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Abstract—The increased carrier frequencies envisioned for
future vehicle-to-vehicle or vehicle-to-infrastructure (commonly
abbreviated as V2X) radar and communication networks call for
adequate propagation models valid in near-field transmissions.
In this paper, we propose a new radar propagation model,
encompassing popular models from the literature, namely the
radar equation and the Geometrical Optics (GO) approximation.
First, the scattered electromagnetic fields and radar cross-sections
are analytically computed by modeling the radar target as an ar-
bitrary curved rectangular plate. Secondly, when particularized
to a flat plate, our new model directly highlights not only the
link between the radar equation and the GO approximation, but
also the limitations of those models. We finally propose a new
model based on our analytical derivations, which unifies both
approaches.

Index Terms—electromagnetism, near-field propagation, phys-
ical optics, radar, radar cross section.

I. INTRODUCTION
A. Joint V2X Radar and Communication Systems

Radar and communication systems exploit the electromag-
netic (EM) spectrum with specific objectives. On the one hand,
radar systems are deployed in order to gather information
about the environment by transmitting a known waveform.
By receiving and processing the waveform echoes created by
multiple targets, radars are able to estimate parameters such
as the position, speed and direction of the targets. On the
other hand, communication systems are deployed in order to
transmit information in an unknown environment, which must
also be estimated in order to compensate for impairments
caused by multipath scattering.

Many existing vehicular radar applications use the 24-GHz
band [1], while typical communication bands range from 410
MHz up to 5.9 GHz for the Long Term Evolution (LTE)
standard. Recently, higher frequencies have been considered
for both radar and communication functions. For example,
the 76-77 and 77-81 GHz bands have become the new
standard for automotive radar systems [1]. Similarly, 5G
New Radio (NR) plans to cover new bands, first extending
LTE up to 7.125 GHz, with further versions moving up to
2425 GHz and 71 GHz [2]. In this context, both radar
and communication systems are converging towards the same
frequencies, leading to an increased interest in joint radar-
communication technologies. An important consequence of the

Francois De Saint Moulin is a Research Fellow of the Fonds de la
Recherche Scientifique - FNRS.

frequency increase is that the Fraunhofer distances associated
to many use cases increase from meters to multiple hundred
of meters, as the Fraunhofer distance is inversely proportional
to the wavelength. In other words, at such wavelengths, most
transmissions occur in the near-field region.

Near-field communication and sensing raise therefore new
challenges and opportunities, such as accurate channel mod-
elling, channel estimation algorithms, beamfocusing, or en-
hanced positioning [3], [4]. The accuracy of channel models
is naturally crucial in order to draw reliable conclusions about
system performance. Yet, many assumptions can be found
in the literature: in [5], the radar interference is assumed to
decrease with the fourth power of the distance, while [6],
which considers a vehicular network, assumes the radar targets
to be characterized by a constant Radar Cross-Section (RCS).
As shown in this paper, both assumptions may actually become
questionable, depending on the considered scenarios.

B. Classical Radar and Communication Channel Models

For communication systems, the Friis equation describes the
power Fc received from a transmit node at a distance R as
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where P, denotes the transmitted Effective Isotropic Radiated
Power (EIRP), GG, is the receive antenna gain, and f. is the
carrier frequency. A linear path-loss model is considered, with
[ the fixed intercept and « the path-loss exponent. For free-
space propagation, S = 47 and o = 2.

Pc(R)=P.G BtRT, (1

Alternatively, for radar applications, the received power Pr
is usually computed following the well-known radar equation

[8]: 2
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with o the RCS of the target, usually modelled as a constant
and distance-independant parameter. However, RCS modelling
is difficult, and often inaccurate. Additionally, this model is
only valid in the far-field, i.e. when r >> Rp = 2D? f,/c
with R known as the Fraunhofer distance, and D the largest
dimension of the scatterer. In many applications, e.g. auto-
motive scenarios, this assumption is not always fulfilled. This
can lead to significantly wrong conclusions about the achieved
performance. Another popular model for the power received
after reflection by a scatterer is based on the Geometrical

Prre(R)=P. G B R0, 2
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Optics (GO) approximation, which is for instance used in ray-
tracing tools [9]:

2
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where R is the Fresnel reflection coefficient of the scatterer.
For a good conductor, one may assume that |R|? ~ 1. The
GO approximation is similar to (1), in which the receiver
would be located at a distance 2R. However, owing to the
GO approximation, the dimensions and shapes of the targets
are not explicitly taken into account, as the EM waves are
approximated with rays.

