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Forward-Looking Passive Radar With Non-Uniform
Linear Array for Automotive Applications

Giovanni Paolo Blasone

Abstract—With the rapid and growing spread of automotive
radar systems in modern vehicles, the problem of their mutual
interference is becoming a major safety concern. This article con-
siders the use of receive-only sensors onboard the vehicles, which
exploit an external illumination source to provide automotive radar
functionalities. The passive radar paradigm would solve the prob-
lem of mutual interference, allowing different systems to share the
same transmitted signal. A preliminary analysis of the feasibility
of this concept is carried out, exploiting real-world transmitters of
opportunity. The potentialities offered by both satellite and ground-
based illuminators are investigated and the expected performance
is evaluated in terms of achievable coverage and spatial resolu-
tion. Aiming to enable a practical implementation of the proposed
concept, an appropriate signal processing scheme is proposed to
obtain maps of the observed scene. A Doppler beam sharpen-
ing approach is adopted to discriminate and localize stationary
scatterers in azimuth based on the differences in their relative
Doppler shift. The problem of left/right ambiguity arising from
the forward-looking geometry is tackled by exploiting an array of
few antenna elements on receive. Specifically, an ambiguity removal
approach is proposed, based on digital beam pattern adaptation,
designed to maximise the response in the desired direction and
suppress unwanted echoes from the corresponding ambiguous one.
The effectiveness of this approach is further improved by cascading
an apodization technique that prevents the undesirable increase
in the noise level. Moreover, some criteria are introduced for the
design of the antenna layout, resorting to non-uniform linear array
configurations. The proposed system is tested against a simulated
environment, where the multi-channel signal processing, combined
with a properly designed array layout, is shown to provide an
unambiguous mapping of the observed scene over wide angular
sectors, even operating with few antenna elements on receive.

Index Terms—Automotive radar, passive radar, Doppler beam
sharpening, left/right ambiguity resolution, NULA.

I. INTRODUCTION

HE last decades have seen a pervasive and ever-increasing
diffusion of the radar technology in the automotive sector.
Modern vehicles are equipped with multiple sensors designed

Manuscript received 16 August 2022; revised 3 January 2023; accepted 16
March 2023. Date of publication 13 April 2023; date of current version 19
September 2023. This work was supported by the European Union thorugh the
Italian National Recovery and Resilience Plan (NRRP) of NextGenerationEU,
partnership on Telecommunications of the Future under Grants PEO0000001 -
program “RESTART”, and CUP B53C22004050001. The review of this article
was coordinated by Prof. Hongzi Zhu. (Corresponding author: Fabiola Colone.)

The authors are with the Department of Information Engineering, Electronics
and Telecommunications, Sapienza University of Rome, 00184 Rome, Italy
(e-mail:  giovannipaolo.blasone@uniromal.it; fabiola.colone@uniromal.it;
pierfrancesco.lombardo@uniromal.it).

Digital Object Identifier 10.1109/TVT.2023.3266789

, Member, IEEE, Fabiola Colone
and Pierfrancesco Lombardo

, Senior Member, IEEE,
, Senior Member, IEEE

to provide essential safety and comfort features and to enable
advanced driver assistance systems (ADAS), and autonomous
driving functionalities. Radar is the core sensing technology,
being able to sense the environment also in harsh conditions
(poor lighting, adverse weather, etc.), to detect the objects in
the vicinity of the vehicle, and to accurately measure their
speed and range. Most automotive radar systems operate in the
frequency band 76-81 GHz, employing frequency modulated
continuous wave (FMCW) signals [1]. They usually transmit
wideband waveforms to ensure range resolutions below one
meter, and they are typically required to cover from few tens of
meters (short-range) up to few hundreds of meters (long-range),
depending on the specific application.

As the number automotive radar transceivers operating on the
road is foreseen to rapidly increase over the coming years, the
problem of mutual interference between them is expected to
become an important issue [2], [3], [4]. The mutual interference
can largely affect the capabilities of the sensors and degrade
their performance, for instance by increasing the disturbance
level, compromising target detection, generating ghost targets,
or even causing a complete loss of the radar functionality.

Therefore, automotive radar mutual interference is going to
become a critical safety concern and has motivated several
studies aimed at mitigating or avoiding it, making this topic
a very important area of research for the long-term development
of ADAS and autonomous driving. A demonstration of this is the
great attention by both the automotive industry and the research
community, and the numerous contributions of the recent years
on this subject [5], [6], [7], [8], [9], [10], [11], [12], [13], [14],
[15].

Several solutions have been proposed to face the problem
of mutual interference. Most of the published studies focus
on the attenuation or removal of the interference after it has
been revealed at the receiver [7], [8], or by employing compres-
sive sensing techniques [9]. Other approaches aim to mitigate
or avoid the interference exploiting waveform diversity. The
probability of overlap can be diminished by properly varying
the waveform parameters, according to temporal, frequency,
or code multiplexing strategies. The FMCW and orthogonal
frequency division multiplexing (OFDM) waveforms have been
considered and compared under interference conditions [10],
[11], [12]. Strategies were proposed to adjust the waveform
parameters by randomisation [13], cognitive approaches [14],
or partial coordination among the systems [15]. Nevertheless,
due to the nature of these solutions, the interference mitigation

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0002-5154-8725
https://orcid.org/0000-0002-6694-7534
https://orcid.org/0000-0001-5018-5048
mailto:giovannipaolo.blasone@uniroma1.it
mailto:fabiola.colone@uniroma1.it
mailto:pierfrancesco.lombardo@uniroma1.it

BLASONE et al.: FORWARD-LOOKING PASSIVE RADAR WITH NON-UNIFORM LINEAR ARRAY FOR AUTOMOTIVE APPLICATIONS

Fig. 1. Automotive passive radar sensors sharing an external transmitter as an
illuminator of opportunity.

performance worsens as the number of sensors increases, and
the orthogonality of waveforms can only be preserved with a
limited number of active radar units.

To overcome the above limitations, this work proposes an
unconventional approach, which starts from a totally different
perspective. We investigate the idea of employing a receive-only
sensor onboard the vehicle, which exploits an available external
illumination source in bistatic configuration. The passive radar
paradigm would permit different radar systems to share the
same transmitted signal, thus eliminating the problem of mutual
interference (see Fig. 1). Such an external source might be a
third-party non-cooperative transmitter, such as those employed
for broadcast communications, or a transceiver station from a
mobile communication network, or even a dedicated or partially
dedicated signal transmitted by upcoming vehicle to infrastruc-
ture communication systems [16], [17], [18], [19]. This solution
goes in the direction of a more efficient use of the spectrum
and towards the coexistence of communication and sensing.
Specifically, in the perspective of an integrated sensing and
communication (ISAC) system, the transmitted waveform might
be designed so as not only to accomplish its primary function
but also to have convenient properties for radar purposes.

