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ABSTRACT

Alexandros Papadopoulos, Ph.D., Department of Computer Science and Engineering,
School of Engineering, University of Ioannina, Greece, 2026.
Resource Management in Networks with Intelligent Metasurfaces.

Advisor: Christos Liaskos, Assistant Professor.

Reconfigurable Intelligent Surfaces (RISs) are a promising physical-layer tech-
nology for Beyond-5G/6G, enabling Programmable Wireless Environments (PWEs)
in which the propagation medium becomes software controlled. However, translat-
ing RIS potential into deployable network infrastructure requires solving three tightly
coupled resource-management challenges: (i) how to compile RIS configuration code-
books with sufficient electromagnetic (EM) fidelity at acceptable cost, (ii) how to share
a single RIS among concurrent users under operator policies with millisecond-level
control latency, and (iii) how to coordinate multiple RIS units at the network level
while maintaining tiered fairness under congestion. This thesis advances RIS opera-
tional maturity by developing a coherent, lifecycle-consistent framework that connects
manufacturing-time computation of physics-consistent configurations to operating-
time selection, sharing, and orchestration.

At the manufacturing (offline) phase, the thesis adopts a codebook paradigm:
for each supported macroscopic function, configurations are computed via EM-aware
optimization and stored for fast retrieval during operation. A central contribution
is a sequence of physics-informed compilation tools that progressively raise fidelity
and practicality, explicitly accounting for near-field operation, mutual coupling, re-
flections, and energy redistribution beyond the focal region. The resulting pipeline
demonstrates that extracting and exploiting physical structure (e.g., correlated element
responses and staged refinement) can reduce optimization cost by orders of magni-
tude without compromising EM consistency. The thesis further addresses scalability

beyond the “optimize-per-location” paradigm by introducing a sparse 3D sampling

X



and compression strategy: physics-consistent configurations are generated at repre-
sentative spatial samples, then compressed and organized into a compact, searchable
representation that supports bounded, predictable online inference complexity while
maintaining near-optimal signal-to-noise ratio (SNR).

At the operating (online) phase, the thesis formalizes an RIS as a shareable network
resource hosted by macroscopic EM functions, and introduces a resource-slice notion
that links multi-user efficiency to the deviation between the shared configuration and
each user’s single-user optimum. Building on this abstraction, it develops a practi-
cal sharing mechanism based on multiplexing precompiled codebook entries rather
than repeated channel estimation and iterative online optimization. This approach
enables concurrent multi-user service with low latency, while supporting operator-
defined differentiation (e.g., pricing tiers) and predictable performance trade-offs. The
thesis validates the deviation—performance link analytically in both far-field steering
and near-field focusing, and corroborates it with emulations and real testbed mea-
surements, showing that multiplexing can match or outperform established sharing
approaches (e.g., segmentation and time division) in both efficiency and fairness,
while remaining computationally lightweight.

To scale from single-surface control to multi-RIS PWEs, the thesis introduces a
system-level framework that combines node-level sharing with priority-aware, congestion-
pricing routing on an RIS network graph. This enables end-to-end fairness enforce-
ment across cascaded RIS links, ensuring that tier differentiation remains stable when
multiple RIS units and congested paths interact. The framework includes a fairness
mechanism that enforces an operator-defined efficiency floor while maintaining pro-
portionality to user priority weights. The resulting network behavior remains robust
under increasing user densities and varying RIS counts, with practical runtime and
modest memory footprint.

Finally, the thesis shows that codebook multiplexing supports PWE-native services
beyond LoS restoration, focusing on proactive covert communications. It introduces
an RF-fencing service that partitions the angular or spatial domain into friendly de-
livery zones and hostile suppression zones, and develops a controller that synthesizes
the required response by combining manufacturing-time EM-consistent codebook en-
tries with lightweight online refinement. Comprehensive evaluations across THz and
mmWave far-field scenarios demonstrate strong suppression in hostile sectors while

preserving near-baseline performance in intended service sectors, and near-field stud-

Xi



ies demonstrate the creation of highly localized “quiet zones” in indoor and outdoor
environments. These results highlight that while densification can often approxi-
mate coverage restoration, intentional exposure control—covertness, quiet zones, and
proactive suppression—benefits directly from coordinated multi-RIS programmabil-
ity.

Overall, this thesis establishes a unified perspective on RIS resource management
across compilation, sharing, and network orchestration. By grounding control in EM
consistency while enforcing policy-driven fairness with bounded online complexity, it

provides an architecture-consistent path toward practical PWEs for B5G/6G networks.

xii



EXTETAMENH IIEPIAHWH

ANEEaVSpog [Tamtaddmovrog, A.A., Tunua Myyovixody H/Y xow [TAnpogoptxyg, [loAv-
TEYVLXN 2YOAN, [lavemtotiuio Iwavvivwy, 2026.
Avayetlplon Ilépwy oe Aixtua pe Evpueic Metaemipdvetes.

EmiBAénwv: Xpnotog Atdoxog, Emtixovpog Kobnymtis.

Ov Eravadiopopodotpeg Evpueic Emipdveteg (Reconfigurable Intelligent Sur-
faces — RIS) arrotehody pio oo TLg mo vTOoYOUEVES TEXVOAOYiES Yo SixTtuar B5G/6G,
eTELDN LETATPETTOVY TO TEPLPAAAOY SL&d0oTG aTtd «TtonTnd» LEGO GE TPOYPOUUO-
Topevn vodopy. XTo TAaiolo Twy Programmable Wireless Environments (PWEs),
TOLYOL, TPOOOYPELS XOL ETLPAVELEG ETEVOVOVTOL [LE ETTOVOSLAULOPPWOLUES LOVASESG
wote N nhextpopoyvyuxy] (HM) Stéddoor va eAéyyetor BEATLOTOL PE YVWOUOVOL TLS
OVAYXES TOL SIXTVOL: YO EVLOYVETOL TTPOG TOLG eTtLOLUNTOVG BéxTES, Vo TtepLopileTol
oe avemOdunTeg xoteLHVVOELG, VO OVOXOTAVEUETOL YWOLXA, 1] VO XATOOTEAAETOL OF
ovyxexpLpéveg (wveg. Tlopd ™y extetopévn PBLpAoypapio, To emimedo wELOVONG
TEXVIXWY AVCEWY WOTE VO XOTAOTEL EQLXTY M XEeNon Twv RIS péoa oc peoiotind
dixtua elvar avavtiotolyor YoUNAG pe Ttor 0QEAY TTov pmopel vor €xet. Ov Booixég
TEOXANOELS UTTOPOVY vor atolyxetobetnfody os tpleg dEoveg: TO TG TAEAYOVTOL OL
pvbuioeic Twv RISs Hote va emtttuyydvetor 1 Bértioty HM andxpron (codebook com-
pilation), To ¢ porpdletor pioe em@dveLor ot TOANOVG XPNOTES OE TEOYUOTLXO
XOOV0, ol To Tg ovvtovilovtoal TOAAG RIS oe éva dixtvo wWote vo eExopaiileTon
duxooobvy) (fairness) v ocvpPGEMON *ow TOMTIXEG TTaPGyoL. H Topovoa StatpLBy
OVTLLETWOTTLEL oUTA Tor {NTNporTor e eviaior AoYLxy] xUXAoL LwNg, GLYIEOVTOS TN PAOY
rotooxevric/exnaidevonc (offline) pe 0 @don Aettovpyioc (online).

21N QAo xoTaoxevng, N OtatELBn viobetel To ToP&deLYHo TOL XWALXOPLBALOL:
Yl €var oOVoAo poxpooxomixwy HM Aettovpytdy xow mbavwy Bécewy touv xponot,
vToAoyilovtol ex TwWY TPOTEPWY pubuioelg Tng emipdvelag xol amodnxedovtal oTe

N Asttovpyio vo Boaotiletor oc Toyela avaxTNOY xoL EAQPELE TTPOCAPUOYY, OVTL YLOL
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BapLd emavaBeitiotonoinoy. To xpiotpo onueio €d eival 4Tt 1 BéATLoT POOULOM RIS
dev xofoplletor LOvo amd Lovind LOVTEAX YEWUETOLUNG OTTTLXYG, AAS AopLBavovtor
vtodhn HM @owvdpeva ov vmdpyovy o plor Tpoypotiny dtadoon Omtwe mepibAaon
TETEPOOUEVOL peYEDovug, apolBalo obleVEY oTolyelwy, xo OVAXAATELS/ TTOAXTIAEG
otadpouéc tov TepLBdArovTog. H Srotpif3n avamtdooel piot QUOLXA EVNLEQWLEYY
SLoOLXOOLO. XUTOOKEVY]G TOL XWOLXOPBLBALOL TTOL EVOWUATWOVEL OVTA TO POLYOUEVOL
%ol AELOTTOLEL TY] CUULTIEQLPOPA TOVG, WOTE VO ETULTOVVEL TN OOYXALOT oL Vo EEGYEL
XOTAANAN GUUTEQAOUOTA TTOL UTTOPOVY va ypnotpomowmboldy. H BeAtiotomoinom
dev exteAeitol aATAG OAAG, xOTé TNV JLAPXELL TNG, €EAYETOL TTANPOPOPLO YLt TO
000 emnpealel x&be ototyeio v emtbount) amdxpLon xoL oL GOVOAX GTOLYXELWY
EUPOVICOLY LOYLET CLOYETLON WG TTPOG T LOXPOOKOTILXY] CUUTIEQLPOPA. TTapdAANA,
0Tt €lvol TPOQaVES, dev UTopel vor paypoatorolniel PeAtiotomoinon yiow xabe
mhovn B€om tov ypNoT™ otov TELodidoTtato xwpeo. H Statof) deiyvel 4Tt n Adon
elvol vou exteAEoTEL QUOLXA CLUVETYG BEATLOTOTIOLNOY O CPOLO, AVTLTTPOGWTEVTLXO
OELYUOTOANTITLXO TTAEYULOL TOU YWPEOV, XAL OTY CLVEYELO VO GUUTILEGTOVY Ol pubuloeLlg
O ELOTTOLOVTOG TNV EVIOYEVY TTAEOVOIOULOTIXOTNTO TTOU TTPOXVTTTEL OTAY OLOPOPETIXES
Oéocig odnyovy oe mopopoteg HM amoxpioetc. H online emiAoyy mepropiletal oc
ULXP0, oXETIXO LTTOGVYOAD LTTOPNPLWY AVGEWY KOl CUVETWS OTTOXTA OpLobETNUEWT,
TEOPBAEPLUN TTOALTTAOXATNTA, EVEY 1| ATTOB00Y] TTOPOUEVEL XOVTA TN BEATLOTY.

X1 @aomn Aettovpyiag, To Boowxd Pruo g StatplPng eivor n TuTxy] DepeAiwon
Tou RIS w¢ duxtvaxod mépov. Mia povédo RIS pmopel va eEvmnpetel TOAATAES
rnoxpooxomixég HM Aettovpyieg xat, dtay avtég oLVLTTEEYOLY, 1 ATTOSOTLXOTNTA TNG
xobepLée perdvetar. H StartpiPn etodyet ™y évwoLa Tou «TUAUOTOS TTHpoL » (resource
slice) w¢ AGYO Tng awod0TIXGTNTOS LTIO GUYOTOPEY TTEOC TNY ATTOSOTLXOTNTO. GTOWY
N Asttovpyia eEumnpeteiton wovn tg. To mpoxtind o Tavtdypova Babd Quoxd
ovuTEPaTUa elval 6Tl v LTTOPR&OWLOYN oTNY ATTG300M CLOYETILETOL LOYVEA LE TNV ATO-
%xALom TG xoLvg pOOULoTG aTtd TNV atopxd BEATIoT pvbLoM ToL YENoTY. H StatpLPn
otEtlel v TOY TOY OO avahuTixd téoo oc far-field steering 6co ko os near-field
focusing, 6ov N YooK ATTORALOY PETAPEALETOL OE UN-CLVEXTIXO dbpoLtopo cuveL-
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on péow ypdvov (TDMA), 1 xowy] pdbutoyn poxdrter ard obvheorn/ToAvTAEE o
TEODTTOAOYLOUEVWY XAUTOYWENTEWY TOL XWALXOPLBALovL. H dtatpLPy) delyvet 6t oavtn
TPOCEYYLOY] TTPOCYEQPEL GTabep, YorunANg xarbvoTépnorg AstTovpyior xo cuyxpiolun
N aVOTEPN HEON ATOB00Y], EVE) UELWOVEL QOLYOUEVO OXQOLOG adLXidG TTOL UTTOPOVY
VOU ELPOVLGTOVY OTOY XATIOLOL YPNOTEG «XAVOLY» UEYGAO PLEPOS Tov RIS Adyw xo-
TOVOUTG OE LTTO-TTAVEA N Ypovixd TTapdbvpa. [Tépa amd Ty todtiun eEuTnEETon, N
EQYNOLOl EVOWUATWVEL TTOALTLXES TTOPOYOV O ETTUTESX VTINPECLOG: N SLUOLOCVYY] OEV
OVTLUETWOTHLLETOL WS ATTOAVTY LOOTNTA, OAAG WG EAEYYOUEVY] DLAPOPOTIOLNGY, GTTOL OL
xoNoteg vMAGTEETS Babuidog TEETEL Vo SLaTNEOVY OVaAOYLXE XOADTEPY, ATtEd00M).

H petafoaon and éva pepovouévo RIS oe dixtvoe PWEs pe moAAé& RIS amor-
tel emTAEOY €AeYy0 oc eTiTed0 SPOLOAGYNOTG xoL cvpEopnons. H diatpLPy povte-
Aorotel To RIS-enabled dixtvo wg ypdpo, 6mov x6pPot eivar ot RIS povadeg xow
axpéc ouvdéovy (ebyn pe xatdAAAeg ouvBixeg (m.y. LoS evtdg opiov). Xe awtd
70 TAaioLo, N Aoy Sadpoprc dev pmopel va eivar pévo yewpetpixn (EA&ytoT
ardoToon), SLOTL OL OTTOPACELS TIOAADY XENOTWY SNULOVEYOVY CLUPOPYOY] OE CUYXE-
XOLUEVEG axUEG/xOUPOVLG, xal M ToTx] xowvn pOBulon oe éva RIS emmpealetol amd
TO TOLOL XPNOTES elvar ovvdedepévol oe awtd. H drotplPy todyel Evay punyoviopo
eTAOYHG SLadpopfic ToL GLYSLALEL TO PLOLXG ®GoTOG (ATOOTAON/TOLYH SLOSOYLXWDY
AVAXAATEWY) E BPOLS GLUPOPNOYNS %Al BPOVE TLPOTEPOLHTYTOS TTOL DAOTTOLOVY TNV
TIOALTLXY] TTOLPOYOV, OONYWVTOS OE XOTAVOUES OTOL oL XPNoTeS LYNAGTEEPNG PBobui-
dog telvovy vor AauBévovy (xpOTEPES 1 ALYOTEQO GUULPOPNULEVES OLOGPOUES, EVE OL
YounAotepes Pabuideg extpémovtal mEog PHMVOTEPOLE/ALYOTEQO POPTLOUEVOLS TO-
povg. ITopdAAnAa, ELOAYETAL O XATAAANAOG UNYOWLOWKOG SLxolooVVNG TTOU ETLRAAAEL
eANGLoTO ETITESO ATTOSOTLXOTNTAS YLot OAOVG, WOTE VO KLTTOPEVYOVTOL TEPLTITWOELG
TOAD YOUNANG aTtOB00TG YL YPNOTES YOUNANG TTPOTEQOLATN TG LTTO GLYOTXES LPNANG
TLXVOTNTOG TOL dxtvov. H aELoAdynoy oe oevapta pe Svadixég pubuioetg RIS (re-
PLOPLOOC LOLLTEPO ATt TYTLXROC Yo TTOALTTAEE L) Selyvet 6Tt 1 TPOooéYyLom dtatnpel
VPNAG eTtiTTEd A CLVOALUNG BLXOLOGVYNG aAXOUT %Ol OTAY AVEAVETOL O AOYOG YPNOTWY
pog RIS povédeg, eved ot xpdvoL exTéAeong xot N XATOVAAWGY] UVNUNG TTHOOULEYOLY
TEOXTLXOL YLt ASLTOLEYIO OE OYEGOY TTPAYUXTIXO Y POVO.

[TEpa amd TO *UAAGIXO GEVAPLO «OTIOXATAOTOONG OTTTLXNG ETTUPNS>», N OLATOLPRN
ovodexvOeL OTL M TpoYRaTixn TpooTlhéueyn akla Twv PWEs epgpavifeton oc vmn-
peoieg Omov pToPOLY vor TPOSHOGEoLY GTO FiXTLO SLYATOHTNTEG EAEYYOL XAl TTPO-

OTOOLOG TNG TTANPOPOPLAG, XETL TTOL JEV ETUTUYYAVETOL UE OTTAY] TUXYOTIOINOY oTab-
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Loy Baong N mpoobeta onuelon TpdoPoong. Le ovTO TO TVEVWO, ELOAYETAL N EV-
votoe tov RF-fencing w¢ vmnpeoio mTpoAnmTinng LLoTOTNTOC/ACQAASLOG: TO TTE-
dto OLédoorg SLaywpElletol o QLALXES TTEPLOYES ETAS00MG TOL ONUaTog xoL exbot-
%€ TEPLOYES XOUTOAOTOANG, UE OTOYO TOTOYOEOVO VO OLATNEELTOL TTOLOTLXY] GUVOEDY
OTOUG VOULULOUG OEXTES XOL VO EAOYLOTOTIOLETOL 1 axTLVOBoAlor TTPOG SLVYTLXOVG
vmoxAoreic/mopepBoieic. H vAomoinoy PBaoiletor oc odvbeorn TpodTOAOYLOUEVWY,
HM-ovvemwy xoatoywenocwy xwdtxofLBAlov mouv apopody cevdpLa beam steering,
xow o€ ehapld online BeAtiotomoinon mov dLophHvel UIXPES ATTOXALOELS YWELS Vo
omorteltor Popld emoavaBeAitiotontoinoy. H StotplBn TexpunpLovel LEow exTETOUE-
voy eEopotwoewy o mmWave xow THz Tl emituyydveTar toyvpy] xXTOGTOAY OE
oavemlO0unTEG Ratevbdvoelg pe ULxpeég amwieleg otig emtbuuntéc mepLoyxée cEvmn-
PETNOMG, OXOUN %O OTOY OL TEPLOYEG-OTOYOL BPLOXOVTAL XOVTA YWVLOXA 1| OTOY OL
OTTOLTNOELS XUTUOTOAYG elvot TTOAaTAES. EmimAéoy, oc near-field meptBdArovta 7
vTNEEoioL ETEXTEIVETOL GTN SMULOLEYIOL AVOTNEA TOTILXWY «HoLYwWY LwVy» (quiet
Zones) O€ EOWTEPLXOVS XL EEWTEPLXOVS YPoLg, 6oL 1| HM evépyeta xataotéAAeTarL
EVTOG LG xoDOPLOUEYNG YWELXNG TTEQLOYNG EVE TO LTTOAOLTTO TEGLO TAPOLEVEL OL-
OLOOTIXO OWVETINPEATTO. AVTO AXTTOJELXVVEL OTL 1] TTPOYPOULUATLLOUEVY] SLES00Y] LTTOPEL
VO TTPOGQEPEL YWELKY] «ATTOULOVWON» UE EAEYYO, ovolyovTog OPOLOVG YLOL LTINPEGCLES

ao@AAsLog xot LWTXOTNTOG TToL elval eyyevels oto PWEs.
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INTRODUCTION
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1.9 Contributions

1.10 Thesis Structure

1.1 Programmable Wireless Environments in the 6G Era

6G systems are expected to support a diverse set of demanding services, including im-
mersive extended reality [1], autonomous mobility [2], integrated sensing [3], wireless
power transfer [4], and mission-critical control. Such services demand not only high
data rates, but also stringent guarantees on latency, reliability, adaptability, spatial
selectivity, and energy efficiency [5]. Yet, despite major advances in endpoint intelli-

gence, wireless performance remains fundamentally constrained by the propagation
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Figure 1.1: Comparison between traditional wireless networks and PWEs.

medium itself. Path-loss, blockage, shadowing, multipath fading, uncontrolled inter-
ference, and Doppler effects all arise from the fact that the environment is typically
treated as passive and uncontrollable [6].

Historically, wireless-system design has focused on strengthening the transmit-
ter and receiver. Massive Multiple-Input-Multiple-Output (MIMO) [7], beamform-
ing [8], adaptive modulation [9] and coding [10], retransmission schemes [11], and
interference-management techniques [12] have all improved performance by com-
pensating for channel impairments at the endpoints. This strategy has been highly
successful, but it leaves the propagation medium itself untouched. As a result, the
wireless channel is still largely treated as a random object that must be estimated,
tracked, and tolerated, rather than deliberately shaped [13].

This limitation becomes even more severe at high frequencies. In the mmWave and
THz bands, propagation is more fragile because of stronger free-space attenuation [14],
increased blockage sensitivity, molecular absorption [15], and higher vulnerability to
mobility-induced effects [16]. Non-line-of-sight communication becomes difficult to
sustain, and even relatively small obstacles may severely degrade connectivity [17].
Under such conditions, relying exclusively on endpoint adaptation becomes increas-
ingly restrictive. A complementary paradigm is therefore needed, one that transfers
part of the control effort from the endpoints to the environment itself.

A promising answer is the programmable wireless environment (PWE) [18]. In a PWE,

major environmental objects and surfaces, such as walls, ceilings, facades, partitions,



and furniture, are augmented with programmable electromagnetic (EM) structures
that actively participate in the communication process. Instead of interacting with
waves in an uncontrolled manner, these surfaces become software-actuated prop-
agation resources. The environment is thus elevated from passive background to
controllable infrastructure.

As illustrated in Fig. 1.1, propagation in this paradigm is no longer viewed solely as
a stochastic channel realization. It becomes a partially software-defined process [19].
EM energy can be redirected along custom air-paths, focused toward intended users,
split across directions, attenuated in selected regions, or absorbed where suppression
is desired. In this way, a PWE can restore blocked links, improve coverage, reduce
interference, enhance spatial selectivity, support wireless power delivery, and enable
new security- and sensing-oriented services.

The importance of this paradigm is twofold. First, it expands the design space
of wireless systems by introducing the environment itself as an optimization vari-
able. Second, it aligns naturally with the broader 6G vision, in which communication,
sensing, computing, and control are increasingly integrated. A programmable envi-
ronment can therefore support not only link enhancement, but also localization [20],
sensing assistance [3], EM exposure shaping [21], and proactive physical-layer pro-

tection [22].

1.2 From Metasurfaces to Programmable Propagation

The physical enablers of PWEs are metamaterials and, in particular, metasurfaces.
Metamaterials are artificial EM structures whose macroscopic behavior is determined
primarily by engineered sub-wavelength geometry rather than by chemical com-
position [18]. Their planar realization, the metasurface, consists of arrays of sub-
wavelength unit cells, often referred to as meta-atoms or simply cells, arranged over
a thin substrate [23].

Because of their engineered structure, metasurfaces can realize EM responses that
are difficult or impossible to obtain with natural materials [24]. Depending on the
design, they can support anomalous reflection [25], wavefront shaping [26], focus-
ing [27], beam steering [28], beam splitting [29], polarization manipulation [30],

absorption [31], and dispersion engineering [32]. These functions arise from the col-



lective response of the unit cells and from the way the surface manipulates the induced
currents generated by the impinging field [33].

Early metasurfaces were largely static: they were designed for one task under
assumed operating conditions and could not adapt after fabrication [34]. The next
step was the development of tunable and reconfigurable metasurfaces, whose EM re-
sponse can be modified through external control [35]. Depending on the implemen-
tation, such control may be electrical [36], optical [37], thermal [38], magnetic [39],
or mechanical [40].

A particularly important direction within this evolution is that of Software Defined
Metamaterials (SDMs) [19]. The core idea is to couple the EM layer with embedded
control networks and tunable elements, so that the physical behavior of the ma-
terial can be altered through software-level actuation. In contrast to conventional
rigid structures, SDMs support dynamic reconfiguration, interactivity, and potentially
sensing-assisted adaptation [41]. This shifts the role of the material itself: it is no
longer merely fabricated to exhibit a desired response, but can be programmed to
realize different responses over time.

Several related terms coexist in the literature and are often used interchangeably,
although they are not fully equivalent. SDM is a broad systems term for control-
lable metamaterial structures. Metasurface denotes the general planar EM realization.
Reconfigurable intelligent surface (RIS) commonly refers to a more restrictive, and of-
ten reflectarray-like, implementation. Tile denotes an individually addressable pla-
nar unit used to cover larger surfaces within an environment. A PWE is then a
three-dimensional space whose inner surfaces are partially or fully coated with such
programmable tiles, so that EM functions can be assigned to them in software.

This distinction matters. A general metasurface is best understood as a pro-
grammable manipulator of induced surface currents, and therefore as a potentially
broad field-transformation platform. By contrast, many RIS models used in commu-
nication theory approximate the surface as an array of largely isolated phase-shifting
elements. This abstraction is analytically convenient and has enabled substantial
progress, but it corresponds to a narrower class of hardware and a narrower set
of controllable interactions. RIS should therefore be viewed as an important subset of
the broader metasurface landscape rather than as an exhaustive physical description
of programmable surfaces. This becomes especially relevant when the objective is not

only theoretical performance analysis, but also realistic control, implementation, and



network integration.

1.3 Hardware Realizability and Control Granularity

At the hardware level, a programmable metasurface typically consists of patterned
conductive structures on a dielectric substrate, together with components that enable
controllable local impedance [35]. The unit cells may include passive metallic inclu-
sions and active elements such as PIN diodes [42], varactors [43], MEMS switches [44],
graphene-based components [45], liquid crystals [46], or other tunable devices. By
modifying the electrical state of these components, the local reflection or transmission
response of each cell can be adjusted [35].

A central practical issue is the granularity of control. Globally tunable metasur-
faces, where a single control signal affects the entire surface, are simpler to realize
but inherently limited in functionality [47]. Richer operation requires locally tunable
metasurfaces, in which each cell, or a small group of cells, can be controlled indepen-
dently [48]. This enables spatially varying impedance profiles and thereby supports
steering, focusing, splitting, absorption, and polarization manipulation.

The control of active metasurface elements can be continuous or discrete, with
binary control being the most common in current prototypes [49]. In practice, how-
ever, true multifunctionality requires more than coarse binary switching. Although
binary control is sufficient for certain tasks, it strongly restricts the set of achievable
impedance states and therefore the range of attainable EM behaviors [49]. More ad-
vanced designs thus pursue continuous [50] or quasi-continuous control [51] of both
reactive and resistive components. This enables simultaneous phase and amplitude
shaping and significantly broadens the functional space of the surface.

Programmable metasurfaces are therefore not merely EM sheets, but cyber-physical
devices. As illustrated in Fig. 1.2, behind the EM layer one typically finds bias lines,
routing structures, regulators, Radio-Frequency (RF) chokes, assistive circuitry, and a
gateway or controller interface [6]. The control substrate must be designed carefully
so that the DC and digital networks do not compromise the RF response. EM design
and electronic design are thus tightly coupled.

This coupling is evident in recent practical prototypes. Multifunctional microwave

implementations have shown that a common hardware platform can support different
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Figure 1.2: Layout of programmable metasurfaces.

EM behaviors through programmable complex loads applied at the meta-atoms [35].
Such results are important because they demonstrate that programmable-surface con-
trol is not merely a software abstraction; it is a realizable hardware architecture sub-
ject to fabrication constraints, calibration requirements, bandwidth limits, and perfor-
mance trade-offs [52].

Accordingly, any serious control methodology must remain grounded in hardware
realism. If a desired functionality cannot be realized under actual biasing limits,
coupling effects, quantization, fabrication tolerances, bandwidth restrictions, or control
overhead, then an idealized optimization result has limited practical value. Reducing
the gap between elegant abstractions and realistic programmable-surface operation is

therefore a recurring motivation throughout this thesis.

1.4 From Microscopic Configurations to Functional Control

A programmable surface operates by controlling how induced surface currents evolve
once an incident wave reaches the structure. At the microscopic level, the surface is
described by the states of its active components: switch states, bias voltages, tunable
impedances, or related control variables assigned across the unit cells. In this thesis,

this microscopic assignment is referred to as the configuration of the surface [53].



