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This article focuses on the experimental validation of probing
signals designed to enable radar operation in spectrally crowded
environments using an S-band software defined radar (SDR). The
tested waveforms ensure spectral coexistence between the sensing
system and frequency-overlaid emitters, while optimizing radar per-
formance. This is achieved through a bespoke notching of the radar
signal spectrum to control the amount of interference injected by the
radar in each shared frequency interval. In addition, some relevant
features of the probing signal that influence radar performance are
controlled via a similarity index, describing the maximum allowable
distance between the spectrally notched waveform and a prescribed
radar signal. In a first stage, the study is aimed at verifying whether
the transmit and receive chains of the SDR system impair the spectral
and temporal features of the designed waveforms. Subsequently, the
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tested signals are radiated into the environment to investigate their
effectiveness to detect targets in the illuminated scene, as well as
to ensure spectral coexistence in the presence of frequency-overlaid
emitters. The results demonstrated that by exploiting the designed
radar probing signals, the SDR system is capable of sharing spectrum
with other radio frequency wireless systems while also allowing to
detect both stationary and moving targets.

[. INTRODUCTION

The ever-growing demands for spectral resources in
wireless communication services have resulted in a crowd-
ing phenomenon of the radio frequency (RF) spectrum,
especially in frequency bands traditionally employed by
radar systems [1], [2], [3]. This problem has prompted
the development of spectrum-sharing strategies aimed at
enabling the cohabitation of radar and other RF emitters
within the same spectral interval [4], [5], [6], [7].

To effectively capitalize on available spectral resources
without interfering with other frequency-overlaid systems,
the cognitive radar paradigm is recognized within the radar
community as a highly promising solution [8], [9], [10],
[11], [12], [13]. It leverages the use of a sensing mod-
ule to gain awareness of the actual spectrum allocation
and exploits the gathered information to synthesize radar
probing waveforms tailored to the observed interference
environment [14], [15], [16], [17], [18], [19], [20], [21],
[22], [23], [24], [25], [26], [27], [28], [29], [30], [31].

Despite many strategies relying on the cognitive radar
paradigm (whether oriented toward spectrum sensing, radar
waveform synthesis, or both) have shown promising results
during their validation on simulated data, it is crucial to con-
duct additional tests using experimental testbeds to confirm
their effectiveness in practical scenarios. This type of study
is essential for the practical successful application of the
techniques [32], [33], [34], [35], [36], [37], [38], [39], [40],
[41], [42], [43], [44], [45], [46], [47].

With respect to probing waveform synthesis, among
the techniques available in open literature, the algorithm
proposed in [19] enables a radar to coexist with frequency-
overlaid wireless systems, while optimizing the signal-to-
interference plus noise ratio (SINR). This is achieved by
placing bespoke notches in the probing signal spectrum,
allowing control over the amount of interference injected
by the radar in each shared frequency interval (hereafter
referred to as stop bands). The design parameters are the
individual width and depth of each notch, as well as a
similarity-like index describing the maximum allowable
distance from a prescribed radar waveform. It permits to
control some relevant features of the radar probing sig-
nal, such as variations in the signal modulus as well as
integrated sidelobe level (ISL) and peak-to-sidelobe level
(PSL). The technical feasibility of this strategy has been
studied in [46] and [47] through experimental validations
using hardware-in-the-loop testbeds, also accounting for
possible distortions induced on the synthesized spectrally
notched signal by power amplifiers (PAs). However, to
achieve a higher technology readiness level (TRL) valida-
tion of the framework, it is necessary to radiate the designed
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waveform into the environment and assess both spectral
coexistence and radar performance.

Given the outlined context, this article aims to inves-
tigate the effectiveness of spectrally notched waveforms
when used as input in a software-defined radar (SDR).
The study is conducted through a measurement campaign
involving the use of the PARSAX system, a fully polari-
metric S-band SDR located on the roof of the Electrical
Engineering, Mathematics & Computer Science (EEMCS)
facility at TU Delft in The Netherlands. The radar offers the
capability to use customized digital waveforms generated
via an arbitrary waveform generator (AWG) as probing
signals. In addition, it provides a calibration mode beyond
the conventional sensing mode, which can be used for
testing the characteristics of the radar waveform before
being radiated into the environment.

Leveraging the aforementioned capabilities, in this
study, the PARSAX system is operated as a pulsed radar
by feeding its AWG with waveforms designed via the con-
sidered algorithm [19].! Furthermore, both the sensing and
calibration modes are employed to investigate the effects
of the radar transmit and receive chain on the synthesized
spectrally notched signals. The initial assessment focuses on
establishing whether the signals generated by the SDR sys-
tem conform to their theoretical counterparts. Subsequently,
the synthesized waveforms are radiated into the environ-
ment across various scenarios to study their capability to
detect both stationary and moving targets. Finally, spec-
tral coexistence between the radiated spectrally notched
probing signals and frequency-overlaid communication sig-
nals is studied, by verifying whether the interference pro-
duced by the sensing system in the shared frequency bands
compromises the communication links.