Apparently, the downsides of a passive radar solution are
due to its reliance on an external illumination source, which
rises numerous non-negligible challenges. The reliability and
performance of the system would depend on the parameters of
the exploited transmitter and the characteristics of the waveform.
Likewise, they might be strongly affected by the illumination
condition and the time-varying bistatic geometry. Therefore, a
suitable strategy for the selection of one or more sources of
opportunity, among the several available nowadays and in the
next future, would be essential to meet the required safety stan-
dards. In addition, appropriate signal processing techniques and
operational strategies are needed to tackle the main limitations
of a mobile passive radar scenario.

Recently, significant advances have been made in the context
of passive radar systems onboard moving platforms. Numerous
proofs of concept and experimental validations, carried out from
both ground-based and aerial platforms, have demonstrated the
feasibility of this technology, showing encouraging results in
both surveillance [20], [21], [22], [23] and imaging [24], [25]
applications.
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In this work, a preliminary study is carried out, aimed at
investigating the feasibility of an automotive passive radar for
the detection and localization of obstacles in the vicinity of the
moving vehicle, along the line preliminarily presented in [26].
The attention is mainly focused on the use of non-cooperative
transmitters and different today’s commonly available sources
are taken into account as potential illuminators of opportunity.
By way of example, a digital video broadcasting — satellite
(DVB-S) transmitter is primarily considered. The particular
interest in geostationary satellite illuminators is motivated by the
wide and stable coverage they can offer. Moreover, this choice
is also fostered by the recent advances and inspiring results
of the DVB-S based passive radar technology for short-range
surveillance applications, as evidenced by the numerous recent
contributions on this topic [27], [28], [29], [30].

First, the proposed passive radar system concept is illus-
trated, analysing its feasibility in terms of expected coverage
and achievable spatial resolution performance. The basic signal
processing scheme needed for its implementation is described.
In particular, based on the knowledge of the receiver motion,
and assuming to process a sufficiently short coherent integration
interval, the ability to resolve and localize fixed scatterers in the
azimuth direction is obtained exploiting a simple Doppler beam
sharpening (DBS) approach.

Then, the problem of left/right ambiguity arising from the
forward-looking observation geometry is addressed. In fact,
scatterers located symmetrically around the direction of motion
are characterized by the same Doppler shift, which results in
an ambiguous mapping of the observed scene. To solve this
problem and correctly associate each scatterer to its angular di-
rection, a multichannel processing approach is proposed, based
on the availability of multiple receiving antennas displaced
in the direction orthogonal to the motion. Due to the typical
restrictions in terms of compactness and cost of the system,
and to the considerably lower frequency bands of the com-
mon illuminators of opportunity compared to those used in
conventional automotive radar, a limited number of channels is
expected to be available for the passive radar. This would result
in array patterns with relatively large beams, making the simple
spatial selectivity of an array beam steering inadequate to resolve
the left/right ambiguity. Therefore, a spatial filtering algorithm
is proposed, based on digital beamforming and array-based
directional nulling techniques, which maximises the response
in the desired direction and simultaneously suppresses poten-
tial echoes from the corresponding ambiguous one. Moreover,
proper design criteria for a strategic positioning of the few
antenna elements are proposed, based on non-uniform linear
array (NULA) configurations. They are aimed at improving the
effectiveness of the left/right ambiguity removal algorithm in all
the angular sector of interest, allowing an unambiguous mapping
of all the scatterers in the observed area. In addition, an apodiza-
tion technique is suggested, with the purpose of preventing an
undesirable increase in the noise level.

Finally, the effectiveness of the proposed solutions and the
ability of the system to resolve stationary scatterers in the
vicinity of the vehicle and correctly locate them with respect
to the receiver position are verified in a simulated scenario.
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The structure of the article is as follows. Section II provides
an overview of the considered system concept, followed by
the analysis of the expected coverage and spatial resolution
capabilities, and a detailed description of the proposed signal
processing scheme. The algorithm for the left/right ambiguity
removal and the considerations on the design of the array are
provided in Section III. Section IV reports the results obtained
in a simulated scenario. Finally, our conclusions are drawn in
Section V.

II. SYSTEM CONCEPT AND FEASIBILITY ANALYSIS

In this section, the concept of an automotive passive radar
is first introduced, as a possible solution to the problem of
mutual interference. The potentialities of this concept, its main
challenges, and the possible illuminators of opportunity are
discussed (Section II-A). A power budget study is presented,
which demonstrates the feasibility of the concept in a practical
scenario, assuming some commonly available terrestrial and
satellite sources (Section II-B). Thereafter, an outline of the
architecture and signal processing chain required to implement
the proposed passive radar system is introduced (Section II-C).
Finally, the achievable spatial resolution is analysed, with ref-
erence to possible automotive radar tasks, pointing out the open
issues to be considered, with special attention to the forward-
looking radar configuration (Section II-D).

A. System Overview and Potential Illuminator of Opportunity

The considered system consists of a passive radar receiver
installed on a ground moving vehicle and exploiting the signal
emitted by an external illuminator of opportunity to perform
automotive radar tasks, such as the detection and localization
of potential obstacles in the vicinity of the vehicle. The idea
of using a receive-only sensor to provide automotive radar
functionalities meets the growing need to reduce the mutual
interference between radar units. This solution, in fact, would
allow the radar system to sense the surrounding environment
without transmitting its own signal. The exploited illuminator
might be shared by multiple different radar units, eliminating
the chance of interference. The resulting system may represent
an auxiliary or backup solution to rely on in the condition of
particularly congested environments, provided that its cost and
size are kept small.

The proposed passive radar concept must face a number of
challenges, mostly attributable to the reliance on an external
illumination source. First, the transmitted waveform must be
known at the receiver for a correct signal range compression. In
addition, the signal characteristics and ambiguity function may
not be particularly suitable for radar purposes. Moreover, the
performance of the system would be dependent on the param-
eters of the exploited transmitter, the illumination conditions
and the bistatic geometry, as well as affected by the typical
passive radar restrictions in terms of complexity and number of
receiving channels. While some of the above issues have been
addressed by the recent research on mobile passive radar for the
case of surveillance and imaging applications, specific signal
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Fig. 2. System geometry of a satellite-based passive automotive radar. The
blue circles represent the radar receiving antennas, organized in a linear array
(either ULA or NULA) in a forward-looking configuration.

processing techniques and methodologies need to be developed
for the considered automotive scenario.