At the macroscopic level, however, what matters to the communication system
is not the raw vector of low-level states, but the EM behavior that the surface re-
alizes [54]. Such behavior may correspond to steering an incoming wave toward a
desired direction, focusing energy into a target region, partially absorbing radiation,
converting polarization, or splitting energy across multiple outgoing paths. In this
thesis, this higher-level EM behavior is referred to as the functionality of the sur-
face [52].

The distinction between configuration and functionality is fundamental. Much of
the RIS literature formulates control directly at the level of individual elements, op-
timizing phase or amplitude parameters online. While this is useful for benchmark-
ing algorithms and studying theoretical limits, it scales poorly as the surface size
grows [55]. A metasurface with hundreds or thousands of controllable cells gives rise
to a high-dimensional optimization problem that is difficult to solve online, especially
under mobility, imperfect state information, or multi-user operation [56].

A more scalable alternative is to control the surface primarily at the functionality
level. In this view, the controller issues a high-level EM request, such as steering, fo-
cusing, absorption, or a supported combination thereof, while the mapping to concrete
hardware states is handled by a lower layer. This is the key idea behind codebook-based
control [55].

A codebook is a structured repository that maps desired surface functionalities,
together with their relevant parameters, to realizable configurations [57]. A codebook
entry stores the hardware-level instructions required to realize a given EM behavior
under specified conditions. These conditions may include frequency, angle of inci-
dence, angle of departure, polarization, target region, power split, or other descriptors
relevant to the supported function.

This naturally leads to a two-phase workflow, illustrated in Fig. 1.3. In the offine
phase, the designer or manufacturer characterizes the surface, calibrates the relation be-
tween electrical actuation and EM response, and solves the underlying configuration-
synthesis problem for a range of supported functionalities [55]. The resulting re-
alizable states are then organized into a codebook. In the online phase, the runtime
system receives service requests, selects or composes suitable functionalities, queries
the codebook, and deploys the corresponding low-level states to the relevant surface
units [58].

This offline—online separation is essential for scalability. It shifts the main compu-
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Figure 1.3: The two-phase control workflow of a PWE.

tational burden away from time-critical operation and toward precomputation, cal-
ibration, and compilation. The runtime controller no longer needs to solve a full
inverse EM problem from scratch for every request; instead, it can retrieve and
adapt prevalidated solutions with much lower latency. This becomes especially impor-
tant in dynamic, multi-user, and service-aware environments, where repeated high-
dimensional online optimization would be prohibitive [13].

At the same time, codebook-based control raises its own design questions. How
should functionalities be parameterized? How rich should the codebook be? How
should multi-function operation be represented? How should model mismatch and
hardware inaccuracies be incorporated during compilation? These questions are cen-
tral rather than secondary, and a major objective of this thesis is to develop method-
ologies that make codebook-oriented control both physically meaningful and opera-

tionally efficient.

1.5 Programmable Surfaces as Network Resources

A decisive conceptual step in the PWE literature is the interpretation of programmable
metasurfaces as network components rather than isolated EM devices. Under this
perspective, a metasurface or tile can be viewed as a controllable wave router. It receives

incident energy under certain conditions and applies an EM function that determines
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Figure 1.4: Software pipeline for SDM control within the network.

how this energy is redirected, shaped, split, attenuated, or absorbed. This abstraction
makes programmable propagation amenable to graph-based and network-oriented
reasoning [18].

The software pipeline that supports this abstraction is especially important for
making programmable surfaces usable by non-specialists. In the systems view adopted
here, the surface exposes an application programming interface (API) through which
higher-level commands can be issued, such as steering an incoming wave from one
direction to another, focusing energy toward a region, absorbing radiation, or split-
ting power among multiple outgoing directions. The API hides the underlying EM
and hardware states. Between the API and the physical surface lies a middleware
layer that translates these high-level requests into concrete hardware instructions by
consulting the codebook database.

Once multiple programmable surfaces are deployed in a space, the environment
can be represented as a graph [18]. Nodes may correspond to surfaces, tiles, access
points, gateways, user devices, or other relevant entities. Edges represent feasible EM
interactions, such as visibility relations or controllable propagation between nodes.
End-to-end communication through the programmable environment can then be
modeled as a path-selection problem over this graph, where each path corresponds
to an air-path realized through a sequence of coordinated EM actions.

This graph view is powerful for several reasons. First, it decomposes the overall

control problem into interacting units with explicit relations, rather than treating the
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Figure 1.5: Illustration of the graph view in PWEs.

environment as an opaque global optimization space. Second, it aligns naturally with
familiar networking notions such as routing, scheduling, resource allocation, policy
enforcement, and traffic engineering. Third, it allows communication objectives to be
expressed at a level that is closer to end-to-end service provisioning.

This viewpoint also clarifies the difference between the broader PWE perspec-
tive and the narrower signal-processing view that often dominates RIS studies. In
the broader PWE framework, the architecture spans multiple layers: the physical
metasurface layer, the embedded control substrate, the middleware and software-
abstraction layer, the orchestration layer, and the application-facing interface. By
contrast, much of the RIS literature focuses on the optimization of one or a few sur-
faces with respect to a communication metric, often assuming that the surrounding
control infrastructure already exists. Such works address an important subset of the
problem, but not the full system.

This thesis adopts the broader network-centric view. The aim is not only to show
that one programmable surface can improve one link, but to understand how real-
istic surfaces can be characterized, compiled, controlled, shared, and orchestrated as

reusable network resources within larger programmable environments.
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1.6 Operation, Sharing, and Virtualization in PWEs

A PWE can be described as a layered system, illustrated in Fig. 1.6. At the physical
layer, programmable surfaces are deployed over relevant environmental objects and
interfaced with gateways or embedded controllers that expose connectivity and ac-
tuation primitives. At the control layer, these surfaces are managed through software
abstractions that hide low-level EM details and allow functionalities to be requested
in a structured manner. At the network layer, the environment is represented and
operated as a connected system of controllable propagation resources. Finally, at the
application layer, the environment exposes services such as connectivity enhancement,
privacy-aware routing, wireless power transfer, sensing support, or spatial EM shap-
ing.

A typical operation flow proceeds as follows. First, programmable surfaces are de-
ployed and registered with the infrastructure. Their capabilities are profiled through
characterization and offline compilation. Users then enter the environment and explic-
itly or implicitly express communication and service objectives. A controller gathers
relevant context, such as user positions, traffic demands, priorities, and policy con-
straints. Using the environment graph and the codebook of supported functionalities,
it selects suitable air-paths and assigns functionalities to the relevant surfaces. These
requests are issued through the API, translated by the middleware into concrete hard-
ware instructions, and deployed to the corresponding surface units. When needed,
measurements and feedback can further support local refinement around the initial
deployed solution.

This workflow highlights the importance of software interfaces and middleware.
The controller should not manipulate raw cell states unless strictly necessary. In-
stead, it should operate through structured abstractions that expose functionality-
level requests while hiding microscopic implementation details. Without such layers,
programmable-surface control would remain a specialized hardware task rather than
a usable communication-system primitive.

Once programmable surfaces are viewed as infrastructure resources, resource man-
agement becomes unavoidable. Surface area, controllable regions, supported function-
alities, and control bandwidth are all finite. A customized propagation path consumes
surface resources, and multiple users may compete for the same programmable region

or control budget. Consequently, programmable surfaces must be shared, scheduled,
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Figure 1.6: Network-centric layered architecture of a PWE.

and possibly sliced among different users, tenants, or services.

This issue becomes especially evident in realistic multi-user operation. A surface is
not dedicated to a single link; it must serve heterogeneous demands under potentially
conflicting objectives. Some users may require coverage restoration, others secrecy
support, others energy delivery, and others low-latency service continuity. Once such
heterogeneity is acknowledged, the problem is no longer purely EM. It becomes a
resource-allocation problem over programmable propagation capabilities.

This observation naturally leads to virtualization. A physical programmable meta-
surface can be abstracted into one or more logical resources, each representing a subset
of the underlying control and EM capabilities. In this context, a virtual programmable
metasurface (VPM) can be understood as a software abstraction that exposes part of
the physical surface to a given controller, tenant, or service class. A hypervisor-like
entity can mediate between physical resources and virtual instances, enabling con-
trolled sharing, isolation, lifecycle management, and policy enforcement.

This virtualization view is attractive because it connects programmable-surface
control with broader telecom softwarization trends. It aligns naturally with concepts
from Software-Defined Networking (SDN), Network Functions Virtualization (NFV),
and Open Radio Access Network (O-RAN), thereby making metasurface-enabled en-
vironments easier to integrate into modern network-management ecosystems. It also

provides a principled way to reason about fairness, prioritization, service differentia-
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tion, and resource guarantees.

Importantly, metasurface resources may be sliced across several domains. Spatial
slicing partitions the surface into regions. Temporal slicing enables time sharing.
Frequency slicing allocates different spectral resources. More advanced abstractions
may also consider functionality-oriented slicing, where different portions of the EM
capability space are assigned to different services. This further reinforces the view that
programmable surfaces are not simple on/off reflectors, but rich sharable resources
whose abstraction and management require dedicated methodologies.

For this thesis, this perspective is central. A surface that can realize sophisti-
cated EM functions but cannot be efficiently shared, reused, and composed in a
live network has limited practical value. Therefore, multiplexing, virtualization, and
low-complexity sharing mechanisms form a core part of the programmable-surface

problem studied here.

1.7 Beyond Link Improvement: Service-Aware and Security-Aware

Propagation

A major strength of PWEs is that they enable services that go beyond received-power
maximization. Because the environment can shape where energy goes, and where it
does not go, it becomes possible to define spatial propagation policies. Such policies
may improve communication quality, but they can also enforce privacy, isolate flows,
support wireless power transfer, or suppress activity in selected regions.

This capability connects PWEs naturally to physical-layer security. By steering
energy away from unintended listeners, limiting leakage into hostile regions, or cre-
ating preferred delivery zones and suppression zones, programmable environments
can support proactive covertness and confidentiality mechanisms. Unlike classical se-
curity mechanisms that operate on top of an uncontrolled channel, these approaches
intervene directly at the level of propagation.

Likewise, programmable environments can support integrated sensing and com-
munication, localization assistance, and environment monitoring. Since the same pro-
grammable surfaces can influence and probe the EM field, they may serve not only
communication objectives but also broader service objectives related to awareness of

the space itself. This is fully consistent with the 6G direction, in which communication,
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sensing, and control are expected to become tightly intertwined.
The deeper promise of PWEs is therefore not merely stronger links. It is the
creation of a programmable spatial infrastructure in which EM behavior can be or-

chestrated according to application goals, user priorities, and operator policies.

1.8 Motivation and Thesis Objectives

The discussion above reveals a central tension. On the one hand, programmable meta-
surfaces offer rich EM controllability. On the other hand, this controllability emerges
from the microscopic state of many unit cells, under realistic hardware constraints,
inside environments that must serve multiple users and services. Bridging these levels
is the main motivation of this thesis.

The first challenge is scalable control. Online per-element optimization becomes
increasingly expensive as the surface size grows and runtime conditions become more
dynamic. This motivates offline compilation and codebook-oriented methodologies
that preserve physical consistency while reducing online complexity.

The second challenge is EM realism. Many communication-oriented abstractions
idealize the surface as a simple phase-control device. While analytically useful, such
abstractions often omit coupling, amplitude effects, near-field behavior, quantiza-
tion, and hardware restrictions. There is therefore a need for methods that remain
grounded in more realistic EM models and in realistic configuration-synthesis work-
flows.

The third challenge is resource sharing. Surfaces are not dedicated to one user
or one objective. They must serve heterogeneous demands under limited resources.
This raises questions of multiplexing, scheduling, fairness, virtualization, and policy
enforcement that cannot be addressed through isolated single-link optimization alone.

The fourth challenge is multi-surface coordination. Once multiple surfaces are de-
ployed in the same environment, the problem becomes explicitly networked. Air-paths
must be selected, surface functions must be coordinated, and end-to-end objectives
must be achieved across an interconnected programmable space.

The fifth challenge is service expansion. Programmable environments make it pos-
sible to shape not only communication quality but also spatial exposure, secrecy, and

covert delivery. This motivates the study of security-aware and covertness-oriented
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propagation services that are native to the programmable medium itself.

Taken together, these considerations define the objectives of this thesis: to de-
velop scalable and physics-aware methods for programmable-surface control; to ad-
vance offline codebook compilation for efficient operation; to enable low-complexity
multi-user sharing and multiplexing; to orchestrate multiple surfaces within a uni-
fied network framework; and to extend programmable propagation toward proactive

security-oriented services.

1.9 Contributions
This thesis makes the following main contributions:

1. It develops physics-aware tools and methodologies for RIS configuration com-
putation, with emphasis on realistic EM modeling and on the relation between
microscopic control states and macroscopic functionalities. Within this context,
it also investigates efficient configuration-generation strategies, including meta-

heuristic and hybrid optimization methods.

2. It advances manufacturing-phase programmable-surface control through code-
book compilation methodologies that precompute, organize, and validate real-
izable configurations for later reuse, thereby reducing runtime complexity while

preserving consistency with realistic propagation behavior.

3. It formalizes programmable surfaces as sharable network resources and in-
troduces low-complexity multiplexing and sharing mechanisms that support

multi-user and multi-function operation under heterogeneous demands.

4. It extends control from isolated single-surface settings to environments with
multiple RIS units, introducing coordination and path-selection mechanisms

for priority-aware end-to-end orchestration across programmable air-paths.

5. It introduces RF-fencing as a RIS-assisted service for proactive covertness and
spatially selective EM control, combining precompiled entries with lightweight
online refinement to create friendly delivery regions and hostile suppression

regions.

15



Overall, the thesis contributes a unified resource-management perspective for RIS-
enabled environments, spanning realistic configuration synthesis, offline codebook
generation, efficient online sharing, multi-RIS coordination, and security-oriented pro-

grammable propagation.

1.10 Thesis Structure
The remainder of the thesis is organized as follows:
¢ Chapter 2 reviews the related literature and highlights the main open challenges.

¢ Chapter 3 presents the tools and methods used for realistic RIS modeling, mea-

surement, and optimization.
* Chapter 4 focuses on codebook compilation and offline configuration generation.

* Chapter 5 studies RIS sharing and multiplexing in multi-user and multi-function

scenarios.
¢ Chapter 6 introduces the proposed framework for multi-RIS coordination.

¢ Chapter 7 presents RF-fencing as a programmable-environment service for covert-

ness and spatial selectivity.

e Chapter 8 concludes the thesis and outlines future research directions.
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CHAPTER 2

ReELATED WORK

2.1 Optimization of RIS Configuration & Codebook Compilation
2.2 RIS as a Network Resource
2.3 Physical Layer Security in RIS-empowered Networks

2.4 Main Challenges and Open Issues

2.1 Optimization of RIS Configuration & Codebook Compilation

Achieving efficient and physically consistent RIS control requires configuring hun-
dreds or thousands of unit cells under stringent latency constraints, which makes
low-complexity runtime methods essential. Currently, much of the early RIS liter-
ature relies on online joint active—passive beamforming, e.g., jointly optimizing the
transmitter precoder and RIS phases to maximize received power or user SINR under
imperfect channel state information (CSD) [59, 60]. While effective in principle, such
methods incur repeated channel estimation and iterative per-element adjustments,
which are difficult to reconcile with low-latency services and large-scale surfaces.

In this thesis, we propose the control of RIS units via codebook schemes. Code-
book compilation occurs primarily during manufacturing: an RIS prototype, together
with receivers and transmitters, is placed in an automated positioning and evaluation
setup—either physically realized or precisely simulated, as illustrated in Fig. 2.1. For
each functionality of interest (i.e., those declared as ‘supported’ by the manufacturer),

an optimization loop determines the RIS configuration. A finite set of these optimum
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Figure 2.1: Ilustration of the codebook compilation workflow during the RIS manu-

facturing (left), and its use during the RIS operation (right).

reflection patterns is stored in the codebook database for rapid deployment during
operation, enabling timely adaptation without continuous channel estimation or iter-
ative online optimization. This is particularly appealing in dynamic and multi-user
settings, where frequent reconfiguration is needed to sustain QoS.

The first significant limitation in the research bibliography concerns physics con-
sistency in the codebook compilation itself. Most codebook designs and compilation
workflows adopt simplified propagation assumptions, frequently relying on far-field
models that overlook near-field effects, where the RIS response is strongly shaped by
mutual coupling among unit cells and by specular reflections from the surrounding
environment [61, 62, 63]. Recent studies have begun to incorporate near-field mod-
eling in codebook design [64] and coupling-aware formulations [65], yet these effects
are commonly treated in isolation or through approximations, leaving open the ques-
tion of how to compile and organize codebooks under joint near-field propagation,
coupling, and environment interactions.

Codebook compilation is inherently a complex optimization problem, making di-
mensionality reduction crucial for limiting computational cost. Common practices in-
clude continuous relaxation followed by discrete quantization of element states [24],
and exploiting symmetry, periodicity, and supercell grouping to shrink the search
space [33]. Moreover, existing works employ hierarchical beam training to reduce
search cost [66], learning-based mappings from measurements or user coordinates to

codewords [67, 68], and structural constraints that reduce the effective dimensionality
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of the RIS control space [69].

In terms of the optimization procedure itself, genetic algorithms coupled with
EM solvers are widely used due to their flexibility, despite known efficiency draw-
backs [33], while iterative coordinate-wise optimizers are also common but can be
slow, fail to converge, or get trapped in local optima [70, 71]. Machine-learning ap-
proaches typically rely on extensive simulated or measured data to accelerate parts
of the workflow (e.g., early filtering of non-promising candidates), but they act as
add-ons rather than replacing the underlying physics-driven optimization [72, 52].

Finally, an optimal configuration cannot be stored for every user location in contin-
uous space, yet enlarging the codebook to better approximate that space makes online
search and training overhead prohibitive. Environment-aware protocols further com-
bine short training blocks with statistical CSI to generate candidate channels and select
a suitable codeword from an offline-compiled database [73]. Near-field-specific code-
books have also been proposed for extremely large-scale RISs by matching cascaded
array steering vectors, with exhaustive or hierarchical procedures for codeword se-
lection [56]. These directions reduce training burden, but they often shift complexity
into the selection mechanism (e.g., learned inference or non-trivial probing policies)
and may require substantial datasets or protocol overhead. More importantly, they
do not directly address how to structure a finite codebook so that near-optimal con-
figurations can be selected scalably and with low online complexity over a continuous

user space.

2.2 RIS as a Network Resource

Resource allocation in wireless networks aims to efficiently share finite resources
among a time-varying set of users while meeting fairness and constraint objectives
(e.g., energy and bandwidth)[74, 75]. In contemporary architectures, this objective is
often operationalized through network slicing and virtual switching. Network slic-
ing partitions radio and core resources to satisfy heterogeneous service requirements;
recent works employ optimization and learning, including deep RL and Al-driven
policies, to handle user mobility and maximize spectrum efficiency under resource
scarcity[76, 77, 78]. Virtual switching extends this logic by virtualizing core-network

functions and allocating resources across stakeholders (e.g., infrastructure, cloud, and
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slice owners), typically via iterative optimization and VNF placement strategies that
account for deployment costs and bandwidth limitations [79, 80]. Translating these
ideas to RIS-assisted networks, the notion of Virtual Programmable Metasurfaces
(VPMs) models software-defined entities that encapsulate subsets of RIS elements,
improving manageability and providing a natural abstraction for orchestration sys-
tems [81].

Within RIS-assisted networks, resource allocation has been studied both through
(i) joint optimization of RIS configurations with network parameters and (i) or-
chestration of multiple RIS units in PWEs. Learning-based and game-theoretic for-
mulations have been used to optimize transmit power, spectrum allocation, and
RIS states under dynamic conditions, targeting performance and energy-efficiency
gains [82, 83, 84]. Other works consider multi-RIS coordination via external software
services that compute and deploy interaction configurations to meet user demands,
and employ multi-stage RL to balance energy efficiency and latency [85, 86]. Com-
plementary contributions address heterogeneous settings where RIS supports traffic
offloading, uplink mmWave, NOMA, or MIMO enhancements by jointly optimizing
phase shifts and resource variables via iterative and fractional-programming-based
methods [87, 88, 89]. While these frameworks demonstrate system-level gains, they
typically optimize global metrics and seldom formalize user-specific differentiation
aligned with stakeholder policies (e.g., tiering/pricing), nor do they explicitly inter-
face with network slicing/RAN control using policy-native inputs and outputs [90].

A separate line of work addresses multi-user sharing of a single RIS by split-
ting resources in time or space. In PWEs, RIS multi-tasking has been explored via
segmentation into tiles assigned to different tasks or via duty-cycling/TDMA-style
sharing, where users are served in dedicated time slots [91, 92]. These approaches
incur practical limitations: spatial segmentation reduces effective aperture per user
and can degrade performance [93], whereas TDMA requires stringent synchroniza-
tion and introduces latency due to per-slot hardware state transitions; additionally,
users not scheduled in a slot obtain no RIS gain during that interval.

Finally, building PWEs with multiple RIS deployments requires efficient cascaded-
RIS path selection, since multi-hop reflective links introduce a routing layer on
top of per-surface configuration. For cascaded links under imperfect phase estima-
tion, [94] proposes an SNR-maximizing strategy that balances beamforming gains

against phase errors and provides outage/capacity characterizations. Related works
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decouple routing decisions from subsequent configuration/offloading steps: [95] ad-
dresses latency in multi-RIS-assisted mobile edge computing by selecting paths via
graph-based shortest-path formulations that trade cascaded gains against reflection
losses, while [96] develops analogous weighted-graph approaches in heterogeneous
edge-IoT settings, selecting RIS-AP pairs by cascaded gain and routing under gain/loss
tradeoffs. These contributions motivate viewing multi-RIS PWEs as coupled problems
of (i) selecting the cascaded route and (ii) configuring the participating RIS nodes un-

der system constraints and user demands.

2.3 Physical Layer Security in RIS-empowered Networks

Another property of PWE is the enhancement of privacy-aware networking. In this
line, recent work has investigated RIS-assisted covert communication [97, 98]. Early
studies showed that RIS configurations can create quiet zones by absorbing or redirect-
ing energy, enabling covertness with low power overhead compared to noise-centric
countermeasures [98]. Subsequent contributions largely focused on optimizing clas-
sical secrecy metrics under covert constraints, e.g., alternating optimization of beam-
forming and RIS phases [99] and MIMO extensions based on null-space processing
to reduce leakage [100]. However, these formulations mainly treat RIS as an auxiliary
knob for secrecy-rate enhancement, rather than as an environmental control primitive
that can explicitly sculpt spatial exposure and enforce directional suppression—a core
capability envisioned in PWEs.

To leverage RIS-enabled spatial degrees of freedom more directly, [101] proposed a
full-duplex covert scheme in which an RIS supports a public downlink while conceal-
ing a covert uplink, revealing that multi-user interference can serve as a natural mask-
ing mechanism without artificial jamming. Related ideas were adapted to RIS-aided
NOMA, where covert messages are embedded within superimposed downlink signal-
ing by exploiting the public user’s signal and RIS-induced phase uncertainty [102].
While these works highlight the value of interference and superposition for covert-
ness, they do not align with the PWE architecture, where multiple distributed RIS
are orchestrated to jointly structure the propagation environment [103, 104]. This
leaves open the design of covert strategies that exploit networked RIS coordination to

create spatially programmable covertness over extended areas, rather than optimizing
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a single localized link.

Recent research has begun to expand RIS-assisted covert communication either by
enhancing the architecture of a single surface or by coordinating multiple RIS. On the
architectural side, STAR-RIS—enabling simultaneous reflection and transmission—
has been studied in multi-antenna and NOMA covert settings, showing that joint
STAR-RIS and transmission optimization can improve covertness by shaping the spa-
tial footprint and embedding hidden traffic within legitimate signals [105, 106]. Active
RIS architectures with amplification have also been explored, aiming to boost covert
link quality under strict detection constraints [107, 108]. However, these approaches
do not, by themselves, justify moving away from nearly-passive designs, particularly
when comparisons against cooperative multi-RIS deployments are absent. In con-
trast, [109] considers distributed RIS control via multi-agent reinforcement learning,
indicating that multi-RIS coordination can enhance spatial suppression and covert
throughput while retaining low-power operation expected in PWEs. Yet the current
scope remains limited—typically a single covert link and narrow objectives—without
fully addressing how multi-RIS systems can simultaneously support legitimate ser-
vices and enforce directional suppression as an intrinsic, programmable feature of
the environment. Overall, scalable and architecture-consistent covert communication
for PWEs, grounded in distributed RIS coordination and explicit spatial exposure

control, remains insufficiently developed.

2.4 Main Challenges and Open Issues

As concerns codebook compilation, several open issues remain. First, developing tools
and algorithms grounded in accurate EM models or full-wave analysis is essential
for realism and direct deployability; beyond realism, such modeling offers insights
into RIS behavior that can be exploited to reduce optimization dimensionality and
improve codebook-entry quality. Second, an exhaustive benchmarking of available
heuristic/metaheuristic methods—and their potential synergies—should be under-
taken to move beyond arbitrary optimizer selection. Finally, techniques that avoid
running exhaustive optimization at every possible user position during compilation
are crucial for realistic RIS use within PWEs.

During operation within the PWE, as with other network components, each RIS
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must simultaneously serve multiple users with heterogeneous requirements. In net-
working terms, an RIS is a shareable resource, yet a precise and operational def-
inition of RIS-as-a-resource—including what is allocated, at what granularity (el-
ements/tiles/time/frequency), and under which constraints (hardware switching la-
tency, control overhead, power budget, and inter-user coupling)—remains largely
missing. Consequently, translating high-level stakeholder policies (e.g., tiering/pricing)
and user QoS demands into actionable RIS control decisions at runtime is still an
open problem, particularly under tight latency budgets that preclude heavy online
optimization. This challenge becomes even sharper in cascaded-RIS links, where the
PWE is naturally modeled as a graph [18] and resource allocation is coupled with
route selection; however, without incorporating explicit fairness and differentiation
across users and tiers, graph-based formulations capture only part of the required
orchestration logic.

Finally, in the context of physical-layer security within PWESs, most RIS-assisted
covert strategies still regard the RIS as a tuning knob for covertness enhancement
rather than a software-defined mechanism for shaping spatial exposure via pro-
grammable propagation control. Many solutions also rely on iterative optimization or
learning-based inference, which is often too demanding for real-time security actions
and typically validated only numerically, without tight coupling to physics-consistent
tools that would improve fidelity and deployability. A codebook-driven RIS operation
offers an implementation-aligned alternative: optimized configurations are precom-
piled offline and retrieved at negligible runtime cost, while codebook-entry multiplex-

ing combines simple precompiled patterns into complex responses on demand.
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CHAPTER 3

MoODELING, MEASUREMENT METHODS &

OprtiMiZzATION ToOLS

3.1 Physics-based EM Modeling of RIS-enabled Environments
3.2 FDTD Simulations

3.3 Real Testbed

3.4 Terminology

3.5 Optimization Tools in RIS-enabled Networks

The development of services and tools for RIS deployment in realistic environ-
ments requires accurate modeling of RIS-enabled wireless propagation. This chapter
presents the main tools and methods used in this thesis for the simulation of RIS-
assisted PWEs and the validation of the proposed solutions. First, physics-based EM
frameworks are presented. In addition, the Finite-Difference Time-Domain (FDTD)
method is employed, widely recognized for its accuracy. The RIS modeling approach
and the tool used for this part are described. The evaluation is supported by mea-
surements on a real testbed, selected results of which are included. Finally, for com-
pleteness, we present the optimization algorithms used at different stages of the RIS

lifecycle.
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3.1 Physics-based EM Modeling of RIS-enabled Environments

Physics-based EM modeling consists of three different approaches. First, the RIS
behavior is modeled in the far field, assuming plane-wave propagation from an angle
of arrival (AoA) to an angle of departure (AoD). Next, near-field modeling is presented
for confined environments: the transmitter is placed at a specific position in 3D space
with spherical-wave transmission to another point. Finally, the near-field model is
enhanced with additional aspects—mutual coupling and secondary reflections—for

more accurate results.

3.1.1 Far-Field

The far-field regime is appropriate for simulating RIS behavior when the scattered
field is observed at distances much larger than both the RIS aperture and the oper-
ating wavelength. Under these conditions, the EM behavior is dominated by angular
distributions [110], so precise control of propagation directions is essential for spa-
tial selectivity. To model these angular characteristics, the Huygens-Fresnel principle
(HFP) is adopted [111], treating the RIS as an ensemble of secondary point sources
that re-radiate the incident wavefront in all directions. The RIS is represented as a
two-dimensional array with Ny = N, X N, reconfigurable unit cells. Each unit cell
acts as an isolated scatterer that applies a controllable phase shift to the incident

wavefront, with the phase profile

® = [0,] €[0,27)Ne, n=1,... N, (3.1

where @, represents the reflection phase applied by the n, unit. Accordingly, the
scattered field produced immediately after interaction with the RIS can be expressed
as

Ecatn = Binene ™", (3.2)

where Ej,., denotes the incident field at the n, unit cell. Per HFP, each unit emits
a spherical wave, and the superposition of these waves sets the field in any desired
direction, enabling dynamic shaping of the spatial energy distribution.

