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RÉSUMÉ

L’évolution rapide des technologies sans fil dans les bandes millimétriques et térahertz a
créé des besoins sans précédent pour des architectures capables d’intégrer, au sein d’une
même plateforme, un système de détection haute résolution et une communication fiable.
Les transceivers et réseaux phasés traditionnels, bien que performants, présentent des lim-
ites intrinsèques en termes de complexité matérielle, de consommation de puissance et de
faible polyvalence. Cette thèse de doctorat répond à ces défis en développant une nouvelle
classe d’architectures interférométriques multiports fondées sur les concepts de la Matrice
de Réception Virtuelle (VRM) et de son extension généralisée, la Matrice de Transception
Virtuelle (VTM), permettant des frontaux RF reconfigurables, évolutifs et multifonctionnels
pour les systèmes intégrés de détection et communication (ISAC) de prochaine génération.

La première partie de ce travail introduit le cadre conceptuel de la VRM, où des cellules inter-
férométriques distribuées réalisent des opérations analogiques combinatoires pour la démod-
ulation directe, l’estimation d’angle d’arrivée et la détection multifonctionnelle. Contraire-
ment aux récepteurs conventionnels, la VRM élimine la nécessité de chaînes de conversion
complexes et de convertisseurs de données haute vitesse, en s’appuyant plutôt sur des jonc-
tions multiports passives et la détection de puissance. Le concept est formulé théoriquement,
validé expérimentalement et démontre une multifonctionnalité simultanée avec une réduction
notable de la complexité matérielle.

En s’appuyant sur ces fondations, le concept VTM est proposé comme une architecture
matricielle généralisée où chaque cellule peut fonctionner dynamiquement comme émetteur,
récepteur ou capteur. Une innovation clé réside dans sa capacité à extraire simultanément des
paramètres multidimensionnels — notamment l’angle d’arrivée 2-D (AoA) et la polarisation
— tout en prenant en charge des formats de communication d’ordre élevé tels que le 64-
QAM. Les modélisations théoriques et la mise en œuvre d’un prototype confirment que
la VTM améliore significativement la diversité spatiale et de polarisation, permettant une
multifonctionnalité robuste sans recourir à des réseaux phasés denses ni à un traitement
MIMO fortement computationnel.

La contribution finale de cette thèse porte sur la conception et la réalisation d’un système au-
tomobile conjoint radar-communication (RadCom) 4D basé sur la VTM. Ce système permet
la mesure simultanée de la distance, de la vitesse, de l’azimut et de l’élévation, tout en assur-
ant une récupération fiable des symboles de communication. Les démonstrations matérielles
valident une détection précise de multiples cibles dans des environnements urbains denses,
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avec de fines séparations angulaires, une grande précision de vitesse et une faible erreur vec-
torielle (EVM) lors de la démodulation QAM. Ces résultats établissent la VTM comme une
plateforme pratique et écoénergétique pour les réseaux de véhicules autonomes, les stations
de base 5G/6G et les applications ISAC au-delà de la 5G.

En conclusion, cette thèse fait progresser l’état de l’art en reliant la théorie interférométrique
et le matériel reconfigurable au sein d’un cadre unifié de matrices virtuelles. Les architectures
VRM et VTM proposées étendent non seulement la fonctionnalité des techniques classiques à
six ports, mais ouvrent également la voie à des transcepteurs mmWave/THz de grande échelle
capables d’assurer simultanément communication, localisation et perception environnemen-
tale. Les résultats de cette recherche fournissent une base évolutive pour les futurs systèmes
sans fil, avec des applications allant du transport intelligent aux réseaux de capteurs évolués,
en passant par l’intégration térahertz sur puce.
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ABSTRACT

The rapid evolution of wireless technologies in the millimeter-wave and terahertz spectrum
has created unprecedented demands for architectures capable of integrating high-resolution
sensing and reliable communication within a unified platform. Traditional transceivers and
phased arrays, although effective, face intrinsic challenges of hardware complexity, power
consumption, and limited multifunctionality. This Ph.D. dissertation addresses these chal-
lenges by developing a new class of multiport interferometric architectures based on the
concepts of the Virtual Receiver Matrix (VRM) and its generalized extension, the Virtual
Transceiver Matrix (VTM), enabling reconfigurable, scalable, and multifunctional front-ends
for next-generation integrated sensing and communication (ISAC) systems.

The first part of this work introduces the VRM framework, where distributed interferomet-
ric cells perform combinatory analog operations for direct demodulation, direction-of-arrival
estimation, and multifunctional sensing. Unlike conventional receivers, the VRM avoids
complex down-conversion chains and high-speed data converters, relying instead on passive
multiport junctions and power detection. The concept is theoretically formulated, exper-
imentally validated, and shown to achieve simultaneous multi-functionality with reduced
hardware complexity.

Building on this foundation, the VTM concept is proposed as a generalized matrix-based
architecture where each cell can dynamically operate as a transmitter, receiver, or sen-
sor. A key innovation lies in its ability to concurrently extract multi-dimensional param-
eters—including 2-D angle-of-arrival (AoA) and polarization—while supporting high-order
communication formats such as 64-QAM. Theoretical modeling and prototype implemen-
tation confirm that VTM significantly improves spatial and polarization diversity, enabling
robust multi-functionality without resorting to dense phased arrays or computationally in-
tensive MIMO processing.

The final contribution of this thesis is the design and realization of a 4D automotive joint
radar-communication (RadCom) system based on VTM. This system achieves simultane-
ous measurement of range, velocity, azimuth, and elevation, alongside reliable recovery of
communication symbols. Hardware demonstrations validate accurate multi-target detection
under dense urban conditions, with fine angular separations, high velocity accuracy, and low
error vector magnitude in QAM demodulation. These results establish the VTM paradigm
as a practical and energy-efficient platform for autonomous vehicular networks, 5G/6G base
stations, and beyond-5G ISAC applications.
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In conclusion, this dissertation advances the state-of-the-art by bridging interferometric the-
ory and reconfigurable hardware into a unified framework of Virtual Matrices. The pro-
posed VRM and VTM architectures not only extend the functionality of classical six-port
techniques but also pave the way toward large-scale mmWave/THz transceivers with simul-
taneous communication, localization, and environmental perception. The outcomes of this
research provide a scalable foundation for future wireless systems, with applications spanning
intelligent transportation, smart sensing networks, and chip-scale THz integration.
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CHAPTER 1 INTRODUCTION

1.1 Motivation and Research Background

1.1 Motivation and Research Background

The continuous evolution of wireless technologies has shaped modern society, beginning with
the pioneering work of early radio innovators and progressing to today’s deployment of 5G
and exploration of 6G and terahertz (THz) systems. Across this century-long journey, two
core functions have consistently stood out: sensing and communication. Sensing technologies
enable devices to perceive their surroundings through range, velocity, and spatial measure-
ments among many others, while communication systems provide reliable, high-speed transfer
of information—together forming the foundation of modern connected infrastructure.

Historically, these two functions have developed along separate paths. Sensing platforms
were designed to locate and characterize objects, whereas communication systems focused
on conveying data efficiently across changing wireless channels. This separation resulted
in distinct hardware architectures, signal formats, and processing pipelines. Deploying both
capabilities often required separate systems—each with its own antennas, RF chains, and pro-
cessing resources—leading to increased hardware duplication, higher cost, and larger power
consumption. Such parallel designs have become increasingly difficult to support in compact
or energy-limited platforms.

As emerging applications—such as the Internet of Things (IoT), autonomous mobility, smart
factories, and human-centric wireless environments—continue to grow, this divide has be-
come less practical. A connected vehicle, for example, must both sense the surrounding
environment with high precision and exchange information with nearby vehicles and road-
side infrastructure. Similarly, industrial automation and healthcare ecosystems require de-
vices that simultaneously perceive and communicate within shared environments. These
trends have motivated the rise of a unified design approach known as Integrated Sensing
and Communication (ISAC), in which a single system jointly performs sensing and data
transmission. ISAC reduces hardware redundancy, improves spectral efficiency, and enables
richer cross-domain functionalities where sensing information supports communication, and
communication waveforms can also serve sensing purposes [1–5].

A promising pathway toward ISAC is found in multiport interferometric techniques. The
six-port junction, originally conceived as a microwave power-measurement network, later
became a compelling alternative to traditional quadrature demodulators by enabling ex-
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traction of in-phase (I) and quadrature (Q) components without mixers or local oscillators.
Over time, six-port and multiport receivers have been explored for numerous applications,
including communication demodulation, phase detection, and direction-of-arrival estimation.
They offer benefits such as passive operation, simplicity, and wide instantaneous bandwidth.
However, conventional multiport architectures also exhibit limitations, including moderate
sensitivity, calibration challenges, and restricted flexibility in multifunction scenarios [6–17].

The shift toward millimeter-wave (mmWave) and THz frequencies in next-generation wireless
systems has renewed interest in such passive architectures. Conventional MIMO radars and
phased arrays achieve high angular resolution but typically require many RF chains, mixers,
and high-speed analog-to-digital converters—leading to substantial power consumption and
hardware complexity. These demands challenge the feasibility of large-scale deployment in
energy-limited or size-constrained platforms such as autonomous vehicles, drones, and wear-
able or handheld devices. Multiport interferometers, in contrast, naturally map incident
electromagnetic fields into low-frequency baseband signals through passive analog transfor-
mation, enabling compact and power-efficient front-ends while still extracting rich spatial
information.

Despite their potential, classical six-port and multiport designs are not inherently scalable
or reconfigurable enough to meet the needs of modern ISAC systems. Their operation is
typically fixed and tailored to specific functions, making it difficult to support simultaneous
or adaptable sensing and communication tasks.

This thesis addresses these challenges by introducing two new architectures—the Virtual
Receiver Matrix (VRM) and its generalized extension, the Virtual Transceiver Matrix (VTM).
These matrix-based frameworks expand traditional multiport interferometry into a flexible,
reconfigurable platform capable of multifunctional operation, scalable spatial processing, and
efficient ISAC performance at mmWave and THz frequencies.

1.2 Objectives

1.2 Objectives

The overarching objective of this thesis is to investigate and realize virtualized multiport
architectures that can unify sensing and wireless communication in a single, reconfigurable
hardware framework. This general goal translates into the following specific objectives:

• To formulate the theoretical foundations of the VRM demonstrating how combinatory
analog operations enable simultaneous demodulation, angle-of-arrival estimation, and
multifunctional sensing.
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• To extend the VRM concept into the VTM, where cells can dynamically operate as
transmitters, receivers, or passive sensors, thereby enabling flexible resource allocation
for integrated radar-communication systems.

• To demonstrate the capability of VTM to extract multiple dimensions of information
simultaneously, including azimuth, elevation, polarization, range, and Doppler velocity,
alongside the recovery of communication symbols.

• To design, fabricate, and experimentally validate prototypes of VRM- and VTM-based
systems operating at millimeter-wave frequencies, particularly in the 24 GHz band for
automotive radar applications.

These objectives not only aim to validate VRM and VTM as viable ISAC architectures
but also to position them as scalable alternatives to conventional phased-array and MIMO
approaches.

1.3 Methodology

1.3 Methodology

The methodology adopted in this research combines theoretical analysis, system simulations,
hardware prototyping, and experimental validation.

Theoretical Modeling

The first step is the rigorous mathematical formulation of VRM and VTM architectures.
This involves modeling hybrid coupler and combiner cells as linear operators that project
incident electromagnetic fields into measurable baseband voltages. Matrix transformations
are derived to map antenna inputs to detector outputs, forming the foundation for angle-of-
arrival estimation, polarization detection, and joint radar-communication signal processing.

Simulations

The theoretical framework is validated through simulations carried out in MATLAB and
Keysight ADS. MATLAB is used extensively for algorithmic validation, including subspace-
based AoA estimation (e.g., MUSIC), range–Doppler processing, and QAM demodulation.
ADS is used for circuit-level validation of SIW-based hybrid couplers, power dividers, and
detector circuits. These simulations bridge the gap between high-level mathematical models
and physical hardware implementations.
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Hardware Prototyping

To translate the theoretical and simulated results into practice, hardware prototypes of VRM
and VTM cells and arrays are fabricated. Substrate-integrated waveguide (SIW) technology is
chosen for its low-loss propagation and ease of integration at mmWave frequencies. Schottky
diode-based power detectors are implemented for analog baseband extraction. Both VRM-
only and VTM-enabled front-ends are developed for proof-of-concept validation.

Experimental Validation

The final step involves laboratory measurements and real-world emulation. 2D AoA and po-
larization detection are validated using controlled signal sources and calibrated positioning
setups. Range and velocity detection are validated using frequency-modulated continuous-
wave (FMCW) chirps and channel emulators such as Keysight Propsim C8. Communication
experiments are carried out using high-order modulation schemes (64-QAM). These experi-
ments demonstrate the simultaneous functionality of the proposed architectures in radar and
communication tasks.

1.4 Original Contributions

1.4 Original Contributions

The main original contributions of this thesis can be summarized as follows:

• The introduction and validation of VRM, a novel architecture enabling combinatory
analog operations for simultaneous demodulation, AoA estimation, and multifunctional
sensing using passive interferometric cells.

• The generalization of VRM into VTM, which extends functionality to reconfigurable
transmit–receive operations. VTM enables concurrent extraction of azimuth, elevation,
polarization, range, and Doppler velocity, while also supporting communication symbol
detection.

• The design and experimental demonstration of a 4D automotive RadCom system op-
erating at 24 GHz, integrated with VTM to achieve joint range, velocity, azimuth, and
elevation detection alongside high-order QAM communication.

• A comprehensive comparative evaluation showing that VRM and VTM architectures
achieve competitive or superior angular resolution and communication fidelity while re-
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ducing hardware complexity, power consumption, and dependency on high-speed ADCs
compared to phased-array and MIMO systems.

These contributions establish VRM and VTM as scalable, energy-efficient, and multifunc-
tional solutions for future integrated sensing and communication systems.

1.5 Thesis Organization

1.5 Thesis Organization

This thesis is organized as follows:

• Chapter 2 reviews the state of the art in multiport interferometry, six-port techniques,
and integrated sensing and communication systems, with emphasis on their evolution
toward multifunctional mmWave/THz architectures.

• Chapter 3 presents the VRM, including theoretical derivations, algorithmic validations,
circuit-level implementations, and experimental results.

• Chapter 4 introduces the VTM as a generalization of VRM, demonstrating its capability
for concurrent 2D AoA, polarization detection, and communication symbol recovery.

• Chapter 5 details the design, fabrication, and experimental validation of a 4D automo-
tive RadCom system, integrating VTM for accurate multi-target detection and data
exchange in high-density environments.

• Chapter 6 presents the concept, implementation, and validation of a VRM architecture
enabling simultaneous multifunction communication and sensing using co-frequency
incident waves.

• Chapter 7 concludes the thesis by summarizing the main contributions, identifying
limitations, and outlining future research directions, including extensions to terahertz
on-chip systems.
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CHAPTER 2 ARTICLE 1: EVOLUTION OF MULTI-PORT
TRANSCEIVER SYSTEMS: FROM FOUNDATIONAL ARCHITECTURES

TO VIRTUALIZED AND RECONFIGURABLE PLATFORMS

Seyed Ali Keivaan, Pascal Burasa, and Ke Wu
Published in: Electromagnetic Science

Date of Submission: November 11, 2025

The landscape of radiofrequency (RF) front-end design has evolved significantly over the
past decades, driven by the demand for higher integration, reduced complexity, and en-
hanced reconfigurability. Among the key innovations, the six-port technique has emerged as
a foundational architecture enabling passive and highly linear RF signal processing. Build-
ing upon its principles, multi-port front-ends have expanded to support complex modulation
schemes, multi-functional operations, and millimeter-wave (mmW) integration. With the
progression of integrated circuit technologies and software-defined platforms, these architec-
tures now serve as the backbone for multifunctional communication and sensing systems.
Recent developments have introduced novel frameworks such as the Virtual Receiver Matrix
(VRM) and Virtual Transceiver Matrix (VTM), which provide dynamic analog reconfigura-
tion for adaptive operation. In parallel, Reconfigurable Intelligent Surfaces (RIS) have also
gained attention for their ability to manipulate electromagnetic waves passively, offering new
avenues for wireless front-end design. This review presents a comprehensive analysis of the
historical foundations, technological advancements, and emerging trends in multi-port RF
front-ends, highlighting the trajectory from classical six-port receivers to futuristic VRM,
VTM, and RIS-based architectures.

2.1 Introduction

The rapid evolution of wireless communication and sensing technologies is driving the need for
RF front-end architectures that are not only compact and energy-efficient, but also adaptive
and multifunctional. Conventional receiver (RX) designs rely on complex, power-intensive
active components—such as mixers, local oscillators (LOs), and elaborate calibration chains
to suppress non-linearities—which inherently limit scalability and efficiency. These legacy
architectures struggle to meet the stringent requirements of emerging applications like 5G/6G
networks, vehicular radar, and the Internet of Things (IoT), where high scalability, low power
consumption, and real-time reconfigurability are paramount.
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An important step in rethinking front-end design was the emergence of multi-port RF ar-
chitectures, with the six-port technique standing out as a significant milestone. Initially
introduced for passive vector network analysis, six-port systems were later adapted into RX
topologies due to their unique capability of extracting both amplitude and phase information
through simple scalar power measurements and calibration [6,18]. These systems offered high
linearity and broadband performance without requiring active mixers, making them suitable
for high-frequency and low-power applications [7]. The six-port architecture has evolved
into more generalized multi-port front-end systems that support reconfigurable operation,
dual-band processing, and signal discrimination—features that are crucial for emerging mul-
tifunctional wireless platforms [19].

The recent introduction of VRM [20] and VTM [21] architectures has added a new dimen-
sion to this field. These reconfigurable analog frameworks support dynamic signal routing
and real-time front-end adaptation, allowing multifunctional operation across standards and
protocols without significant digital overhead [22]. By enabling analog domain programma-
bility, VRM and VTM systems can support concurrent signal paths and they are especially
well-suited for integrated sensing and communication (ISAC) applications [23].

