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Abstract

Synthetic aperture radar (SAR) with multiple transmit aedeive channels (MIMO-SAR) has a higher flexibility
and an improved efficiency compared to a conventional SAResywith a single channel. The multiple receive
channels can be used, among other things, to increase tlie wwadh at constant azimuth resolution or to suppress
spatial interferences. However, multiple transmit chagnehich transmit simultaneously in the same frequencylban
provide currently a challenge. The generation of a wavefatmch is orthogonal for distributed scatterers, proves
to be excluded with conventional methods. Therefore, ia faiper a modified chirp waveform is introduced which
extends in combination with digital beam-forming (DBF) @teive the orthogonality condition to another degree of
freedom, thus allowing perfect orthogonality. Furtherendghe hardware design of the MIMO-Radar Demonstrator, a
multi-channel measurement system for radar and SAR apiplisais shown. This system developed at the German
Aerospace Centre allows the metrological verification efwaveforms presented in this paper, and other innovative
concepts for future spaceborne Earth observation missions

1 Introduction 2 Orthogonal Signals for Imaging
Radar and MIMO-SAR

. 2.1 Orthogonal Condition
In the future, synthetic aperture radar (SAR) must meet

higher requirements in terms of resolution, swath widthFirst studies go back to Woodward in 1967. In his work,
and flexibility. This is due to the enormous success of théie was looking for a perfect waveform applicable for
current satellite SAR missions (TanDEM-X, Radarsat-Radar and derived the Ambiguity Function. Later, in
2, etc.) and the many users who demand the on-going970, Harger expanded this function to the SAR case and
development of the SAR technology [1], [2]. A con- in 2007 San Antonio et al. derived a general solution for
sideration of various on-going studies shows that SARMIMO-SAR [3], [4], [5]. Since for our case we have to
sensors with multiple transmit and receive channels antse San Antonio’s function, which is dependent of 16 un-
digital beam-forming (DBF) capabilities have promis- ambiguous parameters, we use a more simplified model.
ing properties. For example, with them it is possibleThe MIMO-SAR system fully exploits its degrees of free-
to reach a large swath width with high azimuth resolu-dom by simultaneously activating multiple transmit an-
tion or to observe several areas with different resolutiongennas in the same frequency band. To obtain orthogo-
(Hybrid SAR modes). Recently, a prototype of these fu-nality for these signals, several authors have suggested to
ture radar systems has been developed for the verificatiggimultaneously transmit mutually orthogonal waveforms.
of such innovative modes and is available at the Germahlowever it was clearly shown in [6] that this only works
Aerospace Centre (DLR). for small swath widths with a decreased signal to noise
ratio. The reason for this is that the orthogonality con-

At the beginning of the paper the necessary condition foflitilon between the transmit signals ands; is typically

a reflectivity map free of ambiguities is discussed. After—fc’rmm""ted as:

wards the new transmit waveform with perfect orthogonal

properties for point and surface targets is introduced and /sa(t) ~sp(t)-dt =0 for a#b, (1)

it's crucial limitation is demonstrated. The next section

explains how this limitation can be circumvented by anwhich is valid for a dedicated point target. This condi-
innovative DBF process. Then, in section 3 the MIMO-tion is sufficient for most of the radar applications where
Radar Demonstrator is described, which is used for the few point-like targets are detected, which are within dif-
metrological verification of the waveforms. The obtainedferent resolution cells. But it may pose a challenge in a
measurement results are depicted in section 4. The papdistributed scatterer scenario when there is a time shift
concludes with a summary of the discussed results. betweens, ands,. By observing large swaths with an



