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Abstract

An innovative highly-digitized radar system called GigaRad is currently under development by the DLR
Microwaves and Radar Institute. An objective of the system is having a flexible, high-resolution imaging radar
with wide-swath or 3-D capabilities, requiring transmission and reception on multiple channels simultaneously.
However, a problem in multi-channel systems, especially in the transmit part, is the interference between
simultaneously transmitted signals being operated at the identical frequency range. This paper examines the use
of orthogonally coded waveforms as a method to overcome the interference between signals sharing the same
bandwidth. First measurement results for a few selected waveforms are presented.

1. Introduction

The technological progress in analog-to-digital
(ADC) and digital-to-analog (DAC) converters has
been substantial in the last years. The increase in
both the analog bandwidth of instruments and the
speed of conversion has made possible many new
applications in radar techniques. Furthermore,
conversion from/into digital domain is being
pushed closer to the front-end, reducing the amount
of analog components to a minimum. This reduces
drift and non-linearity effects, thus improving the
transfer function of the instrument.

The GigaRad system, currently under development
by the DLR Microwaves and Radar Institute, is a
highly digitized instrument, whose aim is the
generation of high-resolution radar images in
inverse synthetic aperture radar (ISAR) mode with
3-D and/or wide-swath capabilities. To fulfill both
objectives, the system transmits simultaneously on
multiple channels different arbitrary waveforms
generated by high-speed DACs, based on the
multiple-input multiple-output (MIMO) concept;
therefore a high-speed ADC and a wide analog
bandwidth are also needed in order to sample
properly the received signal. Thus, 3-D images
could be generated after processing individually the
signals received on spatially separated channels.
Wide-swath imaging could be implemented by
digital beamforming upon receiving. Such
requirements shall be fully addressed by the final
Gigarad design approach using multiple wideband
output and multiple wideband input channels.

At the current stage, a main problem is the
discrimination of the waveforms at the receiver,
especially when they share the same bandwidth.
However, the use of orthogonally coded signals can
overcome this issue. There is an extensive literature
on orthogonal signals [1][2][3], and they have
found a niche across different technological
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applications, but their use on radar is still a hot
topic of research. In this paper, we examine several
signals that, because of their special autocorrelation
and cross-correlation properties, promise usage on
multiple-channel radar-imaging scenarios. Some
first theoretical and experimental investigations
have been performed and a few measurement
results are outlined next.

2. Qutline of the Experimental
System Concept

The GigaRad experimental system is based on the
heterodyne principle and composed of two
transmitting channels and one receiving channel.
The transmitted signals are digitally generated by
an arbitrary waveform generator working at
10 GS/s. In each transmitting channel, the radar
signal is up converted to the X-band, filtered (only
the upper sideband is let through), power amplified
and fed up to a horn antenna. Upon transmission,
the radar signal is scattered off a determinate
object. Part of the energy of the transmitted signal
reaches the receiving antenna and is low-noise-
amplified, down-converted and filtered. Finally, the
received signal is sampled by a high-speed sampler.
The transmitting and receiving channels are fed by
the same local oscillator (LO) in order to perform
coherent conversion operations. Because of the
high data rate involved in the process and the length
of the signal pulses, a high writing speed is needed;
therefore the data are stored on a hard drive raid
system. A block diagram of the system can be seen
in Figure 1.

In this preliminary step the system serves two major
purposes, which are the verification and validation
of theoretical results, and the performance checks
of the ADC and DAC devices. In this current
configuration two independent arbitrary signals can
be generated and transmitted in parallel, and then
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received by one common receiver. In a first
matched filter approach the received sampled signal
is finally correlated with a reference pulse by the
radar processor.
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filter ~ Mixer filter Amplifier

waveform
generator
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Figure 1 Block diagram of the first experimental
realization of GigaRad.

3. Orthogonal Waveforms

As mentioned before, the new digital resources in
hardware and software enable the implementation
of different waveforms that were before considered
unfeasible. There is an extensive literature on the
topic of radar waveforms, and a general
performance criterion can be drawn, related to the
autocorrelation and cross-correlation properties.
First, the autocorrelation of the function is wanted
to be sharp and to have low sidelobes. The
sharpness in the autocorrelation function is related
to the bandwidth distribution of the signal, and is
translated into high spatial resolution, while low
peak sidelobes mean that weak scatterers are not
masked by nearby stronger ones. Second, a low
cross-correlation level between signals is also very
important in a system with several transmitting and
receiving channels sharing the same bandwidth.
Regarding this criterion, different state-of-the-art
waveforms were analyzed and compared.

