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Basics and first experiments demonstrating

isolation improvements in the agile
polarimetric FM-CW radar - PARSAX

OLEG A. KRASNOV, GALINA P. BABUR, ZONGBO WANG, LEO P. LIGTHART AND FRED VAN DER ZWAN

The article describes the IRCTR PARSAX radar system, the S-band high-resolution Doppler polarimetric frequency modu-
lated continuous wave (FM-CW) radar with dual-orthogonal sounding signals, which has the possibility to measure all
elements of the radar target polarization scattering matrix simultaneously, in one sweep. The performance of such radar
depends of the level of sounding signals orthogonality. In the main operational mode, the radar will be used for atmospheric
remote sensing and polarimetric studies of ground-based targets. In such mode it will use a pair of synchronous linearly- fre-
quency modulated (LEM) continuous signals with opposite frequency excursions of 50 MHz and duration of 1 ms. Such a
combination of sounding signals has limited orthogonality even for huge BT-products, which produce cross-channel interfer-
ences. These interferences in case of radar scene with multiple pointed and distributed targets can completely degrade radar
operational performance. In this article, we propose simple and effective technique to suppress interferences and to restore
radar performance. The technique has been tested using simulation and has been implemented in multi-channel digital recei-
ver of the PARSAX radar. The real radar measurements presented to illustrate effectiveness of cross-channel interferences
suppression. The proposed technique can be useful not only for polarimetric radar design, but also in much wide radar appli-

cations, which use waveforms with high orthogonality.
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. INTRODUCTION

It is widely known fact that using polarimetric information
can seriously improve the radar performances for targets
detection, identification, and parameters estimation, for
clutter and interferences suppression [1, 2]. Most of modern
radar polarimetry algorithms are based on the measurements
of the radar target polarization scattering matrix (PSM),
which includes four elements with different amplitudes and
phases. The necessity to measure all four elements requires
a multichannel structure for the radar receiver and transmit-
ter. But even then in most (existing) polarimetric radars the
simultaneous measurement of all PSM elements at the same
frequency band is not implemented yet.

The vector nature of electromagnetic fields and their scat-
tering mechanisms requires in polarimetric radars the use of
sounding signals with dual orthogonality, i.e. the orthogonally
polarized components of such signals have waveforms that are
orthogonal in terms of their inner product (cross-correlation)
[3, 4]. Well-established technical solutions can be used for
the transmission and reception of the signals’ orthogonally
polarized components. The orthogonality of components’
waveforms can be established using different approaches.
First, time orthogonality in polarimetric radar means the
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consequent transmission of sounding signals with orthogonal
polarization combined with pulse-to-pulse polarization switch-
ing. Second, frequency orthogonality means that the sounding
signals occupy non-overlapping frequency bands. However, the
polarization of the scattered signals can vary over time and the
scattering properties of the same radar object may be different
for different sounding frequencies. So both time and frequency
orthogonalities can introduce temporal, frequency, and phase
ambiguities in the polarimetric results.

There is a known solution (see e.g. [3-5]) of polarimetric
radar design that completely removes these ambiguities, that
is the use of signals with orthogonally polarized components,
which have waveforms that are orthogonal in terms of their
inner product (cross-correlation). Such type of sounding
signals provides the unique possibility to split all elements
of scattering matrix and to measure all of them simultaneously
during one pulse or single sweep time. One of the most prom-
ising examples of orthogonal waveforms for such signals is a
pair of linearly frequency modulated (LFM) signals with
opposite frequency excursions, which occupy the same band-
width and the same time interval.

The structure of the paper is the following. Section 2 gives a
brief description of the high-resolution Doppler polarimetric
radar PARSAX, which implements the concept of dual-
orthogonal signals for simultaneous measurement of all scatter-
ing matrix elements and is currently under development in
IRCTR, TU Delft. Section 3 describes the problem with channels’
isolation in polarimetric FM-CW radar with dual-orthogonal
signals. Section 4 presents the novel solution of the described
in previous section problem and its validation using computer
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Fig. 1. PARSAX radar system.

simulation. Section 5 describes the implementation of the pro-
posed technique in the PARSAX radar digital receiver and
show experimental results of measurements with and without
use of the interference suppression in comparison with standard
one-waveform sounding. Finally, Section 6 includes the
conclusions.