The results show that the spectrally notched signals once
radiated into the environment, still comply with the require-
ments specified at the design stage, ensuring spectral co-
existence with frequency-overlaid RF emitters. Moreover,
processing the echoes backscattered from the environment
and gathered at the radar receive side, the system is able to
detect both stationary and moving targets.

The rest of this article is organized as follows. In
Section II, a glimpse on the algorithm used for synthesizing
spectrally notched radar waveforms is provided. In Sec-
tion III, the main features of the PARSAX system are de-
scribed. In Section IV, the results of the experimental anal-
ysis are discussed. Finally, Section V concludes this article.

[Il. WAVEFORM DESICN

The waveform used for the experimental analysis is
designed according to the algorithm proposed in [19]. It
allows to: 1) enable coexistence between radar and wire-
less systems, 2) optimize radar detection performance, and
3) control some relevant hallmarks of the designed probing
signal, such as range-Doppler resolution, signal modulus
variations, (ISL, and PSL. Requirement 1 is satisfied by

1Preliminary results on this study are shown in [48].
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limiting the interference level injected by the radar into
the shared frequency intervals, condition 2 by maximizing
the SINR, and requisite 3 by imposing similarity-like con-
straints on the designed radar code. More in detail, assuming
awareness of the RF electromagnetic scenario surrounding
the radar (gathered via a radio environment map or spectrum
sensing [14], [15], [16], [17], [18]), the waveform design
problem in [19] is formulated as

maximize SINR
c,0
subjectto I <L, k=1,....K
i e —acol? < e (1
lell* <1

> <1

where ¢ € CV and ¢y € CV (|lc||*> = 1), respectively, repre-
sent the radar sought and reference codes, € € [0, 1] rules
the similarity level between ¢ and ¢y, @ € C enables the
modulation of the energy of ¢y, K denotes the number of
shared frequency bandwidths (referred to as stop-bands
in the following), I, and I, k =1, ..., K, indicate the
actual and the maximum tolerable interference level in the
kth stop-band, respectively. According to [19], problem P
can be equivalently recast as a nonconvex quadratically
constrained quadratic program and approximatively solved
leveraging a procedure based on semidefinite relaxation and
randomization. The parameters to be specified at the design
stage are the stop-bands where spectral coexistence is re-
quired along with the corresponding tolerable interference
levels (i.e., the individual width and depth of each notch),
the reference code, and the similarity parameter.

Unlike waveform design strategies where the spectral
coexistence is achieved by primarily modulating the phase
of the probing signal, the considered approach also capi-
talizes the degrees of freedom for the transmitted energy
modulation.

Over the past years, the practical implementation of
the aforementioned technique has already been investigated
in [46] and [47] using hardware-in-the-loop testbeds and
also accounting for possible distortions induced on the prob-
ing signal by the power amplification stage. In particular, in
the presence of PAs operating within their linear region, the
experimental analyses in [46] demonstrated the feasibility
of generating spectrally notched radar waveforms comply-
ing with the desired spectral requirements. On the other
hand, in the presence of PAs operating in nonlinear regime,
the assessment in [47] highlighted a significant degradation
in the spectral characteristics of the amplified signal, re-
sulting in spectral compatibility impairments. Nonetheless,
including a suitable predistortion stage upstream the PA
provides a viable means to mitigate the PA distortions and
achieve spectral coexistence.

Motivated by the results of previous investigations, this
study completes the analysis focusing on a high TRL study
case, involving the transmission of the synthesized spec-
trally notched radar waveform with an SDR, and assessing
both radar performance and spectral coexistence.
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Fig. 1.

PARSAX radar, located on the roof of the EEMCS facility at TU
Delft, The Netherlands.

[ll.  PARSAX SYSTEM

The PARSAX system [49], shown in Fig. 1 and located
on the roof of the EEMCS facility at TU Delft in Delft,
The Netherlands, is a highly reconfigurable, medium-range
S-band fully polarimetric SDR equipped with two distinct
antennas for simultaneous transmission and reception. It
has high sensitivity, with transmit power up to +50 dBm
per channel and receiver noise floor around —93 dBm; this
allows to detect targets up to distances of a few tenths of
kilometers, depending on their radar cross section (RCS).
To prevent the saturation of the receiver circuits by the
too strong reflected signal from the nearest objects, the
transmit power can be set in two modes: 1) low power mode
(+23 dBm) and 2) high power mode (+50 dBm).? In both
cases, there is the possibility to control the transmit power
using a digitally controlled attenuator with a 0.25-dB step
within the range 0-64 dB. This extra attenuation can be
selected from the radar control interface by the operator, or
can be dynamically controlled burst by burst via an algo-
rithm for automated transmit power control that prevents
saturation of the radar receivers. Another relevant feature
of the PARSAX is the availability of a calibration mode
for testing the characteristics of the probing signals before
being radiated into the environment.

