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Abstract—This paper investigates the possibility of transmit-
ting waveforms designed to enable spectral coexistence between
radar and other Radio Frequency (RF) wireless systems via a
Software Defined Radar (SDR). The design technique tested in
this study nominally enables the placement of notches in the
spectrum of the synthesized probing radar signal. Their widths
and depths are set during the design stage so as to accounting
for the interference into each shared frequency interval, allowing
for spectral coexistence. At the assessment stage, the synthesized
signal is used with the PARSAX radar system, an SDR capable of
operating in the S frequency band. The analysis first focuses on
studying the compliance of the signal generated by the PARSAX
radar with its theoretical counterpart. Subsequently, open-air
experiments are conducted in the presence of stationary and
moving targets. The results show that the spectral characteristics
of the probing radar signal adhere well to the theoretical spectral
mask, and prove the system ability to detect both stationary and
moving targets.

Index Terms—Cognitive Radar, Spectral Coexistence, Wave-
form Design, Software Defined Radar.

I. INTRODUCTION

Spectral cohabitation among radar and wireless emitters op-
erating within the same frequency band has gained significant
attention during the last decade, as also testified by the number
of published research [1]–[26]. The problem arises because the
growth of high data-rate wireless communication services has
led to a crowded and crowded of the Radio Frequency (RF)
spectrum, especially in some frequency bands of particular
interest for radar applications. As a consequence, the radar
has to effectively capitalize on the available spectral resources,
while avoiding to interfere with other overlaid frequency
emitters. However, while it is important to ensure spectral
coexistence, it is equally important to guarantee satisfactory
detection, estimation, and tracking performance to the radar
system.

To reach this goal, in [6] a waveform design technique has
been proposed enabling spectral coexistence while optimizing
the radar Signal-to-Interference plus Noise Ratio (SINR). This
is obtained by placing bespoke notches in the spectrum of the
synthesized waveform in order to provide a precise control
on the amount of interference injected by the radar in each
shared frequency interval (in the following referred to as ’stop
bands’). Additionally, this technique also allows to control
some features of the radar probing waveform which, on the

whole, rule the radar performance. The practical implementa-
tion of the technique has already been studied in [27] and [28]
by using a hardware-in-the-loop testbed, also accounting for
possible distortions induced on the probing signal by Power
Amplifiers (PAs). However, for the final validation of the
waveform generation strategy, the spectrally-notched signal
has to be transmitted in open-air, and both spectral coexistence
and radar performance have to be assessed.

Given the outlined context, the aim of this paper is to
investigate the feasibility of transmitting the waveforms de-
signed according to the algorithm proposed in [6] through
a Software Defined Radar (SDR). Precisely, the designed
signal is used as input to the PARSAX radar system, an
S-band SDR located on the roof of the EEMCS (Electrical
Engineering, Mathematics & Computer Science) faculty at
TU Delft, in Delft, The Netherlands, and operated by the
Microwave Sensing, Signals & Systems (MS3) research group.
The radar gives the possibility of transmitting customized digi-
tal waveforms generated via an Arbitrary Waveform Generator
(AWG). Leveraging this capability, this study is firstly focused
on assessing the compliance between the signal produced by
the PARSAX and the waveform designed to ensure spectral
coexistence exploiting a feedback channel available in the
SDR system. Then, experiments are carried out by transmitting
the probing signal in open-air considering different scenarios
encompassing the presence of stationary and moving targets.
The results demonstrate that the spectral characteristics of the
probing signal conform to the theoretical spectral mask, while
the system is able to detect both stationary and moving targets.

The remainder of this paper is organized as follows. In
Section II, the measurement setup is described. In Section
III the results of the experimental analysis are discussed.
Finally, in Section IV conclusions are drawn and possible
future research avenues are pointed out.