The selection of suitable illuminators of opportunity is also
a critical aspect. An effective source should be characterized
by a large-scale availability, a reliable illumination, and a wide
bandwidth. Different possible solutions can be considered: non-
cooperative transmitters, such as those used for terrestrial and
satellite broadcast communications; transceivers stations from
mobile communication networks; dedicated emitters or ISAC
systems connecting vehicle with each other and with infras-
tructures. In this preliminary study, the case of non-cooperative
transmitters is analysed, focusing on today’s commonly avail-
able sources. By way of example, a ground-based 5G transceiver
and a satellite-based DVB-S transmitter are considered as po-
tential illuminators of opportunity. In fact, these choices are
characterized by relatively wide bandwidths and high carrier
frequencies, which are essential features to ensure high range
and velocity resolution capabilities. In particular, the DVB-
S signal transmitted by a geostationary satellite may offer
a stable and reliable illumination, which is commonly avail-
able on a very large scale with a favourable geometry, less
subject to shadowing phenomena, at least in an open-space
environment.

A sketch of the bistatic system configuration is depicted in
Fig. 2, where the case of a satellite transmitter is shown. The
vehicle is assumed to move in a straight line along the x-axis
at velocity v,. The exploited transmitter is supposed to be
stationary and, for simplicity, located in the opposite direction
to the direction of motion of the receiver. The radar antenna
is assumed mounted in a forward-looking configuration and
collects the echoes from the scatterers surrounding the vehicle,
within a given region of interest. The observed area is supposed
to be limited to a front angular sector, i.e., ¢ € [—©maz; Pmaz)»
where ¢ denotes the azimuth angle on the ground plane, with
respect to the x-axis.
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TABLE I
TRANSMITTER AND RECEIVER SYSTEM PARAMETERS
Parameter Symbol DVB-S 5G (FR1) | 5G (FR2)
Carrier frequency fo 11 GHz 3.5GHz 24 GHz
EIRP EIRP 53 dBW 23dB 5dB
TX distance R 37600 km 2 km 250 m
TX incidence angle 6, 42° 88° 88°
Signal bandwidth B 30 MHz 50 MHz 100 MHz
RX antenna gain G, 16 dB
RX noise figure F 5dB
Propagation loss Lo 3dB
Target RCS o, [1,5,10] m?
Platform velocity v 13 m/s
CPI T, 0.1s

B. Expected Coverage

To investigate the feasibility of the proposed system, its cov-
erage capabilities are first analysed. A power budget study is
carried out using a reference example: a geostationary satellite-
based transmitter is considered as an illuminator of opportunity,
at approximately 37000 km from the observed scene. The main
parameters assumed for the exploited transmitter and for the
radar system are listed in Table I.

Specifically, a DVB-S transmission is assumed available,
with carrier frequency fo =11 GHz (Ku band), frequency
bandwidth B = 30 M H z and effective isotropic radiated power
EIRP = 53 dBW. The selected parameters represent typical
values of common DVB-S downlink transmissions.

For the receiving antenna, a gain GG,, = 16 dB is assumed.
Such value is reasonable for an antenna whose half-power
beamwidth covers approximately 60° in azimuth and 15° in
elevation. A receiver noise figure F' =5 dB and additional
propagation losses Ly = 3 dB are considered.

The expected signal to noise power ratio (SNR) of an echo
from a target with a radar cross section (RCS) o, measured after
the signal processing stages for waveform compression, is given
by the bistatic range equation

EIRP G, A? 0, T}
(47)° R? R2 kpTyF Ly

SNR = (D

where R, and R; are respectively the target to receiver and
to transmitter distance; 7; indicates the length of the coherent
processing interval (CPI); A denotes the signal wavelength; Ty
is the noise temperature and kp the Boltzmann constant.

Fig. 3 reports the achievable target SNR resulting from (1),
for different possible values of o, as a function of the receiver
to scatterer distance R,.. A CPI length T; = 0.1 s is assumed.
The relatively short integration interval makes it possible, to a
first approximation, to neglect the migration effects, as well as
to provide a sufficiently fast update time to the radar system.

As expected, due to the significant distance of the assumed
transmitter, the results of Fig. 3 show that the range coverage
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Fig. 3. Expected signal to noise ratio as a function of the receiver to scatterer

distance for different possible values of the scatterer radar cross section.

capability of the system would be relatively limited. For 10 m?
targets, an SNR of 10 dB could be achieved up to 100 m. For
smaller targets, 1 m? and 5 m2, this distance reduces to 30 m and
70 m, respectively. Anyway, such an order of distances might be
compatible with some standard automotive radar applications,
which is a promising result. In principle, short to medium range
radar tasks might be enabled, such as, for instance, obstacle
detection and collision warning.

In addition, the achievable performance might be further
improved, by extending the considered integration time and the
related processing complexity, by increasing the gain of the
receiving antenna, by exploiting alternative sources of oppor-
tunity, or even by integrating the results obtained from multiple
transmitters, where available.

A much higher power density is expected to be available from
ground-based illuminators of opportunity, such as those offered
by the widespread 5G networks, potentially enabling a wider
coverage. Assuming to exploit the signal emitted by a 5G trans-
mitter, the above power budget analysis is repeated. Specifically,
two possible frequency ranges are considered, 3.5GHz and 24
GHz, respectively denoted as FR1 and FR2. The main parame-
ters assumed are also listed in Table I and are consistent with the
typical characteristics of 5G emitters. The results are reported in
Fig. 3. As expected, a considerably improved range coverage can
be achieved exploiting 5G transmitters, with respect to a DVB-S
based solution. Such a level of coverage might be sufficient
for most of the automotive radar applications, up to far-range.
Comparing the two frequency bands, the FR2 offers a larger
bandwidth, and therefore a better expected range resolution,
but also a lower average transmitted power, which results in
areduced coverage, compared to FR1.

Noticeably, exploiting this kind of illuminators rises sev-
eral non-negligible challenges, such as dealing with typically
strongly multiuser scenarios, spatially directive and temporally
discontinuous transmissions, and instantaneous bandwidth vari-
ations. Recently, a first example of a practical 5G network-based
passive radar scenario was shown in [33].
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Fig. 4.  Sketch of the proposed passive radar processing scheme.