imaging radar or a SAR sensor the long echoes are ako longer orthogonal, which represents the in Eq. 3 de-
ready filling a huge part of the time-frequency plane. Thescribed limitation to this waveform. The scheme of chirp
echoes of the different transmit signals will then overlapsignals can be expanded easily to more than two trans-
and it becomes impossible to separate them later in thit channels by splitting it intaVy,. parts, whereN,,
receiver. Thus, the condition to achieve is to ensure oris the number of transmit channelBigure 2 shows the
thogonality for arbitrary shifts: impulse response of a simulated point target at a distance
of 150 m. With the chosen pulse width gfyse = 1 us,
/sa(t) si(t)-dt=0 V TeR,a#b (2) ambiguities appear at a distancesofy - Toulse/4 (75 m
and 225 m). These result from the convolution with the
other channel. Since an up-chirp is useddgrall signal
2.2 Short-Term Shift-Orthogonal Wave-  characteristics compared to a conventional pulsed radar
form chirp are identical. The phase shifts are assumed to be
) o _negligible for large time bandwidth products.
To a\{0|d an overlap and thus ambiguities of the transmitz oo se usually the swath width exceeds the pulse
ted signals a new, pa‘ft'y orthogonal waveform ha_\s bee‘kngth, this type of waveforms will also cause ambigu-
proposed by Krieger in [7] and later introduced in [8]. .

F . he basic idea behind thi Eies. Therefore, in the next section a solution to over-
or two transmitters, the asic idea benin t. IS appProaciyme this limitation with the aid of digital beam-forming
can be expressed by a restricted orthogonality:

on receive is described.

/sa(t)-sZ(t)-dt:O 1o

T T (3) i 1

V re [_ pulse’ pulse} and a #b, = ggl .

2 2 § r 1

whereTpuise s the pulse duration. Now, the two differ- Et_l 0.6 b
ent transmit signals, ands; have only orthogonal prop- S i

erties for a subset of signal shifts. In the example cho- S o4 8
sen here, this time interval is limited by half of the pulse g i

length. This allows a perfect separation of the echoes g o2r 7

of neighboring objects for a signal delay< mpuse A ool JL

simple example of a suitable signal is the simultaneous
transmission of shifted frequency rampsgure 1 shows
the signals in the time-frequency plane.
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Figure 2: Impulse response of a point target at 150 m.

2.3 Suppression of Ambiguities with Digi-
tal Beam-Forming

To suppress the ambiguities which have been described
in the last section, the use of digital beam-forming on re-
ceive is proposed. Due to the property of the side-looking
radar, each point in the range direction is seen from a
time different angle of incidence. With the known relation of
frequency, time, and angle of arrival, it is possible to dis-
Figure 1: Short-Term Shift-Orthogonal Waveform in the tinguish between the individual transmit signals through
time-frequency plane. beam-forming on receive. In the proposed method (also
known as SCORE, Scan On Receive) [9] a broad swath
Transmit channel Tx1 is fed with a normal up-chirp, on the ground is illuminated with the small apertures of
while transmit channel Tx2 is fed with a shifted up-chirp the transmit antennas. On receive, all receive elements of
(also called Short-Term Shift-Orthogonal Waveform). Itthe array antenna are activated and weighted with phase
is clear that the signals do not overlap for signal propshifts so that there is a narrow directional beam, which
agation times shorter thasy - Tpuse/4, Wherec is the  follows the expected response on the ground. Due to the
propagation speed of the signal. The factor of 4 is due tavailability of the digital data for each dedicated chan-
the two way propagation radar-target + target-radar andel, with adaptive shaping of the beam pattern (pattern
the 50% shift of the pulse. However, if a larger surface is synthesis) it is possible to optimize the antenna gain to
considered, the signal propagation time increases and tteecertain direction, and furthermore to perform a spatial
time-frequency plane is completely filled with the echoesfiltering to suppress interferences and ambiguities. After
so that the two signals will overlap. In this case, they area coherent combination of all the channels, range com-




pression and other processing steps for typical SAR cawaveform with a shift ofrpuse / 2 (see Figure 1). In
be applied. the obtained results without MIMO processirfgidure
4) a match with the theoretical prediction is clearly vis-
ible: The ambiguities are located at a distanceto80
3 MIMO-Radar Demonstrator m away from the real impulse responses and have an am-
plitude which is about 3 dB lower. IRigure 5 the re-
The architecture of the modular, reconfigurable radasyit with application of digital beam-forming can be seen.
with multiple transmit and receive channels is shown inThere are five Sharp peaks and the ambiguities could be
Figure 3 [8]. The purpose of this system is to test and versyppressed beyond the noise level. This shows that the
ify new techniques and concepts for future satellite-baseghort-Term Shift-Orthogonal Waveforms can be used for
remote sensing missions. The configuration described iMiMO-SAR observing large swaths with a high resolu-
this paper, operates in X-band with two transmit and eightjon.
receive channels. At present, the radar can also be oper-
ated in the P-band (up to 500 MHz). The modular design

