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Abstract

Polarisation is important in modelling wireless propagation, particularly indoors, where
signals undergo multiple reflections and transmissions through complex building materi-
als. Conventional ray tracing predicts propagation paths effectively, but often represents
polarisation with insufficient accuracy. To address this limitation, this thesis proposes a phys-
ically consistent three-dimensional ray-tracing framework that tracks polarisation through
a rotation transfer matrix. The framework follows each polarisation component through
successive interactions, enabling estimation of polarisation-dependent received power and
cross-polarisation ratio while preserving electromagnetic transformations.

Using this framework, the thesis investigates how indoor depolarisation affects wire-
less channels and polarisation shift keying. The results show that assigning a constant
cross-polarisation ratio to multipath components cannot represent the variation caused by
propagation conditions and may yield inaccurate average bit error-probability predictions.
The framework supports an optimisation procedure that jointly adjusts the complex permit-
tivity and thickness of multilayer materials. Within the cases studied, the optimised material
configurations reduce the average bit error probability of the polarisation shift keying system
at high signal-to-noise ratios and lower the resulting error floor.

The framework is then extended to reconfigurable intelligent surfaces under indoor
multipath illumination. A circuit-based macromodel is incorporated into the ray-tracing
formulation, while physical optics and diffraction grating theory describe multimode reradi-
ation, finite-aperture diffraction, and parasitic scattering. The extended framework relates
the electromagnetic behaviour of the surface to site-specific channel prediction. Compar-
isons with full-wave simulations and indoor measurements show agreement in the evaluated
cases and demonstrate its ability to predict changes in received-power coverage and spatial
received-power dispersion.

Overall, the framework provides a physically grounded, coherent, and computationally
efficient basis for analysing and optimising polarised indoor wireless systems assisted by
reconfigurable intelligent surfaces.
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Chapter 1

Introduction

Overview
This chapter establishes the background and motivation for the thesis by outlining the

transition from fifth generation (5G) to sixth generation (6G) wireless systems and the

resulting need for accurate indoor channel prediction. Indoor radio propagation is governed by

multipath interactions and by the electromagnetic response of building materials, which varies

with frequency, angle of incidence, and polarisation. This chapter therefore motivates a vector

ray-tracing framework that preserves these interactions while remaining computationally

tractable. It also introduces building wireless performance (BWP) as a link between material

properties and metrics at the system-level, and reconfigurable intelligent surfaces (RISs) as

programmable components for modifying an otherwise passive propagation environment.

Once the geometry and material composition of a building have been fixed, substantial

alterations are generally costly and impractical. RISs can therefore provide a programmable

means of improving coverage or signal quality in selected indoor regions without requiring

major changes to the building fabric. However, idealised RIS models based on single plane-

wave illumination and an infinite aperture do not represent the multipath excitation and finite

dimensions encountered in realistic indoor environments, which motivates the site-specific,

multipath-aware RIS formulation developed later in this thesis.
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1.1 Background and Motivation

Although 5G deployment is continuing, research has shifted towards the capabilities and

propagation requirements anticipated for 6G systems. Demand for higher data rates and

network capacity continues to drive the introduction of new frequency bands, deployment

scenarios, and transmission methods [1–4]. Each change modifies the relevant propagation

mechanisms and can therefore alter link and system performance [5]. Wireless channels

also vary with interference, terminal position, and the surrounding environment [6]. Channel

models must represent these variations at the level of fidelity required by the intended design

task [7].

Indoor environments are central to contemporary network design. Recent studies estimate

that approximately 80%–96% of wireless data traffic will be carried indoors in the coming

years, further highlighting the importance of indoor wireless communication research [8, 9].

Indoor channels are strongly site-dependent: walls, doors, ceilings, floors, and furniture

generate reflected, transmitted, diffracted, and scattered components [7]. Their different

electromagnetic properties produce spatially varying received power, delay, phase, and

polarisation. Consequently, an indoor model must be selected according to both the physical

environment and the performance metric being evaluated.

Statistical fading models, including Rayleigh and Rician models, and empirical expres-

sions for path loss are widely used because they provide tractable descriptions of average

or distributional channel behaviour [10–12]. In their standard forms, however, they do not

resolve the geometry of individual propagation paths or the electromagnetic response of a

specific multilayer material. They are therefore unsuitable when the required output depends

explicitly on receiver position, the polarisation transformation along each propagation path,

or the construction of a particular building.

Deterministic methods complement statistical models by deriving the propagation be-

haviour of a specific site from the geometry of the environment and the electromagnetic

properties of its materials [7]. Among these methods, ray-based models describe indoor

propagation by tracing individual paths and evaluating their interactions with surrounding

objects. For each path, they can retain the propagation distance, interaction sequence, accu-
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mulated phase, and vector field while accounting for reflection, transmission, diffraction, and,

where included, diffuse scattering. Compared with a full-wave simulation of an entire room,

ray-based models usually require much less computation and are therefore more suitable

for repeated channel evaluations. Their reliability, however, depends on the accuracy of the

geometric description and material parameters, the number of interactions retained, and the

validity of the underlying high-frequency approximations.

Geometrical optics (GO) alone cannot represent every propagation mechanism encoun-

tered in indoor environments. Ray-based models are therefore often supplemented with

electromagnetic or statistical methods that describe effects beyond specular propagation.

Physical optics (PO) can describe radiation from finite apertures, effective roughness (ER)

models can represent diffuse scattering, and full-wave solvers such as finite-difference time

domain (FDTD) methods can resolve local interactions that require greater electromagnetic

detail. These hybrid approaches extend the physical scope of ray-based modelling without

requiring a full-wave simulation of the entire environment [7, 13].

Indoor propagation is governed by both the geometry of a building and the electromag-

netic response of its materials. For each reflection or transmission, the corresponding complex

coefficient depends on the angle of incidence, polarisation, frequency, layer thickness, per-

mittivity, permeability, and conductivity. These quantities determine how the amplitude and

phase of each propagation path are modified. Even small changes in the response of an

individual path can therefore produce noticeable spatial variations after coherent multipath

combination.

This dependence becomes particularly important when channel polarisation is considered.

At each reflection, transmission, diffraction, or scattering event, the orthogonal field compo-

nents may undergo different changes in amplitude and phase. Successive interactions can

therefore alter the polarisation state of each path and produce depolarisation and coupling

between orthogonal polarisations. When the paths are superposed coherently at the receiver,

the resulting polarisation depends on the receiver position and on the propagation paths that

contribute to the received field. A channel model that explicitly represents polarisation must

therefore track the vector field and the material response as a function of frequency along
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every propagation path, rather than assign a single constant cross-polarisation ratio (XPR) to

an otherwise scalar channel [13]. This path-level electromagnetic description provides the

physical basis for relating material properties to communication performance.

The BWP framework formalises this connection by relating the electromagnetic properties

of building materials to system-level communication metrics, such as spatially averaged

channel capacity [8]. In this thesis, the same principle is extended to polarisation-dependent

propagation and average bit error probability (ABEP). Material modifications are therefore

evaluated through their influence on the resulting polarised channel and communication

performance, rather than through an isolated reflection or transmission coefficient.

The BWP framework provides a passive means of evaluating and improving indoor

propagation through material design. However, once the geometry and material composition

of a building have been fixed, substantial modifications are usually costly and impractical.

Local coverage deficiencies may therefore remain, particularly in non-line-of-sight (NLOS)

regions where blockage and destructive interference reduce the received power. These

limitations motivate the introduction of programmable electromagnetic structures that can

adapt the propagation environment after deployment.

An RIS provides a programmable means of modifying the effective response of a sur-

face and redirecting part of an incident field towards regions with weak coverage. The

resulting reradiated field depends not only on the selected surface state, but also on the

angular spectrum, amplitude, phase, and polarisation of the illuminating field. In indoor

environments, an RIS may be mounted on, integrated into, or embedded within a multilayer

building structure [14]. The surrounding materials can therefore modify both the field that

illuminates the RIS and the field reradiated into the room. A realistic site-specific model

must consequently account for the incident multipath field, the electromagnetic response of

the RIS, and the local material environment [15].

To evaluate RIS-assisted propagation within a material-aware indoor channel model, the

mapping from the incident field to the reradiated field must preserve the propagation phase

while accounting for finite-aperture effects, material and load losses, parasitic scattering,

and polarisation conversion [16]. Many existing studies simplify this mapping by assuming
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perfect redirection into a single prescribed beam, an infinite planar aperture, or illumination

by one plane wave at a fixed angle [15, 17–20]. Although these assumptions are useful for

canonical analysis, they do not represent finite-aperture diffraction, the angular response away

from the design condition, or coherent multipath illumination. Full-wave electromagnetic

simulation can resolve these effects, but repeated evaluation at room-scale is generally too

costly for channel analysis and design [21]. An RIS macromodel is therefore required to

retain the dominant electromagnetic behaviour while remaining suitable for deterministic

indoor channel simulation.

These modelling requirements also clarify the complementary roles of BWP and RIS.

The BWP framework provides a passive means of relating the electromagnetic properties

of building materials to system-level performance and can guide material design before

or during construction. Once the geometry and material composition of a building have

been fixed, however, substantial modifications are usually costly and impractical. RIS then

provides a programmable means of adapting selected regions of the propagation environment

after deployment, although it also introduces hardware, control, calibration, and installation

complexity. A physically consistent treatment of both approaches can therefore support the

design of wireless friendly buildings while enabling local and adaptive improvements in

indoor communication performance.

Against this background, the thesis makes three closely connected contributions. First,

it develops a physically consistent three-dimensional ray-tracing framework for polarised

indoor propagation. The framework tracks the vector field through successive interactions

with multilayer materials and predicts path-dependent quantities such as received power and

XPR. Building on this framework, the second contribution extends the BWP principle to

polarisation-dependent propagation and system-level performance. Polarisation shift keying

(PolarSK) is used as a representative case because its information symbols are encoded

directly in the polarisation state and are therefore sensitive to depolarisation, polarisation

imbalance, and phase distortion. The resulting model is used to evaluate ABEP and to opti-

mise the electromagnetic parameters and thicknesses of multilayer materials. Third, the same

physically consistent modelling approach is extended to RIS-assisted indoor propagation
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through an RIS macromodel that represents a finite surface under multipath illumination

and can be incorporated into the site-specific ray-tracing framework. Across all three con-

tributions, the electromagnetic assumptions, computational approximations, and practical

limitations are stated explicitly.

1.2 Definition and Scope of Physically Consistent Modelling

In this thesis, the term “physically consistent” has a precise and limited meaning. It means

that the electromagnetic quantities and physical relations used at different stages of the

model are defined and applied in a mutually compatible manner. When electromagnetic

quantities are passed from one modelling stage to the next, their physical definitions and

associated conventions are preserved, while any required change of coordinate or polarisation

basis is explicitly represented. Accordingly, the electric field, polarisation bases, material

and load responses, the chosen time-harmonic convention and the associated propagation

and interaction phase definitions, and the boundary or circuit relations form one coherent

modelling chain. The term does not imply that the complete indoor environment is solved

using a full-wave method, that every propagation mechanism is included, or that the model

provides the same prediction accuracy for every building.

Within this general definition, physical consistency in the polarisation-aware ray-tracing

framework is achieved by preserving the vector nature of the electric field along each retained

propagation path. At every reflection or transmission, the field is resolved into consistently

oriented local transverse electric (TE) and transverse magnetic (TM) components. The inter-

action is then evaluated using complex coefficients for finite-thickness multilayer materials

whose electromagnetic properties vary with frequency. For the passive, lossy materials

considered in this thesis, the physically admissible solutions for the complex propagation

quantities are selected so that the transmitted field propagates into the material and attenu-

ates with distance, rather than remaining constant or increasing, either of which would be

unphysical. In lossy double-positive media, the physical direction of phase propagation is

obtained from the real phase vector rather than by treating the complex refraction angle as a
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geometrical angle. Ordered rotation matrices connect the local polarisation bases at succes-

sive interactions, while propagation and interaction phases are retained so that all included

path contributions can be combined coherently at the receiver. Material loss is represented

through the complex propagation, reflection, and transmission coefficients. The reflected,

transmitted, and dissipated powers may also be examined through an energy balance check,

although this thesis does not perform a separate power audit for every simulated path.

Building on this path-level electromagnetic framework, physical consistency in the

BWP application is maintained through a traceable connection from material properties to

propagation behaviour and, subsequently, to system-level performance. The permittivity,

conductivity, and thickness of the multilayer materials are selected from experimentally

characterised or documented ranges and are evaluated at the operating frequency using the

adopted material models. For each candidate material configuration, these parameters are

used to recalculate the multilayer reflection and transmission coefficients, the polarisation

transformation along each propagation path, the coherent channel response, and finally

the relevant communication metric. The BWP objective is therefore evaluated through the

physical effect of the material configuration on the complete communication link, rather than

through a direct empirical association between material parameters and ABEP.

This physical grounding does not, however, guarantee that every optimised continuous

parameter combination corresponds to a commercially available or directly manufacturable

wall. The practical implementation of such optimised designs remains subject to material

tolerances, construction constraints, and experimental validation.

The RIS macromodel provides a separate but complementary application of the same

general definition. Whereas the BWP analysis traces the influence of material properties

through the propagation channel to system-level performance, the RIS formulation traces

the coherent multipath incident field through the surface response to the resulting reradiated

field. Physical consistency in the RIS formulation requires the incident field obtained

from ray tracing to be coupled to an electromagnetic or circuit response that depends

on the incidence conditions and varactor diode bias state. The reradiated field is then

constructed from the corresponding surface currents, finite-aperture radiation, and retained
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modal components rather than from independently assigned ideal phase shifts. Within the

adopted approximation, the formulation retains the relevant Floquet–Bloch modes, parasitic

scattering, polarisation, propagation phase, and finite-aperture effects. Passivity, power

balance, reciprocity, stability, and hardware-realisability are imposed or examined where

they form part of the corresponding RIS formulation.

Taken together, these definitions show that physical consistency is specific to each for-

mulation and applies to the electromagnetic mechanisms and modelling levels explicitly

represented in each part of the thesis. The mechanisms considered therefore differ among

the polarisation-aware ray-tracing framework, the BWP application, and the RIS macro-

model. Diffraction, diffuse and rough-surface scattering, detailed furniture scattering, human

blockage, higher-order interactions, anisotropic media, and complete mutual coupling are

not common to all three formulations and are represented only in those parts of the thesis

where they are explicitly modelled. Their omission limits the scope of the corresponding

results, but does not make the electromagnetic relations used within the relevant formulation

mutually inconsistent.

1.3 Objectives of the Thesis

As established in Section 1.1, there is a need for a computationally tractable framework

that can analyse polarised and RIS-assisted indoor wireless propagation within the scope of

physical consistency defined in Section 1.2. The overarching aim of this thesis is therefore to

establish such a framework by connecting electromagnetic interactions with path, channel,

and system-level performance. Achieving this aim requires the consistent modelling of po-

larised propagation through multilayer materials, the establishment of a traceable relationship

between building material properties and communication performance, and the representation

of finite RIS surfaces under coherent multipath illumination.

To achieve this overarching aim, the thesis pursues the following three objectives:

1. To develop a three-dimensional polarisation-aware ray-tracing formulation for

propagation through finite-thickness, frequency-dependent multilayer materials, while
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consistently representing the vector electric field, local TE and TM basis transforma-

tions, propagation phase, and material loss.

2. To establish and evaluate a BWP optimisation framework that connects the per-

mittivity, conductivity, and thickness of multilayer materials to the coherent polarised

channel response and the ABEP of the considered communication system.

3. To develop an RIS macromodel for finite surfaces under coherent multipath illu-

mination that couples the incident field obtained from ray tracing to an incidence- and

load-dependent electromagnetic or circuit response, while representing polarisation,

propagation phase, finite-aperture effects, and the relevant modal components.

1.4 Contributions

This thesis makes three core contributions. First, it develops a physically consistent polarisation-

aware ray-tracing framework to address limitations in tracking the amplitude, phase, and

polarisation of the electric field along each propagation path, in transforming the field com-

ponents between successive local polarisation bases, and in modelling propagation through

multilayer building materials. Second, building on this framework, this thesis establishes a

PolarSK performance analysis and BWP material optimisation framework that links mul-

tilayer wall parameters to the coherent polarisation-resolved channel response and ABEP.

Third, as a complementary extension of the indoor ray-tracing framework, this thesis develops

a multipath-aware RIS macromodelling framework that couples incident fields obtained from

ray tracing to a surface response dependent on the incidence conditions and varactor diode

bias state, enabling finite-aperture RIS reradiation to be represented within indoor ray tracing.

These contributions are detailed as follows:

1. A physically consistent polarisation-aware ray-tracing framework for indoor

propagation through multilayer building materials is developed. The framework

preserves the complex vector nature of the electric field, consistently represents trans-

formations between local TE and TM bases, and retains propagation and interaction
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phases along each path included in the model. The polarisation-aware ray-tracing

framework incorporates complex reflection and transmission coefficients for finite-

thickness, frequency-dependent multilayer building materials and determines the phys-

ical direction of phase propagation in lossy double-positive media separately from the

associated complex refraction angle. The resulting path contributions are combined

coherently to provide polarisation-resolved predictions of received power and XPR for

paths.

2. A PolarSK performance analysis and BWP material optimisation framework

based on polarisation-aware ray tracing is established and evaluated. Building

on the ray-tracing framework, this contribution traces the effects of the permittivity,

conductivity, and thickness of multilayer wall materials through the coherent channel

response for different polarisation components to the resulting PolarSK ABEP. The

analysis identifies ABEP floors at a high signal-to-noise ratio (SNR) in the evaluated

reflected NLOS scenarios and relates them to polarisation-power imbalance, coherent

small-scale fading, and Brewster angle behaviour. A BWP optimisation method is

then developed to jointly optimise the permittivity, conductivity, and thickness of the

multilayer wall materials by minimising ABEPavg. Within the investigated scenarios

and optimisation constraints, the optimised material configurations reduce ABEP by

several orders of magnitude and suppress the ABEP floors observed in the simulations.

These findings provide scenario-specific evidence that PolarSK performance is sensitive

to the electromagnetic properties and thicknesses of multilayer wall materials.

3. A multipath-aware RIS macromodelling framework is developed and integrated

with indoor ray tracing. As a complementary extension of the indoor ray-tracing

framework, the RIS macromodel couples the coherent multipath incident field obtained

from ray tracing to a response that depends on the incidence conditions and varactor

diode bias state. The incidence- and bias-dependent RIS unit-cell response is rep-

resented using a unit-cell multiport impedance matrix and Floquet–Bloch reflection

matrices. PO and diffraction grating relations are used to represent finite-aperture
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reradiation, polarisation, propagation phase, retained modal components, and parasitic

scattering. The macromodel is implemented in the Ranplan platform and compared

with measurements in one small meeting room under inactive and configured RIS states,

with the limitations of the available measurement data stated explicitly. A multipath-

aware phase-synthesis method is also developed and evaluated under simultaneous

multipath illumination.

1.5 Structure of the Thesis

This thesis is organised as follows.

Chapter 2 establishes the theoretical background and identifies the research gaps ad-

dressed in the subsequent chapters. It first reviews stochastic and deterministic approaches to

indoor propagation modelling, with particular emphasis on the suitability of ray-based meth-

ods for site-specific analysis. It then examines ray-based polarisation modelling, including

the principal depolarisation mechanisms and the limitations of existing frameworks. Finally,

this chapter reviews electromagnetic modelling approaches for RISs, compares ray-based and

wave optics perspectives, and evaluates representative academic and commercial ray-based

simulators.

Building on the research gaps identified in Chapter 2, Chapter 3 develops the proposed

physically consistent ray-based model for polarised indoor channels. The formulation

represents multilayer material interactions, transformations between successive local po-

larisation bases, and the coherent combination of path contributions. It is then used to

evaluate path-resolved received power and XPR in a controlled indoor geometry. The result-

ing polarisation-resolved propagation model provides the foundation for the system-level

analysis presented in Chapter 4.

Using the propagation model developed in Chapter 3, Chapter 4 investigates PolarSK

performance and introduces the BWP material optimisation framework. The analysis traces

the effects of multilayer wall permittivity, conductivity, and thickness through the polarised

channel response to ABEP. A coordinatewise optimisation procedure is then applied to
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minimise ABEP by adjusting the material parameters. This chapter presents analytical

and numerical evidence for the investigated scenarios, while recognising that the material

optimisation results are not directly validated through measurements.

As a complementary extension of the indoor ray-tracing framework, Chapter 5 develops

a circuit-based RIS macromodel for integration with deterministic ray tracing. This chapter

first evaluates the unit-cell response through comparison with full-wave simulation and then

assesses room-level channel predictions against indoor measurements, thereby distinguishing

the evidence available at the two validation levels. The circuit-based RIS formulation is

subsequently extended to account for coherent multipath illumination, the dependence of

the unit-cell response on the incidence conditions, reradiation from a finite RIS aperture,

and phase synthesis subject to hardware constraints. The circuit-based RIS formulation also

distinguishes local diagonal control from beyond-diagonal control with nonlocal coupling

and specifies the passivity, stability, and hardware-feasibility conditions required by the

beyond-diagonal RIS architecture.

Finally, Chapter 6 summarises the principal findings and conclusions of the thesis,

discusses the limitations of the developed methods, and outlines directions for future research.
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State of the Art and Research Challenges

Overview
This chapter provides a critical review of indoor propagation modelling and identifies the

research gaps that motivate the subsequent chapters. It first distinguishes stochastic models

from deterministic models and evaluates the suitability of ray-based methods for site-specific

analysis. It then examines ray-based polarisation modelling, focusing on the principal depo-

larisation mechanisms, the metrics used to quantify polarisation coupling, and the limitations

of existing methods in consistently tracking vector electric fields through multilayer building

materials. The discussion subsequently turns to the electromagnetic modelling of RISs,

comparing ray optical and wave optical descriptions with respect to physical consistency,

passivity, and power balance. Representative academic and commercial ray-based simulators

are then assessed in terms of geometry handling, frequency-dependent material modelling,

supported propagation mechanisms, and computational acceleration strategies. Finally, this

chapter brings these strands together and identifies two connected challenges: physically

consistent polarisation tracking through multilayer building materials and scalable multipath-

aware modelling of finite-aperture RIS reradiation. These challenges provide the motivation

for the modelling methods developed in the subsequent chapters.
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2.1 Indoor Propagation Modelling

Indoor wireless channels are typically described by two main classes of models: deterministic

models and stochastic models [10].

Stochastic models infer distributions or parametric relationships from channel measure-

ments. They describe quantities such as angle of arrival (AoA), delay spread, received signal

strength (RSS), phase, and cross-polarisation discrimination (XPD) statistically rather than

deterministically reconstructing the exact physical propagation paths for a particular link

[11, 12, 22, 23]. Their validity therefore depends on how closely the target deployment resem-

bles the environments, frequency bands, antenna configurations, and sampling procedures

represented by the calibration data [7, 10].

Deterministic models, by contrast, calculate the field or channel response for a specified

transmitter–receiver link from an explicit representation of the propagation environment.

Depending on the adopted approximation and the propagation mechanisms included in

the model, they may account for reflection, transmission, diffraction, and scattering from

objects and surfaces in the environment [24, 25]. Their prediction accuracy depends jointly

on the electromagnetic formulation and on the fidelity of the input geometry, material

parameters, antenna radiation patterns, selected interaction mechanisms, and numerical

settings. Increasing the level of geometric detail alone does not therefore guarantee a more

accurate prediction [7, 24–26].

Thus, stochastic models characterise an ensemble of channels within their domain of

validity, whereas deterministic models predict a specified scenario subject to the assumptions

and resolution of the selected electromagnetic approximation.

2.1.1 Stochastic models

The applicability of an indoor stochastic model depends on the structural and material

characteristics captured in the measurement data used for its calibration. Environments

classified as residential or office settings can differ substantially across geographical regions

because of variations in building materials, wall construction, and layout practices [27–29].
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Stochastic Models

Path Loss Models

One Slope Model (OSM)

Linear Attenuation Model 
(LAM)

COST231 Indoor Model

WINNER II Model

Shadowing and
Multipath Models

Rayleigh Fading Model

Rician Fading Model

Nakagami Fading Model

Fig. 2.1 Classification of stochastic channel models.

For example, residential partitions may be constructed from concrete, brick, or plasterboard

with different thicknesses and material compositions [8], whereas office environments may

range from open plan areas with movable partitions to enclosed office layouts with fixed

walls [8, 30, 31]. These characteristics should be reported explicitly because they affect both

model calibration and the interpretation of comparisons across studies. Fig. 2.1 classifies the

stochastic models considered in this chapter into path loss models and models of shadowing

and multipath fading.

Path loss models

In this subsection, several representative path loss models are discussed to illustrate their

applicability under different propagation conditions.

1. One Slope Model (OSM): The OSM, also referred to as the simplified log distance

path loss model, represents the large-scale average received power as a logarithmic

function of the transmitter–receiver separation [7]:

Pr(d) = P0−10n log10

(
d
d0

)
, d ≥ d0, (2.1)
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where Pr(d) is the average received power at distance d, P0 = Pr(d0) is the correspond-

ing received power at the reference distance, and both quantities are expressed in

dBm. In this thesis, d0 = 1 m, while n is the dimensionless path loss exponent. The

ratio d/d0 is dimensionless, as required for the logarithmic term. The fitted value of

n depends on the propagation environment, operating frequency, antenna configura-

tion, and line-of-sight (LOS) or NLOS condition [7]. This basic form represents the

distance-dependent mean trend and does not explicitly include random shadowing or

small-scale fading.

2. Linear Attenuation Model (LAM): The LAM represents the total path loss as the sum

of the free-space path loss and an additional attenuation term that increases linearly

with propagation distance [7, 32]:

L(d) = LFS(d)+αd, (2.2)

where L(d) is the total path loss in dB, LFS(d) is the free-space path loss at distance

d, d is expressed in metres, and α is the linear attenuation coefficient in dB/m. The

coefficient α is generally obtained by fitting the model to measurement or simulation

data and depends on the operating frequency and the characteristics of the propagation

environment.

3. European Cooperation in Science and Technology (COST) 231 Multiwall Model

(MWM): The MWM represents the total path loss as the sum of free-space loss, a

constant correction term, wall penetration losses, and a nonlinear floor penetration loss

[7, 33]:

L = LFS +LC +
I

∑
i=1

NwiLwi +n

[
n f +2
n f +1−b

]
f L f . (2.3)

Here, L, LFS, LC, Lwi , and L f are expressed in dB. The term LFS denotes the free-space

path loss between the transmitter and receiver, while LC is an empirical constant cor-

rection term estimated by fitting the model to measured path loss data. The parameter

Nwi denotes the number of walls of type i intersected by the direct geometrical path
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between the transmitter and receiver. Lwi is the corresponding wall penetration loss

coefficient, and I is the number of wall types considered. The parameter n f denotes

the number of penetrated floors, while L f is the loss coefficient between adjacent

floors. The parameters Lwi and L f are empirical coefficients fitted to measured path

loss data and therefore represent effective wall and floor losses within the calibrated

environment, rather than isolated physical penetration losses of individual structures.

The dimensionless empirical parameter b controls the nonlinear dependence of the

total floor attenuation on n f . For fixed wall loss coefficients, the wall attenuation

increases linearly with the number of penetrated walls of each type, whereas the total

floor attenuation varies nonlinearly with the number of penetrated floors [7, 33].

4. Wireless World Initiative New Radio (WINNER) II Path Loss Model for the A1

Indoor Office Scenario: For the A1 indoor office scenario, the WINNER II channel

model represents the mean path loss using a logarithmic function of the transmitter–

receiver separation and carrier frequency, with coefficients selected according to the

propagation condition [34]:

PL(d, fc) = A log10

(
d

1 m

)
+B+C log10

(
fc

5 GHz

)
+X . (2.4)

Here, PL(d, fc) denotes the path loss in dB predicted by the WINNER II model, d is

the transmitter–receiver separation in metres, and fc is the carrier frequency in GHz.

The coefficient A determines the slope of the path loss with respect to the logarithm of

the transmitter–receiver separation, B is the intercept, and C describes the frequency

dependence. The term X is an optional environment specific correction term. Under the

A1 NLOS conditions, it represents additional wall attenuation, whose value depends

on the number and type of walls between the transmitter and receiver. The specific

values of A, B, C, and X depend on the relevant LOS or NLOS condition.

The WINNER II path loss models are based mainly on measurements at 2 and 5 GHz

and are extended to the frequency range from 2 to 6 GHz [34]. When the transmitter

and receiver are located on different floors, the total path loss is obtained by adding a
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floor loss:

PLtotal = PL(d, fc)+Lfloor, (2.5)

where

Lfloor = 17+4(n f −1), n f > 0. (2.6)

The quantity Lfloor is expressed in dB, and n f denotes the floor separation between the

transmitter and receiver, with n f = 1 corresponding to adjacent floors. The coefficients

and correction terms should be selected using the parameter set and validity range

specified for the relevant WINNER II propagation condition [34].

Shadowing and Multipath Models

Indoor channel variations are commonly separated into large-scale shadowing and small-scale

multipath fading. Shadowing describes relatively slow variations in the local mean received

power caused by obstruction from walls, furniture, and other large structures. Multipath

fading arises from the coherent superposition of propagation components that arrive through

different paths with different amplitudes, delays, phases, and angles.

Early investigations of indoor propagation developed statistical models to characterise

these effects [35]. The received signal was represented as the superposition of multiple

delayed and attenuated components produced by reflection, transmission, diffraction, and

scattering within the environment. Because the number and characteristics of these com-

ponents vary with position and surrounding structures, the resulting channel response was

treated as a random process whose statistical properties depend on the propagation environ-

ment [36]. These studies established the basis for the stochastic representation of indoor

shadowing and multipath propagation.

Building on this foundation, small-scale fading models were introduced to describe

the rapid fluctuations in received signal amplitude and phase caused by constructive and

destructive interference among multipath components. The statistical distribution of the

signal envelope depends particularly on whether a dominant propagation component is

present and on the relative strengths and distributions of the remaining multipath components.
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These considerations motivate the Rayleigh, Rician, and other statistical fading models

discussed below.

• Rayleigh Fading Model: The Rayleigh fading model is commonly used when the

received signal contains no dominant deterministic propagation component and is

formed by the superposition of many weak multipath components with approximately

independent random phases. Such conditions are often associated with rich scattering

NLOS environments, although the absence of LOS alone does not guarantee Rayleigh

fading. Under the usual central limit conditions, the in phase and quadrature compo-

nents of the complex baseband fading coefficient can be approximated as independent

Gaussian random variables with equal variance and zero mean. Consequently, the

magnitude of the fading coefficient follows a Rayleigh distribution, while its phase is

uniformly distributed over 0 to 2π radians [11].

• Rician Fading Model: The Rician fading model is commonly used when the received

signal contains a dominant deterministic propagation component, such as a LOS

path or a strong specular reflection, together with multiple weaker diffuse multipath

components. The complex baseband fading coefficient can therefore be represented as

the sum of a deterministic component and a complex Gaussian component with zero

mean associated with diffuse multipath propagation. The Rician K-factor is defined as

the ratio of the average power in the dominant deterministic component to the aggregate

average power in the diffuse multipath components. A larger K-factor therefore

indicates that the dominant component contributes a greater proportion of the received

signal power. In contrast to Rayleigh fading, which assumes that no deterministic

propagation component has significant power, Rician fading accounts explicitly for

the presence of a dominant component with appreciable power. Consequently, the

magnitude of the complex baseband fading coefficient follows a Rician distribution

[37].

• Nakagami-m Fading Model: The Nakagami-m fading model is a flexible statistical

model used to characterise the envelope fluctuations caused by small-scale multipath
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fading. The model is parameterised by the shape parameter m and the average envelope

power Ω, where Ω = E[R2] and R denotes the fading envelope. The parameter m

controls the severity of fading. When m = 1, the Nakagami-m distribution reduces

to the Rayleigh distribution. Values satisfying 1/2 ≤ m < 1 represent fading more

severe than Rayleigh fading, whereas m > 1 represents less severe fading. For suitable

parameter values, the Nakagami-m distribution can also approximate certain Rician

fading conditions, although the two distributions are not identical. Owing to its flexibil-

ity and analytical tractability, the Nakagami-m model has been used to characterise a

broad range of multipath fading conditions and to analyse the performance of wireless

communication systems [38].

2.1.2 Deterministic Models

Deterministic channel models calculate site-specific electromagnetic fields or channel re-

sponses for a prescribed propagation environment. In principle, a full-wave solution of

Maxwell’s equations provides the reference electromagnetic description once the geome-

try, source excitation, material constitutive properties, and boundary conditions have been

specified. For electrically large indoor environments, however, the fine spatial discretisa-

tion required by full-wave methods, together with temporal discretisation in time domain

formulations, can make direct simulation computationally prohibitive, particularly when

large simulation domains, dense receiver grids, or repeated parameter sweeps are consid-

ered [39]. The deterministic methods considered in Fig. 2.2 therefore include both full-wave

techniques and high frequency ray-based approximations, which offer different tradeoffs

among electromagnetic fidelity, computational tractability, and modelling complexity.

Full-Wave Methods

Full-wave methods require a geometrical representation of the environment, source excita-

tion, material constitutive parameters, boundary conditions, and an appropriate numerical

discretisation capable of resolving the shortest relevant wavelength, material variation, and

geometrical features. Representative full-wave methods include the method of moments
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Deterministic Models

Full Wave Solutions

Method of Moments
(MoM)

Multilevel Fast Multipole 
Method (MLFMM)

Finite Element Method
(FEM)

Finite Difference Time 
Domain (FDTD)

Ray-Based Models

Ray-Launching Model

Ray-Tracing Model

Fig. 2.2 Classification of deterministic channel models.

(MoM) [40], often accelerated using the multilevel fast multipole method (MLFMM) [41],

the finite-element method (FEM) [42], and the FDTD method [43].

Full-wave techniques can provide high electromagnetic fidelity when the geometry,

material properties, boundary conditions, and numerical discretisation are represented with

sufficient accuracy. Their computational cost, however, increases substantially when they

are applied to electrically large indoor environments. High frequency asymptotic methods

provide an alternative by approximating electromagnetic propagation under the assumption

that the wavelength is small relative to the characteristic dimensions of the environment.

When their underlying assumptions are satisfied, these methods can retain the dominant

propagation mechanisms while substantially reducing the computational cost.

Ray-Based Models

Ray-based propagation modelling provides a computationally tractable framework for pre-

dicting site-specific wireless channel behaviour in electrically large indoor and outdoor

environments [44]. These methods are commonly based on GO and the uniform theory of

diffraction (UTD), under which electromagnetic propagation is represented by rays according
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LOS

NLOS 1

NLOS 2

Fig. 2.3 Illustration of image-based ray tracing for LOS and reflected NLOS paths.

to high-frequency asymptotic assumptions. Depending on the propagation mechanisms

included in the model, the rays may undergo reflection, transmission, and diffraction at

environmental interfaces and edges, while diffuse scattering can be incorporated through

additional scattering models. In coherent ray-based models, the complex field at the receiver

is obtained by superposing the contributions from the identified multipath components,

including their amplitudes, phases, delays, and polarisation states [45].

Ray-based models are commonly implemented using image-based ray tracing or ray-

launching techniques.

1. Image-based ray tracing: The image-based ray-tracing method constructs virtual im-

ages of the transmitter through successive specular reflections across the corresponding

reflecting planes. Candidate propagation paths are then traced back from the receiver

towards the associated transmitter images. A candidate path is retained only if the

reconstructed reflection points lie on the corresponding finite surfaces and all physical

path segments are unobstructed [7, 44–47].

As illustrated in Fig. 2.3, the coloured solid arrows represent the physical LOS and

reflected NLOS propagation paths. The dashed and dotted lines extending towards

the virtual transmitter images are auxiliary geometrical construction lines used to
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LOS

NLOS 1

Fig. 2.4 Illustration of the ray-launching method for LOS and reflected NLOS paths.

determine the specular reflection points. The black crosses mark portions of this

auxiliary geometrical construction that do not correspond to physical ray propagation.

2. Ray launching: In contrast to image-based ray tracing, the ray-launching method,

also referred to as the shooting and bouncing ray (SBR) method, launches a discrete

set of rays from the transmitter over the required angular domain and traces their

trajectories through successive interactions with the environment. In three-dimensional

implementations, approximately uniform angular sampling can be achieved using a

tessellated geodesic sphere. Each ray is traced until a prescribed termination condition,

such as a maximum interaction order, propagation distance, or power threshold, is

satisfied. A ray entering a reception region centred on the receiver is identified as a

received ray. The angular sampling interval therefore determines a tradeoff between

spatial resolution and computational cost [7, 44, 45, 48].

As illustrated in Fig. 2.4, the black dotted arrows represent rays launched from the

transmitter in discrete directions, while the coloured solid arrows represent the LOS

and reflected NLOS propagation paths that reach the receiver. The virtual transmitter

images and their associated dashed and dotted construction lines are included only
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to illustrate the geometrical correspondence between the received reflected path and

the equivalent image source construction. They do not form part of the ray-launching

search procedure. The black crosses mark portions of this auxiliary geometrical

construction that do not correspond to physical ray propagation.

Although ray-based models can provide useful site-specific predictions at substantially

lower computational cost than direct full-wave simulation, their computational burden can

still increase rapidly in electrically large or geometrically complex environments. As the

maximum interaction order increases, the number of candidate interaction sequences in

image-based methods can grow combinatorially, often resulting in exponential growth in

computational complexity. The resulting computational cost is particularly significant for

large propagation domains, dense receiver grids, and models that include multiple reflections,

transmissions, diffractions, or diffuse scattering interactions.

A range of acceleration techniques has therefore been developed to reduce redundant

path searches and intersection checks between rays and environmental objects. For example,

intelligent ray tracing (IRT) [49] and intelligent ray launching (IRL) [50, 51] use environment

specific visibility and spatial information to restrict the search to propagation paths that

are more likely to contribute to the received field. Other acceleration techniques employ

visibility graphs, spatial partitioning, bounding volumes, or parallel processing to reduce the

computational effort without changing the underlying propagation formulation.

Separate from computational acceleration, electromagnetic extensions have been intro-

duced to broaden the range of propagation phenomena represented by ray-based models.

Diffraction is commonly incorporated into high-frequency ray formulations using UTD [52].

Hybrid approaches can additionally couple ray tracing with PO to model scattering from

apertures or finite surfaces, or with numerical methods such as the FDTD method to obtain a

more detailed field description within selected regions [45, 53].

Algorithmic extensions have also been developed to improve the spatial resolution and

geometrical accuracy of ray-launching methods. Ray jumping with resolution awareness

maintains a more nearly uniform spatial resolution as the rays propagate away from the

transmitter. By contrast, SBR image methods use ray launching to identify likely interaction
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sequences and subsequently apply the image method to refine the corresponding interaction

points [45, 54].

Overall, these acceleration techniques, electromagnetic extensions, and algorithmic

refinements enable ray-based models to offer a practical tradeoff between electromagnetic

fidelity and computational tractability for site-specific channel analysis, coverage prediction,

and system-level performance evaluation. Their predictive accuracy, however, depends on the

fidelity of the environmental geometry and material parameters, the propagation mechanisms

included in the model, the angular and spatial resolution, the retained interaction order, and

the selected path termination criteria.

2.2 Indoor Ray-Based Polarisation Propagation Models

Polarisation is one of the fundamental characteristics of an electromagnetic wave, alongside

its amplitude, frequency, and phase [13]. It has been exploited in optical fibre, radar, satellite,

and indoor wireless communication systems. In wireless links, the use of multiple polarisation

states can provide additional signalling degrees of freedom (DoF) and, when the resulting

polarisation channels are sufficiently distinct, can improve spectral efficiency and channel

capacity [13].

Although the ray-based models discussed in Section 2.1.2 are widely used for site-specific

indoor channel analysis, purely scalar implementations cannot fully represent the evolution

of polarisation along a propagation path. Representing each path solely by scalar quantities

such as loss, delay, or received power does not capture the rotation of the electric-field vector,

transformations between successive local TE and TM bases, co-polarised and cross-polarised

coupling, or polarisation-dependent amplitude and phase changes caused by multilayer

material interactions. Consequently, the analysis of dual-polarised antennas and polarisation-

based signalling requires a vector formulation that tracks the complex electric field, the

transmit and receive antenna responses, and the ordered basis transformations introduced by

successive propagation interactions.
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To represent these effects in indoor wireless channels, polarisation-aware channel models

have been developed using both physical and analytical approaches. Physical models describe

polarisation by relating the antenna responses and field components to specific propagation

mechanisms and environmental interactions, whereas analytical models represent the polari-

sation channel through parameterised mathematical or statistical relationships. Within the

physical category, ray-based models explicitly track the changes in the complex electric field

introduced by reflections, transmissions, diffractions, and changes in the local polarisation

basis.

An early example is a three-dimensional indoor ray-tracing model that incorporates polar-

isation into the propagation simulation [55]. The model permits arbitrary three-dimensional

antenna orientations and combines the antenna polarisation responses with vector descrip-

tions of reflected and diffracted fields. The three-dimensional polarisation-aware indoor

ray-tracing model in [55] can therefore be used to examine how antenna orientation and

propagation interactions affect the polarisation characteristics of the predicted indoor channel

response.

While the three-dimensional polarisation-aware ray-tracing model in [55] accounts for the

polarisation effects associated with reflection and diffraction, additional modelling is required

to represent nonspecular scattering from rough or irregular surfaces. Other studies therefore

extended polarisation-aware ray-based modelling to include diffuse scattering. In particular,

a polarimetric version of the ER diffuse scattering model was calibrated using measurements

conducted in office and laboratory environments [56]. Within the calibrated scenarios, the

model characterises nonspecular scattering in both co-polarised and cross-polarised-field

components.

In addition to diffuse scattering, transmission through building partitions can introduce

further polarisation changes when the transmitter and receiver are separated by one or more

walls. Two heuristic depolarisation models for fields transmitted through partitions were

implemented in a ray-tracing tool in [57]. Including depolarisation induced by transmission

improved agreement with the reported measurements. However, residual errors in the
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predicted cross-polarisation levels suggested that additional depolarising mechanisms or

modelling uncertainties were not fully represented.

To represent multiple depolarising mechanisms within a unified framework that uses ray

methods, an enhanced ray-tracing tool based on UTD was developed by incorporating both

transmission through partitions and diffuse scattering models [58]. The tool was evaluated

against data from two indoor measurement campaigns and showed improved agreement with

measurements for wideband and polarimetric channel metrics, including delay spread and

XPR.

Overall, these studies demonstrate the importance of incorporating reflection, partition

transmission, and diffuse scattering into polarimetric ray-based models for indoor propagation

analysis. Accounting for these mechanisms is particularly important for links within indoor

environments and from outdoor to indoor environments, where the received field may undergo

multiple interactions with walls and other environmental surfaces before reaching the receiver.

However, the accuracy of such models depends on how consistently the vector electric field,

local polarisation bases, and material interactions are represented along each propagation

path.

2.3 Depolarisation Effects Modelling of Polarised Wireless

Channel

With the growing demand for indoor wireless connectivity, modulation based on polarisation

has attracted attention as a means of using the polarisation domain for information transmis-

sion. Unlike conventional schemes based on phase and quadrature, which represent symbols

as points in a two-dimensional plane defined by the in phase and quadrature components,

polarisation modulation uses the carrier polarisation state as an additional domain for car-

rying information. This approach can provide additional signalling DoF, provided that the

polarisation states remain sufficiently distinguishable after propagation.

Studies in [59, 60] reported that, under the evaluated system assumptions, polarisation

modulation reduced the energy required to transmit each bit by up to approximately 25%
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relative to M-ary phase-shift keying (MPSK) at a target symbol error rate of 10−6. This

potential reduction in transmission energy is attractive for wireless devices with limited

energy resources and large-scale indoor networks.