Fig. 2 shows a high level schematic of the PARSAX
system for a single polarimetric channel. As mentioned
earlier, the PARSAX radar is designed as an SDR with digi-
tal signal processing implementation up to the intermediate
frequency of 125 MHz. It includes a fully reprogrammable
four-channel AWG that can generate signals based on the
sequence of prerecorded waveform samples. These real-
valued samples are representative of the probing waveform
at the intermediate frequency of 125 MHz with the maxi-
mum bandwidth of 50 MHz. A copy of the signal at the
output of the AWG is also gathered via a feedback/reference
channel to perform customized signal processing.

The generated waveform is converted to RF at the
S-band carrier of 3.315 GHz and amplified using either the

2The PAs are manufactured by Microwave Amplifiers Ltd. Specifically, an
AM7-3.35-22-30 is used in low-power mode, while an AM82-3.3S-27-50
is employed in high-power setup.
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Fig. 2. Operating and calibration modes of the PARSAX system for a
single polarimetric chanel.

TABLE I
Main Characteristics of the PARSAX radar [51]
Category Parameter Value
Center frequency 3.315 GHz
System characteristics ~ Modulation bandwidth < 100 MHz
Range resolution <15m
Max. power High-power mode 100 W
(per TX channel) Low-power mode 02 W
Antenna diameter 4.28 m
TX parabolic antenna  Antenna beamwidth 1.8°
Antenna gain 40.0 dBi
Antenna diameter 2.12 m
RX parabolic antenna  Antenna beamwidth 4.6°
Antenna gain 32.8 dB
. . HH-polarized -100 dB
TXRX isolation vy polarized -85 dB
Max. sampling frequency 400 MHz
ADC characteristics ADC resolution 14-b

low-power or high-power amplification stage. In the operat-
ing mode, this signal is radiated toward the search direction
via the transmit antenna, and the signals backscattered from
the environment are collected using the receiving antenna.
In the calibration mode, the amplified probing signal is first
attenuated and then directly sent to the RF receiver through a
fixed-length delay line with known attenuation (see Fig. 2).

At the receiver side, after low noise amplification, fre-
quency down-conversion to the intermediate frequency, and
signal conditioning, the resulting signal is passed to the
digital receiver. Within the receiver board, the received and
reference signals are synchronously sampled via parallel
analog-to-digital converters (ADCs) with a sampling rate
of 400 MHz using a 14-b digital representation. Finally,
the aforementioned sampled signals are sent to the field
programmable gate array (FPGA), where different process-
ing schemes can be loaded for real-time operation [50].
This can include deramping, matched filtering, or direct
streaming mode that simply transfers the sampled signal to
the computer for further processing. Table I summarizes the
main characteristics of the PARSAX radar.
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V. EXPERIMENTAL ANALYSIS

In this study, the AWG of the PARSAX system is fed
with digitally customized waveforms designed according to
the method discussed in Section II. Specifically, leveraging
the algorithm proposed in [19], spectrally notched wave-
forms are synthesized and their effectiveness assessed em-
ploying both calibration and operating modes. The analysis
is conducted by considering the measurement configura-
tions described as follows.

1) Measurement Setup 1: the calibration mode is ex-
ploited to assess whether the spectral characteristics
of the transmitted signals conform the spectral re-
quirements forced at the design stage.

2) Measurement Setup 2: open-air experiments are con-
ducted to prove the ability of the designed waveforms
to detect both stationary and moving targets.

3) Measurement Setup 3: open-air experiments are
conducted to demonstrate the spectral coexistence
between the probing radar waveform and a
frequency-overlaid communication signal.

The considered experiments involve the use of the low-
power mode, the high-power mode, or both. Besides, in
the former configuration the amplifier operates in its linear
region, while in the latter setting, it works in its compression
region.

A.  Measurement Setup 1

The waveform design algorithm in [19] assumes an
ideal behavior of the components involved in the transmit
chain of the radar system. However, as discussed in [47],
possible hardware nonidealities (especially those related
to the power amplification stage) may introduce spectral
distortions in the actual waveform transmitted into the en-
vironment, potentially compromising the spectral compat-
ibility requirement. For this reason, it is crucial to establish
whether the radar system alters the characteristics of the
designed waveform. This initial assessment is conducted
by analyzing the signal gathered at the output of both the
AWG and the amplification stage of the transmit chain using
the feedback channel and calibration mode, respectively.

The spectrally notched waveform is designed using a
linear up-chirp as the reference code, with a time duration of
50 us and a frequency bandwidth of 40 MHz. Furthermore,
the spectral mask specified during the design stage includes
three frequency notches, characterized by a width of 2 MHz
and a depth of 35 dB. In addition, the similarity parameter
is setto 0.1.