C. Near-Field Radar Cross-Section

RCS modelling is not recent. For example, [10] already
showed that the RCSs of a sphere and a square plate in the
near-field region depend upon the range and orientation of the
antennas, and proposed two new definitions of the near-field
RCS. The monostatic or bistatic RCS was already analysed
in the near-field through a Physical Optics (PO) approach in
[11], with numerical examples for rectangular and circular
plates. This work was extended in [12], [13], with complex
targets being decomposed into small triangular elements, such
that each element propagates in the far-field. Multiple papers
then extended these seminal works [14]-[17]. Finally, more
complex targets, such as the back of a car at 77 GHz, were
evaluated in [18]. However, because of the complexity of the
RCS computation, most of these works focused on numerical
analysis and measurements. By contrast, [19] proposed three-
dimensional computationally efficient models based on Fresnel
integrals to calculate the backscattering model of a rectangular
plate, with experimental validation at 28 GHz. This work was
further extended in [20], which leveraged on the proposed
models to evaluate the backscattered fields with multiple
oriented rectangular surfaces.

D. Paper Outline

This paper, is organized as follows. Section II details how
the PO theory enables to derive analytical expressions of the
scattered EM fields and RCS of arbitrarily curved rectangular
targets, based on our work in [21], in which further details can
be found. These expressions are then particularized to a flat
target. In Section III, we illustrate how the computed RCSs
vary with distance and frequency and compare the exact results
with an approximation. Finally, in Section IV, we propose a
new physical model based on our analytical derivations, which
enables to reconcile (2) and (3) described in Section I-B.

II. REFLECTED FIELDS IN FREE-SPACE

A. General Derivations for Curved Rectangular Plates

Let us consider the scenario illustrated in Fig. 1. The
coordinate system is arbitrarily taken such that a linear antenna
located at (—R, 0,0) is facing a curved rectangular plate S of

Fig. 1: Curved square plate geometry.

dimensions D, x D . The shape of the curved plate is modelled
through a well-behaved arbitrary function b : R x R — R as:

D D.
S2 < (z,y,2) eR?| h(0,00=0, Vh(0,0)=0
V(g 2) = 0, 2 (0.0) = 0
V2= oyoz
“4)

The third condition guarantees that the principal directions of
the target are aligned with the coordinate system. In addition,
the function h is taken as slowly varying w.r.t. the wavelength
A. The distance R’ and the normal unit vector pointing outside
the curved plate are respectively expressed as

R 2 \/(R+h(y,2)%+y*+ 22, (5)

and
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For a transmit linear antenna of length L, the transmitted

electric and magnetic fields at a distance R’ of the antenna
can be written as

en =

(6)

. — kR’

E; = —jknLl — = 1(6) és. 7
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H, = 567‘ x E; = —jkLI R f(0) ég, ®)

where k = 27 /) is the wave number; n = 377 2 is the free-
space impedance; [ is the constant current flowing through
the antenna; f(6) is the normalised antenna radiation pattern,
with 6 the elevation angle (equal to 0 when the direction of
propagation is parallel to the antenna). The normalised antenna
radiation pattern is assumed to be maximum when 6 = 7/2. A
polar coordinate system is associated to the antenna, with é,.,
€y, and é, being respectively the radial, elevation and azimuth
unit vectors.

Equations (7) and (8) are valid when R >> 2L2/)\, which
reduces to R >> A when L is not much larger than \. Owing
to the considered frequencies for actual radar systems (up to
81 GHz), this condition is usually fulfilled.
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1) Scattered Electric Field: Following the PO approxima-
tion, the equivalent electric surface current density is expressed
as
—jkR’

o [0) @ x ), O

and the backscattered electric field is computed as

J,=2é, x H; = —2jkLI ———

N . —jkR’
B, ~ —jkn/ JL & s
S

A R’
E*nLI [ f(0) _orr .
g e e’ €, dS, (10)

with é, £ (6, %é4)—[(én X é4) - é-] .. In (10), the amplitude
and phase functions are defined as

w002 0 e w2 aer. an
The stationary point is found by solving
oh
gz (12)
z+[R+ h(y, 2)] a(y7 z) = 0.

