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HIGH-RESOLUTION SYNTHETIC
APERTURE RADAR DEVICE AND ANTENNA
FOR ONE SUCH RADAR

CROSS-REFERENCE TO RELATED
APPLICATIONS

The instant application is a U.S. National Stage of Interna-
tional Application No. PCT/DE2006/002279 filed Dec. 20,
2006, and claims priority of German Patent Application No.
10 2005 062 031.0 filed Dec. 22, 2005. The disclosure of
International Application No. PCT/DE2006/002279 is
expressly incorporated by reference herein in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to a high-resolution synthetic aper-
ture radar device and an antenna for a high-resolution syn-
thetic aperture radar device.

2. Discussion of Background Information

In synthetic aperture radar (SAR), an object, such as, for
example, the earth’s surface, is scanned by a short moving
antenna, via which pulse signals, i.e., pulses are emitted at a
defined time interval and the echo signals, i.e., the pulse
signals reflected by scanned objects, are received. The direc-
tion of movement of the short antenna is also referred to as
azimuth or along track. An image of the scanned object is
calculated for each area illuminated and scanned by the
antenna by an SAR processor through corresponding data
processing ofthe echo signals. For example, SAR systems are
used for measuring and imaging the earth’s surface by satel-
lites.

In SAR the important parameters are the azimuth resolu-
tion, the swath width of the scan and the geometric resolution
in the range. The decisive factor for the geometric resolution
is the bandwidth of the emitted pulse signals. The pulse rep-
etition frequency (PRF) determines the scanning rate. With
conventional SAR systems, the smallest azimuth resolution
(along track) and the largest swath width (across track) that
can be achieved at the same time are coupled to one another in
that a high PRF is necessary for a high azimuth resolution, but
a low PRF is necessary for a large swath width. In other
words, with conventional SAR a high azimuth resolution
determines a small swath width.

This conflict can be resolved by a so-called high-resolution
wide-swath (HRWS) SAR, such as is known, for example,
from EP 1 241 487 Al. The HRWS SAR is operated with
additional receive (RX) antennas or receive apertures, i.e.,
several, in particular three, azimuth apertures, which makes it
possible to reduce the PRF without reducing the azimuth
resolution. Furthermore, the instrument is operated bistati-
cally, i.e., with separate transmitting (TX) and receiving (RX)
antennas. The elevation, i.e., the measurement in the trans-
verse direction to the azimuth direction of the TX antenna is
reduced in order to illuminate a large swath width, and the
elevation of the RX antenna is correspondingly increased in
order to maintain the sensitivity of the instrument. Finally,
each azimuth aperture is divided into several sub-apertures in
orderto be able to scan a broad swath by digital beam forming
(DBF). However, one disadvantage of the HRWS SAR lies in
the large antennas, which in particular with satellite-based
SAR lead to heavy and thus expensive payloads.

SUMMARY OF EMBODIMENTS OF THE
INVENTION

According to embodiments of the present invention, a
high-resolution synthetic aperture radar device and an
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2

antenna for a high-resolution synthetic aperture device is
provided, which make it possible to scan the broadest pos-
sible swaths with high azimuth resolution with a much
smaller antenna area than with an HRWS SAR.

In embodiments, a high-resolution synthetic aperture radar
device includes at least one transmitting antenna for produc-
ing radar beams for scanning an object, and a receiving
antenna for receiving radar beams reflected by the object. The
receiving antenna has several sub-apertures arranged in
elevation, and the high-resolution synthetic aperture radar
device is embodied such that pulse signals are emitted at
irregular time intervals. In further embodiments, an antenna
for a high-resolution synthetic aperture device includes two
or more transmitting antennas, which are embodied for emit-
ting respectively one radar beam in the microwave range, and
a receiving antenna embodied for receiving reflected radar
beams in the microwave range, which in elevation has several
sub-apertures that form fewer than three azimuth aperture.
Preferred embodiments of the invention are shown by the
dependent claims.

One concept of embodiments of the invention lies is retain-
ing a high pulse repetition frequency or PRF as with conven-
tional SAR, but scanning an object in a parallel manner with
several radar pulses emitted sequentially. In order to reduce
the required antenna area compared to HRWS SAR, fewer
than three azimuth apertures are provided, for example, two
or preferably only one azimuth aperture. Since pulse signals
are emitted regularly via the radar beams, the scanning opera-
tions of received radar beams must be interrupted, which
results in data gaps in the scanning of an object, which lead to
black stripes in the subsequent SAR image. In order to avoid
data gaps of this kind, according to embodiments of the
invention the pulse signals of the radar beams are emitted at
irregular time intervals, so that data gaps do not always occur
at the same points during scanning, which would lead to a
complete loss of azimuth signals, but are dispersed from echo
to echo and lead to only local dropouts in the scans. Local
dropouts of this type can then be subsequently reconstructed
by a resampling method through reconstruction of the miss-
ing scanning values.

Embodiments of the invention have the advantage that
broad swaths with a high azimuth resolution can be imaged
with a smaller antenna surface than with the HRWS SAR. A
high-resolution synthetic aperture radar device according to
embodiments of the invention can thus be built to be smaller
and lighter overall than an HRWS SAR, through which the
costs of an SAR device according to embodiments of the
invention are reduced, in particular the transport costs, for
example, into space.