. THE PARSAX RADAR

The PARSAX radar (Fig. 1) currently being developed by
IRCTR, TU Delft is a full-polarimetric continuous wave
(CW) S-band (3.315 GHz) radar, which uses dual-orthogonal
digitally generated sounding signals, high-dynamic range
reception of scattered signals and advanced digital processing
at the intermediate frequency (IF, 125 MHz) for simultaneous
measurements of all elements of the PSM during one sound-
ing sweep. The analog-to-digital conversion provides wider
dynamic range, linearity, and freedom to use any pairs of
orthogonal waveforms with different duration and bandwidth
up to 50 MHz. The IF sampling is done at 400 MHz with
14-bit resolution; the embedded fast FPGA-based digital pro-
cessing boards with large memory buffer give the possibility to

implement complicated real-time algorithms for signal and
data processing, which leads to improved sensitivity and at
the same time more stability against the influence of noise,
clutter, and external interferences.

In the main operational mode, the radar will be used for
atmospheric remote sensing and polarimetric studies of
ground-based targets. In such mode it will use a pair of syn-
chronous LEM continuous signals with opposite frequency
excursions of 50 MHz and duration (sweep time) of 1 ms.
The standard de-ramping processing technique (Fig. 2),
which is completely implemented in FPGA, provides range
profiles of the PSM complex elements up to 15 km with a res-
olution around 3 m for further Doppler processing.

The main technical characteristics of the PARSAX radar
are presented in Table 1.

I, THE ISOLATION PROBLEM

We analyze synchronous dual-orthogonal LFM signals, which
transmitted on orthogonal (horizontal and vertical, subscripts
H, V') polarizations:

EI RN s ]
B - ()
us (1)

uy exp[jzﬂ'(fot — kotz/z)]

where u,(f) and u,(t) are the up-going and down-going LFM
signals. The signals are determined for one sweep time interval
t = [o...T]; have the same frequency band AF around carrier
frequency f,; ko, = AF/T is the sweep rate of the sounding
signal.

The polarizations of the signals can be changed during the
process of sounding. So the signals received on orthogonal
polarizations (xy(t) and xy(t)) contain the sums of the both
delayed sounding signals (LFM signals with opposite slopes,
u,(t) and u,(t)) weighted on different complex amplitudes
characterizing the corresponding PSM elements.

A simplified scheme of a de-ramping filter for processing of
received signals is shown in Fig. 2. In order to obtain the esti-
mations of all scattering matrix elements each polarization
component of the received signal in two separated branches
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Fig. 2. Block-diagram of the PARSAX radar receiver (with key points A-D).
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Table 1. Main characteristics of the PARSAX radar.

S band Central frequency: 3.315 GHz
Modulation bandwidth: up to 50 MHz
Resolution: up to 3 m
Sweep time: 1 ms, variable
Antennas Two parabolic reflectors
Isolation receiver-transmitter:
HH = —100dB, VV = —85 dB
Receiver Diameter: 2.12 m. Beam width: 4.6°
Antenna Gain: 32.75 dB
Transmitter Diameter: 4.28 m. Beam width: 1.8°
Antenna Gain: 40.0 dB
Transmitter Solid state power amplifiers
100 W max per channel
—80 dB attenuators (8 bits control bus)
Receiver Dynamic range: better 70 dB (SFDR)
1 stage down conversion
ADC at intermediate frequency (125 MHz,
sampling 400 MHz, 14 bits)
FPGA-based 4 channels digital processor
Waveforms Digital vector waveform generator

(sampling up to 1.2 GHz, 16 bits)
Linear frequency modulation
PCM with orthogonal codes

of each receiver channel is mixed with replica of the sounding
signal components and, as result, is reduced in slope, i.e. the
signals are de-ramped [6]. The signals after demodulation
and low-pass filtering (LPF) are called beat signals; they
exist at the key-points A, B, C, D of the de-ramped filter
(Fig. 2). Further applying a Fourier transform (that is the
fast Fourier transform - FFT) onto the beat signals, measured
during one sweep period, converts the beat signals into result-
ing range profiles of all scattering matrix elements. The
processing algorithm is summarized by

Sun(f) Sv (£

Svu(fe)  Sw(fp)
— FFT[LPF[}._CH(t) V(0 (D) - 10 H (2)
Xy (t) - iy (1) Xy (t) - (1)

for t € [Tyax..T], where T is the LEM sweep time, 7,
is maximum time delay of the received vector signal
x(t) = [xl(t) xz(t)], which corresponds to the maximum
range and is defined during the radar design stage, and
u(t) = [L'tl(t) L'tz(t)] is the replica of the transmitted
vector signal. Beat frequencies f;, are analyzed in the frequency
band [o.. .fymax] With a unique relation between the beat
frequency value and the range of the observed target [7].

