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Abstract—Since its invention 60 years ago the synthetic aper- TABLE |
ture radar (SAR) principle has been continuously pushed futher =~ COMPARISON OF THE PERFORMANCE REQUIREMENTS OF A STATEF-THE
in terms of information density. Future SAR systems are reqired ART SYSTEM LIKE TERRASAR-XWITH A FUTURE SAR SYSTEM LIKE
to collect data in different frequency bands and polarizatons TANDEM-L.
with _flner spatlo_-temporal resolution and higher _quallty. These TerraSAR-X imaging mode
requirements drive tech_nology developm_ents_ with a.trend to Tandem-L mode 1 mode 2 mode 3
wards digital radars. This type of radar is highly flexible and X X 6m 3m im
configurable compared to its analogous counterpart and allws azimuth resolution| 74 3m <1im
a relatively easy implementation of digital beamforming (CBF) . 100 km 30km 10km
as well as multiple input multiple output (MIMO) techniques. swath width 350 km 175km 50 km
The demand of highly sensitive SAR sensors enforces antenna polarization single/dual | single/dual | single/dual
concepts with large aperture. A promising candidate are lage de- quad quad quad

ployable mesh reflector antennas fed by an array of feed elemés.

Each feed element, or a subset of feed elements, defines a tibi

channel to be further processed on board the spacecraft or on

ground. These innovative class of high-information contenSAR

sensors are the result of a carefully optimized design in bt the  transmit and receive events. Aiming at high resolutionsoabr

hardware and the signal processing domain. Here, an advande footprint or, respectively, a broad antenna beam is redulre

SAR sensor concept based on array-fed reflector antennas sha ey 5 sample the received signal adequately a suffigient!
be presented. Space, time and frequency adaptive beamforng

techniques which complement the antenna design are introched  Nigh pulse repetition frequency’@F) has to be used. The
and demonstrated by means of numerical simulations. high PRF in turn limits the swath width.

One possibility to overcome this restriction is to transmit
a signal using a broad beam and to record with multiple

Radar remote sensing is a technique which has been vas#igeivers. These individual receiver signals are thengesed
exploited in spaceborne Earth observation applicatiorthén in order to reconstruct the high resolution image. In ters o
last decades. With synthetic aperture radar systems iaforrgystem theory, such a SAR configuration would be a single
tion about the reflectivity of distant objects can be reeiv input multiple output (SIMO) system. Classical approaches
Those imaging radar systems typically consist of a trartiemitemploy planar array antennas where the aperture is split on
which illuminates a certain part of the Earth surface, theceive into multiple subapertures [2]. The performancgeafo
footprint, and a receiver which collects the scatteredtedec spaceborne SAR system consisting of several formationgflyi
magnetic energy. This signal is digitized and downlinke@ tosmall satellites and the implications on signal proceshimge
ground station. been investigated in [3]. The novel concept of combining a

Future applications like Earth system dynamics monitoreflector antenna with a feed array, where the signal isidégit
ing [1] require a short revisit time which in turn rises thelmost immediately after the receiver, was first proposdd]in
need of large swath widths. At the same time operators aadd further investigated in [5]-[10]. It was demonstrateal t
investigators are interested in a high information content such systems have the potential to outperform conventional
the SAR signal. This is traditionally achieved by incregsinplanar SAR systems. Reflector antenna based systems are
the signal bandwidth resulting in a higher resolution of thalready a mature technique for communication satelliten-G
SAR images. Table | compares the performance requiremeetally reflector antennas inherently generate a shaped beam
of a state-of-the-art system like TerraSAR-X with a futurdue to the mechanical molding of the reflector dish. That
SAR system like Tandem-L. Large swath widths and higmeans for any given feed position only a certain solid angle
resolutions are contradicting requirements for conveatio can be illuminated. Therefore a set of multiple feed element
SAR systems. Since spaceborne SAR systems demand a v&mequired in order to cover the complete region of interest
high isolation between the transmit- and receive-charthey, By moving the analog to digital converters (ADC) closer to
cannot be implemented as continuous wave (CW) radars otha radio frequency (RF) front end it is possible to form beam
single platform. This technical constraint leaves as oiplyjam by means of digital signal processing avoiding a costly @pal
pulsed radar systems which are subject to a stringent tiwfingreceiver chain.