To specify the geometry, assume the RIS is illuminated by a uniform plane wave
of wavelength \ arriving from the far-field direction (6;, ;). The elements lie on a

rectangular grid with uniform spacings A, and A, along the horizontal and vertical
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axes, respectively. Thus, the position of each unit cell is given by

Ty = Am(x - xC)a Yn = Ay(y - nc)7 (33)

where (z.,y.) indicates the coordinates of the array center, serving as the reference
point for calculating phase differences across the surface. The incident wavefront
impinging upon each cell introduces a phase variation that depends on the cell’s

position relative to the array center, calculated as

Y = kAL (z — ) cosp; + Ay (y — ye) sin ¢;] sin 4, (3.4)

n

where k = 27/) is the wavenumber associated with the operational frequency. By
leveraging both the RIS-imposed phase shift and the spatially dependent incident

phase, the total contribution from each unit cell is formulated as
U, — oI (@n+vi) (3.5)

Subsequently, the far-field scattered response of the RIS is obtained by summing the

contributions of all unit cells, yielding
E(0, ) = Eycos®(0) Z U, (3.6)

where Fj is a normalization constant related to the incident field amplitude (mea-
sured in V/m), and p characterizes the angular selectivity of the scattering pattern.
Specifically, p = 0 corresponds to an isotropic response, while larger values of p
sharpen the angular focus. To quantify the effectiveness of a given RIS configuration
in steering energy toward a specific observation direction (64, ¢4), the field magnitude

at the corresponding point of interest (POI) is evaluated as
Epor = [E(0a, ¢a)l, (3.7

where E(6;, pq4) represents the scattered field computed using (3.6) at the desired an-
gles. Finally, under the far-field approximation, POIs correspond to angular sectors
(directional cones) measured in steradians, not physical locations within a spatial vol-
ume. Depending on the operator’s preference at a given time, POIs are used either to
maximize signal strength for beam steering/focusing or to minimize it for suppression

in physical layer security applications.
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3.1.2 Near-Field

When RIS behavior must be simulated in confined environments, the Fresnel-Kirchhoff
diffraction (FKD) framework accurately captures intricate wave interactions [110]. Un-
like far-field models that rely on angular propagation, near-field modeling resolves
the spatial distribution of EM fields, for both signal strength maximization and min-
imization in a specific area within the communication network. For the near-field
model, we assume that the network is a cubic environment of side length L. For the
accurate EM computation the environment is splitted in a grid-based domain. For
the analysis, we adapt a dual-grid scheme that balances efficiency and local accu-
racy: a coarse grid with parameters N,, N,, N, uniformly discretizes (z,y, z) € [0, L]?,
while a finer grid—constructed by refining the coarse spacing—covers a spherical
zone of interest (Zol) of radius 7y, centered at (., y., 2.). This refinement captures
field variations within the Zol while keeping computation manageable.

The four vertical walls of the space can be covered by RIS units. In a full-covered
case, each RIS is composed of Ny = N, x N, uniformly distributed reflecting elements.
These elements are arranged with a margin m from the space boundaries, resulting in
a total of Nris = 4N scatterers, where the position of the nth RIS element is given by
(@, Yns 2n). Due to the significant physical dimensions of the RIS surfaces relative to
the space size and operating wavelength, the far-field approximation becomes invalid,
and a spherical-wave near-field modeling based on FKD is adopted to ensure accurate
field estimations within the confined space. Thus, assuming that the source is located
inside the room at (zs,ys, 25) and emits an omnidirectional spherical EM wave at
frequency f, the scattered field within the space is calculated on both grids given by:

B = e, (3.8)
: d
where F represents the amplitude of the source field, and d,, denotes the distance

between the source and the nth RIS element, which is equal to

dn = \/(xn - $s>2 + (yn - ys>2 + (Zn - 23)2' (39)

Each RIS element reflects the incident wave by applying a controllable phase shift
®,,, while maintaining a unitary reflection magnitude. Consequently, the complex

reflection coefficient for the nth element is defined as
I, =el®n. (3.10)

27



The contribution of the nth RIS element to the scattered field at each observation

point is approximated by spherical-wave propagation as

ejk'Rn(zpvyvap)

Escat,n(xpa Up, Zp) = Einc,nrn (311)

Rn<xp7 yp7 Zp) ’
where R, (z,,y,, 2,) denotes the propagation distance from the nth RIS element to the

observation point, computed as

R(@p, yp, 2p) = \/(xp =)+ (Up — Yn)* + (2 — 20)*. (3.12)

The total scattered field Eg.: at each grid point is then obtained by summing the

contributions from all RIS elements, according to

Nris

Escat(xpa Yp, Zp) - Z Escat,n(xpy Yp, Zp)' (313)

n=1
For the purposes of this model, each RIS element is treated as an ideal isotropic
point scatterer with individually adjustable reflection phase, while mutual coupling
and polarization effects are neglected. Additionally, reflections from uncovered sur-
faces and secondary reflections among RIS-covered walls are disregarded. The source
is assumed to emit a continuous spherical wave at a fixed frequency, maintaining
constant amplitude throughout the simulation domain.

Using this modeling framework, we further define a zone of interest in the room
as a spatial region where the scattered field is minimized. Specifically, the Zol is

formally defined as the spherical region satisfying
(2p = ) 4+ (Yp = Ye)* + (25 — 2)* <1701 (3.14)

where (z,,v,, 2,) corresponds to the coordinates of each observation point. For the
observation points that satisfy (3.14), the calculation of (3.13) is conducted using the
finer and denser computational grid for more accurate results. To quantify the EM
field strength within this region, we evaluate the average magnitude of the scattered
field, denoted as Fg.;. This metric directly reflects the residual field energy inside the
Zol and is computed as

Eag = ﬁ Z | Eccat (T, Up» )|, (3.15)

(Tp,Yp,2p)€Zol

where Nz, denotes the total number of discretized grid points, and |Escac (2, Yp, 2p)|

represents the magnitude of the scattered field at each corresponding point. This
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formulation enables a detailed volumetric analysis of the field distribution within en-
closed environments and serves as the foundation for developing RIS control strate-

gies.

3.1.3 Realistic RIS Modelling

Since the model of the previous section neglects additional propagation effects in
RIS-enabled environments—most notably mutual coupling between adjacent RIS el-
ements and secondary reflections—we introduce an enhanced model for the thesis
parts that require higher-fidelity RIS characterization. Also in this case, we consider
a three-dimensional rectangular cavity of edge length L, aligned with the Cartesian
axes. Each wall can be optionally coated by a RIS panel consisting of N = Ng x Ny
square unit cells gird with center-to-center spacing d. This is typically chosen on
the order of < \/4 to satisfy the Nyquist sampling criterion [112]. We consider that
Prn = (Tn, Yn, 2n) € [0, Ly]? is the center of the n'* element and n,, denotes the out-
ward normal vector of the wall to which the element belongs. The transmitter sits at
position s € [0, L)%, radiating at wavelength A = ¢,/ f with wavenumber £k = 27/\.
Each RIS element acts as a passive scatterer characterised by a complex reflection
coefficient I',, = p,e!?", where the amplitude p,, is typically set to unity and the phase
¢, is tunable.

The incident field at element n arising from the transmitter is modelled as a
spherical wave with amplitude decay and free-space phase advance [110]. Denoting
the vector from the transmitter to the element by d, = p, — s and its norm by

7, = ||d,||, the direct term reads

eikrn R m R »
Egirn = d,-urx|” [max{0,(d, - n,)}]", (3.16)
n A ~~ 7 N ~~ 7
transmitter pattern element cosine law

where &n =d,/r, is the unit vector pointing from the transmitter to the element, urx
is the unit vector of the main lobe of the transmitter, m controls the beamwidth of the
transmitter radiation pattern and is typically chosen such that |d,,-urx|™ approximates
a raised cosine lobe, and p is the order of the cosine law used to model the effective
aperture of the patch with respect to the angle of incidence. When p = 1 the element
obeys the classical Lambert cosine law; larger values of p produce a more specular

response. The transmitter phase centre offset, if any, is absorbed into s.
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One major deviation in respect of the previous model is that this one takes into ac-
count the mutual coupling among RIS elements. This phenomenon arises because the
field scattered by one element can re-illuminate its neighbors. Taking into account that
a full EM solution of the Maxwell integral equations is computationally prohibitive
for large arrays, we adopt a discrete model that captures the dominant short-range
interactions. Each element interacts primarily with its immediate neighbors on the
same panel. Denote by N, the set of up to four direct neighbors of element n in the
two-dimensional lattice. The coupled illumination received by element n is expressed
o ik I

Foin=a 3 Ty (3.17)

e [Pn — Pl

where « is a dimensionless coupling coefficient that quantifies the strength of these
near-field interactions. The sum captures the fact that each neighbor acts as a sec-
ondary source whose contribution decays with distance and accumulates a phase
delay. Besides neighbor coupling, the room boundaries create additional illumina-
tion paths via specular reflections. When a wall is not coated by a RIS it is modeled
as a smooth reflector. The signal from the transmitter reflects off such a wall before
reaching the RIS, and this secondary path contributes to the incident field. Let s,

denote the mirror image of the transmitter with respect to wall w and let n,, be that

wall’s normal. The secondary contribution arriving at element n from wall w is

eiklpn—sull

(w) _ y T————— dn,w . nwlp (318)
[Pn — Sull

sec,m

where (Ain,w is the unit vector from s, to p, and 3, is the reflectivity of wall w (for
perfect electrical conductors 3,, = 1). The exponent p is the same as in the direct term,
ensuring that grazing incidence is de-emphasized. All secondary reflections over the
available bare walls are included; the total incident field is the sum of the direct
illumination, the coupled contributions and the secondary reflections. Putting these
pieces together, the incident field on element n is

Einen = Edirn + Beprn + Y B, (3.19)

weW

where W indexes the reflecting walls. Because E,, depends on the unknown co-
efficients I',,, the problem is nonlinear and the incident fields must be recomputed
whenever the configuration changes. Once the FEj,. arrives in RIS surface, each el-

ement re-radiates it with phase shift I',,. The complex electric field at an arbitrary
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observation point r € [0, L;,]? is obtained by superposing the contributions of all RIS

elements:
elklr—pall

N
E(r) = ; T (3.20)
This model implicitly enforces the boundary conditions on the covered walls via the
cosine factors in Eq. (3.16).

As a result, the received signal quality at a given location is quantified through
the signal-to-noise ratio (SNR), which is obtained from the squared magnitude of the

total electric field evaluated at the receiver position can be computed as:
SNR = 10log,,(|E(r)[?) (3.21)

where, we consider that the noise is normalized.

3.2 FDTD Simulations

The FDTD method is a numerical technique solving Maxwell’s equations in the time
domain to model EM wave propagation through arbitrary structures. FDTD offers
time-resolved, spatially detailed EM field evolution, making it suitable for simulat-
ing complex sub-wavelength phenomena such as mutual coupling, scattering, and
resonance effects significant in RIS design.

FDTD’s ability to model wave interaction with intricate RIS unit cells, including
tunable elements (e. g., PIN diodes, varactors), enables accurate characterization of EM
parameters essential for RIS optimization. Parameter sweeps within FDTD facilitate
exploring how variations in unit cell geometry, material properties, or control states
affect the macroscopic RIS behavior. This capability is crucial for designing RIS unit
cells with tailored impedance responses and reflection/transmission properties.

Notably, FDTD simulations guide RIS design by quantifying near- and far-field
responses and confirming theoretical models of RIS behavior under realistic scenarios
incorporating mutual coupling and scattering by environmental objects. Such physics-
based simulations augment system-level optimizations by providing EM consistent
inputs rather than relying solely on idealized or statistical channel models.

The advantages of FDTD usage in RIS modeling compared with other methods

(full-wave solvers, ray-tracing, statistical channel modeling) include [113]:
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* Mutual coupling effects among RIS elements, which impact the element’s ef-
fective scattering parameters. This is paramount for large RIS arrays, where

ignoring coupling leads to suboptimal designs.

* Frequency-selective and angle-dependent responses arising from unit cell ge-
ometry and tuning elements, which critically affect overall RIS beamforming

capabilities.

* Transient behavior and broadband response, offering insights into the RIS per-

formance over frequency bands relevant to 5G/6G systems and beyond.

However, FDTD requires significant computational resources, especially for elec-
trically large RIS structures or high-frequency scenarios. Careful meshing and time-
stepping are needed to ensure numerical stability and accuracy, which can lead to long
simulation times. Moreover, it requires strong expertise in EM theory and numerical
methods to set up and interpret results correctly.

The main metric used during FDTD simulations is transmission coefficient Sy;
between the receiver and the transmitter towards the RIS path. Generally, Sy is a
standard scattering measure that characterizes transmission between ports in mul-
tiport networks. In RIS unit cells and arrays, Sy captures how an incident wave
couples through or around the element toward another port or direction, encoding
transmittance magnitude and phase. Accurate Sy knowledge quantifies power trans-
fer and phase shift imparted by an element, which is critical for configuring the RIS
to shape the EM environment. S5, data integrate naturally into multiport network
models that treat RIS as coupled scattering elements, enabling realistic computation
of end-to-end channel characteristics in RIS-assisted links.

In terms of this thesis, the open source FDTD solver, openEMS is used [114].
OpenEMS is a widely used EM field solver implementing the FDTD method. It excels
in simulating complex electromagnetic problems including RIS unit cells, metasurfaces

and antenna arrays. Briefly, the main advantages of openEMS usage are:

* Flexible Geometry and Material Modeling: openEMS supports complex 3D
geometries and non-linear materials, enabling detailed modeling of RIS element

shapes, substrates, and tuning elements.

* S-Parameter Extraction: The tool provides native calculation of S-parameters,

including S21 (forward transmission coefficient), forming a fundamental basis
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for characterizing RIS element scattering behavior.

¢ Parametric Sweeps and Optimization Integration: Users can automate pa-
rameter sweeps facilitating optimization loops for RIS design variables such as

element dimensions or bias voltages controlling phase shifts.

¢ Compatibility with MATLAB: openEMS integrates with MATLAB, enabling
seamless coupling with optimization algorithms and system-level analysis plat-

forms.

¢ Community-Driven Development: Being open-source, openEMS benefits from
continuous improvements, making it cost-effective and customizable for RIS

research and prototyping.

In this thesis, the RIS unit is inspired by [24]. This design, depicted in Fig. 3.1,
embodies a controlled departure from simple RIS-reflectarray approach, by intercon-
necting the horizontally adjacent cells with tunable loads. The RIS unit cells are gaps
between square metal patches that are bridged by lumped complex impedance loads.
The patches lie on a metal-backed dielectric substrate and a thin metal sheet that
acts as a groundplane. Specifically, the substrate is Rogers RT/Duroid 5880, with
electric permittivity, ¢,, 2.2 tangent loss, tand, 0.0009 and thickness of 1.016 mm.
The groundplane is a perfect conductor, akin to the square patches, and possesses
a thickness of 17.5 ym. This cell design negates transmission, provides wide angu-
lar and bandwidth, while the value of its embedded load imparts control over the

amplitude and phase of reflected wave in the x polarization.

Table 3.1: RIS design dimensions.

Parameter Value
Width of unit-cell substrate (Ly) | 11.25 mm (= 0.15))
Length of unit-cell substrate (Lz) | 11.25 mm (= Ly)

Gap between patches (d) 1 mm
Patch width (w) 10.25 mm
Thickness of patch 17.5 pm
Tunable element width 1 mm

The RIS unit has been designed to operate at 4 GHz, and after the fine-tuning pro-

cedure, the dimensions of the patches are presented in Table 3.1. The tunable elements
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Figure 3.1: Overview of the RIS unit’s element that is used for simulation in this

thesis.

connecting the horizontal adjacent patches can simulate any type of integrated circuit
chips that could be used as configuration mechanisms in the RIS. In our approach, the
tunable loads assume continuous values in the complex plane, i.e., for both reactance
and resistance. Note that the tunable load is strategically placed between each pair
of horizontally adjacent patches, thus modifying the surface impedance produced by

the combination of gap capacitance and the grounded dielectric inductance.

3.3 Real Testbed

Apart from the simulation tools and methods, results from a real, experimental results
are presented for the validation of the developed algorithms and components. The
experimental testbed comprises two Software-Defined Radios (SDRs)—one acting as
the base station and the other as a network user—both implemented with USRP B210
units.! The USRP B210 is a full-duplex SDR platform that provides continuous RF
coverage from 70 MHz to 6 GHz, supports 2x2 MIMO operation through the Analog
Devices AD9361 RFIC, and offers up to 56 MHz of instantaneous bandwidth. Its
FPGA (Xilinx Spartan-6 XC6SLX150) enables real-time baseband processing, while

connectivity to the host computer is achieved via SuperSpeed USB 3.0. Each SDR in

Ihttps://www.ettus.com/all-products/ub210-kit/
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Figure 3.2: Overview of the real RIS testbed.

the testbed is equipped with Wi-Fi antennas configured to operate at 4.2 GHz. The
main specifications of the USRP B210 are summarized in Table 3.2.

GNU Radio? serves as the signal processing framework of the testbed. It is an
open-source software toolkit widely used for rapid prototyping of communication
systems. GNU Radio provides a modular flow-graph architecture where signal pro-
cessing operations (e.g., filtering, modulation, synchronization, channel estimation)

are implemented as blocks that can be linked to form complex transceiver chains.

2https://www.gnuradio.org/
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Table 3.2: USRP B210 Specifications

Feature Specification

Frequency Range 70 MHz - 6 GHz

RF Chains 2 Tx, 2 Rx (2x2 MIMO)
Instantaneous Bandwidth Up to 56 MHz

RF Front-End AD9361 transceiver

FPGA Spartan-6 XC6SLX150

Connectivity USB 3.0 (SuperSpeed)

Host Software UHD driver, GNU Radio integration

This flexibility allows seamless integration with USRP hardware via the UHD driver,
enabling real-time baseband processing and over-the-air experiments. Furthermore,
GNU Radio supports multi-threaded execution and GPU acceleration when coupled
with high-performance host platforms.

The host computers employed are NVIDIA Jetson AGX Orin units,® chosen for
their powerful parallel processing capabilities and compatibility with GNU Radio’s
Linux-based ecosystem. The Jetson AGX Orin features an NVIDIA Ampere GPU
with up to 2048 CUDA cores and 64 Tensor Cores, delivering several TFLOPs of
FP32 compute performance. This hardware acceleration is critical for managing the
computationally intensive workloads of SDR-based 5G/6G experiments. Table 3.3

summarizes the specifications of the Jetson AGX Orin.

Table 3.3: NVIDIA Jetson AGX Orin Specifications

Feature Specification

GPU Ampere architecture, 2048 CUDA cores, 64 Tensor Cores
CpPU 12-core ARM Cortex-A78AE v8.2 64-bit

Memory Up to 64 GB LPDDR5S

Storage NVMe SSD support

Connectivity PCle Gen4, USB 3.1, Ethernet
OS Support  Linux (JetPack SDK), GNU Radio compatible

3https://www.nvidia.com/content/dam/en-zz/Solutions/gtcf21/jetson-orin/

nvidia- jetson-agx-orin-technical-brief.pdf
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The RIS hardware integrated in the testbed is the TMYTEK XRifle Dynamic RIS.*
designed to operate within the first 5G frequency band. It consists of a 16 x 16
array of PIN diodes that allow binary phase configurations—the most restrictive and
challenging case for multiplexing schemes. The device covers 4.2-5.2 GHz, supports
linear polarization, and provides incidence/reflection steering capabilities from —60° to

+60° along both vertical and horizontal planes. Table 3.4 lists the main specifications
of the RIS.

Table 3.4: TMYTEK XRifle Dynamic RIS Specifications

Feature Specification

Array Size 16 x 16 PIN diodes
Control Scheme Binary phase configuration
Frequency Range 4.2 — 5.2 GHz

Polarization Linear

Incidence/Reflection Range —60° to +60° (vertical and horizontal)

Target Application 5G sub-6 GHz experimental platforms

An overview of the complete experimental testbed is shown in Fig. 3.2. The
measurement campaign is conducted in two phases: RIS-off baseline collection and
RIS-on evaluation. In the baseline phase, the transmitter and each receiver are posi-
tioned at predefined angular offsets relative to the RIS center, while the RIS remains
deactivated. GNU Radio is employed to capture the in-phase (I) and quadrature (Q)
samples of the received waveform. From these samples, the instantaneous amplitude

is computed as
Aln] = VI[P + Q2 n=12,....N, (3.22)

where N denotes the total number of acquired samples. This baseline reflects both the
direct LoS components and any uncontrolled multipath reflections from the inactive
RIS surface.

In the evaluation phase, the RIS is activated using manufacturer-provided opti-
mal configurations tailored for each transmitter—receiver angular pair. To quantify
the performance enhancement attributable to the RIS, we compare the largest 10,000

amplitude values obtained in the RIS-off case with those from the RIS-on case. This

“https://tmytek.com/products/components/xrifle-dynamic- ris
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approach mitigates the influence of small-scale fading and transient fluctuations, fo-
cusing instead on the most representative received power levels. The gain for each
user k is defined as

maxes,, A[n]

G = (3.23)

max,es,, Aln]’
where S,, and Sy denote the sets of 10,000 highest-amplitude samples under RIS-on
and RIS-off conditions, respectively. This metric isolates the gain introduced by the

RIS and enables fair comparison across different link geometries.

3.4 Terminology

For consistency, we use the terms emulations, simulations, and measurements to refer
to the physics-based EM frameworks, full-wave FDTD (openEMS), and real testbed
experiments, respectively (Table 3.5). In addition, for rapid debugging and early-
stage evaluation, we employ tests, where the RIS phases are drawn i.i.d. from [0, 27).
This quick-test baseline is used for fast indicative results, while the final evaluation

relies on the more accurate EM models and/or measurements.

Table 3.5: Reminder terminology used in this thesis.

Term Meaning in this thesis

Emulations Physics-based EM frameworks (far-/near-field).
Simulations Full-wave FDTD (openEMS).
Measurements Real testbed experiments.

Tests Fast baseline using i.i.d. phases ®, ~ U(0,27) for quick

testing.

3.5 Optimization Tools in RIS-enabled Networks

The usage of optimization methods is essential in the RIS lifecycle, especially in the
codebook compilation and the determination of the optimal RIS configuration for
specific functionality within the network. The main two categories of the used opti-

mization algorithms for RIS configuration and codebook compilation are the classical
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gradient-based methods and population-based evolutionary algorithms.

Gradient-based optimization operates in the continuous domain, typically lever-
aging differentiable objective functions and constraints to iteratively improve RIS con-
figurations using gradient information. These methods can exploit problem smooth-
ness to converge rapidly but are often vulnerable to local optima due to the highly
non-convex nature of RIS optimization landscapes. Additionally, handling the unit-
modulus constraint of RIS configurations requires specialized techniques such as pro-
jected gradient methods or optimization on manifolds [115].

On the other hand, evolutionary algorithms encompass metaheuristic search pro-
cesses inspired by natural evolution, such as Genetic Algorithms (GA) and multi-
objective evolutionary algorithms including Strength Pareto Evolutionary Algorithm
2 (SPEA-2) and Non-dominated Sorting Genetic Algorithm II (NSGA-II). These
population-based methods explore the solution space robustly without relying on
gradient information, making them particularly suitable for discrete, quantized phase
settings and multi-objective formulations. While they offer a superior ability to avoid
local minima traps, they generally incur higher computational costs and require care-
ful parameter tuning for mutation rates, population sizes, and selection pressures
[116].

Each optimization category offers distinct advantages and limitations. Gradient-
based techniques provide fast convergence and modest computational complexity but
may fail in global exploration. Evolutionary algorithms ensure broader search cov-
erage and multi-objective optimization but face scalability and processing time issues
in large-scale RIS scenarios. Understanding these trade-offs is crucial for designing
efficient hybrid or adaptive optimization frameworks tailored for the codebook com-
pilation. Specifically, the following four optimization algorithms are used in this thesis

component for RIS configuration optimization and codebook compilation [71]:

1. The Gradient Descent Algorithm (GDA): GDA represents one of the founda-
tional optimization techniques applied in RIS configuration due to its iterative,
conceptually straightforward nature. It operates by computing the gradient of
an objective function—often related to the defined communication metric with
respect to RIS configuration and updating parameters in the direction of steepest
descent. For RIS, the optimization problem commonly involves continuous con-
figurations subject to the unit-modulus constraint (i.e., the magnitude of each

reflection coefficient is fixed at unity), which renders the problem non-convex
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and necessitates adaptations to the standard gradient descent method.

Despite its attractiveness, gradient descent approaches must carefully select step
sizes and initialization points due to the possibility of becoming trapped in local
minima inherent to RIS optimization tasks. They are particularly effective when
integrated with joint waveform and beamforming optimization, where the con-
tinuous parameters can be tuned cohesively to maximize overall system objective
functions. Overall, gradient-based methods remain integral to RIS configuration

due to their computational efficiency and theoretical grounding [116].

. Genetic Algorithm (GA): GA is a prominent evolutionary algorithm inspired
by the principles of natural selection and genetics, widely utilized for complex
optimization problems including RIS configuration. In the context of RIS, GA
represents configurations (e.g., value of each RIS unit cell) as chromosomes—
strings typically encoding the discrete or quantized phase states. A population of
candidate solutions evolves over generations via selection, crossover (recombina-
tion), and mutation, with fitness evaluation guiding survival and reproduction.
This iterative process explores the search space by balancing exploitation of

high-quality solutions and exploration via genetic diversity mechanisms [117].

Key GA operators for RIS include carefully designed selection strategies to pri-
oritize promising configurations, crossover to exchange genetic material between
solutions promoting diversity, and mutation introducing random variation to
prevent premature convergence. Fitness functions quantify how well a configu-
ration enhances system goals such as communication throughput, transmission
coefficient, or combined multi-objective trade-offs. The population-based search
does not rely on gradient information, enabling GA to handle highly nonlin-
ear, discrete, or even non-differentiable problems naturally arising in RIS phase

quantization [118].

. Strength Pareto Evolutionary Algorithm 2 (SPEA2): The SPEA2 is a state-
of-the-art multi-objective evolutionary algorithm widely adopted for problems
involving competing objectives, such as RIS optimization for beam steering in a
direction and suppression in another one for physical layer security of the trans-
mitted information. SPEA-2 improves upon its predecessor by incorporating

enhanced fitness assignment based on dominance strength, density estimation,
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and elitism through an external archive that stores non-dominated solutions,

preserving diversity and promoting convergence toward the Pareto front [118].

SPEA-2 calculates individual fitness by considering both the number of solutions
it dominates ("strength”) and the density of solutions in its vicinity, allowing the
maintenance of high-quality yet diverse solution sets. The external archive facil-
itates elitism by retaining historically best solutions across generations, avoiding
regression in optimization performance. Together, these features enable SPEA-
2 to approximate Pareto fronts effectively in complex and high-dimensional

solution spaces typical of RIS configuration under multiple conflicting goals.

4. Non-dominated Sorting Genetic Algorithm II (NSGA-II): The NSGA-II is a
widely acclaimed multi-objective evolutionary algorithm renowned for its effi-
cient non-dominated sorting approach and crowding distance mechanism that
jointly preserve convergence pressure toward the Pareto front and maintain
population diversity. NSGA-II operates by categorizing solutions into fronts
based on dominance levels and further ranking them using crowding distance
to balance exploration-exploitation trade-offs effectively [117]. The algorithm’s
fast sorting method significantly reduces computational requirements relative to
earlier multi-objective evolutionary methods. NSGA-II has found broad applica-
tion in wireless communications and related fields due to its robust performance,

scalable design, and ease of parameter tuning.