in 19" form allows great flexibility of system changes and 1.0

extensions. _ i ]
As depicted inFigure 3, the desired transmit signals are E 08 ]
generated in an arbitrary waveform generator having a 2 I

bandwidth of max. 500 MHz. Then they are amplified !

and up-converted to the carrier frequency. Before trans- b

mission, the lower sidebands and the carrier signals are = 04

suppressed by band pass filters and the remaining signals g

are amplified with high-power amplifiers. Afterwards = 02

they are transmitted with either horn or patch antennas. In 0.0 :

the receive chain, the echoes are received simultaneously 0 20 30 40 5 6 70 80

by all Rx antennas, amplified with low-noise amplifiers, Slantrange [m]
down-converted and finally sampled by AD converters.

The independent data recording for each receive chan-.

nel allows the subsequent formation of different arbitraryF'gure4
beam patterns of the antenna in the processing. The addi-

tional information can be used to suppress spatial ambi-
guities in the signal, to increase the gain of the receive an-

. Impulse response without beam-forming.

tenna, or to suppress spatial interferences. Basic system 10}
properties have been already presented in [8]. In compar- = ggl ]
ison to a radar system with a single-channel, stationary § I ]
two-dimensional radar imaging, improved azimuth reso- 2 o6l
lution and an improved signal to noise ratio have been E I
verified successfully. These measurements were used as & o4~
the first step towards high-resolution SAR imaging with g I
large swath widths. S oaf
0.01 ‘ W

4 Measurement Results 10 20 30 40 50 60 70 80
Slantrange [m]

For the demonstration and verification of the Short-

Term Shift-Orthogonal Waveforms with the MIMO- Figure 5: Impulse response with beam-forming.

Radar Demonstrator, an outdoor measurement of the tar-

getlocalization in the range direction was conducted. The

radar was positioned on the roof of a building and the

eight receive channels were connected to the feed el® Conclusions

ments of an elliptical DBF reflector antenna looking to a

meadow. For transmission, two horn antennas were useth this paper, a new form of transmit signal for MIMO-

As objects 5 corner reflectors representing point-like tarSAR and imaging radar systems was introduced with

gets were placed at distances of 24.9 m, 30.8 m, 40.8 ng description of its fundamental limitation. It was de-

50.0 m and 63.2 m. The signals with a pulse duration ofsicribed how this limitation can be overcome by digital

Tpouise = 0.4 s and a bandwidth aB = 300 MHz (corre-  beam-forming on receive. Finally, an overview of the

sponding to a range resolution of 0.5 m) were transmittegtructure of the MIMO-Radar Demonstrator was given

simultaneously at a center frequency of 9.58 GHz. Whileand the theoretical aspects were verified by a measure-

channel Tx1 was fed with an up-chirp channel Tx2 transiment.

mitted at the same time a Short-Term Shift-OrthogonalThe results, which were presented in this paper, are a first
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Figure 3: Simplified block diagram of the MIMO-Radar Demonstrator.

step in the development of future satellite-based Earth[4]
observation missions. Other innovative concepts, such
as digital beam-forming with reflector antennas, hybrid
SAR modes and nonlinear pulse repetition frequencies[S]
are already in progress. Very promising is the simultane-
ous transmission of signals in different orthogonal polar-
izations [10]. By separation of the transmitted signals in
a dual polarized receiver, all four components of the scat-
tering matrix (HH, VV, HV, VH) can be obtained within

a single pulse and thus the swath with can be kept con-
stant. Thus the innovative techniques and technologies
of MIMO-Radar have the potential to increase the perfor- 7]
mance of current radar systems significantly.
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