To better contextualize this evolution, Fig. 2.1(a) presents a three-stage progression of multi-
port RF front-ends: from classical six-port and interferometric architectures to fully AI-
integrated VTM systems. The first stage relies on passive components with limited reconfig-
urability, constrained to basic communication and sensing tasks. The second stage illustrates
the VTM, where dynamic analog matrix allocation and power-aware design enable scalable,
multifunctional platforms. Finally, the third stage highlights AI-assisted VTM, characterized
by real-time adaptive reconfiguration, intelligent spectrum management, and simultaneous
support for ISAC, edge intelligence, and enhanced security. This architectural shift reflects
the convergence of RF hardware with intelligent control, marking a foundational transition
toward future 6G-ready reconfigurable systems.

The growing research interest in multi-port RF systems is further evidenced by the sharp in-
crease in related publications over the past two decades. As shown in Fig. 2.1(b), the number
of journal and conference papers focusing on multi-port RXs, transmitters (TXs), transceivers
(TRXs), sensors, and radar systems has experienced exponential growth since 2000, with a
particularly steep rise after 2015. This trend, derived from the Compendex database, high-
lights the field’s rapid evolution and the increasing relevance of multi-port and virtualized
RF front-end technologies in wireless systems such as emerging communication and sens-
ing applications. In a parallel but complementary direction, RIS have emerged as passive
Metasurface-based solutions capable of dynamically shaping the propagation environment.
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(a)

(b)

Figure 2.1 (a) Conceptual overview of the evolution and applications of multi-port TRX
systems, highlighting their transition from classical architectures to virtualized and reconfig-
urable platforms, and their roles in sensing, communication, and integrated multifunctional
systems. (b) Annual number of published papers related to multi-port RF front-end systems
and reconfigurable architectures from 1970 to 2025, based on Engineering Village database
records. The figure reflects the historical progression and recent surge in research interest,
corresponding to the emergence of integrated multifunctional RF front-end technologies, and
Virtual Transceiver Matrix (VTM).
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Unlike six-port or VRM/VTM systems, RIS operates at the electromagnetic wavefront level,
altering the wireless channel itself rather than signal chains [24]. Despite these differences,
RIS shares key goals such as reconfigurability, spectrum efficiency, and low-power operation,
positioning it as a promising component of next-generation reconfigurable RF systems [25].

This paper provides a comprehensive review of multi-port RF front-end technologies, tracing
the development from classical six-port RXs to advanced VRM/VTM systems and RIS-
enabled architectures. Section 2.2 discusses the historical development of six-port and early
multi-port architectures. Section 2.3 explores modern hardware advances, including Software
Defined Radio (SDR) integration and mmW implementations. Section 2.4 addresses calibra-
tion, linearity, and machine learning (ML) enhancements. Section 2.5 examines multifunc-
tional and concurrent system designs. Section 2.6 delves into the structure and application of
VRM and VTM frameworks. Section 2.7 elaborates on futuristic aspects of ML-VTM. Section
2.8 presents recent trends in RIS-enabled RXs. Section 2.9 offers comparative benchmarks,
and Sections 2.10 and 2.11 conclude with future directions and reflections.

2.2 Historical Evolution of Multiport Architectures

2.2.1 Classical Six-Port Junctions

The origin of six-port technology is deeply rooted in microwave network analysis, where it
was initially conceived as a passive reflectometric method for measuring complex reflection
coefficients. Introduced in the 1970s and formalized in the early 1980s, the six-port junction
provided a means to determine both magnitude and phase information of a signal using only
power detectors and a set of calibrated loads [18]. This approach offered a unique alternative
to conventional vector network analyzers, which relied heavily on active circuitry and phase-
sensitive detection.

The theoretical foundation of the six-port concept is based on the principle of constructive
and destructive interference at multiple linear combining junctions. The incident unknown
RF signal at the input port is distributed among several paths through hybrid couplers or
Wilkinson dividers together with a known reference source at the reference port, and the
resulting four outputs are measured using square-law detectors. The system response is
characterized by a set of calibration coefficients derived from known standards, enabling
accurate reconstruction of amplitude and phase of the input signal [26,27].

The leap from instrumentation to communication systems occurred when researchers be-
gan exploring six-port junctions for direct down-conversion in RXs. This transition was
driven by the architecture’s inherent advantages, including wideband operation, linearity,
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low-power, and the elimination of active mixers [6]. In the 1990s, experimental six-port RXs
demonstrated successful demodulation of Amplitude Modulation (AM), Frequency Modula-
tion (FM), Quadrature Phase Shift Keying (QPSK), and other modulation formats, proving
the architecture’s capability as a practical RF front-end [7, 28]. Its passive nature also con-
tributed to excellent linearity and low intermodulation distortion, features desirable for low
power and broadband applications.

In this early phase, key milestones included the use of dual-tone calibration [29], advanced
modeling of nonlinearities [30], and demonstration of system-level integration in automotive
radar platforms [31]. The six-port junction thus evolved from a laboratory novelty into a
viable candidate for low-cost, high-performance RF RXs. Building upon this foundational
success, the research community soon explored ways to generalize and expand the concept to
more complex and higher-order structures, paving the way for early multi-port architectures.

2.2.2 Early Multi-Port Architectures

The foundational success of six-port technology catalyzed a series of developments that ex-
panded into broader multi-port RX and TX architectures. Early research efforts explored
configurations such as five-port, eight-port, and even ten-port structures to improve system
versatility, signal processing capability, and performance across bandwidth and modulation
domains. These systems were aimed at enhancing direct conversion functionalities, increasing
calibration redundancy, and enabling more sophisticated demodulation mechanisms suitable
for broadband and high-data-rate communications [32].

One key direction in this evolution was the adaptation of multi-port RXs for both analog
and hybrid analog-digital designs. The six-port direct conversion RX, proposed in various
configurations, demonstrated real-time quadrature demodulation without relying on mixers
or frequency down-conversion chains. Notably, [8] presented a mmW six-port RX operating
in the 23–31 GHz range with integrated monolithic microwave circuit design, optimized for
QPSK-based mass-market communication. This RX utilized a wideband six-port junction
and a multi-chip module approach to simplify baseband processing while preserving linearity
and noise resilience.

Building on these developments, [33] advanced the concept by introducing a Ka-band six-
port analog front-end tailored for software-defined direct conversion receivers. In contrast
to earlier approaches that required four ADCs to digitize detector outputs, their design em-
ployed analog vector formation and differential baseband circuitry to directly generate I/Q
signals. This allowed the system to demodulate higher-order digitally modulated signals,
including BPSK, QPSK, 8PSK, 16PSK, and even 16QAM, at data rates up to 40 Mb/s
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without resorting to high-speed ADCs or extensive digital post-processing. The direct de-
tection of such constellations purely through analog processing is particularly unique, as
it significantly reduces hardware complexity and computational burden while maintaining
excellent constellation fidelity and phase accuracy.

In parallel, comparative studies between six-port digital RXs (SPDRs) and conventional
zero-IF demodulators reinforced the benefits of multi-port architectures in suppressing LO
phase noise and interference. Such comparisons revealed that six-port structures offered
robust performance under noise and co-channel interference, maintaining BERs suitable for
high-speed QPSK operation at rates above 40 Mb/s [34].

To extend six-port applicability into ultra-wideband (UWB) domains, several studies inte-
grated Frequency Diversity Spread Spectrum (FDSS) and DS-UWB approaches with multi-
port front-ends. For instance, FDSS-enabled six-port RXs demonstrated frequency diversity
by simultaneously transmitting multiple carriers, enhancing robustness against jamming and
multipath fading without relying on complex synchronization mechanisms [35]. In another
effort, the six-port RAKE RX architecture was proposed for DS-UWB systems to facili-
tate analog correlation and demodulation while alleviating digital processing burden, further
confirming the analog strengths of multi-port designs in dense multipath environments [36].

The multi-port concept was not limited to reception. The wave-radio interferometer (WRI)
architecture extended six-port concepts into dual-function TRXs, merging modulation and
demodulation paths into a compact, reconfigurable platform. Using FPGA-controlled switches,
the WRI could alternate between transmission and reception in QPSK systems, offering flex-
ibility and signal integrity over UWB ranges such as 3.1–4.1 GHz [37]. Beyond the canonical
six-port topology, reduced-order designs like the five-port RX also gained attention. By
employing a combination of high-pass and low-pass phase shifters and only three detectors,
these RXs maintained broadband operation (300 MHz–2.7 GHz) while reducing complexity
and LO-RF coupling issues [38]. With these early developments setting the stage, research
soon turned to advancing the hardware capabilities of multi-port systems—pushing toward
integration, miniaturization, and support for emerging wireless technologies, as discussed in
the next section.

2.3 Hardware Advances in Modern Multi-Port Systems

2.3.1 Integration with Software-Defined Radio (SDR)

The convergence of multi-port RF architectures with SDR technology marks a pivotal shift
in the adaptability and scalability of wireless front-end systems. SDRs enable radio func-
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Figure 2.2 Block diagram of a six-port receiver integrated with an SDR system, illustrating
signal flow from antenna through the six-port junction, power detection, digitization, and
digital baseband processing.

tions—such as modulation, demodulation, and filtering—to be implemented in software, of-
fering an unparalleled degree of reconfigurability and real-time flexibility. The passive nature
of six-port architectures makes them particularly well-suited for SDR integration, as they
simplify the analog front-end by eliminating active mixers (see Fig. 2.2).

Early attempts to integrate six-port systems with SDR platforms demonstrated significant
promise [9,39–45]. In one notable study, a six-port-based digital RX was employed for QPSK
demodulation at high speeds, showing strong compatibility with SDR frameworks [6]. These
systems relied on square-law detectors and high-speed ADCs to digitize the outputs of the
multi-port junction, with baseband signal recovery handled in software. This separation
of analog and digital domains enabled not only flexibility in modulation schemes but also
enhanced linearity and dynamic range.

Subsequent implementations expanded the scope to include orthogonal frequency-division
multiplexing (OFDM), where software-defined six-port RXs demonstrated robust perfor-
mance in multipath environments [46]. The key advantage of this architecture was its ability
to maintain frequency agility and signal integrity without the added complexity of conven-
tional down-conversion chains.

Moreover, MMIC-based six-port junctions provided a pathway for miniaturized and inte-
grated SDR-compatible hardware. By embedding the passive multi-port structure directly
into monolithic substrates, researchers achieved compact form factors with reduced para-
sitics and improved phase stability [47]. These innovations laid the groundwork for future
SDR-driven reconfigurable radios, particularly in satellite and mmW communication sys-
tems. The synergy between six-port architectures and SDRs underscores the value of hybrid
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Figure 2.3 Time-division duplex multi-port TRX architecture showing TX/RX pathways via
a central multi-port junction and switches with hybrid coupler for signal isolation.

analog-digital design approaches. While SDRs offer digital versatility, six-port junctions pro-
vide linear and wideband analog signal conversion with minimal hardware. This fusion is
especially promising for future 5G/6G systems, where rapid reconfiguration, spectrum shar-
ing, and multi-standard coexistence are key performance metrics. With software-defined
integration establishing a flexible digital interface, the next frontier in multi-port system
evolution focuses on enabling full TRX operation and bidirectional communication—topics
explored in the following subsection.

2.3.2 Toward Full-Duplex Operations

As wireless systems increasingly demand simultaneous transmission and reception within
compact hardware environments, the development of multi-port transmitters (TXs) and full-
duplex RF front-ends has emerged as a critical advancement. Extending the six-port concept
to bidirectional operation necessitated innovations in port configuration, isolation techniques,
and signal linearization strategies.

Initial implementations demonstrated six-port transceivers (TRXs) capable of supporting
time-division duplex (TDD) schemes with integrated switching logic (see Fig. 2.3). These de-
signs leveraged the symmetrical nature of multi-port junctions to alternate between transmit
and receive functions, enabling compact and power-efficient solutions suitable for gigabit-rate
communications. For example, a 2.4 GHz prototype utilized a single six-port junction along
with a switched reflection coefficient generator and analog decoder, achieving 15 Mbps QPSK
modulation in transmit mode and 10 Mbps demodulation in receive mode [10].

More advanced implementations extended this concept to millimeter-wave (mmW) frequen-
cies. A 61 GHz six-port TRX was proposed with integrated beam-switching antennas and
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TDD, using variable reflection loads for modulation and direct digital reception. The system
supported PSK and QAM signals with high directionality and compact integration, making
it suitable for MIMO and 5G applications [48].

In parallel, frequency-division multiplexing (FDM) was used to boost throughput. A 60–
64 GHz six-port V-band TRX achieved 4 Gbps data rates using four QPSK sub-carriers and
ceramic hybrid couplers, demonstrating efficient mixer-less operation and low BER perfor-
mance [49].

Following the evolution toward bidirectional operation, modern multi-port systems must also
address physical integration challenges, especially as systems scale toward mmW and THz
frequencies. These challenges are examined in the next subsection. Moreover, a surge in
activity has been seen in bias-point initialization techniques.

2.3.3 Miniaturization and Substrate Integration Technologies

As RF systems continue to scale in both frequency and complexity, miniaturization and
substrate-level integration have become indispensable in realizing practical multi-port RXs
and TRXs. The passive nature of six-port junctions inherently supports integration into
compact planar structures and non-planar structures, and their evolution into substrate-
integrated waveguide (SIW), monolithic microwave integrated circuits (MMICs), and silicon-
germanium (SiGe) technologies has significantly expanded their utility in modern wireless
systems.

Early breakthroughs in Ka-band MMICs implementations demonstrated the feasibility of em-
bedding six-port architectures into compact, low-loss front-end modules [47]. These MMICs-
based RXs leveraged advanced GaAs semiconductor fabrication techniques to optimize phase
accuracy, matching, and bandwidth. The resulting devices were capable of handling complex
modulation formats and high-frequency operations within a minimal footprint, marking a
major step toward portable and embedded applications.

Parallel advancements in SIW technology introduced new opportunities for low-profile, mul-
tilayer integration. Half-mode SIW configurations were used to develop broadband six-port
front-ends that maintained high isolation and low insertion loss, suitable for radar and direct-
conversion systems [50, 51]. These approaches not only enhanced electromagnetic perfor-
mance but also facilitated low-cost mass production using PCB-like processes. In the auto-
motive and mmW sensing domains, integration into SiGe semiconductor processes enabled
the realization of high-performance, on-chip six-port RXs operating at 77 GHz and above [11].
Such systems demonstrated real-time angle-of-arrival (AoA) detection capabilities, making
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them ideal for collision avoidance radar and autonomous navigation applications. Building
on these advancements, earlier work at 60 GHz introduced a low-power, fully integrated six-
port TRX in 0.13 µm CMOS for gigabit software-defined TRX applications, achieving up
to 4 Gb/s data rates with high modulation accuracy after real-time calibration [9]. More
recently, a fully integrated 120 GHz six-port front-end fabricated in 130-nm SiGe BiCMOS
technology exemplified the state-of-the-art in compact radar-on-chip solutions [52].

Ultra-low-power implementations have also been developed for portable applications, includ-
ing motion-sensitive radar systems operating at microwatt levels of power consumption [53].
These devices are notable for achieving high sensitivity and motion detection accuracy with-
out compromising size or energy efficiency. At the system level, integration trends have
culminated in all-in-one multi-port RX modules designed for gigabit backhaul and ISAC
use cases, combining reconfigurable RF circuitry, power detectors, and analog routing into a
unified substrate [54].

While miniaturization and substrate integration optimize spatial and material efficiency, the
next challenge lies in extending these systems to mmW and terahertz (THz) frequencies,
where dispersion, parasitics, and losses become critical limitations. These aspects are dis-
cussed in the next subsection.

2.3.4 mmW and THz Implementation Challenges

Scaling multi-port architectures to mmW and THz frequency bands introduces a host of
challenges related to component accuracy, loss mechanisms, material selection, and system
calibration. While the theoretical framework of six-port systems remains valid at high fre-
quencies, practical implementation becomes increasingly difficult due to parasitic effects,
fabrication tolerances, and dielectric losses [55–62].

Early implementations of six-port RXs at mmW frequencies, such as 30–60 GHz, highlighted
the feasibility of direct down-conversion and interferometric detection in high-speed sys-
tems [6, 8]. However, these designs faced limitations in terms of signal-to-noise ratio (SNR),
thermal drift, and phase imbalance due to the reduced wavelength and increased sensitivity
to substrate properties.

One critical challenge is the realization of wideband and low-loss passive components such
as hybrid couplers, dividers, and delay lines at mmW and THz frequencies. Even slight
dimensional mismatches or material inhomogeneities can significantly distort the phase and
amplitude response, leading to degradation in demodulation accuracy. Studies have shown
that substrate-integrated solutions can partially mitigate this issue but often require multi-
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Figure 2.4 Block diagram and signal flow of the unified mmW-THz interferometric receiver
[52].

layer or multi-dielectric stack-ups, which increase complexity and cost [51].

Thermal stability and power handling also become prominent issues at higher frequencies.
Devices operating above 60 GHz must maintain consistent impedance and isolation across
temperature fluctuations, which is difficult to guarantee with conventional PCB or LTCC sub-
strates. Furthermore, power detectors at these frequencies demand extremely fast response
times and high dynamic range, necessitating specialized diode technologies and calibration
schemes [48].

In the THz domain (0.1–1 THz), six-port systems face additional constraints. The fabrication
of passive junctions with sub-micron precision is essential, often requiring photonic or MEMS-
compatible processes. Moreover, integrating antennas, RF networks, and detection circuits
on the same die becomes critical for maintaining low loss and phase coherence [62]. While
recent advances in silicon photonics and plasmonic materials show promise, their commercial
viability and large-scale reproducibility remain open issues.

Fig. 2.4 illustrates a dual-band receiver (RX) architecture capable of simultaneously process-
ing millimeter-wave (mmW) and terahertz (THz) signals [63]. Two separate antennas are
used to capture mmW and THz signals, which are then passed through dedicated bandpass
filters (BPFs) to remove out-of-band noise and interference. Each filtered signal is amplified
by a low-noise amplifier (LNA) before being down-converted.