The embodiments of invention now relate according to one
embodiment to a high-resolution synthetic aperture radar
device comprising at least one transmitting antenna for pro-
ducing radar beams for scanning an object, a receiving
antenna for receiving radar beams reflected by the object,
wherein the receiving antenna has several sub-apertures
arranged along an elevation, and wherein the high-resolution
synthetic aperture radar device is embodied such that pulse
signals are emitted at irregular time intervals.

An SAR device here means any SAR platform, in particu-
lar an SAR satellite.

Furthermore, the high-resolution synthetic aperture SAR
radar device can be embodied such that the sub-apertures
form fewer azimuth apertures than in the case of an HRWS
SAR.

In order to fill data gaps in the scanning of an object, the
high-resolution synthetic aperture radar device can further-
more be embodied such that a resampling method is used for
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a processing of received radar echoes in the azimuth. The
already mentioned local dropouts in the scans of the received
radar beams and echo pulse signals contained therein can be
subsequently reconstructed through the resampling method.

The high-resolution synthetic aperture radar device can
furthermore be embodied such that a transmitting antenna is
operated in the frequency multiplex.

In order to achieve a high signal-to-noise ratio, transmis-
sion should be carried out at the highest possible power. In
order to reduce the peak power values necessary for a PRF, the
high-resolution synthetic aperture radar device can further-
more be embodied such that at least two transmitting antennas
are operated simultaneously in the frequency multiplex.
Through this, the multiple of the transmission energy can be
used compared to transmitting without a frequency multiplex
within a stipulated pulse signal duration or pulse duration.

Since several radar pulses are emitted via the transmitting
antennas at short time intervals, several reflected radar echoes
are also received at the same time by the receiving antenna. In
order to avoid superpositions of the received radar echoes
from different transmission pulses and thus errors (so-called
range ambiguities) in the subsequent SAR image, the high-
resolution synthetic aperture radar device can furthermore be
embodied to provide one receiving channel respectively for
each of the radar echoes by digital beam forming.

In particular, it can be embodied to strictly separate a
received radar echo from adjacent received radar echoes, in
that the signals of the sub-apertures in the digital domain are
provided with time-dependent complex weighting factors. In
particular with a high PRF and thus a small pulse repetition
interval and echo centers lying close to one another on the
scanned object, a weighting of this type of the individual
signals of the sub-apertures of the receiving antenna proves to
be an efficient method of separating adjacent radar echoes.

In particular, it can be embodied such that the time-depen-
dent complex weighting factors are embodied such that an
antenna diagram in the directions obtains a zero.

In a further development, the high-resolution synthetic
aperture radar device can furthermore be embodied so as to
carry out a space-time adaptive processing of the signals of
the sub-apertures. A weighting in the space-time range of the
signals of the sub-apertures thereby occurs, through which an
even more precise separation of adjacent radar echoes can be
achieved.

In order to reduce the data traffic to a central SAR processor
as much as possible, the high-resolution synthetic aperture
radar device can furthermore be embodied to compress the
data obtained from the received radar echoes before transmis-
sion to a ground station. The compression can occur, for
example, by removing data that are superfluous, because they
are redundant from a scan of the received reflected radar
beams.

In a preferred embodiment, the high-resolution synthetic
aperture radar device has for each transmitting antenna
respectively one transmission module and front end for gen-
erating a radar pulse. Radar pulses can thus be emitted inde-
pendently of one another, which makes it possible to achieve
a high flexibility in the use of the device.

In particular, the transmission modules and front ends can
be embodied so as to emit transmitting chirps coherently and
simultaneously, wherein each transmission module and front
end is embodied to respectively emit in a different frequency
range. A high transmission energy can thus be achieved with
a high PRF, which is necessary for a high signal-to-noise
ratio.

Inorderto be able to separate again the radar pulses emitted
in different frequency ranges, the high-resolution synthetic
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4

aperture radar device can have digital frequency filters that
are provided in order to separate in terms of frequency the
data streams produced from radar beams received.

Another embodiment of the invention relates to a high-
resolution synthetic aperture radar device comprising at least
two transmitting antennas for generating radar beams for
scanning an object, wherein the at least two transmitting
antennas are operated simultaneously in the frequency mul-
tiplex.

Another embodiment of the invention relates to an antenna
for a high-resolution synthetic aperture radar device in par-
ticular according to one of the preceding claims, comprising
two or more transmitting antennas, which are arranged in
elevation next to one another and are embodied for emitting
respectively one radar beam in the microwave range, a receiv-
ing antenna embodied for receiving reflected radar beams in
the microwave range, which in elevation is arranged next to
the transmitting antennas and in elevation has several sub-
apertures that form fewer than three azimuth apertures.

The antenna can furthermore be embodied such that the
two or more transmitting antennas in elevation are arranged
next to one another.

The antenna can furthermore be embodied such that the
receiving antenna in elevation is arranged next to the two or
more transmitting antennas.

In a preferred embodiment of the antenna the sub-apertures
form exactly one azimuth aperture. A very compact antenna is
thus created, which nevertheless renders possible a high reso-
lution in the azimuth.

In order to cover the region illuminated by the transmitting
antennas and to adequately suppress quantization lobes for all
necessary scan angles, according to a preferred embodiment
of the antenna the height of each sub-aperture in elevation is
lower than the height of each transmitting antenna in eleva-
tion.