By way of illustration, in the reminder of this study, the
attention will be focused on the use of DVB-S as an illuminator of
opportunity. Note that, in addition to the large-scale availability
of the satellite-based illumination, and the maturity of the passive
radar solutions exploiting this kind of signal, the DVB-S carrier
frequency also represents an intermediate case among those
mentioned.

C. Proposed Signal Processing Scheme

The signal processing chain proposed to implement the con-
sidered passive radar system is depicted in Fig. 4. The case of
K surveillance channels is assumed, and below we describe
the processing steps applied to each of them to obtain maps of
the observed scene. In Section III, the availability of multiple
channels on receive will be exploited for ambiguity removal.

A clean replica of the transmitted signal is assumed to be
available at the receiver, either collected by a dedicated reference
channel or obtained by means of a decode/recode approach. For
digital transmissions, also the exploitation of a-priori known
portions of the signal could be considered.

The resulting reference and surveillance signals undergo a
conventional passive radar processing chain. First, depending on
the level of the direct signal contribution at the surveillance an-
tenna, and on the ambiguity function of the exploited waveform,
a direct signal interference removal stage might be required to
enable the final detection of targets [31].

Then, the range-Doppler map is evaluated by computing the
cross-ambiguity function (CAF) between the reference and the
surveillance signal, which corresponds to a matched filtering
operation, providing the estimates of the bistatic range and
bistatic Doppler shift of each potential target echo.

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 72, NO. 9, SEPTEMBER 2023

The bistatic range is defined as R, = R, + R; — 13, where
Ty 1s the receiver to transmitter baseline. Since the transmitter
is assumed stationary, the bistatic Doppler frequency of a fixed
scatterer is obtained by the projection of the receiver velocity
vector on the receiver to scatterer line of sight. For a ground
scatterer it can be expressed as

v
fp= Tp cos ¢ @)

Denoting with s,.[n] and s [n),n=0,...,N—1andi=
0,..., K — 1, respectively the samples of the reference signal
and surveillance signal at the i-th channel, the output of the CAF

at the generic range-Doppler bin is given by

mn

N-1
Xi [l,m] = Z s n]57[n — 1] e 2R A3)
=0

where N = | f,T;] is the number of integrated samples in the
CPI, fs being the sampling frequency; [ and m represent the
range and Doppler bin indexes, respectively, corresponding to
bistatic range Ry, [[| =1 § R, = I(c/B) and bistatic Doppler
shift fp [m] =m § fp = m/T;; the overline denotes the com-
plex conjugate operation.

Several sub-optimal algorithms have been proposed in the
literature, which provide an efficient implementation of (3)
based on discrete Fourier transform (DFT) [31]. In this work,
a batch processing architecture is assumed, where the CPI is
fragmented in batches that are individually range compressed
and Doppler processed in the equivalent slow-time dimension.

Notice that the CPIlength T affects the achievable SNR in (1),
as well as the Doppler frequency resolution d f: the longer the
integration time, the higher the range coverage and the finer the
Doppler frequency resolution, at the expense of computational
complexity and potential migration effects.

Therefore, the resolution in Doppler frequency is exploited
by the system to achieve an angular discrimination capability in
the azimuth direction. Making use of the relationship between
the azimuth angle and the Doppler shift of stationary scatterers,
the range-Doppler map can be converted into a range-angle map,
where the potential detections can be angularly localized. This
step is described more in detail in the next subsection, where the
range and azimuth resolution capabilities are analysed.

D. Expected Spatial Resolution

As known, the resolution in bistatic range is determined by
the frequency bandwidth of the exploited signal and is given
by dRy = ¢/B. The equivalent monostatic range resolution
achievable on the ground plane 6, depends on the bistatic
observation geometry and can be evaluated as, [34]

c/B ¢/B
[1PgVRI| [Py (u, +u
where VR = V/(R, + R;) is the gradient of the total bistatic
range, being V () = [6%, 3%, %] ; u,. and u; represent the unit
vectors of the receiver to scatterer and transmitter to scatterer line
of sight, respectively, while P, denotes the projection operator
on the ground plane and |||| the Euclidean norm.

5 R, = @)
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Expected ground spatial resolution: (a) Range resolution; (b) azimuth resolution. The black curves represent the bistatic iso-range and iso-Doppler lines.

The white arrow indicates the front radar’s direction of driving. The system parameters reported in Table I are assumed, for the case of a DVB-S illuminator of
opportunity. The assumed bistatic geometry is the one depicted in Fig. 2, with the transmitter located behind the receiver. For different geometries, the achievable
range resolution would rotate and slightly change depending on the direction and incidence angle of the transmitter, respectively (see (4)). Since the transmitter is
stationary, the azimuth resolution is determined only by the receiver’s velocity vector (see (6)).

Fig. 5(a) shows the expected ground range resolution for
the DVB-S case study considered in Table I. Because of the
assumed bistatic geometry and the nonzero grazing angle of the
transmitter, a range resolution just slightly worse than 5 m is
obtained in the front region, which includes the observed area.
In the opposite direction (in direction of the transmitter), the
resolution degrades as expected, since the geometry gets close
to the forward scatter condition.

The resolution in Doppler frequency is instead given by the
inverse of the CPI duration, namely § fp = 1/7;. Making use
of the known relationship between the observation angle and
the Doppler shift for stationary scatterers, as expressed in (2),
the Doppler frequency resolution can be mapped into an angular
resolution. In particular, under the hypothesis of a sufficiently
short CPI and a not excessively high velocity of the platform, the
quadratic term in the scatterer phase history can be neglected.
This allows to resolve and localise scatterers in azimuth based on
the differences in their relative Doppler shift through an efficient
Doppler beam sharpening (DBS) approach, [35]. Clearly, this
approach requires the radar system to be in motion and this
motion to be known.

Assuming a negligible variation of the Doppler frequency
gradient V fp within the CPI, the spatial resolution in azimuth
achievable on the ground plane can be approximated as, [34]

yr, ML AT,
1PV Ipll [[Pog VR [Py (ur +wi)
5

o~

dag

In the considered case study, where the transmitter is station-
ary and the altitude of the receiver is negligible, the azimuth
resolution in (5) can be further simplified to

AR,
day > — 1T (©6)
vp Ty sin g

Fig. 5(b) shows the expected ground azimuth resolution for

the DVB-S case study reported in Table I. A fine resolution is

obtained in the ranges of interest, with values comparable to
the corresponding range resolution, for observed directions that
are sufficiently far from the motion direction. Conversely, the
azimuth resolution rapidly deteriorates when getting closer to the
along-track direction, because of the nonlinear mapping between
Doppler and angular resolution. Nevertheless, it is worth noting
that, despite the limited azimuth discrimination capability in the
front region, scatterers located in front of the vehicle can still be
detected and resolved in range.