Solving this system of equations is not straightforward. Nev-
ertheless, following the Fermat stationary point theorem [22],
the stationary point minimises the total travelled distance and it
follows geometrically that (yo, z0) = (0,0). This is confirmed
mathematically by combining (12) with the properties (4) of
h. Still relying on these properties and denoting by hZ and h!/
the second derivatives of h w.r.t. y and z at the origin,

« the phase function can be approximated around the sta-
tionary point as

k k
—2kR— 5 [1+ Rhy]y* — = [L+ RRY] 2°
13)
o the amplitude function around the stationary point is

given by

Y(y,2) =

1
9y, 2) ~ 7 € (14)

Consequently, defining

. R . R
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the scattered electric field (10) is approximated as

KLl %R
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where the functions F' and Y are defined as

F(z) 2 /Ogg ST A, Y(x) L2 (F (@))2 (17

and the Fraunhofer distances Rp , and Rg . associated to each

dimension of the rectangular plate are given by

22
T

Rp. = (18)

2) Radar Cross-Section Model: The scattered power den-

sity is computed from (16) as
R R,
( RF,y RF z

The RCS is then evaluated as follows:

R R
T A T (g 20
(RF,y> (RRZ)' 20

(x —7)/(1+2?), we obtain
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Using the approximation Y'(x) ~
o~ ooo(R), 2

where ¢ £ 7RF , RF, ., and & is a distance-dependent factor,

0+ () )0+ (5))] - e

3) Application to Specific Shapes: Let us consider three
specific shapes, namely the cylinder, the sphere, and the
paraboloid.

a) Cylinder of radius p: For a cylinder of radius p >>
D, curved along the z-dimension, the function & is defined
as

G(R) =

h(y,z) =p—p* = 2*. (23)

The curvatures h; and A7, and the distances R, and R, in

z

the y- and z-axis are given by

hy=0 = R,=R, (24)
-1
1 11
R == = Rz—(+> (25)
p R p

b) Sphere of radius p: For a sphere of radius p >>
max(D,, D), the function h is defined as

2)=p—Vp*—y?— 22

The curvatures h” and h”

z

the y- and z-axis become

(26)

and the distances R, and R, in

1 1 1\ !
R =h = —R.=(=+-) . (@7
Yy =75 = Ry=R (R+p> (27)
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¢) Paraboloid: For a paraboloid of curvature radii ¢, >>
max(D,, D,) and ¢, >> max(D,, D,) in the y- and z-axis,
the function A is defined as
2 2

y z
h(y,z) = —— :
(v, 2) 20, " 2e,

(28)
The curvatures h;’ and h’, and the distances R, and R, in
the y- and z-axis are written as

-1
1 1 1
Cy R ¢y

1 1 1\*
h!=— = R,=(=+—] .
7 e, <R * cz)

Based on the paraboloid case, the results obtained with a
cylinder of radius p are matched if ¢, = 0 and c, = p, and
the results obtained with a sphere of radius p are matched if
¢y = ¢, = p. Additionally, it is equivalent to a flat plate if
Cy = C, = 0.

hy = (29)

(30)

B. Application to Flat Square Plate Targets

With a flat square plate target, the function £ is defined as
h(y,z) = 0. Thus, the curvatures are also zero, and R, =
R, = R. Consequently, (16) becomes

~ knLI R
Bym LD sy (RF> 6. 31)
and the RCS is given by
Sy R\ |?
o & 4rR? - = TR? (Y <RF> (32)

From the properties of Y described in [21], this can be
asymptotically simplified, in the near- and far-field regions, as

if R << R,

mR? (33)
[
TRE = 4m|S|/N\? if R >> Ry,

where |S| is the surface of the plate. Hence, (33) highlights
that the RCS is constant in the far-field, while it becomes a
function of the distance in the near-field. Again, the RCS can
be rewritten as o 6(R), where o £ mRE, and

G(R) £ [1 + (JZF)