De-ramping processing by definition means the transform-
ation of the sets of delayed LFM-signals into the sine signals
(tones). The frequency of each tone corresponds to the defi-
nite roundtrip time delay 7, which is determined by the corre-
sponding range R via relation f, = k,7 = k,2R/c, where c is the
light velocity.

There is a problem connected with such polarimetric
FM-CW radar architecture: the LFM signals with opposite
slopes are not completely orthogonal. They have cross-
interference region, where up-going and down-going LFM
signals occupy the close-up frequencies at the same time
instant. After mixing and LPF in the de-ramping filter, this
region results in the interfering signals, which have doubled

sweep rate, 2k,, and occupy the whole LPF’s frequency band
[0.. fomax] [7]. The interfering signals can limit the cross-
channel isolation (in terms of signal to interference ratio).

The isolation problem in case of one point target has been
originally studied in [5], where the performance analysis of the
radar system with dual-orthogonal signals has been done
using two parameters — peak sidelobe level (PSL) and isolation
(I). They are defined as

A |Rii(0)]
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L= min | 20 log,, ’Rij(T)’ s Lj=1,2, (4)

where R;(7) and R;(7) are the autocorrelation and cross-
correlation functions of the transmitted signals complex envel-
opes, the index i denotes the waveform that is considered
between those simultaneously transmitted, and (), is the interval
of 7values corresponding to the mainlobe of R;;(7). The PSL is a
measure of protection from the maximum residual “co-channel”
interference due to interfering target and the isolation I is a
measure of protection from the maximum residual “cross-
channel” return due to the same target or to an interfering target.

The results of these parameters calculations as functions of
the parameter « for the Hamming weighting function

wit) =a+ (1 —a) cos(?), [t <T/2 (5)

are shown in Fig. 3 for the different values of the sounding
signals compression ratio, which is defined as a product B =
T-Af of the signal duration T and the bandwidth Af.

From this representation it is clear that for the PARSAX
FM-CW system with high values of compression ratio
(between 2000 and 50 000), the cross-polarization-channels
interferences in case of one point target observation become
less important in comparison with self-channel interferences
due to the sidelobes of compressed signal. A proper selection
of the windowing function parameter for every selected value
of the compression ratio provides the performances of the
polarimetric radar with dual-orthogonal sounding signals at
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Fig. 3. Performance parameters of the FM-CW polarimetric radar with
dual-orthogonal LFM signals.
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Fig. 4. Time-frequency representation of the de-ramped (beat) signals in four branches of the FM-CW radar receiver.

the level, which is comparable with that for standard one-
channel FM-CW radars. At the same time, the suppression
of the sidelobes and cross-channels interferences is better
than 30 dB level, which is the typical value for the polarization
channels isolation in antennas.

The presented analysis is applicable only to the case of one
point target. As it was mentioned in [5], when dealing with
range extended targets, one cannot base the analysis of the
performance of the dual-orthogonal sounding signals on par-
ameters defined over the peak co- and cross-channel interfer-
ences, because the minimization of such peaks not necessarily
imply a reduction of the interference levels. The analysis and
suppression of the cross-channel interferences in such case
related to the cumulative effect of backscattering from the
single range spread scatterers and, consequently, to the total
energy of the interference generated by distributed targets.

As soon as in main operational mode the PARSAX system
mostly measures distributed volume and surface targets, the
effect of cross-channel interferences can strongly influence
the performances of the polarimetric radar, and it is necessary
to analyze it in details.

For such study of processes in the polarimetric radar recei-
ver a computer simulation approach has been used. The simu-
lated radar scene included six-point targets with PSM