II. MEASUREMENT SETUP

The PARSAX radar [29] shown in Figure 1 as already
pointed out has been used for the experiments presented in
this paper. The system is located on the roof of the EEMCS
faculty at TU Delft, in Delft, The Netherlands. PARSAX is
a highly reconfigurable, medium-range S-band SDR operated
in its conventional use as Frequency Modulated Continuous
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Wave (FMCW) radar. It is capable of operating in a fully-
polarimetric mode, with two independent polarimetric chan-
nels both in transmission and reception and at high resolution,
with bandwidth up to 100 MHz and resulting range resolution
up to 1.5m.

The radar has high sensitivity, with transmitted continuous
power up to +50 dBm per channel and receiver noise floor
around -93 dBm; this allows to detect target signatures 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
according to the radar task: (a) high power mode (+50 dBm),
used for atmospheric observation, and (b) lower power mode
(+23 dBm), used for ground-based targets observation.

The PARSAX radar is designed as a SDR with digital signal
processing implementation up to the intermediate frequency of
125 MHz. It includes a fully reprogrammable 4-channel AWG
that can generate signals based on the sequence of prerecorded
waveform samples with the rate of 1.2 GSample/sec. These
real-valued samples have to represent the probing waveform
at the intermediate frequency of 125 MHz with the maximum
bandwidth of ±50 MHz. The generated waveform is passed to
the analog circuits of the transmitter to be up-converted to RF
with a carrier of 3.315 GHz. Then, it is amplified and radiated
towards the search direction via the transmit antenna. A copy
of this signal is also exploited in the reference channel of the
digital receiver for customized signal processing.

Within the receiver board, the received and reference signals
are synchronously sampled via parallel ADCs with a sampling
rate of 400 MHz in a 14 bits digital representation. Further,
these sampled signals are sent to the FPGA for joint signal
processing. Depending on the type of sensing waveforms,
different radar signal receiver designs can be loaded in the
FPGA for real-time operation [30]. This can include a different
version of the Linear Frequency Modulated (LFM) signals’
de-ramping receiver (with real and complex mixers, low-pass
filters, with and without range compression), frequency-based
implementation of the matched filter receiver of arbitrary
signals, or direct streaming receiver that simply transfers the
sampled signal to the computer for further processing. The
main characteristics of the PARSAX radar are summarized in
Table I.

Fig. 1: The TU Delft PARSAX radar, located on the roof of
the EEMCS Faculty and operated by the MS3 group.

TABLE I: Main characteristics of the PARSAX radar [31].

Category Parameter Value

System characteristics
Center frequency 3.315 GHz
Modulation bandwidth ≤ 100 MHz
Range resolution ≤ 1.5 m

Power characteristics Max. power per channel 100/0.2 W
Transmitter attenuation ≤ 80 dB

Transmitter parabolic antenna
Antenna diameter 4.28 m
Antenna beamwidth 1.8◦

Antenna gain 40.0 dBi

Receiver parabolic antenna
Antenna diameter 2.12 m
Antenna beamwidth 4.6◦

Antenna gain 32.8 dB

TX-RX isolation HH-polarized -100 dB
VV-polarized -85 dB

ADC characteristics
Max. sampling frequency 400 MHz
ADC resolution 14-bit
Spur-free dynamic range ≥ 70 dB

For the experimental results of this paper, the radar has
been operated in single polarization mode, specifically with
horizontal polarization in both transmission and reception,
and in low power mode to avoid saturation of the receiver
channel, i.e., transmitting +23 dBm. Raw radar data have
been collected, amounting to approximately 1.6 GByte/s by
sampling both the transmitted and received channels. This
corresponds to 400 MSamples/s for the transmitted signal and
for the received signal, where each sample occupies 14 bits,
i.e. 2 bytes.

One notable characteristic of the PARSAX radar is the
possibility to use customized, digitally generated waveforms
in transmission thanks to the usage of an AWG, with the
additional possibility of setting up FPGA-based programmable
processing also at the receiver side. In the experiments
reported in this study, customized signals have been only
adopted in transmission using the AWG to generate waveforms
designed according to the algorithm in [6]. Hence, data have
been collected in two scenarios as detailed in the following.

A. Scenario 1: single target of opportunity

The radar has been pointed toward a stationary target of
opportunity located at approximately 1.14 km. This target is
a tall chimney, made of four co-located cylindrical pipes as in
Figure 2.