In principle, a 2D mapping in the range and angle domain
could be effectively achieved if the antenna pointing direction
on receive is squinted with respect to the along track direction
and its directivity limits the observed sector so that it does not
include the forward-looking direction, [26]. Conversely, if the
proposed approach is applied in a forward-looking geometry,
where the radar antenna observes a front angular sector, it does
not allow to discriminate between the left and right direction,
thus resulting in an ambiguous mapping of the observed scene.

In this case, the range-angle map at the i-th channel can be
obtained from the corresponding range-Doppler map as

| =

0,....,L—1

p=—M+1,...,0,..., M —1 )

where indexes [ and p respectively define the bistatic range
and the azimuth angle indices. Note that, for each Doppler
frequency bin of interest, limited to positive values in the con-
sidered forward-looking configuration, two angles are identified
according to (2), which can be expressed as ¢ [p] = —p [—p] =
acos(fp[M — [pl}2/vp).

An example is shown in Fig. 6, where the case of a single scat-
terer is assumed. As expected, the radar is not able to uniquely
associate the scatterer Doppler frequency (Fig. 6(a)) to its actual
angular direction, resulting in the presence of an ambiguous
replica of the scatterer in the range-angle map (Fig. 6(b)).



11138

1000
900
800
700
600

500

Bist. Range [m]

400

300

200

100

0 100 200 300 400 500
Doppler [Hz]

@

Fig. 6.

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 72, NO. 9, SEPTEMBER 2023

Bist. Range [m]
£ o o]

N

1000 20
900 18
800 16
700 14
600 12
500 10
400
300
200
100

0 0
-80 -60 -40 -20 0 20 40 60 80

¢ [deg]

(b)

Simulated example with a single scatterer showing the effect of the left/right ambiguity when operating DBS in a forward-looking radar configuration:

(a) Bistatic range-Doppler map; (b) corresponding range-angle map. The same parameters of Table I for the case of a DVB-S illuminator were assumed.

This problem is addressed more in detail in Section III, where
an algorithm for the removal of left/right ambiguity based on
multichannel signal processing is proposed.

Although the expected spatial resolution in the considered
case study seems slightly worse than that typically foreseen in
common automotive applications, it may still provide useful
information for the safety of the vehicle. Furthermore, better
performance could be sought making different choices for the
system parameters, architecture, and processing strategies. A
finer range resolution would require a larger signal bandwidth,
which could be achieved, for instance, by acquiring multiple
transmitted DVB-S channels. On the other hand, a longer in-
tegration time, combined with proper synthetic aperture radar
(SAR) focusing techniques, could significantly improve the
achievable resolution in the azimuth direction. These improve-
ments are not further explored in the following. Rather, this
article mainly aims to introduce and demonstrate the proposed
solutions to provide an unambiguous imaging of the area in front
of the vehicle.

III. AMBIGUITY REMOVAL BY MULTICHANNEL PROCESSING

In the considered forward-looking configuration, where the
area observed by the moving receiver corresponds to a front
angular sector, scatterers located symmetrically around the di-
rection of motion are characterized by the same Doppler shift.
This results in a left/right ambiguity problem. Namely, each
Doppler frequency bin of interest within the interval fp €
[fmin fmax] corresponds to two possible azimuth directions.
Note that f3** = v, /A is associated to the forward-looking
direction = 0°, while f®" is given by the upper and lower
bounds of the observed angular sector.

To resolve the left/right ambiguity, a spatial filtering algo-
rithm is proposed, based on digital beamforming and directional
nulling. The algorithm is first introduced assuming a uniform
linear array (ULA) configuration (Section III-A). Then, the
use of NULA is proposed to improve the ambiguity removal
performance for angles close to the motion direction, in the

case of a limited number of available receiving channel (Sec-
tion III-B). Finally, an additional non-linear signal processing
strategy is presented, to improve the performance obtained with
the optimized NULA (Section III-C).

A. Left/Right Ambiguity Removal

In order to correctly associate each scatterer to its angular
direction, we need to solve the ambiguity between the couple
of angles associated to each Doppler frequency bin. This can be
accomplished by exploiting the availability of multiple receiving
channels, displaced in the direction orthogonal to the receiver
motion. The resulting array pattern can be optimized by a digital
beamforming in order to maximise the response in the desired
direction and simultaneously minimise it in the corresponding
ambiguous one.

For this purpose, the first three processing stages depicted in
Fig. 4 are separately applied at the K receiving channels and
the complex values obtained for a given range-angle bin are
collected in the K-dimensional vector x:

z [L,p]=[GllLp], GlLpl, o\ St Lp]]T (8)

where the superscript 7' denotes the transpose operation. We
recall that « [, p] = «[l, —p] due to the ambiguous mapping of
Doppler frequencies into azimuth angles.

The removal of the left/right ambiguity is sought by spatial
filtering, namely by applying an angle-bin dependent digital
beamforming to the available receiving channels. Specifically,
for each angle (Doppler) bin, the beam is steered towards the
corresponding direction ¢y = [p], while the returns from the
ambiguous direction — ¢y = ¢[—p], are suppressed. This allows
to obtain a final range-angle map where the left-right ambiguities
are largely mitigated:

n [1,p] = w" [pll,p] ©9)

where H denotes the Hermitian transpose operation.
The effectiveness of the ambiguity removal depends on the
employed spatial filtering strategy. The easiest approach is to
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Fig. 7. Sketch of the proposed algorithm for range-angle map evaluation and
left/right ambiguity resolution.

just steer the beam in the desired directions, relying only on the
spatial selectivity of the array beam pattern:

Wsteer = S/HSH2 (10)
where s is the steering vector evaluated for the direction ¢
associated to the Doppler frequency fp. Specifically, assuming

a linear array of K antennas arranged parallel to the y-axis, it
can be expressed as

T
2 : 2 :

_ J=* d;sing 7 di_sing
s(tp)—[l,eA o, el

Y

where d; denotes the distance of the i-th array element with
respect to the first one, assumed as a reference without loss of
generality. Note that the steering vector in the corresponding
ambiguous direction is s (—p) = § ().