0.1
0.5

sz[l
0.1

and positions that cover the full interval of observation ranges.
For obtaining a more realistic simulation in the model we
included an 1/r* range dependence of the reflected signals.
For analysis, the de-ramped signals at points A-D in the
receiver block-diagram (Fig. 2) have been represented on
the plane “beat frequency - observation time” using a
moving short time Fourier transform (Fig. 4). The horizontal
lines represent useful signals — beat tones from every target
and the interfering V-shaped frequency-modulated signals
around the center of the plane are defined by the interactions
of LFM components with opposite slopes. The clear localiz-
ation in time and the detailed structure of the interfering
cross-LFM signals are visible only using the short-time FFT.
In case of full-scale FFT, which is used for the standard
de-ramping processing, these interfering signals are spread
within the full analyzed beat frequency band. This introduces
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Fig. 5. Smoothed-out window applied to the beat signals.
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Fig. 6. Simulated de-ramped signals” spectra before filtering.
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a flat raised noise-like floor with amplitudes, which are deter-  for most targets the amplitude of reflected signals with such
mined by the level of cross-channel isolation (4) and integral ~ polarization in average are 1020 dB less than for co-polarized
received power in complementary channel [7]. This effect, channels (HH and VV). The provided two-dimensional rep-
which can be seen in Fig. 6, seriously decreased the opera-  resentation of the signals in the polarimetric receiver channels
tional dynamic range of the radar and detectability of gives a much more detailed picture of the signals and can be
targets. This effect especially important for the cross-polarized ~ used for further analysis and improvement of the radar
channels (HV and VH) of the polarimetric receiver as soon as  performances.
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Fig. 7. Simulated de-ramped signals’ spectra after filtering.
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Fig. 8. PARSAX radar range profiles in case of sequential polarimetric sounding with one standard LEM waveform.

V. THE SOLUTION FOR THE
ISOLATION PROBLEM IN
PARSAX RADAR

The proposed technique for increasing the isolation between
the polarimetric channels of the radar with dual-orthogonal
signal is based on the fact that interfering cross LFM signals
occupy only a part of the observation time interval (Fig. 4)
(detail analysis of the signals and cross-channel interferences
can be found in [7]). The V-shaped cross-correlation interfer-
ing signals have duration 7,,,, and bandwidth [o. . .f;.]-

The maximum roundtrip time delay for a cross-correlation
component (determined by the objects located in the range
interval [o...R,,,]) equals to 7,,/2 (not to 7,,, as for
useful (tone) signals). It is defined by the fact that the sweep
rate of the cross-signals is increased twice after de-ramping
processing. So, the cross-correlation component duration
equals to 7,,,, and the maximum roundtrip time delay for
cross de-ramped signals is equal to 7,,,,/2. Finally, the time
interval in which interfering LFM signals are present in
every channel is proportional to the cut-off frequency of the
LPF for beat signals and equals to f.,,; = 37,,,5./2.

The proposed technique includes zeroing of the beat
signals during the period of presence of the interfering
signal. To prevent the rising of spectral sidelobes of useful
(tone) beat signals the applied cut-off has to include a
window weighting (Fig. 5) [7]. This is quite simple in a tech-
nical realization, as soon as time position and duration of the
interfering signal are fixed for the given radar design, and it
can be implemented in the real-time processing chain.

Figure 6 represents the final range profiles for the simulated
radar scene using the standard processing technique. In Fig. 7
the same scene is presented using the proposed technique
including suppression of the interfering cross-channel
signals. The comparison of these pictures clearly shows that
the application of the proposed technique completely
removes the presence of interfering signals and produces a
full isolation of polarimetric channels. Possible range resol-
ution degradation due to the cut-off filtering should be con-
sidered together with the performance degradation because
of the window weighting applied in FM-CW radar for side-
lobes suppression. As well it is necessary to mention some
degrading in energy of useful signals, which can result in
SNR losses. For the PARSAX standard waveforms with band-
width 50 MHz, sweep time 1 ms, and maximum range of
interest 15 km, the expected energy loss equals to 1.6 dB. So
the advantage of cross-correlation suppression outweighs
the disadvantage of energy loss.

V. EXPERIMENTS

Standard de-ramping signal processor with 5 MHz bandwidth
low-pass filter and 16k range FFT with Hamming windowing
has been implemented as bit-stream image for FPGA-based
digital receiver of the PARSAX radar. The output range pro-
files of 5120 complex signal values together with profile
markers for further cross-channel synchronization are accu-
mulated in buffer memory and then are uploaded for
further processing, storage, and visualization into the host
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computer using fast PCle bus. With such architecture the
radar system is real-time operational. Using high-quality
multi-channel digital arbitrary waveform generator it is poss-
ible to re-configure the radar to work with different wave-
forms and compare the performances of different radar
architectures, signals, and processing algorithms.