The mmW signal is down-converted using a six-port technique driven by a local oscillator
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(LO) operating at LOmmW, while the THz signal requires a two-stage mixing process. The first
hybrid coupler combines the THz signal with an intermediate LO to generate an intermediate
frequency (IF), which is then down-converted again using a second hybrid coupler driven by
LOTHz.

Both down-converted signals are then digitized by analog-to-digital converters (ADCs) and
processed digitally in the DSP block. This architecture supports wideband sensing and
communication by enabling joint processing of mmW and THz signals.

As these implementations push the boundaries of frequency and fabrication, the next frontier
lies in system-level convergence and co-integration—particularly with on-chip analog-digital
hybrid designs. This is explored further in the final subsection of Section 2.3.

2.3.5 On-Chip Multi-Port Systems

The integration of multi-port RF front-ends into monolithic semiconductor platforms rep-
resents a significant milestone in the miniaturization and commercialization of these tech-
nologies. On-chip implementations reduce interconnect parasitics, improve electromagnetic
stability, and enable seamless co-integration with baseband and digital processing circuits,
all of which are essential for scalable, high-performance wireless systems [9].

One of the earliest breakthroughs in this domain was the development of a 77 GHz six-port
RX front-end in a SiGe process, which demonstrated real-time AoA estimation with compact,
automotive-grade packaging [11]. This achievement illustrated that six-port systems could be
realized at mmW frequencies using mature BiCMOS fabrication processes while maintaining
high precision and integration density.

Subsequent efforts pushed this boundary to even higher frequencies. A fully integrated
120 GHz six-port RX fabricated in 130 nm SiGe BiCMOS technology showcased phase and
amplitude reconstruction in a single-chip front-end suitable for radar sensing and gigabit
data transmission [52]. These systems featured embedded phase detectors, power sensors,
and analog baseband processors—all within a single silicon die.

Meanwhile, low-power CMOS implementations have enabled the design of battery-powered
or energy-harvested six-port radars, achieving high sensitivity with microwatt-level power
consumption [64]. These designs are particularly valuable in wearable, biomedical, and IoT
scenarios where energy efficiency and form factor are critical constraints.

More recent developments have reached into the THz domain. A 300 GHz dual-polarized
CMOS waveguide RX demonstrated high-density integration for multichannel THz systems-
on-chip (SoC), supporting both communication and sensing functionalities (see Fig. 2.5)
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Figure 2.5 Block diagram and signal flow of the 300 GHz dual-polarized CMOS waveguide
receiver [54].

[65]. These on-chip implementations underscore the transition of multi-port systems from
laboratory-scale prototypes to commercially viable RF front-ends. The ability to synthesize
advanced signal processing directly on-chip opens new frontiers for radar imaging, ISAC
platforms, and intelligent edge communication nodes.

With the hardware landscape now firmly extended into software-defined, full-duplex, high-
frequency, and chip-scale implementations, the next set of challenges revolves around preci-
sion calibration, and enhanced linearity—topics which are explored in Section 2.4.

2.4 Trends in Calibration and Linearity Enhancement For Multi-port Systems

2.4.1 Evolution of Calibration Strategies

Calibration plays a central role in multi-port RF systems, as the accurate reconstruction
of amplitude and phase information hinges on precise knowledge of the network’s response.
Historically, six-port and multi-port systems required exhaustive calibration procedures in-
volving known reference loads, network analyzers, and elaborate modeling. However, the
evolution of calibration strategies has paralleled the hardware and algorithmic advances in
multi-port architectures, moving from static methods to adaptive, machine-learning-enhanced
techniques [66–73].

The earliest approaches were based on deterministic standards such as load, short, and offset
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reflection terminations. These methods established the linear relationship between measured
power levels and the incident signal’s complex envelope through analytical matrix inversion
[18]. While accurate, these techniques required stringent control over environmental and
hardware parameters, making them labor-intensive and prone to drift.

To address the limitations of traditional calibration, dual-tone and three-point calibration
techniques were developed to reduce complexity while maintaining accuracy [29]. These
methods used a set of controlled input signals to generate internal reference vectors, which
could then be mapped to system responses using algebraic transformation. This strategy
reduced dependency on external reference components and enabled practical implementations
in mobile and vehicular systems.

The real shift in calibration philosophy began with the adoption of blind and semi-blind
algorithms. These techniques exploit signal statistics, redundancy, or known pilot sequences
in communication signals to derive calibration parameters without physical references [74].
For instance, blind calibration methods using least-squares estimation or covariance matching
have proven effective in real-time cognitive radio systems.

With the rise of ML, especially in the 2010s, new strategies emerged that leveraged artifi-
cial neural networks (ANNs), support vector regression (SVR), and time-delay networks for
adaptive and nonlinear calibration. These models are trained using either synthetic or empir-
ical data and can generalize to unseen configurations, thereby reducing the need for manual
intervention [75, 76]. ANNs have been used for tasks such as direction finding, error miti-
gation, and sensor calibration in six-port systems, offering resilience to hardware variability
and environmental noise [71].

Recent developments include low-complexity calibration schemes for SDRs and radar applica-
tions, such as squircle-based geometric fitting and multivariate compensation [44,77]. These
methods combine analytical modeling with learning-based residual correction, ensuring both
explainability and adaptability.

The trajectory of calibration strategies reflects a broader trend toward autonomy and cogni-
tive functionality in RF systems. As hardware continues to scale, and operating conditions
become more dynamic, future calibration will likely rely even more on embedded intelligence,
cross-domain feedback, and online learning algorithms. Fig. 2.6 illustrates the evolution of
calibration techniques in RF and communication systems, transitioning from manual meth-
ods to ML-assisted calibration. The leftmost column outlines Manual Calibration, which
involves injecting a known reference signal, manually switching to calibration loads, mea-
suring detector outputs, calculating calibration coefficients, and applying static correction.
The middle column shows Auto Calibration, which automates the process by generating ref-
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Figure 2.6 Flowchart illustrating trends in calibration, linearity enhancement, and ML inte-
gration in multi-port systems, from traditional reference-based methods to AI-driven adaptive
compensation.

erence signals internally, auto-switching load networks, capturing outputs through ADCs,
and running calibration routines (e.g., least squares or look-up tables), allowing real-time
corrections. The rightmost column represents ML Assisted Calibration, where the system
continuously monitors output signals, extracts features like signal drift or I/Q imbalance, and
uses ML inference models (e.g., SVMs, neural networks, or reinforcement learning agents)
to predict optimal calibration parameters. These are then applied adaptively in real time,
enabling highly dynamic and intelligent calibration without human intervention. The figure
emphasizes a clear calibration trend toward increased automation, intelligence, and real-time
adaptability.

Once calibration is established, another critical hardware limitation arises—linearity. Section
2.4.2 explores how multi-port systems address nonlinearity through biasing, design choices,
and digital compensation.
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2.4.2 Linearity Enhancement and Diode Biasing Techniques

Linearity remains a fundamental design concern in multi-port RXs and TRXs, especially
those employing nonlinear detection mechanisms such as Schottky or zero-bias diodes. Non-
linearities in these detectors can introduce intermodulation distortion, DC offsets, and degra-
dation of EVM, which severely affect system performance in broadband or high-order modu-
lation scenarios. Therefore, maintaining signal fidelity across a wide dynamic range demands
both hardware and algorithmic techniques for linearity enhancement.

In passive multi-port RXs, the selection and biasing of square-law detectors are particu-
larly critical. These detectors exhibit strong nonlinearity near threshold regions, leading to
second-order intermodulation distortion (IMD2) and baseband asymmetry. Traditional I/Q
demodulation architectures, such as those used in five-port and six-port systems, are espe-
cially vulnerable to such nonlinear effects. To address this, enhanced baseband regeneration
and calibration techniques have been proposed to mitigate DC offset and suppress IMD2
artifacts [68].

A direct hardware approach involves optimizing the detector’s bias point to operate within
its most linear region. Recent work has introduced blind optimization algorithms that dy-
namically adjust diode bias based on performance metrics like EVM or total harmonic dis-
tortion (THD), enabling real-time adaptive linearization without requiring known reference
signals [78]. Complementary to this, heuristic and model-based estimators have been de-
veloped to provide reliable initial bias settings, reducing the overhead of manual calibration
during system setup or reconfiguration [79].

At higher frequencies—particularly in mmW front-ends—the nonlinear behavior of detectors
becomes more pronounced due to greater signal attenuation and reduced dynamic head-
room. To compensate, digital predistortion (DPD) techniques have been adapted to multi-
port architectures. These algorithms correct for both diode-induced and RF amplification
nonlinearities in SDR environments, allowing for full-duplex and concurrent transmission lin-
earization at the baseband level [80]. Advanced DPD strategies have even been demonstrated
for concurrent dual-band multi-port TXs, underscoring the demand for hybrid analog-digital
linearization in future multi-band communication systems [81].

A novel contribution in this area involves the introduction of a nonlinear driver stage placed
before the square-law detector to compensate for the detector’s compression behavior (see
Fig. 2.7) [82]. This stage introduces controlled amplitude compression at high input levels,
counteracting the inherent nonlinearity of the detector’s I–V curve and thereby extending
the square-law operating region. Experimental validation has shown a 14-dB improvement
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Figure 2.7 Dynamic range enhancement of power detector[71].

in the 1-dB compression point (P1dB) using a MOSFET-based implementation, with neg-
ligible power and area overhead. The technique maintains ultra-low bias currents and is
fully compatible with CMOS integration. This makes it an ideal solution for six-port RXs,
where power efficiency, compactness, and broadband operation are critical. Its applicability
to large-scale mmW and THz RX arrays further highlights its potential for future passive RF
front-end architectures.

As signal bandwidths and integration levels increase, incorporating these linearization tech-
niques—whether through analog biasing strategies, digital correction schemes, or hybrid pre-
distortion mechanisms—will be essential to ensuring robust multi-port RX performance in
next-generation wireless systems [83, 84]. With calibration and linearity enhancement now
firmly embedded in modern multi-port systems, the next section explores how these advance-
ments have enabled the design of multifunctional front-ends capable of concurrent operation
and seamless adaptability across multiple communication standards.

2.5 Emergence of Multi-functional Multi-port Systems

2.5.1 Conceptual Foundation of Concurrent Operations

The concept of multifunctionality in RF front-end design refers to the ability of a single
hardware platform to support multiple communication and sensing tasks simultaneously. In
the context of multi-port systems, this capability has been extended to enable concurrent op-
erations across multiple frequency bands, modulation schemes, and application domains such
as radar and wireless communication. This shift toward convergence is motivated by spec-
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trum scarcity, device miniaturization, and the increasing demand for integrated sensing and
communication. At the heart of this transformation lies the reconfigurable and symmetrical
nature of multi-port architectures. Unlike conventional RXs that are typically tailored for a
single standard or frequency range, six-port and interferometric systems inherently support
broadband operation and frequency-agnostic vector detection. These properties make them
ideal candidates for concurrent multi-standard TRXs.

Initial demonstrations of concurrent dual-band RXs based on six-port correlators established
the feasibility of processing two independent RF signals simultaneously within the same
analog front-end. These systems shared a single LO, minimizing hardware redundancy and
synchronization issues [43]. Follow-up designs refined the architecture to include multiple IF
chains, adaptive gain control, and digital baseband mapping for SDR compatibility [85–87].

Beyond dual-band operation, the multifunctional potential of multi-port RXs has been ex-
tended to support hybrid radar-communication systems, often referred to as RadCom plat-
forms. These architectures allow simultaneous wireless data transmission and radar sensing
using shared hardware and spectral resources [88]. By exploiting the interferometric prop-
erties of multi-port junctions, RadCom RXs can detect motion, range, or angular displace-
ment while maintaining data connectivity, making them ideal for vehicular networks and
autonomous systems.

Practical implementations have validated the theoretical potential of these architectures. Six-
port RadCom platforms demonstrated flexible support for modulation schemes such as QPSK
and 16-QAM. Precision range measurement systems using interferometric six-port structures
achieved sub-centimeter accuracy, while enabled real-time Doppler and displacement sensing
with high spatial resolution [89]. These implementations not only confirmed the feasibility of
concurrent operation but also highlighted the robustness and adaptability of six-port designs
in real-world scenarios [90].

Having established the architectural basis for concurrent functionality, the next subsection
explores how this foundation has evolved into robust multi-standard and multi-band RXs for
modern wireless platforms.

2.5.2 Development of Multi-Standard and Multi-Band Architectures

The proliferation of wireless standards—spanning Wi-Fi, LTE, 5G, UWB, radar, and satel-
lite—has created demand for RF front-ends capable of multi-standard and multi-band oper-
ation. Multi-port systems are particularly suited for this due to their broadband impedance
characteristics, vector signal processing capability, and passive, symmetric structures.
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One approach to multi-band operation leveraged heterodyne six-port radar sensors, where
beat frequency techniques enabled down-conversion while preserving phase for range and
Doppler estimation [12]. Broadband substrate-integrated six-port front-ends were devel-
oped using multilayer waveguide structures to achieve low loss and high isolation over multi-
gigahertz spans [51]. High-pass and low-pass phase shifters integrated within five-port and
six-port RXs facilitated wideband operation without the need for active tuning [38].

Advanced designs introduced concurrent dual-band architectures that processed multiple RF
carriers using shared or calibrated LO paths. These systems supported adaptive switching
between standards like LTE and 802.11ac, using interferometric six-port front-ends with
dynamic signal routing based on spectral occupancy [19,91].

Experimental studies comparing six-port RXs with traditional zero-IF and low-IF architec-
tures have shown superior linearity, broader bandwidth, and lower spurious response under
dynamic conditions [92]. Furthermore, heterodyne implementations have demonstrated sta-
ble phase detection and high data-rate demodulation at frequencies approaching 60 GHz [93].

Recent innovations have focused on multi-band RXs capable of simultaneous demodulation
across V-band and K-band using real-time calibration and even ML-assisted optimization [94–
96]. The analog-domain flexibility of six-port architectures, combined with digital adaptation
layers, continues to support the evolution of multi-band, multi-standard platforms.

2.5.3 Applications in Integrated Sensing and Communications

ISAC unifies sensing and data transmission within shared hardware and spectral resources.
Six-port and multi-port architectures, with their ability to process amplitude and phase
information over broad frequency ranges, are naturally suited for ISAC.

Initial use cases appeared in automotive radar, where six-port sensors at 94 GHz enabled
accurate velocity and range estimation using passive phase-frequency discriminators [13].
These architectures were later refined using SIW technology to achieve compact form factors
and improved sensitivity [97,98]. The interferometric capabilities of six-port RXs made them
suitable for environmental mapping and adaptive control systems.

The transition to ISAC emerged as six-port platforms were shown to perform both radar
sensing and high-speed communication simultaneously. A software-defined six-port radar
system, for instance, achieved dual-functionality by extracting target range while demodu-
lating embedded communication signals [42]. Other implementations used time-division or
spectral multiplexing to support concurrent radar and communication at 77 GHz, applicable
to vehicular and industrial scenarios [11].
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A recent contribution introduces an interferometric RX architecture capable of simultaneous
data reception, AoA estimation, and polarization detection within a single front-end [99].
As shown in Fig. 2.8, utilizing multi-port interferometric structures, the design achieves
low power consumption and avoids traditional mixers by performing analog-domain signal
processing. A fabricated Ka-band prototype demonstrates accurate demodulation of QAM
signals alongside precise AoA and polarization detection. This multifunctional approach
aligns closely with the goals of ISAC, offering a compact and energy-efficient solution for
future wireless systems requiring joint communication and sensing capabilities.

Recent systems have demonstrated advanced ISAC capabilities, such as polarization diversity
and analog beamforming, all enabled through six-port interferometric designs [14, 15, 100–
122]. These features, when combined with low-latency software-defined layers, make multi-
port ISAC platforms particularly suitable for edge-AI environments like smart cities, V2X
communication, and autonomous robotics.

2.5.4 Challenges in Concurrent Operations

Despite their advantages, concurrent-operation multi-port systems face several challenges.
Signal isolation is a primary concern, especially when radar and communication functions
share adjacent bands. Strong radar reflections may saturate detectors or ADCs, causing
distortion in weaker communication signals.

Interferometric radar systems also face limitations in Doppler accuracy when the target’s
radar cross-section varies with angle, introducing bias in range estimation. Resource allo-
cation—deciding how to divide waveform energy, time, or frequency between sensing and
communication—is limited by the analog nature of signal decomposition in multi-port archi-
tectures. Hybrid analog-digital control layers are often necessary to coordinate concurrent
functions. Thermal drift, parasitic coupling, and device mismatches can further degrade
performance in broadband settings, especially under mobile or rapidly changing conditions.
While calibration techniques exist, their speed and robustness remain areas of active research.
Finally, regulatory compliance imposes constraints on shared-spectrum usage, requiring ad-
herence to coexistence protocols and emission standards.

Nevertheless, the analog efficiency, reconfigurability, and compactness of multi-port systems
continue to make them strong candidates for multifunctional RF platforms. Emerging so-
lutions are expected to incorporate AI-driven calibration and intelligent waveform design to
overcome existing limitations and unlock the full potential of concurrent multi-port architec-
tures.
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(a)

(b)

Figure 2.8 (a) Conceptual diagram of the proposed multifunction interferometric receiver
architecture for simultaneous data reception, AoA detection, and polarization detection. (b)
Block diagram of the proposed multifunction interferometric receiver architecture (PD is
short for Power Divider and PC for Power combiner) [90].

With a full exploration of multifunctionality and concurrent operation complete, the next
section introduces the paradigm of analog reconfigurability and their role in the evolution of
multi-port front-ends.