Further advantages and possible applications of the
embodiments of the present invention are shown by the fol-
lowing specification in connection with the exemplary
embodiments depicted in the drawings.

The terms and assigned reference numbers used in the list
of reference numbers attached at the end are used in the
specification, in the claims, in the abstract and in the draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings show:

FIG. 1 Three different exemplary embodiments of anten-
nas of SAR devices, wherein one antenna belongs to a con-
ventional monostatic SAR, one antenna belongs to a bistatic
HRWS SAR and one antenna belongs to an SAR device
according to the invention;

FIG. 2 The scanning of a broad swath of the earth’s surface
with an SAR, wherein echoes from several radar pulses are
received by the SAR simultaneously;

FIG. 3 The scanning of a broad swath of the earth’s surface
with an SAR, wherein three radar echoes are received by the
SAR simultaneously by three antenna lobes;

FIG. 4 Stored range lines of the three received and scanned
radar echoes of the constellation shown in FIG. 3;

FIG. 5 An exemplary embodiment of an SAR device
according to the invention with variable pulse repetition inter-
val (PRI) and a total of five antenna lobes; and

FIG. 6 Stored range lines of the five radar echoes received
and scanned via separate antenna lobes of the constellation
shown in FIG. 5.
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DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

Identical and/or functionally identical elements can be pro-
vided below with the same reference numbers. The absolute
values and measurement data given below are only exemplary
values and do not represent a restriction of the invention to
dimensions of this type.

An exemplary antenna of a conventional monstatic SAR
instrument is shown in FIG. 1 labeled as instrument (A). The
term “instrument” here means in particular an SAR device
such as, for example, implemented on an SAR satellite. The
instrument (A) of FIG. 1 is typically operated in the X band
with a bandwidth of the emitted pulse signals of approx.
150-200 MHz and an average transmitting power of 750 W.
The joint transmitting (TX) and receiving (RX) antenna has
dimensions of approx. 4 m in the azimuth direction (azimuth)
and a height (elevation) of approx. 0.59 m. The satellite with
the instrument (A) is located at an orbit height of approx. 500
km. The PRF is approx. 4200 to 5300 Hz, which corresponds
to a geometric resolution of approx. 2m. The duty cycle of the
emitted pulse sequence is approx. 20 to 30%.

It fundamentally applies for SAR systems that the size of
the transmitting antenna determines the range illuminated
with a radar pulse. The dimension in elevation (aperture
height) of the transmitting antenna is hereby inversely pro-
portionally to the final image strip width. The aperture height
of the transmitting antenna must therefore be reduced to
produce a larger image strip width. This is the case with the
antenna of an HRWS SAR explained below.

An exemplary antenna of an HRWS SAR is shown in FIG.
1 labeled as Instrument (B). The antenna is based on the
performance of the instrument (A) of FIG. 1 and in contrast to
instrument (A) has a TX antenna and a separate RX antenna,
that is formed as a whole by a plurality, in this case exactly 51,
“small” RX antennas, labeled RX1 through RX51. In order to
reduce the nominal PRF of instrument (A) by a factor of 3,
instrument (B) has three azimuth apertures according to three
azimuth panels, each of which is formed by 17 sub-apertures
according to 17 “small” RX antennas.

The TX antenna has an aperture height of only 0.21 m in
order to achieve a swath width of greater than 80 km at all
angles of incidence. The total aperture height of the RX
antenna is 1.66 m in order to achieve a sufficient RX antenna
gain in view of the small aperture height of the TX antenna.
Each of the “small” RX antennas RX1 through RX51 has
respectively a height 0of 0.098 m (sub-aperture height), which
is smaller than the aperture height of the TX antenna, in order
to cover the area illuminated by the TX antenna and to
adequately suppress the quantization lobes for all necessary
scan angles (<-13 dB). Instrument (B) is also operated with
an average transmitting power of approx. 750 W. The duty
cycle of the emitted pulse sequence is approx. an estimated
30%. The total antenna length is 12 m, that of each azimuth
panel is 4 m, through which an azimuth resolution of 2 m can
be achieved.

The signal received by each individual RX antenna RX1
through RX51 is fed to its own channel. Each channel has its
own separate input of a downstream digital signal processor
(not shown).

Finally, an antenna according to the invention labeled as
instrument (C) is also shown in FIG. 1, such as can be used
with an SAR device according to the invention, which emits
pulses at irregular time intervals. In contrast to instruments
(A) and (B), this antenna has three separate TX antennas,
labeled TX1 through TX3, which respectively have the same
dimensions as the TX antenna of instrument (B) and are
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6

arranged next to one another in the transverse direction to the
azimuth direction. The three TX antennas TX1 through TX3
generate respectively radar pulses for scanning in elevation.
As areceiving antenna, in contrast to instrument (B), only one
azimuth panel with 17 “small” RX antennas is provided,
which respectively have the same dimensions as the small RX
antennas of instrument (B). The geometric resolution of
instrument (C) corresponds to those of instruments (A) and
®).

The use of more than one azimuth aperture as with instru-
ment (B) of FIG. 1 serves to reduce the nominally required
PRF. The reduced PRF can be used to transmit longer pulses,
through which the maximum transmitting power (peak power
of the transmitter amplifier) can be reduced and/or the SNR
can be improved compared to an instrument (A). However,
with the present invention the primary objective is an enlarge-
ment of the swath width with unchanged SNR performance of
the instrument compared to (A) using only one azimuth aper-
ture.