Accurate recovery of the transmitted polarisation state requires a channel model that

resolves the polarisation transformations and coupling introduced by propagation and by the

transmit and receive antenna responses. Modelling these effects is therefore necessary for

the reliable evaluation of modulation based on polarisation in indoor wireless channels.

The polarisation characteristics of a dual-polarised channel can be quantified using

metrics that describe power imbalance, correlation, cross-polarisation coupling, differential

attenuation, and differential delay. Two important aspects are the power imbalance between

the polarisation channels and the correlation between their complex responses. The co-

polarisation ratio (CPR) compares the powers of the two co-polarised branches of the

channel, whereas XPR compares the co-polarised and cross-polarised received powers

for a specified transmitted polarisation. XPD characterises the discrimination between

the desired polarisation component and its orthogonal component, although the precise

distinction between XPD and XPR varies across the literature. Their definitions should

therefore be stated explicitly for the channel and antenna configuration under consideration.

Polarisation-dependent loss (PDL) describes the difference in attenuation experienced by

different polarisation states, whereas polarisation mode dispersion (PMD) describes the

difference in propagation delay or group delay between the principal polarisation states. These

quantities describe related but distinct properties and should not be used interchangeably.

Moreover, a single constant XPR value may not capture the variations caused by path

geometry, interaction angle, material properties, and antenna orientation, which are relevant

to site-specific PolarSK and depolarisation analysis [13].

Measurement-based studies have reported XPD, polarisation correlation, and related

channel characteristics in a range of indoor and outdoor environments [61]. Empirical models

incorporating depolarisation parameters were subsequently developed from measured channel

statistics [62, 63]. Other studies introduced analytical and geometry-based formulations

that relate polarisation metrics to the angular and spatial characteristics of the propagation
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environment [64, 65]. For example, [65] used the von Mises–Fisher distribution to derive

expressions for XPD and polarisation correlation, while [66] proposed and validated an

analytical expression for XPD that accounts for channel and receiver conditions. Correlation

in three-dimensional dual-polarised channels was examined in [67]. Analytical relationships

for electromagnetic vector sensors and environments with uniform angular spread were

presented in [68] and [69], respectively. An extended analytical channel model for evaluating

correlation and XPD in closed-form was presented in [70]. These studies provide useful

statistical and analytical descriptions of polarisation behaviour, but they do not necessarily

resolve the ordered evolution of the complex vector electric field along individual propagation

paths.

Overall, prior work has established physical, empirical, and analytical descriptions of

several polarisation effects. The reviewed literature places greater emphasis on polarisation-

power imbalance and correlation than on PMD and PDL in indoor ray-based models. A

remaining gap is the lack of a unified treatment that tracks the complex TE and TM field

components through successive material interfaces while also accounting for transformations

between the local polarisation bases associated with successive propagation interactions.

Because each material layer may have distinct permittivity, conductivity, permeability, and

thickness, the reflected and transmitted field components can undergo different changes in

amplitude and phase at each interface. The framework developed in Chapter 3 addresses

this specific gap for the propagation mechanisms and material configurations included in the

formulation. Diffuse scattering, surface roughness, and dynamic environmental interactions

remain outside the scope of the current model and its validation.

2.4 Propagation Modelling for RIS

Sections 2.2 and 2.3 establish the need for accurate prediction of polarised indoor channels.

A channel model characterises the propagation link but does not itself modify the electro-

magnetic environment. When the direct path is attenuated or obstructed, an RIS may be

introduced to redirect part of the incident field towards a target region. The channel model
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predicts the multipath field incident on the RIS, whereas the RIS surface model determines

the field scattered by the configured surface.

RISs have emerged as a candidate technology for controlling wireless propagation using

electrically reconfigurable, nominally passive, and low profile surfaces. Their performance

should be evaluated using a model that relates the relevant incident-field components to

the desired and parasitic scattered fields, together with any transmitted or dissipated power

permitted by the surface architecture and its operating state [16].

RIS models can be broadly described using formulations based on ray optics or wave

optics. A model based on ray optics represents the incident field using geometrical propa-

gation paths and assigns each path a propagation phase and an interaction coefficient. This

representation is computationally tractable for room-scale simulations and can predict a

desired anomalous-reflection direction when the RIS aperture is electrically large and the

assumptions of high-frequency propagation are satisfied. However, a ray optics model based

only on a prescribed phase response does not by itself determine the local normal power flow,

diffraction from a finite-aperture, coupling between amplitude and phase, or the excitation

of parasitic modes. Consequently, prescribing a phase gradient alone does not generally

guarantee local power balance or passivity for an arbitrary field transformation [71–73].

In contrast, a formulation based on wave optics retains the electric and magnetic-field

distributions over the surface and applies electromagnetic boundary conditions or field

equivalence relations. The time average of the Poynting vector can then be used to evaluate

power balance, while an aperture integral can be used to predict the field reradiated by the

finite-aperture. Depending on the adopted formulation, this description can represent coupling

between amplitude and phase, polarisation conversion, dissipation, parasitic scattering, and

power transport across the surface [17, 71, 73]. In this thesis, ray tracing provides the

coherent multipath field incident on the RIS, whereas the RIS macromodel uses an aperture

formulation expressed in terms of the field to combine the incident path contributions and

predict the resulting reradiated field.

Within the scope defined in Chapter 5, physical consistency in RIS modelling requires

the surface response to relate the incident electromagnetic field to the reradiated field and
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dissipated power while satisfying passive power balance within the adopted approximation.

Depending on the surface architecture and the adopted formulation, the model may also

need to represent finite-aperture effects, polarisation conversion, parasitic scattering, and the

supported reradiation modes.

Evaluating links assisted by an RIS therefore requires a macroscopic surface model

whose computational complexity is compatible with room-scale ray tracing while retaining

the field quantities and power constraints required for coherent reradiation under multipath

illumination. Simplified ray models are computationally attractive, but they may omit finite-

aperture diffraction, modal reradiation, parasitic scattering, and polarisation conversion.

By contrast, simulation-based on a direct full-wave formulation can represent these effects

with greater electromagnetic detail, but is often too costly for repeated room-scale channel

studies. This gap motivates the RIS macromodel developed and evaluated in Chapter 5,

which provides an intermediate representation suitable for integration with indoor ray tracing.

2.5 Commercial and Publicly Available Indoor Ray-Based

Simulators

Advances in ray-based models, together with the growing demand for computationally

efficient indoor channel prediction, have led to the development of numerous academic

and commercial simulation platforms for radio propagation analysis and wireless network

planning. These tools represent the interaction of radio waves with three-dimensional

environments through reflection, transmission, and diffraction. Some implementations also

include diffuse scattering. Depending on their implementation, they can predict channel

quantities such as received power, path loss, propagation delay, and delay spread [7, 74].

The predictive accuracy of these platforms depends on the fidelity of the environmental

geometry and material parameters, the antenna descriptions, the propagation mechanisms

included in the model, and the selected spatial, angular, and numerical settings. Academic

simulators are commonly used to investigate and evaluate new modelling methods, whereas

commercial platforms generally provide integrated workflows for practical coverage analysis
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and network planning. The following discussion compares selected representative tools

in terms of their modelling approaches, supported propagation mechanisms, material and

antenna treatment, computational features, validation, and typical applications.

2.5.1 Sionna RT

Sionna is an open source Python library developed by NVIDIA for research on communi-

cation systems. Sionna RT is the standalone radio propagation package within the Sionna

ecosystem. It is built on Mitsuba 3 and Dr.Jit, which provide scene handling, hardware accel-

eration, and automatic differentiation. This differentiable formulation enables gradients of

channel responses, radio maps, and derived objective functions to be evaluated with respect to

supported scene and system parameters. These parameters include radio material properties,

antenna and scattering patterns, array geometries, and the positions and orientations of radio

devices and scene objects [75–77].

The propagation mechanisms available in Sionna RT depend on the software version

and solver configuration. Current releases support LOS propagation, specular reflection,

diffuse reflection, refraction through material slabs, and diffraction. For the computation

of channel impulse responses, the path solver combines the SBR method with the image

method. The SBR stage identifies candidate interaction sequences, while the image method

refines the corresponding interaction points. By contrast, radio maps are generated using

an SBR procedure. The resulting propagation paths can be represented as channel impulse

responses and transformed into channel frequency responses or discrete channel taps. Radio

maps can provide quantities such as path gain, RSS, and signal-to-interference-plus-noise

ratio (SINR) over a specified measurement surface in the three-dimensional scene [76, 77].

Scene geometry can be loaded using the Mitsuba Extensible Markup Language (XML)

format or prepared using Blender and related scene creation tools. Each scene object can

be assigned a radio material defined by properties such as relative permittivity, conductivity,

thickness, and diffuse scattering parameters. The reflection and refraction coefficients

account for the finite-thickness of the material slab, while frequency-dependent material

properties can be implemented through predefined models or user-defined functions. Sionna
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RT also supports configurable antenna and scattering patterns and permits data exchange

with NumPy, JAX, TensorFlow, and PyTorch. These capabilities facilitate its integration with

communication system simulation, optimisation, and machine learning workflows [77].

Several studies have extended the evaluation of Sionna RT beyond software demon-

strations. A method for learning radio environments used its differentiable formulation to

estimate material, scattering, and antenna parameters from synthetic data and real indoor

measurements obtained with a distributed multiple input multiple output (MIMO) channel

sounder [78]. In a separate industrial study, a three-dimensional model derived from laser

scanning data was simulated at 187.5 GHz and compared with double directional channel

measurements under dynamic blockage caused by a moving forklift [79]. These studies

demonstrate the use of Sionna RT for measurement-based calibration and comparison, while

also showing that prediction errors can arise from simplified geometry, omitted objects,

uncertain material properties, and differences between the simulated and measured antenna

responses.

Sionna RT has also been used for channel data generation and system integration. The

WiSegRT dataset contains site-specific indoor channel impulse responses generated in seman-

tically segmented three-dimensional scenes and is intended for applications including channel

prediction, localisation, sensing, and wireless digital twins [80]. Its integration with Ray-

Mobtime has enabled the generation of channel datasets for dynamic vehicular environments

in which the positions of vehicles and other scene objects vary over time [81]. However,

that study also reported substantial differences between some channels generated by Sionna

RT and Wireless InSite, and therefore emphasised the need for systematic comparison with

measured channels.

Further extensions have connected Sionna RT to network simulation and digital twin ap-

plications. Ns3Sionna integrates scene specific RT channels with the ns-3 network simulator

to provide spatially and temporally correlated channel information for indoor and outdoor

network studies [82]. The DT-RaDaR framework uses radio maps generated with Blender

and Sionna RT for robot navigation in digital twin environments [83]. Sionna RT has also
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been used to evaluate RIS optimisation algorithms and coverage maps in urban digital twin

scenarios, together with experimental comparisons [84].

Overall, Sionna RT provides an extensible platform for site-specific channel generation,

radio coverage analysis, parameter estimation, data generation, and integration with higher

layer simulation tools. Its open source implementation and automatic differentiation support

reproducible and optimisation oriented research. Nevertheless, these features do not by

themselves guarantee predictive accuracy. The results remain dependent on the fidelity of the

scene geometry, the calibration and valid frequency range of the material and scattering mod-

els, the antenna descriptions, the propagation mechanisms included, the solver configuration,

and the software version. The version and principal numerical settings should therefore be

stated explicitly when reporting results obtained using Sionna RT.

2.5.2 CloudRT

CloudRT was introduced as an open access cloud native platform for high-performance RT

of radio propagation channels. It was developed by a research team led by Beijing Jiaotong

University and uses parallel and distributed computing to support computationally intensive

propagation simulations. Its architecture separates the user interface and data management

functions from the RT engine executed on the computing cluster. Users can provide three-

dimensional environment models, antenna descriptions, and radio material parameters for

the required propagation scenario [74, 85].

Depending on the adopted configuration and propagation models, CloudRT can represent

direct, reflected, transmitted, diffracted, and scattered propagation components. It can gen-

erate channel information such as path loss, channel impulse response, propagation delay,

direction of departure, direction of arrival, and the contributions of individual multipath

components. Published surveys report that CloudRT has been calibrated or validated for

railway, urban, indoor, and outdoor environments over frequencies ranging from approxi-

mately 450 MHz to 325 GHz [74, 86]. This frequency range should be interpreted as the

span covered by published simulation and validation studies, rather than as a guarantee of

uniform prediction accuracy for every frequency, environment, and model configuration.
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CloudRT has been applied in several studies involving railway and other transport

environments. For railway tunnels, CloudRT generated channel data that were used to

derive tapped-delay-line models for high-speed railway and metro tunnel scenarios. The

resulting models characterised tap delay, power, fading, and Doppler properties for radio

technology emulation [87]. In a separate study, a three-dimensional high speed railway

environment was reconstructed and imported into CloudRT to characterise terrestrial and

satellite to terrestrial links at 22.6 GHz under different weather conditions [88]. These

studies demonstrate the use of the platform for generating site-specific channels in railway

environments with complex geometries and mobility conditions.

The platform has also been applied to enclosed environments with strong reflection. In an

intra-ship study at 3.5 GHz, CloudRT was used to generate channel impulse responses and

analyse propagation within metal corridors and rooms under different hatch configurations

[89]. Separate path loss models were developed for LOS, light NLOS, and deep NLOS

regions. The fitted models were evaluated using additional CloudRT simulation data. This

study illustrates the application of CloudRT to metal rich environments, but it should not be

interpreted as measurement validation unless an independent measurement campaign is also

provided.

CloudRT has further been extended for the investigation of RIS-assisted railway com-

munications. In [90], an additional RIS representation was integrated into CloudRT and

evaluated in railway tunnel scenarios. The RIS formulation was an extension introduced

by the authors rather than a propagation mechanism originally provided by the CloudRT

platform. CloudRT supplied the surrounding multipath propagation environment, while the

prediction of the RIS response depended on the additional surface model and its assumptions.

This distinction is important when assessing the physical accuracy of RIS-assisted channel

predictions.

Overall, CloudRT provides a high-performance environment for site-specific channel

generation and large simulation campaigns. Its main strengths include parallel and distributed

computation, support for shared environment and material resources, and demonstrated appli-

cations over a wide range of frequencies and propagation scenarios. Its predictive accuracy
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nevertheless depends on the fidelity of the environment geometry, the calibration and valid

frequency range of the material and scattering models, the antenna descriptions, the propaga-

tion mechanisms included, and the numerical settings used in the simulation. Specialised

components such as RISs also require additional models whose physical assumptions and

validation should be stated explicitly.

2.5.3 Altair WinProp

Altair WinProp is a commercial software suite for radio propagation prediction and wireless

network planning. It provides empirical, semi empirical, and deterministic propagation

models for indoor, urban, rural, tunnel, and combined scenarios. The available models

include the dominant-path model (DPM), standard three-dimensional RT, IRT, and the SBR

method. WinProp can also be coupled with Feko, allowing antenna patterns calculated using

full-wave or asymptotic electromagnetic methods to be included in propagation and network

simulations [91, 92].

The supported frequency range depends on the selected propagation model and the

software version. Current documentation specifies frequency ranges extending from approxi-

mately 30 MHz to 100 GHz for several deterministic models, although individual empirical

models and material databases may have narrower ranges. Depending on the selected formu-

lation, WinProp can account for direct propagation, reflection, transmission, diffraction, and

diffuse scattering. The software can predict quantities including path loss, received power,

LOS conditions, propagation paths, directional channel impulse responses, delay spread,

and angular spread. Measurement data can also be used to calibrate many of the available

propagation models [91].

WinProp includes several tools for preparing propagation scenarios. WallMan is used to

construct or import three-dimensional building geometry, TuMan supports tunnel modelling,

AMan prepares antenna patterns, and ProMan performs propagation prediction and network

planning. Static and time-varying scenarios can be considered, and trajectories may be

assigned to transmitters, receivers, or other moving objects. However, the physical detail and

computational cost vary considerably among the available models. For example, the DPM
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reduces computation by retaining the principal propagation path, whereas the RT methods

retain a larger set of multipath components and are more suitable when channel impulse

responses or delay and angular spreads are required [91].

Several studies have evaluated WinProp in indoor environments. In [93], three-dimensional

RT results at 2.4 GHz were compared with RSS measurements in an indoor environment.

The study examined the effects of material parameters, furniture representation, antenna pat-

terns, and time-varying objects. The results showed that many simulated values were within

the reported measurement uncertainty, but also demonstrated that uncertainty in material

parameters and geometrical detail can produce significant errors, particularly under NLOS

conditions. WinProp has also been used to investigate the placement of wireless access points

at 2.4 and 5 GHz for indoor coverage optimisation [94].

Automotive communication is another established application. A virtual drive test study

combined antenna patterns calculated using Feko with the IRT model in WinProp to evaluate

the received power of an antenna installed on a vehicle in an urban environment [95].

WinProp has also been used to generate millimetre wave vehicular channels and to study the

effects of vehicle geometry and mobility on propagation [96]. These applications illustrate

how installed antenna characteristics and site-specific propagation can be evaluated within a

common workflow.

WinProp has further been applied to transport and aerial communication scenarios. A

parametric railway study used RT simulations to characterise propagation for a wireless

train backbone and a wireless consist network under different train geometries and antenna

configurations [97]. In an outdoor millimetre wave study, WinProp was used at 30 and

60 GHz to evaluate coverage provided by unmanned aerial vehicles (UAVs) acting as relays

in an integrated access and backhaul network [98]. These examples demonstrate the use of

the platform beyond conventional static indoor network planning.

WinProp has also been used as a reference simulator when evaluating new propagation

algorithms. In [99], RT indoor scenes generated using WinProp were compared with a new

model that incorporated diffraction from smooth curved surfaces. Such comparisons are

useful for evaluating computation time and differences between the propagation mechanisms
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represented by alternative simulators, but they do not by themselves establish measurement

accuracy.

Overall, WinProp provides a broad set of propagation and network planning tools for

indoor, urban, transport, and vehicular scenarios. Its integration with Feko is particularly

useful when installed antenna patterns must be included in a site-specific propagation model.

Nevertheless, its predictive accuracy depends on the selected propagation model, the fidelity

of the geometry, the calibration and frequency range of the material parameters, the antenna

descriptions, the retained interactions, and the numerical settings. The software version

and principal simulation parameters should therefore be reported when presenting results

generated using WinProp.

2.5.4 Ranplan Professional

Ranplan Professional is a commercial platform for the coordinated design, simulation,

and optimisation of indoor and outdoor wireless networks. It combines three-dimensional

environment modelling with radio propagation prediction and network performance analysis.

Building models can be created from floor plans or imported from building information

modelling (BIM) data, Industry Foundation Classes (IFC) files, light detection and ranging

(LiDAR) data, computer-aided design (CAD) data, mesh data, and geographic information

sources. Materials can be assigned to walls, doors, windows, terrain, foliage, and interior

objects to represent their frequency-dependent radio properties [74, 100, 101].

The stated frequency capability depends on the software version and the selected propa-

gation model. A published description of an earlier release reported support from 100 MHz

to 70 GHz, whereas the current version 7.2 data sheet additionally lists support for research

on technologies operating between 70 and 120 GHz. These values should be interpreted as

version specific software capabilities rather than as evidence of uniform prediction accuracy

or measurement validation across the entire frequency range [101, 102].

The propagation engine combines RT and ray-launching methods and can represent

direct propagation, reflection, transmission, diffraction, and scattering, depending on the

selected model and configuration. The reviewed implementation employs acceleration
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methods including dimension reduction, space partitioning, and the combined use of ray

launching and RT. Simulation outputs can be used to evaluate quantities such as path loss,

RSS, coverage, capacity, latency, reliability, and interference. The platform also provides

network planning functions for distributed antenna systems, small cells, Wi-Fi, cellular

networks, MIMO, massive MIMO, and beamforming [74, 100, 101].

The indoor propagation engine has been assessed through comparison with channel

measurements. In [103], three-dimensional models of a classroom, an office, and a corridor

were constructed in Ranplan Professional for simulations in the Ka band. The simulated and

measured results were compared in terms of power delay profiles, path loss, and root-mean-

square delay spread. The study found similar overall propagation trends, while also showing

that simplified geometry and incomplete representation of small environmental objects can

produce differences between simulation and measurement.

Ranplan Professional has also been used to generate channels for system and antenna

studies. In [104], RT channels were generated for nine combinations of indoor environment

and massive MIMO array topology to investigate spatial channel hardening. Empty, furnished,

and room to room scenarios were considered together with colocated, split, and distributed

antenna arrays. This application demonstrates the use of the simulator for relating site-specific

multipath structure to system-level MIMO behaviour.

The platform has further been used to generate training and reference data for models

based on machine learning. The electromagnetic (EM) DeepRay model was trained using

indoor propagation data generated with Ranplan Professional to predict path loss distributions

over different building geometries and material configurations [105]. In [106], Ranplan Pro-

fessional was used to generate 10,000 indoor path loss maps at 2.4 GHz for the development

of a diffusion model for radio map interpolation. Related work used RT results and models

trained from them to evaluate indoor network coverage and capacity while accounting for

uncertainty in material properties [107].

Beyond indoor radio maps, Ranplan Professional has been used for the evaluation of

propagation models. In [108], simulated path loss data were used to evaluate an environment-

adaptive path loss model and to compare it with the Third Generation Partnership Project (3GPP)
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and alpha beta gamma models. This illustrates the use of the platform as a reference generator

for the development of computationally simpler propagation models, rather than only as a

network planning tool.

Commercial case studies also report the use of Ranplan Professional for practical network

design. One case study describes the modelling and simulation of a six floor hospital wing

for a two operator indoor network operating at 900 MHz and 2.1 GHz [109]. Another reports

the design and measurement-based calibration of a private 5G network for a 20,000 m2

smart factory containing metal machinery and different operating configurations [110].

These examples demonstrate commercial planning workflows, although they should be

distinguished from independent peer reviewed validation studies.

Overall, Ranplan Professional provides a broad workflow for three-dimensional environ-

ment construction, site-specific propagation prediction, network design, optimisation, and

data generation. Its predictive accuracy nevertheless depends on the selected propagation

model, the fidelity of the geometry, the material and antenna parameters, the retained propa-

gation mechanisms, the numerical settings, and the calibration data. The software version

and the main simulation parameters should therefore be reported explicitly when presenting

results generated using Ranplan Professional.

2.5.5 EDX Advanced Propagation

EDX Advanced Propagation is a propagation modelling capability available within the EDX

SignalPro wireless network planning platform. Current product information states that

SignalPro supports radio network planning from approximately 30 MHz to 100 GHz and

provides more than thirty published propagation models. This frequency range describes the

overall model library and should not be interpreted as a uniform validity or validation range

for every model and scenario [74, 111].

The Advanced Propagation capability includes two-dimensional RT, three-dimensional

indoor RT, and three-dimensional outdoor RT. Depending on the selected model and simula-

tion configuration, the propagation calculation can represent direct propagation, reflection,

transmission, diffraction, and scattering. Other models within SignalPro account for effects
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associated with terrain, clutter, foliage, buildings, and atmospheric attenuation. The available

formulations therefore range from empirical coverage models to site-specific RT methods

[74, 112].

SignalPro supports coverage studies, route studies, point to point and point to multipoint

link analysis, interference analysis, and network planning. Measurement data can be imported

to compare predictions with field observations and to adjust selected propagation model

parameters. In particular, its model tuning procedure uses measured drive test data to estimate

corrections to clutter attenuation values. This capability can improve agreement within the

calibrated environment, although the fitted parameters should not be assumed to remain valid

for different frequencies, environments, or antenna configurations [111, 113].

An early measurement-based study used EDX SignalPro to analyse very high frequency

(VHF) propagation around three base stations in the eastern region of Saudi Arabia [114].

Field measurements were collected in coastal and desert environments under different atmo-

spheric conditions. SignalPro was used to predict signal strength using selected propagation

models, and the predictions were compared with the measured values. The study subsequently

developed correction terms to reduce the differences between the empirical predictions and

the measurements. This work demonstrates the use of SignalPro for measurement comparison

and model adjustment, but it does not constitute a validation of the three-dimensional indoor

RT capability.

EDX SignalPro has also been used as a simulation platform for network planning and

optimisation. In [115], version 7.4.0 B was used to evaluate a binary-search-based method

for determining the number and positions of base stations in indoor and outdoor microcell

networks. The study considered different antenna configurations, including single input

single output (SISO), multiple input single output (MISO), and MIMO, and evaluated the

resulting coverage and received power. This application illustrates the use of SignalPro for

testing network optimisation algorithms, but the results were based on simulated coverage

rather than an independent channel measurement campaign.

The wider SignalPro platform provides additional planning functions for Wi-Fi, cellular,

public safety, mesh, and Internet of Things (IoT) networks. Vendor documentation describes
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applications involving traffic and security cameras, communication links for UAVs, irrigation

control, smart street lighting, and advanced metering infrastructure. It also includes automatic

frequency planning and network dimensioning functions for applications such as Project

25 (P25), Terrestrial Trunked Radio (TETRA), and large mesh networks [116, 117]. These

examples document the intended engineering workflows of the commercial platform and

should be distinguished from independently published measurement validation.

The broader EDX product suite also provides planning functions for satellite communi-

cation, including link budget evaluation and atmospheric loss models. These capabilities

belong to the wider SignalPro planning environment and should not be conflated with the

site-specific terrestrial RT formulations of the Advanced Propagation capability [118].

Overall, EDX SignalPro provides an integrated environment for propagation predic-

tion, measurement-based model tuning, interference analysis, frequency planning, and

network optimisation. The Advanced Propagation capability extends this workflow with

two-dimensional and three-dimensional RT for environments in which detailed building or

terrain geometry is available. Its predictive accuracy nevertheless depends on the selected

propagation model, the fidelity of the environmental geometry, the material and clutter

parameters, the antenna descriptions, the retained propagation mechanisms, and the numer-

ical settings. The software version, propagation model, and calibration procedure should

therefore be stated explicitly when reporting results obtained using EDX SignalPro.

2.5.6 Siradel Web Services

Siradel Web Services, formerly known as Volcano 5G, is a cloud native simulation and

network planning platform developed around the Volcano radio propagation engine. The

platform provides access to propagation simulation functions and high resolution three-

dimensional geographic data through a web interface and a representational state transfer

(REST) application programming interface (API). It can be integrated into external appli-

cations and scripting environments and is available through both hosted and on premises

deployments [119–121].
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The frequency capability depends on the software version, propagation model, and

calibration data. An earlier review reported support for sub 6 GHz and millimetre wave

simulations up to 73 GHz for the implementation considered in that study [74]. This value

should be interpreted as a version specific capability rather than as a uniform validation range

for every environment and model configuration.

The Volcano engine uses ray-based propagation methods to represent interactions between

radio waves and three-dimensional environments. Depending on the selected configuration,

the calculation can account for direct propagation, reflection, transmission, diffraction,

and diffuse scattering. Published research implementations have included separate diffuse

scattering descriptions for buildings, vehicles, and foliage. Siradel Web Services also includes

detailed vegetation representation for modelling propagation below, through, and above tree

canopies [121, 122].

Siradel Web Services supports indoor and outdoor planning for technologies including

fourth generation (4G), 5G, IoT, and Wi-Fi 6. Its REST API enables on demand and

large-scale simulation generation, automatic coverage map production, and integration

with external network planning workflows. The platform has also been used to automate

simulations covering extensive geographic regions, including nationwide 4G and 5G coverage

studies. These capabilities primarily concern simulation automation and scalability and do

not by themselves establish the accuracy of the underlying propagation model [119, 120].

The Volcano propagation engine has been evaluated through comparison with channel

measurements. In an urban study at 28 GHz, the ray-based model was calibrated against di-

rectional channel measurements by matching predicted and measured multipath components

in terms of path gain, delay, and AoA in three dimensions. The study also calibrated separate

diffuse scattering models for buildings, vehicles, and foliage. The results demonstrated the

importance of representing non specular propagation when predicting directional millimetre

wave channels [122].

A separate study investigated street level backhaul propagation at 60 GHz using channel

measurements and simulations based on detailed LiDAR environment data. The Volcano

engine was used to analyse multipath propagation in residential and urban canyon scenarios.
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The comparison illustrated the value of accurate three-dimensional representations of build-

ings, vegetation, and street objects, while also showing that the predicted channel remains

sensitive to the completeness of the environmental model [123].

Volcano has also been applied to indoor industrial channel modelling. One study in-

vestigated the effects of the digital representation of a factory and the permitted number of

ray interactions at 2 and 28 GHz [124]. Further work tuned the model against published

industrial channel measurements at 3.7 and 28 GHz, including both specular and diffuse

contributions, and compared power delay profiles and delay spread statistics under LOS

and NLOS conditions [125]. More direct measurement-based calibration was subsequently

performed in a metal rich machine room at millimetre wave frequencies, where the predicted

received power, delay spread, and angular spread were compared with channel sounding

results [126].

The engine has further been extended for RIS-assisted industrial propagation studies.

In [127], an additional RIS model was integrated with Volcano to investigate coverage

enhancement in a factory at sub 6 GHz and millimetre wave frequencies. The RIS response

in that study was supplied by the model introduced by the authors and should therefore

be distinguished from the native propagation functions of Siradel Web Services. Volcano

represented the surrounding multipath environment, while the predicted RIS contribution

depended on the additional surface model and its assumptions.

Overall, Siradel Web Services provides a scalable environment for site-specific propaga-

tion prediction, coverage analysis, and automated network planning. Its REST API and cloud

computing architecture are useful for large simulation campaigns and integration with exter-

nal workflows. Its predictive accuracy, however, depends on the fidelity of the geographic

and building data, the material and vegetation parameters, the antenna descriptions, the

propagation mechanisms included, and the calibration of the selected model. The software

version, simulation settings, and any externally integrated propagation components should

therefore be stated explicitly when reporting results obtained using the platform.
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2.5.7 Wireless InSite

Wireless InSite is a commercial propagation simulation suite developed by Remcom for the

analysis of site-specific wireless channels in indoor, urban, and rural environments. The

platform provides three-dimensional RT, faster ray-based propagation models, and empirical

models for coverage and communication system analysis. The frequency range depends

on the selected propagation model and software version. For the X3D model considered in

the official indoor workflow, the stated operating range extends from 100 MHz to 100 GHz.

This range should be interpreted as a software capability rather than as evidence of uniform

prediction accuracy or measurement validation across all frequencies and environments

[74, 128, 129].

The X3D propagation model uses an SBR procedure to identify propagation paths and

applies an exact path calculation to direct the reconstructed paths towards the receiver.

Depending on the selected configuration, the model can account for direct propagation,

reflection, transmission, diffraction, atmospheric absorption, and diffuse scattering. In the

reviewed configuration, the user can specify up to 30 reflections, eight transmissions, and

three diffractions. These values are separate limits for the individual interaction mechanisms

and should not be described as a single limit of 30 ray interactions [128, 129].

Wireless InSite can provide detailed path and channel information, including received

power, propagation paths, complex channel impulse responses, delay spread, directions of

arrival and departure, and the amplitude and phase contributions of individual multipath

components. Antenna polarisation and orientation can be included in the field calculation,

while measured or numerically calculated antenna patterns can be imported. The platform also

supports MIMO and massive MIMO analysis, including beamforming, spatial multiplexing,

capacity, and throughput evaluation. Current versions additionally support frequency sweeps

and dynamic scenarios containing moving radio devices, vehicles, pedestrians, and other

scene objects [128].

Indoor environments can be constructed from floor plans or imported three-dimensional

geometry. Walls, floors, windows, doors, furniture, and other objects can be assigned material

properties such as relative permittivity, conductivity, and thickness. The installed material
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library includes common construction materials over a range of frequencies, while measured

reflection and transmission coefficients can also be introduced. These capabilities allow the

effects of geometry, material selection, antenna orientation, and the retained propagation

mechanisms to be examined within a common simulation workflow [129].

Several studies have compared Wireless InSite predictions with indoor measurements.

In [130], received power predictions at 2.4 and 5 GHz were compared with measurements

collected on one floor of a university building. The study investigated the effects of the

selected propagation model, ray generation method, number of interactions, and concrete

material parameters. The reported average root-mean-square errors were approximately

4.97 dB at 2.4 GHz and 5.09 dB at 5 GHz. The results also showed that the simulation

accuracy and computation time varied substantially with the selected interaction limits and

material parameters.

Wireless InSite has also been evaluated in indoor millimetre wave environments. In [131],

a detailed three-dimensional model of an office environment was constructed at 60 GHz and

compared with measurements obtained using commercial 60 GHz communication equipment.

Received power, delay spread, and coherence bandwidth were evaluated at different receiver

positions, and the reported results showed agreement between the predicted and measured

propagation behaviour. This study demonstrates the importance of representing the building

geometry and EM material properties when modelling indoor millimetre wave channels.

Diffuse scattering has been investigated in a separate 73 GHz office example provided

by Remcom. In this example, the simulation included rough-surface scattering and was

compared with published office measurements. The inclusion of diffuse scattering affected

both the received multipath structure and the cross-polarised-field components [132]. Because

this example is a vendor demonstration, it should be distinguished from an independent

measurement validation study.

The platform has further been used for indoor simulations at frequencies beyond conven-

tional millimetre wave bands. In [133], Wireless InSite was used to generate directional and

omnidirectional channel data at 245 GHz in LOS and NLOS indoor scenarios. The study

derived quantities including path loss, delay spread, multipath cluster statistics, and angular
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characteristics. Received power and path loss results were compared with those generated

using WinProp. This comparison provides evidence of consistency between two simulation

approaches, but it does not replace validation against measured channels.

Beyond direct propagation analysis, Wireless InSite has been used to generate com-

munication channel data for combined sensing and communication research. The M3SC

dataset used Wireless InSite to generate channel impulse responses and combined these

data with images, depth maps, LiDAR point clouds, and radar information obtained from

other simulation platforms [134]. This application illustrates the use of RT for channel

data generation and digital environment research, rather than measurement validation of the

propagation model itself.

Overall, Wireless InSite provides a broad workflow for scene construction, material

and antenna modelling, multipath channel generation, coverage analysis, MIMO evaluation,

and communication system analysis. Its predictive accuracy nevertheless depends on the

fidelity of the environment geometry, the calibration and valid frequency range of the

material and scattering parameters, the antenna descriptions, the propagation mechanisms

included, and the numerical settings of the selected solver. The software version, propagation

model, interaction limits, ray spacing, material parameters, and antenna configuration should

therefore be reported when presenting results obtained using Wireless InSite.

2.5.8 CrossWave

CrossWave is a commercial propagation model developed by Orange Labs and distributed and

supported by Forsk as an optional component of the Atoll radio network planning platform.

According to the current product description, the model supports frequencies from 200 MHz

to 40 GHz, macro, micro, and small cells, and propagation environments ranging from rural

to dense urban areas. It also supports outdoor to indoor and indoor to indoor propagation

[74, 135].

The stated frequency range should be interpreted as the operating scope of the model

rather than as evidence of uniform measurement validation across every frequency and

propagation environment. CrossWave can use raster data and three-dimensional building
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vector data to represent terrain, clutter, and buildings. Its propagation formulation includes

vertical diffraction, horizontally guided propagation, and reflection from mountainous terrain.

CrossWave is therefore more appropriately described as a universal propagation model that

combines geometrical and empirically calibrated mechanisms than as a general purpose full

three-dimensional RT solver [135].

CrossWave is supplied with coefficients that have been calibrated using propagation

measurements collected under a range of geographical and environmental conditions. The

model can also be tuned to a specific deployment using continuous wave measurements.

Within Atoll, predicted and measured signal levels can be compared and the model parameters

can be adjusted through an automatic calibration procedure. Multi threaded and distributed

computation are supported to reduce the processing time required for extensive coverage

calculations [135, 136].

It is important to distinguish the propagation functions of CrossWave from the wider

network planning capabilities of Atoll. CrossWave provides propagation loss and coverage

predictions, whereas Atoll provides the surrounding workflow for multi technology radio

access network design and optimisation. The wider platform supports functions such as

coverage and interference analysis, massive MIMO and three-dimensional beamforming

studies, automatic frequency and cell planning, measurement data processing, and combined

indoor and outdoor network planning [136].

CrossWave has been used in a live 5G New Radio (NR) trial conducted in a suburban

area of Sydney at 3.5 GHz. In this study, coverage predictions were generated using Atoll

and CrossWave with terrain and clutter data at a spatial resolution of 2 m, together with

three-dimensional building and vegetation data. The predictions were compared with NR

reference signal received power (NRSRP) measurements collected over a drive test route

exceeding 30 km and with stationary throughput measurements [137]. The study reported

that the locally averaged measurements and coverage predictions showed similar behaviour.

However, the work considered a single deployment environment, so its findings should not be

interpreted as general validation of the model across all supported frequencies and scenarios.
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CrossWave has also been used for coverage modelling at a national regulatory scale. The

Commission for Communications Regulation in Ireland uses Atoll together with CrossWave

to generate coverage predictions for mobile networks. The model is tuned to the local

geography using separate configurations for urban, suburban, and rural areas, while terrain,

clutter, and building height data are included in the prediction process [138, 139]. Drive

surveys are used to compare field measurements with the resulting coverage predictions. This

application demonstrates the operational use of CrossWave for large-scale coverage reporting,

although it does not provide public path-level validation of the underlying propagation

mechanisms.

Overall, CrossWave provides a computationally efficient model for coverage prediction

and radio network planning across indoor, outdoor, and combined propagation environments.

Its main strengths include support for several cell types and radio technologies, automatic

calibration using measurements, and integration with the wider Atoll planning workflow.

Its predictive accuracy nevertheless depends on the resolution and fidelity of the terrain,

clutter, and building data, the calibration measurements, the selected model parameters, the

antenna descriptions, and the frequency and environment for which the model is applied. The

CrossWave and Atoll versions, input data resolution, calibration procedure, and principal

prediction settings should therefore be reported when presenting results obtained using the

model.
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Table 2.1 Critical comparison of representative modelling approaches with respect to the EM
requirements of this thesis.

Assessment

criterion

Current capability Relation to the requirements of

this thesis

Empirical and statistical channel models [61–63]

Polarisation

treatment

Polarisation is represented through

average parameters or statistical

distributions.

The path-dependent evolution of

the complex vector electric field is

not reconstructed.

Multilayer material

treatment

Individual material layers and

interfaces are generally not

resolved. Wall and floor effects are

instead represented through

aggregate loss parameters.

There is no direct EM connection

between individual layer properties

and the resulting polarisation

channel.

XPR and

system-level link

XPR or XPD is commonly

assigned through average values,

fitted parameters, or probability

distributions.

A direct relationship from material

properties through path-dependent

XPR to PolarSK ABEP is not

normally available.

RIS capability RISs are usually absent or

represented through an abstract

channel coefficient or an additional

statistical link.

Incidence-dependent unit-cell

behaviour, coherent multipath

illumination, and finite-aperture

reradiation are not explicitly

resolved.

Validation evidence

and scope

Model parameters are generally

estimated from measurement

campaigns, standardisation data, or

fitted simulation data.

The evidence is limited to the

environments, frequencies, antenna

configurations, and sampling

procedures represented by the

calibration data.

Continued on the next page
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Table 2.1 continued from the previous page

Assessment

criterion

Current capability Relation to the requirements of

this thesis

Computational cost

and scalability

The models have low

computational cost and are well

suited to extensive system-level

simulations and Monte Carlo

evaluation.

Their efficiency is obtained by

replacing path-level EM

interactions with aggregate or

statistical descriptions.

Role in the

modelling workflow

They act mainly as system-level

reference models, ensemble

channel generators, or

low-complexity performance

benchmarks.

They provide useful comparison

cases but do not supply the

site-specific geometry, path records,

or vector fields required by the

framework developed in this thesis.

Conventional scalar ray models [7, 45, 74]

Polarisation

treatment

Each path is represented mainly

through scalar loss, delay, and

phase. Polarisation is omitted or

simplified.

Vector-field rotation, local TE and

TM basis transformations, and

cross-polarisation coupling cannot

be reconstructed consistently.

Multilayer material

treatment

Walls are commonly represented

using effective penetration loss or a

scalar reflection or transmission

coefficient.

The separate amplitude and phase

transformations introduced by

successive material layers and

interfaces are not explicitly

retained.

XPR and

system-level link

Path-dependent co- and

cross-polarised components are not

normally predicted.

An aggregate XPR value cannot

describe the spatial variation

caused by path geometry, incidence

angle, material response, and

coherent multipath interference.

Continued on the next page
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Table 2.1 continued from the previous page

Assessment

criterion

Current capability Relation to the requirements of

this thesis

RIS capability A RIS may be represented using a

prescribed phase profile, radiation

pattern, or scalar interaction

coefficient.

Such representations may omit

coherent multipath illumination,

finite-aperture effects, parasitic

scattering, and passive power

balance [71–73].

Validation evidence

and scope

Validation may use analytical

checks, comparison with other

propagation models, or

measurements in specified

scenarios.

Agreement in received power or

path loss does not establish that the

omitted vector-field

transformations are physically

represented.

Computational cost

and scalability

Scalar ray models provide

relatively efficient geometry

processing and path search. Their

cost nevertheless increases with

scene complexity, receiver density,

and interaction order.

They are more scalable than

full-wave methods but provide less

EM information than a vector

polarisation-aware formulation.

Role in the

modelling workflow

They can act as geometry and path

generation layers that return path

lengths, interaction points,

directions, and material identities.

They are suitable host engines for

an additional EM processing layer,

provided that the required path

information is accessible.

Existing polarimetric ray models closest to Chapter 3 [55–58]

Continued on the next page
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Table 2.1 continued from the previous page

Assessment

criterion

Current capability Relation to the requirements of

this thesis

Polarisation

treatment

Vector or dual-polarised fields are

supported in selected

implementations.

Existing studies establish the

importance of representing

polarisation changes introduced by

reflection, transmission, diffraction,

and diffuse scattering.

Multilayer material

treatment

Many formulations use single

interfaces, single material layers, or

heuristic penetration and scattering

models.

A unified treatment of

finite-thickness,

frequency-dependent multilayer

partitions remains limited.

XPR and

system-level link

Selected studies predict XPR, XPD,

polarisation correlation, or related

polarisation quantities.

These quantities are not commonly

connected directly to multilayer

material parameters and PolarSK

ABEP within one modelling chain.

RIS capability RIS modelling is generally treated

separately from polarimetric indoor

propagation.

The same vector-field description

is not normally carried from the

building channel into a finite RIS

surface model.

Validation evidence

and scope

Selected formulations have been

compared with indoor polarimetric

measurements, including co- and

cross-polarised channel quantities.

The resulting evidence remains

specific to the propagation

mechanisms, material descriptions,

frequencies, and measurement

scenarios included in each

implementation.

Continued on the next page
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Table 2.1 continued from the previous page

Assessment

criterion

Current capability Relation to the requirements of

this thesis

Computational cost

and scalability

Vector-field tracking and additional

depolarisation mechanisms incur

greater computational cost than

scalar path processing, while

remaining substantially more

tractable than room-scale full-wave

simulation.

The additional cost is justified

when path-dependent polarisation

is required, but it depends on the

number of paths and field

interaction models retained.

Role in the

modelling workflow

These models act as vector EM

propagation layers applied to

geometrically identified ray paths.

They are the closest existing

approaches to Chapter 3, but the

reviewed formulations do not

simultaneously provide ordered

local basis transformations,

multilayer coefficients, coherent

channel construction, and a

system-level ABEP connection.

Commercial and publicly available ray platforms [74, 77, 91, 100, 111, 119, 128, 135]

Polarisation

treatment

The available treatment depends on

the software version and selected

propagation model. Some

platforms include antenna

polarisation, complex path

quantities, and

polarisation-dependent field

outputs.

The internal sequence of local

polarisation basis transformations

is not always publicly documented,

inspectable, or accessible through

the user interface.

Continued on the next page
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Table 2.1 continued from the previous page

Assessment

criterion

Current capability Relation to the requirements of

this thesis

Multilayer material

treatment

Material databases,

frequency-dependent properties,

thickness parameters, and finite

slab models are available in

selected tools.

The complete complex TE and TM

interaction chain through

successive layers is not consistently

exposed through publicly

documented interfaces.