Whenever run-times are reported in this thesis, all experiments are implemented
in MATLAB and executed on a 13th Gen Intel® Core™ i9-13900F CPU with an
NVIDIA GeForce RTX 4090 GPU.
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CHAPTER 4

CopEB0OOK COMPILATION

4.1 Physics-informed Codebook Compilation Software
4.2 MATCH: A Novel Codebook Compilation Algorithm

4.3 OSIRIS: A Two Stage Strategy for Online Codebook Generation

In this section, we present the developed methods for physics-based codebook com-
pilation. First, we introduce the Physics-informed Codebook Compilation Software
(PICCS), whose evaluation is based on simulations, as described in Section 3.2. Build-
ing on the main outcomes of the PICCS analysis, we propose a novel physics-based
algorithm, MATCH. MATCH is evaluated via physics-based EM emulations, as it has
been described in Section 3.1.3. Finally, we introduce OSIRIS, a unified strategy for
codebook generation, that includes the extracted by MATCH entries and minimize

the required computation time for online usage.

4.1 Physics-informed Codebook Compilation Software

As mentioned previously, the determination of the RIS configuration that yields a
prescribed macroscopic response in a given topology is a complex optimization prob-
lem. Three factors govern codebook-compilation performance: the initial state from
which the procedure starts; the number of optimization variables—when large, the

time required becomes insufficient for practical completion; and the optimization
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method itself. In this context, integrating codebook compilation with state-of-the-art

metaheuristic algorithms can enhance its performance.

4.1.1 PICCS Description

In our case, the main purpose of codebook compilation is the definition of RIS con-
figuration for a beam steering case with different network topologies, i.e., locations
of transmitter and receiver. Beam steering constitutes the building block for more
complex functionalities, such as beam splitting and multi-directional steering [2]. In
other words, complex functionalities can be decomposed into a set of simple beam
steerings. The process that can merge/multiplex beam steerings into a single config-
uration that yields a required more complex functionality is discussed in more detail
in Chapter 5.

A crucial tool for a first overview of the RIS-assisted signal trajectory in beam
steering is geometric optics (GO). GO, known also as ray tracing, is a well-established
framework for simulating EM propagation in domains larger than the wavelength.
Although less accurate than physics-based EM frameworks and FDTD, it is ideal
for producing initial unit-cell values that seed the optimization. In beam steering,
GO implements the generalized Snell’s law: for a homogeneously configured RIS, the
incidence and reflection angles coincide; with a phase gradient along the surface—
via proper tuning of the subwavelength cells—the reflection angle changes, enabling
controllable anomalous steering of the incident wavefront. For point-to-point links,
GO traces ray pathways between each tunable RIS element and the transmitter (7'z)
and receiver (Rx) by accounting for their relative distances and angles. It progressively
computes the incident and required reflected angles per cell under a decoupled-
element assumption, providing the initial estimates for the optimizer. GO further
reveals that symmetry in the RIS pattern arises solely from the geometric symmetry
of T'x and Rx with respect to the RIS.

The RIS unit design used in the simulations is the one presented in Section 3.2.
This design departs from the simple RIS-reflectarray model by adopting an overlap-
ping phase-shifter model (see Fig. 3.1), whereby interconnections between adjacent
unit cells yield a dual contribution of each RIS element to the imposed phases. Nev-
ertheless, GO’s applicability is independent of the specific phase-shifter model, as it

relies only on the relative distances and angles from 7'z to Rx via each RIS element.
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The same concept applies to any metasurface type, e.g., by placing a virtual phase
shifter at the position of each active element (e.g., PIN diode).

PICCS also addresses the second parameter governing the optimization procedure,
informed by observations at the physical layer. PICCS exploits correlations between
specific groups of tunable elements and the macroscopic RIS response, quantified by
the path loss in the 7'x — RIS — Rx link. Two element groups are expected to cor-
relate strongly with path loss. The first consists of elements located near the receiver
and transmitter, especially those closely aligned vertically with them. The second
comprises peripheral elements at the RIS edges. These peripheral elements operate
in a non-homogeneous environment due to their placement and are influenced by
surrounding structures and edge effects; the resulting abrupt variations in surface
current distribution drive diffraction and strongly affect scattering. Simulations con-
firm these correlations, with the peripheral elements exerting the dominant impact.
Accordingly, PICCS uses GO to compute the central-element values (where GO is ac-
ceptably accurate) and to initialize the peripheral values. During optimization, only
the peripheral values are updated, within a range also determined by the GO analysis.
This focused strategy streamlines the procedure, enabling targeted adjustments and
significant compilation speed-up.

Regarding the optimization method, PICCS can accommodate any communication
metric as the objective. In the present analysis, we use the transmission coefficient,
as discussed in Section 3.2. Given the lack of benchmarking on which metaheuristic
is best suited to codebook compilation, we present comparative results for the most
promising candidates—methods already used in RIS configuration optimization and
beamforming, described in Section 3.5—to identify the most suitable approach for

integration with PICCS.

4.1.2 Evaluation of PICCS

In this section, we present the results of the PICCS evaluation, conducted in two
different setups. The first setup is used to construct PICCS and determine which
optimization tool is best suited to the physics-based codebook compilation; the second
verifies the proposed methodology. The RIS unit is shown in Fig.4.1, with the tunable
elements participating in the optimization highlighted in red. The RIS has 6 unit

cells per column and 12 cells per row, resulting in a total of 66 tunable loads; these
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Figure 4.1: Schematic of the RIS used in this work, where the horizontally adjacent
metal patches are interconnected with tunable lumped loads. The peripheral phase-
shifters (red) and the central ones (yellow). Despite the lack of strict periodicity per

element, virtual phase shifters can be defined to expedite GO (bottom right).

dimensions trade off computation time and resources against a sufficiently large RIS
implementation. As evident from Fig.4.1, of the total 66 elements, only 20 participate
in the optimization, reducing the optimization parameters during PICCS usage by
about 70%.

The evaluation setups differ primarily by the Tv—Rx placement. In the first setup
(denoted as Setup A), Tz and Rz are symmetrically located with respect to the
RIS center; Setup B deliberately breaks this symmetry to assess PICCS under non-
trivial conditions where no further reduction of optimization variables is feasible.
In both setups, the antennas lie in the near field of the RIS, intentionally stressing
any simplifying far-field assumptions. In practice, accurate Tx/Rx positions can be
obtained via standard wireless localization techniques [119].

The results for both setups are shown in Table 4.1. For Setup A, we compare
five scenarios: (i) | S| measured between Tx and Rx without the RIS, i.e., along the
natural path, serving as the benchmark; (ii) the RIS operated as a static reflectarray;
(iii) the RIS configured via GO without any optimization; (iv) an optimization that

ignores physics-derived knowledge, labeled NPAO (no-physical-aware optimization);
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Table 4.1: Transmission between Tx/Rx for different scenarios conducted by full-wave

EM simulations.

Transmission| Number of
Scenario Coefficient simulation
(dB) runs
Antennas -25.80 1
Reflectarray -21.69 1
Setup A GO -17.40 1
NPAO -15.64 1,193
PICCS -15.47 25
Antennas -23.07 1
Reflectarray -22.88 1
Setup B
GO -19.03 1
PICCS -15.32 25

and (v) PICCS. The comparison between NPAO and PICCS is dual, considering both
the |S5| behavior and the number of simulation runs. For the second setup, we
compare four scenarios, excluding NPAO one.

For Setup A, in the absence of the RIS, the transmission coefficient |Sy| is -
25.8dB, reflecting the LoS efficiency between the two antennas. Introducing the RIS
as a reflectarray, without tunable elements, improves the link by 4.11 dB to —21.69 dB
due to passive reflection from the metallic patches. Configuring the RIS via GO yields
a further 4.29 dB gain, reaching —17.4 dB, owing to the GO-imposed phase profile
that steers the reflected wave toward the receiver. With NPAO, |Sy;| improves by
another 1.76 dB to —15.64 dB, at the cost of 1,193 simulation runs. Finally, PICCS
attains —15.47 dB (i.e., +1.93 dB over GO) with only 25 simulation runs—about 2%
of the NPAO total runs.

The large dataset results obtained from the NPAO using simulations can be pro-
cessed to verify the correlation between the groups of tunable RIS elements and the
overall response. The correlation is quantified between the tunable element values

and the resulting |Sy;| value, as acquired in each iteration along the optimization

46



process. As reminder, the correlation is normalized in the [0, 1] range, with the two
extremities denoting no impact and direct impact, respectively. As expected, all tun-
able elements show some correlation with |Ss;|. The average correlation value is 0.24,
with a minimum of 0.02 and a maximum of 0.58. For the peripheral elements, the
mean correlation is 0.25, while elements closer to normal incidence/reflection with
respect to the antennas have a mean correlation of 0.20. The peripheral elements that
are also in close proximity to the antennas exhibit the strongest correlation, with a
mean value of 0.49.

In order to benchmark which of the optimization tools are more suitable with
the codebook compilation process, we compare the performance of PICCS when in-
tegrated with each of the optimization tools described in Section 3.5. The results are
shown in Fig. 4.2 for Setup A. The boxplots summarize the |Sy;| values obtained
after 25 simulation runs for each optimization tool, both with and without PICCS.
The red line indicates the |Sy;| value obtained from GO, serving as a reference point.
Mainly, the integration of PICCS to all optimization methods yields improved perfor-
mance as compared to optimization with the same methods and same iteration count
but without using physical insights. Specifically, PICCS with all methods exhibit an
enhancement in |Sy;| of 2.5 dB. Another important observation from Fig. 4.2 is that
employing PICCS leads to a reduced variance around the optimal solution. This en-
sures that the optimal solution lies within a narrower variable range, allowing the
optimization to converge after only a few adjustments. Finally, among the various
algorithms tested, NSGA-II emerged as the most effective in consistently finding the
optimal solution.

Having demonstrated that the proposed PICCS leads to improved performance
with minimized computational resources in a setup with four-fold symmetry, we
move to the more complicated Setup B: This setup has only two-fold symmetry,
so the optimization solution space is doubled in relation to Setup A. The PICCS is
integrated only with the NSGA-II that was previously identified as the most promising
optimization method. Examining the results for Setup B in Table 4.1, we observe that
with only 25 measurements using PICCS we achieve an enhancement of over 3.6 dB,

as compared to the computation solely from GO. The overall enhancement from using
PICCS amounts to 7.65 dB.
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Figure 4.2: Results of benchmarking among optimization methods with and without PICCS usage.
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4.1.3 Discussion

The evaluation results demonstrate that incorporating physical-layer insights can sub-
stantially accelerate RIS codebook compilation. PICCS achieves this by combining (i)
geometric-optics (GO) initialization and (ii) physics-driven dimensionality reduction
with (iii) established metaheuristic algorithms. In particular, PICCS exploits the em-
pirically validated correlation between tunable element states and the end-to-end
response: peripheral elements—especially those also close to the Tx/Rx alignment—
exert a disproportionate impact on the transmission coefficient. Accordingly, PICCS
uses GO to produce a strong initial configuration and then restricts the online opti-
mization to a small subset of peripheral variables within physics-informed bounds,
which is especially beneficial for finite-sized RISs exhibiting non-periodic phase pro-
files and edge-driven diffraction effects.

Across the considered setups, this strategy delivers near-NPAO performance with
orders-of-magnitude fewer simulation runs, yielding an overall compilation-time re-
duction of about 98% relative to physics-agnostic baselines. Benchmarking further
shows that the choice of metaheuristic remains consequential even under physics-
informed pruning: among the tested methods, NSGA-II most consistently converges
to the best configuration, while other candidates (e.g., SPEA2) also benefit from PICCS
but exhibit less reliable optimality. These findings suggest two actionable directions:
(1) physics-aware initialization and variable selection should be treated as first-class
components of codebook compilation pipelines, and (2) RIS-tailored metaheuristics—
designed to exploit the problem structure revealed by EM behavior—are a credible

route to further reducing compilation time without sacrificing link performance.

4.2 MATCH: A Novel Codebook Compilation Algorithm

Continuing the exploration of physics-based codebook compilation, we present MATCH,
a novel algorithm for RIS codebook compilation. Unlike PICCS, MATCH couples
physics-informed insights with a staged synergy of distinct optimization approaches
across its phases. It does not assume a priori which RIS element groups exhibit high
correlation with the macroscopic response; instead, it estimates these correlations in
an initial phase and then leverages them to structure the main optimization. Finally,

MATCH adopts a holistic objective: beyond strengthening the field within the user
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Figure 4.3: Workflow of MATCH algorithm.

region, it concurrently suppresses energy elsewhere so that power is redirected from

undesired directions toward the target. MATCH workflow is illustrated in Fig. 4.3.

4.21 MATCH Description

In this section, we present MATCH algorithm. The step-by-step description of MATCH
is included in Alg. A.1 in Appendix A. MATCH is a physics-driven algorithm for
near-field beam focusing that explicitly incorporates mutual coupling among RIS el-
ements and specular reflections within the environment. As outlined in Fig. 4.3,
MATCH follows a multi-stage refinement process that not only derives the optimal
reflection coefficients I' = (I';,...,T'y) € CNfor a given topology but also leverages
the physics knowledge gathered during execution to improve convergence and per-
formance. Furthermore, it formulates beam focusing as a holistic EM energy con-
centration problem—rather than merely maximizing energy within the focus area, it
actively redirects power from undesired directions toward the region of interest.

To formulate the design objective of MATCH, the desired EM behavior is defined
over specific regions of the environment where field enhancement or suppression is
required. The receiver area corresponds to a focus region F centered at one or more
points {c(¥}¢ = 1", each modeled as a small sphere of radius r that represents the
spatial extent within which a strong and uniform field distribution is desired. To
complement this focusing objective, a second region O is defined to represent the re-
maining part of the environment, excluding all focus spheres, where the field intensity
should be minimized. However, since the EM field distribution is inherently coupled
across space, the concentration of energy within F cannot be achieved independently

of how the field behaves elsewhere. Consequently, an exclusive maximization of the
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field inside the target region may not effectively redirect the scattered energy toward
it, as undesired constructive interference outside F could still dominate the overall
response. A formulation that simultaneously enhances the field within 7 and attenu-
ates it across O therefore ensures that the optimization acts coherently on the global
energy balance of the environment, steering the configuration toward physically con-
sistent focusing behavior.

To evaluate these objectives efficiently, the entire space is discretized into observa-
tion points at which E(r) is computed, with a total of N samples distributed within
the focus regions and Ny samples placed throughout the outer region. The sam-
pling density is intentionally increased inside F to capture fine spatial variations of
the field, whereas a coarser grid is used in O to maintain computational tractability.
Based on this discretization, the first design goal of MATCH is to maximize the mean

field magnitude Er within the focus regions, expressed as
Nz
max fy = mFaXZ w; |E(r;)

j=1

; (4.1

where w; = 1/Nr is a weighting factor introduced for the spatial averaging of the field
over the focus region under uniform sampling, while the second goal is to minimize

the corresponding mean field E» magnitude across the outer region, given by
No
min Ep = mranw i|E@)

j=1

) (4.2)

where w’; = 1/Ny denotes the analogous weighting coefficient associated with each
sampling point in the outer region. Therefore, through the joint optimization of Ex
and Ep, MATCH establishes a physically consistent trade-off that achieves strong field
focusing at the receiver while suppressing unwanted radiation throughout the rest of
the environment.

To ensure that the optimization starts from a physically meaningful state, as in the
PICCS, MATCH employs an initialization inspired by GO, where each RIS element is
assigned a reflection phase that promotes constructive interference at the desired focus
regions (Initialization in Alg. A.1). In this preliminary stage, secondary reflections
and mutual coupling effects are disregarded, allowing the phase of each element to
be determined solely by its propagation distance to the center of the focus region.

Following the GO initialization, MATCH transitions to a sensitivity-based local
refinement stage (Stage 1) that builds directly upon the physics of the full propaga-

tion model in (3.20). At this stage, mutual coupling among unit cells and secondary
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wall reflections are incorporated to account for the complete EM interactions that
characterize the RIS-assisted channel. To consistently integrate these effects within
the optimization process, each RIS element undergoes small iterative phase perturba-
tions of magnitude d¢, and after each adjustment, the total field E(r) is recomputed
across the sampling sets to evaluate the corresponding variation in the focusing ob-
jective Er. By continuously comparing successive field realizations, the procedure
selectively retains phase updates that enhance the objective while reverting those that
degrade it, thereby steering the configuration toward a physically consistent local
optimum. Through this mechanism, the refinement process effectively performs a
gradient-driven adaptation of the RIS phases, following the established principles of
beamforming optimization, suitably extended to the near-field and strongly coupled
regime of indoor RIS environments [120, 121]. The iterations proceed until the rela-
tive improvement in Er falls below a local tolerance ¢jq, indicating convergence to a
locally stable configuration. In parallel, the same perturbation—response mechanism
quantifies the contribution of each RIS element to the overall focusing performance

through its sensitivity

OEx
Cn=——, 4.3
9. (“
which can be obtained analytically from the field derivative
oE
8¢(r) = .] FnElinc,n G(I’, pn)a (44)

where G(r,p,) denotes the Green’s function linking the n-th RIS element with the

observation point r. Aggregating this response over all focus samples yields

0| E]| E*(r) OE(r)
oon Re{ () W} (4.5

providing a closed-form relation between local phase adjustments and the global field

strength inside F. For each sampling point r;, the vector of element-wise sensitivi-

ties ¢; is defined with entries

[Cj]n = Re{ ’EE:‘(((:'J))’ anEmC,nG(rj, Pn)} s (46)
J

and the ensemble of these local responses is then aggregated to form the overall

correlation matrix

Nr
H = ZCJ‘C—]-F, (47)
j=1
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which captures the joint influence of all RIS elements on the mean field within the
focus region. The diagonal entries of H quantify the individual contribution of each
element to the focusing performance, whereas the off-diagonal terms characterize
inter-element coupling due to mutual interactions and shared propagation paths. Con-
sequently, H provides a physically grounded foundation for identifying low-influence
unit cells that can be frozen to improve efficiency and for defining high-impact unit
cells that can guide a global optimization phase.

After reaching local convergence, MATCH naturally transitions to a global explo-
ration phase (Stage 2) that extends the optimization beyond the neighborhood shaped
by the sensitivity-based refinement. Building upon CP, this stage seeks to reconcile
the two physically intertwined objectives of enhancing the field intensity within the
focus region Er while simultaneously suppressing the residual radiation across the
outer region Ep. However, since constructive interference and leakage suppression
are inherently coupled EM phenomena, their joint control requires a Pareto-based op-
timization framework that captures the fundamental trade-off between them. Within
this setting, the sensitivity data guide the search process by identifying elements with
limited impact that can be temporarily frozen, thereby constraining the exploration to
the most influential degrees of freedom without compromising physical accuracy. This
targeted reduction of the search space enables the algorithm to concentrate compu-
tational resources on the most influential unit cells and efficiently traverse the Pareto
landscape, where each candidate configuration is evaluated through the pair of metrics
(Ex, Eo).Finally, to balance convergence efficiency and solution diversity, MATCH em-
ploys multi-objective metaheuristics, with NSGA-II—identified during PICCS as the
optimal choice—proving particularly effective for preserving Pareto-front diversity
and achieving rapid convergence in physics-driven settings. Once a trade-off between
focusing gain and leakage suppression is reached, a final sensitivity-based refinement
(Stage 3) applies gradient ascent to fine-tune all RIS phases under the full propaga-
tion model, and the resulting configuration I is stored in the codebook, completing
one MATCH cycle.
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Figure 4.4: Radiation patterns for near-field beam focusing: (a) GO initialization, (b) Stage 1, (¢) Stage 2 with and (d) without
the minimization objective, and (e) Stage 3 with and (f) without the minimization objective.
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4.2.2 Evaluation of MATCH

In this section, we assess the performance of MATCH using emulations, as described
in Section 3.1.3, under two cases: a single-RIS and a full-coverage where all room
walls are covered with RIS units. The corresponding physical and algorithmic param-
eters used throughout all experiments are summarized in Table 4.2. The initialization
of the phase perturbation step is set to d¢ = 0.2 with a local convergence tolerance
of g1oc = 1072, ensuring a balanced trade-off between exploration and stability dur-
ing the early optimization stages, while in the subsequent refinement iterations these
values are reduced to d¢ = 0.1 and e, = 107° to enable smooth convergence toward
the final optimum without oscillatory behavior. Moreover, each optimization run is
restricted to a maximum of 10* iterations, providing a consistent balance between
computational efficiency and accuracy across all configurations. Furthermore, the
perturbation-response information obtained during the sensitivity analysis is lever-
aged to gradually focus the optimization on the most relevant degrees of freedom by
freezing the least-contributing 5% of RIS elements every 25% of the total generations,
thereby allocating computational effort to the most influential unit cells, enabling
faster convergence and improved field control. Finally, after convergence, the result-
ing field distributions are evaluated on a horizontal plane intersecting the receiver
level, and all radiation patterns are normalized with respect to an incident field mag-
nitude of E, = 1 V/m to enable consistent visual and quantitative comparisons across
different setups.

Fig. 4.4 illustrates the evolution of the near-field beam focusing process through-
out the stages of the MATCH algorithm for the single-RIS configuration. The trans-
mitter radiates signal targeting the RIS unit. The sequence begins in Fig. 4.4a, where
the GO initialization establishes a phase distribution that directs the reflected en-
ergy toward the intended region, forming a coherent baseline for the subsequent
refinement. However, as this stage does not account for mutual coupling and spec-
ular reflections, the resulting field still exhibits significant leakage along the main
beam, and the energy concentration within the focal region remains limited. When
these EM interactions are incorporated through the sensitivity-based local refinement
shown in Fig. 4.4b, the reflected wavefront becomes progressively reorganized within
the space, with the RIS adapting its response in a manner consistent with mutual

coupling and specular reflections. As a result, the energy density within the focus
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Table 4.2: EmuLATION PARAMETERS

Parameter Value

Room dimensions Lpn=15m
RIS dimensions 120 x 120 unit cells
Inter-element spacing d=M\/4
Operating frequency f=06GHz
Focus region radius r=0.15m
Focus sampling points Nr =12,500
Outer sampling points No = 15,000
Mutual coupling coefficient a=0.15
Field normalization reference FE, =1 V/m
Population size 300
Generations 75
Crossover / mutation indices 8/ 8
Mutation probability 25%

increases by 22.9 dB, while the off-axis energy decreases, though residual sidelobes
remain due to the optimization acting only on the inner region. This imbalance nat-
urally leads to the global exploration stage illustrated in Fig. 4.4c, where MATCH
simultaneously maximizes the field within the focus area and minimizes it outside of
the focus area, achieving an additional 11.3 dB improvement and a noticeably sharper
confinement of energy around the receiver. However, Fig. 4.4d highlights that when
this outer-field minimization is omitted, the attainable improvement drops to 7.99 dB,
confirming that suppressing leakage indirectly reinforces the focal intensity. Finally,
as the optimization converges, the configuration shown in Fig. 4.4e fine-tunes the
global solution through the final sensitivity-based refinement, adding another 3.5 dB
gain and stabilizing the beam without reintroducing sidelobes. In contrast, when the
same refinement follows the single-objective formulation, as in Fig. 4.4f, the gain
reaches only 2.5 dB, showing that the coupled optimization is essential for accurate
near-field beam focusing.

Table 4.3 complements these observations by quantifying the redistribution of the
total scattered energy across the focused, directed, and unexploited components at
each stage. Starting from the geometric-optics initialization, where only 0.1% of the
total energy lies within the focal region, the sensitivity-based refinement already redi-

rects 12.6% toward the target and reduces the leakage fraction from 93.1% to 77.0%,
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Table 4.3: Energy fractions by region for each stage of MATCH w/ & w/o the mini-

mization objective in the single-RIS case

Stage Ntocus 7NdirOut Tlunexp

GO (w & w/o) 0.1% 6.8% 93.1%
Stage 1 (w & w/o) 12.62% 10.36% 77.02%
Stage 2 (w) 75.5% 16.36% 8.14%
Stage 2 (w/o0) 71.75% 18.19% 10.06%
Stage 3 (w) 85.66% 11.62% 2.72%
Stage 3 (w/o) 80.5% 14.56% 4.94%

indicating that coupling and reflections begin to cooperate constructively. Building
on this, the global exploration further aligns the scattered energy, raising the focused
fraction to 75.5% while lowering the unexploited energy below 10%. The final re-
finement consolidates this effect, achieving 85.7% of the total energy within the focus
and reducing the remaining directed and unexploited components to 11.6% and 2.7%,
respectively. Compared to the single-objective case, which concentrates only 80.5%
and exhibits higher leakage, these results show that effective near-field beam focusing
arises not merely from constructive interference but from the coordinated adjustment
of all interactions within the environment.

Subsequently, Fig. 4.5 presents the evolution of the near-field beam focusing pro-
cess for the full-RIS case and in Table 4.4 the redistribution of the EM energy at each
stage is reported. In this scenario, the transmitter radiates omnidirectionally, making
the propagation control within the room considerably more challenging due to the
increased complexity of multipath interactions and reflections. The GO initialization
(Fig.4.5a) forms an initial phase distribution that roughly directs the field toward the
focus but leaves strong leakage and limited energy concentration (2.73% of total en-
ergy within the focus). Incorporating EM interactions via sensitivity-based refinement
(Fig.4.5b) reorganizes the wavefront, increasing the focal intensity by 4.97 dB and
raising the focused energy to 7.31%, while leakage drops from 64.63% to 57.23%.
The global exploration of MATCH (Fig.4.5¢) jointly maximizes the in-focus field and
suppresses out-of-focus energy, yielding an additional 4.1 dB gain and 18.87% energy
confinement within the focus, with unexploited energy falling below 43.3%.

When outer-field minimization is omitted (Fig.4.5d), there is no gain within the
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Table 4.4: Energy fractions by region for each stage of MATCH w/ & w/o the mini-

mization objective in full-RISs case

Stage Ntocus TdirOut Tlunexp

GO (w & w/o) 2.73% 32.65% 64.63%
Stage 1 (w & w/o) 7.31% 35.46% 57.23%
Stage 2 (w) 18.87% 38.8% 42.33%
Stage 2 (w/o) 7.31% 35.53% 57.16%
Stage 3 (w) 26.6% 36.75% 33.65%
Stage 3 (w/o) 16.39% 41.51% 42.1%

focus are, confirming once more the necessity of leakage suppression, especially in

environments with rich multipath effects. The final refinement (Fig.4.5e) adds 1.9 dB,

concentrating 26.6% of total energy within the focus while limiting directed and

unexploited fractions to 36.75% and 33.65%, respectively. In contrast, the single-

objective variant (Fig. 4.5f) attains 3.59 dB not succeeding though to achieve focus

efficiency greater than 16.39%. Overall, MATCH achieves superior near-field focusing

by coupling EM-aware optimization with global leakage suppression, revealing how

mutual coupling and specular reflections jointly govern spatial energy confinement in

RIS-assisted environments.

58



7000

6000

5000

4000

y (m)

3000

2000

1000

7000

6000

5000

4000

y (m)

3000

2000

1000

X (m) x (m)

(e) (f)

Figure 4.5: Radiation patterns for near-field beam focusing: (a) GO initialization, (b) Stage 1, (c) Stage 2 with and (d) without
the minimization objective, and (e) Stage 3 with and (f) without the minimization objective.
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4.2.3 Discussion

The proposed MATCH algorithm extends the physics-based codebook-compilation
direction beyond PICCS by coupling physics extraction with a staged synergy of
optimization tools. MATCH begins with a GO-based initialization that provides a
coherent phase baseline, then performs a sensitivity-driven local refinement under
the full propagation model (including mutual coupling and specular reflections), and
subsequently transitions to a guided global exploration that concentrates the search on
the most influential degrees of freedom. A final sensitivity-based refinement completes
the cycle by consolidating convergence and stabilizing the near-field focus.

Emulation results verify that explicitly accounting for coupling and secondary re-
flections is not a secondary detail but a primary enabler of controllable near-field fo-
cusing. Across both the single-RIS and full-coverage scenarios, MATCH progressively
redistributes the scattered energy toward the focal region, with the joint objective—
simultaneous enhancement inside F and suppression across O—consistently reduc-
ing leakage and strengthening the achieved focus compared to single-objective vari-
ants. This confirms the core design premise of MATCH: effective focusing in strongly
coupled indoor environments requires global field control rather than maximization
within the target region alone.

Overall, MATCH demonstrates that codebook compilation can be made both ef-
ficient and physically interpretable when the optimization is driven by on-the-fly
physics knowledge (element sensitivities/correlations) and when leakage suppression
is treated as a first-class objective. The resulting configurations achieve higher energy
confinement with fewer wasted degrees of freedom, supporting the broader thesis
claim that physics-consistent, codebook-based pipelines are a practical route to low-
latency RIS operation in PWEs while providing clear insight into near-field energy

redistribution mechanisms.