FIG. 2 shows firstly in principle how the earth’s surface 12
is scanned with an SAR device 10. The SAR device 10 trans-
mits via an antenna 14 pulse signals or pulses in the form of a
radar beam 16, to be more exact in the form of an antenna
radiation lobe (antenna lobe) in the direction of the earth’s
surface 12. The radiation lobe has an aperture angle h,, which
together with the angle of incidence 1 of the radar beam 16 on
the earth’s surface 12 determines the swath width. Each emit-
ted pulse signal 18 has a pulse duration t,,, which determines
the range resolution Ar of the SAR and the partial swath width
in the slant range as follows:

(cisthe speed of light). With the angle of incidence n, this can
be converted to a partial swath width on the earth’s surface 12
as follows:

T,-C

2-sin(n)

The availability of several apertures in elevation and a
digital beam forming upon reception given with an SAR
device according to the invention permit the formation of
several antenna lobes, each of which is directed at one of the
partial swaths. When the respective main lobes have been
sufficiently well localized and side lobes or quantization
lobes have been sufficiently well suppressed, each antenna
lobe “sees” only “its” echo signal, as is shown in FIG. 3 based
on three antenna lobes 20, 22 and 24 directed to different
partial swaths. The echo signal of each antenna lobe is stored
as a separate so-called range line.

FIG. 4 shows the range line buffer of the instrument or of
the SAR device according to the invention. The range lines
received as echo signals by each of the three antenna lobes are
shown as lines in FIG. 4. They are plotted under one another
in the order they occur chronologically. In FIG. 4 therefore a
“fast time” runs from left to right and a “slow time” from top
to bottom. In FIG. 4 the range lines of three antenna lobes
“beam 1,” “beam 2” and “beam 3” are represented as shown
in FIG. 3. The three antenna lobes follow at the time interval
of'a pulse period (PRI: pulse repetition interval) the respec-
tively next pulse that enters the swath to be scanned and
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generate a range line for this swath. Inthe example shown, the
scanned swath width is in the slant range

C
Re=Ri=(3:-PRI-7;) 3.

wherein R, and R, respectively refer to the smallest and
largest slant range distance of the swath borders. The distance
R, is hereby selected such that when a pulse enters the swath,
the instrument can be switched over to receive:

R1=(n-PR1+Tp)-%.

The recording of a range line must be interrupted for a
duration of

AT=PRI-v,

after the start, since the transmission of a new pulse is then
started. This is shown in FIG. 4 by gates (see reference num-
ber 26). Before the range line can be completed, a second gate
occurs.

For the azimuth processing running in the “slow time”
direction, the gates are lost scanning points. The gates widen
further by half a pulse length on both sides, since each range
line still has to be compressed before the azimuth processing,
and lead to undesirable stripes in the subsequent SAR image.
For a pulse length of, for example, 50 s, they are at least
approx. 15 km in the slant range.

According to the invention, the pulse period PRI is now
varied to avoid the undesirable “black” stripes in the subse-
quent SAR image such that the pulse signals 18 of the radar
beams 16 are emitted at irregular time intervals. In this man-
ner the range line gates 26 do not all lie one under the other
and no azimuth gaps exist without any scanning values.
Although the azimuth gaps then represent a non-uniform
scanning of the azimuth signal, a uniformly scanned azimuth
signal can be reconstructed according to the generalized scan-
ning theorem, however.

This will now be explained on the basis of an example. A
sequence of pulse intervals is used in a so-called mode no. 6

PRI=10t,91,8%,77,67,10T.97, . . .
wherein

T=2t,,

applies, i.e., T corresponds to twice the pulse length 2. The
mode no. 6 above is not the only or the best possibility for
emitting pulses. A large number of other modes or possibili-
ties exist, all of which have their specific advantages.

In FIG. 5 an SAR device 10, such as, e.g., an SAR satellite,
now receives radio echoes simultaneously and coherently via
a corresponding receiving antenna with five antenna lobes
“beam 1” through “beam 5”. In FIG. 5 the slant range axis is
divided in accordance with mode no. 6, i.e., 6 stands there for
a radial distance of

66T —.

At the beginning of a PRI there is always the transmission
of a pulse. As soon as the pulse has entered the swath to be
imaged or scanned, to be more exact, as soon as the echoes,
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belonging to the pulse, of the foremost scattering centers of
the swath have been received, a SCORE (Scan On Receive)
beam follows the pulse and records a range line. The record-
ing is then interrupted when a new pulse is emitted. In the
example shown in FIG. 5 there are—as already mentioned—
five receiving antenna lobes and four interruptions of the
recording per range line. When a lobe becomes free, it follows
the next pulse entering the swath.

The associated data, which are stored, are shown as a range
line in FIG. 6. At the beginning and the end of each range line
there are again intervals that have no data, since the gates 26
lie precisely one under the other in the gaps. A time interval
extends in each range line between the “data-less” intervals,
which time interval covers a “fast time” of 39t and which
contains four gates without data. Each of these intervals cor-
responds to a recorded range line or to a recorded swath
width. For each azimuth gap of five potential samples, no
more than one is missing in the azimuth processing. This
means per 40t signal duration in the azimuth at least four
samples are always available for its reconstruction.

