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Abstract

Reconfigurable intelligent surfaces are planar structures
that dynamically change their reflection or refraction be-
haviour to engineer complex propagation environments. A
physics-based modelling framework is formulated that ac-
counts for the scattered electromagnetic field by an array of
reconfigurable unit cells. The model is grounded on finite-
size electric/magnetic surface current densities, and devel-
ops a wave-dynamical phase space, or angular-positional,
representation of scattered waves. The phase-space repre-
sentation facilitates the integration of intelligent surfaces
within Eulerian ray-tracing methods, such as the Dynam-
ical Energy Analysis. The framework is used for evaluating
and optimising the design of beam-splitters and anomalous
reflectors. A Wigner transform approach is used to devise
the field-based phase-space representation. Obtained re-
sults are the first step towards the development of a flexible
and efficient coverage planning tool for multi-RIS mobile
networks.

1 Introduction

Reconfigurable intelligent surface (RIS) technology has re-
cently emerged as a potential candidate for beyond 5G/6G
wireless network architectures due to its ability to mod-
ulate the wireless propagation environment [1]. A RIS
is a thin structure with sub-wavelength features that al-
low for the dynamic control of the electromagnetic wave-
front upon reflection, transmission, and refraction. RISs
are used in wireless communications to create so-called
programmable and reconfigurable wireless propagation en-
vironments, which are wireless environments that are not
viewed and treated as random uncontrollable entities but
instead become part of the network design that can be op-
timised through wireless coverage planning [2, 3]. Moti-
vated by these considerations, several authors have investi-
gated scattering from finite-size RISs using various analyti-
cal methods and modelling assumptions. In [1, 4, 5, 6, 7, 8],
and references therein, a summary of the available contri-
butions, as well as a brief description of their main features
and limitations, is presented and discussed. The studies

that are currently available to quantify the potential bene-
fits of embedded RISs in wireless networks are limited to
simple network topologies and/or modelling assumptions.
State-of-the-art ray models can already efficiently integrate
specular reflection and diffraction [1]. However, the elec-
tromagnetic (EM) re-radiation from RISs has only recently
attracted attention in a ray-tracing context. In particular,
Ref. [1] discusses the integration of multi-mode scattering
models within ray tracing methods.

In this paper, the angular-spatial re-radiation properties of
engineered metasurfaces are modelled through a phase-
space approach inspired from the Dynamical Energy Anal-
ysis (DEA) [9]. More precisely, we approach the EM ra-
diation problem using the Wigner function (WF) represen-
tation of waves. The WF method, which has its origin in
quantum mechanics [10], has been intensively studied in
the electromagnetic context [11, 12]. Furthermore, the WF
has more recently found widespread attention in radio fre-
quency (RF) radiation [11], optics [13] and vibro-acoustic
[14, 15]. The main objective of this study is the integration
of the RIS response within ray tracing (RT) algorithms in
order to achieve a flexible and efficient coverage planning
tool for multi-RIS mobile networks upon optimization of
the RIS degrees of freedoms.

2 RIS scattered field approximation

Estimating the EM RIS response is based here on the de-
velopment of a high frequency asymptotic approximation
of the RIS scattered field upon oblique incidence of plane
waves. We start by considering a transmitter and receiver
that are in the far-field of the RIS and do not have direct
LOS with each other. The transmitter radiates a uniform TE
plane wave that impinges onto a pixelated reflective surface
[8] {

Ei =
(
ŷcosθ i + ẑsinθ i

)
e−jk(ysinθ i−zcosθ i)

Hi = x̂ 1
η

e−jk(ysinθ i−zcosθ i) (1)

where η is the free-space wave impedance, k is the
wavenumber, and θ i the incidence angle as shown in Fig.
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Figure 1. TE-polarized plane wave incident on the RIS [8]. The
size of a surface element is D×D, and the total number of ele-
ments is M×N, with Tx representing the transmitter and Rx repre-
senting the receiver.

1. The plane wave induces an equivalent surface current
density on the metasurface of the form

Js = ŷ
2
η

Rr (m,n) e−jkysinθ i
, (2)

where Rr (m,n) is the reflection coefficient. If each pixel
has a unit magnitude reflection coefficient, we introduce the
local reflection phase ψ (m,n) using

Rr (m,n) = ejψ(m,n), (3)

with ψ (m,n) ∈ {0,π} in a binary RIS. The calculation of
the vector potential yields the RIS scattered field

E(p;r) = ŷC (r)Ey
(
θ ,ϕ,θ i) A

(
θ ,ϕ,θ i) (4)

in the far field, where C (r) =−j kD2

2π

e−jkr

r , and the element
radiation pattern is defined as

Ey
(
θ ,ϕ,θ i)= sinc X sinc Y (5)

and where the RIS array factor is defined as

A
(
θ ,ϕ,θ i)= M

∑
m=1

N

∑
n=1

ejψ(m,n)ejkpxmDejk(py−sinθ i)nD

with

px = sinθ cosϕ

py = sinθ sinϕ

X = kD
2 sinθ cosϕ

Y = kD
2

(
sinθ sinϕ − sinθ i

)
.

Figure 2 illustrates the relationship between the spherical
coordinates for the RIS scattered field in the far-field and
the momentum variables. The field (4) was used in [8] to
optimize the radar cross section (RCS) of binary and qua-
ternary RISs using the Ising model and quantum anneal-
ing. Here, we demonstrate how a phase-space simulation
approach, such as DEA, can be used to quantify the EM
radiation from RIS-assisted propagation environments.
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Figure 2. Reference system for the RIS scattered field in the far
field. (r,θ ,φ) and p = (px, py) represent the spherical coordinates
and the momentum coordinates for the RIS scatted field, respec-
tively.