2.6 Toward Programmability: Virtual Receiver and Transceiver Matrices (VRM
& VTM)

2.6.1 Conceptual Framework of VRM and VTM

The evolution of multi-port RF front-ends has recently progressed toward a new design
paradigm: analog programmability. This shift is embodied by the concepts of the VRM
and VTM, which extend the functionality of passive RF hardware through dynamic signal
routing, enabling simultaneous and selective processing of multiple signal paths. Unlike
traditional fixed multi-port systems, VRM and VTM architectures can virtually reconfigure
port mappings and spatial signatures without physical rewiring or frequency hopping. One
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of the earliest backgrounds works that paved the way for this direction was the “Spatially
Distributed Multi-Input Interferometric RX for 5G Wireless Systems and Beyond" [118].

In that work, the authors proposed a low-cost, low-complexity direct conversion RX archi-
tecture that replaced the conventional six-port junction with a spatially distributed array of
four antennas, exploiting interferometric correlations for coherent demodulation. By com-
bining the received signals with a shared LO through passive power dividers and processing
them via power detectors, the system achieved full I/Q regeneration without mixers or com-
plex RF circuitry. This architecture demonstrated successful demodulation of BPSK, QPSK,
QAM-16, and QAM-32 signals, with experimental results validating simulation predictions.
The approach preserved the benefits of six-port RXs while introducing spatial diversity and
hardware simplification—principles that later influenced the conceptual development of VRM
architectures.

Building on such spatially distributed interferometric concepts, the VRM framework gener-
alizes the idea into a reconfigurable, two-dimensional lattice of interferometric unit cells that
can be toggled in real time among active-RX, passive-sensor, or dummy states [20, 119]. In
contrast to fixed-port or static-array configurations, any subset of two, four, or more cells
can be dynamically grouped to form a “floating” virtual RX channel precisely matched to
the incident signal’s AoA, polarization, or frequency, thereby unlocking a far greater number
of spatial degrees of freedom than conventional arrays. This flexible cell allocation allows
the system to execute multiple functions simultaneously—such as high-speed data reception,
localization, and environmental sensing—while unused cells consume negligible power, pre-
serving a low-energy footprint. Since signal demodulation is performed entirely in the analog
domain through phase-difference processing, the matrix inherently supports advanced analog-
domain operations, including adaptive beamforming, spatial filtering, and spectrum analysis,
all maintained over wide operational bandwidths.

Advancing the VRM paradigm, the VTM integrates both transmission and reception capabil-
ities into each unit cell, thereby transforming the lattice into a fully bidirectional architecture
with concurrent sensing functionality (see Fig. 2.9) [21,120]. In this configuration, every unit
cell can be reprogrammed in real time to operate in transmission, reception, or passive-
sensing mode, with the allocation dynamically tailored to instantaneous signal parameters
such as AoA and polarization. This fine-grained reconfigurability enables simultaneous high-
precision estimation of 2D AoA and polarization while maintaining robust communication
links that support high-order modulations (e.g., 64-/128-QAM). Measurements confirm that
the VTM sustains low EVM and accurate sensing performance across a wide angular aperture,
underscoring its suitability for multifunctional 5G/6G front-ends. By uniting reconfigurable
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Figure 2.9 Conceptual diagram illustrating the proposed sensing and communication VTM
front-end. This multifunctional system is designed to detect the AoA and polarization of
arbitrary incident QAM signals, alongside facilitating both receiver (Rx) and transmitter
(Tx) functions. A key feature is the multilayer LO feed network within the VTM, ensuring
equal amplitude of LO signals with adjustable phases, tailored to accommodate both Rx
and Tx operations. In addition, a controller unit is used to govern the dynamic operation
of individual cells, allowing for an efficient power management through the activation or
deactivation (dummy) of selected units [6].

hardware, wideband analog-domain processing, and intelligent control, the VTM represents a
pivotal step toward compact, adaptive ISAC TRXs capable of operating reliably in complex,
dynamic environments.

2.6.2 Mathematical Description of Floating Channels and I/Q Synthesis Imper-
fections

The VTM consists of a two-dimensional grid of passive reception cells that interfere incident
electromagnetic waves through a fixed multi-port combining network. Each cell re-radiates
or detects a portion of the impinging field, while the inter-cell phase differences—originating
solely from the wave’s angle of arrival—determine the spatial selectivity. No active phase
shifters are required.
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Floating-Channel Formation

Consider a narrowband plane wave of complex amplitude A(θ, φ) and carrier frequency fc

impinging on an Nx × Ny cell grid with spacings dx and dy. The complex voltage at cell
(m,n) is

sm,n(t) = A(θ, φ) ej[2πfct+ψm,n(θ,φ)], (2.1)

where
ψm,n(θ, φ) = k(mdx sin θ cosφ+ ndy sin θ sinφ) , k = 2π

λ
, (2.2)

is the geometric phase determined by the wave incidence and cell position. Stacking all
M = NxNy cell responses into s(t) = [s1(t), . . . , sM(t)]T gives

s(t) = A(θ, φ)ej2πfct d(θ, φ), (2.3)

with array manifold d(θ, φ) = [ejψ1 , . . . , ejψM ]T .

A passive combining matrix W∈CNv×M maps these M cell voltages to Nv detector outputs
(termed floating channels) as

y(t) = Ws(t) = A(θ, φ)ej2πfct g(θ, φ), (2.4)

where g(θ, φ) = Wd(θ, φ) is the effective VTM manifold. For the kth output port,

yk(t) = A(θ, φ)ej2πfctHk(θ, φ), Hk(θ, φ) =
M∑
i=1

wk,ie
jψi(θ,φ), (2.5)

Here, wk,i∈C denotes the complex coupling coefficient between the ith reception cell and the
kth floating channel, defined by the passive combining network at the carrier frequency. It
corresponds to the network transmission coefficient Sk,i(fc) = |Sk,i|ejϕk,i , where |Sk,i| repre-
sents the power-division ratio and ϕk,i the fixed phase delay of the path connecting cell i to
detector k. The matrix W = [wk,i] therefore embodies the interferometric transfer function
of the VTM and determines how the distributed cell responses are recombined to form the
floating channels.

I/Q Synthesis Imperfections

Each floating channel is subsequently down-converted by an in-phase/quadrature (I/Q) de-
tector that may exhibit gain and phase imbalance. Let ϵA,k denote the relative amplitude
error and δϕ,k the quadrature phase deviation for channel k. The complex baseband voltage
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is
rbb,k(t) = (1 + ϵA,k)ejδϕ,k/2yk(t) + ηke

−jδϕ,k/2y∗
k(t), (2.6)

where ηk = 1−ϵA,k

1+ϵA,k
e−jδϕ,k represents the image-leakage coefficient. In vector form,

rbb(t) = ΦIQy(t) + ηy∗(t), (2.7)

with diagonal matrices ΦIQ = diag{(1+ϵA,k)ejδϕ,k/2} and η = diag{ηk}. These imperfections
occur after the passive combination and do not modify the VTM’s inherent spatial response.

Relations to Multifunction Performance

(1) Data Communication: The image term ηky
∗
k(t) distorts the QAM/OFDM constel-

lation. The corresponding image-rejection ratio (IRR) and error-vector magnitude (EVM)
are

IRRk =
1 + ϵ2

A,k + 2ϵA,k cos δϕ,k
1 + ϵ2

A,k − 2ϵA,k cos δϕ,k
, EVMk ≈

√
|ηk|2

1+|ηk|2 . (2.8)

(2) Parametric Sensing: For multiple targets (θℓ, φℓ) with powers σ2
ℓ , the ideal covariance

is
Ry =

∑
ℓ

σ2
ℓg(θℓ, φℓ)gH(θℓ, φℓ) + σ2

nI, (2.9)

where σ2
n is the noise variance. I/Q mismatch perturbs it as

Rbb = ΦIQRyΦH
IQ + ηR∗

yη
H + σ2

nI, (2.10)

slightly biasing the signal and noise subspaces and reducing angular-resolution accuracy.

(3) Wireless Power Transfer: For a single plane wave, the available power at the kth
detector port is

Pk(θ, φ) ∝ |Hk(θ, φ)|2 =
∣∣∣∣ M∑
i=1

wk,ie
jψi(θ,φ)

∣∣∣∣2. (2.11)

Hence, the harvested or rectified power follows the spatial interference pattern determined
by the geometry-induced phases.

Discussion

In the VTM, all inter-cell phase relations originate from the incident wavefront, while W
defines a fixed interferometric mapping that creates multiple floating channels. I/Q imper-
fections arise after this analog combining stage and primarily influence demodulation fidelity
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or covariance accuracy, without altering the underlying angular selectivity. The same pas-
sive VTM manifold can therefore support high-fidelity communication, precise parametric
sensing, and direction-selective power transfer within a single hardware platform.

2.6.3 Simultaneous Demodulation of Co-Frequency Signals via VRM

One of the most compelling implementations of the VRM demonstrates analog beam combi-
nation using simultaneous incident waves at a common carrier frequency (see Fig. 2.10) [22].
This work showcases the VRM’s ability to enable concurrent reception and demodulation
of multiple signals operating on the same frequency—a task that typically requires separate
frequency channels or complex digital processing in conventional RXs. The VRM achieves
this through a spatially distributed two-dimensional array of unit-cells, each composed of
an antenna, LNA, 90-degree hybrid coupler, and differential power detectors, all coherently
driven by a shared LO. By leveraging differences in the AoA of incoming signals, the sys-
tem selectively activates specific combinations of unit-cells to extract either the in-phase or
quadrature components of each signal. This analog interferometric approach, combined with
precise control over phase shifts induced by AoA variations, allows the VRM to reconstruct
and demodulate the individual I/Q components of multiple same-frequency signals in parallel.

To experimentally validate this concept, the authors developed and tested a 3×5 VRM pro-
totype operating at Ka-band for 5G applications. The prototype successfully received and
demodulated two distinct QPSK signals transmitted simultaneously at the same carrier fre-
quency but arriving from different AoAs (60° and 75.5°). The resulting measurement showed
clear constellation diagrams for both signals, with an EVM of less than 10%, confirming the
effectiveness of the proposed architecture. This work marks a significant step forward in RF
front-end design, introducing a scalable and reconfigurable RX solution that supports both
high-capacity communication and real-time sensing. As future wireless systems such as 6G
demand higher spectral efficiency and integrated multifunctionality, the VRM stands out as
a promising architecture to meet those needs.

2.6.4 Application Scenarios: ISAC and 4D Automotive Sensing

VRM and VTM architectures are particularly valuable in ISAC systems, where rapid switch-
ing between communication and radar tasks or simultaneous dual-mode operation is required.
These systems allow a single front-end to adaptively track motion, estimate position, and
maintain communication—all within a shared analog pipeline.

One notable demonstration of this concept involves a 4D joint sensing-communication system
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Figure 2.10 Block diagram of 2D VRM unit-cells, each containing an antenna, a LNA, a
90-degree hybrid coupler, and two power detectors connected in a differential and balanced
form. Two different signals at the same carrier frequency are incident on the VRM unit-cells
with different AoAs, simultaneously. (P.S. and HC are short for phase shifter and hybrid
coupler, respectively) [7].

that integrates real-time inter-vehicle data exchange with high-resolution sensing of range, ve-
locity, azimuth, and elevation (see Fig. 2.11) [23]. Using a dynamically reconfigurable matrix
of TRX cells, the system activates specific units based on the environment and number of de-
tected targets. Each cell is capable of both analog demodulation and interferometric sensing,
enabling efficient extraction of in-phase and quadrature components of communication sig-
nals while simultaneously supporting precise AoA detection. This dual functionality, achieved
through passive hardware and spatial diversity, highlights the potential of VRM/VTM-based
platforms to replace bulky and power-hungry conventional architectures—paving the way for
compact, multifunctional, and intelligent wireless front-ends suited for next-generation au-
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(a)

(b)

Figure 2.11 (a) Conceptual representation of the 4D automotive RadCom sensor, showcasing
its ability to measure range, velocity, azimuth, and elevation angles. The integration of radar
and communication functions is achieved through the coordinated radar and radio cycles of
the transmitted signal in the VTM architecture. (b) Schematic diagram of VTM RadCom
cells, comprising a hybrid coupler, a pair of differential power detectors, an antenna, a LNA,
and a PA, all interconnected with a processing unit [8].
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tonomous and connected systems. The passive and instantaneous nature of the VTM matrix
allows for robust performance in high-speed, cluttered environments with minimal calibration
overhead.

As spectrum sharing and system convergence intensify, VRM and VTM architectures are
poised to become foundational elements in reconfigurable, cognitive, and multifunctional
wireless front-ends. To realize their full potential, the next evolution lies in Machine-Learning-
Enabled VTM architectures, where data-driven algorithms enable real-time reconfiguration
and intelligent decision-making—an emerging paradigm explored in the following section.

2.7 Machine-learning-enabled VTM: A Futuristic Paradigm

The evolution of wireless front-end architectures has reached a pivotal stage with the de-
velopment of VTM systems. As wireless environments grow increasingly dense, dynamic,
and multifunctional, the fusion of ML and artificial intelligence (AI) with VTM architectures
promises a transformative shift toward intelligent, autonomous RF platforms. This section
outlines the emerging vision of Machine-Learning-Enabled VTM (ML-VTM), distinguishing
it from prior ML applications in multi-port and six-port systems, and presents the conceptual
framework, control logic, and design elements envisioned for this next-generation paradigm.

2.7.1 From ML-Assisted Multi-Port Systems to Intelligent ML-VTM

ML has already made significant contributions to traditional multi-port and six-port systems,
particularly in areas such as calibration, impairment compensation, and adaptive demodu-
lation. For instance, ANNs have been employed to map complex nonlinearities in direction-
finding RXs, outperforming static calibration tables under hardware variability and noise [75].
Similarly, support vector machines and time-delay neural networks have been used to model
amplitude and phase imbalances in wideband RXs, enhancing robustness in mobile and cog-
nitive radio platforms [69].

In six-port architectures, ML techniques have enabled real-time adaptation of QAM con-
stellation decision boundaries to mitigate distortion, resulting in improved EVM and BER
performance [71]. Machine-learning-based DPD frameworks have also leveraged multi-port
sensing for closed-loop linearization of high-frequency amplifiers [121]. Additionally, AI-
driven resource management and beam control have been proposed for multi-channel systems
to ensure spectral coexistence and dynamic channel allocation [122].

However, these implementations primarily treat ML as an auxiliary layer—an enhancer for
static hardware configurations. In contrast, ML-VTM envisions a fundamentally different
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model: one in which intelligence is deeply embedded into the physical architecture, enabling
real-time, environment-aware reconfiguration of the TRX matrix itself. Rather than optimiz-
ing around fixed hardware constraints, the ML-VTM platform adapts its own structure and
function continuously in response to changing signal, user, and environmental conditions.

2.7.2 Required Parameters and ML Data Inputs

ML-VTM systems rely on a rich set of real-time and historical data to support intelligent
operation. Critical parameters include channel state information (CSI), Doppler spread, sig-
nal correlation, and multipath profiles. Environmental data such as user mobility, obstacle
mapping, and RF interference patterns provide additional context. Internally, hardware-
specific metrics—temperature fluctuations, gain settings, switching latency—must be mon-
itored. Performance indicators like instantaneous SNR, EVM, BER, and spectral efficiency
define the optimization objectives, while mission-specific goals (e.g., sensing resolution or
communication throughput) guide function prioritization and resource allocation.

2.7.3 Software and Hardware Architecture of ML-VTM

The ML-VTM framework is structured across three key architectural layers. At the founda-
tion is a matrix of reconfigurable RF unit cells, each capable of acting as a TX, RX, passive
sensor, or dummy load. These cells integrate tunable mixers, programmable gain amplifiers,
and phase shifters. Above this lies a cognitive control layer, powered by reinforcement learn-
ing and transformer-based models, which dynamically orchestrates the array’s topology based
on system objectives and real-time feedback. At the top level, an edge intelligence layer sup-
ports distributed inference and federated learning, allowing geographically dispersed VTMs
to share model updates and operate collectively without centralized control.

This architecture is conceptually illustrated in Fig. 2.12, which highlights the dual-plane
organization of ML-VTM systems. The physical layer, or hardware plane, comprises a re-
configurable VTM cell composed of an antenna, linear interferometric RF front-end, and
baseband interface. These components perform the core analog processing required for sens-
ing and communication, synchronized via RF and IF interfaces.

On the control and software layer, or cognitive plane, a ML core performs real-time mode
classification, deciding whether the system operates in communication, sensing, or hybrid
mode. Based on this classification, communication mode handles tasks such as beam se-
lection and reconfiguration policy enforcement, while sensing mode executes AoA/Doppler
estimation, calibration compensation, and data fusion. Both modes interact with a context-
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Figure 2.12 Conceptual architecture of a Machine-Learning-Enabled Virtual Transceiver Ma-
trix (ML-VTM) system. The design integrates a physical-layer VTM cell with a cognitive-
layer control engine, enabling dynamic mode classification, real-time beam control, and
environment-aware sensing-communication adaptation. Outputs such as channel maps,
beamforming weights, and resource allocation decisions are derived through iterative feed-
back across hardware and software planes.
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aware decision engine that refines system behavior by feeding back outputs such as beam-
forming weights, channel maps, and mobility estimation data. This layered architecture
enables continuous learning and intelligent adaptation, allowing ML-VTM systems to evolve
and optimize their operation in response to changing environments and mission demands.

2.7.4 Functional Behavior at the Unit-Cell Level

In large-scale arrays, individual unit cells assume context-dependent roles dictated by AI
inference. Some act as active sensing-communication TRXs, others as passive detectors
extracting environmental features such as AoA or Doppler signatures, while certain cells
remain inactive to minimize power or assist in beam shaping. ML models govern these
transitions, optimize spectrum allocation, control beamforming patterns, and manage joint
sensing-communication scheduling.

2.7.5 Conceptual Illustration and System-Level Vision

This forward-looking concept is illustrated through several envisioned models. One depicts a
reconfigurable hexagonal VTM grid with real-time AI-determined cell roles. Another shows
an AI control unit integrating spectrum analysis, mission objectives, and hardware feedback
into a unified decision engine. A third highlights distributed intelligence across VTM arrays,
enabling collaborative, low-latency inference via federated learning mechanisms.