Now the azimuth processing will be explained in detail
below. A bandwidth-limited signal can also be reconstructed
with non-uniform scanning, as described in the article
“Unambiguous SAR Signal Reconstruction from Nonuni-
form Displaced Phase Center Sampling,” G. Krieger, N.
Gebert, A. Moreira, IEEE Geoscience and Remote Sensing
Letters, Vol. 1, no. 4, October 2004. This article describes an
investigation of a scanning in which M separate apertures,
uniformly moved and displaced with respect to one another in
the azimuth recorded a signal of bandwidth B with uniform
scanning rate

B
k=5

reduced by the factor M. The intervals of the apertures are
thereby theoretically not subject to virtually any restrictions;
above all different apertures may not be located at exactly the
same azimuth position at different scanning points in time. In
the event of signals degraded by a high noise level, the SNR
of the reconstructed signal drops to the extent that such a
“prohibited” situation of multiple scanning at the same point
is initiated.

Based on the above example, in the reconstruction of each
individual azimuth signal (each individual column of the
diagram in FIG. 6) respectively at least four antenna lobes
provide a sample. The four lobes as sample providers can be
compared to the individual apertures from the above article;
they each supply a sample with uniform period of40t, and are
thereby between 6t and 10t apart from one another. As long
as they have a spacing different from 0, a noise-free azimuth
signal can be perfectly reconstructed. However, in reality, it
should be ensured that these spacings do not become too
small in order to avoid a rising noise level with the recon-
structed signal. As a dimension value for the non-uniformity,
the largest time gap occurring here in the merged sampling
(19tin the example shown in FIG. 6) relative to the nominally
necessary (with uniform scanning) PRI, derived from the
azimuth bandwidth B
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can be used. Because M=4, the PRI of the equivalent uniform
scanning achieved after resampling is given in the following
example as

407
PRI = — =10r.
M

The PRI after resampling must not exceed the required
nominal PRI, i.e.,

20t,=10t=PRI=PRI,,

This is a condition for the maximum permissible pulse
duration T, in the present mode no. 6 of a non-uniform scan-
ning. Using the largest possible pulse duration, the value 1.9
results for the non-uniformity u because of PRI=PRI, and
1=PRI,/10. For shorter pulse durations, because T=PRI,/
10<PR1/10the valueu is correspondingly smaller and already
corresponds to an overscanning.

Based on the simulation results published in the above-
mentioned article, it is assumed here that a satisfactory SNR
can be achieved for u<2 with the reconstructed azimuth sig-
nal. For u=1 there would be non-uniform scanning with a
maximum scanning period, which would be close to the larg-
est possible PRI with uniform scanning.

Of course, mode no. 6 can vary. Different examples of
non-uniform scanning will now be evaluated comparatively
below. For this evaluation, the swath widths respectively
achievable for the examples and the peak power values
thereby required for transmission are estimated in each case.

A mode of a non-uniform scanning is characterized by the
K-dimensional integer vector v

V=V vy ... V]

The 5-dimensional vector

v=[10987 6]

corresponds, for example, to the mode no. 6.

M<K designates the minimum number of azimuth samples
that are available in the azimuth processing (in the example of
mode no. 6, M=4). Where

S= Vi

K
k=1

(with mode no. 6, S=40) the maximum possible pulse dura-
tion results from the condition

ST=MPRI,

since St represents the scanning period of each of the M
separately scanning beams and each of these beams may scan
M-times slower than a single uniformly scanning channel.
From the last equation can be derived:

_ T _M-PRI
T =5

P72

If the condition

u=1.9

is not met for the non-uniformity of the respective mode, ©
and thus T, will be proportionately reduced until u=1.9.
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The swath width W that can be achieved with a mode is

W=(S-1)7 <
== )'T'z-

For determining the necessary peak power or average
power with transmission, the conventional instrument (A)
(see FIG. 1) is used as reference.

An average power of 750 W, a PRF of 5280 Hz and a duty
cycle of 25% are used as typical operating parameters of the
reference instrument (A). This leads to pulse durations of
approx. 47 ps and a peak power of 3 KW.

Inorderthatthe SAR instrument (C) (see FIG. 1) according
to the invention has approximately the same SNR as the
reference instrument (A) (the SNR of instrument (B) of FIG.
1 with the same duty cycle is higher by a factor 3), the energy
that is emitted by instrument (C) per pulse should be the same
as the individual pulse energy of instrument (A). The follow-
ing average values of instrument (C) are necessary for the
performance analysis:

ST
Average scanning period PRI = e

Average pulse rate  PRF =_1_

Average duty cycle & =7, PRF.

For the same SNR of instrument (C) and (A) the peak
power P, with instrument (C) should be adapted to the pulse
duration ratio between instrument (A) and (C):

47 ps
Py =3KW- ——,
Tp

The average transmitting power of instrument (C) results
as

P=Pyxd.

The following table makes it possible to compare some
modes of non-uniform scanning compared to conventional
reference system (A). The following can be established:

1. Large components of the mode vector lead to short
pulses.

2. Short pulses lead to large swath widths and high peak
power values.

3. The average transmitting power is higher with non-
uniform scanning than with the conventional instrument
(A), because a portion of the pulses is lost for the azi-
muth processing.

