


wheref is the Doppler frequency after sampling with the
pulse repetition frequency (PRF);P is the received signal
power according to the radar range equation;A(fk, vy) is
the two-way azimuth antenna pattern weighting expressed
as a function of the Doppler frequencyfk and therefore
also dependent on the target radial velocity componentvy;
v the inertial platform velocity anddn is the spacing be-
tween the azimuth channels. Due to the PRF, aliasing may
occur and multiple signal contributions may be found in
one Doppler bin. k is the index describing the contri-
butions from the different PRF bands.f0 is the Nyquist
band Doppler frequencyf0 ∈ [−PRF/2, PRF/2], and
fk = f ± kPRF , k = 1, 2, . . . ,K are the azimuth am-
biguous signal contributions. The azimuth ambiguities dif-
fer from the Nyquist band signal contributions by the an-
tenna pattern weightingA(fk, vy) and show a characteris-
tic phase offset∆φk = kπdnPRF/v.

The clutter of all relevant PRF bands may be suppressed
and the signal components of the various PRF bands may
be extracted by Doppler dependent optimal processor fil-
tering. The SINR of the signal contribution in PRF bandk
from a target with radial velocityvy after Doppler depen-
dent optimal processor filtering becomes:

SINR(fk, vy) = γ
−→
S †(fk, vy)R−1(f)

−→
S (fk, vy), (2)

whereγ is a normalization constant;† means complex con-
jugate transposed andR−1 is the inverse of the clutter plus
noise covariance matrixR with

R(f) = Pc

K
∑

k=−K

S(fk)S†(fk) + N(f). (3)

A critical parameter in the design of an operation mode
for space-based GMTI is the PRF, because the PRF deter-
mines the range and azimuth ambiguities, i.e. the maxi-
mum unambiguous swath width and the maximum unam-
biguous azimuth integration time. With respect to GMTI
it furthermore determines the blind velocity intervals. Es-
pecially at low PRF values and/or wide azimuth antenna
beams the width of the target spectrum of interest may ex-
ceed the Nyquist bandwidth. In this case the multi-channel
processing may be used not only in order to suppress the
clutter but also to extract the signals from the different PRF
bands and rearrange them such that the wide azimuth spec-
trum can be reconstructed (similarly to the idea of HRWS
SAR imaging [7]).

In figure 2 the SINR after SAR compression of the−6dB
Doppler bandwidth signal is shown for the example radar
system and a target with radar cross sectionRCSt = 0 dB
interfering with clutter ofRCSc = 10 dB, when the an-
tenna array is split into2 and7 channels. As can be seen,
for PRF values below the DPCA condition (PRFDPCA ≈
3.5 kHz) the7 channel system outperforms the2 channel
system.

Figure 2: SINR after SAR compression versus target ra-
dial velocity componentvy and PRF (RCSt = 0 dB,
RCSc = 10 dB).

3 Wide Azimuth Antenna Beam

If an antenna array is split into multiple receive channels in
azimuth, the azimuth receive antenna beam of each chan-
nel becomes wide. Therefore, an increased azimuth inte-
gration time would be possible, if also the transmit antenna
beam was wide. For HRWS-SAR imaging a long azimuth
integration time is attractive, because it allows to process a
high Doppler bandwidth and achieve a good azimuth res-
olution in the final SAR image [8]. With respect to GMTI
an increased azimuth integration time may be useful in or-
der to e.g. increase the sensitivity of the system to tar-
get along-track velocities or to reduce the average clutter
power per resolution cell by reduction of the resolution cell
size. However, the benefit of an increased target illumina-
tion time has to be traded against the drawback of imaging
clutter azimuth ambiguities, which have to be suppressed
in the multi-channel processing.

While a wider transmit antenna beam could be achieved
simply by switching off parts of the antenna on transmit,
this is not attractive from the signal to noise ratio (SNR)
point of view. Two techniques for widening up the trans-
mit antenna beam while using all transmit/receive mod-
ules are F-Split [9] and Phase-Spoiling. While in the stan-
dard mode the full pulse bandwidth is transmitted from the
whole antenna, in the F-Split mode the pulse is split into
subbands in pulse frequency and the subbands are trans-
mitted via different parts of the antenna in azimuth. On re-
ceive all channels receive the full pulse bandwidth. In the
processing the SAR compressed signals of all pulse sub-
bands may be combined coherently again. Another tech-
nique for widening up the transmit azimuth antenna pattern
is phase-spoiling. Phase-spoiling widens up the transmit
antenna main beam by application of random phase coeffi-
cients to the transmit antenna subelements instead of a uni-
form tapering. In figure 3 three different transmit antenna
beam modes are sketched. The uniform transmit antenna
tapering yields a narrow transmit antenna beam and a nar-
row two-way antenna beam (see figure 1), while F-Split
with three sub-bands as well as Phase Spoiling widen up
the transmit antenna beam.
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Figure 3: Transmit antenna patterns of different operation
modes.