The approach above is expected to mitigate only partially the
angular ambiguity issue. In fact, due to the typical restrictions
of passive radar in terms of compactness and cost of the system,
and to the low carrier frequencies of common illuminators of
opportunity, a limited number of receiving channels is generally
available, resulting in array patterns with relatively large beams.
This is in turn provides a quite poor angular discrimination
capability that will be shown to be inadequate to effectively
resolve the left/right ambiguity.

Therefore, in this study, a spatial filtering algorithm based on
digital beamforming and array-based directional nulling tech-
niques is proposed as a more suitable solution.

Fig. 7 shows a sketch of the proposed algorithm for the
formation of the range-angle map by DBS and for the removal
of the left/right ambiguity by spatial filtering. The operations
illustrated correspond to the last two blocks of the processing
scheme reported in Fig. 4.

2 2 T
{17 ejo" di/1=(fpr/vp )" e ejz% di—1\/1=(fp2r/vp)”
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Itis worth recalling that, in the considered scheme, the angular
resolution is derived from the Doppler resolution via DBS, while
the spatial beamforming only operates on the removal of the
left/right ambiguity.

Several possible strategies are available for the spatial filter-
ing, aimed at maximising the response in one direction, while
suppressing the other potential undesired contributions. Among
these, the minimum variance distortion-less response (MVDR)
beamformer is probably the most straightforward, [36]. As
known, it minimizes the array output power while setting the
gain in the desired direction to unity. The MVDR beamformer
weights are given by

wyvpr =R "'s/(s"R's) (12)

where R represents the disturbance covariance matrix. In our
case, the disturbance covariance matrix can be set as R =
r(88") + I,s0as tomodel an undesired signal in the ambiguous
direction, where r defines its power level above noise, and I
denotes the identity matrix.

An alternative approach can be to constrain the array response
in the desired direction to unity and in the ambiguous direction to
be less than a defined value ¢, while minimising the norm of the
weight vector, namely the output noise power. This corresponds
to solve the following convex optimization (CO) problem, and
it will be referred to as CO approach

weo : min ||lwl|
st.wlls =1
lw"s| <q (13)

To analyse and compare the effectiveness of the proposed
approaches, we consider two performance parameters, which
encode the obtained increase in SNR values and the residual am-
biguity level. Specifically, we introduce the SNR improvement
Isnr and the Doppler-ambiguity ratio (DAR) improvement
Ip AR, defined as the ratio of the SNR values and of the DAR
values, respectively, at the input and at the output of the spatial
beamformer:

oo SNRouw _ lw s’
SNI SNR;,, wHw
2
DARyy:  |w's]
I = = 14
bAR DARin |’U)H§|2 ( )

Fig. 8 shows the expected performance of the proposed
left/right ambiguity resolution strategy, assuming an ULA of
K = 3 elements spaced by /2 from each other. The results are
given in terms of the introduced parameters, as functions of the
steering direction. The MVDR beamformer (solid curves) was
applied with » = 100. The CO approach (dashed curves) was
applied with ¢ = 0.001. The values of r and ¢ were empirically
selected so as the two approaches provided comparable level of
ambiguity removal.

For comparison, Fig. 8 also includes the corresponding perfor-
mance obtained with a simple beam steering approach, as from
(10), which only steers the array beam in the desired directions,
without pattern nulling (dash-dotted curves).
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Fig. 8. Left/right ambiguity resolution performance as a function of the

steering angle, assuming an ULA of three element with A /2 spacing. MVDR and
CO beamformers provide effective ambiguity removal, although a wide notch
is still present for angles close to the forward-looking direction.

As apparent, due to the limited number of channels typical
of passive radar, the simple spatial selectivity of array beam
steering proves inadequate to effectively resolve the left/right
ambiguity, resulting in poor overall Ip 4 performance.

On the other hand, both the proposed approaches allow to
significantly attenuate the ambiguous contributions, while pre-
serving the useful signal. The MVDR beamformer tends to bring
the ambiguity output power to the noise level and to provide the
best signal to disturbance ratio, while the CO approach ensures
to attenuate the ambiguous contribution up to the fixed desired
level, regardless of the effect on the SNR.

Notice that a relatively wide performance notch is still present
for angles close to the forward-looking direction (i.e., ¢ = 0°).
This is due to the proximity of the two ambiguous directions ¢
and —¢, namely the direction of interest and the desired pattern
nulling, which makes it difficult to suppress the ambiguity and
simultaneously preserve the useful signal. In the MVDR case,
this is clearly visible on both the SNR and DAR improvement.
In the CO case, although the interference removal is effective, it
sensibly affects the SNR improvement.

To improve the effectiveness of the left/right ambiguity reso-
lution at angles close to the forward-looking direction, a suf-
ficiently narrow antenna beamwidth would be required, thus
defining a constraint on the minimum size of the array.

B. Array Design Considerations

In general, potential constraints on the array size might derive
from system design and implementation aspects. For instance,
a minimum antenna gain would be required for the receiving
system to capture also weak signals. This may determine a min-
imum size for the array and, in the case of few available receiving
channels, it may impose some restrictions on the physical dis-
placement of the antenna elements connected to those channels,
based on their specifications and practical implementation.

While the constraints above depend on the specific implemen-
tation, we want to address the restrictions that come from the
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angular resolution constraints. We recall that, in the proposed
system, the azimuth resolution is obtained from the Doppler
frequency resolution via a DBS technique. However, as men-
tioned, a small width for the resulting array beam may still be
required to guarantee an effective left/right ambiguity removal
also at angles close to the forward-looking direction.

A larger array size would allow to shrink the performance
notch. Ideally, this notch is desired to be sufficiently narrow to
enable an effective resolution of the ambiguity up to a minimum
angle of interest, compatible with the expected angular resolu-
tion around 0°, which in turn depends on the platform velocity
and the integration time.

This can be obtained by imposing the array beamwidth to
be smaller than the minimum expected distance between the
direction of interest and the corresponding ambiguous one. By
calling L, the length of the array and ¢,,;,, the minimum angle
of interest, the above can be approximately expressed as

L cOS Omin

Considering the Doppler resolution § fp = 1/T;, the angle
©min might be assumed as the angle corresponding to the
Doppler frequency bin f* — ¢ fp =v, /A —1/T;, that is

in, = arccos O _ i i = arccos | 1 — L
Pmin = X ,117 Uy - 'Upiri
(16

where it was implicitly assumed that T; > A /v,,. As aresult, the
condition in (15) can be expressed as

A

o) (1 _ UPLT) arccos (1 - ,U:Ti)

Notice that the required array length increases when the
platform velocity and/or the integration time increase. The
above constraint leads to a minimum requirement on the size of
the array. However, in the case of few available receiving chan-
nels, this may result in the presence of grating lobes in the
final array pattern, due to the resultant spatial undersampling,
which might cause considerable performance degradation in the
ambiguity resolution process.