After synthesizing the waveform, a train of uniformly
spaced pulses with a pulse repetition time (PRT) of 200 us
is formed and generated via the AWG of PARSAX. Sub-
sequently, measurements are collected during the trans-
mission of 512 pulses while the system is operated in
high-power mode. In this regard, it is important to note that
the signals from the feedback and receive channels undergo
a synchronous sampling, triggered by the start epoch of
the pulse train. This enables data segmentation into 512
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TABLE II

Parameters Considered for Measurement
Setup 1

Parameter Value
Pulse Width 50 ps
Bandwidth 40 MHz
PRT 200 ps
Number of processed pulses 512
Number of stop bands 3
Stop-bands width 2 MHz
Notches depth 35 dB
Similarity 0.1
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Fig. 3. Comparison between the theoretical waveform and the signals
gathered using Measurement Setup 1 in the (a) and (b) time and the
(c) frequency domain.

time intervals, each corresponding to one PRT. Table II
summarizes the key parameters for this measurement setup.

As mentioned before, the analysis aims at verifying the
similarity between the synthesized waveform (referred to as
the theoretical signal) and the measured signals. The com-
parison is shown in both the time and frequency domains in
Fig. 3.

Fig. 3(a) shows the real part® of both the theoretical
signal and the signals measured at the output of the AWG.
Fig. 3(b), instead, displays the real part of the signals
collected at the output of the amplification stage. Note
that for both figures, the reported measured signals are
those collected over each repetition interval of the generated
pulse train (i.e., 512 overlapped signals). Moreover, since
the transmitted pulses have a time duration of 50 us, the
time axis is limited to 100 us (instead of considering the
entire PRT of 200 us). Finally, both the theoretical and
the measured signals are normalized with respect to their
maximum value.

The comparison in Fig. 3(a) reveals a good agreement
between the theoretical signal and the waveform generated

3The samples of the complex envelope are obtained through digital down-
conversion.
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using the AWG. However, an almost linear attenuation over
the pulse extension of the measured data is clearly visible.
As to the measurements performed after the amplification
stage, Fig. 3(b) highlights that the collected signals can
be considered delayed versions of the waveform generated
using the AWG with a time offset matching the delay line
length involved into the calibration mode.

Fig. 3(c) compares the average frequency spectra of the
theoretical waveform and of the signals gathered down-
stream with the AWG and the power amplifification stage.
The curves are obtained by averaging the frequency spectra
evaluated using all the available 512 segments and then
normalizing each frequency spectrum with respect to its
maximum value. Since the reference code is a linear up-
chirp, the results certify that the linear attenuation observed
in the time domain is reflected in the frequency domain
as a linear attenuation from the low- to the high-frequency
components of the collected signals. This attenuation only
affects the amplitude of the generated signal and could be
compensated with a suitable precalibration of the AWG. In
fact, comparing the frequency spectrum of the waveform
generated with the AWG with the theoretical counterpart
reveals that no spectral distortions are present and the depth
of the frequency notches remains almost unchanged.

As to the signal after the amplification stage, since tran-
sitions are observed at the edges of the frequency notches,
the spectral requirements specified during the design stage
(viz., the depth of the frequency notches) are tightly guaran-
teed only in correspondence of the center of the stop-band.
Such spectral distortions can be attributed to the high-power
amplification stage. Indeed, performing the same analysis
in the low-power mode (not reported here for brevity), such
transitions are not present, and the spectrum of the signal
collected after the (low-power) amplification stage closely
complies with the theoretical mask. Nevertheless, even
though spectral distortions are present in the high-power
setting, the addition of guard bands for each frequency notch
could offer a viable solution to ensure the desired spectral
requirements over the entire stop-bands of interest.

The final analysis aims at investigating whether the
transmit and/or receive chains compromise the expected
performance in terms of pulse compression. In this respect,
the nominal output of the pulse compressor corresponds
to a lagged version of the autocorrelation of the designed
(theoretical) waveform, with a time lag equal to the de-
lay introduced by the calibration line. This benchmark
is compared with its measured counterpart, obtained by
cross-correlating the data collected (after power amplifi-
cation) through the calibration line across the available 512
data segments with a specific signal (representative of the
assumed transmitted pulse) and then averaging the resulting
512 cross-correlation functions. In particular, the following
three filters are considered:

1) theoretical spectrally notched signal;

2) spectrally notched signal downstream of the AWG;

3) spectrally notched signal downstream of the power
amplification stage;

AUBRY ET AL.: ASSESSING RADAR WAVEFORMS FOR SPECTRAL COEXISTENCE VIA THE PARSAX SYSTEM
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Fig. 4. Comparison between the theoretical and the actual
cross-correlations for the signals gathered in Measurement Setup 1.

referred to hereafter as synthesized, AWG, and received,
respectively. In the last two cases, leveraging knowledge
about both the time duration of the spectrally notched pulse
and the delay introduced by the calibration line, the filters
for pulse compression are defined using samples acquired
via the feedback channel (Case 2) and the receive channel
(Case 3) across the first of the 512 available data segments.