|. INTRODUCTION



1. WIDE-SWATH SAR SrsSTEM OPERATION beam, which needs a larg&: F' in order to sample adequately.

Spaceborne SAR systems acquire backscatter data i#cyvever, the high sampling rate constrains the achievable

side-looking geometry in order to avoid ambiguous sign&fVath width. o ,
overlap in range. The electromagnetic energy is directad vi Conventional SAR systems with high gain antennas suffer

the transmit beam to the Earth surface. Typically the 3dE°M another trade-off. This trade-off exists between the
extent of the footprint in elevation, or range, defines tHR!IS€ duratiorr, and the elevation half-power beamwidth on
swath width X (see Fig. 1). The sensor moves in azimutfEceive. With long pulses the sensitivity of a SAR system can

direction and successively transmits radar pulses. Tresar r € Increased, allowing to relax the requirements on costly
pulses are scattered at the Earth surface and the echo migndprdware components, like high power amplifiers (HPA).
reflected back to the sensor, where it is received and cothgrehOWeVer, the Rx beam requires a width proportional to pulse
recorded. projected on ground (see Fig. 1). If this condition is vietit

A SAR imaging mode, where a receive beam moves Ovté}at is for very narrow Rx beams compared to the pulse length,
the swath in accordance with the direction of reflection gL;lsir'ﬂOG(_:t_raI parts are lost qulvmg a degraded range resolut
analog beam-steering, was first suggested in [11] for aryarfadditionally, the loss of signal energy results in a reduced
of linear feeds and further developed in [12]—[14] with tht§AR |mageISNR. Qne option to m|t|rg1g_athe this effe::]t Is to usle
innovation of digital receiver hardware. This operatioinpr & Proader low gain Rx pattern, which covers the complete
ciple, today known as Scan-On-Receive (SCORE), offers tHBISPT _p_rOJected on ground. The drawback is again a loss of
opportunity to map very wide swaths. This SCORE principSNsItvity-

I11. M ULTI-CHANNEL REFLECTORSAR SYSTEMS

reflector f%ght The motivation of multi-channel SAR systems is to over-

come these afore mentioned restrictions. However, this is

not the only reason to deal with multi-channel systems. One

could argue, a single-channel system can map an area several

scan direction times, each covering a different Doppler sub-band, with a

low PRF in order to cover a large swath. These multiple

acquisitions could then be combined to a single high azimuth

o resolution image. Evidently, this acquisition concept isne

‘ swath width X" | to temporal decorrelation, especially in vegetated arews a
moreover it is time consuming. A far more powerful and

Fig. 1. Reflectc_)r system operation with Tx beam iIIum_inatthg SW?.th gnd flexible way to collect SAR data is to use a multi-channel

Egtfi?rgofﬁggngeﬂ}:e%”':Iee&gr%?”"d' The Rx beam is steeyetttiating system, realized on a single platform or via multiple platio
transmitters and receivers. Here, the techmnnelrefers to

has been extended to analog reflector SAR systems by [Idifjital signal channels, available as individual dataastrs,

dedicated to the improvement of the performances of SARBr a digital signal processor. In contrast to conventid®aR

systems in terms of 'edge losses’ and 'range ambiguiti@s’. $ystems, arbitrarily many beams can be realized at a single

the frame of ultra-wide-swath imaging a reflector SAR system

employing a digital feed array is presented for the first time

[4] and further investigated in [7], [16]. The SCORE opeyati reflgf:tor

principle of reflector-based SAR systems with linear digita S~

feed arrays is sketched in Fig. 1. The waveform is transchitte

with all feed elements active simultaneously, indicatedhsy

yellow pattern. The coverable region on ground depends on

the reflector geometry and the size of the feed array. Afteri(k, U, ¢) az(k, 9, ) an(k,V,p)

deflection by the reflector the pulse impinges the ground and

moves from the near to the far end of the swath. The signal O O O

returning from the ground is again scattered by the reflector v A ‘v A V A

and successively collected by different parts of the feealyar AT R Qo

indicated by the red feed elements. D D I
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Digital Beamforming |
|
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A. Limitations