XPR and

system-level link

Received power, channel impulse

response, delay spread, angular

information, and other channel

quantities are widely available.

Polarisation related outputs are

available in selected tools.

Path-resolved polarisation

transformations and a direct

connection from material

properties through XPR to PolarSK

ABEP are not commonly provided

as one integrated chain.

RIS capability Depending on the platform and

software version, RIS support may

be native, simplified, externally

implemented, or unavailable.

No single reviewed platform

publicly provides all the

polarisation-dependent RIS

response, coherent multipath RIS,

and system metric capabilities

required in this thesis.

Validation evidence

and scope

Evidence includes vendor

documentation,

measurement-based calibration,

independent measurement

comparisons, inter simulator

comparisons, and application

studies.

Published validation remains

specific to the software version,

propagation model, frequency,

environment, antenna

configuration, output quantity,

calibration procedure, and

numerical settings.

Continued on the next page
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Table 2.1 continued from the previous page

Assessment

criterion

Current capability Relation to the requirements of

this thesis

Computational cost

and scalability

These platforms provide

accelerated geometry handling and

path generation using multi

threaded processing, graphics

processing unit (GPU)

computation, distributed

computation, spatial partitioning,

or related techniques, depending on

the tool.

Their computational performance

is solver- and

configuration-dependent. Faster

coverage models may retain less

multipath detail than more

complete RT configurations.

Role in the

modelling workflow

Selected platforms provide path

export, scripting, application

programming interfaces, or

external model integration. They

can therefore act as host scene,

geometry, path, and network

planning environments.

They can potentially supply the

paths required by the EM

extensions developed in this thesis,

provided that path lengths, ordered

interaction points, surface normals,

material identities, antenna

responses, amplitudes, and phases

are accessible.

External RIS models coupled to ray platforms closest to Chapter 5 [84, 90, 127]

Polarisation

treatment

The treatment of polarisation

depends on the field quantities

supplied by the host ray engine and

on the formulation of the external

surface model.

Some implementations use a scalar

or co-polarised surface response

and therefore do not retain the

complete incident and reradiated

vector fields.

Continued on the next page
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Table 2.1 continued from the previous page

Assessment

criterion

Current capability Relation to the requirements of

this thesis

Multilayer material

treatment

The host platform generally

represents the surrounding building

materials, while the external model

separately represents the RIS.

The building material response and

RIS response are not necessarily

connected through one inspectable

EM field formulation.

XPR and

system-level link

Most studies focus on received

power, coverage, path loss, or

signal-to-interference quantities.

A complete connection from

path-dependent polarisation and

RIS reradiation to XPR and

PolarSK ABEP is generally not

provided.

RIS capability The RIS is introduced through an

external surface, circuit, radiation

pattern, phase profile, or element

response model.

Many implementations do not

simultaneously retain incidence

and load dependent response,

coherent multipath illumination,

polarisation, finite-aperture effects,

parasitic scattering, and passive

power balance.

Validation evidence

and scope

Validation ranges from inter

simulator comparison to

comparison with full-wave

simulation or measurements in

selected scenarios.

The experimentally validated parts

of the complete propagation chain

must be distinguished from parts

supported only by analytical or

numerical evidence.

Continued on the next page
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Table 2.1 continued from the previous page

Assessment

criterion

Current capability Relation to the requirements of

this thesis

Computational cost

and scalability

These models occupy an

intermediate computational

position between an ideal scalar

RIS coefficient and direct full-wave

simulation of the complete

RIS-assisted environment.

Their cost depends on the number

of incident paths, RIS cells,

retained modes, observation points,

and the complexity of the adopted

surface response.

Role in the

modelling workflow

They act as additional surface

response layers coupled to a host

ray engine. The host engine

supplies the surrounding

propagation paths, while the

external model calculates the RIS

reradiated field.

They provide the closest existing

software architecture to the

modular integration proposed in

Chapter 5, without replacing the

host platform’s geometry handling

and path-search functions.

Full-wave EM simulation [39, 40, 42, 43]

Polarisation

treatment

Complex electric and magnetic

vector fields are solved directly

within the numerical formulation.

Polarisation conversion, coupling,

differential attenuation, and phase

changes can be obtained from the

solved field distribution.

Multilayer material

treatment

Material layers, constitutive

parameters, finite geometry, and

detailed interfaces can be

represented explicitly.

The method provides a reference

EM description when the geometry,

material data, boundary conditions,

and numerical discretisation are

sufficiently accurate.

Continued on the next page
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Assessment

criterion

Current capability Relation to the requirements of

this thesis

XPR and

system-level link

Co- and cross-polarised fields can

be obtained directly, and XPR or

XPD can subsequently be

calculated.

A separate communication and

receiver model is still required to

connect the EM fields to ABEP or

another system-level performance

metric.

RIS capability Finite geometry, tunable loading,

detailed unit cells, mutual coupling,

modal scattering, and parasitic

effects can be represented.

Applying this level of detail

repeatedly to complete indoor

rooms, dense receiver grids, and

many RIS states is generally

computationally expensive.

Validation evidence

and scope

Accuracy is assessed through mesh

or basis convergence studies,

canonical analytical benchmarks,

comparison between numerical

methods, and measurements where

available.

Numerical convergence establishes

consistency of the discretised

solution but does not remove

uncertainty in material parameters,

geometry, or measurement

conditions.

Computational cost

and scalability

Full-wave methods have the

highest EM detail among the

approaches compared here, but

their memory and runtime

requirements increase rapidly with

electrical size and geometrical

complexity.

Large rooms, dense receiver grids,

extensive parameter sweeps, and

repeated optimisation may become

computationally prohibitive.

Continued on the next page
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Table 2.1 continued from the previous page

Assessment

criterion

Current capability Relation to the requirements of

this thesis

Role in the

modelling workflow

Full-wave solvers commonly act as

local high fidelity solvers, unit-cell

characterisation tools, or reference

methods for validating lower

complexity models.

They complement rather than

replace room-scale RT when the

intended workflow requires

repeated site-specific channel

evaluation.

Framework developed in this thesis

Polarisation

treatment

The complex electric field is

resolved into consistently oriented

local TE and TM components.

Ordered rotation matrices connect

the local bases associated with

successive interactions.

This preserves path-dependent

amplitude, phase, and polarisation

transformations through the

complete retained interaction

sequence in Chapter 3.

Multilayer material

treatment

Finite-thickness,

frequency-dependent multilayer

materials are evaluated recursively

using complex reflection and

transmission coefficients and

physically admissible propagation

branches for passive lossy

materials.

The formulation creates a traceable

connection from layer permittivity,

conductivity, permeability, and

thickness to the polarised channel.

Continued on the next page
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Table 2.1 continued from the previous page

Assessment

criterion

Current capability Relation to the requirements of

this thesis

XPR and

system-level link

The coherently combined path

contributions form a site-specific

dual-polarised channel matrix.

XPR is subsequently connected to

PolarSK ABEP and BWP material

optimisation.

This provides the EM to channel to

system-level modelling chain

developed across Chapters 3 and 4.

RIS capability The RIS macromodel uses the

coherent multipath incident field

together with an incidence- and

load-dependent unit-cell response,

finite-aperture radiation, retained

modal components, and parasitic

contributions.

The formulation occupies an

intermediate position between an

ideal ray optics abstraction and

direct full-wave simulation, as

developed in Chapter 5.

Validation evidence

and scope

Chapters 3 and 4 provide analytical

and numerical evidence. Chapter 5

includes comparison with

full-wave unit cell simulations and

indoor measurements.

Direct polarimetric measurement

validation of the Chapter 3 and

Chapter 4 formulations remains

future work. The available RIS

measurements provide

scenario-specific rather than

building-independent validation.

Continued on the next page
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Table 2.1 continued from the previous page

Assessment

criterion

Current capability Relation to the requirements of

this thesis

Computational cost

and scalability

The path-level formulation adds

complex TE and TM

transformations and multilayer

coefficient calculations to each

retained ray. The RIS macromodel

avoids repeated full-wave

simulation of the complete room

and surface for every load

configuration.

The framework is more

computationally demanding than

scalar ray processing but more

tractable than repeated room-scale

full-wave simulation. A complete

end-to-end runtime comparison

with representative commercial

solvers remains future work.

Role in the

modelling workflow

The framework can reuse paths

generated by a host ray engine and

apply an additional EM processing

layer. Integration of the RIS

macromodel with the Ranplan

propagation environment is

demonstrated in Chapter 5.

The framework is positioned as a

modular extension, external

module, post processing layer, or

potential plugin, rather than as a

replacement for the geometry

management, path search,

acceleration, and network planning

capabilities of commercial

software.

Note: In this table, Validation evidence and scope denotes the type and scope of evidence used to assess a

modelling approach, including analytical benchmarks, numerical comparison, calibration, and measurement

comparison. Computational cost and scalability denotes the relative computational burden, scalability, and

suitability for repeated room-scale evaluation. Role in the modelling workflow denotes the functional role of an

approach within an end-to-end simulation chain and its relationship to other modelling components.
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2.6 Critical Comparison and Research Challenges

The reviewed commercial and publicly available simulators provide strong capabilities in

environment construction, path generation, propagation analysis, computational acceleration,

calibration, and network planning. Most of the reviewed platforms represent direct propaga-

tion, reflection, transmission, and diffraction, while selected implementations also include

diffuse scattering, moving objects, frequency-dependent materials, and detailed antenna

patterns. However, these capabilities depend on the software version, selected propagation

model, available material data, and numerical configuration. Published validation is similarly

specific to the frequency, environment, antenna configuration, and output quantities consid-

ered in each study. It should therefore not be interpreted as evidence of uniform accuracy

across all operating conditions.

Table 2.1 compares the principal modelling approaches considered in this chapter. The

comparison distinguishes the ability to generate propagation paths from the ability to preserve

the EM state carried by each path. This distinction is important because a simulator may

predict received power and delay accurately for a calibrated scenario without exposing the

complete sequence of vector-field transformations required for polarisation-resolved material

analysis or RIS reradiation.

The existing methods closest to the polarisation formulation developed in Chapter 3 are

the polarimetric ray models reviewed in Sections 2.2 and 2.3. These studies demonstrate that

reflection, diffraction, transmission, and diffuse scattering can produce measurable polari-

sation changes. However, the present review did not identify a single publicly inspectable

formulation that simultaneously retains the ordered transformations between successive local

TE and TM bases, the complex reflection and transmission coefficients of finite-thickness

frequency-dependent multilayer partitions, the propagation and interaction phases, and the

coherent construction of a site-specific dual-polarised channel matrix.

The main advantage of the framework developed in this thesis should therefore not be

interpreted as universally more accurate path generation or faster geometrical search than

commercial software. Instead, its contribution is a transparent EM processing chain applied

to each retained path. The path geometry determines the successive propagation directions,
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surface normals, incidence angles, and interaction sequence. These quantities are then used to

construct the local TE and TM bases, evaluate the complex multilayer interaction coefficients,

determine the physical phase propagation direction in lossy materials, and apply the ordered

rotation matrices. The resulting path contributions are combined coherently to form the

polarisation-resolved channel matrix. This provides a direct and traceable connection from

material properties and path geometry to received co- and cross-polarised fields, XPR, and,

through the framework of Chapter 4, PolarSK ABEP.

This formulation is consequently positioned as an extension to, rather than a replacement

for, an established RT platform. A host simulator can remain responsible for importing

building geometry, identifying visible paths, performing intersection checks, supporting

diffraction or diffuse scattering where available, and accelerating large receiver grid calcu-

lations. The proposed EM layer can then process the resulting path records, provided that

the interface supplies, or permits reconstruction of, the path lengths, ordered interaction

points, surface normals, incidence directions, material identities, antenna responses, and

complex path amplitudes and phases. It can return path-resolved Jones or channel matrices,

polarisation-resolved received fields, XPR, and system-level quantities to the host simulation

workflow.

Under this architecture, the proposed method could be implemented as a software exten-

sion, post processing module, or plugin when the host platform provides a suitable API or path

export facility. This portability is conditional on access to the required path-level information

and should not be claimed for every commercial tool. Chapter 5 nevertheless demonstrates

the practical feasibility of this extension layer by integrating the RIS macromodel with the

Ranplan propagation environment. Ranplan supplies the site-specific multipath illumination,

while the added EM model maps that illumination to the field reradiated by the configured

finite RIS.

A similar distinction applies to the RIS studies reviewed in this chapter. The research gap

is not the complete absence of RIS representations in ray-based simulators. Several platforms

have been extended using prescribed radiation patterns, phase profiles, element responses,

or external RIS models. The unresolved issue is the simultaneous treatment of coherent
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multipath illumination, incidence and load-dependent unit-cell behaviour, polarisation, finite-

aperture reradiation, retained modal content, parasitic scattering, and passive power balance

within a model suitable for repeated room-scale simulation. The field-based RIS macromodel

developed in Chapter 5 addresses this gap within the assumptions of the adopted circuit,

modal, and aperture formulations.

The progression of the thesis follows directly from the two research challenges identified

above: physically consistent polarisation tracking through multilayer building materials, and

scalable multipath-aware modelling of finite-aperture RIS reradiation. Chapter 3 establishes

the path-level vector-field formulation required to obtain a coherent polarisation-resolved

indoor channel. Chapter 4 then demonstrates why this additional EM information matters

at the system-level by connecting multilayer material properties to PolarSK ABEP. These

two chapters provide the propagation and system-level foundation for Chapter 5, where

the coherent multipath field becomes the excitation of the RIS macromodel. The resulting

framework links path geometry, material response, polarisation, system performance, and

RIS reradiation within a common modelling chain.

The scope of these contributions must nevertheless be stated explicitly. The polarisation-

aware results in Chapters 3 and 4 are supported by analytical derivations and numerical

simulations but have not been directly validated using a full indoor polarimetric measure-

ment campaign. The RIS unit-cell model is compared with full-wave simulations, and the

integrated RIS and RT framework is compared with measurements in indoor environment.

Furthermore, diffraction, diffuse scattering, measured rough surface statistics, furniture

scattering, human blockage, dynamic objects, anisotropic media, higher-order interactions,

and complete mutual coupling are not included consistently across all parts of the framework.

These mechanisms remain subjects for further validation and extension.





Chapter 3

An RT Algorithm for Polarised Wireless

Channel Prediction

Overview
Polarisation plays an important role in describing wireless propagation channels, especially

in indoor environments. In such settings, the signal is strongly affected by reflections and

transmissions from walls and other building materials. Although conventional RT models are

widely used to predict channel behaviour, they are not well suited to modelling polarisation

with high accuracy or detail. To address these limitations, this chapter presents a physically

consistent RT method that explicitly takes polarisation into account. The key idea is the use

of a rotation transfer matrix to handle the changes in polarisation during propagation. This

framework makes it possible to trace how each polarisation component changes in strength

after reflections and transmissions along the path. I also use this framework to examine the

received power of each polarisation component and the XPR. The chapter provides analytical

and simulation-based verification; direct polarimetric measurement validation remains future

work.
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3.1 Introduction

Ray-based models are regarded as key methods for indoor radio propagation prediction [140].

Compared with full-wave methods, which suffer from high computational complexity, and

stochastic models, which often lack universality, ray-based approaches provide a balanced

solution [74, 140–142]. Among the various characteristics of indoor wireless channels,

polarisation is of particular importance since it enables channel capacity enhancement

through the multiplexing of data streams. Orthogonally polarised antennas can exhibit nearly

zero correlation in LOS scenarios even when colocated, thereby providing additional DoF

for communication systems [13, 143]. However, polarisation characteristics are inherently

complex, and channel prediction becomes challenging due to depolarisation effects caused

by reflections, transmissions, diffractions, and scattering [144]. These processes exhibit

considerable intricacy, highlighting the necessity for a simple yet effective method for

polarised wireless channel prediction.

Despite the significant progress of ray-based algorithms, only limited attention has been

devoted to polarisation in channel prediction. Early attempts [55] incorporated polarisation

into RT models and accelerated the study of polarised channel prediction in indoor scenarios.

Nevertheless, those works primarily focused on delay spread and received power for reflec-

tions and transmissions through single-layer walls, without addressing XPD. Since XPD

plays a crucial role in assessing the performance of systems that exploit polarisation domain

resources [145–148], its omission leaves a gap in the modelling framework. Moreover, the

single-layer wall scenario considered in [55] is too simplified to represent realistic indoor

environments. In modern buildings, multilayer walls are common, and their diverse EM

properties strongly affect propagation [8, 149, 150]. High-frequency waves are particularly

sensitive to wall thickness, and even coatings of a few millimetres cannot be ignored [151].

Although subsequent ray-based studies [13, 144] refined the earlier models, they did not

systematically address the reflection and transmission through multilayer walls, nor did they

explore XPD in depth.

Considering these limitations, the ray-launching model, which has been validated through

experimental measurements [103], emerges as a promising candidate for polarised channel
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prediction. Building on this foundation, this chapter introduces a novel RT algorithm

based on the rotation transfer matrix method, a simple and efficient technique for handling

polarisation. The proposed approach explicitly accounts for the diattenuation of polarisation

due to reflections and transmissions in multilayer indoor structures, thereby achieving high

accuracy in channel prediction. In addition, theoretical analyses of the received power for

different polarisation components and the XPR are presented.

The remainder of this chapter is structured as follows. Section 3.2 introduces the RT

algorithm and the rotation transfer matrix method, including the formulation of the proposed

polarised channel model. Section 3.3 presents RT simulations for indoor propagation scenar-

ios. Section 3.4 provides polarised channel simulation and performance evaluation. Section

3.5 concludes the chapter. The notation used throughout this chapter is summarised in Table

3.1.

3.2 RT Algorithm

In this section, the fundamentals of the RT algorithm adopted in this work are presented in

a structured manner. The exposition begins with the geometric relationship between rays

and their associated electric-field components. This is followed by the derivation of general

expressions for the reflection and transmission coefficients of multislab layers. Finally,

the procedure for tracking the polarisation state of a ray by means of rotation matrices is

detailed.

Table 3.1 Notation of Chapter 3

Notation Definition

j Imaginary unit, j2 =−1.

RTE Complex reflection coefficient of the TE field component.

RTM Complex reflection coefficient of the TM field component.

Continued on next page
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Table 3.1: Notation of Chapter 3 (Continued)

Notation Definition

TTE Complex transmission coefficient of the TE field component.

TTM Complex transmission coefficient of the TM field component.

âTE Unit vector of the local TE polarisation basis.

âTM Unit vector of the local TM polarisation basis.

k̂ Unit vector in the ray propagation direction.

n̂ Unit surface normal at the current interaction point.

E Complex electric-field vector.

E Complex scalar electric-field component.

E inc
TE,0 Incident TE electric-field amplitude at the interface reference point.

E inc
TM,0 Incident TM electric-field amplitude at the interface reference point.

s Material layer index.

N Number of material layers.

As Forward TE recursion coefficient in layer s.

Bs Backward TE recursion coefficient in layer s.

Cs Forward TM recursion coefficient in layer s.

Ds Backward TM recursion coefficient in layer s.

Qs TE interface factor used by the multilayer recursion.

Ws TM interface factor used by the multilayer recursion.

ϑ0 Real angle of incidence in the lossless incident medium.

ϑs Complex refraction angle in layer s.

ϑ tra
rea Real part of the complex transmission angle.

ϑ tra
ima Imaginary part of the complex transmission angle.

Continued on next page
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Table 3.1: Notation of Chapter 3 (Continued)

Notation Definition

ρ Physical refraction angle of the phase vector.

ds Thickness of layer s.

ω Angular frequency.

λ Free-space wavelength.

εs Permittivity of layer s.

µs Permeability of layer s.

σs Conductivity of layer s.

γs Complex propagation constant of layer s, γs = αs + jβs.

αs Amplitude attenuation constant of layer s.

βs Phase constant of layer s.

Aϑ Real-part factor of cosϑ tra.

Bϑ Negative imaginary part factor of cosϑ tra.

Cϑ Magnitude of cosϑ tra.

ϖ Phase parameter satisfying cosϑ tra =Cϑ e− jϖ .

g Normal component of the transmitted phase vector.

c0 Arbitrary real constant defining a plane of constant phase.

A(x,z) Real attenuation factor of the transmitted field at (x,z).

Φ(x,z) Real accumulated phase of the transmitted field at (x,z).

ζ Signed rotation angle between successive local polarisation bases.

u Dot product of two successive TE basis vectors.

o Signed cross product projection of two successive TE basis vectors.

k Wavenumber magnitude.

Continued on next page
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Table 3.1: Notation of Chapter 3 (Continued)

Notation Definition

l Propagation distance.

H Polarised wireless channel matrix.

êtx Unit Jones vector of the transmitted polarisation state.

êrx Unit Jones vector of the receive polarisation projection.

hab Channel coefficient from transmit polarisation b to receive polarisation a.

M̄ Effective polarised channel matrix.

MC Co-polarised contribution to the effective channel matrix.

MX Cross-polarised contribution to the effective channel matrix.

H Horizontal polarisation label.

V Vertical polarisation label.

x Transmitted complex baseband symbol.

y Received complex baseband symbol.

tp Transmitter port indexed by p.

rq Receiver port indexed by q.

φtp Azimuth angle of departure at transmitter port tp.

φrq Azimuth component of the AoA at receiver port rq.

θtp Zenith angle of departure at transmitter port tp.

θrq Zenith component of the AoA at receiver port rq.

mrq,tp Channel coefficient from port tp to port rq.

m̄rq,tp Effective channel coefficient from port tp to port rq.

αrq,tp Co-polarised propagation power gain between ports tp and rq.

βrq,tp Cross-polarised propagation power gain between ports tp and rq.

Continued on next page
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Table 3.1: Notation of Chapter 3 (Continued)

Notation Definition

X XPD in linear power ratio form.

G Antenna power gain.

L Path loss in linear power ratio form.

P Received power.

× Vector cross product operator.

(·)T Complex conjugate transpose operator.

∥·∥2 Euclidean norm operator for a vector.

3.2.1 Geometry of Rays and Polarisation Components

At each interaction, the electric field is decomposed into TE and TM components as [151]

E = ETE +ETM, (3.1)

where E is the complex electric-field vector. A ray-fixed local coordinate system (LCS) is

defined at each reflection or transmission point. For nonnormal incidence, the TE unit vector

is

âinc
TE = âref

TE = âtra
TE =

k̂inc× n̂∥∥k̂inc× n̂
∥∥

2

, (3.2)

where k̂inc is the incident propagation unit vector and n̂ is the local surface normal. The

reflected and transmitted rays share the same plane of incidence, so the same oriented TE

axis is retained. The corresponding TM unit vectors are

âinc
TM = âinc

TE× k̂inc, (3.3)

âref
TM = âinc

TE× k̂ref, (3.4)

âtra
TM = âinc

TE× k̂tra, (3.5)
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where k̂ref and k̂tra are the reflected and transmitted propagation unit vectors, respectively.

The cross product order fixes a right-handed basis and must be used consistently throughout

the path.

The local TE/TM basis is therefore defined separately at each interaction point from

the incident ray direction and the local surface normal. In numerical implementation, the

basis vectors must be normalised after each cross product operation. Near grazing incidence,

or when the incident direction becomes nearly parallel to the selected reference normal,

the norm of the cross product may become very small and the basis definition can be ill-

conditioned. Such near-singular cases require a tolerance check, reorthogonalisation, or a

fallback reference direction to maintain numerical stability over multiple reflections and

transmissions. These checks do not change the EM formulation, but they are necessary for

robust implementation of the rotation transfer matrix.

3.2.2 Reflection and Transmission Coefficients

The complex reflection and transmission coefficients of a finite multilayer slab are evaluated

using the recursion in [151]:

As =
edsγs cosϑs

2
[As+1 (1+Qs+1)+Bs+1 (1−Qs+1)] , (3.6)

Bs =
e−dsγs cosϑs

2
[As+1 (1−Qs+1)+Bs+1 (1+Qs+1)] , (3.7)

Cs =
edsγs cosϑs

2
[Cs+1 (1+Ws+1)+Ds+1 (1−Ws+1)] , (3.8)

Ds =
e−dsγs cosϑs

2
[Cs+1 (1−Ws+1)+Ds+1 (1+Ws+1)] , (3.9)

with

Qs+1 =
cosϑs+1

cosϑs

√
(ωεs− jσs)µs+1

(ωεs+1− jσs+1)µs
, (3.10)

Ws+1 =
cosϑs

cosϑs+1

√
(ωεs− jσs)µs+1

(ωεs+1− jσs+1)µs
, (3.11)
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where ϑs is the complex refraction angle in layer s, with ϑ0 denoting the real incidence angle

in the incident medium. The quantities ds, µs, εs, and σs are the thickness, permeability,

permittivity, and conductivity of layer s, respectively, and ω is the angular frequency. For the

passive double-positive materials considered in this thesis, the propagation constant is

γs = αs + jβs =
√

jωµs (σs + jωεs), (3.12)

where the square-root branch is selected so that αs ≥ 0 and βs ≥ 0 under the adopted e jωt

convention. Continuity of the tangential propagation constant gives γ0 sinϑ0 = γs sinϑs;

hence,

cosϑs =

√
1−
(

γ0

γs

)2

sin2
ϑ0. (3.13)

The branch of cosϑs is chosen so that the normal field satisfies the passive, outgoing

wave condition. For a stack of N layers terminated by air, the recursion is initialised by

AN+1 =CN+1 = 1 and BN+1 = DN+1 = 0. Equations (3.6)–(3.13) then yield RTE = B0/A0,

RTM = D0/C0, TTE = 1/A0, and TTM = 1/C0.

It is important to note that these coefficients correspond to finite-thickness multilayer

slabs rather than only to ideal single interfaces. For passive layers, the reflected, transmitted,

and dissipated powers should satisfy an energy balance check after accounting for material

loss. This provides a useful physical consistency test for the coefficient calculation, although

the present chapter focuses on the resulting polarisation-channel prediction rather than on a

separate energy audit procedure.

3.2.3 Physical Angle of Refraction in Double-Positive Materials

Equations (3.6)–(3.13) use a complex refraction angle in a lossy layer. The direction of

phase propagation is real, however, and must be obtained from the phase vector rather than

by interpreting the complex angle geometrically. The following derivation establishes that

direction for the passive Double-Positive (DPS) materials used in the simulations.
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Each wall layer is assumed to be a DPS medium with ε > 0, µ > 0, and σ ≥ 0. This

assumption is consistent with the material parameters used in Section 3.4.1; the derivation is

not intended for negative-index or active media.

Consider a uniform plane wave incident from lossless air onto a lossy wall, as illustrated

in Fig. 3.1. The transmitted TE and TM fields share the same propagation factor. With the

interface at z = 0, the plane of incidence in the x–z plane, and γ tra = α tra + jβ tra, they are

Etra
TE = âyTTEE inc

TE,0e−γ tra(xsinϑ tra+zcosϑ tra), (3.14)

Etra
TM = b̂TTME inc

TM,0e−γ tra(xsinϑ tra+zcosϑ tra), (3.15)

where b̂ = âx cosϑ tra− âz sinϑ tra, and E inc
TE,0 and E inc

TM,0 are the incident-field amplitudes

evaluated at the interface reference point.

In accordance with Snell’s law of refraction:

γ
inc sinϑ

inc = γ
tra sinϑ

tra, (3.16)

γ = α + jβ =
√

jωµ (σ + jωε) =
√
−ω2µε + jωµσ , (3.17)

where

α = ω
√

µε

{
1
2

[√
1+
(

σ

ωε

)2
−1

]}1/2

, (3.18)

β = ω
√

µε

{
1
2

[√
1+
(

σ

ωε

)2
+1

]}1/2

. (3.19)

After algebraic simplifications, (3.17) can be rewritten in the same form as (3.12). By

substituting (3.17) into (3.16), the following relationship is obtained:

sinϑ
tra =

γ inc

γ tra sinϑ
inc =

α inc + jβ inc

α tra + jβ tra sinϑ
inc. (3.20)
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As the ray impinges from air, the electrical conductivity of the incident medium is zero, that

is, σ inc = σair = 0. Substituting σ inc = 0 into (3.18) gives α inc = 0. Consequently, (3.20)

can be rewritten as:

sinϑ
tra =

jβ inc

α tra + jβ tra sinϑ
inc. (3.21)

and

cosϑ
tra =

√
1− sin2

ϑ tra

=

√
1−
(

jβ inc

α tra + jβ tra sinϑ inc
)2

. (3.22)

Because ϑ inc is real and γ tra is complex, both sinϑ tra and cosϑ tra are generally complex.

Their standard analytic continuations are

cosϑ
tra =

∞

∑
n=0

(−1)n

(2n)!
(
ϑ

tra)2n

=
e jϑ tra

+ e− jϑ tra

2

= cosh
(

jϑ tra) , (3.23)

and

sinϑ
tra =

∞

∑
n=0

(−1)n

(2n+1)!
(
ϑ

tra)2n+1

=
e jϑ tra− e− jϑ tra

2 j

=
sinh( jϑ tra)

j

=− j sinh
(

jϑ tra) , (3.24)

where cosh and sinh denote the hyperbolic cosine and sine functions, respectively. Let the

transmission angle be expressed as ϑ tra = ϑ tra
rea + jϑ tra

ima, where ϑ tra
rea and ϑ tra

ima are the real
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and imaginary components of ϑ tra, both of which are real-valued quantities. By expressing

the complex cosine function in terms of the real and imaginary parts of its argument, the

following relation is obtained:

cosϑ
tra = cos

(
ϑ

tra
rea + jϑ tra

ima
)

= cos
(
ϑ

tra
rea
)

cos
(

jϑ tra
ima
)
− sin

(
ϑ

tra
rea
)

sin
(

jϑ tra
ima
)

= cos
(
ϑ

tra
rea
)

cosh
(
ϑ

tra
ima
)
− j sin

(
ϑ

tra
rea
)

sinh
(
ϑ

tra
ima
)
. (3.25)

Define the real quantities

Aϑ = cos
(
ϑ

tra
rea
)

cosh
(
ϑ

tra
ima
)
, Bϑ = sin

(
ϑ

tra
rea
)

sinh
(
ϑ

tra
ima
)
. (3.26)

Equation (3.20) then implies the polar representation

cosϑ
tra = Aϑ − jBϑ =Cϑ (cosϖ − j sinϖ) =Cϑ e− jϖ , (3.27)

where Cϑ =
√

A2
ϑ
+B2

ϑ
and ϖ = atan2(Bϑ ,Aϑ ). Accordingly,

xsinϑ
tra + zcosϑ

tra = x
jβ inc sinϑ inc

α tra + jβ tra + zCϑ (cosϖ − j sinϖ) .

Multiplication by γ tra separates the common propagation factor into attenuation and phase

terms:

e−zCϑ(α tra cosϖ+β tra sinϖ)e− j[xβ inc sinϑ inc+zCϑ(β tra cosϖ−α tra sinϖ)]. (3.28)

Both α tra and β tra are real and nonnegative for the passive DPS branch selected above.
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Fig. 3.1 Planes of constant phase and amplitude for the refracted wave.

By decomposing (3.28) into its real and imaginary components, the following expressions

are obtained:

A(x,z) = e−zCϑ(α tra cosϖ+β tra sinϖ), (3.29)

Φ(x,z) = xβ
inc sinϑ

inc + zCϑ

(
β

tra cosϖ −α
tra sinϖ

)
, (3.30)

Equation (3.29) shows that the attenuation vector is normal to the interface for a homo-

geneous lossy half-space excited by a lossless incident medium. Define the normal phase

constant

g =Cϑ

(
β

tra cosϖ −α
tra sinϖ

)
. (3.31)

A plane of constant phase, Φ(x,z) = c0, is therefore described by

x =
c0−gz

β inc sinϑ inc , (3.32)
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for nonnormal incidence. The phase vector components tangent and normal to the interface

are thus β inc sinϑ inc and g, respectively. The physical refraction angle ρ , measured from

the positive z-axis towards the positive tangential direction, follows directly from these two

components:

ρ = atan2
(

β
inc sinϑ

inc,g
)
. (3.33)

The two-argument arctangent preserves the correct quadrant and remains defined at grazing

phase propagation. Because the TE and TM fields in (3.14) and (3.15) share the same propa-

gation factor in an isotropic layer, Eq. (3.33) applies to both polarisations; their amplitudes

differ through TTE and TTM.

3.2.4 Rotation Transfer Matrix Method for RT

Jones calculus provides a compact representation of the transformations between the global

coordinate system (GCS) and the ray-fixed LCS at successive interactions [152].

In the far field, the transmit and receive antenna patterns are expressed in the spherical

unit vector bases associated with azimuth φ and zenith θ [151]. Let êtx and êrx denote

the corresponding Jones vectors. After separating any scalar free-space spreading and

propagation phase from the polarisation transformation, the single-ray baseband relation is

y = (êrx)
T H(êtx)x, (3.34)

where x and y denote the transmitted and received signals, respectively, while êtx and êrx are

the Jones vectors describing the transmitter (Tx) and receiver (Rx) polarisation states. The

operator (·)T denotes matrix transpose. The matrix H captures the diattenuation, namely the

unequal attenuation of Êφ and Êθ , together with the channel XPR induced by reflection and

transmission.

For a LOS ray, HLOS = I2 only when the transmit and receive polarisation bases are

aligned and the scalar path gain has been factored out. For a reflected NLOS (RNLOS) ray
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or an obstructed LOS (OLOS) ray, the polarisation matrix is an ordered product of basis

rotations and TE/TM interaction matrices. An OLOS ray is defined here as a geometrically

direct path that reaches the Rx through transmission across an intervening building element.

Let ETE and ETM denote the scalar field components in the current LCS, and let E ′TE

and E ′TM denote the same field resolved in the next LCS. Before applying the reflection or

transmission coefficients, the basis transformation is E ′TE

E ′TM

=

 cos(ζ ) sin(ζ )

−sin(ζ ) cos(ζ )


 ETE

ETM

 , (3.35)

where the signed angle ζ is determined from the unit TE basis vectors of the two LCSs:

ζ = atan2(o,u), (3.36)

with

u = âTE · â′TE, (3.37)

o = k̂ ·
(
âTE× â′TE

)
. (3.38)

The two-argument arctangent preserves the sign and quadrant of the rotation. The same angle

is obtained from the consistently oriented TM bases. For densely walled indoor propagation

scenarios, such as offices or student apartments, when the first reflection occurs, the ray may

have penetrated z walls during its propagation from the Tx to the wall of the first reflection.

Similarly, the ray may undergo w transmissions during the propagation from the wall where

it is first reflected to the Rx. For the transmission process, the complete representation of

polarisation components variation can be expressed as

T =

TTE 0

0 TTM

 ·
 cos(ζ tra) sin(ζ tra)

−sin(ζ tra) cos(ζ tra)

 . (3.39)
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Tx

Rx

Fig. 3.2 Visualisation of reference frame transformations via rotation matrices in sequential
reflections and transmissions.

For the reflection process, the complete representation of polarisation components variation

can be expressed as

R =

RTE 0

0 RTM

 ·
 cos

(
ζ ref) sin

(
ζ ref)

−sin
(
ζ ref) cos

(
ζ ref)

 . (3.40)

The polarisation-channel matrix of first-order reflection can be represented by Href1, which

can be denoted as

Href1 = Tz+w · · ·Tz+1R1Tz · · ·T1. (3.41)

Fig. 3.2 illustrates the visualisation of rotation matrices between different reference frames

during a series of reflections and transmissions, and Fig. 3.3 depicts the spherical coordinate

systems for Tx and Rx.

3.3 RT Simulation

This section applies the polarimetric RT formulation to the specified indoor scenario. To

isolate propagation-induced polarisation changes from receive pattern effects, the Rx is mod-
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Tx
received ray Rx

polarized 
wireless channel

Fig. 3.3 Spherical coordinate systems for Tx and Rx.

elled as two colocated, orthogonally polarised isotropic sensors. Consequently, the receive

gain is independent of AoA. This is a modelling assumption rather than a representation of a

practical crossed dipole pattern.

3.3.1 System Description and Modelling Assumptions

The crossed dipole source comprises two short dipoles of length L, with λ/50 < L ≤

λ/10. The simulations evaluate Rx locations beyond 5λ from the Tx, where the far-field

approximation used for the angular field components is conservative for this electrically

small source [151].

For each emitted far-field ray, the vertical and horizontal components are identified with

the spherical θ - and φ -directed field components, respectively, as shown in Fig. 3.3 [153].

Antenna design details are outside the scope of this thesis; the source polarisation is specified

by the complex ratio EV/EH, which includes both relative amplitude and phase.

3.3.2 Effective Channel Representation for Polarised Components

To isolate the phase difference introduced by propagation, the two transmitted polarisation

components are assigned the same initial reference phase. Let m̄rq,tp denote the effective
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coefficient between transmit port tp and receive port rq. It is written as the coherent sum of

co-polarised and cross-polarised contributions [154]:

m̄rq,tp =

√
Gαxp ,φtp ,θtp

Lrq,tp

e jΦV
rq +

√
Gβxp ,φtp ,θtp

Lrq,tp′
e jΦH

rq

=
√

αrq,tpmrq,tp +
√

βrq,tp′mrq,tp′ , (3.42)

where ΦV
rq

and ΦH
rq

are the accumulated phases of the vertical and horizontal received

components, respectively; they need not be equal. The quantities Lrq,tp and Lrq,tp′ are linear

path loss ratios, and Gα and Gβ are the corresponding co-polarised and cross-polarised

transmit antenna power gains. The alternative form defines the complex path coefficients

m and the nonnegative propagation power gains α and β . The orthogonal transmit port is

denoted by tp′ , with tp′ ̸= tp. The effective matrix therefore decomposes as

M̄ = MC +MX, (3.43)

with

MC =

√αr1,t1mr1,t1
√

αr1,t2mr1,t2

√
αr2,t1mr2,t1

√
αr2,t2mr2,t2

 , (3.44)

MX =

√βr1,t2mr1,t2
√

βr1,t1mr1,t1√
βr2,t2mr2,t2

√
βr2,t1mr2,t1

 , (3.45)

where MC and MX represent the channel of co-polarisation and cross-polarisation, respec-

tively. Due to the assumption of isotropic Rx, antenna gains at Rx for rays with any AoA

are the same. The expression for the XPD at Rx, considering the corresponding angle of
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Fig. 3.4 Block diagram of a crossed dipole antenna system with co-polarisation and cross-
polarisation propagation gains α and β .

departure (AoD) from tp port of a crossed dipole antenna, can be given as

Xrq,tp,φtp ,θtp
=

∣∣∣∣∣∣
√

αrq,tpmrq,tp√
βrq,tp′mrq,tp′

∣∣∣∣∣∣
2

=
Gαxp ,φtp ,θtp

Lrq,tp′

Gβxp ,φtp ,θtp
Lrq,tp

. (3.46)

For a given geometric path, the TE and TM components generally acquire different com-

plex reflection or transmission coefficients. The corresponding path losses and polarisation

gains therefore need not be equal: Lrq,tp ̸= Lrq,tp′ , αtp ̸= αtp′ , and βtp ̸= βtp′ . To display the

mapping explicitly, the following expression considers only input x1; the response to x2

follows by exchanging the transmit port indices, and the complete response is obtained by

linear superposition:

M̄ =

√αr1,t1mr1,t1 +
√

βr1,t2mr1,t2 0
√

αr2,t1mr2,t1 +
√

βr2,t2mr2,t2 0


=

hVV hVH

hHV hHH


Ex1,θ 0

Ex1,φ 0

 . (3.47)
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Fig. 3.5 Layout of the indoor scenario used for simulation.

For a first-order reflected path, the polarisation submatrix

hVV hVH

hHV hHH

 is represented by

Href1. The LOS and OLOS matrices, HLOS and HOLOS, are evaluated separately because

their ordered interaction products differ from that of the reflected path.

3.4 Polarised Channel Simulation and Performance Evalu-

ation

This section presents the simulation setup, including the Tx and Rx configurations as well as

the sampling parameters used in the analysis.

3.4.1 Simulation Scenario and Parameter Configuration

The considered environment is a 4 m×8 m×4 m rectangular hall containing six identical

small rectangular rooms, as shown in Fig. 3.5. The simplified multiroom layout was selected

to provide a controlled scenario containing LOS, OLOS transmission, and reflected NLOS

regions. It enables multilayer wall transmission, specular reflection, and the associated
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Table 3.2 Three-layer wall properties and frequency-dependent parameters.

Layer Thickness Permittivity Conductivity

d a b c g
Concrete 30 mm 5.240 0 0.046 0.782

Brick 30 mm 3.910 0 0.024 0.160
Plasterboard 30 mm 2.730 0 0.009 0.940

polarisation transformations to be examined within a geometry that remains sufficiently

simple for physical interpretation. The layout is representative of the propagation conditions

investigated in this chapter, rather than of all indoor buildings. All walls, the ceiling, and the

floor are modelled as three-layer composite structures stacked sequentially as concrete, brick,

and plasterboard. The thickness and constitutive parameters of each layer are summarised in

Table 3.2.

In terms of the conductivity and permittivity of different layers, there is typically substan-

tial evidence indicating a frequency-dependent increase [155]. The trend is modelled and

characterised using

σ( f ) = c f g
(GHz), εr( f ) = a f b

(GHz), (3.48)

where a, b, c, and g are the layer-dependent empirical parameters listed in Table 3.2, and

f(GHz) is the numerical frequency expressed in gigahertz (GHz).

The Tx operates at 5 GHz and is located at (4.3, 4.1, 1.0) m in the Cartesian coordinate

system of Fig. 3.5. RT simulations are performed at 250 000 Rx positions uniformly dis-

tributed across the analysis area, spanning from x = 0 m and y = 0 m to x = 13 m and y = 8

m, with grid spacings of 2.6 cm and 1.6 cm along the x- and y-axes, respectively. All Rx

locations are placed at a height of 0.5 m. The present simulation includes LOS, OLOS trans-

mission, and first-order reflected NLOS contributions. Diffraction, diffuse scattering, rough

surface scattering, furniture scattering, human blockage, and higher order multipath interac-

tions are not explicitly included in this chapter. These omitted mechanisms may modify the

received power and XPR distributions, especially in cluttered rooms or at higher frequencies,

where surface roughness and small objects become electrically significant. Consequently, the



88 An RT Algorithm for Polarised Wireless Channel Prediction

-105.4

-94.2

-82.9

-71.7

-60.4

-49.2

0

1

2

3

4

5

6

7

8

0 2 4 6 8 10 12

y 
(m

)

x (m)

(a) PH, LOS (OLOS)

-105.4

-94.2

-82.9

-71.7

-60.4

-49.2

0

1

2

3

4

5

6

7

8

0 2 4 6 8 10 12
x (m)

y 
(m

)

(b) PV, LOS (OLOS)

Fig. 3.6 Received power (dBW) corresponding to LOS (OLOS) path for horizontal and
vertical polarisation components.
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Fig. 3.7 Received power (dBW) corresponding to RNLOS path for horizontal and vertical
polarisation components.

quantitative results depend on the selected geometry and modelling assumptions and should

be interpreted as a controlled, scenario-specific investigation of polarisation transformation

by multilayer building materials, rather than as building-independent indoor predictions.



3.4 Polarised Channel Simulation and Performance Evaluation 89

-105.4

-94.2

-82.9

-71.7

-60.4

-49.2

0

1

2

3

4

5

6

7

8

0 2 4 6 8 10 12

y 
(m

)

x (m)

(a) PH, LOS (OLOS) + RNLOS

-105.4

-94.2

-82.9

-71.7

-60.4

-49.2

0

1

2

3

4

5

6

7

8

0 2 4 6 8 10 12

y 
(m

)

x (m)

(b) PV, LOS (OLOS) + RNLOS

Fig. 3.8 Received power (dBW) corresponding to the superposition of LOS (OLOS) and
RNLOS paths for horizontal and vertical polarisation components.