4. The example 3 is regarded as a good compromise
between swath width and peak power.
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The consistently high peak power values can be reduced to
acceptable values through the frequency multiplex
method according to the invention during transmission:

12

pulse signals. So-called range ambiguities, that is, as it were,
a crosstalk from one lobe to an adjacent lobe, occur when the
receiving lobes are not separated well enough. In a case of this

Ref.

Instr. Example Example Example Example Example

A) 1 2 3 4 5
PRI mode Uniform T[10,9,8, T[19,7,6, T[3,3,3, T[3,3,2, T[3,3,2,2]

7, 6] 5,3] 2,2,2] 2,1,1]
Sequence length K = — 5 5 6 6 4
number of necessary
SCORE beams
M — 4 4 3 3 2
Pulse duration where 47 us 9.5 us 11.2 ps 16.4 ps 18 ps 18.9 s
PRI, =5280 Hzandu = 1.9 (where u =1.6)
Swath width (slant 28.4 km 110.8 km 97.8 km 68.7 km 59.4 km 51.1 km
range)
Average pulse rate 5.3 kHz 6.6 kHz 7.4 kHz 12.2 kHz 13.9 kHz 10.6 kHz
Average duty cycle 25% 6.3% 8.3% 20% 25% 20%
Average transmitting 750 W 938 W 1.05 kW 1.74 KW 1.97 KW 1.5 KW
power
Peak power 3 KW 15.0 KW 12.6 KW 8.7 KW 7.9 KW 7.5 KW
Peak power with three — 5.0 KW 4.2 KW 29 KW 2.6 KW 2.5 KW
TX antennas or apertures
25

Since a higher average PRF is used in contrast to instru-
ment (B), relatively short pulse durations T, result with the
SAR device according to the invention. In order to achieve the
same SNR as with reference instrument (A), however, with
instrument (C) each pulse should bear approximately the
same energy as with instrument (A). This leads to the rela-
tively high peak power values of the table above.

In principle, these high powers can be realized by parallel-
ization of power amplifiers, which, however, entails high
risks in particular with applications in space: with tube ampli-
fiers with several kW pulse power there is, for example, the
risk of high-energy effects, such as multipaction, with semi-
conductor amplifiers on the one hand there are technological
limitations, on the other hand the increase in the amplifier
density, i.e., the number of amplifiers per area, can lead to
serious thermal problems.

This problem can be remedied by the use of several (in this
case: three) transmission modules and front ends, which emit
different frequency ranges of the transmitting chirps coher-
ently and simultaneously:

TX1 transmits the first third of the chirp: -B/2<f<-B/6

TX2 transmits the second third of the chirp: -B/6<f<B/6

TX3 transmits the third third of the chirp: B/6<f<B/2

The threefold transmission energy can be irradiated within
the given pulse duration <, through the simultaneity of the
transmission. The peak power requirement for an individual
transmission module therefore falls to a third of the nominal
total value (see table above). The data streams can be sepa-
rated by digital frequency filters during processing.

The principle of distributing the signal bandwidth over
several modules transmitting simultaneously is particularly
interesting when different lobe widths are required for difter-
ent radar alignments: in far range the entire transmission
aperture is used for a chirp of full bandwidth. In near range a
much broader lobe is required, which is expediently produced
with a small aperture (only phased beam expansion is not
effective); however, not using antenna parts means not only
lower antenna gain, but also additionally reduced pulse
power. This is avoided by the method described.

As already explained above, with the invention several
independent antenna lobes are used to separately receive and
store the echoes that come back from the individual pulses or
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kind, a lobe receives not only the echoes of its pulse but
also—with reduced amplitude—the echoes of the pulses of
the neighboring lobes.

Therefore attention should be paid to the formation of an
antenna lobe in elevation with sufficiently low side lobes.
With instrument (B) or (C) from FIG. 1 this occurs with
digital beam forming (DBF) in the digital domain. This is
particularly important with instrument (C) due to the smaller
PRI and the echo centers therefore lying closer to one another
on the object to be scanned. With DBF, the individual signals
of'the sub-apertures, i.e., the signals of the RX antennas RX1
through RX17 are provided with suitable, in particular time-
dependent complex weighting factors. Since the precise loca-
tion of the neighboring pulses is known, zeros can be inserted
in a very targeted manner at the corresponding locations of
the antenna patterns generated by the sub-apertures.

An even more effective method of suppressing range ambi-
guities lies in STAP (Space-Time Adaptive Processing).
STAP is described extensively in the book “Space-Time
Adaptive Processing” by R. Klemm, IEE Radar, Sonar, Navi-
gation and Avionics Series 9, 1998, ISBN 085296 946 5. With
STAP, which s used for cluster suppression in the detection of
moving targets from SAR raw data, zeros are placed not only
as with the antenna pattern adaptation in the spatial (angular)
area (as explained above), but in the combined space-time
range of the signals. The higher dimensionality of this signal
range and the use of an optimum processor with STAP always
lead to filter results that are at least as good, but sometimes
better than with mere pattern adaptation. The physical prin-
ciple behind the suppression (“filtering”) of undesirable sig-
nals lies in the combined characterization of the signal in the
time and space range; the latter means in the establishment of
the angular direction from which the signal enters the front
end. For this purpose a multi-aperture front-end, as with
HRWS SAR, is an essential prerequisite. The separation
accuracy achievable with this method increases with the over-
all height of the RX antenna and the number of its sub-
apertures.