Analog pulsed SAR systems, specifically single-channel
systems, are inherently restricted with respect to theagimg )
capability. With these systems it is not possible to achigve[ % 2 Hardware concept of a mult-channel reflector SAResys The AID-
large swath widthX and a high azimuth resolution at the
same time [17]. A high resolution requires a broad azimutime instance, as sketched in Fig. 2. The key idea of digital




beamforming systems is to move the A/D converter closer )
the RF frontend. The individual digital channel signals can

then either be downlinked to a ground station or directly-pro
cessed on board the satellite in the digital beamforming, ur
as indicated in Fig. 2. Physically a channel is charactdrige
its spatial and temporal behavior. Each channel is assatiat

with an individual pattern functioni(k,ﬁ, 90) ~ Ei(k,ﬁ, (p)l_ Fig. 3. Time-wavenumber domain beamforming: (a) SAR ravadat two

] : . oint targets in SAR coordinates azimugtand range. (b) Fourier transform
The patternsz; can be Convemently represented with the S&ith respect to azimuth coordinate. (c) Raw data after stiroe Fourier

calledarray manifold transform of range dimension allowing a full separationrafividual targets.

T
a(k, 19, gO) = |:a1(k;a 19) (10) o G/N(k', 197 (p):| y (1)

of the ith raw data channel;(y,t) exemplarily for two
whereN represents the total number of digital channels. Basgdint targets to the azimuth wavenumber domaik,, t)

upon the received signals (Doppler frequency domain). Here, the targets appear edign
T with respect to the wavenumbers. As can be seen in 3b the
u= [“1 ug e “N} : (2) individual target signals still overlap in the temporal daim

This means in the overlap domain beamforming cannot be
applied, since the DBF coefficients can either match to the
u=As+v, (3) direction of point target one or to the direction of pointgir
- ) _ two. A straight forward solution is to expand the temporal
can be formulated Here,v represgnts additive white Gaussiaigmain to the time-frequency domain for instance by a short-
noise. The array response matrix time Fourier transform. This can be done if for instancedine
_ o frequency modulated signals, so called chirps, are useeh Th
A= [a(k’ﬂl’%) a(k’ﬂNd’g)Nd)} ) the individual targets can be discriminated, as indicated i
collectsN, complex array manifold vectoes each associated Fig. 3¢, and beamforming techniques can be applied. The
with a certain direction(d, ¢). For instance, the direction
(91, 1) could be associated with the signal of interest, while
the Ny — 1 other directions represent ambiguities or gener-
ally spatial interference to be suppressed. The correspgnd
signals are combined in the vector

a signal model according to

-
S= [Sl(kaﬂvaOl) SNd(k’ﬂNd’SDNd)} ) )
where[.]T symbolizes transpose.

A. Digital Beamforming in 3-D Time-Wavenumber Space

The SAR data are collected in so called radar coordinates
(y,t), wheret is the temporal variable ang represents the
sensor position in azimuth. The azimuth dimension is gener-
ated by moving the SAR platform on an essentially arbitrafyg. 4. Digital Beamforming operation, where correspogdéamples from
but known trajectory. Spaceborne SAR systems acquire drata%. t;]me""’a"e”“mber spaddy, ¢, k) are combined by means of complex
orbiting the Earth on a trajectory, which can be assumed to be’ i

locally linear. From the beamforming perspective the qoest heamforming procedure is then simply a linear combination

the case, since targets spatially displaced in azimutlctitire

will respond with different wavenumbers for a single azimut upsr = W' (k, 9, o)u(ky, t,k) . (6)

position of the SAR sensor. This means, the SAR data neeq_}&e’ the unique relationship for sidelooking SAR systems g

be transformed into the azimuth wavenumber domain befodﬁwetries between radar coordinatés, ¢, k) and wavenumber
beamforming. Figures 3a and b show the transformation s ace(k, o, 9) is exploited. It is important to mention that in

lin the context of digital beamforming these patterns shefiresent so this context the direction Of_ the signal and the ambiguitses
called embeddedpatterns, incorporating effects from coupling. Moreoverassumed to be known a priori.
these patterns represent the patterns after deflectioreateftector, not the
feed element patterns. IV. DIGITAL BEAMFORMING TECHNIQUES