Excluding the antenna cross-polarisation isolation (XPI), the channel XPR is evaluated

according to [61] as

XPRV =
|hVV|2

|hVH|2
, (3.49)

XPRH =
|hHH|2

|hHV|2
. (3.50)

3.4.2 Simulation Results and Discussion

Figs. 3.6 and 3.7 report the received power (dBW) of the horizontal and vertical polarisation

components under LOS (OLOS) and RNLOS paths. The localised peaks and notches

observed in the received-power maps align with the physical behaviour expected at multilayer

interfaces, where the TM component undergoes Brewster angle transmission and both TE

and TM components experience critical-angle total internal reflection. These phenomena

give rise to pronounced polarisation-selective filtering. Apparent outliers in the heatmaps
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Fig. 3.9 XPR (dB) corresponding to LOS (OLOS) path for horizontal and vertical polarisation
components.
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(b) XPRV, RNLOS

Fig. 3.10 XPR (dB) corresponding to RNLOS path for horizontal and vertical polarisation
components.

correspond to Rx locations where the incident rays approach these characteristic angles,

resulting in either nearly vanishing or almost total reflection for a given polarisation.

Fig. 3.8 illustrates the total received power combining LOS (OLOS) and RNLOS paths.

It is evident that the received powers of the horizontal and vertical polarisation components

vary across different locations. This imbalance between the two polarisation components can
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(b) XPRV, LOS (OLOS) + RNLOS

Fig. 3.11 XPR (dB) corresponding to the superposition of LOS (OLOS) and RNLOS paths
for horizontal and vertical polarisation components.

degrade the performance of modulation schemes that rely on the polarisation state for signal

encoding. A detailed discussion of this effect will be presented in the next chapter.

Figs. 3.9 and 3.10 illustrate the XPR (dB) for horizontal and vertical references across

LOS (OLOS) and RNLOS. In regions dominated by LOS propagation, the cross-polarised

component can become numerically negligible, which causes the XPR to attain very large

positive values. To maintain clarity in the plots and preserve the spatial trends, values exceed-

ing 80 dB are truncated. It can be observed that even at identical Rx coordinates, the nature

of the propagation path, whether LOS (OLOS) or RNLOS, produces substantial variations in

XPR, indicating that a constant XPR value is inadequate for characterising polarised chan-

nels. In particular, reflections from multilayer walls produce TE- and TM-dependent phase

and amplitude variations that perturb the balance between co-polarised and cross-polarised

components, leading to spatially varying depolarisation across the environment.

3.5 Summary

This chapter developed a polarisation-aware RT formulation for frequency-dispersive multi-

layer partitions. The method tracks consistently oriented local TE/TM bases, applies complex
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multilayer reflection and transmission coefficients, and obtains the physical phase refraction

direction from the real phase vector. In the specified simulation scenario, the resulting XPR

varies with Rx position and path class; a single constant XPR therefore does not reproduce the

spatial variation generated by the model. These results demonstrate the internal operation of

the proposed formulation for LOS, OLOS, and first-order RNLOS paths within the included

interaction set. They do not establish building-independent prediction accuracy.

The validation provided in this chapter is analytical and simulation-based. A direct

experimental validation would require wideband polarimetric channel measurements in

representative indoor environments, including the measurement of the full dual-polarised

channel matrix over an Rx grid and comparison of measured co polar power, cross polar

power, XPR, and phase statistics with the RT outputs. Full-wave simulations of canonical

multilayer interfaces could also be used as intermediate benchmark cases. These validation

steps are identified as important future work because the present chapter does not include

measurement data for the polarisation-aware ray tracer.



Chapter 4

Performance Analysis and Optimisation

of Indoor Polarisation Modulation via

Polarisation-Aware RT

Overview

This chapter moves from the development of a polarisation-aware RT algorithm to its

application in analysing indoor polarisation modulation. By employing the developed model,

this chapter seeks to illuminate the interplay between depolarisation phenomena and system-

level performance, thereby providing a physically grounded basis for subsequent optimisation

studies.

Building upon the theoretical framework established in the preceding chapter, this chapter

continues the investigation from the fundamental principles of wave propagation and the

evolution of polarisation during reflection and transmission. With these foundations in place,

the analysis turns to examine how depolarisation influences the behaviour of indoor wireless

channels and, in particular, the performance of polarisation modulation schemes. Through

comparative analysis and numerical evaluation, it is evident that conventional models of the

XPR for multipath components, which often assume a constant value, fail to capture the

complex variability observed in realistic propagation environments. The assumption of a
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constant XPR tends to either overstate or understate the degree of depolarisation, resulting

in distorted estimates of cross-polarisation coupling and an incomplete characterisation of

polarised propagation.

This discrepancy, together with the oversimplified handling of depolarisation in conven-

tional channel models, results in notable performance degradation when PolarSK modulation

is employed. To quantify this effect, the ABEP of various PolarSK schemes is evaluated

under different system configurations and material conditions. The analysis reveals that EM

interactions within unfavourable building materials inevitably give rise to an ABEP floor,

which cannot be mitigated through diversity gain or constellation adjustment alone.

To overcome this limitation, an optimisation framework is developed to reduce the ABEP

floor by simultaneously refining the complex permittivity and layer thickness of multilayer

materials. Numerical evaluations demonstrate that this procedure substantially lowers the

ABEP at high SNRs and, within the simulated scenarios and optimisation constraints con-

sidered in this chapter, suppresses or removes the observed floor effect across different

constellation diagrams and MIMO systems. Finally, the physical mechanisms underlying this

phenomenon are examined, offering insights into how depolarisation and multilayer material

properties influence the achievable performance of indoor polarised wireless systems.

4.1 Introduction

As next-generation communication systems strive for ever greater data throughput and

spectral efficiency, the use of the polarisation dimension has emerged as a promising approach

to enhance transmission performance [156, 157]. In optical and satellite communication

links, polarisation division multiplexing (PDM) has long been adopted to effectively expand

channel capacity [156, 158]. Beyond multiplexing, the polarisation dimension also serves as a

medium through which information can be directly embedded into the EM field by modulating

its state of polarisation (SOP) [159]. This modulation concept, commonly referred to as

PolarSK, was originally introduced in the context of optical communications [160], where

the SOP remains remarkably stable and undergoes negligible distortion even across long-haul
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fibre propagation. With its inherent stability, PolarSK demonstrates enhanced reliability and

efficiency when compared with traditional modulation schemes such as phase-shift keying

(PSK) and differential phase-shift keying (DPSK) [161].

In contrast to optical fibre or satellite communication links, where the propagation

medium maintains a relatively stable polarisation state, indoor wireless environments exhibit

far greater variability and complexity as a consequence of their rich multipath characteristics.

Within such environments, EM waves are repeatedly reflected, transmitted, diffracted, and

scattered by surrounding structures, giving rise to depolarisation and distortion of the original

polarised field [144]. These interactions redistribute part of the transmitted energy into

orthogonal polarisation components, thereby altering the SOP of the received signal. The

orientation and eccentricity of the polarisation ellipse, together with the relative amplitude and

phase of the orthogonal components, may change substantially. As a result, the performance

of polarisation-based modulation techniques such as PolarSK deteriorates, since signals

initially transmitted with linear polarisation often arrive with elliptical characteristics [162].

This fundamental difficulty highlights the necessity of accurately modelling and predicting

the behaviour of indoor polarised wireless channels.

In response to the growing need for accurate characterisation of indoor wireless propaga-

tion, early investigations sought to incorporate polarisation into geometry-based models so

as to improve channel prediction fidelity [55]. Building on these efforts, geometrical theo-

ries describing depolarisation were formulated [64] and subsequently implemented in both

deterministic geometry-based simulations [163] and stochastic depolarisation frameworks

[164, 165]. Collectively, these early contributions provided the conceptual and analytical

foundation for modelling polarised indoor MIMO channels [166–168], and they continue to

inform ray-based techniques in present-day research [62, 169, 170].

Although these ray-based approaches have demonstrated considerable utility, several

simplifying assumptions remain. In [62, 169, 170], reflection coefficients are typically drawn

from predefined statistical distributions, without explicit consideration of their dependence

on the EM properties of different building materials. Such approximations limit the physical

accuracy of indoor polarised MIMO channel prediction. Furthermore, the assumption that
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the XPR is identical for all polarised components at the Rx imposes an additional restriction,

reducing the predictive reliability of these models. Consequently, there is a clear need for a

modelling framework that remains both physically consistent and computationally efficient

in describing indoor polarised MIMO wireless channels.

While the aforementioned ray-based techniques have provided valuable insights into the

polarised characteristics of indoor channels, their implications at the system-level remain

insufficiently explored, particularly for polarisation-modulated schemes such as PolarSK.

The influence of building materials on the behaviour of such systems has yet to be fully

characterised. To the best of the author’s knowledge, there is no unified theoretical framework

that consistently links the EM and structural properties of indoor construction materials with

system-level indicators such as the ABEP. Previous research has likewise tended to overlook

the inherent relationship between the polarisation behaviour of wireless channels and the

material composition of indoor environments. The absence of such a connection restricts the

ability to predict and optimise the performance of PolarSK systems under realistic multipath

conditions. To address this limitation, the present study adopts ABEP as the principal

measure of performance and conducts a comprehensive analysis of how material properties

govern the reliability of PolarSK transmission within indoor settings.

In this chapter, the scope of the previous investigations [146, 171–173] is extended to

a unified and more comprehensive study of polarised indoor wireless channels. The work

presented herein distinguishes itself through several key contributions that advance both the

modelling of polarised propagation and the understanding of PolarSK system performance.

First, building upon the RT algorithm introduced in the previous chapter, this work

employs the developed framework to predict the polarised characteristics of indoor wireless

channels. To enhance the physical accuracy of propagation modelling, particular attention is

given to the refraction process, where the exact physical angle of refraction in DPS materials

is analytically derived. This refinement ensures that the ray interactions remain consistent

with the underlying EM theory and improves the overall fidelity of the simulation results.

Secondly, the performance of PolarSK modulation schemes is examined under various

system configurations. The simulation results indicate that, under identical conditions,
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PolarSK exhibits enhanced performance in NLOS environments relative to LOS settings

when the SNR is below 40dB in a 1×4 MIMO configuration. This behaviour is attributed to

the increased spatial correlation present in NLOS MIMO channels. When the SNR exceeds

40dB, however, an irreducible ABEP, which is commonly referred to as the ABEP floor,

emerges in NLOS conditions, while it remains absent in LOS scenarios. Similar ABEP

floor phenomena are also observed across different MIMO configurations and constellation

structures.

Thirdly, to mitigate the ABEP floor, an optimisation framework is formulated that jointly

adjusts the permittivity, conductivity, and thickness of each layer within a multilayer wall.

This formulation provides a straightforward yet effective approach to reducing the ABEP

floor of PolarSK systems and lays the foundation for further refinements in material-aware

channel optimisation.

Fourthly, the underlying mechanisms responsible for the observed ABEP floor are anal-

ysed. It is found that the vertical polarisation component of the crossed dipole antenna

becomes imbalanced with respect to the horizontal component. This imbalance is further

accentuated by the structural layout and material composition of the indoor environment—for

example, the reflection coefficient of the vertically polarised electric field approaches zero at

the Brewster angle. Additionally, small-scale fading introduced by multipath propagation

may cause one or both polarisation components to vanish locally, which in turn produces ex-

treme polarisation imbalance. The disappearance of a single component ultimately manifests

as the ABEP floor observed in NLOS propagation conditions.

The remainder of this chapter is organised as follows. Section 4.2 describes the transmis-

sion principles of PolarSK. Section 4.3 applies the RT framework to construct the PolarSK

channel model. Section 4.4 analyses the ABEP performance of various PolarSK schemes

and identifies the emergence of ABEP floors. Section 4.5 presents an iterative optimisa-

tion algorithm for mitigating the floor effect, together with numerical results and physical

interpretations. The chapter concludes in Section 4.7 with a summary of the principal

findings.

The notation of Chapter 4 is summarised in Table 4.1.
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Table 4.1 Notation of Chapter 4

Notation Definition

j Imaginary unit, j2 =−1.

(·)H Hermitian-transpose operator.

(·)∗ Complex conjugation operator.

∥ · ∥F Frobenius norm of a matrix.

∥ · ∥2 Euclidean norm operator for a vector.

| · |e Elementwise magnitude operator for a matrix.

K Number of discrete PolarSK amplitude-angle levels.

k Index of the transmitted PolarSK amplitude-angle level.

k̂ Index of the competing PolarSK amplitude-angle level.

M MPSK modulation order applied to each polarisation branch.

qV MPSK phase index of the transmitted vertical component.

qH MPSK phase index of the transmitted horizontal component.

q̂V MPSK phase index of the competing vertical component.

q̂H MPSK phase index of the competing horizontal component.

εk PolarSK amplitude angle associated with level k.

P Total number of PolarSK symbols defined by P = KM2.

p Index of the transmitted PolarSK symbol associated with (k,qV,qH).

p̂ Index of the competing PolarSK symbol selected by the detector.

xk,qV,qH ≡ xp Transmitted 2×1 PolarSK Jones vector indexed by p.

xp,V Vertical complex component of the PolarSK vector xp.

xp,H Horizontal complex component of the PolarSK vector xp.

Continued on next page
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Table 4.1: Notation of Chapter 4 (Continued)

Notation Definition

T Number of channel uses in a codeword.

t Discrete channel-use index.

ct Transmitted PolarSK vector at channel-use index t.

lt Competing PolarSK vector at channel-use index t.

C Transmitted codeword formed by c0, . . . ,cT−1.

L Competing codeword formed by l0, . . . , lT−1.

∆x(p, p̂) Difference vector between xp and xp̂.

N[·] Hamming distance between the binary labels of two PolarSK symbols.

Pr[·] Probability of the specified event.

Q(·) Gaussian Q-function.

ρ Average signal-to-noise ratio used in the error-probability analysis.

B(a,b) Beta function defined by B(a,b) = Γ(a)Γ(b)/Γ(a+b).

Γ(·) Gamma function.

F1(·) Appell hypergeometric function of the first kind.

NT Number of dual-polarised transmit antenna locations.

NR Number of dual-polarised receive antenna locations.

nR Receive-location index.

mR Summation index over receive locations in the channel-normalisation factor.

Ht Polarised MIMO channel matrix at channel-use index t.

H Polarised wireless channel matrix.

hab Channel coefficient from transmit polarisation b to receive polarisation a.

h̄ Unnormalised composite dual-polarised RT channel matrix.

Continued on next page
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Table 4.1: Notation of Chapter 4 (Continued)

Notation Definition

h̄nR Unnormalised 2×2 dual-polarised subchannel at receive location nR.

h̃nR Frobenius-normalised 2×2 subchannel at receive location nR.

h̃ab,nR Normalised channel coefficient from transmit polarisation b to receive

polarisation a at location nR.

H̃ Complete Frobenius-normalised polarised MIMO channel matrix.

h̃V Column of H̃ associated with vertical transmission.

h̃H Column of H̃ associated with horizontal transmission.

Hiid Random channel matrix with independent CN (0,1) entries.

NLOS Number of LOS channel samples used for covariance estimation.

NNLOS Number of NLOS channel samples used for covariance estimation.

np Channel-sample index used in the covariance estimation.

HLOS,np LOS channel matrix of sample np.

HNLOS,np NLOS channel matrix of sample np.

R0,RX Unnormalised receive-side sample covariance matrix.

R0,TX Unnormalised transmit-side sample covariance matrix.

RRX Normalised receive-side complex correlation matrix.

RTX Normalised transmit-side complex correlation matrix.

Hcorr Spatially correlated Rayleigh channel matrix generated by the Kronecker

model.

xa x-coordinate of the Rx-grid point indexed by a.

yb y-coordinate of the Rx-grid point indexed by b.

zc z-coordinate of the Rx-grid point indexed by c.

Continued on next page
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Table 4.1: Notation of Chapter 4 (Continued)

Notation Definition

X Number of Rx-grid samples along the x-direction.

Y Number of Rx-grid samples along the y-direction.

Z Number of Rx-grid samples along the z-direction.

ABEPavg ABEP averaged with equal weight over the specified Rx grid.

ABEPavg Final spatially averaged ABEP produced by the coordinatewise optimisa-

tion.

s Material layer index.

N Number of material layers.

εs Permittivity of material layer s.

µr,s Relative permeability of material layer s.

µs Permeability of material layer s.

σs Conductivity of material layer s.

ds Thickness of material layer s.

κs Thermal conductivity of material layer s.

As Feasible set of absolute-permittivity values for material layer s.

Bs Feasible set of conductivity values for material layer s.

Cs Feasible set of thickness values for material layer s.

ι Number of material parameters included in the optimisation.

i Index of an optimisation variable.

vi Current value of optimisation variable i.

v(i)i Value of optimisation variable i after coordinate sweep i.

v̄i Final accepted value of optimisation variable i.

Continued on next page
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Table 4.1: Notation of Chapter 4 (Continued)

Notation Definition

ℓi Lower bound of optimisation variable i.

ui Upper bound of optimisation variable i.

hi Grid spacing of the candidate set for optimisation variable i.

Si Discrete candidate set for optimisation variable i.

G Number of grid points in each candidate set.

i Index of a complete coordinate sweep.

I Maximum number of complete coordinate sweeps.

P Fractional reduction in the spatially averaged ABEP produced by a coordi-

nate update.

Pth Minimum fractional ABEP reduction required to accept a coordinate up-

date.

T Optional lower bound on the total wall thickness.

U Optional upper bound on the wall thermal transmittance.

Y Polarisation label of a transmit branch.

Wt,Y Complex Poynting vector radiated by transmit branch Y.

Pt,Y Complex power radiated by transmit branch Y.

St Closed spherical integration surface surrounding the transmit dipole.

n̂s Outward unit normal vector on St.

I0 Complex current amplitude exciting an infinitesimal-dipole branch.

l Length of an infinitesimal-dipole branch.

r Radius of the spherical power-integration surface.

λ Free-space wavelength.

Continued on next page
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Table 4.1: Notation of Chapter 4 (Continued)

Notation Definition

k0 Free-space wavenumber defined by k0 = 2π/λ .

ϒt Transmitted vertical-to-horizontal power ratio.

ϒr Received vertical-to-horizontal channel-power ratio.

Dln(x,y,z) Logarithmic difference between the received and transmitted polarisation-

power ratios at (x,y,z).

MADln Mean absolute logarithmic deviation over the specified Rx grid.

βair Phase constant in air defined by βair = 2π/λ .

E+
0 Complex amplitude of the forward plane wave at y = 0.

E−0 Complex amplitude of the reflected plane wave at y = 0.

R Complex standing-wave reflection coefficient defined by R = E−0 /E+
0 .

Ex(y) Resultant x-directed standing-wave electric-field component at position y.

Rh̃HH
Reflection coefficient applied to h̃HH in the illustrative Channel B model.

m Integer index of the standing-wave extrema.

L Spatial interval used to average the standing-wave PEP or ABEP.

4.2 PolarSK Transmission Scheme

In this chapter, the polarisation states are described using Jones vectors, which are derived

from the corresponding Stokes parameters in a standard orthogonal coordinate system. To

clarify the basic idea of the PolarSK modulation scheme, its signal constellation is presented,

offering an intuitive geometric view of how information is encoded in the polarisation domain.
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The analytical formulation of the PolarSK signal is given by

xk,qV,qH =

 xp,V

xp,H

=

 cosεke
(

j 2πqV
M

)

sinεke
(

j 2πqH
M

)
 , (4.1)

In this context, the variable p ∈ {0,1, . . . ,P−1} identifies the index corresponding to each

polarisation state within the system. The parameter εk ∈ [0,π/2] represents the tilt angle

of the elliptical polarisation, which determines the relative amplitudes of the vertically

and horizontally polarised components. The index k ∈ {1,2, . . . ,K} specifies the discrete

tilt level associated with a particular polarisation state, while the phase indices qV and qH

take values from {1,2, . . . ,M} according to an MPSK constellation employing Gray coding.

Thus, xk,qV,qH is a 2×1 Jones vector whose entries correspond to the vertical and horizontal

complex field components. The subscript p used in xp,V and xp,H denotes the polarisation

state index associated with the triplet (k,qV,qH). The total number of available PolarSK

symbols is P = KM2, where K is the number of discrete tilt levels and M is the MPSK

modulation order used independently on the vertical and horizontal branches. The ABEP of

the PolarSK modulation scheme is then evaluated using the union bound approach, which

can be expressed as:

ABEP ⩽
1

K log2 (M2K) ∑
q̂V={1,2:2:M}

∑
q̂H={1,2:2:M}

×
K

∑
k=1

K

∑
k̂=1

N
[
(k,1,1)→

(
k̂, q̂V, q̂H

)]
×Pr

[
(k,1,1)→

(
k̂, q̂V, q̂H

)]
, (4.2)

where Pr[·] denotes the pairwise error probability (PEP), and N[·] refers to the Hamming

distance between the transmitted and detected symbol sequences. The validity of this

union bound has been thoroughly examined in [146], where its accuracy in capturing the

performance characteristics of the PolarSK scheme under the considered conditions has been

clearly demonstrated.
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Consider the transmitted codeword C = [c0, . . . ,cT−1] corresponding to symbol vector

xp. The PEP is the conditional probability that a maximum likelihood (ML) detector selects

a competing codeword L = [l0, . . . , lT−1] instead of C. Conditioned on a particular set of

channel realisations {Ht}T−1
t=0 , the PEP is expressed as in [174].

Pr
(

C→ L
∣∣∣{Ht}T−1

t=0

)
=Q


√√√√ρ

2

T−1

∑
t=0
∥Ht (ct− lt)∥2

F

 . (4.3)

where t denotes the discrete time index corresponding to the sampling instant within one

symbol duration, and ∥ · ∥2
F represents the squared Frobenius norm. The channel matrix

Ht is assumed to remain constant throughout each symbol interval, and for simplicity of

notation, the time index t is omitted in the subsequent expressions. Under this assumption,

the conditional PEP associated with a transmitted signal xp and its erroneously decoded

counterpart xp̂ can be formulated as

Pr(C→ L |H) =Q
(√

ρ

2
∥H(C−L)∥2

F

)
=Q

(√
ρ

2

∥∥H
(
xp−x p̂

)∥∥2
2

)
=Q

(√
ρ

2
∥H∆x(p, p̂)∥2

2

)
, (4.4)

where ρ denotes the average SNR, and the term ∆x(p, p̂) is defined as follows:

∆x(p, p̂) =

 cosεke
(

j 2πqV
M

)
− cosεk̂e

(
j 2π q̂V

M

)

sinεke
(

j 2πqH
M

)
− sinεk̂e

(
j 2π q̂H

M

)
 . (4.5)

The function Q(·) denotes the Gaussian Q-function, defined as

Q(x)≜ Pr(y≥ x) =
1√
2π

ˆ
∞

x
e−

y2
2 dy. (4.6)

Since this integral cannot be expressed in a closed analytical form using elementary func-

tions, several equivalent formulations have been proposed. One of the most widely used
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representations is Craig’s formula [175], given by

Q(x) = 1
π

ˆ π

2

0
e
− x2

2sin2 ψ dψ. (4.7)

4.3 Channel Modelling of the PolarSK System Using RT

In this section, the LOS, OLOS, and RNLOS propagation rays are taken into account to

characterise the impact of building materials on polarised indoor wireless channels. Each

ray is modelled deterministically according to the Friis transmission relation, and the total

received field is obtained by coherently summing the contributions from all propagation

paths. For a given pair of transmit and receive antennas, the composite received signal can

thus be written as

r(t) =
λ

4π

(Gξ ,Rxhξ Gξ ,Tx
) u(t)e−

j2πl
ξ

λ

lξ

+
Nr

∑
i=1

(Gr,Rx,ihr,iGr,Tx,i)
u(t− τr,i)e−

j2πlr,i
λ

lr,i

e j2π fct (4.8)

where u(t) = xk,qV,qH(t) denotes the complex baseband vector signal corresponding to the

PolarSK modulation. The matrices Gξ ,Tx and Gξ ,Rx represent the field radiation patterns of

the transmitting and receiving antennas, respectively, in the ξ ∈ {LOS,OLOS} direction. The

term hξ denotes the dual-polarised channel matrix, while lξ specifies the propagation distance.

Under LOS conditions, hξ reduces to the identity matrix. For the OLOS case, the total

propagation distance lOLOS can be partitioned into two components: (i) lOLOS,air, representing

the free-space propagation path, and (ii) lOLOS,wall, corresponding to the segment through

the multilayer wall. The value of lOLOS,air is determined geometrically from the spatial

relationship between the propagation ray and the indoor environment, whereas lOLOS,wall is
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given by

lOLOS,wall =
N

∑
s=1

ds

cosρs
, (4.9)

The physical phase refraction angle ρs is given by (3.33). For each RNLOS component

indexed by i, the matrices Gr,Tx,i and Gr,Rx,i describe the radiation patterns of the transmitting

and receiving antennas, respectively. The dual-polarised channel associated with this path is

represented by hr,i, while lr,i and τr,i denote its propagation distance and the relative delay

with respect to the corresponding LOS or OLOS path. The subscript r identifies RNLOS

rays, Nr specifies their total count, and fc denotes the carrier frequency. The matrices hOLOS

and hr,i are evaluated according to (3.41). Under the narrowband assumption adopted in this

work, the approximation u(t)≈ u(t−τr,i) holds for all i. Consequently, the time variable t in

(4.8) can be omitted without loss of generality, and the received signal may be equivalently

written as

r = h̄u+
w
√

ρ
, (4.10)

where h̄ is given by

h̄ =
λ

4π

(Gξ ,Rxhξ Gξ ,Tx
) e−

j2πl
ξ

λ

lξ
+

Nr

∑
i=1

(Gr,Rx,ihr,iGr,Tx,i)
e−

j2πlr,i
λ

lr,i

 . (4.11)

To compare channel structures independently of their mean path gain, the RT transfer

matrices are normalised so that the average squared Frobenius norm per receive location

equals two. Equivalently, the average gain per transmitted polarisation is unity. Considering a

representative MIMO configuration of dimension 1×NR, comprising a single dual-polarised

transmit antenna and NR dual-polarised receive antennas, the subchannel associated with a

given transmit–receive antenna pair can be expressed in its normalised form as

h̃nR =

√
2 h̄nR√

1
NR

∑
NR
mR=1

∥∥h̄mR

∥∥2
F

, (4.12)
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where nR is the receive-location index and mR is the dummy index used in the normalising

sum. The 2×2 subchannel h̃nR is

h̃nR =

h̃VV,nR h̃VH,nR

h̃HV,nR h̃HH,nR

 . (4.13)

Accordingly, the complete normalised MIMO channel matrix, denoted by H̃ ∈ C2NR×2, is

formed as

H̃ =
[
h̃H

1 · · · h̃H
nR
· · · h̃H

NR

]H
=
[
h̃V h̃H

]
, (4.14)

where (·)H denotes the complex conjugate transpose operator. The indoor environment is

the scenario defined in Section 3.4.1. The walls, ceiling, and floor are represented by the

three-layer material model in Table 3.2. The Tx operates at a carrier frequency of 5 GHz

with a transmit power of −15 dBW (32 mW), and the RT simulations are conducted over

250,000 uniformly distributed Rx positions.

Fig. 4.1 illustrates the ABEP performance of PolarSK for unnormalised 1×1, 1×2, and

1×4 MIMO configurations employing a K = 2, M = 2 signal constellation at an SNR of

55dB, 65dB and 75dB. The results indicate that an increase in the number of receive antennas

leads to a reduction in ABEP, highlighting the effect of diversity gain. Nevertheless, to obtain

a representative assessment of system performance in an indoor environment, it is more

appropriate to consider the spatially averaged ABEP rather than pointwise measurements, as

discussed in the subsequent sections.

4.4 ABEP Analysis

The ABEP is evaluated for three channel models: the RT channel, a dual-polarised indepen-

dent and identically distributed (i.i.d.) Rayleigh channel, and a Rayleigh channel with spatial
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(d) 1×2 MIMO, SNR = 55dB
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(e) 1×2 MIMO, SNR = 65dB
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(f) 1×2 MIMO, SNR = 75dB
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(g) 1×4 MIMO, SNR = 55dB
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(h) 1×4 MIMO, SNR = 65dB
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Fig. 4.1 The ABEP performance of PolarSK for unnormalised 1×1, 1×2 and 1×4 MIMO
systems employing K = 2, M = 2 signal constellation under 55dB, 65dB and 75dB SNR.

correlation (SC). For the specified Rx grid, the spatially averaged ABEP is

ABEPavg =
1

XY Z

X

∑
a=1

Y

∑
b=1

Z

∑
c=1

ABEP(xa,yb,zc). (4.15)
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where xa, yb, and zc are the sampling coordinates and X , Y , and Z are the corresponding

numbers of grid points. This average is scenario-specific because all grid points are weighted

equally.

4.4.1 Modelling of SC and i.i.d. Rayleigh Fading Channels

For a 1×NR dual-polarised MIMO configuration, the SC channel matrix has dimension

2NR×2 and is generated using the Kronecker model

Hcorr = R
1
2
RX

HiidR
1
2
TX
, (4.16)

where the entries of Hiid ∈ C2NR×2 are independent and distributed as CN (0,1). The Hermi-

tian positive-semidefinite matrices RRX and RTX describe receive- and transmit-side second-

order correlation, respectively. They are obtained by normalising the sample covariance

matrices:

RRX (i, j) =
R0,RX (i, j)√

R0,RX (i, i)R0,RX ( j, j)
, (4.17)

RTX (n,m) =
R0,TX (n,m)√

R0,TX (n,n)R0,TX (m,m)
, (4.18)

where i, j ∈ {1, . . . ,2NR} and n,m ∈ {1,2}. The unnormalised receive and transmit sample

covariance matrices are

R0,RX,LOS =
1

NLOS

NLOS

∑
np=1

HLOS,npHH
LOS,np

, (4.19)

R0,TX,LOS =
1

NLOS

NLOS

∑
np=1

HH
LOS,np

HLOS,np , (4.20)

R0,RX,NLOS =
1

NNLOS

NNLOS

∑
np=1

HNLOS,npHH
NLOS,np

, (4.21)

R0,TX,NLOS =
1

NNLOS

NNLOS

∑
np=1

HH
NLOS,np

HNLOS,np . (4.22)
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Here, NLOS = 37118 and NNLOS = 212882 are the numbers of channel samples in the two

path classes. The following matrices report the elementwise magnitudes of the resulting

complex correlation coefficients, rounded to two decimal places; the full Hermitian matrices

are used in the SC channel generation:

∣∣RRX,LOS
∣∣
e =



1 0.20 0.99 0.20 0.98 0.20 0.98 0.21

0.20 1 0.20 0.97 0.20 0.95 0.20 0.92

0.99 0.20 1 0.20 0.99 0.20 0.98 0.20

0.20 0.97 0.20 1 0.20 0.97 0.20 0.95

0.98 0.20 0.99 0.20 1 0.20 0.99 0.20

0.20 0.95 0.20 0.97 0.20 1 0.20 0.97

0.98 0.20 0.98 0.20 0.99 0.20 1 0.20

0.20 0.92 0.20 0.95 0.20 0.97 0.20 1



,

∣∣RTX,LOS
∣∣
e =

 1 0.17

0.17 1

 (4.23)
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∣∣RRX,NLOS
∣∣
e =



1 0.26 0.99 0.26 0.99 0.26 0.98 0.26

0.26 1 0.26 0.99 0.26 0.98 0.26 0.97

0.99 0.26 1 0.26 0.99 0.26 0.99 0.26

0.26 0.99 0.26 1 0.26 0.99 0.26 0.98

0.99 0.26 0.99 0.26 1 0.26 0.99 0.26

0.26 0.98 0.26 0.99 0.26 1 0.26 0.99

0.98 0.26 0.99 0.26 0.99 0.26 1 0.26

0.26 0.97 0.26 0.98 0.26 0.99 0.26 1



,

∣∣RTX,NLOS
∣∣
e =

 1 0.24

0.24 1

 (4.24)

As discussed in [146], for i.i.d. Rayleigh fading Channels, the analytical PEP can be

evaluated using (4.25). In this expression, B(a,b) ≜ Γ(a)Γ(b)/Γ(a+ b) represents the

Beta function, while Γ(a) denotes the Gamma function. The term F1 refers to the Appell

hypergeometric function, and the definition is given in (4.26).

Pr(p→ p̂) =

[(
1+ ρΛV

4

)(
1+ ρΛH

4

)]−NR
B
(1

2 ,2NR + 1
2

)
2π

×F1

[
1
2
,NR,NR,2NR +1,

(
1+

ρΛV

4

)−1

,

(
1+

ρΛH

4

)−1
]
. (4.25)

F1 (a,b1,b2,c;z1,z2)≜
∞

∑
d1=0

∞

∑
d2=0

(a)d1+d2(b1)d1(b2)d2zd1
1 zd2

2
(c)d1+d2d1!d2!

≡ Γ(c)
Γ(a)Γ(c−a)

ˆ 1

0
ta−1(1− t)c−a−1(1− z1t)−b1(1− z2t)−b2 dt,

(4.26)
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Fig. 4.2 ABEP performance of the PolarSK scheme for a normalised 1×4 MIMO system
with K = 2 and M = 2 under three channel conditions: a ray-based channel, an i.i.d. Rayleigh
fading channel, and an SC channel.

The integral representation is valid when the real part of c is greater than the real part of a,

the real part of a is positive, and the integration path does not cross the branch cuts associated

with (1− z1t)−b1 and (1− z2t)−b2 .

4.4.2 Simulation Results under Three Channel Conditions

For the RT generated channel, each Tx–Rx position pair is identified as either LOS or

NLOS according to the presence of a direct propagation path. Fig. 4.2 compares the ABEP

performance of the polarised MIMO system obtained from RT generated channels with

that predicted by conventional statistical channel models. For the considered geometry and

normalisation, the LOS and NLOS RT curves differ from the i.i.d. Rayleigh prediction.

The SC model reproduces the estimated second-order covariance but not the deterministic

path phases, material-dependent TE/TM transformations, or higher-order spatial structure

retained by the ray tracer; it therefore yields a different ABEP curve. These comparisons

establish model sensitivity for this scenario rather than a universal ordering of the three
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Fig. 4.3 ABEP performance of the PolarSK scheme for normalised 1×1, 1×2, and 1×4
MIMO systems with K = 2 and M = 2.

channel models. Fig. 4.3 compares 1× 1, 1× 2, and 1× 4 configurations, while Fig. 4.4

compares M = 2, M = 4, and M = 16 for a 1×4 system with K = 2.

The comparison shows why the deterministic path structure should be retained when eval-

uating material-dependent polarisation effects. The present RT model includes LOS/OLOS

transmission and first-order reflection; it does not include diffraction in the Chapter 4 simula-

tions and should not be interpreted as a complete indoor channel benchmark.

As illustrated in Fig. 4.2, Fig. 4.3, and Fig. 4.4, a nonnegligible ABEP floor, also referred

to as an irreducible bit error rate, can be observed in the NLOS RT scenario across various

MIMO configurations and modulation constellations, especially when the SNR exceeds

40dB. Moreover, Fig. 4.3 shows that these ABEP floors remain almost unchanged even

with increasing diversity gain in polarised MIMO systems. Similarly, as seen in Fig. 4.4,

although the use of lower modulation orders slightly alleviates the ABEP floor, a considerable

floor still persists for all constellations, which becomes a critical constraint for high-SNR

transmission.

The different behaviour of the LOS, NLOS RT, i.i.d. Rayleigh, and SC channels is caused

by the degree to which deterministic polarisation and phase relationships are preserved. In the
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Fig. 4.4 ABEP performance of the PolarSK scheme for a normalised 1×4 MIMO system
with K = 2 and modulation orders M ∈ {2,4,16}.

considered LOS case, the channel is dominated by the direct component and does not contain

the same persistent reflected polarisation imbalance that appears in the NLOS case. In the

i.i.d. Rayleigh channel, the multipath components are statistically independent with random

phases, so no fixed deterministic interference structure remains as the SNR increases. The SC

channel captures second-order SC, but it still averages out the deterministic phase-coherent

material interactions that are retained by the RT channel. Consequently, the ABEP floor

observed here is primarily a deterministic channel effect, but it also interacts with the Rx

decision metric and the PolarSK constellation geometry because the effective Euclidean

distances between received polarisation symbols are changed by the channel. The ABEP

evaluation assumes that the Rx has the channel state information required for ML detection;

imperfect channel estimation would be expected to further degrade the practical performance.

To overcome this limitation, the following section develops an optimisation framework

aimed at reducing the ABEP floor by appropriately tuning the material properties and layer

thicknesses of the propagation environment.
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4.5 Reduction of the ABEP Floor in PolarSK Systems

In this section, I formulate a coordinatewise optimisation of the permittivity εs, conductivity

σs, and thickness ds of each wall layer. The relative permeability is fixed at unity. The

objective is to reduce the scenario-averaged high-SNR ABEP metric within the prescribed

material ranges; the result is a grid-dependent local solution rather than a proof of global

optimality.

The ABEP floor reflects the residual error that remains even at high SNRs, which mainly

arises from imperfect symbol decisions in the joint polarisation and phase domain. According

to [176], such bit errors can be grouped into three main cases. The first occurs when the

polarisation state is estimated correctly, but the phase is estimated incorrectly. The second

appears when the phase is estimated correctly, but the polarisation state is mistaken. The

third happens when both quantities are estimated wrongly at the same time.

For a fixed ML channel realisation, detector, and SNR, the conditional PEP decreases

monotonically with ∥H∆x(p, p̂)∥2. The material parameters modify this distance through the

complex TE and TM reflection and transmission coefficients. The proposed search therefore

minimises the spatially averaged ABEP directly by modifying the received-space distances

between competing PolarSK symbols.

4.5.1 Problem Formulation

As illustrated in Fig. 4.2, under the NLOS RT condition with a 1×4 MIMO configuration

and a PolarSK constellation defined by K = 2 and M = 2, the ABEP floor becomes noticeable

once the SNR approaches approximately 35dB. The range from 35 to 50dB is therefore

treated as the high-SNR floor region in this simulation. Reducing the ABEP simultaneously

across this entire SNR range would require repeated ABEP evaluations for many SNR

samples, Rx positions, MIMO configurations, and candidate material combinations. This

would substantially increase the computational burden of the nonconvex search. To obtain

a tractable proxy for the high-SNR floor behaviour, the objective is therefore defined as

the minimisation of the ABEP evaluated at 50dB. This value is used as a representative
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Algorithm 1: Coordinatewise optimisation of the high-SNR PolarSK ABEP metric
Input: N, ι , {A1:N}, {B1:N}, {C1:N}, {κ1:N}, G, I, Pth
Output: ABEPavg(50dB), v̄1, v̄2, . . . , v̄ι

Order the ι variables as follows: the N permittivities of N layers, the N thickness
values of N layers, and the N conductivities of N layers; label them as v1,v2, . . . ,vι ;

For the ith variable, ∀i ∈ {1,2, . . . , ι}, compute the lower bound ℓi = min(·), the

upper bound ui = max(·), and the grid step hi =
max(·)−min(·)

G−1
, and define the

discrete candidate set Si = {ℓi, ℓi +hi, . . . ,ui}, where “·” can be As, Bs or Cs,
∀s = 1,2, . . . ,N;

Initialise v1,v2, . . . ,vι and denote them by v(0)1 ,v(0)2 , . . . ,v(0)ι ; set i= 0;
Generate polarised channel matrices H̃NLOS for NLOS scenarios using the proposed
RT algorithm;

Calculate
(
ABEPavg(50dB)

)(0)
= ABEPavg(50dB)

(
v(0)1 ,v(0)2 , . . . ,v(0)ι

)
using (4.15)

and set the baseline
(
ABEPavg(50dB)

)
baseline =

(
ABEPavg(50dB)

)(0);
while i< I do

i← i+1; i← 0;
while i < ι do

i← i+1;
foreach J ∈ Si do

Compute ABEPavg(50dB)
(
J
)
=

ABEPavg(50dB)
(

v(i)1 , . . . ,v(i)i−1,J ,v
(i−1)
i+1 , . . . ,v(i−1)

ι

)
using (4.15);

end
Let

(
ABEPavg(50dB)

)(i)
min,i = minJ∈Si ABEPavg(50dB)

(
J
)
;

Compute the fractional reduction

P =

(
ABEPavg(50dB)

)
baseline−

(
ABEPavg(50dB)

)(i)
min,i(

ABEPavg(50dB)
)

baseline
;

if P > Pth then
v(i)i = argminJ∈Si ABEPavg(50dB)

(
J
)
;

Update the baseline:
(
ABEPavg(50dB)

)
baseline =

(
ABEPavg(50dB)

)(i)
min,i;

else
v(i)i = v(i−1)

i ;
end

end
end
Return the optimised ABEP at 50dB: ABEPavg(50dB) =

(
ABEPavg(50dB)

)
baseline;

Gather the final values v1,v2, . . . ,vι and denote them by v̄1, v̄2, . . . , v̄ι ;
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high-SNR analysis point and should not be interpreted as a typical practical operating SNR.

The corresponding optimisation problem for an N-layer wall material can be written as

min
εs,σs,ds,

for s=1,2,...,N

ABEPavg(50dB)

s.t. εs ∈ As, for s = 1,2, . . . ,N,

µr,s = 1,

σs ∈ Bs, for s = 1,2, . . . ,N,

ds ∈ Cs, for s = 1,2, . . . ,N,

N

∑
s=1

ds ≥ T ,

1

∑
N
s=1

ds
κs

≤ U ,

(4.27)

whereAs, Bs, and Cs represent the feasible ranges of permittivity, conductivity, and thickness

for the sth layer of the multilayer wall, respectively. The parameter T defines the minimum

total thickness required to maintain mechanical stability, whereas U specifies the maximum

allowable thermal transmittance to guarantee the wall’s insulation performance. The variable

κs denotes the thermal conductivity of the sth layer.

The optimisation problem presented in (4.27) is inherently nonconvex. To address

this challenge, an iterative search procedure is developed, as outlined in Algorithm 1,

which systematically examines feasible combinations of the design variables to minimise

ABEPavg(50dB). In the case of wall structures composed of concrete, brick, and plasterboard,

no unified design standards defining the minimum total thickness or the maximum thermal

transmittance could be found, since such a combination is uncommon in conventional

construction practice. Consequently, the constraints ∑
N
s=1 ds ≥ T and

(
∑

N
s=1

ds
κs

)−1
≤ U

are omitted, and the optimisation problem in (4.27) thus involves 3N independent design

parameters.

Algorithm 1 requires the following input parameters: the number of wall layers N;

feasible value ranges for the permittivity A1:N , conductivity B1:N , and thickness C1:N ; the
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Table 4.2 Optimisation search ranges and algorithm parameters.

Parameter Configuration value Unit

A1 3.542×10−11–6.198×10−11 [173] F/m
A2 3.276×10−11–4.073×10−11 [155, 177, 178] F/m
A3 1.328×10−11–3.984×10−11 [173] F/m
B1 0.0556–0.1668 [173] S/m
B2 0.0308–0.1669 [155, 179] S/m
B3 0.0139–0.0695 [173] S/m
C1 20–65 [180] mm
C2 5–50 [180] mm
C3 12.5–40 [180] mm
ι 9 –
I 10 –
Pth 0 –
G 41 –

total number of optimisation variables ι ≤ 3N; the number of candidate grid points G; the

maximum iteration count I; and the convergence tolerance Pth.

The ι optimisation variables are denoted by v1, . . . ,vι and comprise the permittivity,

thickness, and conductivity of all N layers. For variable vi, the finite candidate set is

Si = {ℓi, ℓi +hi, . . . ,ui}, where hi = (ui− ℓi)/(G−1). A candidate is accepted only when

its fractional ABEP reduction exceeds Pth; otherwise, the previous value is retained. The

procedure performs at most I complete coordinate sweeps.