Figure 8 represents typical range profiles of amplitudes of
backscattering matrix elements, which were measured using
most used currently in radar polarimetry sequential approach:
during one sweep only waveform with one polarization state is
transmitted (say H), two polarization channels (H and V) of
the receiver measure HH and HV elements of PSM simul-
taneously. During next sweep the polarization of the trans-
mitted waveform is changing to orthogonal (V) and two
polarization channels (H and V) of the receiver measure
now VH and VV elements. There is time difference between
measured columns of PSM, but there is no any cross-channel
interference.

The presented in Fig. 8 profiles have about 60 dB dynamic
range which defined as a ratio between strongest target and
average noise floor of the profile. They have been measured
with near horizontally pointed antennas of the PARSAX
radar and quite low level of the transmitted continuous
power (+10 dBm) that prevents any saturation of the receiver.
The strongest target at the range about 1 km is an 8om
chimney and reflections at the range of about 12-14 km
correspond to an industrial area in Rotterdam.

Fig. g represents the measurements of the same radar scene
using simultaneous transmission of two LEM waveforms with
opposite slopes in two polarization channels. Four receiver
channels implement the standard de-ramping processing,
the same as in case of results in Fig. 8. In presented profiles
of the amplitudes of PSM elements the influence of cross-
channel interferences is very well visible. The noise floor of
profiles in case of co-polar elements HH and VV increased
by 20dB and for cross-polar elements — by 30 dB, many
targets become hidden in it. The dynamic range of profiles
highly degraded, up to unacceptable for radar operation
level. These profiles clearly characterize a situation with cross-
channel interferences in case of multiple pointed and distrib-
uted targets.

Fig. 10 represents again the measurements of the same
radar scene using simultaneous transmission of two LEM
waveforms with opposite slopes in two polarization channels.
But in this case four receiver channels implement the
de-ramping processing with cross-channel interference
suppression technique, which were proposed in the previous
chapter. It has been implemented via zeroing of the predefined
area of the Hamming window function in design of bit-stream
image for FPGA-based digital receiver of the PARSAX radar.
Such implementation does not degrade real-time perform-
ances of digital receivers.

Detail comparison of Figs 8 and 10 shows that the
application of the cross-channel interference suppression
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Fig. 9. PARSAX radar range profiles in case of simultaneous polarimetric sounding with two orthogonal LFM waveforms.
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Fig. 10. PARSAX radar range profiles in case of simultaneous sounding with two orthogonal LFM waveforms and cross-channel interferences suppression.

algorithm practically completely restores the average low level
of the noise floor and the radar dynamic range. Weak targets
become visible and detectable. At the same time such com-
parison clear shows the price, which has to be paid. As soon
as we exclude from analysis about 15% of the received signal
duration, it is possible to see the degradation of the resolution
(from 3.3 to 3.96 m) and target amplitude (in this case

~0.8 dB). But most important, there is serious rising of side-
lobes, which are close to strong targets (Fig. 11). This effect
can be connected with quite simple and non-optimal shape
of implemented effective windowing function, which has not
smoothed level jumps. The optimal choice of such function
that minimizes the sidelobe level can be a topic for the
future research.
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Fig. 11. Zoomed part of the HH amplitude profiles, which were measured by the PARSAX radar in cases of one-waveform sequential polarimetric measurements
(solid line) and simultaneous sounding with two orthogonal LFM waveforms and cross-channel interferences suppression (dashed line).
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VI. CONCLUSIONS

The article describes the IRCTR PARSAX radar system, the
S-band high-resolution Doppler polarimetric FM-CW radar
with dual-orthogonal sounding signals, which has the possi-
bility to measure all elements of the radar targets PSM simul-
taneously, in one sweep.

The performance of such radar depends of the level of
sounding signals orthogonality. In the main operational
mode, the radar will be used for atmospheric remote sensing
and polarimetric studies of ground-based targets. In such
mode it will use a pair of synchronous LFM continuous
signals with opposite frequency excursions of 50 MHz and
duration of 1 ms. Such a combination of sounding signals
has limited orthogonality even for huge BT-products, which
produce cross-channel interferences. These interferences in
case of radar scene with multiple pointed and distributed
targets can completely degrade radar operational perform-
ance. In this article, we propose simple and effective technique
to suppress interferences and to restore radar performance.
The technique has been tested using simulation and
implemented in multi-channel digital receiver of the
PARSAX radar. The real radar measurements presented to
illustrate effectiveness of cross-channel interferences suppres-
sion. The proposed technique can be useful not only for
polarimetric radar design, but in much wider range of radar
applications, which use waveforms with high orthogonality.
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