Figure 4: Antenna patterns of different operation modes
versus azimuth angle (dashed blue: transmit pattern, dot-
ted green: receive pattern, solid red: two-way pattern).

The antenna pattern weightings in case of the F-Split mode
and one example Phase Spoiling mode are shown in fig-
ure 4. The F-Split mode with3 sub-bands achieves a
−6dB Doppler bandwidth of about5.9 kHz. For the Phase
Spoiling mode a Doppler bandwidth of about7.5 kHz is
processed. In the case of Phase Spoiling the main beam
shows some ripple.
In figure 5 the signal power is plotted versus Doppler fre-
quency for four different operation modes: In solid black
the signal power for the uniform transmit tapering and2
channels on receive. After SAR compression of the−6dB
Doppler bands all modes achieve anSNR ≈ 30 dB ex-
cept for the F-Split mode. Since here only one sub-band
is considered in the F-Split mode there is a loss of about
5dB. By combining the3 sub-bands this could however
be improved again.

Figure 5: SNR versus Doppler and processed Doppler
bandwidths. Solid black: uniform transmit tapering,2
channels on receive. Dotted green: uniform transmit ta-
pering,7 channels on receive. Dashed red: F-Split with3
sub-bands. Dashed and dotted blue: Phase Spoiling.

In figure 6 the SINR after SAR compression of the men-
tioned Doppler bandwidths is shown for the F-Split opera-
tion mode with3 subbands (only one sub-band considered
here) and the Phase spoiling mode. Comparing the dia-
grams with figure 2 yields that the system performs sim-

ilar to the 7 channel system with uiform transmit taper-
ing around some discrete PRF values (PRF ≈ 3 kHz,
PRF ≈ 2.4 kHz, PRF ≈ 2.05 kHz), but degrades for
the other PRF values, and that the more, the lower the PRF
is. In the diagram for the F-Split mode additionally the al-
ready mentioned loss in SNR due to the use of only one
sub-band here can be observed.

Figure 6: SINR after SAR integration (RCSt = 0 dB,
RCSc = 10 dB).

The use of low PRF values is attractive in terms of swath
width. This can be understood from the timing diagram
shown in figure 7 on the left. In blue the ground ranges as
a function of the PRF are indicated which cannot be im-
aged by the radar. The white spaces indicating observable
swathes are larger for low PRF values. If also elevation
channels are provided such that SCORE [10] can be ap-
plied, multiple swathes can be imaged at the same time.
This yields further increase of the overall observed swath
width. An example operation mode which images three
swathes displaced in ground range at a time with PRF val-
ues which are beneficial for GMTI is indicated with yellow
bars.

Figure 7: Timing diagram with3 possible subswathes.
(White: observable ground ranges. Blue: blind ranges.
Yellow: possible swathes.)

4 Along-Track Velocity Estimation

With SAR systems the moving target along-track veloc-
ity componentvx,t is usually estimated by application of a
matched filter bank in the azimuth compression step. If the
moving target signalst(t) is

st(t) = A(t)exp

{

−j4π
√

(v − vx,t)2t2 + y2

0

}

(4)

the point spread function (PSF)spsf,i(t) after SAR com-
pression with a matched filter signalsi(t) with along-track
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velocity componentvx,i is

spsf,i(t) = st(t) ? si(t), (5)

si(t) = A(t)exp

{

−j4π
√

(v − vx,i)2t2 + y2

0

}

. (6)

The along-track velocity estimatêv is for the matched fil-
ter signal which achieves the maximum PSF value due to
the best azimuth compression.
In figure 8 the output PSF of a matched filter bank for
estimating the moving target along-track velocity compo-
nent is shown for the different operation modes. On the
x-axis the azimuth positionx is shown, on the y-axis the
matched filter bank along-track velocityvx,i. In case that
the matched filter bank along-track velocity matches the
target along-track velocity the PSF becomes well focused
versus azimuth. For the cases shown here the target along-
track velocity isvx,t = 0 m/s. Due to the high plat-
form velocity of space-based radar systems the sensitivity
for estimating the target along-track velocity component is
rather low. For the operation modes with the narrow trans-
mit antenna beam the matched filter bank output is pretty
much the same independently of whether the system pro-
vides2 or 7 channels. The sensitivity for the along-track
velocity component can be improved by use of F-Split. It
improves the more, the wider the azimuth antenna beam
is, i.e. the more subbands are used. In case of the Phase
Spoiling the matched filter bank output is slightly spoiled
due to the ripple in the azimuth pattern.

Figure 8: Matched filter bank output PSFs.

5 Summary

Next generation HRWS-SAR satellites will have an in-
creased number of azimuth channels combined with tech-
niques for widening up the transmit antenna beam in or-
der to increase the target integration time and therefore the
azimuth resolution in the SAR imaging. GMTI applica-
tions will benefit from this e.g. with an increased sensi-

tivity for the target along-track velocity component esti-
mation. However, clutter azimuth ambiguities may impact
the GMTI capability. PRF and number of channels have to
be chosen carefully.
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