Fig. 9(a) shows the expected performance for the case of
a ULA of K = 3 elements spaced by 51 /4 from each other.
Assuming the same system parameters of Table I, for the case
of a DVB-S illuminator, this corresponds to an array length
L, =5)/2 = 6.8 c¢m, which meets the condition in (17). As
evident, the larger array length allows to shrink the central
performance notch, compared to results in Fig. 8, providing good
ambiguity attenuation up to angles close to the forward-looking
direction, and comparable with the expected angular resolution
capability. However, additional notches appear due to the pres-
ence of grating lobes in the resulting array pattern.

To solve this problem, while keeping low the number of
receiving channels, and so the complexity of the receiver, we
can resort to non-uniform distributions of antennas. Fig. 9(b)
reports the ambiguity resolution performance assuming a NULA
of K =3 antennas with an inter-element spacing [0, A, 5A/2].

L, >

A7)
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Left/right ambiguity resolution performance assuming an array of three elements with length 5 /2: (a) ULA [0, 51 /4, 51/2]; (b) NULA [0, A, 51/2].

The array length was selected according to the criterion in (17). Effective ambiguity removal is achieved up to angles close to the forward-looking direction and
comparable with the expected angular resolution. The NULA configuration prevents the appearance of additional undesired notches due to grating lobes.
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Fig. 10. Simulated reference signal according to the DVB-S2 standard: (a)
16APSK constellation; (b) signal power spectrum.

This specific NULA configuration was selected according to the
design strategy proposed in [37], where a half-wavelength quan-
tization of the inter-element spacing is considered. Moreover,
this array configuration has the same total length of the previous
ULA case. Compared to ULA, the selected NULA configuration
provides the same advantages for angles close to ¢ = 0°, but
it prevents the significant performance losses due to the grating
lobes, at the expense of some residual fluctuations. Again, this
effect is clearly visible on both the DAR and SNR improvement
for the MVDR beamformer, while it can be only appreciated on
the SNR performance for the CO case.

Note that, if longer arrays were considered, i.e., beyond the
criterion in (17), the performance notch would be narrower
than necessary, ideally enabling effective ambiguity removal for
directions below the minimum discriminable angle of interest.
Moreover, it would worsen the residual performance fluctua-
tions, unless more receiving channels were available.

C. Apodization Technique

By applying the above spatial filtering strategies for the re-
moval of the left/right ambiguity with a properly designed array
configuration, the scatterers in all the angular sector of interest
of the observed area can be associated to their correct angular

position. Namely, the echoes arriving from the left and right
angular sectors can be separated and distinguished.

The presence of some residual fluctuations in the SNR per-
formance, such as those seen in Fig. 9(b), may produce an
undesirable increase of the noise level in the final range-angle
map, in correspondence of some specific directions, according
to the adopted array configuration. Specifically, the position of
the null may unnecessarily increase the noise even where there
is no significant ambiguous contribution to be removed.

To mitigate this problem and further improve the final SNR
performance, an apodization strategy is introduced.

According to this strategy, the final map obtained through the
MVDR or CO beamformer described above is combined with
the map provided by a simple beamformer, which only steers the
array beam alternately on the two angular directions associated
to each Doppler bin. Note that a simple beam steering allows us
to maximise the final SNR but does not suppress the potential
ambiguous contribution.

The two maps are combined by taking the minimum for each
pixel, according to the following
(18)

’ steer

y = min(‘wfm wl ilt’)
where the beamformer weights w., are selected according to
the MVDR or CO solution. In principle, this approach would
preserve the cancellation of the ambiguities, while preventing
the unwanted increase of the noise level, especially in those
regions where no significant contributions need to be cancelled
in the corresponding ambiguous direction.

An evaluation of the effect of the described apodization strat-
egy and, more in general, of the effectiveness of the proposed
left/right ambiguity resolution scheme is addressed in the next
section, against simulated data.

IV. SIMULATED RESULTS

A simulated scenario was generated in order to validate the
capabilities of the system in a controlled environment. A radar
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Simulated scenario and results of single channel processing: (a) Position of the simulated scatterers (black circles) with respect to position and direction

of motion of the receiver (blue filled circle); (b) range-doppler map obtained at single channel; (c) range-angle map obtained by rescaling the doppler axis into
azimuth angle according to DBS; (d) corresponding cartesian plot showing scatterers in both real and ambiguous positions.

equipped with K = 3 surveillance channels was assumed, in-
stalled on a ground moving vehicle in a forward-looking config-
uration and exploiting the signal transmitted by a geostationary
satellite illuminator. The area of interest was supposed to be
a front angular sector spanning [-80°,80°]. The same system
parameters and bistatic geometry considered in Section II were
assumed. The reference signal was generated according to the
DVB-S2 downlink standard [38], assuming a 16APSK modu-
lation and a signal bandwidth of approximately 30 MHz (see
Fig. 10).

The scenario consists of six ground fixed scatterers located in
the vicinity of the receiver and positioned as shown in Fig. 11(a).
Their echo signal was generated as a superposition of delayed
and Doppler shifted replicas of the reference signal. The received
surveillance signal includes the echo signal and thermal noise,
with an arbitrarily set SNR level.

Fig. 11(b) shows the range-Doppler map obtained at single
channel, at the output of the sub-optimal batch implementation
of (3). The six fixed scatterers are well focused and spaced in
Doppler frequency according to their angular directions. Note

that a 30 dB Taylor tapering window was applied both in range
and Doppler to help reducing the sidelobe level.

In Fig. 11(c), by assuming a known receiver velocity and
following the DBS approach, the Doppler frequency axis was
mapped into the azimuth angle axis according to (2). Finally,
in Fig. 11(d), based on the knowledge of both the receiver and
transmitter position, the observed data were mapped into their
Cartesian x-y coordinates, delivering a simple localization of the
scatterers with respect to the vehicle.

As expected, due to the cited left/right ambiguity problem,
when operating with a single channel, the radar is not able
to discriminate from which of the two ambiguous directions
associated with each Doppler bin a given scatterer comes from.
As a result, the map in Fig. 11(c) and (d) is characterized by
the presence of ambiguous replicas of the scatterers, easily
identifiable from a comparison with Fig. 11(a).