2.7.6 Outlook: Why ML-VTM Defines the Future

Machine-Learning-Enabled VTM marks a convergence of adaptive signal processing, pro-
grammable hardware, and AI-driven intelligence. It facilitates autonomous, context-aware
operation across diverse conditions, achieving real-time spectrum agility and multifunction-
ality. ML-VTM systems optimize energy efficiency by deactivating unnecessary hardware
paths and reconfiguring analog circuitry based on environmental conditions and application
goals. Moreover, they decouple hardware complexity from functional scalability by shifting
intelligence to updatable software models—enabling continuous evolution over time.

As wireless systems migrate toward ISAC systems, ML-enabled VTMs are poised to play a
foundational role in future RF architectures. Their ability to learn, adapt, and reconfigure at
fine spatiotemporal granularity makes them ideal for next-generation 6G systems and beyond.
While previous ML applications in multi-port systems laid important groundwork, ML-VTM
offers a fundamentally new path—one where intelligence is not just an enhancement, but an
intrinsic part of the RF fabric. This paradigm shift opens new avenues for innovation in
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intelligent wireless front-ends.

Finally, while VRM and VTM represent a new frontier in analog-domain reconfigurability,
they are complemented by emerging trends in passive reconfigurable platforms, such as RIS.
These systems offer additional degrees of control over the propagation environment and will
be discussed in Section 2.8.

2.8 Reconfigurable Intelligent Surfaces (RIS)-Enabled Receivers

2.8.1 Introduction to RIS and Metasurfaces

RIS represents a transformative approach to wireless system design, where the propagation
environment itself is rendered programmable. Comprising arrays of passive or semi-passive
unit cells—often implemented as metasurfaces—RIS can reflect, absorb, or refract incident
electromagnetic waves with controlled phase and amplitude responses. Unlike conventional
RF components, RIS structures operate without active RF chains, making them energy-
efficient and scalable across mmW and THz frequencies. (see Fig. 2.13)

RIS systems are typically embedded with tunable elements such as varactors, PIN diodes,
CMOS switches, or liquid crystals, which are externally programmed to create dynamic
spatial transformations of the wavefront. These surfaces can be tailored to perform beam
steering, focusing, spatial filtering, and even polarization conversion—all without generating
additional noise or requiring active signal processing [24,25].

In recent years, RIS has emerged as a key enabler of beyond-5G and 6G wireless technologies,
offering a new layer of spatial control and spectrum reuse [123–134]. Its compatibility with
existing TRX infrastructure, combined with low-cost implementation and channel shaping
capabilities, positions RIS as a powerful tool for link enhancement, energy focusing, and
coverage expansion.

2.8.2 Passive and Semi-Passive RIS-Based RF Front-Ends

RIS-based RXs can be broadly categorized into passive and semi-passive implementations.
Passive RISs rely entirely on externally incident electromagnetic waves, without incorporating
any active amplification or energy harvesting mechanisms. These configurations are typically
controlled through low-speed digital interfaces and are optimized for low-latency, low-power
applications.

Semi-passive RISs, in contrast, integrate amplifying or phase-reconfigurable components that
enhance link robustness, extend the reflection phase range, and improve adaptability to dy-
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Figure 2.13 Conceptual illustration of an active RIS with beam steering and amplification
capability.

namic environments. For instance, CMOS-integrated RIS tiles have demonstrated real-time
beam reconfiguration with precise angle control at mmW and THz frequencies [135]. Active
RIS variants have also employed reflection amplifiers to boost SNR and compensate for severe
path loss, especially in indoor and non-line-of-sight conditions [136]. Recent prototypes of
RIS-assisted RXs have incorporated energy harvesting modules, cognitive sensing elements,
and on-board feedback sensors to enable self-sustaining operation and context-aware adap-
tation [137].

RIS-assisted direction-finding systems have utilized reconfigurable reflection patterns to em-
ulate virtual phased arrays, achieving enhanced angular resolution without increasing hard-
ware complexity [138]. In multiuser MIMO scenarios, RISs can assist in pre-shaping the
wireless channel, enabling constructive signal combining at the multi-port front end. Such
configurations reduce the burden on RF circuitry and simplify beamforming—particularly in
the THz regime, where hardware constraints are especially stringent [139].

2.8.3 Synergies Between RIS and VTM Concepts

Although fundamentally different from multi-port analog front-ends, RIS shares philosophical
and architectural synergies with VRM and VTM systems. Both paradigms aim to achieve
functional reconfiguration with minimal power overhead and maximal spectral reuse.

One promising direction is the hybrid integration of RIS with VRM/VTM platforms, where
the RIS acts as a programmable spatial front-end and the VRM/VTM serves as an analog
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Table 2.1 Comparative Assessment Summary

Technology Complexity Calibration Frequency
Range

ISAC
Capability Reconfigurable

Six-Port Low Moderate Excellent Strong Fixed
VRM–VTM Medium Moderate Excellent Excellent High

RIS (Passive) Low–Medium Low Moderate Moderate High

RIS (Active) High High Limited by
Design High High

baseband processor. This co-design enables joint control over the wireless channel and the
RX chain, opening new possibilities for low-latency beam adaptation, spatial modulation,
and collaborative ISAC.

Furthermore, RISs can assist in enhancing the spatial selectivity of VRM systems by pre-
aligning reflected waveforms to optimal matrix paths. Conversely, VTM systems can exploit
RIS feedback to adapt their TRX matrix modes in response to channel dynamics.

As RIS technology matures, its role will increasingly shift from being a passive enhancer to
becoming a fully programmable RF boundary interface—complementing the core processing
capabilities of virtualized multi-port RXs.

Having explored the capabilities of both VRM/VTM and RIS systems, the next section
provides a comparative performance analysis of all major front-end architectures covered in
this review.

2.9 Performance Benchmarking and Comparative Assessment

To evaluate the evolution and practical applicability of multi-port front-end architectures,
including Six-Port, VRM/VTM, and RIS-enabled systems, it is essential to benchmark their
performance across multiple dimensions. These include architectural complexity, calibration
effort, frequency scalability, and their combined sensing and communication capabilities.

Table. 2.1 provides a comparative overview of four leading RF front-end technologies—Six-
Port, VRM-VTM, Passive RIS, and Active RIS—based on their complexity, calibration needs,
frequency range, ISAC capability, and reconfigurability. Six-Port systems offer low complex-
ity and strong ISAC performance but are limited by fixed architectures. VRM-VTM systems
balance moderate complexity and calibration with excellent performance in frequency cov-
erage and multifunctionality, offering high reconfigurability. Passive RIS devices excel in
reconfigurability with minimal calibration but are limited in frequency flexibility and ISAC
integration. Active RIS, while the most complex and calibration-intensive, promises high
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ISAC capabilities and dynamic adaptability, albeit with frequency limitations inherent to
their active design.

Table. 2.2 summarizes representative implementations of multi-port and reconfigurable RF
front-end technologies reported in the 2020s. The comparison highlights a broad spectrum
of operation frequencies ranging from sub-GHz RFID and IoT systems up to 300 GHz tera-
hertz (THz) integrated front-ends. Most reported prototypes are realized on PCB or hybrid
PCB–waveguide platforms, while recent works demonstrate on-chip integration in CMOS and
MMIC technologies to support higher data rates and miniaturized form factors. Data rates
span from kilobits per second in low-power sensing applications to several gigabits per sec-
ond for broadband THz transceivers, illustrating the scalability of multi-port architectures
across vastly different communication and sensing regimes. The diversity in modulation
formats—from QPSK and 16-QAM to 256-QAM and OFDM—demonstrates the increas-
ing adaptability of these front-ends for advanced communication standards. Furthermore,
the inclusion of sensing capability in recent designs signifies the convergence trend toward
ISAC systems. These results collectively emphasize that multi-port, six-port, and virtual
receiver/transceiver matrix architectures are not only evolving in complexity and integra-
tion level but also paving the way for next-generation programmable and multifunctional RF
front-ends spanning from microwave to THz frequencies.

2.9.1 Architectural Complexity

Traditional six-port RXs offer minimal architectural complexity, relying on passive hybrid
couplers, power detectors, and a calibration engine. This simplicity enables low-cost, compact
implementations, particularly suitable for mmW and automotive applications. However, as
functionalities are scaled—such as in dual-band, RadCom, or ISAC systems—the complexity
increases non-linearly due to the need for precise symmetry and delay control.

VRM and VTM architectures retain passive core structures but introduce matrix-driven
signal routing and reconfigurability. This increases design complexity, especially in analog-
domain combinatory logic and timing synchronization, but provides unmatched programma-
bility and reuse efficiency.

RIS-enabled RXs, though conceptually simple, require external control logic, reconfiguration
hardware (e.g., FPGA or MCU), and increasingly sophisticated materials. When semi-passive
or active components are included, their architectural burden begins to rival that of classical
TRXs.
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Table 2.2 Performance Summary of Multi-Port and Reconfigurable RF Front-End Technolo-
gies (2020s Journal Literature)

Ref. Year Published Fabrication Process Freq. (GHz) Data Rate Modulation Mode Comm. BW Sensing
[19] 2021 PCB 3.5 & 3.8 10 MSps 256-QAM 200 MHz NA
[91] 2021 PCB 3.6 NA 256-QAM NA NA
[90] 2021 PCB 24/28 4 MSps 64-QAM 300 MHz NA

[111] 2021 PCB 2.4 NA NA NA Yes
[58] 2021 MHMIC 57–64 100 kSps QPSK NA NA

[112] 2022 PCB 0.915 NA NA NA Yes
[15] 2022 PCB 24.5–26.5 NA NA NA Yes
[89] 2022 PCB 5–6.5 15 MSps 64-QAM 150 MHz Yes
[20] 2023 PCB 28 1 MSps 32-QAM NA Yes
[61] 2023 PCB 7.15 NA NA NA Yes

[113] 2023 PCB 31 NA NA NA Yes
[65] 2024 65 nm Chip 300 3 Gbps 32-QAM NA Yes
[93] 2024 PCB/Waveguide 28/30 1.2/0.8 Gbps 64/256-QAM NA NA
[60] 2024 MHMIC 60 500 kSps 16-QAM NA NA
[73] 2024 PCB 3.4 & 3.8 100 MSps 64-QAM NA NA
[94] 2024 PCB 5.8 & 150 240 Mbps 256-QAM NA Yes
[81] 2024 PCB 3.3 10 MSps & 100 MSps 256-QAM & OFDM NA NA
[96] 2024 PCB 24/28 5 MSps 64-QAM NA NA
[21] 2025 PCB 24.5–26.5 250 MSps 128-QAM NA Yes
[64] 2025 Waveguide/65 nm CMOS 28 1.2 Gbps 64-QAM NA Yes

2.9.2 Calibration Burden

Six-port systems require moderate calibration, typically through load/offset standards or
dual-tone methods. Calibration frequency increases with bandwidth and integration level.
In contrast, VRM/VTM platforms demand more advanced calibration schemes due to matrix
routing and reconfigurable paths—often involving ML or self-correcting feedback.

RIS systems shift the calibration burden from the RX chain to the wireless channel. While
the front-end may be passive, RIS-assisted systems must perform dynamic channel estimation
and reflection mapping, which adds complexity at the system level.

2.9.3 Frequency Range Scalability

Six-port RXs have been implemented from sub-6 GHz to above 120 GHz using various fabri-
cation technologies. Their broadband nature and minimal reliance on active circuitry make
them highly scalable. VRM and VTM systems inherit this capability but face greater disper-
sion sensitivity in matrix configurations at THz frequencies. RIS technologies offer wideband
manipulation in theory, but real-world performance is constrained by the material response
time, unit-cell design, and parasitic coupling—especially at THz where Metasurface fabrica-
tion becomes more difficult.
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2.9.4 Sensing and Communication Capabilities

Six-port and VRM/VTM systems naturally support both communication and sensing, thanks
to their interferometric properties. Six-port architectures have demonstrated Doppler, range,
and AoA sensing alongside communication demodulation. VRM/VTM adds dynamic recon-
figurability to support concurrent ISAC.

RISs, although not originally designed as RXs, contribute by shaping the propagation envi-
ronment. Their use in passive beam steering, reflection enhancement, and spatial filtering
enhances both sensing accuracy and communication throughput. Combined RIS-VRM sys-
tems show potential for low-power, multifunctional operation with intelligent control.

These results show that while six-port systems remain a practical solution for compact sensing
and communication, VRM/VTM and RIS technologies represent the next frontier—offering
higher flexibility and integration potential at the cost of complexity and calibration effort.

With these benchmarking insights, we are now ready to explore future research directions
and open challenges in the final thematic section.

2.10 Future Research Directions and Open Challenges

The continued evolution of multi-port RF front-ends will be shaped by emerging demands
in ultra-broadband communication, pervasive sensing, and real-time adaptability. While six-
port, VRM/VTM, and RIS-based systems have demonstrated their foundational viability,
several unresolved challenges and future research opportunities remain.

Fig. 2.14 illustrates several pivotal future research directions and open challenges in the ad-
vancement of RIS-assisted RXs and related technologies. These directions reflect the growing
complexity and interdisciplinary nature of next-generation wireless systems. Among the key
areas identified are AI-integrated adaptive calibration and reconfiguration, which focuses on
enabling real-time, intelligent adjustments for enhanced system performance. The integra-
tion of ultra-massive VTM and sub-THz front-end technologies represents another significant
challenge, as it demands both scalability and high-frequency operation in compact, efficient
designs.

Another emerging direction is the development of quantum-compatible and photonic multi-
port systems, which aim to leverage novel physical layers and processing techniques for ultra-
fast and secure communications. The co-design of RIS and VRM, along with the incorpo-
ration of hybrid RF intelligence, presents opportunities to jointly optimize control, reflec-
tion, and signal processing functionalities. Additionally, hardware-aware ISAC strategies,
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combined with Size, Weight, and Power (SWaP) optimization, are identified as crucial for
practical deployments—highlighted twice in the figure to emphasize their central importance.

In the following subsections, we provide a detailed discussion of each of these research direc-
tions, outlining current progress, existing limitations, and future possibilities.

2.10.1 AI-Integrated Adaptive Calibration and Reconfiguration

Future multi-port front-ends must transition toward fully adaptive systems capable of au-
tonomous calibration and reconfiguration in dynamic environments. While neural networks
and support vector machines have already demonstrated promise in reducing calibration
effort, scalable implementations for real-time correction, drift compensation, and signal op-
timization are still under development. Future research should focus on integrating on-chip
ML cores or analog neuromorphic processors directly into the front-end to minimize latency
and power consumption.

2.10.2 Ultra-Massive VTM and Sub-THz Front-End Integration

Scaling to hundreds or thousands of matrix elements, as expected in ultra-massive VTM,
demands new architectures that balance complexity, isolation, and calibration effort. VRM
and VTM architectures are naturally suited for such scalability due to their combinatory
routing potential. However, challenges remain in managing propagation dispersion, parasitic
loading, and cross-channel leakage at sub-THz frequencies.

Materials and packaging for multi-port junctions above 300 GHz require innovation in low-
loss waveguide structures, possibly leveraging silicon photonics or plasmonic transmission
lines. Similarly, RIS designs at THz scales will need more efficient tunable materials and
integration with THz -capable control electronics.

2.10.3 Quantum-Compatible and Photonic Multi-Port Systems

The convergence of RF engineering with quantum and optical domains opens another frontier.
Recent studies have proposed interferometric architectures that could operate in photonic or
hybrid electro-optical regimes, enabling extremely high-resolution sensing and secure com-
munications. Multi-port analog processors could serve as quantum-compatible interfaces in
environments requiring ultra-low latency and sub-photon-level sensitivity.

Moreover, photonic implementations of six-port or VRM structures could leverage wavelength-
division multiplexing and high-speed phase detection, offering unprecedented levels of paral-
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Figure 2.14 Conceptual illustration of future research directions in multi-port systems, includ-
ing AI-based calibration, ultra-massive VTM, quantum and photonic integration, RIS-VRM
co-design, and SWaP-optimized ISAC platforms.

lelism and bandwidth.

2.10.4 RIS-VRM Co-Design and Hybrid RF Intelligence

The synergy between RIS and VRM/VTM systems presents an exciting opportunity for
distributed analog-digital cognition. A coordinated RIS-VRM network could jointly manip-
ulate the wireless channel and RX matrix, enabling channel-aware front-end reconfiguration,
multi-hop reflectivity routing, and spatial interference mitigation.

Future work should explore joint optimization frameworks where RISs adapt reflection pa-
rameters based on feedback from VRM sensing matrices, forming a closed-loop analog control
system.
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2.10.5 Hardware-Aware ISAC and SWaP Optimization

As ISAC platforms proliferate in UAVs, satellites, and wearable devices, constraints on SWaP
will become critical. Multi-port systems must evolve to support intelligent resource alloca-
tion, low-power operation, and robust interference mitigation. Research must address analog-
digital hybrid integration, packaging miniaturization, and context-aware energy control.

Moreover, new metrics for multi-functionality—such as sensing-to-communication efficiency
ratio or joint utility score—should be developed to guide hardware and system optimization.

These directions underscore the fact that the future of RF front-ends is no longer bound
by static hardware constraints. Instead, it will be defined by programmability, intelligence,
and convergence—enabled by a new class of multifunctional, adaptive, and reconfigurable
systems that integrate Six-Port, VRM/VTM, and RIS concepts.

With a vision for the future laid out, the review concludes with reflections on the technological
journey and where these innovations are heading.

2.11 Conclusion and Future Outlook

The field of multi-port RF front-ends has evolved dramatically over the past four decades—from
the initial conception of six-port reflectometric circuits to the emergence of complex, mul-
tifunctional, and reconfigurable analog matrix systems. What began as a passive technique
for phase and amplitude detection has matured into a diverse family of RX and TRX archi-
tectures capable of supporting ISAC, dynamic beam steering, multi-band modulation, and
intelligent spatial processing.