III. NUMERICAL ANALYSIS

Fig. 2 illustrates the evolution of the RCS with the distance
for different carrier frequencies (5, 24 and 77 GHz) and
different curvature radii, computed with (20) or with its ap-
proximated expression (21). The latter enables to filter out the
oscillatory behaviour of the Fresnel functions, while keeping
the trend of the RCS. However, at low carrier frequencies,
when a constant RCS is reached, an offset is observed when
using (21).

n

(34)

Compared to the flat target geometry (¢, = ¢, = 00),
introducing curvatures in the y- and z-axis drastically modifies
the behaviour of the RCS:

Frequency = 5 GHz

— ¢=C=w

c,=0.8m, c;=
—— ¢,=0.8m, c;=1.75m

10° 10! 102 103

50— &=C=* O =11
¢,=0.8m,c,=w -~
409 c,=0.8m, c;=1.75m

RCS [dBsm]

10° 10! 10? 10°

601 — cy=C;=w T =i

cy=0.8m, c;=
—— ¢,=0.8m, c;=1.75m

10° 10! 102 10°
Distance R (m)

Fig. 2: RCS against distance for different carrier frequencies
and different curvature radii (infinite curvature radii corre-
spond to a flat plate; dashed lines represent (22) with n = 4);
frequencies of 5, 24 and 77 GHz correspond to Fraunhofer
distances of 33, 160, and 510 m.

e when ¢y << Rgy, ¢y << R, ¢; << Rg ., c; << R, the
RCS is constant, irrespective of the Fraunhofer distance;

e when ¢, << R << ¢, (tesp. ¢, << R << ¢y), the
RCS is proportional to the distance, until the Fraunhofer
distance of the z-axis (resp. y-axis) is reached;

e when R << ¢y and R << c¢;, the RCS is proportional to
the square of the distance, until the Fraunhofer distances
are reached: this is the case corresponding to the flat
target.

At higher frequencies, the Fraunhofer distances are large
compared to the considered distances, in both typical indoor or
automotive applications. An important consequence is that the
target modelling significantly impacts the radar propagation
model: the RCS is either constant, proportional to the distance,
or proportional to the square of the distance, depending on the
considered range, frequency, and target geometry.

IV. NEW PROPAGATION MODEL FOR NEAR-FIELD RADAR
AND COMMUNICATIONS

In Section I-B, the radar equation (2) and the GO approx-
imation (3) have been described. If we use our novel RCS
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model for flat or curved geometries, in the near- and far-field

regions, the equivalent propagation model reads as
C2 (o) 1% (R)

Amf2 (4m)2 R*

PR(R) =P. G, (35)

where oy £ mRE g ., and ¢ is defined in (22) or (34) in the
case of a square plate.

This model can also be generalised to become compatible
with any path-loss model with fixed intercept 3 and path-loss
exponent «. In that case, the definition of the RCS is adapted

as
2
Ry

o ona (Ss)F R.
o (3) - ()7 (a)
(36)

with its approximated version written as

(e () ) () )]

(37

B(RyR.)?
2c

 B(RyR.)*®
2a
=00 5(R),

Q
2

where oo £ 3 (RF,yRRZ)% /2%, and the distance-dependent
factor o is now defined as

o (o () ) o ()]

The equivalent radar propagation model is finally written as

62 go 5(R)

Pe(R) " 4mf2 B2 R

=P.G

(39)

Remarkably, our model encompasses both the radar equa-
tion model (with constant RCS) and the GO approximation-
based model: it smoothly evolves from the former to the latter,
both being particular cases of the combination (38)-(39).

V. CONCLUSION

In this paper, analytical radar propagation and RCS models
are developed for curved rectangular targets, based on the
PO approximation. The shape of the target can arbitrarily be
defined as a continuous 3D surface. These models are valid
for V2X transmissions either in the near- or far-field region.
The obtained models show that the curvature of the target
around the specular reflection point, i.e. the second derivatives
of the shape function, defines the behaviour of the RCS with
the distance and carrier frequency. When particularised to flat
rectangular targets, the model unifies the radar equation and
the GO approximation, showing that the former is suited for
far-field applications if the RCS is assumed to be constant,
whereas the latter is appropriate for near-field scenarios. In
future works, RCS measurements of realistic V2X targets, e.g.
the back of a real vehicle, may be carried out, to evaluate at
which extent the models developed for canonical targets are
actually able to predict the RCS evolution with distance and
carrier frequency.
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