B. Scenario 2: multiple moving targets of opportunity

The radar has been pointed toward an highway segment
located at approximately 4.02 km, as shown in the maps of
Figure 3. This scenario allows to test the radar performance
in the presence of multiple moving targets of opportunity,
i.e., uncooperative vehicles driving in both directions of the
highway.

III. EXPERIMENTAL ANALYSIS

This section first focuses on describing the characteristics of
the waveform used in the experimental analysis. Subsequently,
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the results obtained by sensing the environment with the
synthesized signal are discussed.

A. Waveform Design

The waveform used for the experimental analysis is de-
signed according to the algorithm proposed in [6]. It enables
the cohabitation between radar and wireless systems operating
in the same frequency band by tailored notching the spectrum
of the radar signal in correspondence of the desired stop bands.
The design parameters are the individual width and depth of
each notch and a similarity-like constraint. The latter allows
to control some relevant features of the radar probing signal,
such as variations in the signal modulus as well as Integrated
Sidelobe Level (ISL) and Peak-to-Sidelobe Level (PSL).

For the experiments in this study, the reference signal is
a LFM waveform with a duration of 50 µs and a bandwidth
equal to 40 MHz. As to the spectral coexistence scenario, it
is supposed the presence of three emitters operating over the
spectral intervals [f li , f

u
i ], f

u
i − f li = 2 MHz, i = 1, . . . , 3.

Additionally, an interference level of -35 dB in each stop band
is guaranteed.

Fig. 2: Scenario 1 with a stationary target of opportunity:
chimney.

Fig. 3: Scenario 2 with multiple targets of opportunity: moving
vehicles on a highway segment.

After the waveform synthesis, bursts of uniformly time-
spaced pulses are formed using a pulse repetition time of 200
µs. Finally, for both scenarios outlined in Section II, the burst
is transmitted via the PARSAX and the signals backscattered
from the environment are collected and analyzed considering a
coherent processing interval composed of 512 pulses. Table II
summarizes the main parameters involved in the experimental
analysis.

Parameter Value
Pulse Width 50 µs
Bandwidth 40 MHz
Pulse repetition time 200 µs
Number of processed pulses 512
Number of stop bands 3
Stop-bands width 2 MHz
Notches depth -35 dB

TABLE II: Parameters involved in the experimental analysis.

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-range detection
with no blind range. Hence, detecting targets within the
considered scenarios using the specified pulse parameters is
not an issue.

B. Results and discussion

The first analysis is aimed at verifying the similarity be-
tween the synthesized waveform (denoted in the following
as ’theoretical signal’) and the signal generated by the AWG
of the PARSAX. This initial assessment is crucial because
possible hardware imperfections in the AWG may introduce
spectral distortions in the produced waveform, potentially
compromising the spectral compatibility requirement. The
comparison is provided in both time and frequency domain
in Figure 4. Specifically, Figure 4(a) and 4(b) show the real
parts and the frequency spectral densities of the theoretical and
generated signal (note that for both the analyses the curves are
normalized with respect to their maximum value).

The comparison reveals a good agreement between the two
waveform. Moreover, a linear attenuation of the generated
signal during the pulse duration is clearly visible in both the
time and frequency domains. This attenuation only affects the
amplitude of the generated signal and can be compensated
with a suitable pre-calibration of the AWG.

The next analysis focuses on determining whether the
hardware components downstream the AWG in the transmit
chain of the PARSAX system (such as mixers, filters, and
amplifiers, among others) compromise the spectral compat-
ibility of the signal being transmitted in the open air. 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 chimney, and as
a consequence the high SINR, it is expected that the received
signals are just a 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 Figures 5(a) and 5(c)
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(a) (b)

Fig. 4: Comparison between theoretical and experimentally
generated signals in time domain (a) frequency domain (b).

in both time and frequency domains, respectively. Figure 5(a)
shows the real-part of the signals collected from Scenario 1
during a CPI (composed of 512 pulses). Figure 5(c) compares
the frequency spectral densities of the theoretical, generated,
and received signals, with the curves for the received signals
obtained by averaging the frequency spectra evaluated using
all 512 pulses in the CPI.