The results of the analysis are shown in Fig. 4 where
the modulus of the averaged cross-correlations is compared
with the theoretical benchmark. The curves highlight that
all the considered cross-correlation functions exhibit a peak
corresponding to the nominal delay introduced by the cali-
bration line. Furthermore, when comparing the theoretical
benchmark with the measured counterparts, only a change
in the nulls’ depth is observed. More in detail, the main
lobe width and the sidelobe levels remain almost unaltered,
indicating that neither the AWG nor the power amplifier
of the PARSAX affect the expected radar performance in
terms of pulse compression.

B. Measurement Setup 2

This section presents the results of open-air experiments
where the radar waveform considered for Measurement
Setup 1 (with parameters specified in Table II) is radiated
into the environment. The PARSAX radar is operated in
single polarization mode, specifically with the horizontal
polarization in both transmission and reception, and in low
power mode to avoid saturation of the receiver channel.
Hence, data are collected in two scenarios as detailed in the
following.

1) Scenario 1 (Single Target of Opportunity): the radar
is pointed toward a stationary target of opportunity
located at approximately 1.14 km. This target is a tall
chimney, made of four colocated cylindrical pipes,
as in Fig. 5(a).

2) Scenario 2 (Multiple Moving Targets of Opportu-
nity): the radar is pointed toward a highway segment
located at approximately 4.02 km, as shown in the
maps of Fig. 5(b). This setup allows to test the radar
performance in the presence of multiple moving
targets of opportunity, i.e., uncooperative vehicles
driving along the two directions of the highway.
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Fig. 5. Scenarios for the Measurement Setup 2: Scenario 1 with a
stationary target of opportunity (a), and Scenario 2 with multiple moving
targets of opportunity (b).

In both the situations, the signals backscattered from
the environment are collected and analyzed considering
a coherent processing interval (CPI) composed of 512
pulses. Before discussing the results, it is worth pointing
out that the PARSAX system uses two distinct antennas
for simultaneous transmission and reception, thus enabling
short-distance detection without eclipsing ranges.

The first analysis is focused on determining whether
the probing signal complies with the spectral requisites
forced at the design stage. This study is conducted using
the signals backscattered from the environment of Scenario
1, which mainly involves a chimney located at a relatively
short range. Given the narrow beam of the transmit antenna
and the high RCS of the target, itis expected that the received
signals are just delayed copies of the probing waveform,
with a time elapse proportional to the range of the target.
The results of this assessment are displayed in Figs. 6 in both
time and frequency domains (using the same normalizations
as for the analysis in Measurement Setup 1). Precisely,
Fig. 6(a) shows the real part of the collected signals, while
Fig. 6(b) compares the average frequency spectrum of the
generated and received signals with the theoretical counter-
part. The time-domain analysis confirms that the received
signals can be viewed as delayed versions of the transmitted
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Fig. 6. Analysis of the measurements collected for Scenario 1 of
Measurement Setup 2 in time-domain (a), and frequency domain (b).

waveform, whose delay matches the range of the chimney.
The frequency spectrum curves show that the depth of the
frequency notches remains almost unchanged, indicating
that the probing signal satisfies the spectral constraints set
during the design stage.

For Scenario 2, the analysis of the acquired signals in
both time and frequency domains is illustrated in Fig. 7(a)
and (b), respectively. As mentioned before, this study case
accounts for multiple moving targets on a highway segment
located approximately 4-km away from the radar. This is
reflected in the complex structure of the signals received
during the CPI, as compared with those collected for Sce-
nario 1; see Figs. 6(a) and 7(a). Nonetheless, Fig. 7(b)
indicates that the depth of the frequency notches in the
stop-bands still fulfils the spectral constraints set to ensure
the compatibility between the probing waveform and the
external electromagnetic environment. Notably, since for
both the scenarios the measurements are performed using
the low-power mode, no transitions are present at the edges
of the frequency notches. This behavior is consistent with
the results discussed in Section IV-A for Measurement
Setup 1. In other words, no spectral distortions are induced
on the probing radar waveform, and the frequency spectrum
of the transmitted signal closely adheres with the theoretical
mask specified at the design stage.

The next study addresses the capability of the designed
spectrally notched waveform to detect the targets present
in the considered scenarios using as figure of merit range
profiles and the range-Doppler maps. The range profiles
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Fig. 7. Analysis of the measurements collected for Scenario 2 of
Measurement Setup 2 in time-domain (a), and frequency domain (b).

are obtained by performing pulse compression and non-
coherent integration over the pulses gathered during the
CPL In this respect, matched filtering operation for pulse
compression is realized using both the theoretical waveform
and the waveforms generated via the AWG for each pulse
of the pulse train. The resulting range profiles are hereafter
referred to as synthesized and AWG, respectively. The
range-Doppler maps, instead, are obtained by performing
standard pulse-Doppler processing over the samples in the
slow-time domain after pulse compression.