4.5.2 Iterative Solution Method

The optimisation problem in (4.27) is solved using the coordinatewise iterative search proce-

dure summarised in Algorithm 1. The procedure first evaluates the baseline ABEPavg(50dB)

using the initial material parameters. During each optimisation cycle, one design variable

is selected while the remaining variables are kept fixed. The selected variable is swept

over its feasible discrete candidate set, and the ABEP is recomputed for each candidate

value. If the best candidate produces a reduction larger than the prescribed threshold, the
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variable is updated and the new ABEP becomes the baseline for the next step. Otherwise,

the algorithm proceeds to the next variable or terminates when the maximum number of

iterations is reached. This procedure is computationally simpler than exhaustive joint search

over all material parameters, but it can converge to a local optimum and its result may depend

on the chosen parameter ranges, grid resolution, and initial point.

The optimisation is also subject to practical interpretation limits. Although the parameter

ranges are selected to be physically plausible for construction materials, practical deployment

would require discrete commercially available materials, manufacturability constraints, cost

constraints, fire and building regulations, mechanical strength, thermal insulation, humidity

dependence, aesthetics, and tolerance to manufacturing variation. In addition, the optimum

obtained for one room geometry, Tx location, Rx grid, carrier frequency, and antenna

configuration may not transfer directly to another scenario. A robust design would require

multiscenario optimisation and uncertainty analysis over material permittivity, conductivity,

thickness, surface roughness, and frequency.

4.5.3 Simulation Results

For the non-load-bearing concrete–brick–plasterboard wall, the search ranges are given

in Table 4.2. The initial objective,
(
ABEPavg(50dB)

)(0), uses thicknesses [d1,d2,d3] =

[30,30,30]mm, absolute permittivities [ε1,ε2,ε3] = [4.6395,3.4619,2.4171]× 10−11 F/m,

and conductivities [σ1,σ2,σ3] = [0.1627,0.0308,0.0386]S/m. These values correspond to

the material model defined in Table 3.2.

The results illustrated in Fig. 4.5 show that for normalised 1× 1, 1× 2, and 1× 4

MIMO systems using a PolarSK constellation with K = 2 and M = 2, the ABEP under

NLOS conditions at an SNR of 50dB decreases markedly after 45 optimisation alternations,

corresponding to five full optimisation cycles. Specifically, the ABEP reduces from 4.8007×

10−6 to 1.5849×10−88, from 4.4796×10−6 to 2.9496×10−152, and from 4.0332×10−6

to 2.2251× 10−308 for the 1× 1, 1× 2, and 1× 4 configurations, respectively. These

values correspond to very large reductions in the numerical ABEP metric for the considered

simulation scenario. Because these factors are extremely large, they should be interpreted on
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Fig. 4.5 ABEPavg(50dB) improvement of the PolarSK scheme versus the number of iterations
for normalised 1×1, 1×2, and 1×4 MIMO systems with K = 2 and M = 2 under NLOS
conditions.

a logarithmic scale or as evidence of high sensitivity to deterministic polarisation imbalance,

rather than as universally achievable practical gains.

The optimised parameters corresponding to each configuration are outlined as follows:

• 1×1 MIMO:

– Thicknesses: [27.9,44.4,40]mm

– Permittivities: [5.3345,3.7939,3.4531]×10−11 F/m

– Conductivities: [0.1668,0.1669,0.0695]S/m

• 1×2 MIMO:

– Thicknesses: [27.9,10.6,31.8]mm

– Permittivities: [4.0728,3.515,3.3867]×10−11 F/m

– Conductivities: [0.1668,0.1669,0.0695]S/m

• 1×4 MIMO:

– Thicknesses: [31.3,19.6,31.1]mm

– Permittivities: [4.8697,3.7342,3.9847]×10−11 F/m

– Conductivities: [0.1668,0.1669,0.0695]S/m
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Fig. 4.6 ABEPavg(50dB) improvement of the PolarSK scheme versus the number of iterations
for a normalised 1× 1 MIMO system with K = 2 and M = 2 under NLOS conditions,
evaluated at Rx locations with different heights.

The optimised parameters differ among the MIMO configurations because each configu-

ration weights the receive locations and polarisation subchannels differently in the ABEP

objective. This observation does not by itself imply weak SC; the estimated correlation

matrices in Eqs. (4.23) and (4.24) contain several large-magnitude entries.

Fig. 4.6 evaluates the normalised 1×1 system at Rx heights of 0.500, 0.503, 0.506, and

0.509m. After 45 coordinate updates, ABEPavg(50dB) decreases from 4.8007× 10−6 to

1.5849× 10−88, from 4.8326× 10−6 to 1.8583× 10−80, from 4.7270× 10−6 to 5.2634×

10−63, and from 4.7230×10−6 to 1.4294×10−75, respectively. These are numerical union

bound values for the stated deterministic model and should be interpreted on a logarithmic

scale. The corresponding local solutions are:

• Rx height H = 0.5m:

– Thicknesses: [27.9,44.4,40]mm

– Permittivities: [5.3345,3.7939,3.4531]×10−11 F/m

– Conductivities: [0.1668,0.1669,0.0695]S/m
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• Rx height H = 0.503m:

– Thicknesses: [21.1,10.6,40]mm

– Permittivities: [4.6041,3.3557,3.2538]×10−11 F/m

– Conductivities: [0.0890,0.1669,0.0695]S/m

• Rx height H = 0.506m:

– Thicknesses: [20,11.7,37.9]mm

– Permittivities: [4.4713,3.8935,3.9843]×10−11 F/m

– Conductivities: [0.1668,0.0723,0.0695]S/m

• Rx height H = 0.509m:

– Thicknesses: [47,27.5,26.2]mm

– Permittivities: [3.5416,3.6744,1.3281]×10−11 F/m

– Conductivities: [0.1668,0.1669,0.0292]S/m

The different local solutions show that millimetre-scale Rx displacement changes the

coherent path phases and hence the high-SNR objective. The sensitivity also reflects the

finite parameter grid and the nonconvex coordinate search; it is not evidence of weak NLOS

SC.

Fig. 4.7 illustrates the ABEP performance of the PolarSK scheme for normalised 1×1,

1×2, and 1×4 MIMO systems with K = 2 and modulation orders M = 2, M = 4, and M = 16,

respectively, under NLOS conditions using both optimised and unoptimised multilayer

wall materials. Across the SNR range from 0 to 50dB, the observed ABEP floors are

suppressed below the plotted numerical range when the optimised walls are employed for

the considered MIMO configurations and constellation orders. These findings highlight the

potential effectiveness of wall material optimisation in mitigating ABEP floors and enhancing

system reliability in high-SNR indoor environments, while the practical realisability of the

optimised wall parameters requires further material selection and experimental validation.
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Fig. 4.7 ABEP performance under optimised and baseline wall parameters for normalised
1×1, 1×2, and 1×4 MIMO systems with K = 2 and M ∈ {2,4,16}.

4.5.4 Physical Interpretation of Simulation Results

This section provides a physical explanation of the preceding results, relating them to

underlying theoretical concepts and to their practical realisation in antenna configurations.

For the ideal crossed dipole model, the vertical and horizontal branches are identical

orthogonal infinitesimal dipoles. When each branch is driven by the same current amplitude

and observed in its corresponding co-polarised basis, symmetry gives equal radiated power.

The complex power through a spherical surface St for branch Y ∈ {V,H} is written as [181]

Pt,Y =

‹
St

Wt,Y · n̂s dS =
377π

3

∣∣∣∣I0l
λ

∣∣∣∣2[1− j
(k0r)3

]
, (4.28)

where Wt,Y = 1
2Et,Y×H∗t,Y is the complex Poynting vector, n̂s is the outward unit normal, r

is the sphere radius, I0 is the branch current amplitude, l is the dipole length, and k0 = 2π/λ .

Hence, the transmitted vertical-to-horizontal power ratio is ϒt =
∣∣Pt,V/Pt,H

∣∣= 1 under the

equal excitation ideal dipole assumption.



4.5 Reduction of the ABEP Floor in PolarSK Systems 125

Fig. 4.8 Mean and maximum absolute logarithmic power ratio deviations for normalised
1×1, 1×2, and 1×4 MIMO systems under optimised and baseline wall parameters.

The received ratio is ϒr =
∥∥h̃V

∥∥2
2 /
∥∥h̃H

∥∥2
2. Its departure from ϒt is summarised by the

mean absolute deviation (MAD) in the logarithmic domain

MADln =
1

XY Z

X

∑
a=1

Y

∑
b=1

Z

∑
c=1
|Dln (xa,yb,zc)|, (4.29)

where Dln (xa,yb,zc) can be expressed as

Dln (xa,yb,zc) = ln(ϒr (xa,yb,zc))− ln(ϒt (xa,yb,zc))

= ln(ϒr (xa,yb,zc)) , (4.30)

where the second equality uses ϒt = 1. The notation MADln is specific to this mean absolute

logarithmic metric and does not denote the conventional median absolute deviation.

Figs. 4.8 and 4.9 show that optimisation reduces max |Dln| from 16.815 to 11.288, from

16.820 to 9.749, and from 16.507 to 10.227 for the normalised 1×1, 1×2, and 1×4 systems,

respectively. By contrast, MADln increases slightly. The optimisation therefore contracts the

extreme upper tail without reducing the average absolute deviation. The empirical CDFs in

Fig. 4.9 support this interpretation; they should not be described as convergence to a mean
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Fig. 4.9 Empirical cumulative distribution functions (CDFs) of |Dln| for normalised 1×1,
1×2, and 1×4 MIMO systems under optimised and baseline wall parameters.
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Fig. 4.10 ABEP performance of the PolarSK scheme for normalised 1×1 MIMO systems
with K = 2 and M = 2 at 50dB SNR under unoptimised building material conditions.

because a CDF characterises the complete distribution. Three mechanisms contribute to the

large baseline outliers.
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Fig. 4.11 Variation of the electric-field vector orientation upon reflection of a plane wave at
different incidence angles.

1) Power imbalance of the two polarisation components in the dominant emitted rays: In

the area illustrated in Fig. 4.10, Regions 5 and 6 exhibit pronounced disparities in power ratio,

primarily due to the strong dominance of the LOS component and the negligible contribution

from first-order reflections. This behaviour originates from the spatial relationship between

the Tx and Rx positions together with the Tx radiation pattern, which results in a remarkably

weak horizontally polarised electric field relative to the GCS. This effect can be clearly

observed in Fig. 3.6a, Fig. 3.7a, Fig. 3.6b, and Fig. 3.7b.
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2) Small-scale fading: In the region depicted in Fig. 4.10, the pronounced power ratio

imbalance observed in Regions 1 and 2 is attributed to small-scale fading. The multipath

interference produces standing-wave patterns in which one of the polarisation components

may vanish in certain spatial locations, leading to strong polarisation asymmetry. This

phenomenon is illustrated in Fig. 3.8a and Fig. 3.8b.

3) Brewster-like reflection minimum: In Regions 3–5 of Fig. 4.10, a dominant reflected

path approaches a minimum of the TM reflection magnitude while the LOS horizontal

component is weak. For a single lossless interface between isotropic nonmagnetic dielectrics,

the exact Brewster condition satisfies ϑi +ϑt = π/2 and the TM reflection coefficient is

zero. As illustrated in Fig. 4.11. A lossy finite multilayer wall generally exhibits a nonzero

Brewster-like minimum whose angle and depth depend on the complete stack. The resulting

suppression of one received polarisation branch reduces the channel-transformed distance

between selected PolarSK symbols and increases their PEP; it does not remove the detector

decision region mathematically.

These severe imbalances, or the near absence of one polarisation component resulting

from the above mechanisms, lead to incorrect estimation of the symbol carried by the weaker

polarisation branch. Consequently, ABEP floors appear in NLOS scenarios where such

effects become particularly pronounced.

4.6 Discussion

Furthermore, to provide a sanity check from a theoretical perspective, two representative

channel configurations are introduced to show that the ABEP metric can change by extremely

large factors when one channel configuration preserves polarisation separability while another

produces severe polarisation imbalance. This analysis supports the physical plausibility of

strong ABEP sensitivity to deterministic channel structure. However, it should not be read

as a claim that improvements of a fixed order of magnitude are guaranteed in practical

buildings, since real performance depends on material availability, construction tolerances,

room geometry, antenna design, and measurement uncertainty.
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Fig. 4.12 Uniform plane-wave propagation.

The physical mechanisms behind this result are illustrated through one representative ex-

ample: the standing wave in small-scale fading, which assists in completing the mathematical

proof.

1. Mathematical proof.

• Standing Waves :

A one-dimensional standing wave provides a tractable illustration of the field ex-

trema produced by coherent interference. Consider a time-harmonic, x-polarised

plane wave and its reflection in lossless air, using the same e jωt convention as the

ray tracer. With βair = 2π/λ , the forward and reflected phasors are

E+(y) = âxE+
0 e− jβairy, (4.31)

E−(y) = âxE−0 e+ jβairy. (4.32)
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Fig. 4.13 Standing-wave patterns as functions of spatial distance for a uniform plane wave
under different reflection coefficient values.

Here, E+
0 and E−0 are complex amplitudes referenced to y= 0. Their superposition

is

E(y) = âx

(
E+

0 e− jβairy +E−0 e+ jβairy
)
. (4.33)

Define the complex reflection coefficient at y = 0 by R = E−0 /E+
0 = |R|e j∠R.

Factoring the forward wave from Eq. (4.33) gives

Ex(y) = E+
0 e− jβairy

[
1+Re j2βairy

]
. (4.34)

Its magnitude is therefore

|Ex(y)|= |E+
0 |
√

1+ |R|2 +2|R|cos(2βairy+∠R). (4.35)
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Accordingly, the maximum and minimum values are, respectively, expressed as

|Ex(y)|max = |E+
0 |+ |E

−
0 |= |E

+
0 |+ |RE+

0 |,

when βairy = mπ− ∠R
2

, m ∈ Z, (4.36)

and

|Ex(y)|min =
∣∣|E+

0 |− |E
−
0 |
∣∣= ∣∣|E+

0 |− |RE+
0 |
∣∣,

when βairy =
(2m+1)π−∠R

2
, m ∈ Z. (4.37)

Fig. 4.13 evaluates the illustrative zero phase case, ∠R = 0, as a function of y

over −λ ≤ y ≤ λ for |R| ∈ {0,0.2,0.4,0.6,0.8,1}. A nonzero reflection phase

translates the extrema but does not change their magnitudes.

By examining the union bound expression used in this chapter, which can be

expressed as:

ABEP ⩽
1

K log2 (M2K) ∑
q̂V={1,2:2:M}

∑
q̂H={1,2:2:M}

×
K

∑
k=1

K

∑
k̂=1

N
[
(k,1,1)→

(
k̂, q̂V, q̂H

)]
×Pr

[
(k,1,1)→

(
k̂, q̂V, q̂H

)]
, (4.38)

The prefactor, finite summations, and Hamming distance terms in the first two

lines are fully determined once the signal constellation is specified. The remaining

PEP term, Pr
[
(k,1,1)→

(
k̂, q̂V, q̂H

)]
, varies with the channel response. For a



132
Performance Analysis and Optimisation of Indoor Polarisation Modulation via

Polarisation-Aware RT

normalised 1×1 MIMO system, Pr
[
(k,1,1)→ (k̂, q̂V, q̂H)

]
can be expressed as

Pr
[
(k,1,1)→

(
k̂, q̂V, q̂H

)]
=Q

(√
ρ

2

∥∥H̃∆x(p, p̂)
∥∥2

2

)

=
1
π

ˆ π

2

0
e

−
(√

ρ

2 ∥H̃∆x(p,p̂)∥2
2

)2

2sin2 ψ
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dψ

=
1
π

ˆ π

2

0
e


−
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√√√√√√√√√√√
ρ

2

∥∥∥∥∥∥∥∥∥∥∥
H̃


cosεke

(
j 2πqV

M

)
− cosεk̂e

(
j 2π q̂V

M

)

sinεke
(

j 2πqH
M

)
− sinεk̂e

(
j 2π q̂H

M

)

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2

F
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2

2sin2 ψ


dψ

, (4.39)

where the normalised channel in 1×1 MIMO configuration H̃ can be expressed

as

H̃NR=1 =

[
h̃V h̃H

]
=

h̃VV h̃VH

h̃HV h̃HH

 . (4.40)

It can be observed from Fig. 4.13 that the amplitude of the standing-wave wave-

form contains fixed maxima and minima in space, and both their magnitudes and

spatial positions depend on the reflection coefficient. Under three-dimensional

propagation conditions, both the vertical and horizontal polarisation compo-

nents of the superposed electric fields in free space may exhibit standing-wave

characteristics due to the presence of reflection and interference effects.
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For analytical convenience, two simplified channel conditions are considered:

(A) an ideal normalised polarisation-orthogonal channel, represented by

H̃NR=1
|R|=0 =

√
2HNR=1
|R|=0∥∥∥HNR=1

|R|=0

∥∥∥
F

=

√
2√
2

1 0

0 1

=

1 0

0 1

 (4.41)

where no cross-polarisation coupling occurs and both polarisation components

are fully preserved; and (B) a channel in which one polarisation component h̃HH

experiences standing-wave effects while the other polarisation component h̃VV is

transmitted without distortion, represented by

H̃NR=1∣∣∣Rh̃HH

∣∣∣=1
=

√
2HNR=1∣∣∣Rh̃HH

∣∣∣=1∥∥∥∥∥HNR=1∣∣∣Rh̃HH

∣∣∣=1

∥∥∥∥∥
F

=

√
2√

1+ |Ex(y)|2

1 0

0 Ex(y)

 (4.42)

where no cross-polarisation coupling occurs, while the propagation characteristics

of the two orthogonal polarisation components remain asymmetric. Similarly, for

a 1×2 MIMO system,

H̃NR=2
|R|=0 =

 1 0 1 0

0 1 0 1


T

(4.43)

and

H̃NR=2∣∣∣Rh̃HH

∣∣∣=1
=

√
2√

1+ |Ex(y)|2

 1 0 1 0

0 Ex(y) 0 Ex(y)


T

. (4.44)

For a 1×4 MIMO system,

H̃NR=4
|R|=0 =

 1 0 1 0 1 0 1 0

0 1 0 1 0 1 0 1


T

(4.45)
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and

H̃NR=4∣∣∣Rh̃HH

∣∣∣=1
=

√
2√

1+ |Ex(y)|2

 1 0 1 0 1 0 1 0

0 Ex(y) 0 Ex(y) 0 Ex(y) 0 Ex(y)


T

.

(4.46)

In Channel A, the channel matrix H̃ is spatially invariant, whereas in Channel B

it becomes a periodic function of the spatial coordinate y, i.e., H̃(y). As a result,

the spatially averaged ABEP can be carried out using (4.39) for Channel A. By

contrast, for Channel B the spatially averaged PEP requires an explicit averaging

over the spatial dimension and is therefore reformulated as follows:
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(4.47)

where L = 0.03m. The simulated spatially averaged ABEP results of Channel A

and Channel B under different MIMO configurations are illustrated in Fig. 4.14

and Fig. 4.15, respectively (Figs. 4.14 and 4.15 present the same ABEP results

using different vertical-axis ranges. Fig. 4.14 uses a restricted ABEP range to
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Fig. 4.14 The ABEP performance of the PolarSK scheme for normalised 1×1, 1×2, and
1×4 MIMO systems with K = 2 and M = 2, under Channel A and Channel B, respectively.

facilitate comparison in the practically relevant region, whereas Fig. 4.15 uses

an extended dynamic range to reveal the complete high-SNR behaviour and the

large difference between Channels A and B.). These simplified results show

that Channel A can yield a substantially lower ABEP than Channel B, because

the symmetric channel preserves both polarisation branches whereas Channel B

introduces a severe horizontal branch standing-wave distortion. The comparison

is intended as a sanity check on the physical mechanism rather than as a universal

quantitative gain.

Channel B deliberately applies the standing-wave factor only to the horizontal

co-polarised coefficient. In a room, both polarisation components can contain

coherent multipath extrema, but their combined effect on ABEP is not necessarily

monotonic because it depends on their relative amplitudes and phases. Likewise,

a lossy multilayer wall can exhibit Brewster-like minima in its TM reflection

magnitude rather than a universal zero at one interface angle. If a dominant-path

approaches such a minimum, the resulting branch imbalance can reduce selected

received symbol distances and increase the associated PEP.
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Fig. 4.15 The ABEP performance of the PolarSK scheme for normalised 1×1, 1×2, and
1×4 MIMO systems with K = 2 and M = 2, under Channel A and Channel B, respectively.

For realistic indoor channels, a complete closed-form proof remains open; nev-

ertheless, the above heuristic argument supports the physical plausibility of the

simulation results presented in this chapter.

4.7 Summary

In this chapter, the physically grounded RT algorithm introduced in the previous chapter

is employed here for the prediction and evaluation of indoor polarised wireless channels.

Through extensive simulation studies, the emergence of ABEP floors is observed across

various MIMO configurations and signal constellations under NLOS conditions, especially

when the surrounding walls are composed of materials that are unfavourable for wireless

propagation. To mitigate this problem, an optimisation framework is introduced to reduce

the ABEP floor of PolarSK by jointly adjusting the permittivity, conductivity, and thickness

of each layer within a multilayer wall structure. Numerical evaluations confirm that the

proposed optimisation effectively lowers the ABEP of PolarSK in NLOS environments at an

SNR of 50dB for the considered room geometry, Rx grid, antenna model, and material search
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ranges. The very large numerical reductions should be interpreted on a logarithmic scale and

as scenario-specific evidence that deterministic material-induced polarisation imbalance can

dominate the high-SNR performance of PolarSK. These findings demonstrate the promise of

EM material optimisation in the architectural design of indoor environments, while practical

deployment requires further constraints on available materials, construction feasibility, safety

regulations, cost, frequency selectivity, and robustness to manufacturing tolerances.





Chapter 5

Physically Consistent RIS

Macromodelling for Indoor Wireless

Channel Prediction via RT

Overview
This chapter develops a self-consistent EM framework for modelling RISs in realistic indoor

multipath environments and uses it to directly synthesise RIS phase distributions under mul-

tipath illumination. The approach couples deterministic RT with a circuit-based macromodel

so that site-specific illumination, finite-aperture effects, and nonideal unit-cell responses

are treated within a unified formulation. To preserve physical consistency, the scattered

field is decomposed into coherent Floquet–Bloch channels and constrained by impedance

boundary conditions together with passivity consistent modal power balance. By combining

PO and diffraction grating theory, I derive incidence-aware closed-form expressions for

modal reflection coefficients under arbitrary multipath excitation, while explicitly retaining

multimode reradiation and parasitic/specular components. The resulting framework provides

an analytically tractable and computationally efficient basis for direct multipath-aware phase

synthesis and reliable prediction of RIS-assisted channel shaping in nonideal deployments.
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5.1 Introduction

Indoor wireless networks for 5G/6G are expected to deliver high throughput, low latency, and

reliable quality of service. In realistic site-specific environments, however, blockage, rich

multipath, and irregular geometry can severely deteriorate coverage and link stability [182].

Conventional optimisation at the Tx and Rx alone cannot directly control these propagation

impairments. RISs therefore attract substantial interest as a means to transform passive

environments into programmable smart radio spaces [18, 183–185].

As RIS technology moves from conceptual demonstrations to deployment-oriented

studies, the key bottleneck is no longer the qualitative demonstration of wavefront control, but

the availability of models that are simultaneously rigorous from an EM perspective, channel-

aware, and computationally tractable. On one hand, communication-level abstractions

based on diagonal phase-shift matrices are attractive for optimisation but can hide important

physical effects [19, 20, 186]. On the other hand, full-wave microscopic simulations can

capture coupling and nonideal scattering with high fidelity, but they are often too expensive

for repeated use in link-level and system-level design loops [21, 187].

Recent EM studies have clarified several essential mechanisms that any practical RIS

model should preserve. The general macroscopic framework in [16] shows that RIS scattering

should be decomposed into multiple coherent contributions, where desired anomalous reradi-

ation coexists with specular, parasitic, and diffuse components, and where power balance

across modes is fundamental for physical consistency. Consistent with this requirement, the

impedance matrix formulation in [72] highlights that matching normal Poynting fluxes is the

key feasibility condition for passive wavefront transformations. The angular response and

far-field analysis in [15] further demonstrates that local reflection coefficient approximations

are insufficient in many practical conditions, especially when periodicity-induced multibeam

scattering and off-design illumination are present. In parallel, the Floquet–Bloch analysis

in [188] provides rigorous closed-form modal insight for periodic reactive metasurfaces

under arbitrary incident plane waves, highlighting why mode competition and dependence on

incidence angle must be explicitly characterised rather than implicitly absorbed into idealised

coefficients.
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Despite these advances, an important gap remains when one attempts to translate these

insights into deterministic indoor channel engineering. Existing models are often specialised

to a single plane-wave excitation, to infinite or locally periodic assumptions, or to specific

canonical configurations, whereas practical indoor deployments involve finite-size panels

excited by superpositions of waves arriving from many directions with different amplitudes,

phases, and polarisations. In addition, propagation engineering workflows require models that

can be embedded into ray-based simulation pipelines and repeatedly queried during design

space exploration, which imposes a strict efficiency requirement not met by brute-force

full-wave solvers.

These observations make this chapter necessary for three reasons. First, without a

self-consistent treatment of multimode reradiation under multipath incidence, the predicted

channel-shaping capability of RIS-assisted links can be systematically biased. Second,

without explicit modal characterisation that depends on incidence angle, it is difficult to

explain and predict the performance degradation observed away from design illumination

conditions. Third, without a computationally efficient macromodel, RIS optimisation subject

to meaningful EM constraints remains hard to scale in realistic site-specific scenarios.

Motivated by the above, this chapter develops a macroscopic self-consistent EM frame-

work for nonideal finite-size RISs under arbitrary multipath excitation. The proposed for-

mulation combines PO and diffraction grating theory with incidence-aware Floquet–Bloch

modal analysis, so that key wave physics mechanisms are preserved while retaining the

efficiency required for integration into ray-based propagation simulators and iterative com-

munication design loops. Compared with ideal single-reflection abstractions, the model

explicitly retains multimode and parasitic behaviours; compared with purely microscopic

solvers, it offers an analytically structured and computationally lightweight representation

tailored for channel-oriented studies.

Within this context, this chapter makes four major contributions. I first formulate a unified

scattering model in which the incident field is represented as a superposition of plane-wave

components with arbitrary incidence angles, amplitudes, phases, and polarisations, enabling

direct treatment of rich multipath excitation. I then derive closed-form Floquet–Bloch



142 Physically Consistent RIS Macromodelling via RT

modal reflection coefficients as explicit functions of incidence angle, extending analytical

characterisation beyond normal incidence design conditions and linking my derivation to

established metasurface synthesis principles [73, 188, 189]. I further incorporate multimode

reradiation, parasitic scattering, and finite-aperture effects into a computationally efficient

macromodel suitable for channel-level evaluation in deterministic environments. Finally, I

assess the framework against CST Studio Suite (CST) full-wave unit-cell simulations and

indoor measurements with a 3.5 GHz varactor-tuned prototype. These two comparisons test

different parts of the modelling chain and are therefore reported separately.

Overall, the proposed method narrows the gap between idealized RIS abstractions

and site-specific propagation engineering by linking realistic EM scattering behaviour to

communication-oriented evaluation. It therefore provides not only a modelling tool, but

also a physically interpretable basis for understanding when, why, and how RIS-enabled

channel shaping departs from ideal anomalous-reflection assumptions in realistic multipath

conditions.

The remainder of this chapter is organised as follows. The next section presents the

plane-wave expansion framework under multipath incidence. The following section in-

troduces the multiport unit-cell model and its EM formulation. The subsequent sections

discuss representative numerical results and practical implications, and the derivations and

evaluations are then used to support the chapter summary.

The notation of Chapter 5 is summarised in Table 5.1.

Table 5.1 Notation of Chapter 5

Notation Definition

r Position vector at which an electromagnetic field is evaluated.

Ωi = (θi,φi) Angular direction of an incident plane wave represented by its zenith and

azimuth angles.

θ
(n)
i Zenith angle of incident path n.

Continued on next page
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Table 5.1: Notation of Chapter 5 (Continued)

Notation Definition

φ
(n)
i Azimuth angle of incident path n.

n Index of an incident RT path represented as a plane-wave component.

N Number of incident RT paths.

ki,n Wave vector of incident path n.

Ei,n Complex electric-field vector of incident path n.

∥ · ∥F Frobenius norm.

â
φ
(n)
i

Azimuthal unit vector of incident path n.

â
θ
(n)
i

Zenithal unit vector of incident path n.

ψn Polarisation orientation angle of incident path n.

k Wavenumber magnitude of an incident plane wave.

Hi,n Complex magnetic-field vector of incident path n.

j Imaginary unit satisfying j2 =−1.

ω Angular frequency.

f Frequency.

λ Free-space wavelength.

xr Local x-coordinate of a field evaluation point.

yr Local y-coordinate of a field evaluation point.

zr Local z-coordinate of a field evaluation point.

âx Cartesian unit vector along the local x-axis.

ây Cartesian unit vector along the local y-axis.

âz Cartesian unit vector normal to the RIS plane.

ETE
i,n TE-polarised incident electric field of path n.

Continued on next page
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Table 5.1: Notation of Chapter 5 (Continued)

Notation Definition

âTE
i,n TE polarisation unit vector of incident path n.

âTM
i,n TM polarisation unit vector of incident path n.

k̂i,n Propagation unit vector of incident path n.

ln Propagation length of incident path n.

HTM
i,n TM-polarised incident magnetic field of path n.

η0 Intrinsic wave impedance of free space.

Et,i Total tangential incident electric field on the RIS.

Ht,i Total tangential incident magnetic field on the RIS.

rt Position vector of a source point on the RIS.

ETE
t,i,n Tangential TE incident electric field of path n on the RIS.

ETM
t,i,n Tangential TM incident electric field of path n on the RIS.

HTE
t,i,n Tangential TE incident magnetic field of path n on the RIS.

HTM
t,i,n Tangential TM incident magnetic field of path n on the RIS.

Js Equivalent electric surface current density on the RIS.

Ms Equivalent magnetic surface current density on the RIS.

n̂ Unit normal to the RIS surface.

Γn Local reflection coefficient applied to incident path n.

p Floquet diffraction-order index along the first lattice axis.

q Floquet diffraction-order index along the second lattice axis.

Γn,pq Complex reflection coefficient of Floquet order (p,q) excited by incident

path n.

∆n,pq Phase of Floquet order (p,q) excited by incident path n.

Continued on next page
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Table 5.1: Notation of Chapter 5 (Continued)

Notation Definition

VF Voltage vector at the external Floquet ports.

VC Voltage vector at the internal circuit ports.

IF Current vector at the external Floquet ports.

IC Current vector at the internal circuit ports.

ZFF External Floquet-port-impedance block.

ZFC Floquet-to-circuit coupling impedance block.

ZCF Circuit-to-Floquet coupling impedance block.

ZCC Internal circuit-port-impedance block.

ZLC Load impedance connected to an internal circuit port.

ZLC Diagonal matrix of internal circuit-port load impedances.

ZF
IN Loaded input impedance matrix observed from the external Floquet ports.

Γ Reflection coefficient matrix of the loaded unit cell.

C Varactor capacitance.

Cm Varactor capacitance of tuning state m.

m Varactor tuning-state index.

M Number of available varactor capacitance states.

σ Polarisation label selected from {TE,TM}.

Z0,σ Reference wave impedance for polarisation σ .

n⋆ Index of the incident path selected for the single-path RIS design.

k0 Free-space wavenumber.

Φ(x,y) RIS phase profile at local coordinates (x,y).

ΦSP RIS phase profile produced by the single-path design.

Continued on next page
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Table 5.1: Notation of Chapter 5 (Continued)

Notation Definition

k(n)
r,pq Wave vector of reflected Floquet order (p,q) generated by incident path n.

k(n)x,r,pq Local x-component of k(n)
r,pq.

k(n)y,r,pq Local y-component of k(n)
r,pq.

k(n)z,r,pq Local z-component of k(n)
r,pq.

ΦMP RIS phase profile produced by the multipath-aware design.

U (+) Integrated target-polarised-field contribution independent of the control-

lable RIS coefficient.

χ⋆ Common phase that aligns the controllable RIS contribution with the un-

controllable target field.

τU Numerical tolerance for selecting the common phase from the uncontrol-

lable target field.

τF Numerical tolerance for identifying an undefined local controllable-field

phase.

CΓ Calibrated codebook of passive complex reflection coefficients.

CC Finite set of admissible passive unit-cell load states.

Nc Number of independently controlled RIS cells.

Cg Hardware load state assigned to RIS cell g.

C Vector of hardware load states assigned to all RIS cells.

J(C) Target-polarised received-power objective of the complete multipath macro-

model.

τJ Relative objective-improvement tolerance for terminating coordinate de-

scent.

Continued on next page
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Table 5.1: Notation of Chapter 5 (Continued)

Notation Definition

Ωref Reference incidence used to visualise the implemented RIS phase map.

∆x Sampling interval along the local x-axis.

∆y Sampling interval along the local y-axis.

Nx Number of RIS samples along the local x-axis.

Ny Number of RIS samples along the local y-axis.

Dx Sampled RIS aperture dimension along the local x-axis.

Dy Sampled RIS aperture dimension along the local y-axis.

kx, j Local x-directed transverse wavenumber of spectral component j.

ky, j Local y-directed transverse wavenumber of spectral component j.

w j Weight assigned to spectral component j.

Gx Estimated reciprocal-lattice spacing along the local x-axis.

Gy Estimated reciprocal-lattice spacing along the local y-axis.

εx Weighted reciprocal-lattice fitting residual along the local x-axis.

εy Weighted reciprocal-lattice fitting residual along the local y-axis.

δkx Finite-aperture spectral resolution along the local x-axis.

δky Finite-aperture spectral resolution along the local y-axis.

ctol Tolerance factor used in the effective-periodicity test.

Ji,n Electric incident-current template generated by path n on the RIS.

Mi,n Magnetic incident-current template generated by path n on the RIS.

JSP
s Equivalent electric surface current produced by the single-path profile.

MSP
s Equivalent magnetic surface current produced by the single-path profile.

JMP
s Equivalent electric surface current produced by the multipath-aware profile.

Continued on next page
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Table 5.1: Notation of Chapter 5 (Continued)

Notation Definition

MMP
s Equivalent magnetic surface current produced by the multipath-aware pro-

file.

a Power-normalised vector of incident RIS port or modal amplitudes.

b Power-normalised vector of reradiated RIS port or modal amplitudes.

ΘD Diagonal control operator of a locally controlled RIS.

ΘBD Full control operator of a beyond-diagonal RIS.

G Graph of the physically implemented beyond-diagonal interconnection

topology.

ABD(G) Feasible beyond-diagonal network set associated with graph G.

Ei Complex incident electric-field amplitude in the canonical nonlocal-

reflection analysis.

Er Complex desired reflected electric-field amplitude in the canonical nonlocal-

reflection analysis.

θi Incidence angle in the canonical nonlocal-reflection analysis.

θr Desired anomalous-reflection angle in the canonical nonlocal-reflection

analysis.

Φr(x) Spatial phase difference between the incident and desired reflected waves.

Pn(x) Normal time-average power density entering the RIS at surface coordinate

x.

v0 Coherent open-circuit excitation vector generated by all incident paths.

v0,n Open-circuit excitation vector generated by incident path n.

ZEM EM self- and mutual-impedance matrix of the unloaded RIS.

Continued on next page
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Table 5.1: Notation of Chapter 5 (Continued)

Notation Definition

ZL(ξ ) Tunable load-network impedance matrix of the beyond-diagonal RIS.

ξ Vector of physically adjustable beyond-diagonal network parameters.

v Voltage vector at the controlled ports of the coupled RIS network.

i Current vector induced at the controlled ports of the coupled RIS network.

G(r) Transfer matrix from coupled RIS port currents to the electric field at r.

E f (r) Electric-field contribution independent of the tunable RIS loads.

G∞(θ ,φ) Far-field limit of the RIS port-current transfer matrix.

F(θ ,φ) Vector far-field radiation pattern of the complete RIS-assisted system.

F f (θ ,φ) Far-field contribution independent of the tunable RIS loads.

Ptar Target-polarised far-field power-pattern metric.

rtar Target receiver or observation position.

ABD Feasible set of physically realisable beyond-diagonal networks.

φ
(i)
g Phase of the optimised current at controlled port g.

A(ξ ) Coupled network matrix defined by ZL(ξ )−ZEM.

ξk Continuous control parameter k of the beyond-diagonal network.

qtar Complex target-polarised field used in the beyond-diagonal objective.

(·)H Hermitian-transpose operator.

(·)∗ Complex conjugation operator.

ℜ{·} Real-part operator.

hi Coherent multipath excitation vector in the abstract RIS channel model.

hr Coupling vector from the RIS modes to the target.

y Complex target field in the abstract RIS channel model.

Continued on next page
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Table 5.1: Notation of Chapter 5 (Continued)

Notation Definition

Ptx Transmit power used in the RT evaluation.

θd Desired reradiation zenith angle in the CST three-path benchmark.

φd Desired reradiation azimuth angle in the CST three-path benchmark.

E0,n Normalised electric-field amplitude of incident path n in the CST three-path

benchmark.

ϕ0,n Reference phase of incident path n at the local RIS origin in the CST

benchmark.

αg,n Grazing angle of incident path n measured from the RIS plane.

Eθ (θd,φd) Complex θ -polarised-field component in the prescribed CST target direc-

tion.

Eφ (θd,φd) Complex φ -polarised-field component in the prescribed CST target direc-

tion.

ρθ Fraction of target-direction electric-field power in the θ -polarised compo-

nent.

5.2 Plane-Wave Expansion of EM Waves Reflected by RIS

under Multipath Incidence

In deterministic scenarios within infinite or semi-infinite spaces, the total incident electric

field Ei (r) at a given point can be represented as a superposition of a discrete angular

spectrum of incident plane waves, each contributing to the field according to ray-based
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models.
Ei (r) =

¨
Ωi

Ei(Ωi)e(− jki(Ωi)·r) dΩi

=

ˆ 2π

0

ˆ
π

π

2

Ei(θi,φi)e(− jki(θi,φi)·r) sinθi dθi dφi

=
N

∑
n=1

Ei

(
θ
(n)
i ,φ

(n)
i

)
e
(
− jki

(
θ
(n)
i ,φ

(n)
i

)
·r
)
.

(5.1)

The incident electric-field component vector associated with the nth plane-wave component

is written as

Ei,n =−∥Ei,n∥F

(
â

φ
(n)
i

cosψn + â
θ
(n)
i

sinψn

)
. (5.2)

Here, ψn ∈ [0,π) denotes the polarisation orientation angle in the transverse plane of the

nth incident wave. The vectors â
φ
(n)
i

and â
θ
(n)
i

are orthogonal unit vectors spanning the

plane perpendicular to the incident wave vector ki

(
θ
(n)
i ,φ

(n)
i

)
, whose magnitude is k under

the quasimonochromatic approximation. They form an orthonormal basis of the standard

spherical coordinate system, and the angle ψn is measured in that transverse plane relative to

−â
φ
(n)
i

. The angular region of interest is restricted to the lower hemisphere,

Ωi =
{
(θi,φi)

∣∣∣ θi ∈
[

π

2
,π
]
, φi ∈ [0,2π]

}
. (5.3)

Each plane-wave component, defined by the triplet (Ei,n,Hi,n,ki,n), propagates towards

and interacts with a planar impedance boundary according to the classical determinis-

tic plane-wave relations, where Ei,n ≜ Ei

(
θ
(n)
i ,φ

(n)
i

)
, Hi,n ≜ Hi

(
θ
(n)
i ,φ

(n)
i

)
, and ki,n ≜

ki

(
θ
(n)
i ,φ

(n)
i

)
. In particular, consider the TE component, which corresponds to a wave

that is obliquely incident upon the boundary at an azimuth φ
(n)
i and a zenith angle θ

(n)
i , as

illustrated in Fig. 5.1. Throughout this section, all fields are represented in the frequency

domain under the e jωt convention, and explicit time-domain factors are omitted. For an

arbitrary incident wavevector ki,n, at position (xr,yr,zr) with r = âxxr + âyyr + âzzr, the

incident electric field is

ETE
i,n =−âTE

i,n ∥Ei,n∥F cosψne(− jki,n·r). (5.4)
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where âTE
i,n is the unit vector of TE-polarised component of the incident electric field Ei,n, âTE

i,n

can be calculated by

âTE
i,n =

âz× k̂i,n∥∥âz× k̂i,n
∥∥

F

= â
φ
(n)
i
. (5.5)

where k̂i,n =
ki,n
k is the unit vector of incident wave,

â
φ
(n)
i

=−âx sinφ
(n)
i + ây cosφ

(n)
i . (5.6)

Finally, using the unit vector and wavevector defined above, the TE electric field is written

compactly as

ETE
i,n =−â

φ
(n)
i
∥Ei,n∥F cosψn e− jki,n·r+ j2πln/λ . (5.7)

The corresponding TM magnetic field is

HTM
i,n =−

â
φ
(n)
i

η0
∥Ei,n∥F sinψn e− jki,n·r+ j2πln/λ . (5.8)

Here, ln is the propagation length of the nth path and η0 is the free-space impedance. The

common exponential retains both the spatial phase and the accumulated path phase; the

minus signs follow from âx sinφ
(n)
i − ây cosφ

(n)
i =−â

φ
(n)
i

.

While this analysis is valuable for the ideal case of infinite metasurfaces, a more realistic

approach for finite sized metasurfaces requires an evaluation of their scattering patterns. The

PO approximation is adopted under the assumption that the RIS is electrically large relative

to the wavelength and that the surface fields vary slowly over each local integration region, so

that the induced equivalent currents can be approximated by their locally illuminated values.

Based on the surface equivalence principle, reciprocity, and image theory arguments,

the reradiated field from an illuminated object can be represented by equivalent electric

and magnetic surface current densities [190]. While canonical EM scattering problems

often assume the object is either a perfect electric conductor (PEC) or a perfect magnetic

conductor (PMC), a RIS presents a more complex case [16]. Consequently, for general wave

transformations, the reradiated field depends on both electric and magnetic current densities.
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To compute anomalous reradiation, I employ a generalised version of the method of image

currents, based on Huygens’ principle as proposed in [16, 190]. In this chapter, I analyse

the field reradiated by an RIS in a multipath environment. I assume the incident signal is a

superposition of a far-field plane wave from the primary source antenna and other reflected

plane waves. The electric and magnetic fields incident on the RIS surface are obtained

from the Ranplan RT software. The total incident electric field is given by (5.1), and the

corresponding magnetic field is

Hi (r) =
N

∑
n=1

k̂i,n×Ei,n

η0
e(− jki,n·r). (5.9)

Only tangential field components contribute to the equivalent surface currents. For a general

polarised incident wave, both tangential electric and tangential magnetic fields must retain

the complete TE/TM decomposition, i.e.,

Et,i (rt) =
N

∑
n=1

[
ETE

t,i,n (rt)+ETM
t,i,n (rt)

]
, (5.10)

Ht,i (rt) =
N

∑
n=1

[
HTE

t,i,n (rt)+HTM
t,i,n (rt)

]
. (5.11)

where Et,i,n (rt) =ETE
t,i,n (rt)+ETM

t,i,n (rt) and Ht,i,n (rt) =HTE
t,i,n (rt)+HTM

t,i,n (rt) denote the total

tangential incident fields associated with the nth path. For the RIS plane z = 0, the above

decomposition can be equivalently rewritten by expressing ETM
t,i,n (rt) in terms of HTM

t,i,n (rt)

and HTE
t,i,n (rt) in terms of ETE

t,i,n (rt) as

Et,i (rt) =
N

∑
n=1

[
ETE

t,i,n (rt)−η0 cosθ
(n)
i
(
âz×HTM

t,i,n (rt)
)]

, (5.12)

Ht,i (rt) =
N

∑
n=1

[
cosθ

(n)
i

η0

(
âz×ETE

t,i,n (rt)
)
+HTM

t,i,n (rt)

]
. (5.13)

where HTM
t,i,n (rt) = HTM

i,n and ETE
t,i,n (rt) = ETE

i,n . Here, the explicit expressions of ETE
i,n and HTM

i,n

are given in 5.7 and 5.8, respectively.
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For the analysis and design of phase-gradient metasurfaces, it is convenient to adopt the

local reflection coefficient as a modelling parameter. The field reradiated by an RIS can then

be modelled using equivalent electric (Js) and magnetic (Ms) surface currents [16]. The RIS

is assumed to lie in the plane z = 0 with unit normal n̂ = ẑ. These currents are obtained from

the total tangential incident fields as

Js (rt) =
N

∑
n=1

(1+Γn)(Ht,i,n (rt)× n̂) , (5.14a)

Ms (rt) =
N

∑
n=1

(1−Γn)(n̂×Et,i,n (rt)) . (5.14b)

A pictorial representation of the above formulation is given in Fig. 5.1.