Initially a linear frequency modulated pulse or
‘chirp’ was transmitted and received in order to test
the basic functionality of the experimental system.
Non-linear frequency modulation techniques were
also explored, indicating that a small change in the
modulation of a radar signal can generate lower
sidelobes in the autocorrelation function, but they
were discarded since they do not offer
orthogonality in a system with more than two
transmitting channels.

The ideal orthogonal signal is a pure white
Gaussian noise, with an autocorrelation represented
by the Dirac delta function and zero -cross-
correlation level, but this is only valid for the
infinite bandwidth case. However, it has been
proved in literature [4] that bandlimited Gaussian
noise signals can achieve high cross correlation
suppression. The flat spectrum provides also an
almost ideal frequency response, but the shape of
the frequency window determinates the sidelobes of
the autocorrelation function. Using a rectangular
window as shown on Figure 2 results in the highest

spatial resolution, but fixes the sidelobe peaks
around -13 dB, which is the same level as obtained
by a linear chirp.

Another technique that improves the signal
autocorrelation function while at the same time
achieving low cross-correlation level is phase
coding, which consists on dividing a long pulse into
sub-pulses or bits of identical duration with a
different phase applied to each bit, following a
given code sequence. The code sequence is then
specially chosen to minimize the peak sidelobes in
the autocorrelation function. This type of signals
comprises polyphase codes such as the Frank code,
which can be extended in length by adding more
phase steps and therefore achieve lower correlation
levels. However, not all polyphase sequences
present orthogonal properties and there are also
practical implementation difficulties due to the high
number of phase steps.

Pseudonoise sequences combine the versatility of
phase codes and the random appearance of the
Gaussian waveform. They are binary sequences
easy to generate and are used extensively across
different technologies. It was determined in [5] that
there are “preferred pairs” of codes among these
sequences, which yield the lowest possible cross-
correlation level, called Gold sequences. For each
pseudonoise sequence of length M, there are M + 1
“partners” of the same length that fulfill the Gold
sequence property. A detailed explanation of how
to practically generate the Gold sequences can be
found in [3]. For their use in radar, the binary phase
sequence is represented with individual bits of
phase equal to 0 and m respectively, which
modulate a carrier. For the experiments with the
GigaRad system, the frequency spectrum of the
Gold sequence was band-limited by a sinc-
weighting interpolation method described in [6],
and the resulting curved spectrum is shown in
Figure 3. This spectrum shape yields higher side
lobe suppression but worse spatial resolution.
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Figure 2 Frequency spectrum of the band limited
Gaussian noise transmitted signal normalized to the
sampling frequency.
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Figure 3 Frequency spectrum of the band limited
Gold coded transmitted signal normalized to the
sampling frequency.

4. First Measurement Results

In a theoretical and numerical analysis various
waveform types have been investigated with respect
to their auto- and cross-correlation performance
[17[2][3]. This is necessary for achieving sufficient
discrimination of the multiple transmit signals
being received simultaneously in the same receiver.
Because of their promising behavior, the Gaussian
noise and the Gold sequence were selected as
waveforms for the radar measurements. The
Gaussian noise signal was chosen because of its flat
spectrum, low cross-correlation level and low
probability of intercept; and the Gold sequences by
reason of random appearance, low autocorrelation
sidelobes and low cross-correlation level. Gold
sequences present also a more uniform envelope
level than Gaussian noise waveforms and they offer
the possibility to transmit information.

Having chosen what to transmit, the system was
mounted as a test setup on the roof of a building
and the transmitting antennas were symmetrically
arranged beside the receiving antenna, looking
down to the target scenario. The transmitted signal
bandwidth was set to 2 GHz for the noise signal.
The effective bandwidth achieved by the
transmitted Gold coded signal was much less
(around 800 MHz) as can be observed in Figure 3.
The initial measurement consisted on the range
profile of a single corner reflector located at about
28 m distance from the sender. In this measurement
an orthogonal reference code is assigned to each
channel and the signals are transmitted by the two
antennas. The received signal is subsequently
correlated with the reference codes. This is shown
in Figure 4 for the case of the Gold sequence (top)
and for a Gaussian noise waveform (bottom).