Regardless of the filter used for pulse compression, the
curves in Fig. 8 highlight that nearly identical range profiles
are obtained in each of the considered scenarios. Moreover,
the plot of Fig. 8(a) for Scenario 1 shows, as expected, a
prominent peak at the nominal distance of the chimney. The
range profiles in Fig. 8(b) for Scenario 2, instead, exhibit
a more intricate shape than the former case, suggesting the
presence of multiple targets.

Finally, the range-Doppler map in Fig. 9(a) for Scenario
1 corroborates the presence of a single stationary target
(zero-Doppler) whose range matches the distance of the
chimney. For Scenario 2, Fig. 9(b) indicates the presence of
both stationary and moving targets. This is because, given
the transmit and receive antenna beam sizes, even if the
radar is pointed to the highway segment, the radar also
illuminates and receives echoes from other objects in the
environment, such as buildings and vegetation. Besides,
when examining ranges corresponding to the illuminated
highway segment, the map reveals the presence of multiple
scatterers approaching and receding from the radar, whose

AUBRY ET AL.: ASSESSING RADAR WAVEFORMS FOR SPECTRAL COEXISTENCE VIA THE PARSAX SYSTEM

‘ ‘
=10 e AWG
S
820
2
5-30
[
=
T -40 |
N
g -50
2
-60 ]
20 | [ERTHRED 1 !
0 1 2 3 4 5 6 7
Range [Km]
(a)
0
_. 5 J
g
=
o 10 1
e
2 -30
E - 386 3.88 39 392
j=2}
©
<.
el
(5]
N -
s § ‘
E 30} ; :
s .
i AR T il
0 1 2 3 5 6 7
Range [Km]
(b)
Fig. 8. Range profile after pulse compression applying noncoherent

integration for scenario 1 (a), and scenario 2 (b).

ranges and velocities consistent with those of the vehicles
traveling along a highway.

Summarizing, the presented analysis reveal that for both
scenarios the probing radar signal complies with the spectral
requisites set at the design stage to ensure spectral coexis-
tence. Furthermore, the range profiles and range-Doppler
maps demonstrate the capability of the system to detect both
stationary and moving targets using the designed spectrally
notched waveform.

C. Measurement Setup 3

In this section, the capability of the considered algorithm
to synthesize waveforms ensuring spectral coexistence with
frequency-overlaid signals is evaluated focusing on the
communication system side. This assessment requires the
following operations.

1) The simultaneous transmission into the environ-
ment of a properly designed spectrally notched radar
waveform and a communication signal in the same
frequency band.

2) The measurement of the total signal within the
frequency band of interest.

3) The evaluation of the error rate in decoding the
communication signal at the receiving site.

As explained in Section III, the PARSAX is a fully
polarimetric SDR system. Hence, the transmission task can
be accomplished via the cross-polarized transmit channels,
whereas the reception task is accomplished by an RF re-
ceiver equipped with a 45° linearly polarized antenna. For
the conducted experiments the signals transmitted via the
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Fig. 9. Range-Doppler maps for (a) scenario 1 with stationary target of
opportunity and (b) scenario 2 with multiple moving targets.

H and V channels of the PARSAX (i.e., the radar and
communication signals, respectively) are collected using a
PlutoSDR [52]. This is a software-defined-radio transceiver
manufactured by Analog Devices and is capable of receiv-
ing signals in the frequency range from 70 MHz—6 GHz. It
offers an instantaneous bandwidth up to 20 MHz, supports
a sampling frequency up to 61.44 MHz, and provides the
complex envelope of the received signal. More in detail, the
PlutoSDR is positioned on the roof of a building located
approximately 300-m away from the radar system.

Fig. 10 provides an overview of the measurement setup,
whereas Fig. 11(a) and (b) depict the PARSAX system
pointed toward the RF receiver. Fig. 11(c), instead, illus-
trates the PARSAX as it is seen from the receiver side.

The analysis is conducted by transmitting two data sig-
nals modulated according to a /4 differential quadrature
phase-shift keying (DQPSK) scheme (denoted as e; and
e, in the following), each occupying an RF bandwidth
of 200 KHz. The m/4-DQPSK is a digital modulation
technique in which the data bit stream is mapped into a
sequence of symbols, each carrying two bits of informa-
tion. Differently from the classic phase-shift keying (PSK)
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Fig. 10. Measurement setup involving the simultaneous transmission
and reception of the spectrally-notched radar waveform and the
communication signals.

PARSAX

(©)

Fig. 11. (a) PARSAX transmit antenna pointed towards the receiver
which is shown in (b), and (¢) PARSAX as it is seen from the
receiver side.

modulation scheme, where each symbol is modulated via
a specific phase value, in 7 /4-DQPSK, the current modu-
lation symbol is obtained by applying a phase transition to
the previous modulation symbol, which can take values of
/4,3 /4, —m /4, or =31 /4 to encode the bit pairs 00, 01,
10, 11, respectively.