This local reflection approximation, however, is only valid under the locally periodic

assumption, where the metasurface constituent elements vary adiabatically across the spatial

interface compared to the wavelength. In particular, the local reflection coefficient model is

equivalent to invoking a locally specular reflection assumption at each point on the interface

[15]. However, the validity of this assumption is compromised for metasurfaces with abrupt

phase gradients, particularly in the presence of oblique illumination. In such regimes, the

local reflection approximation cannot adequately account for parasitic scattering channels,

impedance mismatch between the incident and reradiated waves, and diffraction effects

stemming from the inherent surface periodicity [15, 16]. To address these limitations, I

employ a Floquet-based model that rigorously captures the modal spectrum of the periodic

structure, thereby providing a physically consistent characterisation of the scattered field.

5.3 Macromodelling of RIS

The proposed self-consistent RIS modelling chain separates the electromagnetic characterisa-

tion from the subsequent phase synthesis. I first extract a multiport impedance representation

of the unloaded unit cell from a full-wave model. The tunable loads are then reintroduced

algebraically to obtain the reflection response for each admissible load state, incidence

direction, and polarisation. This response is used to synthesise the far field of the finite
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Fig. 5.1 Geometry of a rectangular conducting plate with an aperture illuminated by three
uniform plane waves.

RIS aperture and is subsequently embedded in the RT model. The separation avoids a new

volumetric full-wave solution for every load state while retaining the coupling represented

by the extracted port-impedance matrix.

5.3.1 Derivation of the Reflection Coefficient Using a Multiport Unit-

Cell Model

A direct full-wave sweep resolves the detailed geometry, material properties, and tunable

loads of the RIS unit cell, but its cost grows with the number of load states and design

iterations. A closed-form equivalent circuit is faster, although its fitted lumped parameters

generally remain valid only over the frequency, geometry, and incidence range used for

the fit. I therefore use CST to extract a multiport impedance model of the fixed unloaded
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Fig. 5.2 Equivalent multiport network representation of the RIS unit cell.

geometry and vary only the circuit terminations during the subsequent load sweep. The

model is accurate within the frequency and angular ranges represented by the extraction data;

it is not assumed to extrapolate to a different unit-cell topology.

Let NF and NC denote the numbers of external Floquet ports and internal circuit ports,

respectively. As illustrated in Fig. 5.2, the port voltages and currents of the unloaded unit

cell satisfy VF

VC

=

ZFF ZFC

ZCF ZCC


IF

IC

 . (5.15)

Here, VF ∈ CNF and IF ∈ CNF are the external port voltage and current vectors, whereas

VC ∈ CNC and IC ∈ CNC are their internal port counterparts. All currents are referenced into

the unloaded multiport network. The four blocks in (5.15) therefore describe external to

external, external to internal, internal to external, and internal to internal impedance coupling,

respectively.
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If the mth circuit port is terminated by ZLC,m, the load matrix is

ZLC = diag(ZLC,1,ZLC,2, . . . ,ZLC,NC) . (5.16)

Because IC is directed into the unloaded network, rather than into the loads, the termination

condition is

VC =−ZLCIC. (5.17)

Substitution into the internal port block of (5.15) gives

−ZLCIC = ZCFIF +ZCCIC. (5.18)

Provided that ZCC +ZLC is nonsingular, elimination of IC yields

VF =
[
ZFF−ZFC (ZCC +ZLC)

−1 ZCF

]
IF. (5.19)

Consequently, the loaded input impedance matrix observed at the external ports is the Schur

complement

ZF
IN = ZFF−ZFC (ZCC +ZLC)

−1 ZCF. (5.20)

When the external ports use the same real reference impedance Z0, the corresponding

reflection coefficient matrix is

Γ =
(
ZF

IN +Z0U
)−1 (ZF

IN−Z0U
)
, (5.21)

where U is the NF×NF identity matrix. Equation (5.21) is used only with a consistent modal

reference impedance. Modal impedances must be retained explicitly when the Floquet ports

represent different modes or polarisations.

Figure 5.3 illustrates the Floquet modal circles and the corresponding modal amplitudes

used to identify the propagating orders of the rectangular periodic array. For the unit cell

considered in this thesis, the period is λ/8. Hence, only the fundamental Floquet order

is propagating over the operating range, while the higher orders are evanescent. Each
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Propagating
Floquet modes

Evanescent
Floquet
modes

Fig. 5.3 Floquet modal circles (left) and modal amplitudes (right) for a rectangular periodic
array.

polarisation-specific simulation therefore has one propagating external mode, and (5.21)

reduces to a scalar co-polarised reflection coefficient. Let Ω
(n)
i ≜ (θ

(n)
i ,φ

(n)
i ) denote the

arrival direction of the nth incident plane wave and let Cm denote the mth varactor capacitance

state. For σ ∈ {TE,TM},

Γσ

(
Ω

(n)
i ;Cm

)
=

ZF
IN,σ

(
Ω

(n)
i ;Cm

)
−Z0,σ

(
θ
(n)
i

)
ZF

IN,σ

(
Ω

(n)
i ;Cm

)
+Z0,σ

(
θ
(n)
i

) , (5.22)

where the free-space TE and TM wave impedances are

Z0,TE

(
θ
(n)
i

)
=

η0∣∣∣cosθ
(n)
i

∣∣∣ , (5.23)

Z0,TM

(
θ
(n)
i

)
= η0

∣∣∣cosθ
(n)
i

∣∣∣ . (5.24)

The absolute values in (5.23) and (5.24) give positive modal reference impedances for the

lower hemisphere angular convention adopted in Section 5.2. The quantities ZF
IN,TE and

ZF
IN,TM are evaluated independently from (5.20) using TE and TM Floquet excitations. Thus,

(5.22) preserves the dependence on incidence angle and polarisation required by the phase
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(a) Amplitude for C = 0.22–0.33 pF. (b) Phase for C = 0.22–0.33 pF.

Fig. 5.4 Reflection coefficient obtained from full-wave simulation and the multiport model
for capacitances from 0.22 to 0.33 pF.

design developed in the next section. Cross-polarised conversion is outside this scalar

co-polarised model and would require the corresponding full reflection dyadic.

5.3.2 Validation of the Multiport Reflection Coefficient

To construct the extracted model, I remove the two varactor diodes from the CST unit cell and

place one discrete circuit port across each diode gap. Together with the external Floquet port,

this produces a three port network with one external port and two internal ports. The diode

loading is then restored through ZLC, and the equivalent capacitance C is swept from 0.22

to 2.1 pF. For every state, I evaluate ZF
IN using (5.20) and calculate the associated reflection

coefficient using (5.21), or its scalar form in (5.22).

Figs. 5.4–5.6 compare the multiport predictions with independent full-wave simulations

over 3.2–3.8 GHz. Across the complete capacitance sweep, the maximum reported amplitude

and phase deviations are below 2.4 dB and 14.8◦, respectively. At the 3.5 GHz operating

frequency, the corresponding maxima decrease to 0.6 dB and 5.4◦. These bounded discrep-

ancies support the use of the extracted model for interpolating the considered load states

within the validated frequency range; they do not establish accuracy for an untested geometry,

incidence range, or polarisation channel.
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(a) Amplitude for C = 0.38–0.71 pF. (b) Phase for C = 0.38–0.71 pF.

Fig. 5.5 Reflection coefficient obtained from full-wave simulation and the multiport model
for capacitances from 0.38 to 0.71 pF.

(a) Amplitude for C = 0.82–2.1 pF. (b) Phase for C = 0.82–2.1 pF.

Fig. 5.6 Reflection coefficient obtained from full-wave simulation and the multiport model
for capacitances from 0.82 to 2.1 pF.

Let TFW be the mean runtime of one full-wave solution for one capacitance state. On the

computational platform used in this study, TFW = 195 s. The initial CST extraction of the

port-impedance matrix requires Tinit = 374 s, after which one additional multiport evaluation

requires TMP = 0.163 s on average. For Ns capacitance states, I define the relative runtime
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reduction as

ηtime =
NsTFW− (Tinit +NsTMP)

NsTFW
. (5.25)

For Ns = 18, ηtime = 89.26%. The reduction increases with Ns because the fixed extraction

cost is amortised over a larger load sweep.

5.3.3 Far-Field Radiation Pattern of the RIS

I next map the validated unit-cell response to the finite RIS aperture. Consider P×Q cells

with spacings ∆x and ∆y. The centre of cell (p,q) is

rpq =

[
p− P+1

2

]
∆x âx +

[
q− Q+1

2

]
∆y ây, (5.26)

where p = 1, . . . ,P and q = 1, . . . ,Q. For polarisation σ , let the local co-polarised reflection

coefficient be Γσ ,pq = Aσ (p,q)e jψσ (p,q). For a single incident plane wave with tangential

wavevector kt,i, the normalised co-polarised far-field pattern under the element pattern

multiplication approximation is

Fσ (θ ,φ) = Euc,σ (θ ,φ ;Ωi)
P

∑
p=1

Q

∑
q=1

Γσ ,pq exp
[
− j (kt(θ ,φ)−kt,i) · rpq

]
, (5.27)

where Euc,σ is the embedded unit-cell pattern used by the macromodel and

kt(θ ,φ) = k0 sinθ cosφ âx + k0 sinθ sinφ ây. (5.28)

For a prescribed reradiation direction (θr,φr), coherent addition in (5.27) requires

ψσ (p,q)≡ (kt,r−kt,i) · rpq +ψ0 (mod 2π), (5.29)

where ψ0 is an arbitrary common phase. This expression states the phase matching condition

directly in terms of tangential momentum and is equivalent to a linear phase gradient for a

single plane wave.
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Fig. 5.7 Calculated far-field electric-field distribution E(θ ,φ) of the complete RIS aperture.

The numerical synthesis proceeds in three stages. First, (5.29) determines the continuous

target phase over the aperture. Second, the target phase at each cell is mapped to an admissible

capacitance state through the angle- and polarisation-dependent response in (5.22). If the

resulting profile is periodic, its smallest repeating block defines the supercell used for Floquet

analysis. Third, the complete aperture response is evaluated from (5.27), including the unit-

cell amplitude variation associated with the selected states. Figure 5.7 shows the resulting

far-field distribution for the RIS considered here.

Equation (5.27) is a finite-aperture macromodel, rather than a replacement for a full-

wave solution. Its separable form is appropriate when the embedded element pattern and

the extracted load response represent the relevant coupling environment. Strong nonlocal

coupling, abrupt spatial variations, unmodelled cross-polarisation, or operation outside the

validated angular range require the coupled formulation developed later in this chapter or a

full-wave calculation.

5.3.4 Small Meeting Room RT and Measurement Validation

I validate the proposed RIS macromodel by embedding its synthesised radiation response in

Ranplan Academic 7.0.0, a deterministic three-dimensional RT simulator [191]. The building

model represents the measured room geometry, the Tx and Rx antenna radiation patterns,

and the electromagnetic properties assigned to glass, concrete, metal, and the principal
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(a) Measured environment. (b) Corresponding RT model.

Fig. 5.8 Small meeting room and its RT reconstruction at 5G/6GIC.

furnishings [192, 193]. The validation environment is the small meeting room at the 5G/6G

Innovation Centre (5G/6GIC), shown together with its corresponding RT reconstruction in

Fig. 5.8.

The measurement chain comprises an Anritsu MG3692A signal generator, a 20 dBi

A-INFOMW LB-229-20-C-SF horn antenna at the Tx, the RIS, an identical horn antenna at

the Rx, and a Rohde & Schwarz FSH8 spectrum analyser. The source transmits a continuous

wave at 3.5 GHz. The RIS comprises 37×50 = 1850 cells distributed over an aperture of

420 mm × 570 mm and is configured to reradiate towards an azimuth of 60◦. The Tx is

located outside the room, whereas the RIS and Rx are located inside. The Tx-to-RIS distance

is 5 m, and the transmit power is 0 dBm.

The Tx and RIS positions remain fixed throughout the measurement campaign. The Rx

is placed at distances of 3, 4, 5, and 6 m from the RIS and at azimuths of 60◦, 70◦, and

80◦, subject to the available floor space. The positions at 60◦ and 6 m and at 80◦ and 3 m

are physically inaccessible and are therefore omitted, leaving ten Rx positions. At each

accessible position, the received power is recorded first with the RIS inactive and then with

the RIS configured for 60◦ reradiation. The same sequence is reproduced in the RT model.

The RT grid resolution is 0.1 m, and the reported three-dimensional RT runtime for this room

is 2.8 s.
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Fig. 5.9 Measured and RT-predicted received power versus distance from the RIS at Rx
azimuths of (a) 60◦, (b) 70◦, and (c) 80◦. The RIS is configured for 60◦ reradiation.

To determine whether a conventional simplified RIS representation can reproduce the

measured received-power trend, I repeat the configured-state RT calculation using an ideal

continuous phase-shift RIS model [183, 194]. The unit-modulus phase control follows the

conventional communication-theoretic model in [194], while the intercepted-power and

finite-aperture normalisation follow the physical-optics formulation in [183].

To embed the simplified RIS representation in the RT model, I construct an idealised

main-beam-only directional pattern centred at the prescribed azimuth of 60◦. Following the

power-conserving finite-aperture formulation in [183], the power intercepted by the physical

RIS aperture is calculated and assumed to be reradiated without loss. The imposed pattern is

normalised such that its total reradiated power equals the intercepted power. Its peak gain

is set to approximately 26.1 dBi for the physical RIS aperture at 3.5 GHz. As an additional

abstraction adopted in this work, all intercepted power is assigned to the prescribed main

beam and the radiation outside this beam is set to zero. The resulting baseline therefore

contains no explicit sidelobe structure. The 26.1 dBi value therefore denotes the peak of the

normalised directional pattern rather than a position-independent link gain applied at every

Rx location. All room, antenna, material, and RT parameters are otherwise unchanged.

Figure 5.9 first compares the received power as a function of position. At the prescribed

60◦ azimuth, the proposed macromodel predicts configured-state increases of 16–17 dB

relative to the RIS inactive RT result, in close correspondence with the measured increases
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Fig. 5.10 Agreement between measured and RT-predicted received power at the ten accessible
Rx positions: (a) proposed RIS model, configured state; (b) simplified RIS model, configured
state; and (c) RIS inactive state.

of 14–17 dB. The simplified model predicts larger increases of 24–25 dB and consequently

overestimates the configured-state received power by 6–8 dB at the three accessible target-

direction positions. This systematic excess is consistent with concentrating the imposed

reradiated power into the prescribed direction while omitting the sidelobe power represented

by the proposed macromodel.

The results away from the prescribed direction distinguish the two RIS descriptions more

clearly. At 70◦, the proposed macromodel predicts increases of 6–16 dB, compared with

the measured range of 6–14 dB, whereas the simplified model predicts only 3–7 dB. At

80◦, the corresponding ranges are −2–6 dB for the proposed macromodel, 4–14 dB for the

measurements, and 1–3 dB for the simplified model.

Although the simplified pattern contains no explicit sidelobes, a ray reradiated within the

main beam can undergo subsequent interactions with the room before reaching an Rx located

at another azimuth. The simplified model can therefore predict a nonzero RIS-induced

received-power variation away from 60◦. Such a variation arises from subsequent indoor

propagation rather than from sidelobe radiation in the imposed RIS pattern. The largest

local discrepancy for the proposed macromodel occurs at 80◦ and 6 m, where the measured

configured-state increase exceeds the predicted increase by approximately 8 dB. Unmodelled

diffuse scattering and fine-scale interactions associated with the furnishings and the finite
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Fig. 5.11 Spatial dispersion of received power across the ten accessible Rx positions in the
RIS inactive and configured states: (a) measurements, (b) proposed RIS model RT results,
and (c) simplified RIS model RT results.

spatial sampling of the receive antenna may contribute to this discrepancy, but the available

measurements do not permit their individual contributions to be separated.

The positional trends in Fig. 5.9 are quantified in Fig. 5.10. In each panel, the dashed

diagonal represents exact agreement and the shaded region represents an absolute prediction

error not exceeding 5 dB. The inset statistics are evaluated over all ten Rx observations.

An n = 2 annotation denotes two distinct observations with identical plotted coordinates.

The signed error is the RT prediction minus the corresponding measurement, so a negative

value denotes underprediction. For the configured proposed macromodel, the RMSE is

3.66 dB, the median absolute error is 1.50 dB, and 90% of predictions lie within ±5 dB; the

median and mean signed errors are −1.00 and −1.80 dB, respectively. For the configured

simplified model, the RMSE increases to 7.41 dB, the median absolute error to 6.00 dB,

and the percentage within ±5 dB falls to 40%. Its median and mean signed errors of −0.50

and −1.30 dB are comparatively small because overprediction near 60◦ and underprediction

away from the target direction partially cancel. For the RIS inactive state, the RMSE is

3.56 dB, the median absolute error is 2.50 dB, and 90% of predictions lie within ±5 dB.
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The agreement metrics describe prediction accuracy at corresponding positions, whereas

Fig. 5.11 examines how the RIS configuration changes the dispersion of received power over

the sampled geometry. Each light grey segment links the inactive and configured observations

at the same Rx position, while each hatched box spans the interquartile range and its central

line marks the median. The sample standard deviation and interquartile range quantify the

spatial dispersion in each state. The mean paired gain is the arithmetic mean, over the ten

Rx positions, of the received power in the configured state minus that in the inactive state.

In the measurements, configuration reduces the sample standard deviation from 4.16 to

3.52 dB and the interquartile range from 6.50 to 3.50 dB, while providing a mean paired gain

of 10.60 dB. The proposed macromodel reproduces the observed reduction in dispersion:

its sample standard deviation decreases from 5.93 to 4.90 dB and its interquartile range

decreases from 11.25 to 6.00 dB, with a mean paired gain of 9.50 dB. The simplified model

yields a similar mean paired gain of 10.00 dB, but its sample standard deviation increases

from 5.93 to 8.80 dB and its interquartile range remains comparatively large at 10.00 dB after

configuration. Thus, the mean gain alone conceals the position-dependent errors identified in

Fig. 5.10; the proposed macromodel more faithfully reproduces both the angular trend and

the measured contraction of the configured-state power distribution.

Because the ten samples span several distances and azimuths, the statistics in Fig. 5.11

characterise dispersion over the sampled validation geometry rather than small-scale fading at

a fixed location. Moreover, validation in one room cannot establish statistical validity across

different buildings, RIS apertures, frequency bands, or deployment classes. Within these

limits, the combined positional, agreement, and dispersion results show that retaining the

synthesised angular structure improves the predictive consistency of the RT model relative to

the simplified target-directed pattern.

The validation establishes two inputs required by the subsequent phase design: a compu-

tationally efficient mapping from capacitance and incidence state to the complex unit-cell

response, and a finite-aperture response whose steering trend is consistent with the retained

indoor measurements. It does not, by itself, determine the control profile when several inci-

dent paths illuminate the RIS simultaneously. The next section therefore combines the angle-
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and polarisation-dependent response in (5.22) with the plane-wave expansion of Section 5.2

to formulate the single-path reference design and then derive the multipath phase-synthesis

procedure.

5.4 Simulation Framework and Settings

This section defines the two phase-synthesis procedures and the EM evaluation chain used in

the numerical study. Scenario I establishes a dominant-path reference design: the incident

component carrying the greatest normal power density determines the phase gradient, after

which the realised RIS is illuminated by the complete multipath field. Scenario II synthesises

the controllable response directly from the coherent aggregate illumination. Both procedures

use the same incidence-dependent unit-cell response, finite-aperture representation, and

polarimetric far-field projections, so that their comparison isolates the phase-design rule.

The numerical evidence is reported separately from the derivation. Section 5.5 first

evaluates the analytical predictions against a controlled three-path CST full-wave benchmark.

The analytical workflow is then applied to a room-scale deterministic multipath problem.

These studies use independent incident fields; no path amplitude or phase is transferred

between them.

5.4.1 Scenario I: Single-Path-Based Design

The first scenario considers a conventional single-path reference design in which the RIS

phase profile is synthesised using only one incident propagation path. A custom-developed

RT algorithm is first used to identify the set of plane-wave components illuminating the RIS

aperture. According to the previously defined power-flow criterion, the component with the

largest normal incident-power density is selected as the dominant design path.

The RIS phase profile is then synthesised to redirect this dominant incident component

towards the prescribed target direction. The configured RIS is subsequently reintroduced

into the original multipath environment and illuminated by the coherent aggregate field

comprising all incident components. The resulting target-direction power change therefore
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quantifies the performance of a RIS designed for a single dominant path but operated under

multipath illumination.

From a rigorous EM perspective, the selection of the primary design path should not be

dictated solely by the maximum electric-field magnitude |En|. Instead, the criterion must

be based on the normal incident-power density striking the RIS aperture. This distinction

is critical because, for a given field amplitude, paths characterised by grazing incidence

contribute significantly less power to the surface due to the obliquity factor.

To facilitate the EM analysis, a LCS is established on the RIS plane. Without loss of

generality, the RIS is assumed to occupy a rectangular aperture defined in the local xy-plane.

On the RIS plane z = 0, the tangential incident wavevector is

k(n)
t,i = k0 sinθ

(n)
i cosφ

(n)
i âx + k0 sinθ

(n)
i sinφ

(n)
i ây. (5.30)

Assume that the RIS is illuminated by N incident plane-wave components. The total

incident electric field is given by (5.1), and the electric field of the nth path is decomposed

according to (5.2). I therefore define the TE and TM excitation amplitudes as

aTE
n =−

∥∥∥Ei

(
θ
(n)
i ,φ

(n)
i

)∥∥∥
F

cosψn, (5.31)

aTM
n =−

∥∥∥Ei

(
θ
(n)
i ,φ

(n)
i

)∥∥∥
F

sinψn. (5.32)

Hence, ETE
t,i,n(rt) in (5.12) and HTM

t,i,n(rt) in (5.13) can be expressed as

ETE
t,i,n(rt) = aTE

n â
φ
(n)
i

e− jk(n)
t,i ·rt , (5.33)

HTM
t,i,n(rt) =

aTM
n
η0

â
φ
(n)
i

e− jk(n)
t,i ·rt . (5.34)

To synthesise the RIS phase profile from the dominant illuminating path, I select the path that

maximises the normal incident-power density on the RIS. For the nth path, this density is

P⊥n =−
cosθ

(n)
i

2η0

(
|aTE

n |2 + |aTM
n |2

)
, (5.35)
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and the dominant design path is

n⋆ = argmax
1≤n≤N

P⊥n . (5.36)

Let the desired reradiated direction be (θr,φr). The tangential incident and desired reflected

wavevectors are

k(n⋆)
t,i = k0 sinθ

(n⋆)
i cosφ

(n⋆)
i âx + k0 sinθ

(n⋆)
i sinφ

(n⋆)
i ây, (5.37)

kt,r = k0 sinθr cosφr âx + k0 sinθr sinφr ây. (5.38)

Therefore, the required tangential momentum increment is

∆kt = kt,r−k(n⋆)
t,i = ∆kxâx +∆kyây, (5.39)

with

∆kx = k0

(
sinθr cosφr− sinθ

(n⋆)
i cosφ

(n⋆)
i

)
, (5.40)

∆ky = k0

(
sinθr sinφr− sinθ

(n⋆)
i sinφ

(n⋆)
i

)
. (5.41)

Consequently, the required phase distribution is

Φ(rt) = ∆kt · rt = ∆kxxr +∆kyyr. (5.42)

For the practical RIS implementation considered here, the phase profile in (5.42) is not

imposed directly through an ideal local reflection coefficient. Instead, it is realised through

the continuously tunable varactor capacitance of the RIS unit cell. In the state-0 diode

configuration considered in the circuit model, the load connected to each internal port is

represented by the series impedance

ZLC(ω;C) = Rd + jωLd +
1

jωC
, (5.43)

where

Rd = 5 Ω, Ld = 0.45×10−9 H, (5.44)
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and C denotes the continuously tunable varactor capacitance. Since the two internal circuit

ports are loaded identically, the state-0 load impedance matrix is

Z(0)
LC(ω;C) = diag(ZLC(ω;C),ZLC(ω;C)) . (5.45)

At the design angular frequency ω0 = 2π f0, the input impedance seen from the external

Floquet port for polarisation σ ∈ {TE,TM} and dominant incident path Ω
(n⋆)
i is obtained

from (5.20) as

ZF
IN,σ (Ω

(n⋆)
i ;C) = ZFF,σ −ZFC,σ

(
ZCC,σ +Z(0)

LC(ω0;C)
)−1

ZCF,σ . (5.46)

The corresponding co-polarised reflection coefficient is then

Γσ

(
Ω

(n⋆)
i ;C

)
=

ZF
IN,σ

(
Ω

(n⋆)
i ;C

)
−Z0,σ

(
θ
(n⋆)
i

)
ZF

IN,σ

(
Ω

(n⋆)
i ;C

)
+Z0,σ

(
θ
(n⋆)
i

) , (5.47)

where Z0,σ (θ
(n⋆)
i ) is the free-space wave impedance of the dominant incident path for the

corresponding polarisation, and σ ∈ {TE,TM}.

I define the phase response of the loaded unit cell as

φσ (C) = argΓσ

(
Ω

(n⋆)
i ;C

)
. (5.48)

On a calibrated monotonic branch of φσ (C), and provided that the required phase is reachable,

the capacitance at position rt is determined from

φσ (C⋆
σ (rt)) = Φ(rt), (5.49)

where the equality is understood modulo 2π . After unwrapping both phases on the selected

branch, this relation is equivalently written as

C⋆
σ (rt) = φ

−1
σ

(
Φ(rt)

)
. (5.50)
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The corresponding reflection amplitude response is then

ρσ (rt) =
∣∣∣Γσ

(
Ω

(n⋆)
i ;C⋆

σ (rt)
)∣∣∣ . (5.51)

Accordingly, the realised local reflection coefficient associated with the required phase profile

can be written as

Γσ (rt) = ρσ (rt)e jΦ(rt). (5.52)

The corresponding synthesised scalar surface impedance is therefore

Z⋆
s (rt) = Z0,σ

(
θ
(n⋆)
i

) 1+Γσ (rt)

1−Γσ (rt)
. (5.53)

For nonzero phase-gradient components, the macroscopic superperiods of the rectangular

coding lattice are

Px =
2π

|∆kx|
, Py =

2π

|∆ky|
. (5.54)

If ∆kx = 0 or ∆ky = 0, the phase is invariant along the corresponding coordinate and no

finite superperiod is assigned along that coordinate. In the reciprocal-lattice expressions

below, I use the convention 2π/Px = 0 when ∆kx = 0 and 2π/Py = 0 when ∆ky = 0. The

corresponding reciprocal-lattice vectors are

Gpq =

(
2π p
Px

,
2πq
Py

,0
)
, p,q ∈ Z. (5.55)

Once (Px,Py) is fixed by the dominant path, every incident path n interacts with the same

periodic surface. Therefore, the tangential wavevector of the (p,q) Floquet reradiated order

generated by the nth incident path is

k(n)
t,r,pq = k(n)

t,i +Gpq. (5.56)

Equivalently,

k(n)x,r,pq = k0 sinθ
(n)
i cosφ

(n)
i +

2π p
Px

, (5.57)
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k(n)y,r,pq = k0 sinθ
(n)
i sinφ

(n)
i +

2πq
Py

. (5.58)

The longitudinal wavenumber is

k(n)z,r,pq =



+

√
k2

0−
(

k(n)x,r,pq

)2
−
(

k(n)y,r,pq

)2
,

∥∥∥k(n)
t,r,pq

∥∥∥≤ k0,

+ j

√(
k(n)x,r,pq

)2
+
(

k(n)y,r,pq

)2
− k2

0,
∥∥∥k(n)

t,r,pq

∥∥∥> k0.

(5.59)

Hence, the (p,q) order is propagating if and only if

∥∥∥k(n)
t,r,pq

∥∥∥≤ k0. (5.60)

For each propagating Floquet order, the Cartesian wavevector components in (5.57), (5.58)

and (5.59) must next be converted into spherical angles, since the subsequent far-field analysis

is formulated in terms of observation directions rather than Cartesian momentum components.

This angular mapping is given by

sinθ
(n)
r,pq =

√(
k(n)x,r,pq

)2
+
(

k(n)y,r,pq

)2

k0
, (5.61a)

cosθ
(n)
r,pq =

√√√√1−

(
k(n)x,r,pq

k0

)2

−

(
k(n)y,r,pq

k0

)2

, (5.61b)

cosφ
(n)
r,pq =

k(n)x,r,pq

k0 sinθ
(n)
r,pq

, (5.61c)

sinφ
(n)
r,pq =

k(n)y,r,pq

k0 sinθ
(n)
r,pq

. (5.61d)

Equation (5.61) provides the geometric interpretation of each Floquet order wavevector in

terms of observable reradiation angles. In other words, once the tangential momentum of

a given order is known, its far-field propagation direction follows directly from the above

relations.
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The macroscopic surface impedance over one phase supercell is represented by the double

Fourier expansion

Zs(rt) =
U

∑
u=−U

V

∑
v=−V

Zuve− j
(

2πu
Px xr+

2πv
Py yr

)
, (5.62)

with Fourier coefficients

Zuv =
1

PxPy

ˆ Px

0

ˆ Py

0
Zs(xr,yr)e

j
(

2πu
Px xr+

2πv
Py yr

)
dyr dxr. (5.63)

To obtain a tractable analytical model while retaining the dominant co-polarised Floquet

response, I henceforth approximate the RIS as a locally isotropic, polarisation-preserving

periodic impedance surface, such that its dyadic surface impedance reduces to the scalar

form [15]

Zs(rt) = Zs(rt)I2.

In this context, Zs(rt) follows (5.53), which implies that Zs(rt) = Z⋆
s (rt).

The modal wave admittances can be expressed as

Y TE,(n)
pq =

k(n)z,r,pq

ωµ0
, (5.64)

Y TM,(n)
pq =

ωε0

k(n)z,r,pq

. (5.65)

Since the Floquet expansion is formally infinite, I truncate the mode-matching problem to

the finite set of retained orders

P = {(p,q) :−P≤ p≤ P,−Q≤ q≤ Q}. (5.66)

The number of retained Floquet harmonics is

M = (2P+1)(2Q+1). (5.67)
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This truncation converts the infinite-dimensional boundary-value problem into a finite matrix

system. In practice, P and Q are increased until the quantities of interest satisfy the prescribed

convergence tolerance.

For each retained order, I define the TE and TM tangential basis vectors as

eTE,(n)
pq = â

φ
(n)
r,pq

=−sinφ
(n)
r,pq âx + cosφ

(n)
r,pq ây, (5.68)

eTM,(n)
pq = cosθ

(n)
r,pq

(
cosφ

(n)
r,pq âx + sinφ

(n)
r,pq ây

)
. (5.69)

Using the Cartesian tangential basis (âx, ây), I introduce the 2×2 transformation block

Tn,pq =

−sinφ
(n)
r,pq cosθ

(n)
r,pq cosφ

(n)
r,pq

cosφ
(n)
r,pq cosθ

(n)
r,pq sinφ

(n)
r,pq

 , (5.70)

and the corresponding modal admittance block

Yn,pq =

Y TE,(n)
pq 0

0 Y TM,(n)
pq

 . (5.71)

By stacking all retained orders in P , I define the global block-diagonal matrices

Tn = blkdiag{Tn,pq}(p,q)∈P , (5.72)

Yn = blkdiag{Yn,pq}(p,q)∈P , (5.73)

where Tn,Yn ∈ C2M×2M.

The Fourier coefficients of the periodic impedance generate a block-Toeplitz convolution

matrix [
Zs
]
(p,q),(p′,q′) = Z p−p′,q−q′, (5.74)

where each entry of Zs is itself a 2×2 tangential block. Thus, Zs ∈ C2M×2M.
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For the nth incident path, I define the incident modal vector

an ∈ C2M, (5.75)

whose only nonzero block corresponds to the (0,0) order,

an,00 =

aTE
n

aTM
n

 . (5.76)

The reflected modal vector is

bn =
[
· · · ,bn,pq, · · ·

]T ∈ C2M, (5.77)

with

bn,pq =

ÃTE
n,pq

ÃTM
n,pq

 . (5.78)

By enforcing the periodic impedance boundary condition in modal form, the reflected

modal vector is obtained as

bn = (ZsTnYn +Tn)
−1 (ZsTnYn−Tn)an, (5.79)

which is the 2D multipath counterpart of the 1D mode-matching relation used in [15] and of

the periodic impedance surface formulation in [195].

Therefore, the desired Floquet amplitudes are simply the two entries of the corresponding

(p,q) block of bn, namely the TE and TM complex amplitudes of the (p,q) reradiated

Floquet order, denoted by ÃTE
n,pq and ÃTM

n,pq, respectively.

ÃTE
n,pq =

[
1 0

]
bn,pq, (5.80)

ÃTM
n,pq =

[
0 1

]
bn,pq. (5.81)



5.4 Simulation Framework and Settings 177

If polarisation conversion is negligible, the TE and TM systems decouple. In that case,

the scalar forms reduce to

bTE
n =

(
I+ZsYTE

n
)−1 (ZsYTE

n − I
)

aTE
n , (5.82)

bTM
n =

(
I+ZsYTM

n
)−1 (ZsYTM

n − I
)

aTM
n , (5.83)

where

[
YTE

n
]
(p,q),(p,q) = Y TE,(n)

pq , (5.84)[
YTM

n
]
(p,q),(p,q) = Y TM,(n)

pq . (5.85)

Following the evaluation of ÃTE
n,pq and ÃTM

n,pq, the reflected surface field is reconstructed via

the superposition of all reradiated orders generated by the complete set of incident paths.

For a given (p,q) Floquet mode originating from the nth path, the associated spherical unit

vectors are given by

â
φ
(n)
r,pq

=−âx sinφ
(n)
r,pq + ây cosφ

(n)
r,pq, (5.86)

â
θ
(n)
r,pq

= âx cosθ
(n)
r,pq cosφ

(n)
r,pq + ây cosθ

(n)
r,pq sinφ

(n)
r,pq− âz sinθ

(n)
r,pq. (5.87)

The reflected electric field of this single Floquet order is

E(n)
r,pq(r) =

(
â

φ
(n)
r,pq

ÃTE
n,pq + â

θ
(n)
r,pq

ÃTM
n,pq

)
e− jk(n)

r,pq·r, (5.88)

where k(n)
r,pq = k(n)x,r,pqâx + k(n)y,r,pqây + k(n)z,r,pqâz is the wavevector of that reflected order. Accord-

ingly, the total reflected electric field is

Er(r) =
N

∑
n=1

∞

∑
p=−∞

∞

∑
q=−∞

E(n)
r,pq(r). (5.89)

At the RIS interface (zr = 0), the full reflected field is expanded as
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Er(rt) =
N

∑
n=1

∞

∑
p=−∞

∞

∑
q=−∞

[
â

φ
(n)
r,pq

ÃTE
n,pq

+ â
θ
(n)
r,pq

ÃTM
n,pq

]
e− j

(
k(n)x,r,pqxr+k(n)y,r,pqyr

)
.

(5.90)

Given that only the tangential components contribute to the equivalent surface currents, the

tangential reflected electric field is formulated as

Et,r(rt) =
N

∑
n=1

∞

∑
p=−∞

∞

∑
q=−∞

[
ETE,(n)

t,r,pq (rt)+ETM,(n)
t,r,pq (rt)

]
, (5.91)

where the TE and TM modal components are respectively defined as

ETE,(n)
t,r,pq (rt) = â

φ
(n)
r,pq

ÃTE
n,pqe− j

(
k(n)x,r,pqxr+k(n)y,r,pqyr

)
, (5.92)

ETM,(n)
t,r,pq (rt) =

[
âx cosθ

(n)
r,pq cosφ

(n)
r,pq + ây cosθ

(n)
r,pq sinφ

(n)
r,pq

]
× ÃTM

n,pqe− j
(

k(n)x,r,pqxr+k(n)y,r,pqyr

)
. (5.93)

Similarly, the corresponding tangential reflected magnetic field is given by

Ht,r(rt) =
N

∑
n=1

∞

∑
p=−∞

∞

∑
q=−∞

[
HTE,(n)

t,r,pq (rt)+HTM,(n)
t,r,pq (rt)

]
, (5.94)

with the modal magnetic-field components expressed as

HTE,(n)
t,r,pq (rt) =−

cosθ
(n)
r,pq

η0

[
âx cosφ

(n)
r,pq + ây sinφ

(n)
r,pq

]
× ÃTE

n,pqe− j
(

k(n)x,r,pqxr+k(n)y,r,pqyr

)
, (5.95)

HTM,(n)
t,r,pq (rt) =

1
η0

â
φ
(n)
r,pq

ÃTM
n,pqe− j

(
k(n)x,r,pqxr+k(n)y,r,pqyr

)
. (5.96)

Within the macroscopic scattering framework, I use PO and the Huygens principle to define

the aperture window as

W (rt) = rect
(

xr

2Lx

)
rect

(
yr

2Ly

)
, (5.97)
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where rect(u) denotes the rectangular function

rect(u) =

1, |u| ≤ 1
2 ,

0, |u|> 1
2 .

(5.98)

For an impenetrable RIS of negligible thickness, the total equivalent electric and magnetic

surface current densities on the illuminated interface are given by

Js(rt) =W (rt)âz× [Ht,i(rt)+Ht,r(rt)] , (5.99)

Ms(rt) =−W (rt)âz× [Et,i(rt)+Et,r(rt)] . (5.100)

To separate the contribution associated with the truncation of the incident field from that as-

sociated with the reradiated Floquet harmonics, the total equivalent currents are decomposed

as

Js(rt) = Jsh(rt)

+W (rt)
N

∑
n=1

∞

∑
p=−∞

∞

∑
q=−∞

J0,n,pqe− jk(n)
t,r,pq·rt , (5.101)

Ms(rt) = Msh(rt)

+W (rt)
N

∑
n=1

∞

∑
p=−∞

∞

∑
q=−∞

M0,n,pqe− jk(n)
t,r,pq·rt , (5.102)

where Jsh(rt) and Msh(rt) denote the shadow current contributions generated solely by the

truncation of the incident field, whereas the modal coefficients J0,n,pq and M0,n,pq represent

the reradiated contributions of the reflected Floquet harmonics. The shadow current terms

are directly determined by the incident tangential fields as

Jsh(rt) =W (rt) âz×Ht,i(rt), (5.103)

Msh(rt) =−W (rt) âz×Et,i(rt). (5.104)
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Using the multipath decomposition of the incident tangential fields, (5.12) and (5.13), these

terms may be written explicitly as

Jsh(rt) =W (rt)
N

∑
n=1

[
−

cosθ
(n)
i

η0
ETE,(n)

t,i (rt)

+ âz×HTM,(n)
t,i (rt)

]
, (5.105)

Msh(rt) =W (rt)
N

∑
n=1

[
− âz×ETE,(n)

t,i (rt)

−η0 cosθ
(n)
i HTM,(n)

t,i (rt)
]
. (5.106)

The modal reradiated current coefficients are defined as

J0,n,pq = âz×H(n)
t,r,pq(rt)e+ jk(n)

t,r,pq·rt , (5.107)

M0,n,pq =−âz×E(n)
t,r,pq(rt)e+ jk(n)

t,r,pq·rt . (5.108)

Since E(n)
t,r,pq and H(n)

t,r,pq are single-exponential fields, J0,n,pq and M0,n,pq are independent of

rt . The scattered far field radiated by these equivalent currents is evaluated via the radiation

integral

Esc(r̂) =
jk0e− jk0r

4πr

¨
SRIS

{
r̂× [η0Js(rt)× r̂]

+ r̂×Ms(rt)
}

e jk0r̂·rt dS′,

(5.109)

where r̂ represents the observation direction

r̂ = âx sinθ cosφ + ây sinθ sinφ + âz cosθ . (5.110)
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Substituting (5.101) and (5.102) into (5.109) leads to the modal decomposition of the scat-

tered field

Esc(θ ,φ) = Esh(θ ,φ)

+
jk0e− jk0r

4πr

N

∑
n=1

∞

∑
p=−∞

∞

∑
q=−∞

An,pq(θ ,φ)Un,pq(θ ,φ), (5.111)

where the modal vector kernel Un,pq(θ ,φ) and the aperture factor An,pq(θ ,φ) are given by

Un,pq(θ ,φ) = r̂×
[
η0J0,n,pq× r̂

]
+ r̂×M0,n,pq, (5.112)

An,pq(θ ,φ) =

¨
SRIS

W (rt)e− jk(n)
t,r,pq·rt e jk0r̂·rt dS. (5.113)

For the rectangular aperture defined in (5.97), the aperture factor reduces to

An,pq(θ ,φ) = 4LxLy sinc
(
Lx∆kx,n,pq

)
sinc

(
Ly∆ky,n,pq

)
, (5.114)

where the phase mismatch terms are expressed as

∆kx,n,pq = k0 sinθ cosφ − k(n)x,r,pq, (5.115)

∆ky,n,pq = k0 sinθ sinφ − k(n)y,r,pq, (5.116)

and sinc(u) = sinu/u. The unit vectors of the observation basis are defined as

φ̂ =−âx sinφ + ây cosφ , (5.117)

θ̂ = âx cosθ cosφ + ây cosθ sinφ − âz sinθ . (5.118)
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The TE and TM components of the scattered far field are obtained by projecting the vector

field onto the local basis

ETE
sc (θ ,φ) = φ̂ ·Esc(θ ,φ), (5.119)

ETM
sc (θ ,φ) = θ̂ ·Esc(θ ,φ). (5.120)

Substituting (5.111) into (5.119) and (5.120) yields the final polarimetric components

ETE
sc (θ ,φ) = ETE

sh (θ ,φ)

+
jk0e− jk0r

4πr

N

∑
n=1

∞

∑
p=−∞

∞

∑
q=−∞

An,pq(θ ,φ) φ̂ ·Un,pq(θ ,φ), (5.121)

ETM
sc (θ ,φ) = ETM

sh (θ ,φ)

+
jk0e− jk0r

4πr

N

∑
n=1

∞

∑
p=−∞

∞

∑
q=−∞

An,pq(θ ,φ) θ̂ ·Un,pq(θ ,φ). (5.122)

5.4.2 Scenario II: Multipath-Based Design

The multipath field representation follows the same plane-wave expansion and TE/TM

decomposition introduced in Scenario I. The key difference here is that all retained incident

components are used jointly in the RIS synthesis stage, so that the surface profile is designed

from the total multipath illumination rather than from a single reference path.

Although the local reflection coefficient approximation is not sufficiently rigorous as a

final scattering model under rich multipath illumination, it provides a convenient presynthesis

representation for extracting a spatially resolved phase control template from the aggregate

incident field [73, 188]. Accordingly, I employ the local equivalent current model only to

determine the multipath-aware phase profile, whereas the final reradiated field is evaluated

using a Floquet-based mode-matching formulation if an effective superperiod exists, and

using a finite-aperture Huygens radiation integral otherwise.
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The incident-current templates associated with the total multipath illumination are defined

as

Ji(rt) = Ht,i(rt)× n̂, (5.123)

Mi(rt) = n̂×Et,i(rt), (5.124)

where n̂ = âz. These currents represent the unmodulated Huygens current templates on the

RIS aperture prior to imposing the synthesised local phase profile.