Six-port RXs have demonstrated enduring relevance by combining broadband analog per-
formance with architectural simplicity and spectral efficiency. Their evolution into gener-
alized multi-port configurations opened pathways for concurrent operation and dual-mode
system design, particularly in software-defined and vehicular radar platforms. The transi-
tion from these fixed-port systems to reconfigurable platforms—embodied by the VRM and
VTM—marks a pivotal shift. These analog matrix structures allow on-the-fly signal path
adaptation, combinatory analog processing, and a higher degree of front-end programmabil-
ity, aligning closely with the needs of future ISAC and AI-driven RF environments.

Complementing these RX-centric advancements, RIS redefine how the wireless channel itself
can be controlled. As a novel layer of environmental reconfiguration, RIS enables spatial shap-
ing, interference suppression, and energy-efficient communication enhancement—all achieved
through programmable metasurfaces that operate in tandem with classical and virtual RF
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front-ends.

This review has synthesized the historical foundations, hardware innovations, calibration
trends, and application cases of multi-port front-ends while comparing their performance
across key metrics. It has also laid out promising future directions, including the co-
integration of RIS and VRM/VTM systems, sub-THz and photonic front-ends, and the
incorporation of AI for adaptive calibration and operation.

Ultimately, the convergence of these innovations is steering the industry toward a new class
of intelligent, compact, and multifunctional wireless systems—capable of fluidly transitioning
between roles in communication, sensing, and environmental control. These advancements
not only reflect technical progress but also redefine the very boundaries of what RF hardware
can achieve in the next generation of connected and perceptive systems.
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This paper proposes and presents a topological receiver architecture, named Virtual Receiver
Matrix (VRM), suitable for future smart multifunction wireless systems. This concept is
devised and benefits from using combinatory analog operations with multiple distributed
units in a receiver matrix or array. This mechanism of receiving data through spatially
“floating” distributed virtual receiver channels, offers an unprecedented solution of providing
unparalleled degrees of freedom to implement multiple functions such as data reception,
angle-of-arrival (AoA) detection, radar, and imaging operations among many others in a
single receiver architecture. Interestingly, the total number of possible virtual receivers from
different combinations of unit-cells in a matrix is also significantly increased compared to a
conventional “fixed” receiver array. Each virtual receiver, made of a combinatory set, depends
on the characteristics of incoming signals and their illumination angle. A mathematical model
is established and investigated for the design of unit-cells. Although a prototype of choice
is studied and designed for the fifth generation (5G) wireless systems, it is anticipated that
the VRM concept is applicable to the sixth generation (6G) and future wireless systems
for enhancing their functionality, capacity, agility, and speed. In this paper, a multiport
interferometric technique is used for each unit-cell of VRM as a proof-of-concept, however,
any other receiver type that uses the phase difference of incoming signals can be deployed
as the unit-cell for the realization of the VRM concept. First, experimental results of the
fabricated proof-of-concept prototype for various modulation schemes including QPSK, 16-
QAM, and 32-QAM are shown with data rates up to 1 mega symbol-per-second (MSps),
having a maximum error vector magnitude (EVM) of 9%. Finally, a systematic scheme for
2D AoA detection using a special combination of unit-cells is proposed and demonstrated
through the proposed VRM.
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3.1 Introduction

Wireless communication and sensing systems have experienced and witnessed themselves
tremendous innovation and transformation in recent decades. These developments are driven
by ever-increasing demands of higher data rate, low latency, enormous capacity, smart agility,
and super-connectivity among many others, necessitating the frequent introduction of new
technologies to cope with these requirements [140]. Accordingly, high-density 5G network
systems and connected devices are now proliferating across every imaginable industry and
brought up a radical change in the development of the wireless system front-end architec-
tures. The successful implementation and widespread deployment of such 5G-compatible
platforms will obviously require receiving, transmitting, and processing data in a smart and
multifunctional manner [141–143]. In this connection, upcoming wireless systems will ben-
efit from multiple radios and sensors cohabitating in an autonomous or semi-autonomous
way [144]. Indeed, the fusion and interplay of multi-functionalities are the foundation for
future wireless intelligence [143]. Also, in anticipated robust point-to-point wireless commu-
nication systems, AoA detection becomes vital and necessary, since only a slight deviation
may result in the loss of communication links [145]. Furthermore, by accurately detecting the
direction of an unknown incoming signal, the signal-to-noise ratio (SNR) can be significantly
improved, particularly in a multi-user wireless transmitting-receiving environment [146].

Phased-array receivers have been adopted for 5G millimeter-wave (mmW) wireless communi-
cations with high-speed data links, accurate location, and fast identification [147–149]. Their
sensitivity and SNR are inherently enhanced by increasing the number of array elements, thus
resulting in a high-quality demodulated digital signal and enabling high-speed data links for
long-range communications [150–152]. However, they involve multiple “fixed” RF front-ends
and antenna arrays. Ultra-dense networks using multiple base stations and access points
based on multi-input-multi-output (MIMO) techniques have been also reported to further
enhance the capacity and speed of wireless networks [153,154]. In fact, MIMO exploits spa-
tial multiplexing coding mechanism in multiple channels to provide high link-level gains to
overcome path-related losses and enable super-high-speed data transmission [155–158]. They
must typically rely on DSP to overcome inevitable interferences in the analog/RF front-end
domain. This requires the implementation of high-dynamic-range and power-hungry analog-
to-digital (A/D) converters and RF receiver front-ends [159]. In this connection, the existing
mmW and THz receiver architectures may not be capable of the anticipated massive connec-
tions in 5G wireless systems and beyond. Hence, unparalleled futuristic solutions should be
devised and considered to accommodate multi-functionalities in a smart, dense, and efficient
manner with maximum capacity and speed.
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(a) (b)

Figure 3.1 (a) Illustration of VRM concept receiving from different sources with different sig-
nal properties. Three states of active receiver, active sensing detector, and dummy receivers
are assigned to each unit-cell based on the sensing data and controller unit for a hypothetical
scenario. The baseband output data of each unit-cell is used to regenerate demodulated sig-
nals. (b) The dynamic floating assignment of combinatory sets for creating virtual receiver
channels for two different hypothetical scenarios with different sources at different incident
angles. The allocation of such receiving channels depends on the AoA, polarization, and
frequency of incident signals.
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In this paper, a concept of Virtual Receiver Matrix (VRM) is proposed, studied, and demon-
strated for the first time. As opposed to the conventional “fixed” receiver arrays, the proposed
receiver makes use of “dynamic” receiving units, floating around over a two-dimensional (2D)
matrix, where their states are determined based on incoming signal properties such as the
AoA, polarization, and frequency. As conceptually illustrated in Fig. 3.1(a), “virtual” re-
ceiver channels are created through a dynamic floating assignment and combinatory sets of
receiving units, physically distributed in the matrix. The VRM uses the phase difference
of incident waves on distinct cells to extract the quadrature amplitude modulated (QAM)
signals. Any combination of two or more cells is set to form a receiver, resulting in a con-
siderable total number of possible virtual receivers in comparison with conventional receiver
architectures. The most significant advantage of VRM topology compared to the conventional
“fixed” receiver arrays is the number of possible virtual receivers.

The proposed virtual receiver topology would enable unprecedented degrees of freedom in
implementing multiple functionalities and operations in a single receiver module, while pre-
serving low-power consumption, particularly in a large array architecture. In parallel, the
baseband recovered data from each unit cell, can be reused for different functions and data
processing, therefore leading to its high capacity and efficiency of power and data manage-
ment. Furthermore, the SNR can be significantly improved by using multiple cells, provided
that the phase differences of distinct cells are equal with respect to the incident waves. It
is worth mentioning that, the proposed topological receiver matrix also represents a good
candidate for the development of large-scale THz systems, particularly for compact range
and line-of-sight. Besides, as shown in Fig. 3.1(a) and (b), the geometrical architecture is
not limited to a square or hexagonal matrix, and any 2D spatially distributed topology can
be considered. Interferometric receiver, as a promising low-power single down-conversion to
baseband or IF receiver [6,8,10,16,19,115,118,160,161], is used for the purpose of our proof-
of-concept in this work. However, any other receiver type that uses the phase difference of
incoming waves to demodulate a signal can be employed.

This paper presents more details and analyses of the innovative topological architecture of
the VRM reported in [162]. In Section 3.2, the detailed theoretical modeling of VRM unit-
cells is presented for data reception and AoA detection system. The unit-cell design of VRM
and simulation results of demodulated quadrature amplitude modulation (QAM) signals and
the unambiguity range of receiver are also studied. As a proof-of-concept, an experimental
prototype is fabricated and measured at Ka-band for 5G multifunction applications in Section
3.3. Simulation and measurement results confirm the feasibility and viability of the proposed
multifunctional VRM technique.
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Figure 3.2 Total number of possible virtual receivers for a matrix with NxN elements in
comparison with the conventional fixed receiver arrays, considering different values of p.
(Each p-unit-cell can form a virtual receiver channel.)

3.2 Virtual Receiver Matrix Analysis And Modeling

Each unit-cell of VRM is controlled or managed dynamically with “activated”, “sensing
detector”, and “dummy” states, as illustrated in Fig. 3.1(a). For any unknown incident
wave, first of all, the 2D AoA detector system (detailed in Section 3.2.2) is set to determine
the illumination angle, and accordingly, allocates specific unit-cells to receive data from the
detected AoA. The VRM is a set of receiving units spatially distributed in a 2D array, and it
uses the phase difference of incoming signals to demodulate them. By changing the incident
angle of incoming signals, the states of unit-cells change, making them floating around in the
VRM, as illustrated in Fig. 3.1(b). This dynamic and floating property of receivers in VRM
is the prominent characteristic that makes it smart and power efficient.

The number of unit-cells that form a complete virtual receiver depends on the design principle
and the received power. Based on the proposed unit-cells employed in the VRM, two scenarios
can be considered depending on the power of an incoming signal compared to the injected
local oscillator (LO) power. First, if the power of LO is much larger than the RF power, only
two unit-cells can form a virtual receiver channel. Also, in case that RF and LO powers are
approximately in the same range, four unit-cells are then combined to play the role of data
reception. More theoretical investigations for the number of unit-cells that form a complete
virtual receiver are explained in Section 3.2.1.

The most significant advantage of VRM compared to the conventional fixed receiver arrays
is the number of possible virtual receivers. Assuming a receiver matrix with M x N elements,
the total number of possible virtual receivers can be calculated using the combination of any
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two or four unit-cells out of M x N elements. This is much more than the conventional case
of using each unit-cell as an individual static receiver, which can be M times N receivers
maximum. In general, it is worth mentioning that, this virtual receiver matrix is not limited
to the proposed block diagram (detailed in Section 3.2.1), and each unit-cell can be redesigned
or arranged based on the design requirements. For instance, instead of using two or four unit-
cells as a virtual receiver, as demonstrated in this paper, it is also possible to redesign the
unit cells to form a receiver from three or more units. If we consider that, any p unit-cells
from a complete virtual receiver, in a matrix with M x N elements, the total number of
possible virtual receivers (T) can be calculated readily using the following formula

T =
(
N ×M

p

)
= (N ×M)!
p! × (N ×M − p)! , p = 2, 3, 4, . . . (3.1)

Fig. 3.2 compares the total number of possible virtual receivers with conventional fixed re-
ceiver arrays, for a square matrix with N2 elements. As it can be seen in this figure, by
increasing the number of elements forming a virtual receiver (p), the total number of pos-
sible virtual receivers increases considerably. In the following, the theoretical modeling of
unit-cell design based on multi-port interferometric technique is presented. Also, the AoA
detection function is investigated using the same unit-cell design, but with different spatial
combination of unit-cells.

3.2.1 Virtual Receiver: Unit-Cell Modeling

In this proposed VRM “topology”, any type of receiver (from the well-known six-port to
heterodyne receiver architectures) that uses the phase difference of incident waves to de-
modulate a QAM signal can be employed as a unit-cell of VRM. In the following, we use
multi-port interferometric techniques for the purpose of VRM unit-cells realization, as a
proof-of-concept.

The block diagram of Fig. 3.3 shows the interferometric design of VRM unit-cells, each
containing an antenna, a low noise amplifier (LNA), a power combiner, and a power detector.
In fact, these unit-cells receivers behave like well-known homodyne receivers with a single-
ended diode mixer. By designing maximum isolation between the ports of power combiner,
the challenge of leakage is alleviated in this type of receiver.The received RF signal after
LNA can be considered as,

SRF (t) = aRF .α(t)ej(ωRF t+θ(t)+θ0) (3.2)
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Figure 3.3 Block diagram of VRM unit-cell design, including antenna, low noise amplifier
(LNA), power detectors and operational amplifiers. Four equally distanced unit-cells form a
complete virtual receiver. In the case of aLO ≫ aRF , only two unit-cells can form a virtual
receiver (P.S. is short for phase shifter).

where, aRF is the amplitude of the received signal after LNA. α(t) and θ(t) are the modulated
amplitude and phase of transmitted baseband signal, respectively. θ0 is the phase difference
between the RF and LO signals, if considering the injected LO signal as the following ex-
pression

SLO(t) = aLO.e
jωLOt (3.3)

where aLO is the amplitude of the LO signal. For a coherent receiver design of VRM, fre-
quencies of RF and LO should be considered the same ωLO = ωRF = ω. Also, if we consider
∆θ(t) = θ(t) + θ0, then the signal after the power combiner for the first unit-cell can be
written as

ψ1(t) = aLO.e
jωt[1 + aRF

aLO
.α(t)ej∆θ(t)] (3.4)

In a receiver matrix where its unit-cells are equally distributed, the phase difference of an
incoming signal between each two unit-cells with an incident angle of AoA and an inter-
element distance of d can be expressed as
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∆ϕ = 2πd
λ

cos(AoA) (3.5)

where λ is the operational wavelength of the incoming signal. It is also worth mentioning
that, the VRM is considered in the far-field zone of transmitters, where the incident waves
are considered as plane waves. If we consider the phase reference at the first unit-cell, then
signals of other three adjacent unit-cells with equal inter-element distances can be described
as

ψ2(t) = aLOe
jωt[1 + aRF

aLO
.α(t)ej(∆θ(t)+∆ϕ)] (3.6)

ψ3(t) = aLOe
jωt[1 + aRF

aLO
.α(t)ej(∆θ(t)+2∆ϕ)] (3.7)

ψ4(t) = aLOe
jωt[1 + aRF

aLO
.α(t)ej(∆θ(t)+3∆ϕ)] (3.8)

The output of each power combiner in the block diagram of Fig. 3.3 is connected to a power
detector. The output voltages of power detectors are proportional to the square magnitude
of their input signals.

V (t) = K |ψi(t)|2, i = 1, 2, 3, 4. (3.9)

where K is a constant related to the characteristics of power detectors. Accordingly, the
output voltages of each unit-cell can be obtained as follows

V1(t) = KaLO
2[1 + 2aRF

aLO
α(t) cos(∆θ(t)) + (aRF

aLO
)

2
α(t)2] (3.10)

V2(t) = KaLO
2[1 + 2aRF

aLO
α(t) cos(∆θ(t) + ∆ϕ) + (aRF

aLO
)

2
α(t)2] (3.11)

V3(t) = KaLO
2[1 + 2aRF

aLO
α(t) cos(∆θ(t) + 2∆ϕ) + (aRF

aLO
)

2
α(t)2] (3.12)

V4(t) = KaLO
2[1 + 2aRF

aLO
α(t) cos(∆θ(t) + 3∆ϕ) + (aRF

aLO
)

2
α(t)2] (3.13)

Now, if we set the variables of inter-element distance, operational wavelength, and incident
angle of the incoming signal (AoA) to make (3.5) equal to 2nπ + π

2 , where n is an integer
number (n = 0, 1, 2, · · · ), the output voltages of power detectors in (3.11) to (3.13) can be
simplified to the following expressions.
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Figure 3.4 Simulation results for recovered in-phase and quadrature components of (a) QPSK
(b) 16-QAM signals at data rate of 2 MSps.

V2(t) = KaLO
2[1 − 2aRF

aLO
α(t) sin(∆θ(t)) + (aRF

aLO
)

2
α(t)2] (3.14)

V3(t) = KaLO
2[1 − 2aRF

aLO
α(t) cos(∆θ(t)) + (aRF

aLO
)

2
α(t)2] (3.15)

V4(t) = KaLO
2[1 + 2aRF

aLO
α(t) sin(∆θ(t)) + (aRF

aLO
)

2
α(t)2] (3.16)

Then, the in-phase and quadrature components of a received QAM signal can be obtained
using the two operational amplifiers (Op-Amps) shown in Fig. 3.3.

I(t) = VD1(t) = V1(t) − V3(t) = K
′
α(t) cos θ(t) (3.17)

Q(t) = VD2(t) = V4(t) − V2(t) = K
′
α(t) sin θ(t) (3.18)

where K ′ = 4KaLOaRF . If we define a complex vector of S(t) = I(t) + jQ(t), the magnitude
of this expression would be proportional to the amplitude of transmitted baseband signal.
Finally, using a phase shifter before LO, we can set θ0 equal to zero to remove the mismatch
between the phases of RF and LO signals. Fig. 3.4(a) and (b) show the simulation results
of demodulated in-phase and quadrature components of QPSK and 16-QAM signals with a
data rate of 2 MSps, respectively.

In the VRM, by knowing the amplitude of received signals compared to the injected LO
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Figure 3.5 BER of virtual receivers for two AoAs of 82.8◦ and 75◦, in two cases of 4-unit-cell
receiver and 2-unit-cell receiver. QPSK modulation with data rate of 2MSps is chosen for
simulation.The two scenarios of 2- and 4- unit-cell receivers are simulated individually.

power, we can neglect the term of (aRF/aLO)2in (3.10) and (3.14), provided that aLO is much
larger than aRF . Then, the simplified version can be written as,

V1(t) ∼= KaLO
2[1 + 2aRF

aLO
α(t) cos(∆θ(t))] (3.19)

V2(t) ∼= KaLO
2[1 − 2aRF

aLO
α(t) sin(∆θ(t))] (3.20)

By using a filter, we can remove the DC parts of (3.19) and (3.20), and as a result, the
in-phase and quadrature components can be obtained using only two unit-cells.