For the conducted experiments, the overall communica-
tion signal is generated as e = e| + e, where e; and e, are
orthogonal in the frequency domain and exhibit a frequency
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Fig. 12. Time-domain behavior of the reference measurements for
(a) the communication signals and (b) the spectrally notched radar
waveform.

offset of 1 MHz. As to the spectrally notched radar wave-
form (denoted as s in the following), this is synthesized
using as reference code a linear down-chirp pulse whose
width is 50 us and whose bandwidth is 10 MHz. Moreover,
to account for the presence of e; and e, two stop bandwidths
are forced at the design stage whose width and depth are
450 KHz and —35 dB, respectively.

After synthesizing the radar code s and generating the
communication signal e, they are used to form bursts with
PRT of 200 ps and 1 ms, respectively. Subsequently, the
former is transmitted using the H channel at the carrier
frequency of the PARSAX system, namely f, = 3.315 GHz.
The latter is transmitted using the V channel so that the
carrier frequencies of e; and e, are 3.3145 and 3.3155 GHz,
respectively (i.e., f.=£ 500 KHz).

Leveraging the capability of the PARSAX to intro-
duce distinct attenuation levels over each transmit chan-
nel, the performance is evaluated under diverse signal-
to-interference ratio (SIR) conditions. Precisely, using the
high-power mode for both the H and V channels, the fol-
lowing case studies are considered:

1) k, =0dB, k, = 0 dB;
2) k, =0dB, k, = 10 dB;
3) ks = 0dB, k., = 20 dB;
4) k;, =0dB, k., = 30dB;

where k; and k, denote the attenuation levels introduced
on s and e, respectively. For reference, measurements are
acquired under three conditions: 1) transmission of only s
with k; = 0 dB; 2) transmission of only e with x, = 0 dB;
and 3) no active transmissions from the PARSAX system.
These measurements are used both for comparison purposes
and to evaluate the SIR in the shared frequency bands for
each case study. Notably, all the acquisitions are performed
without employing automatic gain control, while manually
regulating the dynamic range of the receiver so as to prevent
clipping of the collected signals under the Case 1 (providing
he maximum received power).

Figs. 12 and 13 display the time-domain behavior of
the signals gathered over an acquisition window of approx-
imately 7 ms for the reference measurements and all the case
studies, respectively. As to the reported amplitude values,
the PlutoSDR provides digitized signals normalized within
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Fig. 13. Time-domain behavior of the signals collected for (a) Case 1,

(b) Case 2, (c) Case 3, and (d) Case 4.

the interval [—1, 1]. Converting these values in standard
units, such as volts, requires information about the technical
specifications of the ADC and this is beyond the scope of
this study.

Fig. 12 highlights that when k; = &, the 45° linearly po-
larized receiving antenna ensures nearly identical peak am-
plitudes for the signals transmitted via the cross-polarized
channels of the PARSAX system. In addition, as in the pre-
vious experiments, the transmitted radar waveform exhibits
a linear attenuation along its pulse duration. The plots in
Fig. 13, instead, highlight that while the peak amplitudes
associated with s are nearly identical for all the considered
case studies, those associated with e progressively decrease
from Cases 1 to 4.

Fig. 14 depicts the frequency spectrum of the reference
measurements along with that of the signals collected for
Case 1 (where k; = k, = 0dB asin the reference scenarios).
The reported curves highlight that:

1) the dominant spectral components of the reference
data almost overlap with those of the signal acquired
for Case 1, where both s and e are transmitted
simultaneously;

2) the frequency spectrum of the reference
communication waveform reveals the presence
of spurious signals, likely due to nonidealities in the
transmit/receive chain (this will be subject to further
investigation in the future);

3) the depth of the frequency notches meets the spectral
requirements set during the design stage;

4) the probing radar waveform exhibits a linear attenu-
ation from high- to low-frequency components.

Since the reference code is a linear down-chirp, the latter
trend is compliant with the linear attenuation in the time
domain observed in Fig. 12(b).
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Besides, the frequency spectra evaluated using the mea-
surements gathered for all the considered case studies
shown in Fig. 15 highlight that moving from Cases 1 to
4:

1) the spectral components corresponding to the com-
munication signal are progressively attenuated ac-
cording to a factor of about 10 dB;

2) the frequency components related to the radar code
remain almost unchanged.

The next analysis concentrates on the evaluation of the
SIR, which is formally defined as

P,
SIR = —
P,

A

6680

TABLE III

Average SIR Values (In
dB) Experienced in
Each Communication
Channel

Case el €2
1 478 | 47.5
2 36.9 | 36.6
3 26.7 | 26.0
4 152 | 143

where P, and P; are the power levels of the communica-
tion and radar signals in a given shared frequency band,
respectively.

