between the sub-pulses is determined by their temporafatma during transmission. Further, the transmit pateviil not
suppress sub-pulses since the same swath is illuminatesl.iSTeeen in Fig5(a) which shows an instantaneous elevation
pattern with the ambiguity and signal position marked. ThéSR performance is shown in Fig(b), the level is better
than —20 dB. However, this level is achieved optimizing the weightirgefficients of the Rx pattersL}]. Here the time

separation between sub-pulses is adapted depending om#ged swath so that the required ambiguity performance is
achieved.
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Fig. 5. An example of an elevation patter showing the position ef $ignal and ambiguous sub-pulse energies (left) and
the resulting range-ambiguity-to-signal ratio.

IV-C. Azimuth-Ambiguity-to-Signal Ratio

Fig. 6 shows an example azimuth pattern at one elevation cut and ##R after azimuth reconstruction. The processed
Doppler bandwidth corresponds to an azimuth resolutiofi.®fn.
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Fig. 6. Antenna patterns and azimuth ambiguity-to-signal rafia3R).

As expected thel ASR shows a variation over the swath, which is understood frograthove discussion and the azimuth
patterns in Fig.6(a) the position of the signal and ambiguities is indicated bg green and red lines on the pattern,
respectively. Even though poor, theA SR performance is achieved by azimuth oversampling, i.e. ¥, which comes
at the expense of a higher data rate.



IV-D. Noise-Equivalent Sigma-Zero

Although this performance parameter profits from the reflegain, but still other instrument and operation paranseter
influence its value. For example a small number of feed arl@yents would be activated to achieve a high receive antenna
gain; however this would cause a narrow receive beam whigpefnding on the pulse duty cycle— might not cover the
complete ground extension of the pulse.

The radiometric performance of the system is shown in F{@) in terms of the noise-equivalent sigma zef6HS7)
for an average power af00 kW per transmitter. chirp bandwidth db MHz. Note that NESZ requirements at Ka-band is
somehow relaxed because of the higher ground reflectivity.
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Fig. 7. SNR performance of the system in term so the noise-equivalgma-zero and the pulse extension loss.

Fig. 7(b) shows the pulse extension losBKL) which indicates the loss due to the pulse attenuation titrabe narrow
SCORE receive beanif] and has a direct impact on th&VR. The PEL ~ 2dB can be reduced by using a frequency
selective filter in the SCORE processing as detailedLif. [

V. LEVEL-2 PERFORMANCE
This section briefly discusses the performance at Levelelywst level.

V-A. DEM errors

The main product of SIGNAL are high precision DEMs, whosef@rnance is given in terms of the 90% point-to-point
relative error AR2°%). For a discussion of how these errors are estimated for 8IGiKe reader is referred tod.

As discussed in previous papers, the SIGNAL mission conicepides a DEM acquisition phase, where larger height of
ambiguities would be used in order to avoid phase unwrappioglems, and a DEM tracking phase with,,; in the order
of 10 m. Figures(b) shows the expected value f&h2°% during this DEM tracking phase for several surface typesragsy
a 100 x 100 m product resolution. For the performance computation, 2 tiBtmospheric attenuation were included. For
dry-snow covered surfaces, bare soil, and even gras&)” is between 10 and 15 cm, which is comparable to what can

be achieved with nadir-looking altimeters. Several feximre key to this very good performance:
« High coherence values mainly due to the avoidance of terhderrelation. Note that the coherence is mainly SNR
driven.
« The high number of looks associated to the relaxed prodwctiution. It is worth noting that even at 12 x 12°m
resolution, the error stays below the 2 m threshold givemesponding to the HRTI-3 standard.
o The possibility to use large baselines, without which it dmees practically impossible to achieve these level of
performances over relatively wide swaths.

V-B. Surface velocity error

The new proposed architecture allows ATl measurementg;hwtan be particularly useful for the measurement of ocean
currents. In principle, since the design considers a siaglmuth beam, only one component of the surface velocity can
be measured. However, applying an opposite yaw rotatiorotb spacecraft allows observing the same ocean surface with
two different beams, thereby implementing a distributedldheam interferometer (DBI). For the preliminary perfamoe
calculations shown in Figur@, a 45 rotation has been assumed so that the two measured surfag®ents are, in theory,
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Fig. 9. Standard deviation of the error of the magnitude of thenestéd surface current. A product resolution of 1 km is
assumed for this plot.

mutually orthogonal. Since the expected performance iebéir steeper incident angles, a 15 degree roll rotatianaiso
been assumed. Last, a 10 meter physical baseline betwedwdh&x phase centers has been considered. Note that this
baseline is mainly constrained by mechanical limitations.

Figure9 shows the predicted standard deviation of the error of thgnitade of the estimate surface current as a function
of the wind direction relative to broad-side (where feans that the radar looks into the wind) and of range. A produ
resolution of 1 kM has been assumed and 10 m/s wind conditions have been asseonedetails on the performance
calculations the reader is referred tof]. This preliminary results are encouraging in that the ¢gfly desired error level
of 10 cm/s is reached across the swath for some conditioneritheless, it is clear that the performance must be imgrove
in order to satisfy typical user requirements under a widege of conditions.

An attractive feature of the distributed DBI concept, isttiidhe two spacecraft are flown with a sufficiently large ajen
track separation, a third bistatic beam may be formed. Tirgl thbeam could be used to mitigate biases in the Doppler
velocity measurements.



VI. SUMMARY

The paper presents a concept for a spaceborne interfeiodatband SAR that uses digital beamforming in conjunction
with novel sub-pulse illumination techniques. The perfanoe results shown represent the current preliminarysstatthe
investigation where the design parameters can further timized. Nevertheless, the system concept presented sd=yed
highly attractive for future Ka-band SAR missions.

Future work will try to optimize the system and mission cagutcim order to improve the ocean current measurement
performance. A key ingredient for this optimization may bevéring the orbit from the current 740 km to something in
the order of 500 km. A second ingredient my be increasing ffextave ATl baseline, be it by increasing the separation
between the transmitters, or by considering using also teeivers.
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