The possibility of data reduction according to the invention
is explained below. Without data reduction, the raw signals of
all 17 elevation parameters RX1-RX17 must be temporarily
stored and later transmitted to a central SAR processor for
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evaluation. Whereas with instrument (B) a maximum of 5280
range lines per second occur, with the instrument (C) accord-
ing to the invention this is as may as correspond to the average
pulse frequency. An efficient data reduction is possible in
particular when the DBF is carried out onboard, i.e., in the
instrument with the antenna, for example, an SAR satellite. In
this manner 17 aperture-specific range lines per pulse are
converted into K beam-specific range lines (e.g., K=5).

As a second step of an on-board data reduction, those parts
can be eliminated from the beam-specific range lines, where
more than M samples are present in an azimuth column per K
pulses. Disregarding the pulse length range line ranges, in
FIG. 6 these are, for example, behind the range shown first
here, since respectively 5 samples are available in the azimuth
there compared to only 4 samples in the first column in the
storage. The fifth sample is not necessary for the azimuth
processing and therefore does not need to be transmitted to a
central SAR processor. This second step is of particular
importance with high average PRF.

According to the invention, with non-uniform PRI large
swaths can be recorded with simultaneously high resolution
as with an HRWS SAR. However, the antenna according to
the invention is thereby considerably smaller, for example, at
least three times smaller than the antenna of the known
HRWS SAR. Furthermore, due to the smaller antenna there
are fewer back ends than with the HRWS SAR. The require-
ments regarding the transmitting power are higher, however.
Furthermore, with the invention an SNR performance can be
achieved as with a conventional monostatic SAR. The occur-
rence of black stripes in the subsequent SAR image can be
avoided through the non-uniform PRI. By varying the non-
uniform PRI, an SAR based on the invention can be optimally
adapted to a specific mission.

The enlarged total aperture in elevation with the invention
and the plurality of sub-apertures of the receiving antennas
provide the following advantages:

1. The receiving antenna gain is increased with a large swath
width.

2. The receiving antenna lobe and its frequency spreading can
be dynamically tracked.

3. Range ambiguities can be suppressed.

4. Several receiving lobes can be generated with a high PRF.

Finally, it should be noted that the number and size of the
sub-apertures of the receiving antenna according to the inven-
tion can be adapted depending on the intended use.

Overall, with the invention the essential functions of an
HRWS SAR are achieved without a PRF reduction and with
a much smaller antenna.

As a further embodiment the invention discloses a high-
resolution synthetic aperture radar device, which comprises
at least two transmitting antennas for generating radar beams
for scanning an object, wherein the at least two transmitting
antennas are operated simultaneously in the frequency mul-
tiplex.

With synthetic aperture radar an increase in the transmit-
ting power of the transmitting antenna is often necessary or
desirable. At the same time, however, the aperture (height and
width) of the transmitting antenna is fixed for systematic
reasons.

With passive antennas, the transmitting power of which
increases proportionately to the pulse power of the fed HF
signal, increased power can be realized in principle by the
parallelization of power amplifiers. However, this entails
great risks, in particular with applications in space: with tube
amplifiers with several kW pulse power, there is, for example,
the risk of high-energy effects such as multipaction. With
semiconductor amplifiers on the one hand there are techno-
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logical limitations and on the other hand the increase in
amplifier density, i.e., the number of amplifiers per area, can
lead to serious thermal problems.

The use of adequately enlarged active antennas, the trans-
mitting power of which increases proportionately to the
antenna area, without requiring high-power amplifiers, does
not lead to the solution, because a specific antenna aperture—
and consequently antenna area—may not be regularly
exceeded for system aspects.

The present invention solves the problem by the parallel
operation of several geometrically identical transmitting
antennas of the desire aperture in the frequency multiplex. For
example, a chirp of bandwidth B and pulse durationt,, is to be
sent. Each of the transmitting antennas (in this case: three
transmitting antennas TX1, TX2, TX3) transmit coherently
and simultaneously different frequency ranges of the trans-
mitting chirp:

TX1 transmits the first third of the chirp: —-B/2<f<-B/6

TX2 transmits the second third of the chirp: —-B/6<{<B/6

TX3 transmits the third of the chirp: B/6<f<B/2

In the example, through the simultaneity of the transmis-
sion the threefold transmission energy can be irradiated
within the given pulse duration T, without necessitating an
increase in the power of the individual antenna. The indi-
vidual antenna that is too weak needs therefore only be repro-
duced in the same manner and fed with a different signal.
Even its bandwidth requirement is thereby reduced.

However, the described invention can be used not only to
increase the system transmitting power with unchanged aper-
ture. The method makes it possible in general to decouple
transmitting power and aperture size with active antennas.
Conversely, an aperture of sufficient transmitting power can
also be divided into several sub-apertures and associated
transmission modules in order to realize the total transmitting
power with the reduced aperture. The principle of distributing
the signal bandwidth among several simultaneously transmit-
ting modules is particularly interesting when different lobe
widths are needed for different radar alignments of one and
the same instrument: in far range the entire transmission
aperture is used for a chirp of full bandwidth. In near range, a
much broader lobe is required, which is expediently produced
with a small aperture. A phased beam expansion would not be
sufficiently effective; and switching off antenna partial areas
would mean reduced pulse power. This is avoided by the
method described.