2In reality the right side of equation (3) is an integral exgsien. However, . . . . .
for the derivation of the DBF concepts it is sufficient to ddes point target 1 1€ core operation in the DBF unit is the combination of

responses. the individual received signals; according to equation (6)




yielding the beamformer outpuipgr. Finding meaningful
weightsw is a research field on its own, known as pattern
synthesis problem. In this context two beamforming coreept
shall be considered, which can be derived from a power
expression (inserting equation (3) into equation (6)) c# th
beamformer output according to

Popr = E{|uppr|?} (7) azimuth elevation
= [W'As? +w'e{wHiw* | (8)

with £{.} denoting expectation valu¢,}* conjugate complex

and {.}" conjugate complex transpose. Here, statistically

independent signal and noise contributions are assumesl. Th

expression€{w"} is known as noise channel covariance reflector
matrix Ry, which might be estimated from samples of the data

stream. Then an optimization problem

i T Fig. 5. 2-D feed array concept, where the beamforming inatien is
minimize w’ RW" (9) performed on board the spacecraft. The individual azimuihnpels are
subjectto WA =c¢ (10) downlinked for further processing on ground.

can be formulated, which has the analytic solution
o1 Hioe 1 s 1 as a proper weighting of the signals, has to be implemented.

W =ROAATR A TE (11) The concepts for beamforming in elevation and azimuth shall

The vectorc is a so called constraint vector, which may b&e outlined in the next sections.

chosen almost arbitrarily, depending on the applicatibonke - L .

recalls the above exampleyould have a '1’ associated to theA' Digital Beamforming in Elevatlor_1 _

direction of interest, and zeros in the directions to be danp  For pulsed radar systems ﬂl? time interval between two

In the literature this solution is known asnear Constraint succeeding pulses BRI = PRF . Consequently, all digital

Minimum VariancgLCMV) beamformer [18]. A special caseSignal processing in elevation takes place in a time smaller

of this beamformer is théinimum Variance Distortionless than this interval, which is in the order of several hundred

Respons€MVDR) beamformer, that is obtained favy = 1, microseconds for spaceborne SAR systems. Even for simple

giving beamforming algorithms the computational power required
. may exceed those of software based processors. Therefore,
«_CcR/a ignal ing strategi ired which incotpahe
W = L= (12) signal processing strategies are required which incote
a'R,"a concepts derived in the previous sections, but offer enough

This means the array response mattixeduces to a Sing|e SlmpIICIty to be realized on hardware Signal proceSSOI’Slémp
array manifold vector. Therefore, MVDR beamforming canmented on FPGAs or ASICs.

be understood as a spatial matched filter and as such opsimizeF0r clarity reasons, in the following derivations the azimu
the gain or equivalently the signal-to-noise ratio (SNR}Ha variabley as well as the azimuth channel index variapkhall
respective direction of interest. be dropped. Formally, the beamforming operation in elevati

can be stated as
V. DIGITAL BEAMFORMING FOR SPACEBORNESAR

SENSORS Uz (1) = / u'(t —tHh(t,t")dt" . (13)
The digital beamforming concept introduced in the above !