The bit error rate (BER) for a QPSK modulation with an input white Gaussian noise is
defined as

Pb = 1
2erfc

(√
Eb
N0

)
(3.21)

where Eb is the bit energy, N0 / 2 is the variance of the additive white Gaussian noise, and
the erfc is the complementary error function. A white Gaussian noise source is added to the
ADS simulations to compare the BER of virtual receivers with the ideal case of 3.21. Fig. 3.5
shows the BER for two different scenarios of the virtual receivers formed by four and two
unit-cells for two different incident angles of 82.8 and 75 degrees, respectively (for a VRM
with d / λ = 2). Since, the inter-element distances between the unit-cells are chosen to be
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two wavelengths, the AoA for satisfying the 90-degree phase shift is 82.8 degrees. As it can
be seen, when the AoA is deviated by 7.8 degrees from the desired one, the BER is distorted,
since the phase difference between cells (∆ϕ) is no longer equal to 90 degrees.

3.2.2 Angle-of-Arrival (AoA) Detection System

In the previous subsection, the unit-cell design procedure of the VRM concept is investigated,
and in the following, one application of such 2D distributed configuration of virtual receivers
is presented. One important function that determines the stability and robustness of a point-
to-point wireless communication link is the AoA detection that can be used to compensate
for the probable deviations and distortions. In the proposed VRM, using exactly the same
unit-cells design, the AoA can be detected using only four unit-cells in a line arrangement,
as shown in Fig. 3.6. In this figure, the inter-element distances between the unit-cells are the
same, as in the data reception function, with this difference that the zero reference for phase
is the central unit-cell (ψmn). For any unknown incident wave with arbitrary AoA, two sets
of perpendicular activated AoA detector units can determine the 2D AoA. In Fig. 3.6, the
signals after power combiners in activated AoA detectors in the x-direction can be described
as

ψm−2k,n(t) = aLO.e
jωt[1 + aRF

aLO
.α(t)ej(∆θ(t)−2∆ϕ)] (3.22)

ψm−k,n(t) = aLO.e
jωt[1 + aRF

aLO
.α(t)ej(∆θ(t)−∆ϕ)] (3.23)

ψm+k,n(t) = aLO.e
jωt[1 + aRF

aLO
.α(t)ej(∆θ(t)+∆ϕ)] (3.24)

ψm+2k,n(t) = aLO.e
jωt[1 + aRF

aLO
.α(t)ej(∆θ(t)+2∆ϕ)] (3.25)

As a result, the output voltages of power detectors related to each unit-cell can be calculated
as

Vm−2k,n(t) = KaLO
2[1 + 2aRF

aLO
α(t) cos(∆θ(t) − 2∆ϕ) + (aRF

aLO
)

2
α(t)2] (3.26)

Vm−k,n(t) = KaLO
2[1 + 2aRF

aLO
α(t) cos(∆θ(t) − ∆ϕ) + (aRF

aLO
)

2
α(t)2] (3.27)

Vm+k,n(t) = KaLO
2[1 + 2aRF

aLO
α(t) cos(∆θ(t) + ∆ϕ) + (aRF

aLO
)

2
α(t)2] (3.28)
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Figure 3.6 Two-dimensional Angle-of-Arrival (AoA) detection using four unit-cells in a line
arrangement for both x and y directions.

Figure 3.7 Simulation results of AoA for an incident beam using the AoA detector system
for different ratios of inter-element distances over wavelength.

Vm+2k,n(t) = KaLO
2[1 + 2aRF

aLO
α(t) cos(∆θ(t) + 2∆ϕ) + (aRF

aLO
)

2
α(t)2] (3.29)

By subtracting the output voltages of the activated AoA detectors, the following formulas
are obtained.

Vm−2k,n(t) − Vm+2k,n(t) = 8KaLOaRFα(t) sin θ(t) sin 2∆ϕ (3.30)

Vm−k,n(t) − Vm+k,n(t) = 8KaLOaRFα(t) sin θ(t) sin ∆ϕ (3.31)

After some trigonometric simplifications, we can generate the following formula for obtaining
the ∆ϕ.
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∆ϕ = cos−1
(
Vm−2k,n − Vm+2k,n

2(Vm−k,n − Vm+k,n)

)
(3.32)

In order to find the AoA we can use 3.5, and use another inverse cosine function on (3.32)
as below

AoA = cos−1
(
λ

2πd cos−1
(
Vm−2k,n − Vm+2k,n

2(Vm−k,n − Vm+k,n)

))
(3.33)

Fig. 3.7 shows the simulated and detected AoA compared to the ideal case for different ratios
of wavelength over inter-element distances. As illustrated in this figure, by increasing the
ratio of inter-element distance over wavelength, the unambiguous range of AoA detectors are
become narrower, which is rooted in the nature of inverse cosine function.

3.2.3 Ambiguity Analysis of Virtual Receiver

As mentioned in the modeling of virtual receivers, the AoA is the key factor in the data
receiving operation, which determines the required phase difference between cells. Therefore,
it is important to analyze and investigate the operational unambiguous range of virtual
receivers. If we extract the output voltages of VRM unit-cells in a matrix form, the following
equation would be obtained after some trigonometric calculations.

 I(t)
Q(t)

 = 4KaLOaRF ¯̄M
 α(t) cos(∆θ(t))
α(t) sin(∆θ(t))

 (3.34)

where ¯̄M is the transformation matrix relating to the received and transmitted signals.

¯̄M =
 sin2 ∆ϕ − sin ∆ϕ cos ∆ϕ

2 cos ∆ϕ− 2 cos3 ∆ϕ − sin ∆ϕ+ 2 sin3 ∆ϕ

 (3.35)

If we calculate the determinant of (36), it would be simplified to the following equation.

det( ¯̄M) = sin3 ∆ϕ (3.36)

If ¯̄M is an invertible matrix,(det( ¯̄M) ̸= 0), the receiver can still demodulate the received
signals. The determinant of ¯̄M is a periodic function and it is depicted in Fig. 3.8 for different
ratios of inter-element distances to operational wavelength. As it can be seen, by increasing
this ratio, the ambiguous points in which their determinant is equal to zero is increased
and consequently the number of AoAs that cannot be used for data reception is increased.
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Figure 3.8 Determinant of transformation matrix (M) with respect to Angle-of-Arrival for
different ratios of inter-element distances over operational wavelength.

Therefore, at a constant operational frequency, the least value for inter-element distances of
unit-cell in VRM results in a wider unambiguity range for data reception. However, extremely
small inter-element distances would increase the mutual couplings between the antennas of
each unit-cell, and a compromise between the unambiguity range and destructive effects of
mutual coupling should be considered.

3.2.4 Polarization Detection Analysis

In this final sub-section, using exactly the same unit-cell design for both data reception
and AoA detection, the analysis of detecting the polarization rotation angle of any unknown
linearly polarized signal is also investigated. As shown in Fig. 3.9, the first and third antennas
of VRM unit-cells have perpendicular polarized radiations with respect to the second and
fourth ones. Here we assume horizontal and vertical polarized antennas with acceptable co-
to-cross level ratios. For the linearly polarized radiation with a rotation angle of γ, shown in
Fig. 3.9, the unit-cells with horizontal and vertical radiations receive signals proportional to
cos(γ) and sin(γ), respectively. Also, considering the phase difference of incident signal, the
following expressions can be written as the output voltages in Fig. 3.9.

V1(t) = KaLO
2[1 + 2aRF

aLO
cos(γ)α(t) cos(∆θ(t)) + (aRF

aLO
)

2
α(t)2] (3.37)

V1(t) = KaLO
2[1 + 2aRF

aLO
sin(γ)α(t) cos(∆θ(t) + ∆ϕ) + (aRF

aLO
)

2
α(t)2] (3.38)

V1(t) = KaLO
2[1 + 2aRF

aLO
cos(γ)α(t) cos(∆θ(t) + 2∆ϕ) + (aRF

aLO
)

2
α(t)2] (3.39)
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Figure 3.9 Polarization detection system with horizontally and vertically polarized radiations
using four adjacent unit-cells.

V1(t) = KaLO
2[1 + 2aRF

aLO
sin(γ)α(t) cos(∆θ(t) + 3∆ϕ) + (aRF

aLO
)

2
α(t)2] (3.40)

Again, considering ∆ϕ equal to 90 degrees, we can have

V1(t) + V3(t) = 2Ka2
LO[1 + cos2(γ)(aRF

aLO
)2α2(t)] (3.41)

V2(t) + V4(t) = 2Ka2
LO[1 + sin2(γ)(aRF

aLO
)2α2(t)] (3.42)

Now, after removing the DC parts in (3.41) and (3.42), we have

V
′

1 (t) = 2K cos2(γ)a2
RFα

2(t) (3.43)

V
′

2 (t) = 2K sin2(γ)a2
RFα

2(t) (3.44)

Therefore, by dividing 3.43 over 3.44, we can obtain the rotation angle of any linearly polar-
ized radiation

V
′

1 (t)
V

′
2 (t) = tan2(γ) → γ = tan−1


√√√√V

′
1 (t)
V

′
2 (t)

 (3.45)
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(a)

(b)

Figure 3.10 (a) Multifunction Virtual Receiver Matrix (VRM) prototype demonstration.
M.N. is short for matching network. (b) Photograph of the measurement setup test bench
for the fabricated VRM prototype. The measurement equipment is synchronized with 10
MHz reference signal.

3.3 Demonstration And Experimental Results

To validate and evaluate the performance of the proposed VRM and theoretical foundation,
a proof-of-concept prototype is fabricated with an inter-element distance of two wavelengths
on Rogers RO3003 substrate with ϵr = 3 and thickness of 20 mils to operate at 28 GHz
for 5G mmW systems, as shown in Fig. 3.10(a). This prototype is designed, simulated, and
optimized in both full-wave simulators of CST Studio and Keysight Advanced Design System
(ADS) software. A fed-through microstrip antenna is used to receive the RF modulated
signal from the transmitter. Then, the RF signal is connected to the power combiner using a
matching network, while the LO signal is injected through the other port of power combiner.
Both RF and LO signals are combined and applied to a Schottky diode power detector, SMS
7621-040LF. A matching network ensures detectable output voltage levels. By the way, the
principle of the proposed VRM technique is not limited to the printed circuit board (PCB)
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and can be extended for an integrated circuit (IC) implementation for large-scale THz receiver
arrays.

The distribution of LO signal to each unit-cell of VRM, however, poses challenges from equal
distribution to in-phase excitation. In this connection, self-oscillating mixers would be a good
candidate for LO signal generation [163]. For the purpose of our proof-of-concept prototype,
in the experimental setup, only the selected unit-cells in Table. 3.1 are excited with the LO
signal to work as an activated receiver. Since each unit-cell of the proposed VRM is similar,
the injected LO power is connected to the receiving units using external power dividers and
a phase shifter to ensure the in-phase excitation of each unit-cell. In Table. 3.1 two cases
of four-unit-cell (M11,M12,M13,M14) and two-unit-cell receivers (M32,M35) are selected to
demodulate a QAM signal for specific AoAs, at a data rate of 1 MSps. The second is using
only two unit-cells but with different input RF power and incident angle. As can be seen
in 3.1, the extracted EVM from the oscilloscope is increased when only using two unit-cells,
but still below 9%.

The measurements of the receiver are conducted with Keysight UXR0702AP Real-Time
Oscilloscope, an Agilent E8257D PSG Analog Signal Generator, an Agilent E8267D Vector
Signal Generator, and an Agilent N1914A power meter. In order to synchronize the RF
and LO signals, a 10 MHz synchronization signal is applied to both signal generators and
analyzers. The fabricated prototype is a matrix with 5x5 elements, located on a rotational
platform displaying the rotated degrees, as shown in Fig. 3.10(b). The RF transmitter is a
diagonal horn antenna FR6413 from ORBIT/FR with 17 dBi gain at 28 GHz. The receiver
antenna was designed in a way that receives for any incident angles similar to an omni-
directional pattern with a gain of about 6.7 dBi and 7.3% of bandwidth. The fabricated
prototype is a matrix with 5x5 elements. As stated in Section 3.1, numerous combinations
of unit-cells can form a virtual receiver. Fig. 3.11 shows the output EVM for AoA deviations
for the first case of Table. 3.1 for 32-QAM signal with a data rate of 1 MSps. As can be
seen in this figure, by changing about ±5 degrees around the exact AoA, the EVM of the
demodulated signal is still below 10%, which is acceptable.

3.4 Conclusion

In this work, the concept of VRM architecture suitable for future multifunction wireless
systems is proposed, presented, and demonstrated for the first time. The most significant
advantage of VRM topology compared to the conventional “fixed” receiver arrays is the
number of possible virtual receivers. The incoming signal properties in the 2D distributed
units of VRM, determines the dynamic allocations of activated receiving units to demodulate
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Figure 3.11 Measured EVM for different AoAs of 4-unit-cell Rx in Table 3.1.

a QAM signal. This floating and dynamic feature of virtual receivers enables the seamless
integration of multifunctionalities while significantly enhancing the capacity and agility of
receiver topology compared to prior-art architectures. The implemented unit-cell in this
paper is not limited to interferometric receiver architectures as demonstrated in this work
and in fact any other receiver type that uses the phase difference of incoming signals can
be used. The mathematical formulations and the proof-of-concept prototype measurements
confirm the validity of VRM operations. The proposed VRM solution is believed to be a
paradigm shift in the design and development of 5G, 6G, and future multifunction wireless
techniques and systems.



66

Table 3.1 Measured Normalized Constellation Diagrams With Different Orders of Modulation
(M-QAM) And For Different Analog Combinations of Virtual Receivers.

Modulation
Order

(M-QAM)
Four-Unit-Cell Rx (M11,M12,M13,M14)

(Data Rate= 1MSps & AoA = 82.8◦)
Two-Unit-Cell Rx (M32,M35)

(Data Rate= 1MSps & AoA = 86.4◦)

4-QAM

16-QAM

32-QAM
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This paper introduces and demonstrates an integrated concurrent sensing and communication
system characterized by multifunctionality and reconfigurability, underpinned by dynamic
cell allocation within a topologically distributed matrix. Unlike traditional Angle-of-Arrival
(AoA) or polarization detection systems, this approach offers a vastly expanded range of
matrix cell combinations, facilitating the integration of diverse and simultaneous operations
in a single transceiver architecture. Our proposed programmable front-end is set to synthesize
transmitter (Tx) / receiver (Rx) channels by adapting to the instantaneous characteristics
of incoming signals from various sources. We establish and explore a mathematical model of
unit cells and conduct modulation tests utilizing 64-/128- Quadrature Amplitude Modulation
(QAM), achieving data rates of up to 250 Msps, with a maximum error vector magnitude
(EVM) of 4.56%. The AoA measurements demonstrate an error of approximately 0.9◦ in a
range of -12◦ to 12◦. Also, the polarization rotation measurements show an error of maximum
2.8◦ for an entire spanning range of zero to 90 degrees. The results underscore the efficacy of
proposed VTM for its possible deployment across a spectrum of applications including base
stations and user terminals for next generation 5G/6G communications, sensing systems, and
beyond.

4.1 Introduction

In the realm of wireless communications and sensing systems, precision detection of signal
parameters such as Angle of Arrival (AoA) and polarization is crucial for enhancing system
application, performance, and reliability [145]. These parameters provide essential informa-
tion for real-world applications ranging from radar-based target tracking to spatial multi-
plexing in emerging and future multiple-input multiple-output (MIMO) communication and
sensing systems. Leveraging polarization diversity can mitigate signal fading and polarization
mismatch losses as well as improve signal discrimination in a crowded and interference-prone
environment. Additionally, polarization-aware systems would bolster channel estimation,
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spatial multiplexing gain, and enhanced link reliability. Consequently, different techniques
for AoA and polarization detection have garnered significant attention through recent re-
search and development efforts [61, 102, 104, 113, 164]. Indeed, future-generation wireless
communication systems demand integration and synergy of multifunctionalities within an
integrated front-end architecture [141].

Early and current generations have relied on Distributed Antenna Systems (DAS) [165], but
challenges are persisting on how to effectively distribute received signals. Large-scale phased
array transceivers have emerged as promising components in 5G/6G systems due to their
high-speed data rate, precise location capabilities, and rapid scanning identification [147,148].
However, implementing low-loss broadband phase shifters becomes increasingly complex as
system scale expands, thus limiting system performance and application range [149]. Another
approach involves ultra-dense networks with multiple base stations and access points based on
MIMO, offering high link-level gains and mitigating path-related losses [155–157]. However,
analog/RF front-end interference remains a concern in MIMO systems [158]. In this context,
prevailing millimeter-wave (mmW) and/or terahertz (THz) transceiver architectures may
prove inadequate to support the anticipated mega-connections in future wireless systems.

Emerging techniques have been studied for AoA and polarization detection, which include
metasurface structures [166] and multi-port devices. For instance, a compact broadband six-
port junction was proposed for AoA detection [61], yet it primarily operates in one dimension
due to its limited input channels. Efforts to extend detection coverage into two and three
dimensions include integrating down-converted mixers [167] and measuring time differences
of arrival [168], though these approaches may not be cost-effective or scalable. Recent ad-
vancements underscore unconventional systematic schemes like expanding six-port junctions
to eight-port or sixteen-port interferometers for improved 2-D AoA estimation [102, 113],
yet scalability and integration with other functionalities like polarization detection remain
challenging. Therefore, future solutions must enable efficient multifunctionalities based on
smart, dense, AoA-agile, and polarization-agile transceivers, thus maximizing capacity and
speed [20].