Unlike the single-path design, the multipath-aware design derives the local coefficient

Γσ (rt) from the aggregate current templates in (5.123)–(5.124), such that the controllable

reradiated contributions are coherently combined in the target direction.

As in Scenario I, the desired reradiation direction remains specified by (θr,φr), and the

corresponding tangential reradiated wavevector is kt,r as defined in (5.38). In the single-

path design, the phase gradient in (5.42) is obtained from the difference between kt,r and

the tangential wavevector of the dominant incident path. In the multipath-aware design,

however, no unique incident tangential wavevector exists from which a single momentum

increment can be defined. Therefore, the phase profile is obtained by directly enforcing

coherent combining of the Huygens reradiated contributions generated by the aggregate

multipath-induced current templates.

For this purpose, the target-direction unit vector is obtained from (5.110) as

r̂r = r̂
∣∣
θ=θr,φ=φr

. (5.125)

The target-polarisation vector is selected from the observation basis in (5.117)–(5.118) as

p̂r =


φ̂
∣∣
θ=θr,φ=φr

, TE target,

θ̂
∣∣
θ=θr,φ=φr

, TM target.
(5.126)

Applying the same Huygens radiation integral as in (5.109) to the target direction r̂ = r̂r,

and substituting the locally modulated current model into the integrand, the multipath-aware
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target-direction field can be written as

EMP
sc (r̂r) =

jk0e− jk0r

4πr

¨
SRIS

[
F (+)(rt)+Γσ (rt)F (−)(rt)

]
dS. (5.127)

Here, F (+)(rt) denotes the Γσ -independent contribution density generated by the unmodu-

lated incident-field Huygens currents and is given by

F (+)(rt) = {η0r̂r× [Ji(rt)× r̂r]+ r̂r×Mi(rt)}e jk0r̂r·rt . (5.128)

The term F (−)(rt) denotes the Γσ -dependent controllable contribution density and is given

by

F (−)(rt) = {η0r̂r× [Ji(rt)× r̂r]− r̂r×Mi(rt)}e jk0r̂r·rt . (5.129)

The scalar field component used for phase synthesis is obtained by projecting the vector field

onto the desired target polarisation

EMP
p̂r

(r̂r) = p̂H
r EMP

sc (r̂r). (5.130)

Accordingly, the projected scalar contribution densities are defined as

F (+)
p̂r

(rt) = p̂H
r F (+)(rt), (5.131)

and

F (−)
p̂r

(rt) = p̂H
r F (−)(rt). (5.132)

For an ideal continuous, lossless, polarisation-preserving local response, the synthesis objec-

tive is

max
|Γσ (rt)|=1

∣∣∣∣U (+)+

¨
SRIS

Γσ (rt)F (−)
p̂r

(rt)dS
∣∣∣∣2 , (5.133)

where

U (+) =

¨
SRIS

F (+)
p̂r

(rt)dS (5.134)
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is the uncontrollable projected contribution. By the triangle inequality, the controllable

contributions should be mutually phase aligned and, when U (+) ̸= 0, aligned with U (+). The

optimal common phase is therefore

χ
⋆ =

argU (+), |U (+)|> τU ,

0, |U (+)| ≤ τU ,

(5.135)

where τU is a small numerical tolerance. The ideal local coefficient is

Γ
ideal
σ (rt) =

exp
{

j
[
χ⋆− argF (−)

p̂r
(rt)
]}

, |F (−)
p̂r

(rt)|> τF ,

1, |F (−)
p̂r

(rt)| ≤ τF ,

(5.136)

where τF prevents an undefined phase at weakly illuminated or polarisation null points. The

multipath-aware continuous phase profile is

ΦMP(rt) = argΓ
ideal
σ (rt). (5.137)

This closed-form solution is exact only under the stated unit-modulus scalar response as-

sumptions. A practical RIS has a finite set of passive load states and an incidence-dependent

response, so I use the continuous solution only to initialise the hardware design. For cell g

centred at rg, the initial passive state is

Γ
(0)
σ ,g = argmin

Γc∈CΓ

∣∣∣Γideal
σ (rg)−Γc

∣∣∣ , (5.138)

where CΓ is the calibrated complex coefficient codebook, including amplitude loss. If the

state is parameterised by capacitance, every candidate is evaluated using (5.43)–(5.52). In the

final forward model, path n uses its own response Γσ (Ω
(n)
i ;Cg); a single angle-independent

coefficient is not applied to all incident paths.

Quantisation and incidence dependence generally remove the global optimality of the

closed-form phase alignment. I therefore refine the cell states with the local response
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multipath macromodel. For C = [C1, . . . ,CNc ]
T, I define

J(C) =
∣∣p̂H

r Etot(rtar;C)
∣∣2 , (5.139)

where Etot contains all retained incident paths, their incidence-dependent loaded unit-cell

responses, finite-aperture reradiation, and the non-RIS background field. This model remains

diagonal at the control level because the state of cell g acts through its own local coefficient.

Starting from (5.138), coordinate descent updates cell g according to

Cg← argmax
C∈CC

J(C1, . . . ,Cg−1,C,Cg+1, . . . ,CNc), (5.140)

where CC is the finite set of admissible passive load states. Sweeps stop when no state changes

or when the relative improvement in J is below τJ . Each accepted update is nondecreasing

in J, and the finite state space guarantees termination at a coordinatewise local optimum.

Several initial common phase offsets may be tested to reduce sensitivity to quantisation.

The implemented reference incidence phase map is

Φ
HW
MP (rg) = argΓσ (Ωref;Cg). (5.141)

This map is used only for visualisation; performance is evaluated from the per-path responses.

For a target in the radiative near field, the exact source-to-target distance and dyadic Green

function replace the fixed-direction far-field kernel in (5.127). The far-field expression is

used only when the target satisfies the corresponding Fraunhofer distance condition.

Unlike the single-path phase profile in (5.42), the multipath-aware phase profile in (5.141)

is not necessarily a linear phase ramp. Therefore, its effective superperiod cannot be obtained

directly from (5.54). I instead test its periodicity from the complex phase field

Qσ (xr,yr) = e jΦHW
MP (xr,yr). (5.142)



5.4 Simulation Framework and Settings 187

For a sampled RIS aperture with

xm = x0 +m∆x, (5.143)

yn = y0 +n∆y, (5.144)

the two-dimensional discrete Fourier transform is

Q̃σ [µ,ν ] =
Nx−1

∑
m=0

Ny−1

∑
n=0

Qσ (xm,yn)w(xm,yn)e
− j2π

(
µm
Nx +

νn
Ny

)
, (5.145)

where w(xm,yn) is an optional window function. After applying a fast Fourier transform

(FFT) shift, the associated spatial frequencies are

kx[µ] =
2π

Nx∆x

(
µ− Nx

2

)
, (5.146)

ky[ν ] =
2π

Ny∆y

(
ν−

Ny

2

)
. (5.147)

The spectral energy is defined as

E [µ,ν ] =
∣∣∣Q̃σ [µ,ν ]

∣∣∣2 . (5.148)

After excluding the direct current (DC) component unless the phase profile is nearly uniform,

the non-DC samples are sorted in descending order of E [µ,ν ]. The dominant harmonic set

Kα is selected as the smallest set satisfying

∑
S
j=1Es j

∑
N f
j=1Es j

≥ α, (5.149)

where

0.8≤ α ≤ 0.9, (5.150)
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and s j = (µ j,ν j) denotes the index of the jth strongest non-DC Fourier sample. The

corresponding dominant spatial harmonics are

Kα =
{

q j = (kx, j,ky, j) =
(
kx[µ j],ky[ν j]

)
: j = 1, . . . ,S

}
. (5.151)

To remain consistent with the rectangular supercell formulation in Scenario I, the selected

harmonics are tested against an axis-aligned reciprocal lattice:

kx, j ≈ m jGMP
x , (5.152)

ky, j ≈ n jGMP
y , (5.153)

m j,n j ∈ Z. (5.154)

With weights w j = Es j , the least-squares estimate along each coordinate that has at least one

nonzero assigned lattice index is

GMP
x =

∑
S
j=1 w jm jkx, j

∑
S
j=1 w jm2

j
, (5.155)

GMP
y =

∑
S
j=1 w jn jky, j

∑
S
j=1 w jn2

j
. (5.156)

The estimate for a coordinate is undefined if its denominator in (5.155) or (5.156) is zero. In

that case, the phase is treated as invariant along that coordinate, and no finite superperiod is

assigned. For coordinates with defined estimates, the corresponding fitting residuals are

εx =

√√√√∑
S
j=1 w j

(
kx, j−m jGMP

x
)2

∑
S
j=1 w j

, (5.157)

εy =

√√√√∑
S
j=1 w j

(
ky, j−n jGMP

y
)2

∑
S
j=1 w j

. (5.158)
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Let

Dx = Nx∆x, (5.159)

Dy = Ny∆y. (5.160)

The finite-aperture spectral resolutions are

δkx =
2π

Dx
, (5.161)

δky =
2π

Dy
. (5.162)

The multipath phase profile is regarded as effectively periodic along each coordinate with a

defined lattice estimate if

εx ≤ ctolδkx, (5.163)

εy ≤ ctolδky, (5.164)

where ctol is a tolerance factor of order unity. If the applicable conditions in (5.163) and

(5.164) are satisfied and the corresponding fitted spacings are nonzero, the finite effective

multipath superperiods are

PMP
x =

2π

|GMP
x |

, (5.165)

PMP
y =

2π

|GMP
y |

. (5.166)

When the effective superperiods in (5.165) and (5.166) exist, the Floquet formulation

derived in Scenario I is reused by replacing

Px→ PMP
x , (5.167)

Py→ PMP
y . (5.168)
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Accordingly, the reciprocal-lattice vector in (5.55) becomes

GMP
pq = pGMP

x âx +qGMP
y ây, (5.169)

and the Floquet tangential wavevector follows from (5.56) as

k(n),MP
t,r,pq = k(n)

t,i +GMP
pq . (5.170)

All subsequent quantities, including k(n)x,r,pq, k(n)y,r,pq, k(n)z,r,pq, the propagation condition, the angu-

lar mapping, the surface impedance Fourier coefficients, the mode-matching matrix equation,

and the far-field projections, are then obtained from (5.57)–(5.122) with the replacements in

(5.167)–(5.170).

If either applicable condition in (5.163) or (5.164) is not satisfied, no physically mean-

ingful Floquet supercell is assigned to the multipath phase profile. In that case, I define

the path-resolved incident-current templates as Ji,n = Ht,i,n× n̂ and Mi,n = n̂×Et,i,n. The

hardware response is then applied separately to every incident path at each cell as

JMP
s (rg) =

N

∑
n=1

[
1+Γσ (Ω

(n)
i ;Cg)

]
Ji,n(rg), (5.171)

MMP
s (rg) =

N

∑
n=1

[
1−Γσ (Ω

(n)
i ;Cg)

]
Mi,n(rg). (5.172)

The scattered field is then evaluated by the finite-aperture Huygens radiation integral in

(5.109), with (Js,Ms) replaced by (JMP
s ,MMP

s ). The TE and TM components are obtained

using the same projections in (5.119)–(5.120).

The numerical phase maps reported in the following section were generated from the

aggregate multipath illumination and demonstrate the continuous multipath-aware synthesis

principle. The hardware codebook coordinate refinement in (5.139)–(5.140) completes

the deployment-oriented implementation procedure, but the existing figures have not been

regenerated with this additional refinement. Consequently, I do not attribute any further
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numerical gain to the refinement in the present thesis; such a claim requires rerunning the

simulations with the calibrated per-angle codebook.

5.4.3 Multipath Illumination of a Nonlocal Beyond-Diagonal RIS

The preceding synthesis treats the RIS as a collection of locally controlled cells. In an

abstract power wave representation, its control operator is diagonal,

b = ΘDa, ΘD = diag
(

e jφ1, . . . ,e jφNc

)
, (5.173)

where a and b contain power-normalised incident and reradiated modal amplitudes. This

representation assumes that each controlled degree of freedom changes only its correspond-

ing local channel. It does not represent lateral power transport, load-to-load coupling, or

conversion between different surface and radiation modes.

A nonlocal or beyond-diagonal RIS is instead described by a full operator

b = ΘBDa, (5.174)

whose off-diagonal entries transfer power between controlled ports or modes. This distinction

is physical rather than merely algebraic. For anomalous reflection from θi to θr with

unchanged polarisation in a homogeneous medium, the reflected amplitude required by

global power conservation is [72]

|Er|= |Ei|
√

cosθi

cosθr
. (5.175)

For TE fields, the time average of the normal power density at the surface is

Pn(x) =
1

2η0

[
−|Ei|2 cosθi + |Er|2 cosθr + |Ei||Er|(cosθr− cosθi)cosΦr(x)

]
, (5.176)

where Φr(x) = k0(sinθi− sinθr)x+ φ0. Substitution of (5.175) into (5.176) cancels the

spatially averaged term, but leaves an oscillatory component whenever cosθi ̸= cosθr. There-
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fore, perfect anomalous reflection with unchanged polarisation cannot, in general, satisfy

Pn(x) = 0 pointwise with a passive local lossless sheet. A passive nonlocal surface resolves

this conflict by accepting power where Pn(x)< 0, transporting it laterally through guided,

evanescent, or coupled network channels, and reradiating it where Pn(x)> 0. The net normal

power exchange over one superperiod remains zero.

The attainable off-diagonal coupling is determined by the implemented network ar-

chitecture. A fully connected network permits pairwise coupling between all controlled

ports, whereas group-, tree-, and band-connected networks impose progressively sparser

connection graphs. The admissible set must therefore be written as ABD(G) for a specified

hardware graph G; optimising an unrestricted dense matrix and then deleting unavailable

couplings is not physically equivalent to optimising the implemented topology. A sparse

architecture preserves the required channel-shaping subspace only when its coupling graph

connects the relevant incident and target modal subspaces. This condition is channel- and

architecture-dependent and cannot be assumed a priori [186].

Full Coupled Network Forward Model

Let v0 = ∑
N
n=1 v0,n denote the coherent open-circuit excitation produced at the Nc controlled

ports by all RT incident paths. Let ZEM be the full EM self- and mutual-impedance matrix

of the unloaded RIS, and let ZL(ξ ) be the tunable load-network matrix controlled by the

hardware variables ξ . With the voltage convention

v = v0 +ZEMi = ZL(ξ )i, (5.177)

the induced current vector is

i(ξ ) = [ZL(ξ )−ZEM]−1 v0. (5.178)

The inverse exists only away from an uncontrolled singular resonance. Equation (5.178)

shows why a beyond-diagonal RIS cannot be designed by assigning independent phases:

changing one network parameter generally changes every component of i.
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This forward model retains two effects that must not be absorbed into an abstract phase

matrix. First, the off-diagonal entries of ZEM represent EM mutual coupling even when the

tunable loads are diagonal. Second, the fixed field E f in (5.179) contains structural scattering

from the unloaded support and conductors. A unilateral approximation may neglect feedback

from the RIS towards the Tx when that reverse interaction is demonstrably weak, but it does

not justify neglecting coupling among RIS ports. The approximation must be checked by

comparing the reduced and full network solutions over the intended frequency band and

illumination set.

Let G(r) map the port currents to the electric field at r, including finite-aperture effects,

element patterns, polarisation, and propagation from the RIS. The complete field is

Etot(r;ξ ) = E f (r)+G(r) [ZL(ξ )−ZEM]−1 v0, (5.179)

where E f contains the Tx, environment, and unloaded structure contributions. In the far field,

I define G∞(θ ,φ) = limr→∞ re jk0rG(r,θ ,φ). The vector radiation pattern is then

F(θ ,φ ;ξ ) = F f (θ ,φ)+G∞(θ ,φ) [ZL(ξ )−ZEM]−1 v0. (5.180)

The target-polarised power pattern is proportional to

Ptar(θ ,φ ;ξ ) =
1

2η0

∣∣p̂(θ ,φ)HF(θ ,φ ;ξ )
∣∣2 . (5.181)

For a target in the near field, (5.179), rather than (5.180), is used with the exact dyadic Green

function.

Determination of the Beyond-Diagonal Control Pattern

The design variable is ξ , or equivalently the admissible matrix ZL(ξ ); an independent phase

vector is not the primary design variable. For a target position rtar and polarisation p̂r, the
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physically constrained problem is

ξ
⋆ = argmax

ξ∈ABD

∣∣p̂H
r Etot(rtar;ξ )

∣∣2 , (5.182)

where ABD = ABD(G) contains only physically realisable networks having the selected

connection graph. After solving (5.182), the displayed control or “phase” pattern is derived

from the solution, for example

φ
(i)
g = arg ig(ξ

⋆), (5.183)

or from the phase of the corresponding equivalent aperture field. This derived pattern must

not be interpreted as a set of independent local reflection phases.

For continuous tuning, the objective gradient can be evaluated without finite differences.

Let A(ξ ) = ZL(ξ )−ZEM, q = p̂H
r Etot, and J = |q|2. Differentiation of (5.178) gives

∂ i
∂ξk

=−A−1 ∂ZL

∂ξk
i, (5.184)

and hence
∂J
∂ξk

= 2ℜ

{
q∗p̂H

r G(rtar)
∂ i

∂ξk

}
. (5.185)

Equations (5.184) and (5.185) support projected gradient or sequential quadratic program-

ming over continuous passive network parameters. For quantised states, the same forward

model is used in coordinate descent or branch-and-bound. A diagonal physical load matrix

can still produce a beyond-diagonal effective response through the full ZEM; an intercon-

nected tuning network makes ZL itself nondiagonal.

The potential target-direction improvement can be bounded in an ideal power wave model.

Let hi be the coherent multipath excitation vector at the RIS and hr the coupling vector from

the RIS modes to the target. Ignoring the fixed background term for this bound, the target

field is

y = hH
r Θhi. (5.186)
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For an ideal diagonal phase-only RIS, the optimum is

|y⋆D|=
Nc

∑
g=1
|hr,g||hi,g|, (5.187)

obtained with φg = χ + arghr,g− arghi,g. For any lossless full operator satisfying Θ
H

Θ = I,

the Cauchy–Schwarz inequality gives

|yBD| ≤ ∥hr∥2∥hi∥2. (5.188)

Consequently, if the beyond-diagonal architecture contains the diagonal designs as a subset

and the global optimum is found, its target power gain satisfies

1≤
|y⋆BD|2

|y⋆D|2
≤

∥hr∥2
2∥hi∥2

2(
∑

Nc
g=1 |hr,g||hi,g|

)2 . (5.189)

The upper bound is attainable only if the admissible reciprocal network can realise the

required modal mapping. Equality at the lower bound occurs when diagonal control already

aligns all useful modal power; therefore, a beyond-diagonal RIS does not guarantee a

strict gain in every channel. Its potential benefit is greatest when the incident and target

coupling magnitudes are poorly matched, when lateral power redistribution is required, or

when parasitic or specular modes must be suppressed. Equation (5.189) is consequently a

theoretical feasibility bound, rather than a performance prediction for a particular unit cell,

network topology, or indoor channel.

Physical Feasibility Conditions

The following conditions are imposed during, rather than after, optimisation:

1. Passivity: with vL = ZLi, the absorbed power must be nonnegative for every i, which

requires
ZL +ZH

L
2

⪰ 0. (5.190)
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For an ideal lossless network the Hermitian part is zero. In a power-normalised scatter-

ing representation, the equivalent conditions are Θ
H

Θ⪯ I and Θ
H

Θ = I, respectively.

2. Reciprocity: a passive reciprocal interconnection requires ZL = ZT
L, or equivalently

Θ = Θ
T when identical power wave references are used. A desired transformation that

violates this symmetry requires nonreciprocal or time-varying hardware.

3. Global power balance: the power entering the nonlocal surface over a superperiod

or the complete finite-aperture must equal reradiated plus dissipated power. Local

regions may exhibit apparent absorption or generation, but a passive lossless design

must satisfy zero net absorbed power; the apparent gain regions are supplied by lateral

power transport.

4. Causality and stability: ZL(s) must be a positive-real matrix over frequency, and

ZL−ZEM must remain nonsingular with an adequate stability margin over the operating

band and component tolerances.

5. Hardware topology: the sparsity, coupling range, tuning interval, quantisation, con-

ductor/dielectric loss, bias network, voltage limits, and thermal limits must be included

in ABD. An arbitrary dense unitary matrix is not automatically realisable by a finite

passive circuit.

6. Polarisation and modal completeness: if cross-polarisation conversion is retained,

all TE/TM blocks must be included in the coupled operator. The propagating mode

power balance must use power-normalised modes, while sufficiently many evanescent

modes must be retained to converge the near-surface coupling.

Equations (5.178)–(5.182) define the calculation chain required for a physically con-

strained implementation: obtain each v0,n from RT, extract ZEM and G from a full-wave or

validated reduced-order model, optimise only the admissible network parameters, and then

recompute the complete radiation pattern and power balance. This formulation is consistent

with the channel-informed nondiagonal approach in [196] and with the spatial-dispersion

requirements in [72]. Although this procedure is more computationally demanding than
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diagonal phase synthesis, it avoids interpreting a locally assigned phase profile as a complete

nonlocal EM design.

Scope and Future Work

The preceding formulation establishes the theoretical requirements for extending the multi-

path synthesis framework from a local diagonal RIS to a nonlocal beyond-diagonal RIS. It de-

liberately stops short of a numerical performance comparison. In particular, (5.178)–(5.182)

do not define a physically realisable device until the connection graph G, the frequency-

dependent component models, and the associated admissible setABD(G) have been specified.

The matrices ZEM and G must also be extracted for the same finite aperture and reference

planes used by the network model. Consequently, no target-direction gain, radiation-pattern

improvement, or efficiency advantage is claimed for a nonlocal RIS in this thesis.

Numerical and full-wave assessment of the nonlocal extension is therefore reserved for

future work. A topology-specific study should first construct ZL(ξ ) for a selected reciprocal

interconnection and calibrate ZEM and G over the intended frequency band. For each coherent

multipath field supplied by the RT model, the constrained problem in (5.182) should then be

solved subject to the passivity, reciprocity, stability, tuning, and sparsity conditions stated

above. The resulting network should subsequently be evaluated using circuit and full-wave co-

simulation of the finite RIS, including conductor and dielectric losses, component tolerances,

bias-network parasitics, mutual coupling, edge diffraction, and polarisation conversion.

Any future comparison with a diagonal RIS should retain identical incident fields, aper-

ture, target, materials, bandwidth, and power normalisation, leaving the control architecture

as the only independent variable. It should report the target-polarised and total reradiated

powers, aperture efficiency, integrated power, sidelobe and specular-mode levels, cross-

polarisation, bandwidth, and uncertainty sensitivity, together with the global power balance

and residuals of the passivity, reciprocity, and stability tests. Only after these checks can

the conditions under which nonlocal coupling improves upon diagonal control be quantified

reliably. The subsequent CST benchmark and PEC T-shaped room studies therefore evaluate

only the local diagonal RIS framework and do not validate the nonlocal extension.
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5.5 Performance Evaluation of Single-Path and Multipath

RIS Designs

This section evaluates the phase-synthesis framework in two sequential stages. First, a

canonical three-path benchmark compares the analytical model with CST full-wave simula-

tion under matched aperture, excitation, and target-direction conditions. This comparison

establishes the scope within which the analytical model reproduces the full-wave response.

Second, the resulting analytical workflow is applied to a site-specific PEC T-shaped room to

compare the single-path and multipath-aware phase designs in a controlled indoor multipath

environment. The ordering is deliberate: the model-level evidence is established before the

room-scale field redistribution is interpreted. The CST benchmark and the PEC room study

use independent incident fields, and no path amplitude or phase is transferred between the

two data sets.

5.5.1 CST Full-Wave Validation

The first validation stage isolates the phase synthesis from the additional propagation com-

plexity of a complete room. Both models are evaluated at 3.5 GHz using identical incident

directions, centre-referenced phases, electric-field amplitudes, and φ̂ -polarised plane-wave

definitions. Three incident waves illuminate the RIS with the parameters in Table 5.2, and the

prescribed reradiation direction is (θd,φd) = (26◦,34◦). All reported electric-field amplitudes

are asymptotic far-field quantities scaled according to 1/r and referenced to 1 m; they must

not be interpreted as physical near-field values evaluated at a distance of 1 m.

Table 5.2 Three incident paths used in the CST full-wave benchmark.

Path θ
(n)
i φ

(n)
i E0,n ϕ0,n Polarisation

Ray 1 56.000◦ −128.000◦ 1.000 0.000◦ φ -polarised

Ray 2 55.753◦ 54.964◦ 0.720 −179.910◦ φ -polarised

Ray 3 64.401◦ 7.026◦ 0.480 −101.617◦ φ -polarised
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The angles in Table 5.2 are expressed in the local RIS spherical coordinate system. The

angle θ
(n)
i is measured from the RIS surface normal, and φ

(n)
i is the corresponding azimuth.

The phasor E0,ne jϕ0,n specifies the normalised electric-field excitation of path n at the local

RIS origin, such that Ei,n(0) = E0,ne jϕ0,n â
φ
(n)
i

under the CST φ -polarisation convention. The

associated grazing angles, αg,n = 90◦−θ
(n)
i , are 34.000◦, 34.247◦, and 25.599◦ for Rays

1–3, respectively.

Ray 1 defines the single-path reference profile because it carries the greatest normal

incident power. After removal of the common factor 1/(2η0), the normal power weights

E2
0,n cosθ

(n)
i are 0.559193, 0.291736, and 0.099549 for Rays 1–3, respectively. The tan-

gential momentum difference between Ray 1 and the desired outgoing wave gives the

phase-gradient periods

a =
λ∣∣∣sinθd sinφd− sinθ

(1)
i sinφ

(1)
i

∣∣∣ , b =
λ∣∣∣sinθd cosφd− sinθ

(1)
i cosφ

(1)
i

∣∣∣ . (5.191)

These periods are well defined for the single-path reference because one incident tan-

gential wavevector is selected. Under multipath illumination, the coherent aperture field

generally has neither a unique incidence angle nor a globally linear phase. The multipath-

aware profile is therefore obtained from the coherent target-field objective in (5.133)–(5.135),

followed by hardware-state mapping and the path-resolved evaluation in (5.171)–(5.172);

the single-path periods are not reapplied to the aggregate field.

Three controlled scenarios, denoted S1–S3, are evaluated. In S1, the phase profile

designed for Ray 1 is illuminated only by Ray 1. In S2, the same profile is illuminated

coherently by all three paths. In S3, the multipath-aware profile is synthesised for, and

illuminated by, the same three-path field. Because S2 and S3 have identical incident fields,

their comparison isolates the effect of redesigning the RIS phase profile. In contrast, S1

contains less incident aperture power and therefore provides a single-wave reference rather

than an equal-input baseline for S3.
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(a) Single-path phase distribution. (b) Multipath-aware phase distribution.

Fig. 5.12 Comparison of the designed RIS phase distributions under single-path and multipath
illumination.

Figure 5.12 shows the corresponding control profiles. The single-path profile is approx-

imately a linear phase ramp because it compensates one tangential momentum difference.

The multipath-aware profile is spatially nonuniform because it compensates the phase of

the coherent three-wave aperture excitation before aligning the controllable θ̂ -polarised

contribution in the target direction. This distinction follows directly from the two synthesis

objectives.

The analytical implementation represents the RIS as a locally responding Huygens

aperture. Each element is assigned an angle- and polarisation-independent scalar reflection

coefficient Γ(C) = A(C)e jφ(C) selected from an 18-state discrete capacitance codebook,

and the same coefficient is applied to every incident path and tangential field component.

The analytical aperture and the CST aperture contain 50×37 elements over approximately

0.565×0.4181 m, with an 11.3×11.3 mm period. CST resolves the finite three-dimensional

unit-cell geometry, lumped-element branches, material losses, inter-element coupling, edge

diffraction, polarisation conversion, and parasitic scattering modes. The two models are

therefore suitable for comparing the beam direction and angular response trends, but equality

of their absolute polarisation-resolved amplitudes is not expected without a common angle-

dependent unit-cell calibration.
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Table 5.3 Target-direction asymptotic far-field amplitudes referenced to 1 m for the CST
three-path benchmark.

Method Case |Eθ | (V/m) |Eφ | (V/m) |E|RSS (V/m)

Analytical model S1 0.517172 1.544437 1.628728

Analytical model S2 0.515714 1.544517 1.628341

Analytical model S3 0.689662 1.296814 1.468795

CST full-wave model S1 0.140564 0.754065 0.767055

CST full-wave model S2 0.145818 0.749157 0.763216

CST full-wave model S3 0.235529 0.645876 0.687480

Table 5.3 reports the two spherical field components and their root-sum-square magni-

tude, |E|RSS =
√
|Eθ |2 + |Eφ |2, at the target direction. The S3 phase profile is designed to

maximise the desired Eθ component rather than |E|RSS. Relative to S2, S3 increases |Eθ |

by 2.525 dB in the analytical model and by 4.165 dB in CST. Over the same comparison,

|Eφ | decreases by 1.518 and 1.289 dB, respectively, and |E|RSS decreases by 0.896 and

0.908 dB. The improvement is therefore polarisation-selective and must not be interpreted as

an enhancement of the total vector-field magnitude.

The distinction between S1 and the two three-path cases is also relevant when interpreting

unnormalised amplitudes. Direct integration of the normal incident Poynting flux over the

analytical aperture gives Pinc,S1≈ 1.77675×10−4 W and Pinc,S2/S3≈ 3.02762×10−4 W. The

latter is greater by a factor of 1.7040, or 2.315 dB. Hence, an S3/S1 comparison combines

the additional incident multipath power with the change in phase profile, whereas S3/S2 is

the appropriate equal-illumination comparison of the two design rules.

Figures 5.13 and 5.14 compare orthogonal angular cuts through the prescribed direction.

For a quantitative comparison of the vector-field envelopes, the analytical 0.1◦ samples were

linearly interpolated onto the CST 1◦ grids. The Pearson correlation coefficients for the

θ -cuts are 0.964, 0.969, and 0.953 for S1–S3, respectively. The corresponding coefficients

for the φ -cuts are 0.970, 0.933, and 0.785. The θ -cut envelopes therefore exhibit strong
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(a) Proposed method, θ -cut at φ = 34◦. (b) Proposed method, φ -cut at θ = 26◦.

Fig. 5.13 Radiation-pattern cuts obtained using the proposed analytical method.

agreement, whereas the lower S3 φ -cut correlation identifies a substantive difference in

angular shape. Both models nevertheless place a directive response in the vicinity of (θd,φd),

supporting the phase-gradient orientation and predicted beam direction.

At the target direction, the CST-to-analytical ratios of |E|RSS are 0.470953, 0.468708, and

0.468057 for S1–S3, respectively. These values correspond to amplitude offsets of −6.540,

−6.582, and −6.594 dB and remain close to an average ratio of 0.469. This repeatable offset

indicates a systematic difference in the unit-cell and aperture representations, but it is not a

universal normalisation factor. In particular, the CST-to-analytical ratios of |Eθ | are 0.272,

0.283, and 0.342, and the S3 φ -cut has a lower shape correlation. A single amplitude scale

factor therefore cannot reproduce the polarisation-resolved response.

Let Eθ (θd,φd) and Eφ (θd,φd) denote the complex spherical components of the reported

far field in the target direction. The fraction of target-direction electric-field power in the

θ -polarised component is

ρθ =
|Eθ (θd,φd)|2

|Eθ (θd,φd)|2 +
∣∣Eφ (θd,φd)

∣∣2 . (5.192)

The CST results give 100ρθ = 3.36%, 3.65%, and 11.74% for S1, S2, and S3, respectively.

The reradiated field at the target direction is therefore predominantly φ -polarised in all three
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(a) Full-wave simulation, θ -cut at φ = 34◦. (b) Full-wave simulation, φ -cut at θ = 26◦.

Fig. 5.14 Radiation-pattern cuts obtained from full-wave simulations.

cases, although the multipath-aware design increases the relative contribution of the desired

θ -polarised component.

The remaining discrepancies follow from both constitutive and implementation dif-

ferences. CST inherently includes oblique-incidence spatial dispersion, co-polarised and

cross-polarised channels, mutual coupling, finite-aperture edge effects, conductor and di-

electric losses, and parasitic or specular scattering. The residual difference must therefore

be interpreted as a combined unit-cell calibration, aperture efficiency, loss, coupling, dis-

cretisation, and polarisation-channel error rather than an incorrect spatial phase-gradient

orientation.

The full-wave benchmark therefore provides a qualified validation of the analytical frame-

work. It supports the predicted beam direction, the multipath phase-synthesis mechanism,

and the normalised θ -cut trends. It does not establish quantitative equivalence of the absolute

or polarisation-resolved fields. Such equivalence would require an angle-dependent reflection

dyadic, a coupling-aware finite-array model, and a capacitance codebook calibrated to the

implemented CST unit cell and lattice. With this validation scope established, the analytical

framework is subsequently applied to the PEC room without treating the room-scale results

as an additional full-wave validation.
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5.5.2 Application to the PEC T-Shaped Room

The second stage applies the phase-synthesis framework to a T-shaped room bounded by

PEC walls. The PEC boundaries eliminate wall transmission and material absorption while

retaining deterministic reflection-induced multipath. This controlled enclosure isolates the

RIS-induced spatial field redistribution from uncertainty associated with frequency-dependent

wall parameters. The transmit power is Ptx =−15 dBW.

The room study retains the coherent target-field phase-synthesis principle used in the pre-

ceding CST full-wave validation while selecting a different target polarisation. Specifically,

the target-polarisation vector is set to p̂r = φ̂ |θ=θr,φ=φr . The RIS phase profiles are therefore

synthesised to coherently align the controllable φ -polarised reradiated-field contributions

at the prescribed target direction (θr,φr). Equivalently, the synthesis seeks to maximise∣∣Eφ (θr,φr)
∣∣2, rather than the total vector-field magnitude. This target-polarisation objective

is retained in both room-scale numerical realisations.

Within each realisation, the room geometry, source, target region, propagation assump-

tions, retained incident field, target polarisation, and normalisation reference are fixed; only

the RIS phase-design rule is changed. Two independent numerical realisations are consid-

ered. The first uses incident fields generated by the deterministic RT algorithm developed

in this thesis, whereas the second uses incident fields generated independently with Sionna.

For each realisation, the results are presented in the same order: the phase profiles, the

polarisation-resolved background fields, the φ - and θ -polarised RIS-only fields, and the

polarisation-resolved reradiation patterns. Because the two RT implementations retain dif-

ferent path sets and produce different complex incident fields, their results are evaluated

separately and are not combined or interpreted as a direct comparison of absolute field levels.

The first realisation uses the RT algorithm developed in this thesis. Its incident paths are

transformed into the local RIS coordinate system and are independent of the three paths used

in the CST benchmark in Table 5.2. Table 5.4 lists the four retained components, including

their local directions, magnitudes, phases, and complex φ - and θ -polarised electric-field

components.
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Table 5.4 Incident paths generated by the RT algorithm developed in this thesis for the first
evaluation in the PEC T-shaped room.

Index θ (Incident) φlocal (Azimuth) ψlocal (Elevation) |E| Eφ Eθ

1 27.06◦ −21.92◦ −62.94◦ 6.169×10−4 2.434×10−4∠−3.20◦ 5.668×10−4∠−3.20◦

2 63.51◦ −11.95◦ −26.49◦ 8.248×10−4 5.529×10−4∠−78.73◦ 6.120×10−4∠−78.73◦

3 52.23◦ −14.89◦ −37.77◦ 8.556×10−4 5.305×10−4∠−27.88◦ 6.713×10−4∠−27.88◦

4 68.42◦ −9.47◦ −21.58◦ 6.945×10−4 4.750×10−4∠121.7◦ 5.067×10−4∠121.7◦
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(a) Single-path phase distribution.
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(b) Multipath-aware phase distribution.

Fig. 5.15 RIS phase distributions synthesised from the incident fields predicted by the RT
algorithm developed in this thesis.
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(a) φ -polarised background field.
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(b) θ -polarised background field.

Fig. 5.16 Polarisation-resolved background field distributions predicted by the RT algorithm
developed in this thesis for the PEC T-shaped room at Ptx =−15 dBW.
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(a) φ -polarised RIS-only field for the single-path
phase profile.
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(b) φ -polarised RIS-only field for the multipath-
aware phase profile.

Fig. 5.17 φ -polarised RIS-only field distributions predicted by the RT algorithm developed
in this thesis under multipath illumination at Ptx =−15 dBW.
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(a) θ -polarised RIS-only field for the single-path
phase profile.
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(b) θ -polarised RIS-only field for the multipath-
aware phase profile.

Fig. 5.18 θ -polarised RIS-only field distributions predicted by the RT algorithm developed
in this thesis under multipath illumination at Ptx =−15 dBW.

Fig. 5.15 presents the single-path and multipath-aware phase profiles. The single-path

profile follows the phase progression associated with the retained component selected using

the normal incident-power criterion. In contrast, the multipath-aware profile is derived from

the coherent aggregate incident field and compensates its spatial phase so that the controllable

φ -polarised contributions combine coherently in the prescribed target direction.
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(a) Normalised φ -polarised reradiated power.
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(b) Normalised θ -polarised reradiated power.

Fig. 5.19 Normalised polarisation-resolved RIS reradiation patterns predicted by the RT
algorithm developed in this thesis.

Fig. 5.16 establishes the fixed φ - and θ -polarised background fields before RIS reradiation

is added, thereby preventing room-induced field maxima from being attributed to the RIS.

Figs. 5.17 and 5.18 then compare the corresponding φ - and θ -polarised RIS-only fields under

the same complete four-path illumination. The differences between each pair therefore isolate

the effect of the phase-design rule. The φ -polarised maps represent the primary designed

response, whereas the θ -polarised maps document the accompanying polarisation-resolved

response. Finally, Fig. 5.19 compares the normalised angular responses of the two phase

profiles for both polarisations. The common target-direction marker permits their main-lobe

locations to be assessed against the prescribed direction.

The corresponding normalised RIS-only target-direction reradiation gain comparison is

quantified in Table 5.5. Within each polarisation, the multipath-aware result is used as the

0 dB reference. Relative to this reference, the single-path profile is lower by 1.978 dB for the

φ -polarised component and by 0.690 dB for the θ -polarised component. Equivalently, the

multipath-aware design provides target-direction reradiation gains of 1.978 and 0.690 dB,

respectively. Because both profiles are evaluated under the same four-path illumination, these

values quantify the within-data-set effect of the phase redesign and must not be interpreted

as absolute link gains.
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Table 5.5 Normalised RIS-only target-direction reradiation gain comparison obtained using
the RT algorithm developed in this thesis.

Scenario φ -polarised gain θ -polarised gain

Single-path phase under multipath illumination −1.978 dB −0.690 dB

Multipath-aware phase under multipath illumination 0.000 dB 0.000 dB

Improvement +1.978 dB +0.690 dB

The second realisation uses an independent incident field generated with Sionna. Table 5.6

lists the fifteen retained components. Their amplitudes and phases differ from those of the

four-path data set in Table 5.4. The Sionna results therefore constitute a separate numerical

realisation rather than an additional excitation combined with the first data set, and no field

quantities are combined across the two realisations.

Table 5.6 Incident paths generated in the Sionna-based evaluation of the PEC T-shaped room.

Index θ (Incident) φlocal (Azimuth) ψlocal (Elevation) |E| Eφ Eθ

1 52.23◦ −14.89◦ −37.77◦ 7.853×10−4 6.569×10−4∠−124.27◦ 4.303×10−4∠−124.27◦

2 63.51◦ −11.95◦ −26.49◦ 7.850×10−4 6.069×10−4∠−22.55◦ 4.979×10−4∠−22.55◦

3 68.42◦ −9.46◦ −21.58◦ 6.726×10−4 5.046×10−4∠29.84◦ 4.447×10−4∠29.84◦

4 63.63◦ −9.46◦ −26.37◦ 6.331×10−4 4.861×10−4∠131.30◦ 4.055×10−4∠131.30◦

5 27.06◦ −21.91◦ −62.94◦ 5.317×10−4 5.271×10−4∠−173.63◦ 6.968×10−5∠−173.63◦

6 46.95◦ −10.26◦ −43.05◦ 5.039×10−4 4.284×10−4∠102.47◦ 2.653×10−4∠102.47◦

7 75.44◦ −173.80◦ −14.56◦ 4.785×10−4 3.475×10−4∠−28.65◦ 3.289×10−4∠151.35◦

8 56.73◦ −172.81◦ −33.27◦ 4.388×10−4 3.471×10−4∠−135.80◦ 2.685×10−4∠44.20◦

9 50.26◦ −171.83◦ −39.74◦ 4.383×10−4 3.616×10−4∠145.92◦ 2.477×10−4∠−34.08◦

10 29.04◦ −14.89◦ −60.96◦ 4.176×10−4 4.032×10−4∠27.56◦ 1.088×10−4∠27.56◦

11 31.56◦ −11.95◦ −58.44◦ 3.764×10−4 3.548×10−4∠−20.48◦ 1.258×10−4∠−20.48◦

12 21.13◦ −18.67◦ −68.87◦ 3.664×10−4 3.656×10−4∠63.66◦ 2.385×10−5∠63.66◦

13 18.34◦ −21.91◦ −71.66◦ 3.647×10−4 3.644×10−4∠15.34◦ 1.555×10−5∠−164.66◦

14 35.57◦ −170.04◦ −54.43◦ 3.632×10−4 3.315×10−4∠−128.21◦ 1.484×10−4∠51.79◦

15 14.06◦ −21.91◦ −75.94◦ 2.836×10−4 2.813×10−4∠142.23◦ 3.610×10−5∠−37.77◦
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(a) Single-path phase distribution.
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(b) Multipath-aware phase distribution.

Fig. 5.20 RIS phase distributions synthesised from the Sionna-derived incident fields.
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(a) φ -polarised background field.
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(b) θ -polarised background field.

Fig. 5.21 Polarisation-resolved background field distributions predicted using Sionna for the
PEC T-shaped room at Ptx =−15 dBW.

Fig. 5.20 presents the single-path and multipath-aware phase profiles using the same

left-to-right convention as Fig. 5.15. Their regular and spatially varying structures reflect

synthesis from a single reference component and from the coherent aggregate illumination,

respectively. Fig. 5.21 then establishes the fixed Sionna-derived background fields for the φ -

and θ -polarised components.

Figs. 5.22 and 5.23 compare the φ - and θ -polarised RIS-only fields, respectively, for the

two phase profiles. Both profiles are evaluated under the same complete Sionna-generated
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(a) φ -polarised RIS-only field for the single-path
phase profile.
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(b) φ -polarised RIS-only field for the multipath-
aware phase profile.

Fig. 5.22 Sionna-based φ -polarised RIS-only field distributions under multipath illumination
at Ptx =−15 dBW.
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(a) θ -polarised RIS-only field for the single-path
phase profile.
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(b) θ -polarised RIS-only field for the multipath-
aware phase profile.

Fig. 5.23 Sionna-based θ -polarised RIS-only field distributions under multipath illumination
at Ptx =−15 dBW.

incident field; hence, the differences within each figure arise from the phase-design rule rather

than from a change in illumination. The φ -polarised maps represent the primary designed

response, while the θ -polarised maps report the accompanying polarisation-resolved response.

Finally, Fig. 5.24 compares the corresponding polarisation-resolved angular responses against

the common prescribed target direction.
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(a) Normalised φ -polarised reradiated power.
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(b) Normalised θ -polarised reradiated power.

Fig. 5.24 Normalised polarisation-resolved RIS reradiation patterns obtained using Sionna-
derived incident fields.

Although the Sionna field maps and the maps obtained using the RT algorithm developed

in this thesis both show RIS-only contributions, they are based on independent incident-field

realisations and different retained path sets. They therefore support separate within-data-set

comparisons and must not be used for a direct comparison of absolute field levels between

the two RT implementations.