sections represents a framework applicable to SAR imagiﬁr is integral repr_esents_ a time-variant _convolutlo_n of the
?_ R raw data with a time-dependent filter function. The
i

with multichannel systems in general. However, such an & ant fil ¢ h Ld itiortraf
proach is computationally highly inefficient and involvase me-variant filter performs the spectral decompositiort

amounts of SAR data to be transferred from the spacecraftr?&e'vgd signal, which is basically time mvgnaqt, ‘?‘”d eI
ground. A practical approach to this problem is to separate twelghtlng of the spectral parts. The weighting is time-gmt]

digital beamforming in elevation and azimuth. Figure 5 ssov?ince ttr:e bgzarr? follows thef pulse on groundr.] be imol
a 2-D feed array where the individual elements in elevation O" Poard the spacecraft equation (13) has to be imple-

form a single azimuth channel,,; to be downlinked. The mented by means of digitdfinite impulse respons¢FiR)

beamforming in azimuth can then be performed on grouriglte’s: Then the time discrete ( n) beamformer output

Here, the data rate drops by a factor proportional to the rumtl°" the jth azimuth channel writes

of feed elements in elevation. This means on board the space- Neoet —1

craft a digital hardware for the combination of the indivédu Uaz(N) = Z u'(n—n')h(n,n') , (14)
channels, which performs the spectral discrimination a we n'=0



with the time-variant digital filter

M—-1

h(n,n’) = Z w(n, m)h(n’,m) , (15)

m=0

where M is the total number of sub-bands. This filter concept
can be understood as multi-rate filtering approach, wheze th
chirp signal is decomposed into several sub-chirps. Conse-
quently,i(n/, m) represents a bandpass filter for théh sub-
band andV...¢ is the number of filter coefficients. Clearly, the
variablem is associated with the wavenumberk = 2z f/c.

This is especially important for reflector SAR systems, ®hetig 6. Lcmv principle applied in the wavenumber domain. TIEMV beam

the antenna patterns can vary over the frequency bandisofomputed such that the signal of interest, indicated &eiy is amplified,
interest. while ambiguous wavenumbers, marked in red, are damped.

B. Digital Beamforming in Azimuth Figure 6 shows an example of an LCMV beam in the direction
As mentioned in the beginning the purpose of digitaﬂf the signal (green). The so called azimuth ambiguities,

beamforming in azimuth is to resolve the conflict betwegharked by red lines, are suppressed.

wide swaths and high azimuth resolution. One possibility With this Uppr represents the final SAR raw data set

to overcome this restriction is to transmit a signal using ter digital beamforming. The beamforming techniques ap-

broad beam and to collect the scattered signal with multipf§€d shall guarantee a high sensitivity and a good ambyguit

receivers. The individual signals are then processed ierorgUPPression. This raw data set can then be processed by

to reconstruct the high-resolution image. A simple way tgonventional SAR focusing routines.

implement such a system using a reflector antenna is to extend V1. NUMERICAL SIMULATIONS

the digital feed array in the azimuth dimension [4], [5] @S |, thig section numerical simulation examples of the above

sketched ir.1 Fig..5.. ) ) ) digital beamforming concepts shall be provided. For this a
Concerning digital signal processing strategies, ext@nSigfiacior antenna with a diameter of 15m, fed by an array

work has been carried out to investigate this problem in thenhrising 36 elevation channels and three azimuth channel

context of planar array SAR systems [19]. In contrast 1@ 5ssymed. The SAR antenna is designed to map a 350 km
reflector SAR systems with digital feed arrays, a pecufiaft ¢ 5th in a orbit of 745 km.

planar array DBF systems lies in the fact that, depending on
the PRF, the synthetic aperture is sampled non-uniformly.

This is due to the fact, that the phase centers in azimuth o ] op
are displaced, depending on the total antenna length and the = 1 L ] g
number of azimuth channels. Based on a generalization of the® ™
sampling theorem [20], a concept was developed in order to: :lé