With the present invention, the signals must be separated
again by analog or digital frequency filters in the processing
of the radar echoes received.

The concrete numbers specified in the specification for
operating parameters are cited only by way of example; the
disclosure of the invention is not limited thereto.

LIST OF REFERENCE NUMBERS

10 High-resolution synthetic aperture radar device
12 Earth’s surface

14 Receiving antenna of the SAR device 10

16 Radar beam

18 Pulse signals of the radar beam 16

20, 22, 24 Simultaneously emitted radar beams

26 Gate

The invention claimed is:
1. A high-resolution synthetic aperture radar device com-
prising:
a plurality of transmitting antennas for producing plural
radar beams for scanning an object;
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a receiving antenna for receiving the plural radar beams
reflected by the object, the receiving antenna comprising
several sub-apertures arranged in elevation,

wherein each of the plural radar beams includes a pulse
signal emitting a pulse at a predefined rate, and the
predefined rates of the pulse signals have irregular time
intervals.

2. The high-resolution synthetic aperture radar device
according to claim 1, wherein the sub-apertures are arranged
to form a single azimuth panel.

3. The high-resolution synthetic aperture radar device
according to claim 1, further comprising a processor struc-
tured and arranged to process received radar echoes in azi-
muth with a resampling method.

4. The high-resolution synthetic aperture radar device
according to claim 3, further comprising one respective
receiving channel for each of the radar echoes.

5. The high-resolution synthetic aperture radar device
according to claim 4, wherein the radar echoes in each respec-
tive receiving channel is processed by digital beam forming.

6. The high-resolution synthetic aperture radar device
according to claim 5, wherein the respective receiving chan-
nels are structured and arranged to strictly separate a received
radar echo from adjacent received radar echoes.

7. The high-resolution synthetic aperture radar device
according to claim 6, further comprising a weighting factor
unit structured and arranged to provide signals of the sub-
apertures in a digital domain with time-dependent complex
weighting factors.

8. The high-resolution synthetic aperture radar device
according to claim 7, wherein the time-dependent complex
weighting factors are formed so that an antenna diagram in
the directions of other antenna diagrams obtains a zero.

9. The high-resolution synthetic aperture radar device
according to claim 5, further comprising a space-time adap-
tive processor for the signals of the sub-apertures.

10. The high-resolution synthetic aperture radar device
according to claim 3, further comprising a processor struc-
tured and arranged to compress data obtained from the
received radar echoes before transmission to a ground station.

11. The high-resolution synthetic aperture radar device
according to claim 1, wherein the plurality of transmitting
antennas comprises at least two transmitting antennas oper-
ated simultaneously in a frequency multiplex.

12. The high-resolution synthetic aperture radar device
according to claim 1, further comprising respectively one
transmission module and front end for generating an antenna
pattern and emitting a pulse for each of the plurality of trans-
mitting antennas.

13. The high-resolution synthetic aperture radar device
according to claim 12, wherein the transmission modules and
front ends are structured and arranged to emit transmitting
chirps coherently and simultaneously.

16

14. The high-resolution synthetic aperture radar device
according to claim 13, wherein each transmission module and
front end is structured and arranged to respectively emit in a
different frequency range.

5 15. The high-resolution synthetic aperture radar device
according to claim 13, further comprising digital frequency
filters to separate in terms of frequency the data streams
produced from radar beams received.

16. The high-resolution synthetic aperture radar device
comprising:

at least two transmitting antennas for producing radar

beams with pulse signals for scanning an object,
wherein the at least two transmitting antennas are simulta-

neously operable in a frequency multiplex.

17. An antenna for the high-resolution synthetic aperture
radar device according to claim 16, wherein

the at least two transmitting antennas are structured and

arranged to emit respectively one radar beam in a micro-

wave range; and

a receiving antenna structured and arranged to receive

reflected radar beams in the microwave range, and the

receiving antenna in elevation comprising several sub-
apertures that form fewer than three azimuth apertures.

18. The antenna according to claim 17, wherein the at least
two transmitting antennas are arranged next to one another in
elevation.

19. The antenna according to claim 17, wherein the receiv-
ing antenna is arranged next to the at least two transmitting
antennas in elevation.

20. The antenna according to claim 17, wherein the sub-
apertures form exactly one azimuth aperture.

21. The antenna according to claim 17, wherein a height of
each sub-aperture in elevation is lower than the height of each
transmitting antenna in elevation.

22. A method for a high-resolution synthetic aperture radar
device, comprising:

producing plural radar beams for scanning an object from

a plurality of transmitting antennas;
receiving the plural radar beams reflected by the object

with a receiving antenna comprising several sub-aper-

tures arranged in elevation; and

emitting pulses at predefined rates as pulse signals in the

produced radar beams, wherein the predefined rates of

the pulse signals have irregular time intervals.

23. A high-resolution synthetic aperture radar device com-
prising:

at least one transmitting antenna for producing plural radar

beams; and

a receiving antenna for receiving radar beams reflected by

the object, the receiving antenna comprising several

sub-apertures arranged in elevation,

wherein the plural radar beams include plural pulse signals,

in which pulses of at least one of the plural pulse signals

are emitted at a time interval different from pulses of at
least one other of the plurality of pulse signals.
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