As mentioned before, the spectral characteristics of both
the radar waveform and the receiver noise remain unaltered
across the reference collection and the considered case
studies. Hence, the aforementioned power levels can be
estimated as

Pg — Pr _ Psref
}") — Pref _ Pref
where, for a given shared frequency band:

1) P, indicates the average power calculated using the
signals collected for a particular case study, encom-
passing contributions from e, s, and receiver noise;

2) IADXr6f denotes the average power calculated using the
radar waveform reference measurements, account-
ing for contributions from s and receiver noise;

3) Pff is the average noise power calculated using the
noise reference measurements.

Table III provides the SIR experienced in each shared
frequency band averaged over 100 acquisition windows.
The reported values demonstrate that:

1) for each case study, the SIRs over the two shared
frequency band are nearly identical;

2) moving from Cases 1 to 4, where «, remains constant
and «, progressively decreases by 10 dB, the SIR also
diminishes progressively by approximately 10 dB.

The effectiveness of the waveform design in ensuring
spectral coexistence is further assessed by examining the
average error rate experienced in each communication chan-
nel. Precisely, within each acquisition window, the received
communication signals (of a given pulse) for both emitters
are demodulated, and decoded. Subsequently, the decoded
information bit sequences associated with e; and e, (each
composed of 368 b) are compared with their respective
nominal counterparts, and the empirical error rate is eval-
uated. Table IV presents the error rates averaged over 100
acquisition windows.

The values clearly indicate that the communication links
are not significantly compromised by the radar probing
waveform, thereby demonstrating coexistence among these
systems. In addition, the average error rates tend to increase
as the SIR decreases. As an additional remark it is worth
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TABLE IV
Average Error Rate (In %)
Experienced in Each
Communication Channel

Case el €2
1 0 0
2 0 0
3 0 0
4 0.56 % | 0.49 %
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Fig. 16. Scatterplot of phase transitions between consecutive symbols
for a single communication signal, evaluated for each emitter and case
study: (a) Case 1/ey, (b) Case 1/ey, (c) Case 2/ey, (d) Case 2/e;, (e) Case
3/ey, (f) Case 3/ey, (g) Case 4/e;, and (h) Case 4/e;.

mentioning that, besides the SIR, other factors also con-
tribute to possible errors, including synchronization issues.
Specifically, more sophisticated synchronization algorithms
and the use of error correction schemes could potentially
help to reduce the error rate.

Finally, Fig. 16 shows a scatterplot of phase transitions
between consecutive symbols of a single communication
pulse, evaluated for each emitter and case study. Here, for a
given phase transition 6,4, a; = cos(6y), and ag = sin(6y).
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The plots emphasize that the dispersion around the true
value of the estimated phase transitions increases as the SIR
decreases, as predicted by the average error rates shown in
Table I'V.

V. CONCLUSION

This article has dealt with the experimental validation
of waveforms designed leveraging the algorithm proposed
in [19], enabling radars to operate in spectrally crowded
environments. The study has been conducted through a
measurement campaign involving the use of the PARSAX
system, a fully polarimetric S-band SDR located at TU
Delft, in The Netherlands.

First, an overview of the waveform design strategy con-
sidered to ensure coexistence among the radar and other RF
systems operating in the same frequency interval has been
provided. Then, the main features of the PARSAX system
have been summarized, with an emphasis on its calibration
and sensing operational modes, as well as on the availability
of either a low-power (0.2 W) or a high-power (100 W)
amplifier at the transmit side.

As to the experimental analysis, it has been carried out
by forming trains of uniformly spaced spectrally notched
pulses and by feeding the AWG of the PARSAX radar with
the corresponding digital samples.

The capabilities of the considered signals in ensuring
spectral coexistence, as well as to detect both stationary
and moving targets, have been evaluated employing spe-
cific measurement setups. Precisely, the compliance be-
tween the signals produced by PARSAX, downstream of
both the AWG and the power amplification stage, and the
designed waveforms, has been first studied using feed-
back channels available in the SDR system (Measure-
ment Setup 1). Subsequently, the system’s ability to detect
targets has been investigated by radiating the spectrally
notched probing signal into the environment and analyz-
ing the echoes backscattered from the illuminated scene
(Measurement Setup 2). Finally, spectral coexistence has
been assessed by simultaneously radiating the designed
waveform and a frequency-overlaid communication signal
into the environment, so as to verify whether the inter-
ference produced by the radar in the shared frequency
bands compromises the communication link (Measurement
Setup 3).

The conducted experimental analysis has demonstrated
that the considered spectrally notched probing signals once
transmitted into the environment meet the requirements
specified at the design stage to ensure spectral coexistence
and at the same time enable the system to detect both
stationary and moving targets.

Future research directions might focus on exploring the
transmission of the signals using a phased-array radar. In
addition, it is definitely of interest to study the integration
of a spectrum sensing module into the probing system to
gather online spectrum awareness from the environment and
realize the so-called perception-action cycle in the context
of cognitive radars.
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