[

|0welr) |, dB
S s
—
S
>

form the output of a multi-azimuth-channel planar array SAR Z -30[\\ /\\1/ \V \ /"\
SyStem [19] 05 5.85 5.90 5.95 6.00 6.05: 0 -5 0 5
The azimuth processing principle, introduced here, foflow foms slant range.m

the schematic presented in Fig. 3. The basic operation is to @) (b)

transform thejth azimuth channelk,, ; into the wavenumber

domain. Dropping the elevation variableandk, the azimuth ‘; ] *F /\

wavenumber signal writes I I /\{ \/\ ]

o < -15f ] 5 20f
Uush) = [ wase gy, @) Fx N NN
S b I L]
wherev,, denotes the satellite velocity in azimuth. It is impor- AR 7 antmngem
tant to mention, that/,, ; is a bandpass signal. Consequently, (©) (d)

the indiVidua.l azimuth signals need to be.reCO_nStrUCted ﬁ@. 7. Elevation simulation: (a) SAR raw signal without Flitering
a common finely sampled wavenumber grid prior to bearaad simple on/off switching of elevation channels. (b) @sponding range
formina. Th n in th zimuth or ina i pressed SAR signal. (c) SAR raw signal after MVDR beamiiog
° .g . € seco d st.e.p the a uth processing is tﬁgzg a FIR filter withA/ = 18 sub bands and 61 filter coefficients. (d)
combination of the individual channel spectth,,(k,) bY  Corresponding range compressed SAR signal.

means of weights according to

- The first example is an elevation simulation of a point target
Upgr (ky) = W, (ky)Uaz(ky) - (17) at swath center. Here, at any time instance three elevation



channels are active simultaneously. In Fig. 7a the normdlizrequirements a generalized framework for digital beamfogm

point target signal output in time domain of the central asim with SAR systems has been introduced with the goal of high
channel after digital beamforming in elevation is shownisThsensitivity and ambiguity suppression. For spaceborne SAR
simulation would represent a conventional case, where sgstems two DBF concepts, in elevation and azimuth, have
sophisticated frequency adaptive DBF techniques have bdwmren discussed. This new generation of future SAR systems

applied. The beam is steered to the pulse center, where lwhgs the potential to outperform current state-of-theyastesns
sets of three elevation elements, depending on the sigsgnificantly.

direction, are activated. As can be observed this results in
discontinuities in the signal envelope. Correspondingig,.

7b shows the range compressed SAR signal. In the lower roEllv]
simulation of Fig. 7, MVDR beamforming using FIR filters
with M = 18 sub bands and 61 coefficients has been used.
With this concept it is possible to recover the signal almost
undistorted with a 2.7 dB improvefINR.

[2]
i = (3]
AN EN A
= TR DN AN N [ "
% /‘NNYV\\ \\A 10 AYE |
AR [AVAA HANY) NNA
k,1/m f,kHz
(@ (b) (5]
0: ] 0: [6]
-100E | J - l | E -100E -
¥, km v, km g
© (d) )

Fig. 8. Azimuth simulation: (a) Azimuth transmit gain patt¢red curve) and
receive patterns versus azimuth wavenunfggr(b) Example of DBF patterns
at zero Doppler frequency, and a PRF of 1.5 kHz. (c) SAR impulse response
using on/off switching ('unity’) and (d) LCMV beamforming. [10]

In a second example digital beamforming in azimuth shall
be demonstrated. Figure 8a shows an azimuth cut of the
transmit gain pattern (red curve) and the three patteriig]
corresponding to the three azimuth channels available for
beamforming on receive. In Fig. 8b an example of patterps,
after beamforming, pointing at zero Doppler frequency for
a PRF of 1.5kHz is shown. The red lines mark the first!4
left and right azimuth ambiguities. Figures 8c and 8d sh
the azimuth compressed point target signals using the eimpl
on/off switching technique ('unity’) and LCMV beamforming [16]
respectively. Evaluating the azimuth ambiguity suppi@Essi
one has -17.8dB with simple on/off switching and -36.6dB
with LCMV beamforming. Additionally, the on/off techniquel17]
suffers from aSNR loss in the order of 0.75dB compared
to LCMV beamforming, since LCMV beamforming uses the
power of the three channels more efficiently. (18]

El

VII. CONCLUSION [19]

This paper introduces the innovative concept of array-fed
reflector SAR systems. In order to meet future performance
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