The correlation of the received signal with the
corresponding transmitted waveform shows a
sidelobe suppression of more than 20 dB for the
Gold sequence (Figure 4, top, in red), whereas the
Gaussian noise waveform presents the expected

typical sinc-shape with a side lobe suppression of
13dB and a high spatial resolution (Figure 4,
bottom, in red).

However, the more interesting result for this study
is shown on both graphs by the blue line. The
correlation level with the non-corresponding
waveform is kept 40 dB below for the Gold
sequence and 50 dB below for the Gaussian noise.
This result can be extended not only to the pair
sequence but to a signal with an entire different
coding, leaving room to even more combinations of
orthogonal signals. Although not yet completely
optimized, the measurement results reflect a high
enough discrimination for many radar applications,
which can be additionally improved by using longer
sequences and more refined processing.

The discrimination of a corner reflector in the range
profile measurements reflects only a part of the
main measurement mode, the ISAR constellation.
In order to proof the capability to generate two
independent two-dimensional images at the same
time by means of transmitting the orthogonal
waveforms, a more complex scenario was set on a
rotating platform. The relative movement between
the fixed sensor and the rotating target is similar to
an air- or space borne synthetic aperture radar
sensor in a spotlight mode.
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Figure 4 Measured X-band impulse responses
(range profiles) of a corner reflector. The received
signal was correlated with both reference codes.
Top: Gold sequence, bottom: Gaussian noise.



This second scenario consisted on five corner
reflectors. Each corner had a radar cross section
(RCS) of 0 dBm* and they were placed on the tips
of 50 cm equilateral triangles, so there was a
distance of 50 cm between each target. The
reconstruction of the scenario for the main direction
is shown in Figure 5. In this case, two orthogonal
Gold coded waveforms were transmitted and the
reconstruction was performed for a single channel
with a matched filter approach. The five reflectors
are reconstructed in the correct positions and most
of the sidelobes and clutter is -30 dB below.

The proof of the system concept with two
simultaneously transmitted signals is shown in
Figure 6. The position of the rightmost corner
reflector was reconstructed for different azimuth
observation angles. The observed position of the
mentioned target was marked for each channel by a
different symbol. The different observation angles
caused by the antenna arrangement results in a
different position of the main RCS peak, as solved
for each signal. The differences proof the potential
of coded signals for the use in an ISAR system.
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Figure 5 ISAR reconstruction of an artifactual
scenario of five corner reflectors arranged on the
rotating platform.
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Figure 6 Reconstructed position of one corner for
different observation angles.
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5. Conclusions

According to their properties, the Gaussian noise
and the Gold sequence were selected as waveforms
for the radar measurements. The flat spectrum and
low cross-correlation level were the main reasons
why the Gaussian noise signal was chosen; on the
other hand, Gold sequences were chosen because of
their random appearance, low autocorrelation
sidelobes and low cross-correlation level.

The measurements realized with the experimental
system  GigaRad on  different  scenarios
demonstrated the main concept of simultaneously
transmitting channels in a basic constellation of two
transmitting and one receiving channel. We showed
that the different waveforms can be discerned at the
receiver, with considerable cross-correlation
suppression, as observed for the range profile
measurement of a corner reflector. The successful
reconstruction of a scenario in an ISAR mode
proofs that the developed system can be used in
future advanced applications such as MIMO, a
digital beamforming or a 3D constellation.

Future work foresees expansion into more receiving
channels and the inclusion of calibration loops in
the final design. The use of orthogonal frequency
division modulation (OFDM), which has the
advantage of a constant signal envelope in
comparison to coded signals, is also a topic to be
considered in future developments.

References:
[1]
(2]

Levanon, N.; Mozeson, E., Radar Signals,
Wiley, 2004.

Helleseth, T.; Kumar, P.; “Sequences with
low correlation” in Handbook of Coding
Theory, edited by V. S. Pless and W.C.
Huffman, Elsevier Science, 1998.

Lee, J; Miller, L.; CDMA System
Engineering Handbook, Artech House,
Boston, 1998.

Thayaparan, T.; Wernik, C.; “Noise radar
technology basics”, Technical
Memorandum DRDC Ottawa TM 2006-
266 Dec. 2006

Gold, R.; "Optimal binary sequences for
spread spectrum multiplexing," [EFE
Trans. Information Theory, vol. IT-13, pp.
619-621, 1967.

Chen, R.; Cantrell, B.; “Highly
bandlimited radar signals,” Radar
Conference, 2002. Proceedings of the
IEEE, vol., no., pp. 220- 226, 2002.

(3]

(6]




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