To overcome this problem, the multichannel processing algo-
rithm proposed in Section III was applied, assuming a NULA
of K =3 elements spaced by [0,A,5)1/2] along the y-axis.
This configuration corresponds to that considered in Section III,
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Results of multichannel processing: (a) and (b) range-angle map and Cartesian plot obtained after left/right ambiguity removal; (c) and (d) range-angle

map and Cartesian plot obtained after ambiguity removal and apodization. All the scatterers are correctly localized with respect to the receiver position.

whose theoretical performance is reported in Fig. 9(b). Specif-
ically, the MVDR beamformer was employed. The range-angle
map and the corresponding Cartesian plot obtained at the output
of the ambiguity resolution algorithm, are reported in Fig. 12(a)
and (b), respectively.

Thanks to the adopted spatial filtering and the appropriate
array configuration, all the scatterers were correctly associated
to their angular direction and their ambiguous replicas were
removed from the map. From a comparison with Fig. 11(a),
the remaining scatterers have been properly positioned.

As expected, a slight variation in the achieved resolution
can be appreciated, according to the position of the scatterer.
In particular, the resolution in azimuth degrades as the range
increase and getting closer to the forward-looking direction.
Moreover, an improvement of the SNR level can be noticed,
given by the coherent combination of the K channels. This
is expected to be in the order of 4.7 dB. Anyway, due to
the SNR performance fluctuations seen in Fig. 9(b), a higher
level of noise is present in correspondence of some specific
directions. Note that the gain on target of the beamformer is set to
unity.

To mitigate this issue and improve the SNR performance in
the final map, the proposed apodization strategy was applied.
Specifically, the map shown in Fig. 12(a) and (b) was combined
with that obtained at the output of a simple beamformer, ac-
cording to (12). The result is reported in Fig. 12(c) and (d). As
expected, this approach was able to preserve the cancellation
of the ambiguous scatterers, while preventing the undesirable
fluctuations in the noise level, especially in those regions where
no significant ambiguities needed to be cancelled. This ulti-
mately provides a cleaner version of the final map, potentially
facilitating a subsequent detection stage.

It is worth noting that the proposed approach is expected to
operate effectively also in the presence of numerous scatterers,
with obvious limitations when the level of the corresponding
echoes shows a high dynamic range. However, even in this
case, the relevant parameters of the proposed algorithms can be
adjusted to improve the rejection of the ambiguity at the expense
of the SNR.

To complete the analysis, Fig. 13(a) illustrates the corre-
sponding map in Cartesian coordinates obtained using a simple
beam steering approach, with no pattern nulling, as in (10).
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As expected, the limited number of receiving channels and
the relatively large beam (approximately 23°), make the spatial
selectivity of array steering insufficient to resolve the left/right
ambiguity, producing just a minor attenuation of the ambiguous
replicas of the scatterers, whose level depends on their position-
ing with respect to the sidelobes of the pattern.

In addition, Fig. 13(b) reports the Cartesian plot obtained after
ambiguity removal and apodization, when using the CO beam-
former approach. By a comparison with Fig. 12(c), this confirms
that the proposed MVDR and CO beamformers offer similar
results, if appropriate parameters are selected to guarantee a
sufficiently high DAR improvement level.

Finally, it is worth recalling that this system concept re-
lies on the radar motion to refine the angular resolution in
azimuth and discriminate the fixed scatterers across the an-
tenna beam. As a result, potential moving targets would appear
misplaced in the final map due to their own radial velocity
component. Although not the focus of this article, the pres-
ence of moving targets, as well as the impact of range and
Doppler migrations within the CPI, are likely to be common
in the automotive scenario. Addressing these issues requires the
implementation of strategies for motion compensation, image
focusing, and moving target indication, which are well known
in the active radar literature and will be the subject of future
studies.

V. CONCLUSION

This article investigated the potential use of a passive radar
sensor onboard a vehicle to enable automotive applications
based on the exploitation of an external illumination source. This
concept would enable the coexistence of different radar systems
sharing the same transmitted signal, removing the problem of
mutual interference in congested environments.

The possible external illuminators include third-party non-
cooperative transmitters, such as broadcast communication sys-
tems, as well as dedicated signals emitted by upcoming vehicle to
infrastructure connection systems. In this work, a geostationary
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Cartesian plots obtained after: (a) Simple beam steering approach with no pattern nulling; (b) ambiguity removal with CO approach and apodization.

satellite DVB-S transmitter has been primarily considered as an
illuminator of opportunity.

Although some simplifying hypotheses were assumed, the
preliminary analysis showed reasonable performance in terms
of coverage and spatial resolution, even operating with a single
transmitter and a relatively short integration times, and despite
the large distance of the selected illuminator.

The possibility to discriminate stationary scatterers in the
vicinity of the vehicle, both in range and azimuth directions,
and to correctly locate them with respect to the receiver position
was showed by exploiting an efficient DBS approach.

The problem of left/right Doppler ambiguity arising from
the forward-looking observation geometry was addressed, by
exploiting multichannel processing. An ambiguity removal al-
gorithm was proposed, based on MVDR or CO digital beam-
formers, which allows to steer the beam in the desired direction,
while suppressing the echoes from the ambiguous one, thus
enabling the formation of an unambiguous range-Doppler map
via DBS.

Moreover, some criteria for the design of the array with a
limited number of elements were derived, suggesting the use
of NULA configurations to improve the effectiveness of the
ambiguity removal for angles close to the motion direction, while
preventing significant performance losses due to grating lobes.
In addition, undesirable fluctuations of the final noise level were
prevented, resorting to an apodization strategy.

Finally, the effectiveness of the proposed solutions was ver-
ified in a simulated scenario, where they provided the correct
mapping of all the scatterers in the observed scene.

Although the coverage and spatial resolution performance
achievable in the considered case study may not be up to the
standard typically required for automotive applications, they
may still offer useful information for the safety of the vehicle.
Notice that the proposed system concept might be intended
as a secondary/backup solution to rely on in the case of a
highly congested environment. Such promising results evidence
the potentiality of a receive-only solution for automotive radar
applications and suggest the need for further studies.



BLASONE et al.: FORWARD-LOOKING PASSIVE RADAR WITH NON-UNIFORM LINEAR ARRAY FOR AUTOMOTIVE APPLICATIONS

Future research will focus on investigating algorithmic and
architectural solutions to further improve the achievable perfor-
mance and reliability of the system and to deal with the presence
of moving targets and possible migration effects. Moreover,
solutions exploiting alternative transmitters and waveforms of
opportunity will be explored.
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