4.3 OSIRIS: A Two Stage Strategy for Online Codebook Generation

MATCH is a useful tool for codebook compilation. A key question, however, is whether
MATCH must run at every point in the RIS-assisted network to attain the per-user
optimum; if so, the load is prohibitive. We therefore propose OSIRIS to enable low-

time-complexity selection from the codebook. OSIRIS follows a two-phase design: (i)
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offline, physics-consistent configurations are generated via MATCH on a sparse 3D
sampling of the user space; (ii) these configurations are compressed into a compact,
searchable codebook via phase-domain clustering and spatial anchoring. By explicitly
structuring the codebook and restricting online evaluation to a small, position-relevant
subset, OSIRIS achieves efficient configuration selection with bounded, predictable

complexity. The main logic of OSIRIS is illustrated in Fig. 4.6.

4.3.1 OSIRIS Description

This section presents in details the flow of proposed strategy, OSIRIS. The step-by-step
procedure is presented in Alg. B.1 that is included in Appendix B. As mentioned
before, OSIRIS is built around a two-phase structure that reflects the fundamental
separation between physics-intensive processing and real-time decision making. In
particular, the generation of physics-consistent RIS configurations is confined to an
offline phase using MATCH, while their structured organization and selection are
handled during operation, enabling low-complexity configuration without sacrificing
accuracy.

In the offline phase, OSIRIS operates over the admissible user region defined
by deployment geometry and service requirements, which naturally constrain user
locations within bounded spatial limits. In practice, these constraints restrict the ver-
tical extent of the user space, yielding a finite range of admissible user heights and
delimiting the region over which RIS focusing must be supported. To capture the
dominant spatial variation of optimal RIS responses within this bounded region, spa-
tial sampling is required, which is achieved by discretizing each admissible height
level using a regular grid whose resolution balances representational fidelity against
offline computational cost. Under this discretization, MATCH is executed to compute
a unit modulus RIS phase configuration I';, € CV, with [T’} ;| = 1 for all elements 1, at

each sampled location. Collectively, these configurations form a training database

D = {(x, 1)} (4.8)

n=1>?

which constitutes a maximal physics consistent codebook determined by the chosen
spatial sampling. However, while D enables accurate RIS operation at the sampled
locations, it also exposes a fundamental limitation of finite codebooks, since an opti-

mal configuration cannot be stored for every possible user position in a continuous
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Codebook Compilation Strategy

Intermediate users

Upper Layer
P v Second Phase

PWE/CodebookDB/Poll (criteria={room id, ris_id, £ _c})
-> {T'_n, x_n}

First Phase

PWE/Codewords/Cluster (input=T _n,

PWE/Planes/DefineUpperLower (z_min, z_max) metric="chordal|angle") -> {C_k}

PWE/Clusters/ComputeAnchors (C_k, rule="medoid|mean")
-> A k

PWE/Planes/DiscretiseGrid(x_vec, y_ vec,
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PWE/Users/DefineIntermediate (u_bounds,
PWE/Codeword/OptimiseAtGridPoint(x i, y_j, z_k) - sampling="grid|path") -> {u m}
> T*(i,3,k)

PWE/Anchors/ComputeDistances (u_m, A k,
PWE/CodebookDB/Insert (key=(i,j, k), value=I'* metric="euclidean") -> d(m,k)
(i,3,k), meta={x_i,y j,z_k})

PWE/Codeword/Estimate (u_m, {A_k}, d(m,k),
rule="nearest|weighted") -> I'{u_m)

Figure 4.6: Workflow of the proposed codebook compilation strategy within PWE. In the first phase (a), the upper and lower
user planes are defined and grid points are computed via MATCH. In the second phase (b), the grid is queried online and the

retrieved configurations are post-processed to estimate near-optimal codebook entries on the fly.
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space, and increasing the sampling density to improve spatial coverage directly en-
larges the codebook and renders high dimensional processing impractical. As a result,
scalability requires exploiting structure within the configurations already contained
in the database. In this direction, the stored configurations associated with different
spatial locations often induce similar electromagnetic responses. To capture this re-
dundancy in a physically meaningful manner, configurations are represented in the
phase domain and mapped to the unit phasor space, where distance reflects similarity
in the induced response, revealing an intrinsic low dimensional structure that enables
compression of D into a finite set of representative phase only codebook entries, each
associated with a spatial anchor.

After obtaining the compressed D, OSIRIS performs the selection of a near optimal
RIS configuration for a given user position by exploiting the structured representation
obtained offline. In more detail, given the user position, OSIRIS retains only those
codebook entries whose anchors lie close to that position, while entries associated
with distant anchors are excluded from consideration. Thus, by restricting evaluation
to this position relevant subset, the online computational effort remains bounded
and independent of the total codebook size. Finally, among the retained candidates,
OSIRIS selects the configuration that maximizes the received SNR at the user location,

yielding the discrete decision
FMAP<X) € {Cl, . ,CK} . (49)

This constitutes the final online action for a single location, and the same inference

step is then repeated independently for each of the L user positions

4.3.2 Evaluation of OSIRIS

In this section, we evaluate OSIRIS against the optimal computed by MATCH. Since
a straightforward approach for intermediate user locations is 3D interpolation, we
include it as a baseline. For interpolation, we first find the eight surrounding grid
points (four on the lower plane and four on the upper plane) that form the smallest
axis-aligned box containing the intermediate user. We then compute the user’s relative
position inside this box along each axis and use it to assign standard trilinear weights
to the eight corners. Moreover, we report the compilation time of OSIRIS versus

exhaustive optimization. The experimental setup follows Section 3.1.3.
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Figure 4.7: Comparison of SNR among 3D interpolation, OSIRIS and optimal with
grid points L/6 (up) and L/10 (down).

Table 4.5: SNR loss in dB between 3D interpolation/OSIRIS and optimal case.

Grid Method AMean AMedian AMin AMax
L/6 3D Interpolation 8.27 7.67 0.35 17.64
L/6  OSIRIS 1.91 0.34 0.02 1297
L/10 3D Interpolation 4.37 4.21 0.8 15.81
L/10 OSIRIS 1.83 0.28 0.04 10.26
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First, we assess the quality of the OSIRIS-generated codebook entries in respect
of optimal values, as computed by MATCH, and interpolation. The evaluation is
performed under two offline grids: one with spacing L/6 along both the z— and y—
axes (where L denotes the side length of the cubic RIS-assisted space) and one with
spacing L/10. For each grid, we set the number of clusters K approximately one-tenth
of the number of grid points, i.e., K = 5 for the L/6 grid and K = 16 for the L/10
grid, and we fix K,,, = 5. The lower and upper planes are located at z,,;, = 0.15m
and 2., = 1.35m, respectively. For both cases, we perform a Monte Carlo evaluation
over 25 intermediate user locations randomly placed between the two planes. The
corresponding results are shown in Fig. 4.7.

For the L/6 grid, Fig. 4.7a shows that OSIRIS achieves near-optimal SNR for the
majority of users. The mean SNR gap between OSIRIS and the optimal values, as com-
puted by MATCH, is 1.91 dB, with a median of 0.34 dB; the minimum gap is 0.02 dB.
The maximum deviation occurs at user index 10, where the gap reaches 12.97 dB;
however, the absolute SNR for that user remains above 40 dB, indicating that the
achieved performance is still sufficient. In contrast, 3D interpolation exhibits a sub-
stantially larger loss: the mean gap from optimal is 8.27 dB with a median of 7.67 dB,
and its worst-case deviation is approximately 4.5 dB higher than that of OSIRIS. This
stems from interpolation’s implicit smooth-phase assumption—although it provides a
local, closed-form, low-cost estimate of RIS configurations, it can fail in regions where
the EM response changes abruptly such as near walls, corners, or room transitions.
These differences are reported in detail in Table 4.5.

For the denser L/10 grid, interpolation improves as expected, confirming the ben-
efit of increased offline sampling density: the mean gap from optimal decreases to
4.37 dB and the median to 4.21 dB, while the maximum deviation is reduced to
15.81 dB. OSIRIS also benefits from the denser grid, since it can select among a
richer set of candidate patterns; its mean gap becomes 1.83 dB with a median of
0.28 dB. Importantly, the improvement for OSIRIS relative to the L /6 case is modest,
indicating diminishing returns with grid densification and supporting the key ad-
vantage of OSIRIS: it can deliver near-optimal performance, thereby reducing offline
codebook-generation time for a fixed network topology.

Finally, we analyze the compilation time of the exhaustive optimization that is
performed via MATCH against the OSIRIS inference procedure. The measured times,

shown on a logarithmic scale, are reported in Fig. 4.8. For a broader perspective,
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Figure 4.8: Comparison of compilation time in logarithmic scale between OSIRIS and
MATCH.

we aggregate results from both the L/6 and L/10 cases, noting that the offline grid
density does not affect the online runtime. The results show a clear trade-off: the
controllable performance loss incurred by OSIRIS is exchanged for a drastic reduction
in compilation time. In particular, MATCH requires 2615.34s on average (median
2751.9s), whereas OSIRIS requires 0.097 s on average (median 0.089s), corresponding
to an average runtime reduction of approximately 2.8 x 10%. This confirms that OSIRIS
can serve as a practical tool for fast codebook entry generation while retaining near-

optimal performance.

4.3.3 Discussion

OSIRIS addresses the scalability bottleneck exposed by MATCH by explicitly sepa-
rating physics-intensive configuration generation from real-time decision making. It
first computes physics-consistent configurations offline via sparse MATCH runs over a
bounded 3D user region, and then compresses the resulting database through phase-
domain clustering and spatial anchoring. This yields a compact, structured codebook
in which each representative entry is tied to a spatial anchor, enabling online selec-
tion to be performed over a small, position-relevant subset rather than over the full
database or via exhaustive re-optimization.

The evaluation confirms that this structure delivers near-optimal performance
across a continuous user space without requiring MATCH to run per user location.

For intermediate user positions, OSIRIS consistently achieves SNR close to the MATCH
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optimum, with mean losses below 2 dB and median losses below 1 dB even under
coarse spatial sampling, while substantially outperforming 3D interpolation in both
average and worst-case behavior. These results support the underlying premise that
the space of physics-consistent RIS configurations exhibits exploitable redundancy
that can be captured reliably in the phase domain.

Crucially, OSIRIS exchanges a controlled and quantifiable performance loss for a
drastic reduction in runtime: the reported inference time is on the order of 107! s
versus 10° s for exhaustive MATCH-based optimization, corresponding to a reduction
exceeding four orders of magnitude with bounded, predictable complexity. Overall,
OSIRIS demonstrates that structured compression of physics-consistent configurations
is a practical route to scalable RIS codebook design, preserving EM fidelity while

enabling real-time operation in PWEs.
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CHAPTER DO

RESOURCE ALLOCATION IN RIS-ASSISTED

PWEs

5.1 RIS as a Network Resource

5.2 Codebook Entries Multiplexing Approach
5.3 COMMON & PRIME

5.4 Benchmarking of RIS sharing methods

5.5 LEVEL

In this section, we first formalize RIS as a network resource—an aspect missing from
prior work. Building on this, we introduce the codebook-entry multiplexing approach
for multi-user operation, validated by analysis and the setups of Sec. 3. On this basis,
we propose three dedicated algorithms: Codebook Multiplexing Algorithm (COM-
MON), PRIcing-based Multiplexing of codebook Entries (PRIME), and MulLtiplexing
codebook Entries with controllable performance leVELs (LEVEL) for priority-based
resource allocation in a multi-user, RIS-assisted PWE. We evaluate and compare the
proposed algorithms in terms of user performance, fairness, and computational time

for realistic deployment.
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5.1 RIS as a Network Resource

In order to define the notion of the RIS resource, we employ the notion of EM
functions [121]. As noted, these are macroscopic descriptors of the manipulation
exerted by the RIS to the impinging wave. They are expressed in software terms, i.e.,
as functions with well-defined input and output data.

For instance, the PLANAR_ABSORB(7") — () function describes the full absorption of
a planar wave impinging on the RIS from a direction 7. The PLANAR_STEER(F) — d
describes the reflection or refraction of a wave impinging from direction 7 to direction
d. The PLANAR_SPLIT(7) — [{di,p1},...] describes the reflection or refraction of the
impinging wave into a set of different directions, d;, each carrying a portion, p;,
of the power of the original, impinging wave. Notice that function f must have a
corresponding set of RIS element states, o;;, such that 0;; — f. In other words, setting
the RIS elements to the states o0;; yields the macroscopic function f. The definition of
o;; depends on the RIS design and can be, e.g., cell phases, cell impedances, or even
voltages applied to embedded actuators.

The above EM function examples are ideal in terms of performance. In practice,
each has a degree of efficiency, ¢, when implemented, e.g., due to material losses,
RIS design specifications or RIS multitasking (i.e., serving two or more EM functions
at the same time). Extending the notation, we can write PLANAR_ABSORB(7*) — ¢, and
¢ : PLANAR_STEER (7) — d. The definition of ¢ can be adapted depending on the set
system specifications. E.g., for PLANAR_ABSORB, it can be defined as either the maximum
reflected or refracted power towards any direction, or as the attenuation degree of the
impinging wave. For PLANAR_STEER it can be defined as the gain towards the intended
direction of departure, the ratio of power towards d divided by the total reradiated
power, etc.

Complimenting the requirements for defining the RIS resource notion, note that

a RIS has been shown to be able to serve many EM functions simultaneously [2]. In
(1) (k)

n)

particular, for a set of functions ¢ : f; — N TR fr — Oii s es€n fn — o’
. . 1
there exists a single oy : 0,5 (01}, ...,0,....0(") such that:

o =€ fi, o€t fry et fut

Notice that the merging of al(jl e ai(;”)

i into o;; yields the same functions, but

alters the efficiency of each.

With the above definitions, we proceed to define the notion of the RIS resource, by

69



first drawing a parallelism to a more common and well-understood resource, the CPU.
A CPU is a resource shared by applications. When a single application is running on
a CPU, it is allotted the full number of clock ticks per second that the specific CPU
can offer. When a number of additional applications is running on the same CPU, the
original application gets a reduced number of clock ticks. The resource slice is the
ratio of the new allotted clock ticks, divided by the full number of clock ticks allotted

when ran alone on the CPU.

Definition 5.1 (RIS as a resource). A RIS is a resource that is shared by macroscopic

EM functions.

Definition 5.2 (Resource slice). The resource slice allotted to an EM function f is

defined as the ratio r such that

6/

A (5.1)

€
where ¢ is the efficiency of f when hosted alone on the RIS, and ¢ is its efficiency when

hosted with other EM functions on the same RIS, o;; — {€¢': f,... €. : fr,.... €, fu}.

5.2 Codebook Entries Multiplexing Approach

The most straightforward strategy for a RIS unit to support multiple functionalities is
the multiplexing of the codebook entries computed during the manufacturing phase.
This method, as supported by the current thesis, is more efficient than the current
RIS sharing methods and can be established in realistic deployments thanks to the
millisecond-level required computational time. The multiplexing codebook entries are
sourced by the observation that the deviation with respect to the RIS configuration
for a specific EM functionality is strongly linked with the deviation from the optimal
performance.

Specifically, when multiple users are served simultaneously, the multiplexing of
codebook entries seeks a common RIS configuration C'C' that balances fairness and
efficiency according to pricing policies. To evaluate the impact of sharing, we define

the configuration deviation of the user that demands the function f as
Ay = d(CC, CEy) € [0,1], (5.2)

where C'E} is the stand-alone optimal configuration and d(-, -) is a normalized distance

function determined by the deviation of RIS configurations in the two cases. By
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definition, Ay = 0 when the shared and optimal configurations coincide, while Ay =1
corresponds to the maximum possible mismatch. We state that the resource slice ry

is strongly connected with the configuration deviation A;. Formally,

ry = gr(Ay),
gr:10,1] = [0,1],
9(0) =1,
gs(1) >0,

(5.3)

where g¢(-) denotes the mapping that captures the dependence of retained perfor-
mance on configuration deviation. The exact form of g; can be obtained by emulations
or simulations, but its existence expresses the fundamental link between A; and 7;.

Firstly, we support this statement via analysis in both far and near field. For
the former, an (M x N) RIS manipulates an incident plane wave originating from
angle (0;,¢;) to redirect it toward a desired direction (64, ¢4). The ideal continuous
RIS phase profile ¢,,; ensuring constructive interference at (6, ¢4) is defined by the

geometric relationship:

Gopt(m,n) = mod ((kg — k;) - r(m,n),2) (5.4)

where k; and k, are the wave-vectors for the incident and desired directions, respec-
tively, and r(m,n) represents the spatial position of RIS element (m,n). The electric
field amplitude at the targeted far-field direction, resulting from this ideal configura-
tion, | Eigear(0a, ¢a)|, can be computed by summing contributions from all RIS elements
coherently and assuming the optimal phase precisely compensates for propagation

differences as [110]:
Eideal(edy de) = Einc Z ejk:d-'r(m,n) (55)

In the case of the multiplexing of codebook entries and for a specific RIS func-
tionality, we result in a deviation from the optimal configuration A¢(m,n). Then, the

actual EM field is computed as:

Eact(6a, ¢a) = Eine y_ /Famimmtastmn)] (5.6)

m,n

Going back in the definition of RIS as network resource, the Eq. (5.1) can be

expressed as:
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jA¢p(m,n)
o€ Daallnon) _ [ ® 6.1
7€ " Fiea (04, dq) MN '

leading to the conclusion that the resource slice allocated function can be computed

by the normalized in respect of RIS dimensions deviation from the optimal phase
shifts.

Expanding our analysis in the near-field case, the RIS configuration is designed
to focus EM energy at a nearby focal point f. The ideal phase configuration ¢, to

achieve maximum constructive interference at f is determined by:

Gopt(m,n) = mod (—koRmn(Ff),2m) (5.8)

where R, ,(f) is a constant entity and expresses the distance between RIS element
(m,n) and focal point f, and ky = 27” The optimal EM field amplitude at the focal

point can be expressed as:

Eelem (ma TL)

Ry ()

where E.n(m,n) the electric field contribution for each specific RIS element. For

Eideal(f) = Z (59)

m,n

configurations with deviations A¢(m,n), the EM field at the focal point |E,.(f)]
becomes [110]:

m’ n) e_]A¢(mvn)
Rmfn (f)

Again, assuming uniform element excitation magnitudes E.;.,,(m, n), the simplified

(5.10)

Eact(f) = Z Eelem(

m,n

near-field efficiency is also a function of the A¢(m,n) as before. Mainly:

e*quﬁ(m,Tb)
¢ | lmn R (5.11)
ry=—= .
€ Zm,n m

The findings of this analysis show that multiplexing among pre-computed code-
book entries faithfully captures the underlying EM behavior. In both far-field and
near-field cases, the relationship between phase-shift deviation and efficiency confirms
the algorithms’ theoretical validity and practical applicability.

In order to validate the above analysis, we perform a set of emulations. Specifically,
we compute 18 codebook entries for different users’ position via MATCH. The optimal

SNR values for each user position is illustrated in Fig. 5.1. To validate Eq.(5.3), we
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Figure 5.1: Users’ position within the emulation setup and optimal SNR values as

computed during codebook compilation.

deliberately perturb the RIS configuration away from its optimal value. At each stage,
we impose a maximum acceptable deviation and repeat the procedure 50 Monte Carlo
trials over all user positions to ensure statistical robustness. For each emulation trial,
we compute the resource slice defined in Eq.(5.1), using € as the optimal SNR (linear
scale) and €’ as the SNR observed under the perturbed configuration. The resulting
trends are reported in Fig. 5.2.

The results confirm that larger deviation bounds consistently reduce user effi-
ciency, as quantified by r;. For maximum deviations below 40°, the mean r; de-
creases from 0.99 to 0.83, with closely matched medians from 0.98 to 0.82. Increasing
the bound to 80° further degrades performance, with the mean r; dropping to ap-
proximately 0.76-0.48 and the median to 0.75-0.45. Beyond this regime, efficiency
collapses: as the maximum deviation approaches 180°, the mean r; falls from 0.29
to 0.0133 and the median from 0.28 to 0.0062. These results reveal a clear correla-
tion between configuration deviation and degradation of efficiency r;. It should be
underlined that we do not claim that configuration deviation exactly measures per-
formance deviation, only that it provides a fast and robust estimation. This validation
underpins codebook-entry multiplexing as a practical approach for real-time resource

allocation and complex RIS functions.
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Figure 5.2: Emulation results about the resource slice behavior per maximum accept-

able deviation from optimal RIS configuration.

5.3 COMMON & PRIME

In this section, we introduce the first algorithms for multiplexing codebook entries:
COMMON and PRIME. The workflows of COMMON and PRIME are illustrated in
Fig. 5.3

5.3.1 COMMON & PRIME Descriptions

The flow of COMMON is quite simple. Mainly, it retrieves the codebook entries for
the users from the respective database, pre-processes them, and then sets each RIS
element to the most frequent value among the codebook entries resulting to the final,
common RIS configuration. Its workflow is presented in Alg. C.1 in Appendix C.

The RIS resource allocation procedure, in addition to the definition of the common
RIS configuration, also requires a pricing mechanism to ensure that the sharing of
RIS elements leads to the proper distribution of the resources to each user. Since
COMMON lacks such a mechanism, we introduce the PRIME algorithm- its workflow
is presented in Alg. D.1, that is included in Appendix D. It is designed for allocation
of the RIS resources via the pricing-based multiplexing of codebook entries. PRIME
ensures that each user’s performance reflects their pricing level.

The required inputs for the algorithm include the dimensions of the RIS (M, N),

the total number of users K utilizing the RIS unit for enhanced performance within
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Figure 5.3: Workflow of COMMON (left) & PRIME (right) algorithms.
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the communication network, and a discretization parameter N;. Additionally, the
algorithm must have access to the Codebook Database, which contains the entries
for the optimal RIS configuration for each user. It is important to note that the
computation of these codebook entries is not part of the algorithm and is assumed
to be an input.

The adaptation of the PRIME algorithm to existing stakeholder pricing policies is
achieved through the definition of the Payment Factor (PF). The PF is a positive inte-
ger assigned to each user upon entering the resource allocation process. Stakeholders
can define multiple discrete PF values, assigning them in a way that quantitatively
reflects the varying levels of performance granted to users based on their pricing
tiers. This approach accommodates heterogeneous user demands and requirements
by ensuring that users with higher PFs receive proportionally greater influence in
the allocation process. All users’ PF's must be provided as input to the algorithm to
accurately incorporate these pricing levels into the resource allocation mechanism.

PRIME begins by retrieving the codebook entries, C'E, matching the user re-
quests for a RIS functionality. Next, it discretizes all the elements of C'E based on
the discretization parameter V; leading to the DE matrices. Using the PF values, the
algorithm then creates an equal number of replicas for each DFEj, which is why PFs
must be natural numbers. After generating all the replicas of the discretized values,
the algorithm determines the common RIS configuration, C'C, by selecting the most
frequent values among the replicas for each RIS element. As is evident, users with
higher PF values have a greater influence on the C'C' due to the increased number
of replicas of their entries that participate in the final selection, ensuring the pricing
part of the PRIME.

The evaluation of the algorithm’s feasibility in real-world applications is closely
tied to the computational time required for pricing-based codebook entries multiplex-
ing. Analyzing the algorithm’s workflow, the computational complexity depends on
PF values, the dimensions of the RIS unit, and the total number of users.

First, the algorithm discretizes the codebook entries for each user across the RIS
elements, resulting in a computational complexity of O(KMN). Next, the algorithm
generates configuration replicas based on each user’s PF values, adding another layer
of complexity. These replicas are then combined, resulting in a computational com-
plexity proportional to the number of users and their respective PFs. Consequently,

this part of the algorithm incurs a complexity equivalent to the sum of all PF values,
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denoted as O()_ PF'). Therefore, the overall computational complexity of the PRIME
algorithm is expressed as O(KMN + > PF).

5.3.2 Evaluation of PRIME & COMMON

In this section, firstly, the PRIME algorithm is evaluated using simulations, as this
method has been described in Section 3.2. We investigate the critical relationship be-
tween each user’s received performance and their respective PF. We compare PRIME
with COMMON based on tests.

For the simulations and evaluation of PRIME in pricing-based resource allocation,
we consider a communication network that consists of 4 different base stations. The
total number of users are 5 and there is one RIS unit. To encompass a more general
concept, two users are served by the same base station, while the remaining three are
served by different ones. The LoS connection between the users and their respective
base stations is blocked. The users are positioned opposite a RIS unit with the goal of
restoring the LoS connection. The RIS unit elements are shared among the five users.
The resource allocation is established via a PF assigned to each user. Each user’s PF
is unique.

As mentioned previously, only the pricing-based multiplexing, not the computa-
tion of the codebook entries, is part of the PRIME algorithm. Therefore, the optimal
RIS configuration for each user when served individually by the RIS must be mea-
sured and saved in the Codebook Dataset. For this procedure, we use the PICCS.
This procedure generates a codebook entry for each user, consisting of 66 values for
impedance capacitance. The impedance values range from 0.4 to 0.9 uF. The PRIME
algorithm simply retrieves the codebook entries from the Codebook Database and
multiplexes them according to the PF's assigned to each user. For the sake of gener-
ality of the evaluation, 205 Monte Carlo combinations of PFs are assigned to the users.
For the remainder, the term combination will refer to the set of PF values that are
assigned to the users each time. The assignment of the PFs is a random procedure.
The values vary from 1 to 20. The PRIME uses a discretization parameter of 0.05 for
the determination of the common RIS configuration, C'C.

In Fig. 5.4, the values of the PF combinations are depicted. Users with higher PF
values have an average PF of 16.8 with a standard deviation of 3.07, whereas users

with lower PF values have an average PF of 4.8 with a deviation of 2.82. Within
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Figure 5.4: Boxplot of the PF per pricing level of the combinations.

each combination, since no user shares the same PF value with another, five distinct
pricing levels are formed.

The measurements of S21 for each user, once the RIS is set with C'C, are computed
for each combination of PFs. Since the use of PICCS ensures that the codebook entries
include the optimal RIS configuration for serving each user individually, the perfor-
mance for the allocation of RIS resources with respect to user k& during combination

c is calculated as follows:

820, — 521,
N S21 o,

The performance values for each user during the different combinations are de-

(5.12)

Pk:c

picted in Fig. 5.5. The average values for users, from highest to lowest, are 98%,
94%, 93%, 92%,and 87%, with variations of 2%, 5%, 4%, 3%, and 2%, respectively.
As is evident, the measurements confirm that the PRIME can effectively allocate the
RIS resources via the proper sharing of its elements for multiple users with different
pricing levels.

An aspect that requires further assessment is the relationship between each user’s
PF and their performance. PRIME offers a linear relationship between PF assigned
to each user and the received performance. This relationship is verified in Fig.5.6.
Specifically, three out of a total of 205 scenarios, each involving five users with varying
PF values, are randomly selected and illustrated. It is evident that in all cases there
is a linear proportionality between the assigned PF and the received performance.

The intercept of this line primarily represents the minimum efficiency level, in-
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Figure 5.6: The linear relationship between users’ PF and performance with the
usage of PRIME.

dicating the performance that a basic user receives. The slope of the line denotes
the performance enhancement achieved with the addition of each PF unit, as de-
fined by telecommunication stakeholders. Accurate estimation of the intercept and
slope in each network, combined with the PF assigned to each user, allows for easy
approximation of their performance.

The intercept and the slope of PRIME’s performance line are strongly influenced
by the total number of users. As a next step, we also investigate how the intercept
and the slope are affected by the users’ PF. This analysis aims to determine how
the performance of a specific user with a given pricing level can be affected by the

other users participating in the same network. To this end, we perform a correlation
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Figure 5.7: The correlation matrix among all users’ performance and PF values.

analysis between the PF assigned to all users and the performance received by an
individual user.

Subsequently, we investigate the correlation between each PF value and the corre-
sponding performance. As mentioned previously, no users have the same PF value in
any combination. Therefore, we can shape five different pricing levels. The results are
illustrated in Fig. 5.7. The highest correlation is observed between each user group’s
PF values and their respective performance (major diagonal elements in Fig. 5.7).
However, there is also a significant correlation with other PF user groups, ranging
from 0.3572 to 0.7153. The highest correlations are seen in the groups with mid-
level PF values, with a notable correlation greater than 0.6297, indicating a relatively
strong relationship.

Having detected the correlation between user groups and performances, the ob-
jective analysis for intercept and slope of the performance line follows. For this task,
we scale the PF values during each combination. Therefore, each scaled PF value is
mapped in relation to the PF values of the rest users. After this action, each scaled
PF is aligned with the respective performance, and the intercept and the slope factors
are computed. The respective boxplot is illustrated in Fig. 5.8.