The analysis in the time-domain in Figure 4(a) confirms
that the received signals can be viewed as delayed versions of
the transmitted waveform, with the delay matching 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 transmitted in open air
satisfies the spectral constraints set during the design stage.
However, a spurious contribution at -25 MHz is clearly visible
in the frequency spectrum of the received signal. It is difficult
to determine whether this is due to the transmit or receive
circuits of the PARSAX as the processed signal experiences
both the chains. Further assessments will be conducted to
investigate this aspect in the future.

The same analysis is carried on for Scenario 2 and the
results are displayed in Figures 5(b) and 5(d). As outlined in
Section II, this scenario involves multiple moving targets on
a highway located approximately 4 km away from the radar.
This is reflected in the more complex structure of the signals
received during the CPI, as shown in Figure 5(b), compared
with those collected for Scenario 1. Nonetheless, Figure 5(d)
indicates that the depth of the frequency notches in the stop-
bands still complies with the spectral constraints set to ensure
the compatibility between the probing waveform transmitted
in open air and the external electromagnetic environment.

Finally, Figures 6 and 7 show the range profiles and the
range-Doppler maps obtained using the signals received for
both the analyzed scenarios during a CPI. The range profile
in Figure 6(a) and the range-Doppler map in Figure 7(a) for
Scenario 1 exhibit a peak located at the range of the chimney
and at zero-Doppler, as expected due to the stationary nature
of the target. On the other hand, the range profile in Figure
6(b) for Scenario 2 displays a more intricate shape than in
the former case, suggesting the presence of multiple targets.
This is confirmed by the corresponding range-Doppler map
in Figure 7(b) which reveals the presence of multiple scatters

(a) (b)

(c) (d)

Fig. 5: Time/frequency domain behaviour of the signals col-
lected for Scenario 1 (a), (c), and Scenario 2 (b), (d).

moving towards and away from the radar, with velocities and
ranges consistent with the highway segment illuminated by the
radar.

Summarizing, the obtained results reveal that for both sce-
narios the waveform generated by the AWG and the probing
radar signal transmitted in open-air comply with the spectral
requirements set at the design stage to ensure spectral co-
existence. Furthermore, the range profiles and range-Doppler
maps demonstrate the capability of the system to detect both
stationary and moving targets via the designed spectrally-
notched waveform.

IV. CONCLUSIONS

This paper has presented an experimental validation on the
transmission in an open-air environment of spectrally-notched
waveforms enabling RF frequency bandwidth sharing among
radar and overlaid wireless emitters. Specifically, the probing
radar signal has been designed according to the technique
proposed in [6] and used to feed the PARSAX system, an
SDR equipped with an AWG and capable of operating in the
S frequency band. After describing both the main features of
the system and the scenarios considered for the experimental
validation, different analyses have been conducted. The first
assessment has been focused on verifying the compliance of
the waveform generated by the AWG as well as the probing
signal transmitted in open-air with their theoretical counter-
part. Then, the detection capability of the system has been
investigated in the presence of both stationary and moving
targets.

The results have highlighted a good agreement between
the spectral features of the waveform generated by the AWG
and the waveform transmitted in open-air with the theoretical
spectral mask forced at the design stage to ensure spectral
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(a)

(b)

Fig. 6: Range profile after pulse compression applying non-
coherent integration for scenario 1 (a), and scenario 2 (b).

coexistence. Additionally, for both scenarios considered in
the experimental campaigns, the obtained range profiles and
range-Doppler maps have highlighted that by using the de-
signed spectrally-notched waveform, the system is able to
detect both stationary and moving targets.

Future research directions might focus on investigating the
source of the spurious contribution observed in the frequency
spectrum of the received signals, as well as exploring the trans-
mission of waveforms designed according to other spectral
constraints.
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(a)

(b)

Fig. 7: Range-Doppler maps for scenario 1 with stationary
target of opportunity (a) and scenario 2 with multiple moving
targets (b).
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