The corresponding normalised RIS-only target-direction reradiation gain comparison for

the Sionna realisation is quantified in Table 5.7. Within each polarisation, the multipath-

aware result is used as the 0 dB reference. Relative to this reference, the single-path profile

is lower by 8.420 dB for the φ -polarised component and by 5.948 dB for the θ -polarised

component. Equivalently, the multipath-aware design provides target-direction reradiation

gains of 8.420 and 5.948 dB, respectively. Because both profiles are evaluated under the

same fifteen-path Sionna illumination, these values quantify the within-data-set effect of the

phase redesign and must not be interpreted as absolute link gains.
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Table 5.7 Normalised Sionna-based RIS-only target-direction reradiation gain comparison.

Scenario φ -polarised gain θ -polarised gain

Single-path phase under multipath illumination −8.420 dB −5.948 dB

Multipath-aware phase under multipath illumination 0.000 dB 0.000 dB

Improvement +8.420 dB +5.948 dB

The PEC room study extends the phase-synthesis framework from the preceding model-

level full-wave benchmark to a room-scale propagation problem; it does not constitute

an additional full-wave validation. The two stages employ the same coherent target-field

synthesis principle but use different target polarisations: the CST benchmark is designed

for the θ -polarised reradiated-field component, whereas the PEC room study is designed for

the φ -polarised component. Within each room-scale realisation, the controlled comparison

isolates the effect of replacing the single-path phase profile with the multipath-aware profile.

For both the realisation generated using the RT algorithm developed in this thesis and the

independent Sionna realisation, the multipath-aware profile produces the stronger normalised

φ -polarised RIS-only reradiation response in the prescribed target direction. Changes in the θ -

polarised component are reported as polarisation-resolved consequences of the phase redesign

rather than as the primary optimisation objective. Tables 5.5 and 5.7 both quantify normalised

RIS-only target-direction reradiation gains. Their numerical values must nevertheless not be

cross-compared because the two realisations retain different path sets and complex incident

fields and use independent within-data-set normalisation references. In addition, the lossless

PEC enclosure excludes material absorption and transmission. The results consequently

support controlled comparisons of the two phase-design rules within each data set, rather than

a universal performance prediction for arbitrary indoor materials, geometries, or deployments.
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5.6 Summary

This chapter presented and evaluated a physically consistent RIS macromodelling framework

for indoor RT. The formulation connects deterministic RT inputs and a coherent multipath

plane-wave expansion to a load-dependent multiport unit-cell response and finite-aperture

reradiation based on equivalent Huygens sources and Floquet–Bloch modal information. It

also provides the field quantities required for single-path and multipath-aware phase synthesis

while preserving the phase, direction, and polarisation of each retained incident component.

The resulting framework therefore provides an electromagnetically interpretable RIS pro-

cessing layer without requiring a full-wave solution of the complete indoor environment.

The component- and room-level evaluations support complementary aspects of the

framework. Over 3.2–3.8 GHz, the multiport model remained within 2.4 dB in amplitude

and 14.8◦ in phase of the full-wave unit-cell results; at 3.5 GHz, the corresponding deviations

were 0.6 dB and 5.4◦. Reusing the extracted port-impedance matrix reduced the runtime of

the 18-state sweep by 89.26%. In the measured small meeting room, the proposed model

achieved an RMSE of 3.66 dB over ten Rx positions, compared with 7.41 dB for the simplified

main-beam-only model, with 90% and 40% of their respective predictions lying within±5 dB

of the measurements. The proposed model also reproduced the measured reduction in spatial

received-power dispersion. These results show that retaining the synthesised angular response

improves predictive consistency relative to a target-directed main-beam approximation in the

tested setting.

The phase-design evaluations further demonstrate the importance of coherent multipath

illumination. In the three-path CST benchmark, the multipath-aware design increased the

target Eθ component by 2.525 dB analytically and 4.165 dB in CST relative to the strongest-

path design, although the total-field magnitude decreased by approximately 0.9 dB. The

improvement is therefore polarisation-selective rather than a total-field enhancement. In

the two PEC room realisations, the corresponding normalised target-direction gains in the

optimised Eφ component were 1.978 dB and 8.420 dB within their separate data sets and

normalisations. These results support the coherent target-field synthesis mechanism but

do not establish a universal link gain. The summary remain limited by the local diagonal
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response, the continuous profiles not being regenerated after finite-codebook refinement, and

measurements in only one room at one frequency. The beyond-diagonal formulation specifies

the relevant physical network constraints, but no numerical or experimental gain is claimed

for it. Within these limits, the framework provides a traceable route from multipath RT fields

and circuit-level unit-cell data to finite-aperture RIS prediction and polarisation-selective

phase design.



Chapter 6

Conclusion and Future Work

6.1 Conclusion

This thesis has addressed the problem of connecting EM interactions with materials and

engineered surfaces to polarised indoor channel and system predictions without requiring

a full-wave solution of an entire room. I have developed a physically consistent modelling

framework in which field bases, complex phases, material responses, path transformations,

RIS circuit responses, and finite-aperture reradiation are defined compatibly from one stage

to the next. The framework is an EM processing layer for deterministic RT rather than a

replacement for the geometry and path-search capabilities of an established RT platform.

Within this scope, the thesis makes three principal contributions.

1. Chapter 3 establishes a three-dimensional polarisation-aware RT formulation for

frequency-dispersive multilayer materials. Consistent local TE and TM bases, complex

multilayer reflection and transmission coefficients, and coherent field accumulation

are retained along each modelled path. The resulting simulations show that XPR

varies with Rx position and propagation mechanism; consequently, neither a scalar

penetration loss nor a spatially constant XPR can reproduce the modelled polarisa-

tion transformation in the investigated environment. This contribution provides the

field-level foundation for the subsequent system and RIS studies, although its building-
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scale XPR predictions have not yet been validated through a dedicated polarimetric

measurement campaign.

2. Chapter 4 connects the polarisation-aware channel model to PolarSK performance

and to BWP optimisation. The results identify high-SNR ABEP floors produced by

coherent multipath interference and material-dependent polarisation imbalance in the

investigated NLOS cases. Coordinatewise searches over permittivity, conductivity, and

layer thickness reduce the stated ABEP objective for the prescribed room, antenna

configurations, Rx grid, and candidate ranges. These results demonstrate a mechanism

by which passive material properties can influence a communication metric, but

they do not establish a global optimum, a building-independent gain, or a directly

manufacturable wall design.

3. Chapter 5 presents the principal and most experimentally mature contribution: a circuit-

informed RIS macromodel integrated with three-dimensional RT. The model links

coherent multipath illumination, a load-dependent multiport unit-cell response, and

finite-aperture reradiation to polarisation-selective phase synthesis. The multiport

representation agrees with the evaluated unit-cell full-wave data within 0.6 dB in

amplitude and 5.4◦ in phase at 3.5 GHz, while reducing the runtime of the 18-state

sweep by 89.26%. In the measured small meeting room, the configured proposed

model attains an RMSE of 3.66 dB, compared with 7.41 dB for a simplified main-

beam-only RIS model, and reproduces the measured contraction in spatial received-

power dispersion. The CST comparison and two controlled PEC room realisations

further support the target-field synthesis mechanism under their stated normalisations.

They also show that a gain in the optimised polarisation component need not imply a

gain in total-field magnitude. The beyond-diagonal extension is formulated subject to

physical network constraints, but its numerical and experimental evaluation remains

future work.
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These conclusions must be interpreted in relation to five limitations. First, experimental

support is uneven across the thesis: the RT formulation in Chapter 3 and the PolarSK and

BWP results in Chapter 4 are supported primarily by analytical checks and simulations,

and no end-to-end experimental validation of the predicted PolarSK performance has been

performed. The Chapter 5 evidence is stronger but remains confined to controlled full-wave

cases and measurements at ten accessible Rx positions in one room at one frequency. Second,

the deliberately simplified geometries and retained path sets do not exhaustively represent

diffraction, diffuse and rough-surface scattering, detailed furniture, human blockage, motion,

or higher-order interactions. Third, material parameters are treated as known model inputs;

construction variability, parameter uncertainty, and frequency-dependent measurement error

are not propagated to the reported channel and ABEP results. Fourth, the BWP search

does not impose the complete manufacturability, cost, fire-safety, thermal, mechanical,

environmental, and architectural constraints required in a real building. Fifth, the reported RIS

phase-design results retain local scalar-control approximations and do not fully resolve angle-

dependent polarisation conversion, finite-array mutual coupling, hardware tolerances, or a

realised beyond-diagonal network. The numerical improvements are therefore conditional on

the specified frequencies, geometries, antennas, materials, path sets, and RIS models.

Subject to these limitations, the thesis establishes a traceable route from material and

circuit descriptions to polarised paths, coherent channel quantities, communication perfor-

mance, and RIS-assisted reradiation. Its contribution is not a universal accuracy guarantee or

a substitute for full-wave and measurement-based validation. Rather, it is a computationally

tractable and physically interpretable framework in which the assumptions responsible for

each prediction can be identified, tested, and progressively refined.

6.2 Future Work

The limitations identified above define a prioritised programme for extending and validating

the framework.
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1. End-to-end wideband polarimetric validation: The highest priority is a measurement

campaign that evaluates the complete chain from multilayer material characterisation

to the dual-polarised channel matrix and PolarSK error performance. Measurements

should cover multiple rooms, wall constructions, frequencies, antenna orientations,

and spatially dense Rx grids. Controlled material samples would permit independent

estimation of complex constitutive parameters, while a PolarSK hardware link would

test the predicted ABEP trends and high-SNR floors directly. Reporting position-

resolved errors, uncertainty intervals, XPR distributions, and repeatability would

distinguish model-form error from measurement and material uncertainty.

2. Wideband and dynamic propagation modelling with additional interaction mech-

anisms: The present frequency-domain treatment should be extended with causal

wideband material and RIS responses, path delays, Doppler shifts, and time-varying ge-

ometry. Human blockage and body scattering should be calibrated from measurements,

and the path engine should incorporate validated diffraction, diffuse and rough-surface

scattering, furniture interactions, and higher-order paths where they materially affect

the selected metric. Model-order control and acceleration strategies will be required so

that each added mechanism delivers a quantified accuracy benefit commensurate with

its computational cost.

3. Robust joint optimisation of passive materials and programmable RISs: BWP

and RIS control should be formulated as a joint, multiobjective design problem across

positions, frequencies, polarisations, and user states. Passive materials can provide

persistent coarse spatial shaping, while programmable RISs can adapt the residual field

to changing users and traffic. Suitable objectives include coverage, ABEP, capacity,

interference, sidelobe level, and energy consumption. The feasible set must include

measured material uncertainty, discrete hardware states, construction tolerances, manu-

facturability, thickness, cost, safety, thermal and mechanical limits, and architectural

constraints. Robust or stochastic optimisation would then replace gains obtained
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for one nominal room by performance bounds over explicitly defined deployment

uncertainties.

4. Coupling-aware and beyond-diagonal RIS validation: Quantitative polarised-field

prediction requires an angle- and polarisation-dependent reflection dyadic, calibrated

load-state data, finite-array mutual coupling, edge diffraction, loss, and hardware

tolerances. The finite-codebook optimisation formulated in Chapter 5 should be applied

to regenerated field results and compared against continuous-profile upper bounds. For

a beyond-diagonal RIS, a specific interconnection topology and physically realisable

impedance or admittance network should be designed under passivity, reciprocity,

power-balance, stability, bandwidth, and component constraints. Full-wave simulations

followed by hardware measurements are then required before any gain over a local

diagonal RIS can be claimed. This programme can subsequently be extended to

wideband, multi-RIS, and multiuser operation.

5. Standardisation and industrial integration: Reproducible benchmark rooms, open

material and unit-cell response databases, and common reporting metrics are needed to

compare polarisation-aware and RIS-assisted RT methods. A benchmark should spec-

ify geometry, material uncertainty, antennas, retained interactions, field normalisation,

computational cost, and measurement uncertainty rather than reporting received-power

error alone. The EM processing layer developed in this thesis could then be exposed

through a modular interface to commercial and open RT platforms, enabling industrial

users to exchange calibrated material and RIS models without replacing their estab-

lished geometry and path-search workflows. Standardised measurement protocols and

validation thresholds would support eventual use in building design, network planning,

and deployment assessment.
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[84] A. E. Güneşer et al., “RIS optimization algorithms for urban wireless scenarios in

Sionna RT,” in Proc. 2025 IEEE 101st Veh. Technol. Conf. (VTC2025-Spring), Oslo,

Norway, pp. 1–6, Jun. 2025.

[85] K. Guan et al., “CloudRT: A Chinese example of open science infrastructure and

services,” Cultures of Science, vol. 4, no. 4, pp. 217–226, Dec. 2021.

[86] C. Han et al., “Terahertz wireless channels: A holistic survey on measurement, model-

ing, and analysis,” IEEE Commun. Surveys Tuts., vol. 24, no. 3, pp. 1670–1707, 3rd

Quart., 2022.

[87] H. Qiu et al., “Emulation of radio technologies for railways: A tapped-delay-line

channel model for tunnels,” IEEE Access, vol. 9, pp. 1512–1523, Jan. 2021.

[88] L. Ma et al., “Satellite-terrestrial channel characterization in high-speed railway en-

vironment at 22.6 GHz,” Radio Sci., vol. 55, no. 3, Art. no. e2019RS006995, Mar.

2020.

[89] X. Ou, X. Guo, K. Guan, Z. Ma, and J. Liao, “Propagation characterization for intra-

ship scenario towards 5G-enabled smart maritime,” in Proc. 2022 3rd URSI Atlantic

and Asia Pacific Radio Science Meeting (AT-AP-RASC), Gran Canaria, Spain, May.

29–Jun. 3, 2022, pp. 1–4.

[90] A. Habib et al., “Integration of RIS into CloudRT simulator for railway tunnel scenarios,”

in Proc. 2025 19th Eur. Conf. Antennas Propag. (EuCAP), Stockholm, Sweden, Mar.

30–Apr. 4, 2025, pp. 1–5.

[91] Altair Engineering, Inc., “Altair WinProp documentation,” [Online]. Available: https:

//help.altair.com/winprop/. Accessed: Jul. 25, 2026.

[92] U. Jakobus et al., “Recent advances of FEKO and WinProp,” in Proc. 2018 IEEE Int.

Symp. Antennas Propag. & USNC/URSI Nat. Radio Sci. Meeting, Boston, MA, USA,

Jul. 2018, pp. 409–410.

https://help.altair.com/winprop/
https://help.altair.com/winprop/


References 231

[93] O. Appelman, “Ray tracing simulation accuracy for predicting indoor wireless signal

reception,” M.S. thesis, Eindhoven Univ. Technol., Eindhoven, The Netherlands, 2023.

[94] A. S. Haron et al., “The performance of 2.4 GHz and 5 GHz Wi-Fi router placement for

signal strength optimization using Altair WinProp,” in Proc. 2021 IEEE 7th Int. Conf.

Smart Instrum., Meas. Appl. (ICSIMA), Bandung, Indonesia, Aug. 2021, pp. 25–29.

[95] A. Elfrgani et al., “Virtual drive test for vehicle antenna evaluation,” in Proc. 2018

IEEE Int. Symp. Antennas Propag. & USNC/URSI Nat. Radio Sci. Meeting, Boston,

MA, USA, Jul. 2018, pp. 1665–1666.

[96] B. Colo et al., “Ray tracing simulations in millimeter-wave vehicular communications,”

in Proc. 2019 IEEE 30th Annu. Int. Symp. Pers., Indoor Mobile Radio Commun.

(PIMRC), Istanbul, Turkey, Sep. 2019, pp. 1039–1042.

[97] J. Elizalde et al., “Parametric study of radio propagation in railways based on ray-tracing

simulations,” in Proc. 2023 17th Eur. Conf. Antennas Propag. (EuCAP), Florence, Italy,

Mar. 2023, pp. 1–5.

[98] A. Perez et al., “Ray tracing analysis for UAV-assisted integrated access and backhaul

millimeter wave networks,” in Proc. 2019 IEEE 20th Int. Symp. A World of Wireless,

Mobile and Multimedia Netw. (WoWMoM), Washington, DC, USA, Jun. 2019, pp. 1–5.

[99] R. Wang et al., “Indoor wireless signal modeling with smooth surface diffraction effects,”

in Proc. 2024 18th Eur. Conf. Antennas Propag. (EuCAP), Glasgow, U.K., Mar. 2024,

pp. 1–5.

[100] Ranplan Wireless, “Ranplan Professional,” [Online]. Available: https://www.

ranplanwireless.com/products/professional. Accessed: Jul. 25, 2026.

[101] Ranplan Wireless, “Ranplan Professional datasheet,” ver. 7.2, Oct. 2025.

[Online]. Available: https://www.ranplanwireless.com/hubfs/Datasheets/

Ranplan-Professional-Datasheet-28Oct2025.pdf. Accessed: Jul. 25, 2026.

https://www.ranplanwireless.com/products/professional
https://www.ranplanwireless.com/products/professional
https://www.ranplanwireless.com/hubfs/Datasheets/Ranplan-Professional-Datasheet-28Oct2025.pdf
https://www.ranplanwireless.com/hubfs/Datasheets/Ranplan-Professional-Datasheet-28Oct2025.pdf


232 References

[102] Ranplan Wireless, “Advanced 5G network modelling showcased by Ranplan at 5G

North America,” May 2018. [Online]. Available: https://www.ranplanwireless.com/

news/ranplan-features-advanced-indooroutdoor-5g-network. Accessed: Jul. 25, 2026.

[103] W. Yang et al., “Verification of an intelligent ray launching algorithm in indoor

environments in the Ka-band,” Radio Sci., vol. 56, no. 9, Art. no. e2020RS007252, Sep.

2021.

[104] C. Qin et al., “Simulation-based investigation on spatial channel hardening of massive

MIMO in different indoor scenarios and with different array topologies,” in Proc. 2020

XXXIIIrd Gen. Assem. Sci. Symp. Int. Union Radio Sci. (URSI GASS), Rome, Italy, Aug.

29–Sep. 5, 2020, pp. 1–4.

[105] S. Bakirtzis et al., “EM DeepRay: An expedient, generalizable, and realistic data-

driven indoor propagation model,” IEEE Trans. Antennas Propag., vol. 70, no. 6, pp.

4140–4154, Jun. 2022.

[106] K. Qiu et al., “IRDM: A generative diffusion model for indoor radio map interpolation,”

in Proc. 2023 IEEE Global Commun. Conf. (GLOBECOM), Kuala Lumpur, Malaysia,

Dec. 2023, pp. 1–6.

[107] S. Bakirtzis et al., “Stochastic evaluation of indoor wireless network performance

with data-driven propagation models,” in Proc. 2022 IEEE Global Commun. Conf.

(GLOBECOM), Rio de Janeiro, Brazil, Dec. 2022, pp. 3587–3592.

[108] L. Zhou et al., “An environment-adaptive radio propagation path loss model with ray-

based validation,” IEEE Antennas Wireless Propag. Lett., vol. 23, no. 10, pp. 3217–3221,

Oct. 2024.

[109] Ranplan Wireless, “Designed an indoor network for a private hospital in Ire-

land,” Jun. 2022. [Online]. Available: https://www.ranplanwireless.com/resources/

indoor-network-for-private-hospital. Accessed: Jul. 25, 2026.

https://www.ranplanwireless.com/news/ranplan-features-advanced-indooroutdoor-5g-network
https://www.ranplanwireless.com/news/ranplan-features-advanced-indooroutdoor-5g-network
https://www.ranplanwireless.com/resources/indoor-network-for-private-hospital
https://www.ranplanwireless.com/resources/indoor-network-for-private-hospital


References 233

[110] Ranplan Wireless, “5G private wireless network design for a smart factory,” Oct. 2024.

[Online]. Available: https://www.ranplanwireless.com/resources/smart-factory-japan.

Accessed: Jul. 25, 2026.

[111] EDX Wireless, “EDX SignalPro,” [Online]. Available: https://edx.com/products/

signalpro. Accessed: Jul. 25, 2026.

[112] EDX Wireless, “Ray tracing,” Apr. 2022. [Online]. Available: https://edx.com/

ray-tracing/. Accessed: Jul. 25, 2026.

[113] EDX Wireless, “Propagation model tuning in SignalPro,” Mar. 2022. [Online]. Avail-

able: https://edx.com/blogs/propagation-model-tuning-in-signalpro. Accessed: Jul. 25,

2026.

[114] M. Al-Safwani et al., “Signal strength measurements at VHF in the eastern region of

Saudi Arabia,” Arab. J. Sci. Eng., vol. 28, no. 2C, pp. 3–18, Dec. 2003.

[115] A. A. Omorinoye et al., “On the optimisation of practical wireless indoor and outdoor

microcells subject to QoS constraints,” Appl. Sci., vol. 7, no. 9, Art. no. 948, Sep. 2017.

[116] EDX Wireless, “Smart city wireless network planning,” [Online]. Available: https:

//edx.com/industries/iot-smart-cities. Accessed: Jul. 25, 2026.

[117] EDX Wireless, “P25/TETRA network planning using EDX SignalPro,”

Jan. 2013. [Online]. Available: https://edx.com/wp-content/uploads/2024/06/

P25-TETRA-Network-Planning-using-EDX-SignalPro.pdf. Accessed: Jul. 25, 2026.

[118] EDX Wireless, “Satellite connectivity,” Sep. 2025. [Online]. Available: https://edx.

com/satellite-rf-planning/. Accessed: Jul. 25, 2026.

[119] Siradel, “Siradel Web Services: A cloud native network planning API,” [Online].

Available: https://www.siradel.com/telecom/network-planning-api/. Accessed: Jul. 25,

2026.

https://www.ranplanwireless.com/resources/smart-factory-japan
https://edx.com/products/signalpro
https://edx.com/products/signalpro
https://edx.com/ray-tracing/
https://edx.com/ray-tracing/
https://edx.com/blogs/propagation-model-tuning-in-signalpro
https://edx.com/industries/iot-smart-cities
https://edx.com/industries/iot-smart-cities
https://edx.com/wp-content/uploads/2024/06/P25-TETRA-Network-Planning-using-EDX-SignalPro.pdf
https://edx.com/wp-content/uploads/2024/06/P25-TETRA-Network-Planning-using-EDX-SignalPro.pdf
https://edx.com/satellite-rf-planning/
https://edx.com/satellite-rf-planning/
https://www.siradel.com/telecom/network-planning-api/


234 References

[120] Siradel, “Siradel Web Services: Simulation API,” [Online]. Available: https://www.

siradel.com/siradel-web-services-simulation-api/. Accessed: Jul. 25, 2026.

[121] Siradel, “Volcano 5G: Siradel announces enhanced version of its Volcano

propagation model,” Oct. 2019. [Online]. Available: https://www.siradel.com/

volcano-5g-siradel-announces-enhanced-version-of-its-volcano-propagation-model/.

Accessed: Jul. 25, 2026.

[122] R. Charbonnier et al., “Calibration of ray-tracing with diffuse scattering against 28-

GHz directional urban channel measurements,” IEEE Trans. Veh. Technol., vol. 69, no.

12, pp. 14264–14276, Dec. 2020.

[123] M. Z. Aslam et al., “Analysis of 60-GHz in-street backhaul channel measurements

and LiDAR ray-based simulations,” in Proc. 2020 14th Eur. Conf. Antennas Propag.

(EuCAP), Copenhagen, Denmark, Mar. 2020, pp. 1–5.

[124] G. S. Bhatia et al., “Efficient ray-tracing channel emulation in industrial environ-

ments: An analysis of propagation model impact,” in Proc. 2023 Joint Eur. Conf. Netw.

Commun. & 6G Summit (EuCNC/6G Summit), Gothenburg, Sweden, Jun. 2023, pp.

180–185.

[125] G. S. Bhatia et al., “Tuning of ray-based channel model for 5G indoor industrial

scenarios,” in Proc. 2023 IEEE Int. Mediterranean Conf. Commun. Netw. (MeditCom),

Dubrovnik, Croatia, Sep. 2023, pp. 311–316.

[126] G. Gougeon et al., “Ray-tracing calibration from channel sounding measurements in a

millimeter-wave industrial scenario,” in Proc. 2024 18th Eur. Conf. Antennas Propag.

(EuCAP), Glasgow, U.K., Mar. 2024, pp. 1–5.

[127] G. S. Bhatia et al., “Exploring RIS coverage enhancement in factories: From ray-

based modeling to use-case analysis,” in Proc. 2024 18th Eur. Conf. Antennas Propag.

(EuCAP), Glasgow, U.K., Mar. 2024, pp. 1–5.

https://www.siradel.com/siradel-web-services-simulation-api/
https://www.siradel.com/siradel-web-services-simulation-api/
https://www.siradel.com/volcano-5g-siradel-announces-enhanced-version-of-its-volcano-propagation-model/
https://www.siradel.com/volcano-5g-siradel-announces-enhanced-version-of-its-volcano-propagation-model/


References 235

[128] Remcom, “Wireless InSite 3D wireless prediction software,” [Online].

Available: https://www.remcom.com/wireless-insite-propagation-software. Accessed:

Jul. 25, 2026.

[129] Remcom, “Wireless InSite indoor propagation analysis tutorial,” [Online].

Available: https://www.remcom.com/resources/video/

wireless-insite-indoor-propagation-analysis-tutorial. Accessed: Jul. 25, 2026.

[130] H. A. Obeidat et al., “Verifying received power predictions of Wireless InSite software

in indoor environments at WLAN frequencies,” Appl. Comput. Electromagn. Soc. J.,

vol. 35, no. 10, pp. 1118–1125, Oct. 2020.

[131] R. Verdecia-Peña et al., “Propagation characterization based on ray-tracing at 60 GHz

band: A typical indoor office scenario and validation measurements,” in Proc. 2023

IEEE 24th Int. Workshop Signal Process. Adv. Wireless Commun. (SPAWC), Shanghai,

China, Sep. 2023, pp. 346–350.

[132] Remcom, “Millimetre wave ray tracing simulation with diffuse scattering in an office

environment,” [Online].

Available: https://www.remcom.com/resources/articles-and-papers/

mmwave-ray-tracing-simulation-with-diffuse-scattering-in-an-office-environment.

Accessed: Jul. 25, 2026.

[133] H. A. N. Obeidat et al., “Indoor propagation channel simulations for 6G wireless

networks,” IEEE Access, vol. 12, pp. 133863–133876, Aug. 2024.

[134] X. Cheng et al., “M3SC: A generic dataset for mixed multi-modal sensing and com-

munication integration,” China Commun., vol. 20, no. 11, pp. 13–29, Nov. 2023.

[135] Forsk, “CrossWave propagation model,” [Online]. Available: https://www.forsk.com/

crosswave-propagation-model. Accessed: Jul. 25, 2026.

[136] Forsk, “Atoll radio frequency planning and optimisation software,” [Online].

Available: https://www.forsk.com/atoll-overview. Accessed: Jul. 25, 2026.

https://www.remcom.com/wireless-insite-propagation-software
https://www.remcom.com/resources/video/wireless-insite-indoor-propagation-analysis-tutorial
https://www.remcom.com/resources/video/wireless-insite-indoor-propagation-analysis-tutorial
https://www.remcom.com/resources/articles-and-papers/mmwave-ray-tracing-simulation-with-diffuse-scattering-in-an-office-environment
https://www.remcom.com/resources/articles-and-papers/mmwave-ray-tracing-simulation-with-diffuse-scattering-in-an-office-environment
https://www.forsk.com/crosswave-propagation-model
https://www.forsk.com/crosswave-propagation-model
https://www.forsk.com/atoll-overview


236 References

[137] T. Curry et al., “5G coverage, prediction, and trial measurements,” arXiv:2003.09574,

Mar. 2020.

[138] Commission for Communications Regulation, “Mobile wireless and broadband li-

cences: Annual compliance report, Jul. 2024–Jun. 2025,” ComReg 26/02, Jan. 2026.

[Online].

Available: https://www.comreg.ie/publication/mobile-wireless-and-broadband-

licences-annual-compliance-report-jul-2024-jun-2025/. Accessed: Jul. 25, 2026.

[139] FarrPoint, “Recommendations on a new reporting standard for mobile coverage,”

Canadian Radio-television and Telecommunications Commission, Catalogue no. BC92-

141/2025E-PDF, Apr. 2025. [Online].

Available: https://crtc.gc.ca/eng/publications/reports/farrpoint2025.htm. Accessed: Jul.

25, 2026.

[140] S. Ju et al., “Millimeter wave and sub-terahertz spatial statistical channel model for

an indoor office building," IEEE J. Sel. Areas Commun., vol. 39, no. 6, pp. 1561-1575,

Jun. 2021.

[141] C.-X. Wang et al., “A survey of 5G channel measurements and models,” IEEE Commun.

Surveys Tuts., vol. 20, no. 4, pp. 3142–3168, 4th Quart., 2018.

[142] D. He et al., “Physics and AI-based Digital Twin of Multi-spectrum Propagation

Characteristics for Communication and Sensing in 6G and Beyond,” IEEE J. Sel. Areas

Commun., vol. 41, no. 11, pp. 3461–3473, Nov. 2023.

[143] K. Haneda et al., “Measurement-Based Analysis of Spatial Degrees of Freedom in

Multipath Propagation Channels,” IEEE Trans. Antennas. Propag., vol. 61, no. 2, pp.

890–900, Feb. 2013.

[144] Y. He et al., “On polarization channel modeling,” IEEE Wireless Commun., vol. 23,

no. 1, pp. 80-86, Feb. 2016.

https://www.comreg.ie/publication/mobile-wireless-and-broadband-licences-annual-compliance-report-jul-2024-jun-2025/
https://www.comreg.ie/publication/mobile-wireless-and-broadband-licences-annual-compliance-report-jul-2024-jun-2025/
https://crtc.gc.ca/eng/publications/reports/farrpoint2025.htm


References 237

[145] J. Zhang et al., “Generalized polarization-space modulation,” IEEE Trans. Commun.,

vol. 68, no. 1, pp. 258-273, Jan. 2020.

[146] J. Zhang et al., “Polarization shift keying (PolarSK): system scheme and performance

analysis,” IEEE Trans. Veh. Technol., vol. 66, no. 11, pp. 10139-10155, Nov. 2017.

[147] Q. Li et al., “Polarized spatial scattering modulation,” IEEE Commun. Lett., vol. 23,

no. 12, pp. 2252-2256, Dec. 2019.

[148] K. Guan et al., “Channel Characterization for Intra-Wagon Communication at 60 GHz

and 300 GHz Bands,” IEEE Trans. Veh. Technol., vol. 68, no. 6, pp. 5193-5207, Jun.

2019.

[149] Y. Zhang et al., “Lower-bound capacity based wireless friendliness evaluation for

walls as reflectors,” IEEE Trans. Broadcast., vol. 67, no. 4, pp. 917-924, Dec. 2021.

[150] J. Zhang et al., “Two-ray reflection resolution algorithm for planar material electro-

magnetic property measurement at the millimeter-wave bands,” Radio Sci., vol. 55, no.

3, pp. 1-3, Mar. 2020.

[151] C. A. Balanis, Advanced Engineering Electromagnetics. Hoboken, NJ, USA: Wiley,

2012.

[152] R. C. Jones, “A new calculus for the treatment of optical systems. I. Description and

discussion of the calculus,” J. Opt. Soc. Amer., vol. 31, no. 7, pp. 488–493, Jul. 1941.

[153] M. Landmann et al., “Polarization behavior of discrete multipath and diffuse scattering

in urban environments at 4.5 GHz,” EURASIP J. Wireless Commun. Netw., vol. 2007,

Art. no. 57980, Jan. 2007.

[154] Y. Lim et al., “Relationship between cross-polarization discrimination (XPD) and

spatial correlation in indoor small-cell MIMO systems,” IEEE Wirel. Commun. Lett.,

vol. 7, no. 4, pp. 654–657, Aug. 2018.



238 References

[155] Effects of Building Materials and Structures on Radiowave Propagation Above About

100 MHz, document Recommendation ITU-R 2040-3, P Series, 2023.

[156] H. Chen et al., “Robust symbol detection based on quaternion neural networks in

wireless polarization-shift-keying communications,” IEEE Trans. Neural Netw. Learn.

Syst., vol. 35, no. 11, pp. 16064–16075, Nov. 2024.

[157] C. Y. Kataria et al., “Secure antenna polarization modulation line-of-sight analysis

and demonstration,” IEEE Trans. Antennas Propag., vol. 69, no. 7, pp. 4100–4108, Feb.

2021.

[158] W. Zhai et al., “An ultraefficient broadband photonic channelizer based on polarization-

division multiplexing and integrated dual-polarization coherent detection receiver,”

IEEE Trans. Microw. Theory Techn., vol. 70, no. 3, pp. 1821–1831, Mar. 2022.

[159] S. Benedetto et al., “Theory of polarization shift keying modulation,” IEEE Trans.

Commun., vol. 40, no. 4, pp. 708–721, Apr. 1992.

[160] S. Benedetto et al., “Direct detection of optical digital transmission based on polariza-

tion shift keying modulation,” IEEE J. Sel. Areas Commun., vol. 13, no. 3, pp. 531–542,

Apr. 1995.

[161] X. Wu et al., “Polarization shift keying for wireless communication,” IEEE Trans.

Wireless Commun., vol. 18, no. 10, pp. 4927–4941, Oct. 2019.

[162] A. Kattunen et al., “Modeling the multipath cross-polarization ratio for 5–80-GHz

radio links,” IEEE Trans. Wireless Commun., vol. 18, no. 10, pp. 4768–4778, Oct. 2019.

[163] S. C. Kwon et al., “Geometrically based statistical model for polarized body-area-

network channels,” IEEE Trans. Veh. Technol., vol. 62, no.8, pp. 3518–3530, Oct.

2013.

[164] S. Jaeckel et al., “A geometric polarization rotation model for the 3-D spatial channel

model,” IEEE Trans. Antennas Propag., vol. 60, no.12, pp. 5966–5977, Dec. 2012.



References 239

[165] X. Yin et al., “Empirical stochastic modeling of multipath polarizations in indoor

propagation scenarios,” IEEE Trans. Antennas Propag., vol. 63, no.12, pp. 5799–5811,

Dec. 2015.

[166] F. F. Fan et al., “A wideband compact printed dipole antenna array with SICL feeding

network for 5G application,” IEEE Antennas Wireless Propag. Lett., vol. 22, no. 2, pp.

283–287, Feb. 2023.

[167] P. F. Hu et al., “A tri-band dual-polarized omnidirectional dielectric resonator antenna

with a planar feed for indoor applications,” IEEE Trans. Antennas Propag., vol. 72, no.

1, pp. 401–411, Jan. 2024.

[168] I. A. Hemadeh et al., “Polarization modulation design for reduced RF chain wireless,”

IEEE Trans. Commun., vol. 68, no. 6, pp. 3890–3907, Jun. 2020.

[169] T. Svantesson, “A double-bounce channel model for multi-polarized MIMO systems,”

in Proc. IEEE 56th Veh. Technol. Conf. (VTC 2002-Fall), vol. 2, Vancouver, BC, Canada,

Sep. 2002, pp. 691–695.

[170] Q. Li et al. “A correlation-based electromagnetic time reversal technique to locate

indoor transient radiation sources,” IEEE Trans. Microw. Theory Techn., vol. 69, no. 9,

pp. 3945–3957, Sep. 2021.

[171] J. Zhang et al., “Bit error probability of spatial modulation over measured indoor

channels,” IEEE Trans. Wireless Commun., vol. 13, no. 3, pp. 1380–1387, Mar. 2014.

[172] G. Yu et al., “A ray-launching algorithm for polarized wireless channel prediction,”

in Proc. 2023 IEEE GLOBECOM Workshops (GC Wkshps), Kuala Lumpur, Malaysia,

Dec. 2023, pp. 1928–1933.

[173] Y. Zhang et al., “Wireless friendliness evaluation and optimization for sandwich

building materials as reflectors,” IEEE Trans. Antennas Propag., vol. 72, no. 3, pp.

2697–2711, Mar. 2024.



240 References

[174] B. Clerckx et al., MIMO Wireless Networks: Channels, Techniques and Standards for

Multi-Antenna, Multi-User and Multi-Cell Systems, 2nd ed. Oxford, UK: Academic

Press, 2013.

[175] M. K. Simon, “Evaluation of average bit error probability for space-time coding based

on a simpler exact evaluation of pairwise error probability,” J. Commun. Netw., vol. 3,

no. 3, pp. 257–264, Sep. 2001.

[176] P. Henarejos et al., “3-D polarized modulation: System analysis and performance,”

IEEE Trans. Commun., vol. 66, no. 11, pp. 5305–5316, Nov. 2018.

[177] S. Stefanov et al., “Dielectric properties of common building materials for UWB

propagation studies„” IEEE Antennas Propag. Mag., vol. 62, no. 1, pp. 72–78, Jan.

2020.

[178] C. A. Grosvenor et al., “Time-domain free-field measurements of the relative permit-

tivity of building materials,” IEEE Trans. Instrum. Meas., vol. 58, no. 7, pp. 2275–2282,

Jul. 2009.

[179] S. Pisa et al., “Permittivity measurement on construction materials through free space

method,” in Proc. 2017 IEEE Int. Instrum. Meas. Technol. Conf. (I2MTC), Turin, Italy,

May. 2017, pp. 1–4.

[180] G. H. Söffker, Constructing Architecture: Materials, Processes, Structures. Basel,

Switzerland: Birkhäuser Verlag AG, 2005.

[181] C. A. Balanis, Antenna Theory: Analysis and Design. Hoboken, NJ, USA: Wiley,

2016.

[182] Q. Wu et al., “Towards smart and reconfigurable environment: Intelligent reflecting

surface aided wireless network,” IEEE Commun.Mag., vol. 58, no. 1, pp. 106–112, Jan.

2020.

[183] Ö. Özdogan et al., “Intelligent reflecting surfaces: Physics, propagation, and pathloss

modeling,” IEEE Wireless Commun. Lett., vol. 9, no. 5, pp. 581–585, May. 2020.



References 241

[184] E. Basar et al., “Wireless communications through reconfigurable intelligent surfaces,”

IEEE Access, vol. 7, pp. 116753–116773, Aug. 2019.

[185] M. Di Renzo et al., “Smart radio environments empowered by reconfigurable AI

meta-surfaces: An idea whose time has come,” EURASIP J. Wireless Commun. Netw.,

vol. 2019, no. 1, pp. 1–20, May. 2019.

[186] Q. Li et al., “Reconfigurable intelligent surfaces relying on non-diagonal phase shift

matrices,” IEEE Trans. Veh. Technol., vol. 71, no. 6, pp. 6367–6383, Jun. 2022.

[187] Y. Liu et al., “An equivalence principle-based hybrid method for propagation modeling

in radio environments with reconfigurable intelligent surfaces,” IEEE Trans. Antennas

Propag., vol. 72, no. 7, pp. 5961–5973, Jul. 2024.

[188] A. Epstein et al., “Floquet-Bloch analysis of refracting Huygens metasurfaces,” Phys.

Rev. B, vol. 90, no. 23, Art. no. 235127, Dec. 2014.

[189] N. Yu et al., “Light propagation with phase discontinuities: Generalized laws of

reflection and refraction,” Science, vol. 334, no. 6054, pp. 333–337, Oct. 2011.

[190] C. A. Balanis, Advanced Engineering Electromagnetics, 2nd ed. Hoboken, NJ, USA:

Wiley, 2012.

[191] W. Yang et al., “Indoor measurement based verification of ray launching algorithm

at the Ka-band,” in Proc. 2020 XXXIIIrd Gen. Assem. Sci. Symp. Int. Union Radio Sci.

(URSI GASS), Rome, Italy, 2020, pp. 1–4.

[192] J. Zhang et al., “Fundamental wireless performance of a building,” IEEE Wireless

Commun., vol. 29, no. 1, pp. 186-193, Feb. 2022.

[193] J. M. Rigelsford et al., “Wireless/energy efficiency of typical building components

and architecture,” WiFEEB Project, Deliverable D1.2, Jan. 2013.



242 References

[194] Q. Wu et al., “Intelligent reflecting surface enhanced wireless network via joint

active and passive beamforming,” IEEE Trans. Wireless Commun., vol. 18, no. 11, pp.

5394–5409, Nov. 2019.

[195] R.-B. Hwang, Periodic Structures: Mode-Matching Approach and Applications in

Electromagnetic Engineering. Singapore: John Wiley & Sons, 2013.

[196] Z. Liu et al., “Channel-informed RIS analysis and optimization using hybrid ray-

tracing and full-wave simulation framework,” IEEE Trans. Antennas Propag., vol. 74,

no. 1, pp. 909–921, Jan. 2026.


	List of Publications
	Table of contents
	List of figures
	List of tables
	Abbreviations
	1 Introduction
	1.1 Background and Motivation
	1.2 Definition and Scope of Physically Consistent Modelling
	1.3 Objectives of the Thesis
	1.4 Contributions
	1.5 Structure of the Thesis

	2 State of the Art and Research Challenges
	2.1 Indoor Propagation Modelling
	2.1.1 Stochastic models
	2.1.2 Deterministic Models

	2.2 Indoor Ray-Based Polarisation Propagation Models
	2.3 Depolarisation Effects Modelling of Polarised Wireless Channel
	2.4 Propagation Modelling for RIS
	2.5 Commercial and Publicly Available Indoor Ray-Based Simulators
	2.5.1 Sionna RT
	2.5.2 CloudRT
	2.5.3 Altair WinProp
	2.5.4 Ranplan Professional
	2.5.5 EDX Advanced Propagation
	2.5.6 Siradel Web Services
	2.5.7 Wireless InSite
	2.5.8 CrossWave

	2.6 Critical Comparison and Research Challenges

	3 An RT Algorithm for Polarised Wireless Channel Prediction
	3.1 Introduction
	3.2 RT Algorithm
	3.2.1 Geometry of Rays and Polarisation Components
	3.2.2 Reflection and Transmission Coefficients
	3.2.3 Physical Angle of Refraction in Double-Positive Materials
	3.2.4 Rotation Transfer Matrix Method for RT

	3.3 RT Simulation
	3.3.1 System Description and Modelling Assumptions
	3.3.2 Effective Channel Representation for Polarised Components

	3.4 Polarised Channel Simulation and Performance Evaluation
	3.4.1 Simulation Scenario and Parameter Configuration
	3.4.2 Simulation Results and Discussion

	3.5 Summary

	4 Performance Analysis and Optimisation of Indoor Polarisation Modulation via Polarisation-Aware RT
	4.1 Introduction
	4.2 PolarSK Transmission Scheme
	4.3 Channel Modelling of the PolarSK System Using RT
	4.4 ABEP Analysis
	4.4.1 Modelling of SC and i.i.d. Rayleigh Fading Channels
	4.4.2 Simulation Results under Three Channel Conditions

	4.5 Reduction of the ABEP Floor in PolarSK Systems
	4.5.1 Problem Formulation
	4.5.2 Iterative Solution Method
	4.5.3 Simulation Results
	4.5.4 Physical Interpretation of Simulation Results

	4.6 Discussion
	4.7 Summary

	5 Physically Consistent RIS Macromodelling for Indoor Wireless Channel Prediction via RT
	5.1 Introduction
	5.2 Plane-Wave Expansion of EM Waves Reflected by RIS under Multipath Incidence
	5.3 Macromodelling of RIS
	5.3.1 Derivation of the Reflection Coefficient Using a Multiport Unit-Cell Model
	5.3.2 Validation of the Multiport Reflection Coefficient
	5.3.3 Far-Field Radiation Pattern of the RIS
	5.3.4 Small Meeting Room RT and Measurement Validation

	5.4 Simulation Framework and Settings
	5.4.1 Scenario I: Single-Path-Based Design
	5.4.2 Scenario II: Multipath-Based Design
	5.4.3 Multipath Illumination of a Nonlocal Beyond-Diagonal RIS

	5.5 Performance Evaluation of Single-Path and Multipath RIS Designs
	5.5.1 CST Full-Wave Validation
	5.5.2 Application to the PEC T-Shaped Room

	5.6 Summary

	6 Conclusion and Future Work
	6.1 Conclusion
	6.2 Future Work

	References