The mean value of the slope is 0.0928, with a standard deviation of 0.0185. For
the intercept, the mean value is 0.8820, with a standard deviation of approximately
0.04. This indicates that PRIME ensures that all users can achieve performance levels
between 84% and 92%, while users with higher PF values can approach 100% per-

formance. A higher PF ensures that, irrespective of the PF values of the other users
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Figure 5.9: User efficiency for PRIME and COMMON algorithms

and the total number of them, the performance will be close to optimal.

As concerns the comparison of the two algorithms, we use tests. As already dis-
cussed, COMMON can multiplex codebook entries so that the same RIS unit can
simultaneously serve multiple users. PRIME can accomplish the same task, but with
the added capability of considering unique pricing levels for each user and assign-
ing priorities accordingly. Essentially, COMMON can be viewed as a special case of
PRIME where all users share the same pricing level. Specifically, we assume that a

100 x 100 RIS unit is serving 10 users simultaneously, with a discretization parameter
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of 0.05. As shown in Fig. 5.9, PRIME assigns PF's to each user incrementally, starting
from 1 and increasing to 10 (with User ID=1 assigned PF=1, User ID=2 assigned
PF=2, and so on). The codebook entries are simulated with varying values from 0 to
1.

Fig. 5.9 demonstrates that COMMON can effectively share the RIS by multiplexing
codebook entries, resulting in an efficiency of approximately 57% for all 10 users.
Regarding the PRIME algorithm and the associated sharing and pricing results, it is
clear that the improved efficiency levels of high-PF users do not come at the expense
of others, ensuring network fairness. The higher PF values can achieve efficiencies
about 27% higher.

We also compare the computational time required by COMMON and PRIME. In
this set of tests, the number of users varies from 5 to 100, and the RIS dimensions
range from M = N = 10, 25, 50, .., 200. In the PRIME algorithm, the PF's are randomly
assigned values from 1 to 10. All computations are accelerated using the GPU unit.
The results are presented in Fig.5.10a for COMMON and Fig.5.10b for PRIME.

Because of its workflow, the PRIME algorithm benefits significantly from GPU
acceleration. As a result, the computational time required for PRIME is only about
40% greater than that required for COMMON. Even for very large RIS units serving
many users, the computation time remains limited to approximately 0.1 ms. The ms-
level latency of the PRIME renders it applicable also in dynamically changing network
conditions, e.g., vehicular networks. We remind that all runtime measurements are
implemented in MATLAB, which is typically slower than C/C++ or Fortran. This
highlights the practicality of the proposed algorithm for computing RIS configurations
to efficiently serve multiple users with large RIS dimensions in realistic scenarios,

especially regarding computational demands.

5.3.3 Discussion

Defining the RIS as a network resource is a necessary step for multi-user PWEs, be-
cause it provides an explicit abstraction of what is shared (macroscopic EM functions),
how it is shared (via a common configuration), and how much each user retains under
sharing (via the resource slice). Within this abstraction, codebook-entry multiplexing
becomes a practical operating-phase mechanism: instead of per-element online re-

optimization, the RIS combines precomputed single-user codebook entries into one
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Figure 5.10: Heatmaps of the required computational time of COMMON (top) and

PRIME (bottom) with respect to the total number of users and the RIS dimensions.
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common configuration, and the resulting performance loss is interpretable through
the configuration-deviation principle developed earlier.

Building on this framework, COMMON and PRIME constitute the first dedicated
algorithms for codebook-entry multiplexing in multi-user RIS operation. COMMON
provides the baseline mechanism for concurrent service by constructing a common
configuration through element-wise consensus across user entries. PRIME extends
this baseline by incorporating operator-defined pricing tiers through the Payment
Factor (PF), which weights each user’s influence on the shared configuration in a
transparent and easily deployable manner. Importantly, PRIME does not require tight
receiver—RIS control loops or frequent CSI-driven re-optimization; it relies only on
stored codebook entries and lightweight post-processing, aligning with the latency
constraints of PWEs.

Simulation results validate both the pricing fidelity and the practicality of PRIME.
Across Monte Carlo PF combinations, user performance exhibits a clear and approx-
imately linear dependence on PF, indicating that operator policy can be translated
into predictable performance differentiation. At the same time, the measured run-
times remain at the sub-millisecond level even for large RIS sizes and many users,
and the additional overhead relative to COMMON is modest under GPU acceleration.
Collectively, these outcomes support the main claim of this section: codebook-entry
multiplexing is a viable operating-phase primitive for multi-user RIS control, and
PRIME offers a low-latency, policy-consistent instantiation that enables concurrent

service with controlled performance trade-offs and deployable computational cost.

5.4 Benchmarking of RIS sharing methods

Multiplexing of RIS codebook entries, as an efficient RIS-sharing and resource-allocation
method, is one of the main contributions of this thesis. Accordingly, we must bench-
mark its beam-splitting performance—specifically under pricing-based control—against
established methods. As noted in Chapter 2, the baselines are TDMA and RIS-surface

segmentation. The comparison is conducted on the real testbed of Section 3.3.
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5.4.1 Benchmarking procedure Description

First, for each of the k users, we compute the standalone gain G5’ when served by
the RIS alone, using the manufacturer-optimal configuration defined in Eq.3.23. The
common RIS configuration C'C is then derived under TDMA, segmentation, and RIS
multiplexing. Using this CC' for each case, we compute the multi-user gain G/,
Aligned with the definition of the RIS as a network resource (Eq.5.1), the per-user
efficiency in the multi-user scenario is

B i G';Cnulti

?"f = . = Gztd . (513)

5.4.2 Benchmarking results

Firstly, we compare the performance of three RIS sharing methods for serving multi-
ple users equally. We assume the RIS simultaneously serves four users belonging to
the same pricing tier, aiming to equally steer the beam towards each user. For mul-
tiplexing, we employ the COMMON algorithm. The segmentation approach evenly
allocates 25% of RIS elements per user, with each sub-panel configured identically to
their standalone optimal settings. In the TDMA approach, RIS configurations switch
cyclically, adopting each user’s ideal standalone configuration for 100 ms intervals.
Measurement results are shown in Fig. 5.11. Clearly, multiplexing with COMMON
presents a reliable alternative to the established segmentation and TDMA methods.
The mean r; values achieved are comparable, recorded as 54.18%, 48.97%, and 48.22%
for COMMON, equal segmentation, and equal TDMA, respectively. The standard de-
viation of r; for COMMON is 32.67% with a minimum and maximum of 21.35% and
95.92%, respectively. The segmentation approach shows a higher deviation of approx-
imately 42.26%, achieving peaks up to 100% but also causing users with zero gains,
signifying considerable unfairness. TDMA exhibits a standard deviation of 48.22%,
with a minimum of 29.57% and maximum of 75.81%, thus closely matching the mul-
tiplexing performance.

Next, we explore RIS resource allocation across users of different pricing tiers.
Each of the four users belongs to distinct pricing levels, and we present results for
three scenarios. The multiplexing method utilizes PRIME algorithm with payment
factors from highest to lowest tier as 5,4, 2, 1. The segmentation method assigns RIS

elements proportionally at 50%, 25%, 15%, and 10% for the respective pricing tiers.
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Figure 5.11: Measurement results for equal beam-splitting using multiplexing algo-

rithm, segmentation and TDMA

Finally, the TDMA approach applies each user’s optimal configuration cyclically for
durations of 300 ms, 200 ms, 100 ms, and 50 ms according to their pricing tier.
Results for these scenarios are illustrated in Figs. 5.12, 5.13, and 5.14, respectively,
with user ordering from highest to lowest pricing tier.

Analyzing the results, PRIME uniquely achieves fair resource allocation aligned
with user pricing tiers, although slight deviations occur, especially between the second
and third tiers. Specifically, for PRIME Case 1, the r; values are 95.65%, 45.18%,
54.80%, and 41.17%, while Case 2 results are 95.63%, 38.14%, 49.89%, and 47.92%.,
highlighting the challenges of multiplexing binary RIS configurations yet preserving
general fairness. Case 3 achieves better fairness with r; values of 51.47%, 50.11%,
45.44%, and 40.75% with lower performance behavior for all the users.

For segmentation, only Case 1 follows an acceptable fairness trend, but with sub-
stantially limited r; for lower-tier users (16.81% for third-tier, 36.36% for lowest-tier).
In segmentation Case 2, the allocation appears random with 7, values at 31.76%,
73.99%, 38.72%, and 52.72% respectively. The third segmentation case further indi-
cates failure in fairness, where the top-tier user achieves just 30.75%, whereas others
approach 100%.

Lastly, TDMA also fails to consistently deliver fair allocation. In Case 1, all users
experience extremely low performance, with the second user receiving no improve-

ment compared to no RIS scenario. Case 2 partially succeeds, benefiting only the
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Table 5.1: Performance per Ranking Level for Different RIS Sharing Approaches

Approach Rank Mean Std Min Max
Highest 80.91 25.50 51.47 95.65
2nd 43.81 6.01 38.14 50.11
3rd 50.05 4.68 45.44 54.80
Lowest 43.28  4.02 40.75  47.92
Highest 45.66 24.95 30.75  74.46
2nd 78.35 19.84 61.04 100.00

Multiplexing (PRIME)

Segmentation
3rd 51.42 4241 16.81 98.73
Lowest 63.03 33.05 36.37 100.00
Highest 43.15 36.27 16.53  84.46
2nd 3711 31.63 0.98 59.79
TDMA
3rd 14.15 15.08 0.00  30.01

Lowest 31.26 48.45 0.00  87.07
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Figure 5.12: Measurement results for RIS resource allocation among different user-

tiers using multiplexing algorithm.

first two users significantly (84.45% and 50.76%), whereas lower-tier users gain noth-
ing. In Case 3, allocation remains random, yielding performance of 16.53%, 59.75%,
30%, and 87.07%, respectively. A statistical summary of these results is presented in

Table 5.1, reinforcing the superiority of the multiplexing PRIME algorithm.
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Figure 5.13: Measurement results for RIS resource allocation among different user-

tiers using segmentation approach.
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Figure 5.14: Measurement results for RIS resource allocation among different user-

tiers using TDMA approach.

5.4.3 Discussion

The benchmarking on the real RIS testbed validates codebook-entry multiplexing
as a practical operating-phase mechanism for multi-user PWEs, and positions it fa-
vorably against established sharing baselines (segmentation and TDMA). Using the
resource-slice definition, the equal-tier experiment shows that COMMON achieves

mean efficiency comparable to (and slightly higher than) equal segmentation and
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equal TDMA, while avoiding the pronounced instability observed in the baselines.
In particular, segmentation can yield extreme unfairness (including zero-gain users)
due to rigid aperture partitioning, whereas TDMA exposes users to temporal service
fluctuations despite its simplicity.

More importantly, when users belong to different pricing tiers, PRIME is the only
evaluated method that consistently translates tiering into a corresponding ordering of
realized efficiencies. Across the examined scenarios, PRIME maintains the intended
priority structure with modest deviations between adjacent middle tiers—an expected
consequence of multiplexing under discrete (binary) configuration constraints—while
preserving non-trivial performance for all users. In contrast, proportional segmenta-
tion and tiered TDMA frequently fail to enforce pricing-consistent allocations: seg-
mentation can behave unpredictably because sub-panel isolation breaks the joint aper-
ture gains, and TDMA can collapse in practice because time-slicing does not guaran-
tee per-user gain once switching, synchronization, and topology-dependent focusing
constraints are accounted for.

Overall, these measurements support three conclusions. First, multiplexing is a
viable alternative to segmentation/TDMA for concurrent multi-user RIS service with
millisecond-level control. Second, PRIME operationalizes stakeholder pricing poli-
cies through a lightweight weighting mechanism that yields pricing-consistent re-
source allocation in practice. Third, the observed failure modes of segmentation and
TDMA highlight that “intuitive” sharing rules do not reliably map to EM perfor-
mance; codebook-entry multiplexing, grounded in the RIS-as-a-resource abstraction,

provides a more robust path to fairness-aware RIS integration in 6G PWEs.

5.5 LEVEL

The chapter’s initial findings, together with the encouraging results from COMMON
and PRIME, underscore that controlling the deviation between individual codebook
entries and the common RIS configuration is central to multiplexing performance.
However, COMMON and PRIME, mainly, multiplex codebook entries in order to re-
alize Ay in Eq. (5.3). In contrast, LEVEL computes A, directly, yielding controllable,
predictable deviations from the per-user optimum. Tailored for resource allocation in

RIS-assisted networks, LEVEL aligns with RIS as a shared resource and operational-
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izes resource slicing by explicitly managing performance trade-offs among concurrent

users with heterogeneous service tiers. The full workflow is given in Alg.E.1.

5.5.1 LEVEL Description

LEVEL strategically minimizes the deviation described in Eq. (5.3) through a simple,
real-time optimization process. This approach systematically accounts for varying user
priorities, preserving the performance hierarchy intended by their respective pricing
tiers. Specifically, consider K users simultaneously served by an M x N RIS, with
their stand-alone optimal configurations denoted as CE(-, k) € RY. When LEVEL is
applied, the RIS is set to a single common configuration CC,, € RMY, which inevitably

deviates from the individual optima. For each user k, we define

MN
Ay = ﬁ Z( CCope(i) — CE(i, k)| (5.14)
=1

as the user-specific deviation, consistent with Eq. 5.2. This deviation yields an effective
efficiency ¢,. Assuming the stand-alone efficiency equals one, the efficiency and the

corresponding resource slice allocated to user k are

E;f = 1 — Afk, (515)
— (5.16)

For the determination of CC,;, LEVEL groups the users into three service tiers
L1, Lo, Ly with |£4] < |Lo] < |L3]. Stakeholders assign positive weights w; > wy > w3
that can be adjusted according to their pricing strategies, ensuring the algorithm

directly integrates with economic models prevalent in network resource allocation

|£3|w3 < |£2|w2 < |£1|w1 S |£3|w3+|£2|w2.

This inequality guarantees balanced yet distinct performance differentiation among
user levels, ensuring users with higher priorities attain superior service quality with-
out overly penalizing lower-priority users and ensuring fairness within the network.
Subsequently, LEVEL performs an independent optimization of each RIS unit cell,
significantly reducing computational complexity compared to global optimization ap-
proaches and enabling real-time application of the algorithm. This scalar, single-

variable optimization within each cell determines an optimal configuration value that
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minimizes the weighted deviation from individual user preferences. This process is

formalized by the optimization objective at each RIS unit cell ::

* .
o; = argmin
o

(2211 we+|o —CEi<k>|>

ZkK=1 Wk
where o7 denotes the optimized RIS configuration for cell 7. It then computes each
user’s efficiency with Egs. (5.14), (5.15) and reports the average by tier. Finally,
to respect hardware constraints, the resulting common configuration is quantized
according to the RIS specifications.

Algorithmically, LEVEL exhibits computational complexity primarily determined
by the RIS dimensions, the number of users, and the optimization tolerance. Since
LEVEL performs a per-element optimization across an M x N RIS, and each per-
element objective evaluation aggregates over K users, the overall complexity scales
as O(KMN). In practice, runtime is dominated by the M N per-element solves, so
RIS dimensions largely govern computational time, while K induces only a weaker,
near-linear overhead within each solve. Notably, the algorithm remains practically
efficient even in extensive deployment scenarios, demonstrating suitability for real-
world RIS-assisted network implementations.

In summary, LEVEL systematically operationalizes RIS resource slicing, directly
aligning RIS network resource allocation with stakeholder-driven economic consid-
erations and multi-user performance management. Its design ensures transparent,
predictable, and fair resource allocation, positioning it as a robust solution for next-

generation RIS-assisted network deployments.

5.5.2 Evaluation of LEVEL

In this section, we evaluate LEVEL. Mainly, we demonstrate LEVEL and quantify its
runtime for practical deployment via tests. Moreover, we return to emulations, as they
have been described in Section 3.1.3, to compare LEVEL against COMMON/PRIME,
focusing on multi-user efficiency and its correlation with the corresponding pricing
tier.

For LEVEL demonstration, we consider a scenario with twenty users in total: three
in Level 1, five in Level 2, and the rest in Level 3. The RIS is composed of 50 x 50
elements, with respective priority weights of 5, 3, and 1 for each level. The resulting

user efficiencies are illustrated in Fig. 5.15. Specifically, the Level-1 users achieve
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Figure 5.15: Resource slicing 7y with LEVEL usage in a scenario with 20 users

belonging to different pricing tiers.

approximately 79% efficiency, the Level-2 users achieve about 76.5% on average, and
the Level-3 users achieve approximately 74.5% on average.

Following, we evaluate LEVEL’s capability for efficient resource allocation across
different user combinations with the total number of users ranging from 5 to 30. For
each case, approximately 10% of the users are assigned to the first level, 30% to the
second level, and the remaining users to the third level. The RIS unit is consistently set
to a 50x 50 grid. The average efficiency results for each user level and user combination
are shown in Fig. 5.16. In all cases, there is a discrete efficiency difference between
the user levels. Specifically, when the number of users is fewer than 15, first-level
users demonstrate about 10% higher efficiency compared to second-level users and
up to 16% higher efficiency compared to third-level users. In scenarios with denser
communication networks, the efficiency difference between each level decreases to
approximately 3%. Second-level users maintain similar performance trends across
different user combinations, while third-level users show slight improvements in these
denser network cases.

As mentioned earlier, a key advantage of codebook-entry multiplexing is the neg-
ligible runtime overhead introduced during operation. To assess this overhead for
LEVEL under practical RIS dimensions, we capture the computational time for RIS
sizes 16 x 16, 20 x 20, 25 x 25, and— as an upper bound—>50 x 50, while varying the

number of users from K =4 to K = 10 in steps of one. As shown in Fig. 5.17a, the
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Figure 5.16: Resource slicing behavior per user pricing tier with respect to the total

users with LEVEL usage.

runtime remains below 3 ms for RIS sizes up to 25 x 25, and below 5 ms even for the
50 x 50 case, confirming that LEVEL operates in the millisecond regime for realistic
deployments.

To further assess whether the RIS dimension dominates the computational time of
LEVEL, we repeat each configuration, with the same RIS size and the same number of
users, over b0 Monte Carlo trials, and record the runtime distribution. The results are
reported in Fig. 5.17b. For an RIS with M x N cells, LEVEL executes essentially the
same per-element optimization procedure across all M x N elements; therefore, the
overall runtime scales primarily with the RIS dimensions. By contrast, increasing the
number of users K mainly increases the cost of the per-element objective evaluation
(e.g., a weighted aggregation over K codebook entries), which remains a lightweight
inner-loop operation. Over the considered K range, this introduces only a mild mul-
tiplicative factor that is largely masked by fixed solver overhead. Consequently, the
RIS dimension determines the dominant workload, whereas the total number of users
has a substantially weaker effect on the total computational time.

As a next step, we compare the multi-tier resource-allocation capability of LEVEL
against COMMON and PRIME. Using emulations, we assess the codebook-entry mul-
tiplexing paradigm and quantify the performance of LEVEL relative to these estab-
lished baselines. This experiment also evaluates the ability of LEVEL to orchestrate

multiple RIS units under multi-user contention while preserving fair tier-based dif-
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Figure 5.17: Computational time of LEVEL algorithm (a). Trend of the computational

time with respect to RIS dimensions for different number of total users (b).

ferentiation. To account for practical hardware constraints, we consider both 1-bit and
2-bit RIS quantization. Moreover, during multi-user operation, users are assumed to
be scheduled on orthogonal resource blocks (e.g., OFDMA) within the considered
interval. Therefore, the reported SNR and SNR-loss are interference-free and cap-
ture only the degradation induced by imposing a single common RIS configuration
across users—i.e., the deviation from each user’s stand-alone optimum-—rather than

co-channel multiuser interference.
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We first study the correlation between user tier and realized SNR loss as a fairness
indicator, i.e., whether higher-tier users consistently experience smaller losses. We
consider user populations ranging from K = 4 to K = 18. Users are randomly
assigned either to LEVEL tiers or, for PRIME, to payment factors PF € {1,3,5}. For
each K, we run 50 Monte Carlo trials with random user selection and tier (or PF)
assignment to ensure statistical validity. The cumulative results for both quantization
options are summarized in Fig. 5.18. Overall, LEVEL yields a stronger correlation
between tier and achieved efficiency, indicating more consistent tier-to-performance
mapping. For up to 8 users, PRIME attains a mean correlation of 0.63, whereas
LEVEL reaches 0.78. As the network becomes denser, LEVEL maintains correlations
of 0.65 (for users from 10 to 14) and 0.60 (for users 16 to 18), while PRIME drops
to 0.482 and 0.40, respectively. This behavior indicates that LEVEL transfers tier
weights to the final RIS configuration more effectively, preserving a largely monotonic
tier—performance relationship as contention increases, whereas PRIME becomes more
prone to tier inversion when many users are jointly served.

We next examine the per-tier SNR loss itself, which directly quantifies multi-user
degradation relative to the standalone (single-user) optimum. We again vary the
total number of users from 4 to 18, with random tier assignments and 50 Monte
Carlo trials for each total number of users K. The main trends for the 1-bit and

2-bit cases are shown in Fig.5.19a, with detailed tier-wise results in Fig.5.19b. The
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results confirm that codebook-entry multiplexing can support tier-aware resource al-
location: both PRIME and LEVEL generally preserve the intended ordering across
tiers, while COMMON is only appropriate when all users belong to the same tier (i.e.,
no differentiation is required). Beyond this, LEVEL consistently improves perfor-
mance relative to PRIME across tiers and quantization resolutions. In the 1-bit case,

tier-1 users under LEVEL and PRIME experience mean SNR losses of 8.3 dB and
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12.5 dB, respectively. For tiers 2 and 3, the mean losses are 12.3 dB and 18.11 dB for
LEVEL, versus 15.53 dB and 18.36 dB for PRIME. Hence, LEVEL not only enforces
tier differentiation more reliably but also reduces loss across all tiers compared to
PRIME. The same trend holds for 2-bit quantization: the mean tier-wise losses for
LEVEL are 7.5 dB, 10.9 dB, and 16.3 dB, while PRIME yields 8.8 dB, 14.1 dB, and
19.4 dB. As expected, the additional phase resolution of 2-bit RIS, mainly, improves
both algorithms, yet LEVEL retains a clear advantage in both fairness and absolute

performance.

5.5.3 Discussion

Codebook-entry multiplexing emerges as the key operating-phase primitive for multi-
user RIS control because performance is governed primarily by the deviation between
each user’s stand-alone entry and the deployed common configuration. COMMON
and PRIME exploit this link implicitly through entry aggregation, whereas LEVEL
makes it explicit: it directly optimizes the per-user deviations Ay, yielding control-
lable and predictable departures from the single-user optimum and thereby opera-
tionalizing RIS resource slicing under heterogeneous service tiers.

The evaluation confirms that this design choice translates into both improved tier-
consistent fairness and improved absolute performance. Using emulations with Monte
Carlo trials, LEVEL exhibits stronger and more stable tier—performance coupling than
PRIME, as quantified by the higher correlation between user tier and achieved effi-
ciency across increasing contention. In parallel, LEVEL reduces the per-tier SNR loss
relative to PRIME under both 1-bit and 2-bit quantization, indicating that its advan-
tage persists under realistic hardware constraints and does not rely on unrealistically
fine phase control. These results support the core claim that explicitly controlling
deviation—rather than relying on implicit aggregation—better preserves monotonic
tier differentiation and mitigates tier inversions in dense multi-user operation.

A second practical outcome is computational viability. By solving independent
scalar problems per RIS element, LEVEL avoids global combinatorial search and
maintains millisecond-level runtime for realistic RIS sizes, while scaling primarily
with the number of elements and only weakly with the number of users. This makes
LEVEL compatible with time-sensitive PWE operation and, importantly, with orches-

tration over multiple RIS units where repeated reconfiguration is unavoidable.
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Overall, LEVEL advances the operational maturity of pricing-aware RIS sharing:
it provides an explicit mechanism to map operator policy (tier weights and deviation
bounds) into predictable user-level performance, while remaining compatible with
codebook-based operation, quantized hardware, and multi-RIS indoor propagation.
Together with COMMON and PRIME, the results substantiate the thesis-level claim
that multiplexing of precomputed entries can support concurrent service, pricing-
based differentiation, and the composition of more complex EM responses from sim-

pler building blocks, without incurring prohibitive online optimization overhead.
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CHAPTER O

A FRAMEWORK FOR FAIR RESOURCE

AvrvLocAaTiON IN RIS-ENABLED NETWORKS

6.1 THEMIS Description
6.2 Evaluation of THEMIS

6.3 Discussion

As noted in Chapter 1, the third challenge for RIS deployment is coordinating mul-
tiple RIS units to guarantee fairness across users. Modeling an RIS-enabled network
as a graph is foundational, but existing graph-based methods ignore stakeholder
pricing policies and do not enforce tiered fairness. These gaps motivate THEMIS':
a framework that integrates pricing policies and enforces fairness among multi-tier
users.

The workflow (Fig. 6.1) builds on this thesis’s logic: information generated during
codebook compilation and RIS resource sharing via multiplexing of codebook entries.
Each user issues a service request, specifies source and destination RIS units, is tagged
by pricing tier, and shares location with THEMIS. Using these inputs, THEMIS queries
the Codebook Database, computes the common configuration CC per unit, and de-

termines a path that balances efficiency and fairness across tiers. Finally, it delivers

'In Greek mythology, Themis—daughter of Uranus and Gaea—is the Titaness of divine law, order,

wisdom, and justice, often depicted as “Lady Justice.”
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configuration data to users and RIS units, yielding a unified, low-latency framework

for B5G/6G deployment.

6.1 THEMIS Description

THEMIS workflow is illustrated in Alg. F.1 that is included in Appendix F. THEMIS
encompasses two core components: (i) a fairness-aware methodology to determine
the C'C shared among multiple users with distinct pricing levels, as defined by the
network operator, and (ii) an optimal, congestion-aware path selection mechanism
for each user. Specifically, the framework initiates by defining the RIS-assisted net-
work structure within a square area characterized by the parameter areaSize. RIS
units, denoted by the node set V, are strategically positioned in a two-dimensional
Cartesian space according to operator-defined deployment strategies. Node connec-
tivity decisions typically rely on LoS conditions but may also factor in criteria such
as operational frequencies or RIS functionalities clustering. This process generates
an adjacency matrix representing inter-node distances. Edges £ are established only
when the inter-node distance is below a specified threshold, LoS,. Consequently, the
resulting RIS network topology is formally represented as the graph G = (V, €).

The system serves K users, each with sourceuserSrc(k) and destination userDst(k).
THEMIS follows the PRIME workflow to form a common configuration CC at a
shared RIS: each user is assigned a pricing factor v, (integer voting weight); the
user-optimal entries C'E}, are fetched from the Codebook Database; and a stakeholder-
defined efficiency floor 7y, is in place. Each C'E}, is then discretized (when continuous
values appear) per stakeholder preferences, and every discretized entry is replicated
proportionally to v;. As in PRIME, this replication amplifies higher-paying users’
influence while preserving pricing fairness. The resulting C'C' is obtained by the ele-

mentwise mode over the replicated entries:

CEy(m,n),...,CEi(m,n),
vy :i,mes

CC(m,n) = mode : (6.1)
CEx(m,n),...,CEg(m,n)

Vo
v times

Subsequently, the efficiency achieved for each user £ under the allocated common
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Figure 6.1: The workflow of the novel framework for fair Resource Allocation in RIS-enabled networks. THEMIS composses

the Codebook Database and the pricing policy of the network’s stakeholder. Receiving connection request, computes the optimal
path per user and the C'C for each RIS unit.
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RIS configuration C'C is estimated by comparing it against their ideal configuration
CEkZ

€
k mlnl

% (1 - Z Z |CC(m,n) OEk(m,n)|) x 100 (6.2)

The key difference between THEMIS and PRIME in forming C'C' is an added
fairness component that enforces a minimum performance for all users. Specifically,
if a user’s efficiency * & falls below the threshold nmin, a Nash-bargaining-inspired
adjustment is trlggered. This mechanism evaluates per-user fairness Fj and a unified

network metric UF' M, defined as:

K

€./ €k 1

Fo=—2"_ UFM=—)Y F (6.3)
" /100 2

where £}, is averaged over all RIS units along k user path and the expected efficiency

n,. P for each user is linearly scaled according to their voting factor v:

ex Vi — Umin
12 = min + ——— (100 — nin) (6.4)

Umaz — Umin

where v,,,;, and v, are the lowest and the highest, respectively, pricing levels as
defined by stakeholder’s policy. The Nash-inspired fairness algorithm partitions the
RIS panel into candidate sub-panels (candG) and iteratively updates the voting weights

as follows:

t+1 t
wgand)G,k = (1 - a)wt(:a)ndG k

w®
et ()
ensuring each user’s efficiency surpasses the threshold while maximizing the UFM.
Here, o € [0, 1] controls convergence dynamics; a higher a leads to rapid but poten-
tially unstable convergence, whereas lower a ensures smoother, more stable conver-
gence.