3 Phase Space Representation

The aim of this work is to predict electromagnetic radiation
from RIS surfaces using phase-space simulation methods.
In this setting, the EM RIS response and EM re-radiation
fields are described statistically, in the form of field-field
correlation functions. Here, we work with a correlation
function in momentum representation, defined by

Γr(p′,p′′) = ⟨E ·E∗⟩ , (6)

where E(p;r) is given in Eq.(4), and p′ and p′′ represent
the momentum coordinates for the RIS scattered field. The
correlation (6) can be used to obtain a phase-space repre-
sentation of the EM re-radiation from the RIS via the WF.
Using this procedure, we find the EM field radiated from
the RIS in phase-space, viz.,

Wr(x,p) =
[

k
2π

]2 ∫
dq ejkx·q

Γr

(
p+

q
2
,p− q

2

)
, (7)

where p = (p′+p′′)/2, q = p′−p′′ and x denotes the coro-
natines of the traced radiation in reference to metasurface
coordinates, which is also the inverse Fourier variable of q.
Then the classical RIS reflected phase-space (ray) density
is obtained by suitable averaging

ρ(x,p)≈ ⟨Wr(x,p)⟩ , (8)

where ⟨.⟩ represents an appropriate frequency averaging,
local (spatial) averaging, or both; this average would be re-
quired for a stochastic incident field, but in the current study
we are addressing the incidence of a random plane wave.
Then ρ(x,p) can be determined using a fast phase-space
propagation method, e.g., DEA, to predict the ray density
distribution across large scale environments.

The preliminary results presented in this paper are for a 1D
RIS. Figure 3 illustrates a 1D WF obtained for the metasur-
face unit cell upon normal incidence, at a distance r = 6λ



-0.5 0 0.5
-5

0

5

0

5

10

15

20

10
-3

Figure 3. WF obtained for a 1x1 metasurface structure with a
normal incidence at distance at distance r = 6λ .

and with a driven wavenumber k = 10 [m−1]. The WF was
calculated for an irregular 1x16 metasurface structure under
normal plane wave incidence at distance r = 6λ , as shown
in Fig. 4. The red color in the reflection phase mask repre-
sents the local phase "1", and the purple color represents the
local phase "0". As can be seen, the maximum WF power
of the metasurfaces is distributed randomly in all the (prop-
agation) directions. Therefore, there emerges the need to
use an optimization tool to focus the maximum WF power
in a prescribed direction. In the next section, we show how
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Figure 4. (a) Reflection phase mask for an irregular 1x16 meta-
surface structure (b) WF obtained for a 1x16 metasurface struc-
ture with a random reflection phase mask and a normal incidence
at distance at distance r = 6λ .

to use a simulation-based optimization method to find the
ideal reflection state of the RIS for both a beam-splitter and
an anomalous reflector.

4 Optimization of Local Reflection Phases

The reflection phase of each pixel is Rr(n,n) as defined in
(3) and it can assume values of +1 (state "0") or -1 (state
"1") in a binary RIS. An N×M coding matrix can therefore
be used to represent the entire surface. Our goal is to find
the optimal reflection phase mask for maximal WF power in
a specific wireless propagation direction (upon normal inci-
dence). We use a Simulated Annealing algorithm to find the
best reflection phase mask because it has a simple descrip-
tion and has reasonable efficiency. Simulated Annealing is

a method for local searching of minima in functions with
complex landscapes. It starts with an initial solution that
is updated iteratively with random increments. The initial
temperature T , the decreasing rate in each iteration β , the fi-
nal temperature Tf , the number of iterations I, and the merit
function, are the main parameters of Simulated Annealing.
In our model, we define an initial reflection phase mask ma-
trix with an equal amount of "0" and "1" that is dispersed
randomly. Then the algorithm is evolved by swapping the
locations of an arbitrary pair of "0" and "1" to avoid de-
generate states. In general, the larger the array, the better
the radiated power obtained in the direction of interest. Us-
ing this optimization method, the reflection phase mask of
the RISs is dynamically tuned to control the EM propaga-
tion and obtain the desired far-field wavefront, as shown in
Figs. 5 and 6.
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Figure 5. (a) Reflection phase mask for the optimized 1x16 meta-
surface structure (b) WF obtained for a 1x16 metasurface struc-
ture with a random reflection phase mask and a normal incidence
at distance at distance r = 6λ with desired wireless propagation
direction py =∓sin(π/6).
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Figure 6. (a) Reflection phase mask for the optimized 1x36 meta-
surface structure (b) WF obtained for a 1x36 metasurface struc-
ture with a random reflection phase mask and a normal incidence
at distance at distance r = 6λ with desired wireless propagation
direction py =∓sin(π/6).



5 Conclusion

In this paper, we present a physics-based modelling ap-
proach for evaluating the spatial-angular radiation from an
array of reconfigurable unit cells. The model is based
on electric/magnetic surface current densities of finite-
size, which pixelate the reflecting surface, and allows for
the integration of scattered waves from RISs with well-
established Eulerian ray-based codes. This extends ray
based prediction capabilities by including, besides specular
reflection, diffraction, and higher-order EM effects, also the
anomalous reflection behaviour achieved by reconfigurable
intelligent surfaces. The corresponding phase-space rep-
resentation is created using a Wigner transform approach
for analysing and optimising the design of anomalous re-
flectors. The results obtained are the first step toward de-
veloping a flexible and efficient coverage planning tool for
multi-RIS mobile networks. Further work will focus on 2D
WF, followed by the implementation of this model within
the ray tracing tool DEA to test performance assessments
in realistic multi-path propagation scenarios, as well as the
development of a ray-based representation of EM radiation
from the most important types of reconfigurable engineered
surfaces.
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