For optimal user-specific path selection between nodes userSrc(k) and userDst(k),
THEMIS employs an enhanced Dijkstra algorithm [122]. The path-selection criteria
encompass: (i) inter-node physical distances, (ii) current RIS-edge congestion, and

(iii) individual user pricing levels, as illustrated in Fig. 6.2. The d;; expresses the

102



RIS-enabled network topology and congestion in t-1 Requests and Path-Selection in t
@

User Path : 5,4,8,21,16
Path congestion: 0.78
Path Nodes: 5

Physical Distance: 25 m

{

User Path : 5,9,13,20,16
Path congestion: 0.53
Path Nodes: 5

Physical Distance: 15 m

@ {

User Path : 5,8,12,16
Path Congestion: 0,27
Path Nodes: 4

Physical Distance: 14 m

Edge-Cost

Figure 6.2: Mechanism of THEMIS for path selection in respect of fair Resource

Allocation among different pricing-tiers users.

baseline hop cost and it is computed as the Euclidean distance between RIS i and j

(Eq. (6.6)) capturing the free-space path-loss penalty of one cascaded reflection.

Ixi —x4[%, it (i,5) € €,
di; = ’ (6.6)

00, otherwise.

The per—edge cost used in the congestion-pricing Dijkstra is

(t—1)

) Umin

where fi(ffl) denotes the instantaneous edge load and is the number of user routes
that already employ edge (i,j) at the previous iteration. C' = [K/|V|] is the uni-
form capacity proxy and is computed as the average number of flows an edge could
sustain if traffic were evenly spread across the |V| RIS nodes. A smaller C' makes
the congestion term grow sooner, forcing paths to diverge; a larger C' tolerates more

flows before detouring. Parameter p < (0, 1] is the congestion-strength coefficient and
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is scaled the impact of %J Higher p penalizes busy edges aggressively (better load

balancing, longer routes); lower p keeps routes short but risks bottlenecks. Finally,

vk . . L .
the *t- expresses the pricing priority among the multiple-tiers users ensuring the
fairness within the network also in the path selection procedure. Premium users see
their entire path cost down-scaled, allowing them to keep shorter or less-congested
cascaded paths, whereas lower-tier users are steered to cheaper edges. The optimal

path for user £ at iteration ¢ is obtained by

(t) : (t)
= arg min (K 6.8
Ty, g7r€73(k) pA Cz] ( ) ( )
(i,g)em
and the edge costs are updated iteratively until max; ;) |c§§+1) —cl(-;)| < € or the iteration

limit maxRouteIter is reached.

The computational complexity of THEMIS is primarily governed by two core
stages. The first is the congestion-pricing routing phase. This phase incurs a com-
plexity of O(maxRouteIter K'|E|log|V|). The second stage is the computation of the C'C
at the RIS node level. When the Nash bargaining mechanism requires Iy iterations,
the associated complexity is O(INK M N). Therefore, the total computational complex-
ity of THEMIS scales as O(maxRouteIter K'|E|log|V| + INKM N). This indicates that
THEMIS operates with polynomial complexity, rendering it suitable for deployment

in practical RIS-enabled wireless networks.

6.2 Evaluation of THEMIS

In this section, we evaluate the THEMIS framework. We begin assessing C'C' com-
putation mechanism efficiency and fairness across various RIS sizes under tests with
binary (0/1) configuration—arguably the most challenging case for multiplexing of
RIS elements’ values. We then validate this mechanism on the testbed. Finally, we
assess the complete THEMIS workflow, again with binary RIS configurations, across
scenarios with differing RIS unit counts and user densities.

In order to demonstrate the fair definition of the C'C that THEMIS proposes, we
consider 10 users simultaneously utilizing a single 16 x 16 RIS unit, each with distinct
pricing levels and corresponding voting weights. The efficiency threshold (7m) is set
to 55%. The fairness mechanism is configured to allow a maximum of 300 iterations,

with the fairness adaptation parameter («) tuned to 0.7. The evaluation outcomes are
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Figure 6.3: Efficiency (up) and fairness (down) with and without the Nash-inspired

mechanism.

shown in Fig. 6.3a. We compare the achieved efficiency with and without employing
the Nash-inspired fairness mechanism. For this mechanism, we test various candG
subgroup sizes, specifically N/2, N/3, N/4, and N/5, to determine the option pro-
viding the highest fairness. It is evident from the results that the fairness mechanism
guarantees that each user’s efficiency, as calculated by Eq. (6.2), meets or exceeds the
defined threshold (1mi,). Furthermore, the efficiency achieved by each user remains
proportional to their respective voting factors. This observation is reinforced by the
increase in the overall UF'M of the network from 0.88 to 0.96, as illustrated by the
per-user fairness metrics shown in Fig. 6.3b.

Keeping the same parameters for CC determination as before, we further analyze
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Figure 6.4: Fairness enhancement A across different RIS dimensions and number of

users K.

the fairness improvements across different RIS dimensions and varying user counts.
Results summarized from 100 simulation runs per scenario are depicted in Fig. 6.4.
The greatest fairness enhancements (approximately 9—13%) occur independently with
RIS size once fewer users exist, attributed to the increased flexibility in resource
allocation. However, notable fairness gains (up to 6%) are also achieved in scenarios
involving higher user densities even in smaller RIS dimensions, underscoring the
robustness of THEMIS across diverse operational contexts.

The fairness mechanism is evaluated on the real testbed of Section 3.3. We consider
one transmitter serving four users via a single RIS unit. Using GNU Radio, we extract
I,Q samples in standalone and multi-user cases and, for each user, compute G
against G;'%, exactly as in Section 5.4.2. The results are illustrated in Fig. 6.5. Users
are identified by ID, with respective voting factors set to 1, 5, 10, and 20, and a
minimum efficiency threshold of 55%. The initial standalone user gains are 6.9 dB,
6.97 dB, 6.00 dB, and 6.16 dB. After applying THEMIS for the C'C' computations,
the gains are 3.2 dB, 6.08 dB, 5.5 dB, and 6.15 dB respectively. These gains result
in resource fairness factors of 46.37%, 87.23%, 91.66%, and 99.83%. Clearly, the
codebook multiplexing component of THEMIS effectively determines C'C' allocations
for fair beam-splitting and resource allocation, with user performance proportional
to the assigned voting factor.

For the comprehensive evaluation of THEMIS, we deploy a network within a

square physical area measuring areaSize = 50 m per side. An edge between two
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Figure 6.5: THEMIS evaluation results from measurements in RIS testbed.

RIS units is established only when their separation distance is less than or equal to
the threshold LoSy, = 15 m. Each RIS operates in a strictly binary configuration to
represent the most demanding scenario, consistent with prior experiments, and each
RIS has fixed dimensions of 25 x 25. All parameters governing the definition of C'C
remain identical to those used previously to ensure methodological consistency.

To demonstrate THEMIS operation, we instantiate )V = 10 RIS nodes serving
K = 20 users. The congestion-strength parameter is set to p = 0.1, and the algorithm
termination limit is defined as maxRouteIter = 300. The resulting cascaded-RIS net-
work topology is illustrated in Fig. 6.6, clearly depicting the coordinates of each RIS
node, along with the node pairs that satisfy Eq. (6.6) and thus form valid edges. The
figure also highlights the optimal path selected for each userSrc(k) — userDst(k) pair.
The collective outcomes of the path-selection procedure are summarized in Fig. 6.7.
Beyond fairly allocating RIS resources in accordance with the pricing levels of travers-
ing users, THEMLIS ensures that higher-level users are routed via shorter paths, while
lower-level users are directed through less congested nodes, simultaneously achieving
efficiency and fairness. Specifically, premium users’ average path length is 20.4 m
whereas the respective of the basic users is 35.14 m. The overall network fairness
across all users and RIS nodes, reaches approximately 91.1%.

To evaluate THEMIS performance on cascaded-RIS links, we vary the number

of RIS nodes from 10 to 100 and the number of users from 20 to 500. Each sce-
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Figure 6.7: Efficiency and nodes per user in RIS-enabled network.

nario is tested for congestion-strength parameters p = 0.1 and p = 0.3, and algorithm
termination limits (maxRouteIter) were set at 100, 300, and 500 iterations. Network
fairness and computational overhead are measured over 100 independent simula-
tion runs per scenario, and aggregated statistics are reported. Specifically, Fig. 6.8
illustrates network fairness as a function of the user-to-RIS ratio, displaying only the
best-performing curves for each p. When the user-to-RIS ratio is below five, fairness
surpasses 90% at p = 0.1. Increasing p offers improvements for certain user-to-RIS ra-
tios but leads to an overall slight reduction in fairness (mean fairness decreases from
0.87 to 0.86). This highlights the importance of maintaining low congestion and

careful parameter tuning. Nevertheless, even in high-density scenarios (user-to-RIS
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Figure 6.9: Computational Runtime (up) and CPU memory usage (down) of THEMIS

usage.

ratios ranging from 20 to 50), fairness remains consistently above 80%, demonstrating
THEMIS’s robustness in densely populated networks.

Fig. 6.9 presents THEMIS’ computational overhead when computing one path per
user. Runtime increases linearly with the number of computations per node (including
RIS dimensions). For user-to-RIS ratios below 10, runtime remains lower than 0.5
s, increasing proportionally with higher ratios. Even under the most demanding
scenario—calculating 500 paths and performing over 4,500 C'C evaluations—runtime
never exceeds 2.5 s. CPU memory consumption is modest, peaking at approximately

12 MB, confirming THEMIS’ suitability for real-time applications. Finally, Fig. 6.10
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Figure 6.10: Usage of RIS nodes in different scenario based on PathFinding.

reports the number of RIS nodes activated for each network scenario. Under both p
conditions, nearly all available RIS nodes become active as network capacity increases,
confirming that THEMIS efficiently exploits all the available resources. High-priority
users consistently receive shorter paths, while specific RIS nodes are strategically
allocated to lower-priority users, thus balancing fairness and baseline efficiency across

the network.

6.3 Discussion

THEMIS consolidates the thesis pipeline into a single, deployable framework for RIS-
enabled B5G/6G networks, with an explicit focus on low-latency operation. It couples
(i) codebook-based control, (ii) multi-user resource allocation via multiplexing of
codebook entries with pricing-aware fairness guarantees, and (iii) congestion-aware
path selection over cascaded RIS graphs. In doing so, THEMIS addresses a key limi-
tation of prior graph-based RIS networking approaches: tiered fairness is not treated
as an afterthought but is embedded both locally (per shared RIS node through the CC
computation with an efficiency floor) and globally (through pricing-aware congestion-
pricing routing).

The evaluation supports the practicality of this design. At the RIS-node level, the
Nash-inspired adjustment enforces the minimum-efficiency constraint while preserv-
ing proportional differentiation across voting factors, and the testbed results con-

firm that configuration-deviation-based efficiency estimation remains a useful proxy
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for real performance under multiplexing. At the network level, THEMIS maintains
high fairness across a wide range of user-to-RIS ratios, while routing premium users
through shorter paths and steering lower-tier users away from congested resources,
achieving a concrete fairness—efficiency trade-off through the congestion parameter p.
The measured runtime and memory overheads remain modest even in dense sce-
narios, indicating that the framework can scale to realistic network sizes without
requiring per-element online optimization.

Beyond operational use, THEMIS provides a system-level tool for deployment
planning: its graph formulation and explicit congestion/fairness mechanisms can be
used to study RIS placement, LoS thresholds, and topology design under stake-
holder policy constraints. Overall, THEMIS demonstrates that pricing-aware fair-
ness and cascaded-RIS path selection can be integrated coherently within the code-
book paradigm, yielding an architecture-consistent route to scalable, multi-RIS pro-

grammable wireless environments.
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CHAPTER 7

RF FENnciNg: A NoviEL RIS-BASED SERVICE

FOR PrROACTIVE COVERT COMMUNICATIONS

7.1 SHIELD Description
7.2 Evaluation of SHIELD

7.3 Discussion

Codebook multiplexing, apart from fair resource allocation, can also be used in other
missions within RIS-assisted PWEs, such as physical layer security. As illustrated in
Fig. 7.1, conventional wireless networks let signals propagate according to natural
EM phenomena rather than network intent, exposing them to jammers and eaves-
droppers. To counter this, communication environments must precisely control wave
propagation and shape trajectories to meet operational objectives. By jointly steering
energy toward intended receivers and suppressing radiation toward potential adver-
saries, PWEs improve communication performance while limiting external exposure,
enabling covert and private services through spatially selective control of signal prop-
agation.

Building on this foundation, RF-fencing enforces spatially selective suppression
and delivery via coordinated control of multiple RISs. It leverages RIS multi-functionality
to receive radiation from diverse directions and flexibly reroute or cancel it per
network objectives. To support such versatility, RF-fencing multiplexes precompiled

codebook entries, dynamically combining simple configurations to synthesize complex
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Figure 7.1: Comparison between traditional networks and PWEs in respect of security and covertness.
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propagation responses and avoid iterative optimization. Because effectiveness hinges
on the accuracy of these entries, they must capture RIS physical behavior—especially
for spatially informed services like covert communications—hence the codebook must
derive from EM-consistent models rather than statistical channel abstractions lacking
the needed spatial granularity. Orchestrating multiple RISs requires a codebook-based
controller that translates precomputed entries into real-time actions. SHIELD is in-

troduced as the first dedicated algorithm for practical RF-fencing within PWEs.

7.1 SHIELD Description

In this section, we present SHIELD algorithm. Its overall workflow—codebook re-
trieval, field multiplexing, and online phase refinement—appears in Alg.G.1 in Ap-
pendix G. SHIELD partitions the network domain into proactively selected hostile
signal suppression areas (HSSAs) and friendly signal delivery areas (FSDAs), while
also creating fully confined quiet zones dynamically synthesizing the desired EM re-
sponse by multiplexing precompiled RIS configurations with lightweight optimization.
Specifically, as shown in Fig.7.2, SHIELD leverages manufacturing-time codebooks
specifying RIS configurations for predefined beam-steering scenarios (A0A/AoD). At
runtime, it retrieves and multiplexes the entries, then applies a lightweight refinement

to synthesize the configuration matrix ® that suppresses undesired directions while
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preserving coverage in intended zones, thus avoiding heavy iterative optimization and
full channel estimation. Notably, when the jammer’s AoA is known, SHIELD miti-
gates jamming by mapping the legitimate-user region to HSSAs, effectively canceling
interference.

The operation of SHIELD begins with the identification of angular regions that
correspond to both service provisioning and signal suppression objectives, leveraging
precomputed EM field responses Ejfeq obtained from the RIS codebook. To this end,
the algorithm takes as input the desired number of FSDAs and HSSAs, denoted by
d and u, respectively. For each of them, SHIELD analyzes the associated field dis-
tribution |Egeq| across the angular domain in order to detect dominant scattering
components. In this process, angular regions where the field magnitude exceeds the
predefined thresholds 7rspa for FSDAs or Tussa for HSSAs are systematically aggre-

gated into direction-specific masks, which can mathematically be expressed as

d
Mg = U 10,9 : |Ex| > Trspa max |Eq(0, )|}
k=1 1)

d+u

M, = U 10,0 : |Ex| > Tassa max |Ey(0, )|}

k=d-+1
where M, and M, represent the sets of angular positions associated with the FSDA
and HSSA regions, respectively, and |E)| corresponds to the field magnitude retrieved
from the k-th codebook entry. These masks effectively localize the angular sectors
relevant for service provisioning and signal suppression.

Building upon the constructed masks, SHIELD proceeds to synthesize a com-
posite EM response E.ommon that reinforces the dominant fields within the FSDA
regions while simultaneously suppressing emissions toward the identified HSSAs. To
achieve this, SHIELD computes the maximum of the FSDA field components in areas
where there is no overlap with the HSSAs, while in overlapping regions, it applies a
compromise factor 7 to balance the conflicting objectives of suppression and service
preservation. Outside these designated regions, the field components are deliberately

nulled to minimize unintended radiation. Thus, the composite field can be expressed
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as
.

max Ej, in Mg\ M,,
1<k<d
Ecommon - 7 max Ek in Md N Mu; (72)
1<k<d
0 otherwise,

\

where 7 serves to control the trade-off between maintaining service quality and en-
hancing suppression in overlapping regions. Following this, the initial phase config-
uration for all RIS elements, denoted by ®common, is extracted from the argument of

the composite field, as given by

(I)common = arg(Ecommon) s (7 3)

where the operation arg(-) returns the phase angle of the complex field values. This
step provides an efficient near-optimal estimation of the ®.,mmon, Similar to meth-
ods used in smart antenna arrays and analog beamforming for both far-field and
near-field cases [120]. Consequently, a lightweight gradient-based procedure is used
in order to fine-tune the initial guess of ®.ommon and correct minor deviations [121].
By this approach, SHIELD workflow remains applicable for real-time RIS control
offering the minimal computational overhead. Specifically for the optimization stage,
SHIELD employs a cost function that quantifies the discrepancy between the synthe-
sized EM field and the desired target amplitudes within the angular masks M, and
M, corresponding to the FSDAs and HSSAs, respectively. For each region type, this
mismatch is computed as

|2

Japu(®) = > |E(®:0.9) — Evorasl (7.4)

(0,p)EMy/y
where E(®;6, p) represents the EM field evaluated under the current RIS configura-
tion ®, and Epo;,q/, denotes the target field amplitude within the FSDAs and HSSAs,
respectively. These region-specific costs are then combined into a unified objective
function, formulated as

T(®) = Ja(P) — Wopt Tu(P), (7.5)

where the weight parameter w,, regulates the balance between maximizing field
strength in the FSDAs and suppressing leakage toward the HSSAs. Accordingly, the

overall optimization problem is expressed in the standard form as
D, = arg max J(®), (7.6)
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which is efficiently solved via a single-step gradient descent update, expressed as
Qopt = (I)init - MV@j(@), (77)

where 1 represents the learning rate (in m?/ V?), and the initialization ®,; is set equal
to Pcommon- Therefore, the final optimized phase profile @, is then applied across
the RIS elements to realize the spatial signal shaping required for the RF-Fencing
service.

To quantify the performance of SHIELD, we utilize P, which is defined as the ratio
of the electric field magnitudes at the POIs between the final optimized configuration

and the initial beam-steering scenario, which is given as

POL final

Pk =20 lOglo <m) s (78)

k

where E;OMnl and ;MM denote the electric field magnitudes at the POI after
applying SHIELD and under the initial, optimal beam-steering configuration, respec-
tively. In the case of FSDAs, values of P}, approaching 0 dB indicate that users ex-
perience nearly identical performance compared to conventional beam steering, thus
preserving communication quality. Conversely, for HSSAs, the objective is to maximize
suppression, leading to strongly negative values of P} that reflect effective mitigation
of unintended emissions. In scenarios involving multiple FSDAs or HSSAs, the overall
performance is obtained by computing the individual amplitude ratios for each re-
gion using Eq. (7.8) and averaging the resulting field values across all corresponding
POls.

Finally, the computational complexity of SHIELD is determined by the RIS size
Nei = N, x N, and the number of iterations N; required for convergence. Both dom-
inant region identification and multiplexed field computation scale linearly with the
number of RIS elements, i.e., O(Ng), while the gradient-based refinement step requires

full-array updates at each iteration, resulting in an overall complexity of O(N; - Ng).

7.2 Evaluation of SHIELD

In this section, we evaluate SHIELD in managing directional beam control and spatial
region suppression across distinct propagation regimes and deployment requirements.

First, we assess SHIELD’s ability to slice the network into FSDAs and HSSAs, steering
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and suppressing EM emissions under varied conditions using the emulations of Sec-
tion 3.1.1, with Epo; denoting the EM field within FSDAs/HSSAs. We then extend the
evaluation to near-field environments (Section 3.1.2), shifting from directional beam
management to the creation of spatially transform Zol into quiet zones in enclosed
spaces, ensuring localized EM silence without degrading surrounding performance.
In all scenarios, the incident plane wave has reference magnitude E, = 1 V/m, serving

as a baseline for evaluating the scattered field.

7.2.1 PWE Slicing into FSDAs and HSSAs

We first focus on the far-field regime, where the control of RIS-scattered fields is
inherently determined by angular distributions, and varying operating frequencies
and RIS configurations directly influence both the physical system behavior and the
complexity of the optimization process. Specifically, by examining a THz scenario and
one mmWave scenario, we demonstrate SHIELD’s ability to dynamically manage
multiple FSDAs and HSSAs across diverse deployment contexts and propagation
conditions.

THz Scenario

The performance of SHIELD is first evaluated within a THz-band communica-
tion network, operating at a carrier frequency of 1 THz. The RIS is configured as
a 50 x 50 element array, with an inter-element spacing of \, /5. To model the EM
behavior of the system, the far-field expressions, as described in Section 3.1.1, are
employed, computing the scattered field Efeq Over an angular resolution of 1° to en-
sure precise evaluation of spatial field variations. During the manufacturing phase,
a total of 500 precomputed, optimal beam-steering configurations, covering combi-
nations of (A0A, AoD), are stored within the codebook for use during operation. The
online evaluation focuses on the creation of two FSDAs and one HSSA. Moreover,
the input parameters for SHIELD include a convergence tolerance of 1073, an opti-
mization weight factor of wep = 0.5, a learning rate of y = 0.02, and a compromise
factor n = 0.75. Finally, the thresholds for identifying dominant regions are set to
Trspa = 0.95 and mussa = 0.96, respectively.

To illustrate SHIELD’s behavior in this scenario, Fig. 7.3 presents the FEfgqq dis-
tributions before and after optimization. In more detail, the initial beam-steering

configurations are shown in the top row, targeting the selected FSDAs at (30°,75°)
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Figure 7.3: Ejaq magnitude before (top) and after (bottom) SHIELD usage for FSDAs (30°, 75°), (15°, 165°) and HSSA (15°, 45°).
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Figure 7.4: Cumulative performance results across multiple cases for FSDAs (up) and

HSSAs (down).

and (15°, 165°), alongside the identified HSSA at (15°,45°). In this initial condition,
the Epor values measured at the two FSDAs are 1530.9 V/m and 2332.5 V/m, respec-
tively, whereas the HSSA exhibits a field magnitude of 1207.4 V/m. After applying
SHIELD, the HSSA field falls to 0.41 V/m—a —69.25 dB reduction—while the FSDAs
still receive 1447 V/m and 2269.4 V/m, corresponding to only —0.49 dB and —0.24 dB
losses in respect of their optimal performances. These results collectively illustrate
SHIELD’s effectiveness in suppressing undesired emissions towards the HSSA while
maintaining the signal quality within the intended service regions.

Fig. 7.4 provides a comprehensive summary of SHIELD’s performance across 500
evaluated scenarios, highlighting both suppression effectiveness and service continu-
ity. For HSSAs, SHIELD achieves suppression levels exceeding —50 dB in approx-
imately 49.1% of cases, between —50 dB and —20 dB in 49.32%, and greater than
—20 dB in only 1.59%. These results confirm SHIELD’s consistent capability to mit-
igate unwanted emissions across a wide range of spatial configurations. In terms of

FSDA, the distribution of performance Epo; illustrates SHIELD’s ability to preserve
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Figure 7.5: Azimuthal difference effect when the single HSSA lies between (blue) or
outside (red) the two FSDAs.

communication quality for legitimate users despite the stringent suppression require-
ments. Specifically, about 29.3% of cases experience less than 2 dB reduction relative
to a beam-steering baseline—where the RIS serves each user optimally and indepen-
dently without simultaneous HSSA suppression. Moreover, 30.7% and 23.9% of cases
exhibit moderate reductions in Epo; within the ranges [—4, —2] dB and [—6,—8] dB,
respectively, while only 16.1% show more notable degradations up to —8 dB. These
results underscore SHIELD’s robustness in balancing precise spatial suppression with
reliable service provision, confirming its suitability for enabling covert communica-
tions in complex environments with multiple, spatially distinct performance objectives.

Finally, Figs. 7.5 and 7.6 analyze the influence of angular separation between
HSSAs and FSDAs, as well as physical constraints, on SHIELD’s performance. Specif-
ically, in Fig. 7.5, performance is plotted against azimuthal separation for two layouts:
one with the HSSA outside the angular span of the two FSDAs, and one with the
HSSA between them. When the HSSA lies outside the FSDA span, SHIELD consis-
tently achieves suppression of approximately —50 to —60 dB, with only controllable
impact on FSDA performance relative to the unconstrained beam-steering baseline.
In the more challenging arrangement, with the HSSA between the FSDAs, SHIELD
maintains robust suppression even at narrower angles. When the angular separation
becomes clearer, suppression is also achieved up to —80 dB. Fig. 7.6 reveals similar

trends with elevation angle differences, showing suppression consistently within ap-

121



3
c
IS
£ .50 -
Lo .’ .
o ’ R __-m
-55 | S - L
?,', —o—Between \:\
(jf) _60 | [-3-Not Between e |
(%) T T T T T T T —o
- 0 10 20 30 40 50 60 70 80 920
Elevation Difference (°)
§ _3 | | | | | | | |
g —o—Between /.//o
5 -4 - [-®-Not Between |
5 e meeme
0(1;'5_ B ._,—“‘ ~“-"~--\\\\ ////’.— - n I~
<D( e
(%)) -6 T T T T T T T T
“ 0 10 20 30 40 50 60 70 80 90

Elevation Difference (°)

Figure 7.6: Elevation difference impact on SHIELD performance for the same

HSSA/FSDA layout categories as in Fig. 7.5.

proximately —45 to —65 dB for the HSSA, while FSDA performance approaches its
optimal value as elevation separation increases. Therefore, Figs. 7.5 and 7.6 confirm
the effectiveness of SHIELD in ensuring substantial suppression and service continu-
ity, validating its applicability in dense multi-RIS deployments.

mmMWave Scenario

To further evaluate the versatility of SHIELD under distinct propagation condi-
tions, we consider an mmWave communication network operating at a carrier fre-
quency of 300 GHz. In this setup, the RIS comprises a 75 x 75 element array with
an inter-element spacing of A, /5. The associated codebook includes 500 precom-
puted beam-steering configurations, ensuring adequate coverage across the angular
domain despite the broader beam profiles inherent at this frequency compared to the
THz scenario. The goal here is the slicing of the network into two HSSAs and one
FSDA, trying to estimate the SHIELD performance in a more challenging scenario.
The evaluation encompasses 500 distinct cases. Moreover, SHIELD is applied using
for threshold values 7rspa = 0.97 and 7issa = 0.99. The compromise factor 7 is equal
to 0.1 while the optimization weight factor is set to wqp = 150. The learning rate p is
kept equal to 0.02.

Fig. 7.7 presents the cumulative performance distribution for all evaluated mmWave

cases, highlighting SHIELD’s ability to achieve reliable suppression in undesired di-
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Figure 7.7: Cumulative performance results across multiple cases for FSDAs (up) and
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rections while maintaining high service quality in intended areas. In the HSSAs,
suppression exceeds —30 dB in approximately 25% of cases, with a further 50%
achieving attenuation between —30 dB and —10 dB, confirming consistent mitigation
of unwanted emissions across most scenarios. Among the remaining cases, suppres-
sion remains significant, largely within the range of —10 dB to —5 dB. In terms
of FSDA performance, 89.43% of cases exhibit negligible impact relative to the op-
timal beam-steering baseline, with 4.8% and 2.4% experiencing minor reductions
within [—4, —2] dB and [—6, —4] dB, respectively. The final 0.81% of cases show more
substantial reductions beyond —8 dB, reflecting the inherent trade-offs involved in
managing multiple HSSAs simultaneously. These results demonstrate SHIELD’s ca-
pability to balance strong suppression with service continuity, even under the broader
beam patterns and complex propagation conditions characteristic of mmWave envi-
ronments.

Fig. 7.8 examines the influence of azimuthal separation between HSSAs and FSDAs
on the performance of SHIELD in mmWave environments, considering configurations
where the FSDA is either located between or outside the angular span of the HSSAs, as
before. When the FSDA is placed outside this range, HSSA suppression stays between
—10 dB to —20 dB for most separations, and the FSDA achieves optimal performance
or at most a —2 dB loss. When the FSDA lies between the HSSAs, HSSA suppression
worsens by about —1 dB on average, while the FSDA performance remains near
its optimal value. As the azimuthal difference increases, HSSA suppression improves
sharply—reaching up to —60 dB, while the FSDA’s performance returns to the base-
line optimum. Thus, Fig. 7.8 underscores SHIELD’s ability to dynamically adapt to
spatial constraints, with performance gains becoming more pronounced as angular
diversity increases, highlighting its strategic advantage in managing interference and

maintaining selective coverage in complex environments.
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7.2.2 Quiet Zone Creation within PWE

The next step of our evaluation focuses on the creation of a quiet zone within an
enclosed environment, aiming to suppress EM leakage within a specific spatial region
while preserving reflections elsewhere. Specifically, in dense indoor settings, the ob-
jective is to demonstrate fine-grained EM control for localized suppression, where the
confined environment amplifies the impact of multipath reflections and the close prox-
imity of RIS elements intensifies the need for highly precise tuning to effectively isolate
the quiet zone. Conversely, in expansive outdoor scenarios, the emphasis moves to
validating SHIELD’s scalability and its ability to sustain effective suppression across
broader areas, where the propagation environment becomes increasingly complex
and the trade-off between control precision and coverage must be carefully managed.
Thus, by exploring both scenarios, we comprehensively assess SHIELD’s capability
for quiet-zone formation across various realistic deployment conditions.

In this direction, SHIELD is applied to jointly optimize four RIS units positioned
along the walls of a square area of side length L, covering both enclosed indoor spaces
and larger-scale outdoor environments. The objective is to minimize the RIS-scattered
electric field Efeq within a predefined suppression region of radius R, considering
it as an HSSA and ensuring proactive covertness against potential wardens in the
targeted area. The source transmitter is assumed to be freely positioned at any point
within the space, reflecting a realistic deployment scenario and the Fgeq in each
region within the room is computed as detailed in Sec. 3.1.2. The process begins
by configuring all RIS units as perfect electric conductors, initializing their reflec-
tion phases uniformly to ¢, = 7. As a first step, SHIELD computes for each RIS
the phase shift that minimizes the EM propagation in the quiet zone while keep-
ing all other elements fixed. This per-element solution serves as the initial guess for
the upcoming optimization procedure, thereby accelerating convergence and avoid-
ing very poor local minima. Subsequently, a binary spatial mask is introduced to
explicitly define the quiet zone, assigning a logical value of one to grid points within
the spherical region satisfying Eq. (3.14), and zero elsewhere, thereby isolating the
optimization domain and enhancing computational efficiency. During each iteration
of the gradient-based optimization routine, individual RIS elements sequentially test
incremental phase variations ®,, £ A¢, starting from an initial step size A¢. For every

candidate phase configuration ®, the average scattered field magnitude Eg.% within
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the quiet zone is recalculated, and each RIS element is updated according to:
o in Fgo. .
n ¢ arg min g (7.9)

After completing updates for all RIS elements, if no further improvement is detected,
the step size A¢ is halved to refine the search. The procedure iteratively continues
until the power level within the quiet zone falls below a predefined threshold or
the maximum number of iterations is reached, ultimately resulting in a minimized
residual scattered field within the suppression region.

Emulation Setup for Indoor Scenario

In this scenario, we consider a cubic room with side length L = 10 m. The operat-
ing frequency is set to 28 GHz, reflecting typical sub-6 GHz indoor deployments scaled
to mmWave bands. The objective is to establish as HSSA a spherical quiet zone at the
center of the room, defined by coordinates (L/2,L/2,0) and radius Ry, = 0.5m, while
minimizing the impact on the FSDA that consists of all the surrounding regions. The
environment outside the quiet zone is discretized into a three-dimensional grid with
N, = N, = N, = 251 points whereas within it the denser grid consists of about 3,400
points for more accurate computations. Regarding the optimization procedure, the
maximum number of iterations is fixed at 150, with a convergence tolerance of 107°.

Fig. 7.9a illustrates the initial |Egeq| distribution within the room under the de-
fault RIS configuration, where both the source and the designated quiet zone are
marked with red circles, and the field magnitude within the quiet zone is nearly
identical to that of the surrounding space. This uniformity highlights the absence of
any suppression mechanism, as the quiet zone initially experiences an average field
magnitude of 2.01V/m, closely matching the 2.14 V/m observed elsewhere. Following
the application of SHIELD, the optimized distribution in Fig. 7.9b reveals a marked
attenuation within the quiet zone, now visually and quantitatively distinguished from
the rest of the environment. Specifically, the average field magnitude within the quiet
zone is reduced to 4.5 x 1073V/m, while the surrounding area remains effectively
unchanged at 2.13 V/m, confirming SHIELD’s ability to deliver strong, localized sup-
pression without disrupting the broader EM behavior. The extent and precision of this
suppression are further quantified in Fig. 7.9¢, which shows the point-wise deviation
AFE across the domain. Within the quiet zone, suppression reaches approximately
—49 dB, while outside, deviations remain minimal, ranging from —1 dB in adjacent

points to +1.5 dB at greater distances. This outcome directly reflects the spatial mask
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Figure 7.10: Initial and optimized values of Eg %, along with the corresponding sup-

pression levels.

and optimization process, which are specifically tuned to isolate EM suppression to
the intended region while preserving normal field propagation elsewhere. Moreover,
the ability to achieve such deep suppression in a confined area, with negligible impact
beyond its boundaries, demonstrates the potential of SHIELD as a practical tool for
spatially controlled EM quiet zones.

Fig. 7.10 illustrates the initial and optimized values of the average electric field
Eq.% within the quiet zone, together with the corresponding suppression levels in
dB, plotted against the normalized distance between the source and the quiet zone
relative to the room dimension L. The analysis considers multiple source positions
along a circular trajectory centered at (L/2, L/2,0), ranging from a radius of 1 meter—
coinciding with the quiet zone boundary—up to 5 meters, thereby encompassing
diverse spatial configurations. Throughout this evaluation, the suppression region
and computational settings remain fixed, ensuring that the results solely reflect the
influence of source placement. Under default RIS conditions, the average Eg . within
the quiet zone remains consistently between 4.3 and 9.2 V/m across all positions,
highlighting the absence of any intrinsic spatial shielding. After optimization, the
quiet zone field magnitude is reduced uniformly to approximately 2.2 x 10~ V/m,
with a standard deviation of 6 x 10~* V/m, yielding suppression levels between —69

and —117 dB. Therefore, Fig. 7.10 confirms the capability of SHIELD to achieve
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stable and effective suppression, irrespective of source location, thereby reinforcing its
suitability for consistent quiet-zone formation in dynamic scenarios.

Emulation Setup for Outdoor Scenario

In this scenario, we consider the creation of a quiet zone within an open-area
scenario with side length L = 100 meters. In this setup, RIS units are positioned on
the surrounding buildings to ensure comprehensive spatial coverage. The quiet zone
is defined with a radius of Ry = 3 meters, centered at coordinates (L/4, L/3,0), inten-
tionally offset from the geometric center of the area to emulate realistic deployment
scenarios. The operating frequency is maintained at 28 GHz. The discretization of
the computational grid without the quiet zone is set to N, = N, = N, = 351 whereas
within it the grid consists of 22,400 points for more precise results. The optimization
process runs for 50 iterations, using a convergence tolerance of 1077,

Figs. 7.11a and 7.11b illustrate the spatial distributions of Ej.q before and after

9L 9L

the application of SHIELD, with the source located at (2%, 2%,

0). Initially, the aver-
age scattered field magnitude within the quiet zone is approximately 5.1 x 1072 V/m,
slightly lower than the 6.6 x 1072 V/m observed outside, primarily due to the greater
distance from the source. After SHIELD is applied, the field within the quiet zone is
suppressed to 6.5 x 107 V/m, while the field outside remains stable at 6.3 x 10~°V/m,
demonstrating that suppression is confined to the designated region. This effect is fur-
ther corroborated by Fig. 7.11c, where the deviation reaches approximately —164 dB
within the quiet zone, and remains limited to the range of —0.2 to +-0.25 dB elsewhere.

These findings confirm SHIELD’s scalability and its ability to achieve highly localized

suppression in outdoor scenarios, effectively managing RIS-induced reflections.
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deviation (right) in dB.

130



7.3 Discussion

RF-Fencing extends the codebook-multiplexing paradigm beyond multi-user resource
allocation to proactive covert communications in RIS-assisted PWEs. By treating the
propagation medium as an entity that can be instructed to both deliver and withhold en-
ergy, RF-Fencing operationalizes spatial selectivity as a service primitive: strong field
levels are preserved within designated FSDAs, while radiation is actively suppressed
toward proactively selected HSSAs and fully confined quiet zones.

SHIELD provides a practical controller for this service. It combines manufacturing-
time, EM-consistent codebooks (beam-steering entries over (A0A, AoD) with operating-
time multiplexing and a lightweight refinement step to synthesize the phase matrix
® without resorting to heavy iterative optimization or full channel estimation. The
evaluations confirm the core design premise. In far-field slicing (THz and mmWave),
SHIELD achieves substantial suppression in HSSAs while maintaining near-baseline
performance in FSDAs, and the observed trends with azimuth/elevation separation
expose the expected geometric trade-offs: suppression becomes easier as angular di-
versity increases and becomes most constrained when suppression regions lie between
service lobes. In near-field operation, SHIELD generalizes from angular masks to spa-
tial masks and forms highly localized quiet zones in both indoor and outdoor settings,
demonstrating that the same codebook-driven logic can be extended from directional
control to spatial confinement under rich multipath and multi-RIS interaction.

These results also clarify what RIS uniquely contribute to future PWEs. While LoS
restoration is a compelling baseline use case, it can often be approximated through
densification (additional access points) as cell sizes shrink and deployments become
denser at higher frequencies. In contrast, services that require intentional shaping of
exposure—such as proactive covertness, physical-layer security, and controlled quiet
zones—depend directly on software-defined manipulation of the propagation medium
and benefit materially from coordinated multi-RIS control. In this sense, RF-Fencing
and SHIELD exemplify a class of PWE-native capabilities that are difficult to replicate
by densification alone, and they provide an architecture-consistent, computationally

efficient route to privacy-aware propagation control for B5G/6G networks.
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CHAPTER 8

CONCLUSIONS

8.1 Summary of Contributions
8.2 Key Findings
8.3 Future Directions

8.4 Closing Remark

This thesis advanced the operational maturity of Reconfigurable Intelligent Surfaces
(RISs) as infrastructure for Programmable Wireless Environments (PWEs) by ad-
dressing three intertwined challenges: (i) physics-consistent and time-efficient code-
book compilation, (ii) low-latency multi-user sharing under operator pricing policies,
and (iii) fairness-aware coordination of multiple RIS units at the network level. Across
these layers, the central theme is that RIS control must be grounded in the coupling
between microscopic element states and macroscopic electromagnetic (EM) responses,
while remaining compatible with stringent B5G/6G latency and scalability require-
ments. The developed methods follow a consistent lifecycle view—manufacturing
(offline) computation of configurations and operating-phase (online) selection, mul-
tiplexing, and orchestration—so that sophisticated propagation control becomes de-

ployable without per-element online optimization.
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8.1 Summary of Contributions

¢ Physics-based codebook compilation. We introduced a sequence of physics-
informed tools that progressively elevate compilation fidelity and practicality.
PICCS demonstrated that physical-layer insights can drastically reduce opti-
mization complexity by exploiting element, response correlations and GO-based
initialization, enabling near-optimal configurations with orders-of-magnitude
fewer EM evaluations. Building on this, MATCH introduced a staged optimiza-
tion synergy that explicitly incorporates mutual coupling and specular reflec-
tions in near-field focusing and, critically, treats focusing as a holistic energy-
redistribution problem: maximizing energy inside the target region while sup-
pressing it elsewhere. Finally, OSIRIS addressed the scalability bottleneck of
‘optimal-per-location’ compilation by separating physics-intensive optimization
from real-time operation through sparse 3D sampling, phase-domain com-
pression, and spatial anchoring, achieving near-optimal SNR with predictable,
bounded online complexity and multi-order runtime reduction relative to ex-

haustive optimization.

¢ RIS as a network resource and codebook-entry multiplexing. A foundational
contribution is the formalization of RIS as a shareable network resource hosted
by macroscopic EM functions, together with a resource-slice notion that con-
nects multi-user efficiency to deviation from single-user optimal configurations.
This abstraction enabled a practical operating-phase mechanism, codebook-entry
multiplexing, in which multi-user service is realized by combining precompiled
entries rather than performing repeated channel estimation and re-optimization.
Within this paradigm, COMMON provided the baseline equal-sharing mecha-
nism, PRIME introduced pricing-aware multiplexing via voting/payment factors
with millisecond-level latency, and LEVEL advanced policy enforcement by di-
rectly controlling per-user configuration deviation, yielding more predictable
tier differentiation and improved fairness under dense contention and quan-

tized hardware.

¢ System-level orchestration and fairness in RIS-enabled networks. To coor-
dinate multiple RIS units, we introduced THEMIS, a framework that integrates
pricing-aware fairness into both node-level configuration formation and end-

to-end path selection over cascaded RIS graphs. THEMIS extends graph-based
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8.2

RIS networking by embedding stakeholder policy directly into (i) the computa-
tion of shared configurations under an efficiency floor and (ii) congestion-aware
routing whose cost reflects physical distance, edge load, and user tier. The re-
sulting framework unifies codebook-based control, multiplexing, and routing
into a deployable workflow with modest computational and memory overheads

across dense network scenarios.

RF-Fencing as a proactive covert-communications service. Beyond performance-

oriented services, this thesis showed that codebook-driven control enables PWE-
native missions that are difficult to replicate by densification alone. RF-Fencing
was introduced as a paradigm for spatially selective signal delivery and sup-
pression, and SHIELD as the first dedicated controller that synthesizes friendly-
service delivery areas and hostile-suppression areas (and fully confined quiet
zones) by multiplexing manufacturing-time, EM-consistent codebook entries
with lightweight refinement. Emulations across THz/mmWave and near-field
indoor/outdoor quiet-zone settings validated that substantial suppression can
be achieved while maintaining service continuity, with clear geometric trade-

offs driven by angular and spatial separation.

Key Findings

Physics awareness is not optional in codebook compilation. Accurate EM ef-
fects (finite-size diffraction, coupling, reflections) shape the configuration land-

scape; incorporating them early improves both convergence and interpretability.

The deviation between shared and single-user configurations is a robust
control handle. It provides a fast proxy for performance degradation and a
practical lever for enforcing fairness and pricing policies with minimal online

latency.

Tiered fairness must be enforced at both the RIS-node and network levels.
Local sharing alone is insufficient when multiple RIS units and congested paths
interact; integrating fairness into routing and node-level configuration formation

yields stable behavior under density.
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8.3

PWEs unlock capabilities beyond LoS restoration. While densification can
address some coverage problems, services that require intentional exposure
control—covert communications, quiet zones, and proactive suppression—benefit

directly from coordinated multi-RIS programmability.

Future Directions

Tile-centric control is the scalability bottleneck. Moving from per-element
actuation to tile-level abstractions, while still exploiting EM structure (coupling,
edge dominance, sensitivity patterns), is key to realizing large, networked meta-

surface coatings with bounded control overhead.

Passive RIS must remain the default, but hardware innovation is accelerat-
ing. Energy-efficient passive operation should be preserved, yet emerging novel
passive RIS schemes and large-area manufacturing routes (e.g., large-area elec-
tronics and hybrid integration) should be evaluated as practical enablers for

deployment at scale.

Codebooks need physics-constrained structure, not just size reduction. Com-
pression and selection should preserve EM consistency and interpretability, en-
abling predictable, bounded-complexity inference over continuous user locations

and robust behavior under moderate topology perturbations.

Multi-user sharing requires explicit feasibility management. Pricing- and
policy-aware resource allocation should be extended beyond discrete tiers, com-
plemented by admission control, and accompanied by quantization-aware guar-

antees that limit tier inversion and minimum-efficiency violations.

Compilation-time influence information should drive runtime orchestration.
Element/tile influence scores and sensitivity matrices should be carried forward
to prioritize the degrees of freedom that matter most, improving both efficiency

and stability in configuration selection, sharing, and network coordination.

Security, sensing, and networking should be co-designed. Spatial exposure

control (suppression zones, quiet regions) should be integrated with resource
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management and routing to deliver unified multi-mission programmable envi-

ronments under low-latency control.

* Network-scale testbeds are the next credibility milestone. Multi-RIS exper-
imental platforms with mobility and real-time loops are required to quantify
overheads, robustness, and interoperability with emerging 6G architectures un-

der realistic traffic dynamics.

8.4 Closing Remark

Overall, this thesis delivers an end-to-end, physics-consistent control stack for RIS-
assisted PWEs—spanning codebook compilation, multi-user multiplexing with oper-
ator policy, network-level orchestration, and proactive security services. By replacing
per-element online optimization with structured offline computation and lightweight
online control, the proposed methods offer a practical route to scalable, fair, and

mission-flexible programmable propagation in B5G/6G networks.
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APPENDIX A

WorkrFLoOW oF THE MATCH ALGORITHM

Algorithm A.1 (MATCH: Physics-based RIS Codebook Compilation Algorithm). Con-
sider Tx position t, focus points {¢V}L_ | RIS with N = Ny x N, elements and spacing d,
and element coordinates {p,})_,. The goal is to construct the codebook C = {I'*(¢)}L_,.

1. Set hyper-parameters: frequency f, wavenumber k = 2w /X, phase step d¢, local/final
tolerances €ioc, €in. influence threshold T, number of candidates G, sphere radius r,

sample counts Nz, No.
2. Initialize C « 0.
3. For each focus index { =1,...,L:

(a) For each element n =1,..., N, set T, + exp(—ik||p, — c¢V])).
(b) Apply local refinement: (', C) < LocALREFINE(T, £0c).

(c) Apply global search: T’ + GroBaLSEARcH(T, C, T, G).

(d) Apply final local refinement: (I'*,—) < LocALREFINE(T, i ).
(e) Update codebook: C < C U {I'*}.

4. Output C.
Algorithm A.2 (MATCH: Auxiliary Functions). LocalRefine(I",¢): Repeat

1. For eachn=1,...,N:

(a) Update T, < T,e%.
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(b) Compute (E5", —) < Evaruarg(T).

() If E%Y < Ex, revert I',,; otherwise set Er < E%V.
OEF

Oy

until |AEx| < e, then return (T,C).

(d) Set C,, +

GlobalSearch(I',C, 7,G): 1. Define Zyeeze < {n: C,, < 7}.
2. Generate G candidates {T'9}S, by mutating phases of 1 & Lireee-
3. For each g=1,...,G, compute (B, EY) « EvaLuare(l®).

4. Return the selected T'.

Evaluate(I'): 1. Compute E(r;T).

2. Sample F (inside distance r of each ¢)) and O (outside all such spheres).
Nz

_ 1
3. Set Er + N—fZ]E(rj)\.

Jj=1
No

_ 1 ,
4. Set Ep N—O;\E(rj)|.

5. Return (Ex, Ep).
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APPENDIX B

WoRrKFLOW OF THE OSIRIS STRATEGY

Algorithm B.1 (Optimized Strategy Instantiating RIS Codebook Entries (OSIRIS)).
Consider two height levels zy,zo with dense training grids on each plane; an RIS of size
N, x N, ith Ngis = N,N.); number of clusters K ; shortlist size Kiop; user positions
{x¢},; and € > 0. The goal is to compute an offine codebook {(Cy,px)}~_, and, online,

a per-user selected configuration T'yiap(X,) for each user.
1. Phase 1 (Offline) - MATCH and Database Creation:
(a) Define a dense set of training points {x,,} on the two z-planes covering the region
of interest.

(b) For each training point X,:
i. Compute via MATCH the optimal RIS coefficients T} € CNvs such that
T ;| =1 for all i.
(c) Store the database
D+ {(x,,T7)}.
2. Phase 2 (Offline) - Clustering and Codebook Construction:

(a) For each database entry (x,,T:) € D:

i. Extract phases ¢, < /ZI,.
ii. Map to unit phasors u,, < exp(j¢,) € CNus,
(b) Apply K-means to {u,} using distance d(u,v) = |u — v||a, yielding cluster

memberships {Cy. }_, and centroids {my}*_,.
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(c) For each cluster k=1,...,K:

i. Form the codebook entry by unit-modulus normalization:
Ck —mgp @ (\mk| + 8).

ii. Compute the anchor (cluster mean location):

(d) Store the offline codebook
{(Ch )} -

3. Online Inference - Configuration Selection for L Users:

(a) For each user { =1,..., L with position X < X:

i. For each codebook entry k =1,..., K, compute the anchor distance
i [x — .

ii. Select the shortlist Kp(X) containing the K., smallest values of {dy}.
iii. For each k € Kiop(X), evaluate the received SNR using Cy, i.e., SNR(x; Cy).

iv. Select the maximum-a-posteriori configuration index and output
I'vap(x,) < arg max SNR(x;Cy).

k€K top (X)

(b) Output the set of selected configurations

Cr + {Tmar(x0)},, -
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AprPENDIX C

WorkrLow oF THE COMMON ALGORITHM

Algorithm C.1 (Codebook Multiplexing Algorithm (COMMON)). Consider an RIS with
dimensions (M, N), number of users K , discretization parameter Ny, and per-user codebook

entries C'Ey. The goal is to compute a common RIS configuration CC (M, N).

1. For each user k=1,... K:

(a) Compute the discretized entries DE), < fais(CE}, Ng).
2. Initialize the common configuration CC(M,N).
3. For each element (m,n) of CC':

(a) Initialize an empty list of values.
(b) For each user k=1,...,K:
i. Append DEj(m,n) to the list of values.

(c) Set the element value as the most frequent one in the list:

CC(m,n) < ComputeMostFrequent(values).

4. Output the common configuration C'C.
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APPENDIX D

WorkFLOW OF THE PRIME ALGORITHM

Algorithm D.1 (PRIcing-based Multiplexing of codebook Entries (PRIME)). Consider
an RIS with dimensions (M, N), number of users K, discretization parameter Ny, per-user
codebook entries C'Ey,, and payment factors PF. The goal is to compute a common RIS
configuration CC (M, N).

1. Discretization: For each user k=1,..., K:
(a) Compute the discretized entries DE) < fais(CEx, Ny).
2. Replica creation based on payment factors:

(a) Initialize an empty collection of replicas.
(b) For each user k=1,..., K:

i. Append DE, to the replicas PF}, times.
3. Initialize the common configuration CC (M, N).
4. Element-wise decision: For each element (m,n) of CC':

(a) Collect all values taken at position (m,n) across the replicas.

(b) Set
CC(m,n) + ComputeMostFrequent(values at position (m,n)).

5. Output the common configuration C'C.
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ApPPENDIX E

WorkFLOW OF THE LEVEL ALGORITHM

Algorithm E.1 (LEVEL: MuLtiplexing codebook Entries with controllable perfor-
mance deviation among multiple users’ leVELs). Consider user counts per level Ly, Lo, L3,
an RIS of size M x N, codebook matrices CE, and level weights w;, ws, w3 with wy > wy >
ws. Optionally, consider a quantization operator Q(-). The goal is to compute a final common

RIS configuration CC, a resource slice per user {ry}, and average resource slices per level.
1. Initialization

(a) Combine the codebook matrices into a single matrix CE € RMN*K,

(b) Assign a weight vector w € R¥ to the K users according to their levels, using

the level weights wy,ws, ws.
2. Parallel pool initialization implementation-dependent)
(a) Initialize a parallel computing pool for element-wise optimization if available.
3. Element-wise optimization (can run in parallel)

(a) For each RIS element index i =1,..., MN (in parallel if supported):

i. Extract the i-th row vector CE; € R¥ from CE.

ii. Define the objective function

> wy|o — CEi(k)]
filo) = =0
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iii. Set the feasible bounds for o based on the entries of CE; (or, equivalently,
the i-th row of CE).

iv. Optionally choose an initial guess o©.

v. Compute the optimizer

o; = argmin f;(0).

vi. Update the optimized configuration entry CCop(i) < o7}

(2

4. Optional quantization

(a) If Q(-) is enabled, quantize the optimized configuration:
CCopt < Q(CCopr).

(b) Otherwise, keep CCop unchanged.
5. Resource-slice computation

(a) For each user k=1,... K:

i. Compute the deviation

1 MN
Ap = i ;|CCopt(i) — CE(i, k)|.

ii. Set the resource slice
rp +— 1 — Afk.

(b) From the set {ry}5_,, compute the average resource slice for each user level (using

the membership given by Ly, Lo, L3).
6. Output

(a) Set CC <« CCypy.

(b) Output the final common RIS configuration CC, the per-user resource slices

{ri, Y, and the level-wise average resource slices.
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ApPPENDIX F

WorkFLow oF THE THEMIS FRAMEWORK

Algorithm F.1 (THEMIS: A Novel Framework for Fair Resource Allocation in RIS-en-
abled Networks). The THEMIS framework operates on a RIS-enabled network graph with
multiple RIS nodes and user pairs, and returns common RIS configurations, user routes,

and fairness metrics.
Input

* Set of RIS nodes V.

 User pairs {(userSrc(k),userDst(k))}< ;.

Codebook entries C'L), for each user k.

Thresholds nMyin and LoS,.

* Pricing policy used to determine vy, for all users k.
Output

e Common RIS configuration(s) CC' for all nodes.

o User paths {m }1_,.

® Per-user and overall network fairness metrics.

1. Initialization. Define the RIS-enabled network graph G = (V,E) based on (6.6) and
the line-of-sight threshold 1.oSw,. Set the (uniform) capacity proxy
K
C <« [—-‘ .
VI
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2. Congestion-aware user routing. Perform iterative routing fort = 1, ... maxRoutelter:

For each user k, compute the routing cost according to (6.7).

Determine the path , via (6.8).

Update the edge-usage (or congestion) matrix using the chosen path .

If a convergence criterion is satisfied (for example, paths no longer change or costs

stabilize), terminate the routing loop early.
3. RIS configuration and adaptation. For each RIS node in V:
o Aggregate the user-specific RIS configurations C'E}, that traverse this node and
replicate them according to the pricing weights vy,.
* Derive the common configuration CC' for the node using (6.1).
e Compute the user efficiencies € /¢ for the users served by this node.

o If at least one user k violates the minimum efficiency constraint, that is € /e, <

Mmin» then:

— For each candidate sub-panel in the candidate set candG, update the weight

vector using

®)
wtD (1 - a)w® +a- (w_:i’;) _
Zj w; vy

— Recompute the common configuration C'C' and the associated efficiencies.

— If all users now satisfy €, /e, > Nmin, stop exploring further candidate sub-

panels for this node.

4. Final metrics and output. Compute the unified fairness metric UF M according to
(6.3). Output the final common configurations CC, the user paths {mi}_,, and the

metric UFM (along with any per-user fairness measures, if required).
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AprPENDIX G

WorkFLow oF THE SHIELD ALGORITHM

Algorithm G.1 (SHIELD: RF-Fencing for Signal Suppression and Signal Delivery
Area Creation). The SHIELD algorithm takes as input a codebook database and design
parameters, and outputs an optimized RIS phase profile and performance metrics for Friendly

Signal Delivery Areas (FSDAs) and Hostile Signal Suppression Areas (HSSAs).

Input

Codebook database {E}} for supported angles of arrival/departure (AoA/AoD).

Numbers of desired FSDAs and HSSAs (denoted by d and ).

Tolerance (learning rate) p and weight parameter wp;.

FSDA and HSSA thresholds TFSDA > THSSA -

Compromise factor 7.

Output
* Final phase profile ®p,.
* Performance metrics for FSDAs and HSSAs.
1. Dominant field identification

(a) For each case k in the codebook database:

i. Identify the dominant field values in Ej.
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(b) Form the FSDA and HSSA masks Mg and M., using the procedure in (7.1).
2. Common field computation

(a) Compute the common field E.ommon according to (7.2).

(b) Initialize the phase profile via
Pinit < Pcommon
as defined in (7.3).
3. Online optimization

(a) Define the cost function J(®) using the FSDA/HSSA terms in (7.4) and the
total cost in (7.5).

(b) Update the phase profile by gradient descent:
(I)opt - i)init - vabj(q)>
4. Final output

(a) Set the final phase profile ®q. as obtained from the optimization step.
(b) Compute the FSDA and HSSA performance metrics using (7.8).

(c) Output @y and the corresponding performance metrics.
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