This work derives and explores the concept of multifunction Virtual Transceiver Matrix
(VTM) to meet the demand for next-generation wireless communication and sensing systems.
The proposed VTM topology offers unprecedented flexibility in implementing concurrent
functionalities and operations within a unified front-end wireless system. This transceiver
architecture enables dynamic allocation of unit-cells to synthesize channels in support of
transmission, reception, and sensing functions, as illustrated in Fig. 4.1. Baseband-recovered
data from each unit-cell can be repurposed for various functionalities and data processing,
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Figure 4.1 Conceptual diagram illustrating the proposed sensing and communication VTM
front-end. This multifunctional system is designed to detect the Angle of Arrival (AoA)
and polarization of arbitrary incident QAM signals, alongside facilitating both receiving
(Rx) and transmitting (Tx) functions. A key feature is the multi-layer LO feed network
within the VTM, ensuring equal amplitude of LO signals with adjustable phases, tailored to
accommodate both Rx and Tx operations. Additionally, a controller unit is used to govern
the dynamic operation of individual cells, allowing for an efficient power management through
the activation or deactivation (dummy) of selected units.

thereby enhancing capacity, sensing, and power/data management efficiency. Unlike tradi-
tional systems that are set to prioritize either AoA or polarization detection, the VTM fa-
cilitates a multifunctional wireless communication and sensing system capable of performing
these operations simultaneously, while maintaining high data rate communication with robust
performance. The multi-port interferometer, recognized as an effective low-power solution for
single down conversion to baseband or IF [6,8,10,16,19,43,87,91,96,115,118,120,161,169–171],
is considered in this work to demonstrate our proof-of-concept.

The remainder of this paper is organized as follows: Section II discusses the theoretical mod-
eling of a multi-layer Local Oscillator (LO) feed network and VTM unit-cells, highlighting
their applications in transceiver functionality, AoA detection, and polarization analysis. It
presents simulation and measurement results for aforementioned applications. Section III
introduces the measurement setup for an experimental prototype tailored for 5G multifunc-
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tional applications, providing validation through comprehensive simulation and measurement
results.

4.2 VTM Theoretical Modeling and Implementation

This section introduces a theoretical framework for modeling the proposed transceiver unit-
cells, depicted in Fig. 4.1, encompassing functions such as AoA and polarization detection.
While traditional sensing systems prioritize either AoA or polarization detection, this work,
as mentioned earlier, proposes a multifunctional wireless communication and sensing system
capable of simultaneously performing all these operations. The flowchart in Fig. 4.2 sum-
marizes the necessary steps for the operations of VTM. According to this flowchart, the 2D
AoA detectors and polarization detectors are initially activated to track the characteristics of
incoming sources in a hypothetical scenario illustrated in Fig. 4.1. Subsequently, this data is
transferred to a processor to decide the activation of specific receiving cells for demodulating
QAM signals corresponding to the identified AoA and polarization. Meanwhile, other cells
may serve for transmitting QAM signals. The activation of transmitter cells depends on
achieving the necessary signal gain, while the number of receiver cells is determined by a
desired SNR. Generally, a higher count of activated transceiver cells results in improved SNR
(for Rx) or directivity of radiated patterns (for Tx). If sensors do not detect any incident
signal, the VTM cells will be deactivated (dummy) to reduce the power consumption.

Before exploring the mathematical modeling of VTM cells, it is necessary to conduct a com-
parative analysis between VTM, phased array, and MIMO systems in terms of Bit Error Rate
(BER) and SNR. If we consider, for simplicity, a Single-input-single-output (SISO) channel
as an example with a binary phase shift keying (BPSK) modulation source signal, we have
x[n] = hs[n] + r[n], where h is the fading channel, s[n] ∈ {+1,−1} is the transmitted sym-
bols, and r[n] ∼ CN(0, σ2) is the Additive White Gaussian Noise (AWGN) (σ2is variance).
In the VTM scheme, since a Rx channel is formed by the combination of at least two cells in
a floating manner, we can model the channel as depicted in Fig. 4.3(a) for the combination
of N two-cell receivers. If the channels hi are faded independently, the probability that the
VTM channel is in a deep fade will be approximately described by:

Pr(C(M2, 2)(|h1|2SNR < 1)&. . .&C(M2, 2)(|hN |2SNR < 1)) = (Pr((|h|2SNR < 1))))N

≈ 1/(C(M2, 2).SNRN)

(4.1)
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Figure 4.2 Flowchart illustrating the proposed sensing and communication VTM, initiating
with AoA and polarization detection of arbitrary incident signals. Subsequently, specific cells
are activated for Tx and Rx functions, contingent upon Signal-to-Noise Ratio (SNR) and gain
criteria.

where C(M2, 2) represents the combination formula, which calculates the number of possible
pairwise combinations within a square matrix containing M ×M elements. It is mathemat-
ically defined as M2!/(2! × (M2 − 2)!). The channel estimation process for a MIMO system
is detailed in [151]. In this context, for VTM since each channel is formed by at least two
cells, the probability of each fading channel from a Tx is scaled by a factor of C(M2, 2).
Fig. 4.3(b) shows the BER calculations for different scenarios of phased array, MIMO and
VTM architectures for one and two transmitters. The VTM has a better performance when
compared to the SISO and 2Tx1Rx systems requiring a lower SNR for a determined BER.
This is rooted in the combination behavior of channels that becomes apparent in the de-
nominator of Eq.1. C(M2, 2). It is worthwhile to mention that in the VTM, based on the
design of unit-cells, instead of two cells to form a Rx channel, three, four or even a higher
number of elements can get involved in the Rx operation, thus leading to even more possible
combinations and better SNR. Next, we will discuss about the proposed LO feed network
and its implementation in the VTM.
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(a)

(b)

Figure 4.3 (a) Channel model implemented in the proposed multifunction sensing and com-
munication VTM front-end. (b) Comparative analysis showcasing BER across SISO, phased
array, MIMO, and VTM technologies in cases of one and two transmitters. (VTM with two-,
three-, and four-cells to form a Rx channel.)

4.2.1 LO Feed Network Distribution

In the proposed TRx system, the LO signal needs to be evenly distributed across all cells
within the matrix. To achieve this, we suggest making use of a LO feed network characterized
by high isolation properties, facilitated by individual Field-Effect Transistor (FET) oscillators
localized in each unit-cell and synchronized by a reference LO signal. Additionally, to achieve
the necessary 90-degree phase shift, a hybrid coupler is incorporated into the feed network,
segregating cells into two principal sections representing 0 and 90 degrees, respectively.

This segregation is essential for transmitting a QAM signal in the VTM. Specifically, two
cells involved in the transmission functions are selected such that one is driven by a local
oscillator (LO) at 0 degrees and the other by an LO at 90 degrees. Consequently, a QAM
signal is transmitted, as detailed in the subsequent section II.B.
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Fig. 4.4(a) illustrates a multi-layer LO feed network of the VTM, encompassing a matrix
comprising 64 elements. Upon application of the input reference LO signal, the coupled LO
signal is transmitted to the second layer housing the VTM cells and antennas (depicted in
yellow color in Fig. 4.4(a)). To verify the required 90-degree phase shift of the LO signal across
the VTM cells, we fabricated a prototype as depicted in Fig. 4.4(b). The FET oscillators’
power source is connected to a load, rendering them unstable at 25.4 GHz. The frequency
of all these FET oscillators is adapted to the reference input LO and their phase is dictated
by the implemented hybrid coupler. Fig. 4.4(c) shows the simulated output voltages of the
FET oscillators showing a 90-degree phase shift. The measured scattering parameters of the
FET oscillators are illustrated in Fig. 4.4(d).

The individual local oscillators do not require tuning since they are all injection-locked to
the reference LO, as shown in Fig. 4.4(a). The injection-locking mechanism inherently pulls
the oscillator’s frequency toward that of the external signal. Consequently, as long as the
injection signal remains within the locking range, the oscillator stays locked, eliminating the
need for tuning. In the fabricated prototype of the VTM, the injected power is exclusively
for the injection locking reference signal, resulting in a relatively low requirement of around
-10 dBm to drive the entire network.

To demonstrate the robustness of the proposed injection-locked oscillator, we performed an
analysis of the variations in the free-running oscillation frequency. First, Fig. 4.5(a) illus-
trates the impact of a ±5% variation in the electrical length of the stub connected to the
transistor source, resulting in a frequency shift of ±400 MHz. Another critical factor in-
vestigated is temperature, particularly relevant during the transmit mode when the power
amplifier (PA) is active. Simulation result in Fig. 4.5(b) shows that higher input power from
the injection-locking signal effectively compensates for temperature-induced frequency varia-
tions. Additionally, we analyzed the effect of supply voltage fluctuations on the free-running
frequency. A ±5% variation in supply voltages VDS and VGS caused maximum frequency
shifts of ±50 MHz and ±12.5 MHz, respectively, both of which remain within the locking
range. Measurements of the locking bandwidth were conducted for the implemented oscillator
with an input power of -30 dBm, as shown in Fig. 4.5(e). The injection-locking mechanism
compensates for all these frequency variations, as depicted in Fig. 4.5(f). The oscillator
maintains locking for input power levels exceeding -31 dBm, and the locking bandwidth im-
proves accordingly. It is important to note that phase noise is particularly pronounced in
mixer-based architecture, unlike the multiport linear interferometric architecture used in this
work.
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Figure 4.4 (a) The proposed two-layer LO feed network includes a 90-degree hybrid cou-
pler dividing VTM cells into two regions with a 90-degree phase shift relative to each other.
A low-power reference LO signal ensures frequency and amplitude synchronization. This
signal is distributed via microstrip lines and SIW coupling cavities to stabilize FET oscilla-
tors to the desired LO signal. Additionally, biasing of these FET oscillators allows for cell
activation/deactivation. (b) Fabricated prototype of two injection-locked oscillators with a
90-degree phase shift. (c) Simulated output voltages of the oscillators. (d) S-parameters of
the oscillators.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.5 Simulation result of parametric study of the proposed oscillator. Variation in
free running oscillation frequency considering the change in (a) electrical length of stub.
(b) temperature. (c) DC supply voltage VDS, and (d) VGS. (e) Measured injection-locking
bandwidth of oscillator for an input power of -28 dBm.(f) Measured phase noise for different
power levels of the injected LO signal.
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4.2.2 Transmitter Unit-cell (Tx) Modelling

The proposed unit-cell of VTM, as shown in Fig. 4.6, consists of an antenna, a hybrid coupler,
an oscillator, and two zero biased power detectors. The FET oscillator in each unit-cell is
connected and locked to a reference LO. Consider the following expression for the input LO
signal of the first unit-cell

SLO(t) = aLOe
jωt (4.2)

where aLO is the amplitude of LO signal and ω is the operational angular frequency and is
equal to 2πf . (f is the operational frequency of VTM which in this equations are assumed
to be a coherent communication where LO and RF frequencies are the same.) t is also
representing time. Then, the output RF signal can be calculated using reflection coefficients
from the two ports of the hybrid coupler connected to the power detectors (Γ1(t),Γ2(t)) with
reference to the injected LO power, which can be obtained as

SRFI
(t) = KaLO[Γ1(t) + Γ2(t)]ejωt (4.3)

where K is a constant factor identified by the type of power detectors used in the design.
Therefore, we can assign the summation of the reflection coefficient in (3) equal to the in-
phase component of QAM signal,

Γ1(t) + Γ2(t) = α(t) cos(θ(t)) = I(t) (4.4)

where α(t) and θ(t) are the modulated amplitude and phase of baseband signals, respectively.
As discussed previously, the LO phase of the second unit-cell is set to have a 90-degree phase
shift, with the aid of a hybrid coupler. Therefore, the LO signal at the second unit-cell is
obtained as follows

SLO(t) = jaLOe
jωt (4.5)

Similarly, we can assign the reflection coefficients of the connected power detectors of the
second unit-cell (Γ3(t),Γ4(t)) to the quadrature component of QAM signal, and the output
RF signal can be also calculated as

SRFQ
(t) = jKaLO[Γ3(t) + Γ4(t)]ejωt (4.6)
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Figure 4.6 Block diagram of VTM unit-cell design for Tx function, including a RF antenna,
a hybrid coupler (HC), power detectors, and a local FET oscillator locked to a reference
LO signal divided by a 90-degree hybrid coupler. The summation reflection coefficients from
each IF source should be equal to in-phase or quadrature components to radiate a total QAM
signal.

Γ3(t) + Γ4(t) = α(t) sin(θ(t)) = Q(t) (4.7)

Consequently, each unit-cell will transmit either the in-phase or quadrature components and
the summation of both signals will be radiated as a QAM signal. In our proposed transceiver
architecture, where IQ signals are combined in the air, the distance d between transmitters
or receivers is critical for preventing interference and ensuring effective signal combining.
Ideally, this distance should be sufficient to preserve the integrity of individual signal paths
and minimize crosstalk. In the designed VTM, we have set the inter-element distance d
between cells to one wavelength. This approach helps to minimize coupling effects while
enabling a wide range of AoA detection without ambiguity.

4.2.3 Receiver Unit-cell (Rx) Modelling

Fig. 4.7 describes the demodulator design of VTM for a signal with incident angle of AoA.
This cell design occupies half the space of a conventional multi-port interferometric receiver.
Consequently, two cells forming a channel are approximately the same size as a traditional
multi-port receiver. While it may seem that using two antennas and LNAs for a channel
increases power consumption, a broader perspective reveals significant advantages in large
arrays. The increased number of channels offered by this design outweighs the power costs
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when compared to conventional receiver and transmitter architectures. As illustrated in
Fig. 4.1, only a few cells are activated for receiving or transmitting functions, allowing the
others to remain deactivated and conserve power. Additionally, by employing distributed Rx
and Tx cells, we can simultaneously conduct multiple functions, such as AoA detection and
polarization detection.

In the case of a coherent receiver, the frequency of carrier on both transmitter and receiver
is considered the same. Let’s consider the received signal after the LNA of the first unit-cell
as

SRF (t) = aRFα(t)ej(ωt+θ(t)) (4.8)

where aRF is the amplitude of the received RF signal. If we also consider the injected LO
signal as (2), the output signals of 90-degree hybrid coupler ports can then be obtained by

ψ1(t) = −aLO√
2
ejωt[j aRF

aLO
α(t)ejθ(t) + 1] (4.9)

ψ2(t) = −aLO√
2
ejωt[aRF

aLO
α(t)ejθ(t) + j] (4.10)

These two signals are connected to power detectors where their output baseband signals are
extracted, which are proportional to their input RF power

V (t) = K |ψi(t)|2, i = 1, 2, 3, 4. (4.11)

where K is a constant, determined by the type of power detectors. Accordingly, the output
voltages of power detectors are described as follows,

V1(t) = KaLO
2

2 [1 + (aRF
aLO

)
2
α(t)2 − 2(aRF

aLO
)α(t) sin(θ(t))] (4.12)

V2(t) = KaLO
2

2 [1 + (aRF
aLO

)
2
α(t)2 + 2(aRF

aLO
)α(t) sin(θ(t))] (4.13)

Using an operational amplifier, the subtraction of the two output voltages will result in the
quadrature component of a QAM signal

VD(t) = Q(t) = 2KaLOaRF [α(t) sin θ(t)] (4.14)
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Figure 4.7 Block diagram of VTM unit-cell design for Rx function, including a RF antenna, a
hybrid coupler (HC), power detectors, an operational amplifier (Op-Amp), and a local FET
oscillator locked to a reference LO signal divided by a 90-degree hybrid coupler. The phase
difference of received RF signals between cells should be 2nπ to demodulate the QAM signal.

The phase differences between received signals over two distinct antennas in different cells
can be formulated as follows,

∆ϕRF = 2π
λ
d cos(AoA) (4.15)

where d is the inter-element distance between any two cells distributed in the matrix, λ is
the operational wavelength, and AoA are the angle of arrivals of the two incident waves.
Therefore, we can obtain the RF signal after the antenna of the second unit-cell as

S
′

RF (t) = aRFα(t)ej(ωt+θ(t)).ej∆ϕRF (4.16)

S
′

LO(t) = jaLO.e
jωt (4.17)

Again, after injecting LO power to the hybrid coupler of the second unit-cell, the signals
before the power detectors can be obtained as
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ψ
′

1(t) = −jaLO√
2

ejωt[1 + aRF
aLO

α(t)ej(θ(t)+∆ϕRF )] (4.18)

ψ
′

2(t) = aLO√
2
ejωt[1 − aRF

aLO
α(t)ej(θ(t)+∆ϕRF )] (4.19)

Therefore, the output voltages of the power detectors can be calculated by

V
′

1 (t) = KaLO
2

2 [1 + (aRF
aLO

)
2
α(t)2 + 2(aRF

aLO
)α(t) cos(θ(t) + ∆ϕRF )] (4.20)

V
′

2 (t) = KaLO
2

2 [1 + (aRF
aLO

)
2
α(t)2 − 2(aRF

aLO
)α(t) cos(θ(t) + ∆ϕRF )] (4.21)

The differential output of the second unit-cell can be written as

V
′

D(t) = V
′

1 (t) − V
′

2 (t) = 2KaLOaRF [α(t) cos(θ(t) + ∆ϕRF )] (4.22)

By setting ∆ϕRF = 2nπ, we can readily find the in-phase components of the QAM signal

V
′

D(t) = I(t) = 2KaLOaRF [α(t) cos(θ(t))] (4.23)

Now, considering a complex vector of S(t) = I(t) + jQ(t), the demodulated signal can be
extracted.

The AoA and polarization detection are fundamental to enhancing spatial and polarization
diversity, allowing communication systems to harness both dimensions to maximize signal
quality, reliability, and SNR while effectively mitigating multipath fading. In environments
characterized by significant multi-path propagation, these detection techniques enable the
precise differentiation of signal paths, leading to more accurate channel estimation and re-
duced interference. Furthermore, they significantly enhance channel capacity by facilitating
the utilization of multiple independent communication channels, a critical factor for advanced
wireless technologies such as 5G and beyond. Additionally, awareness of AoA and polariza-
tion plays a pivotal role in interference mitigation by enabling the suppression of unwanted
signals, particularly in densely deployed networks. Moreover, by integrating spatial and
polarization diversity, these techniques improve spectrum efficiency through more effective
frequency reuse, ultimately optimizing the overall network performance. The following two
subsections present concurrent polarization and 2-D AoA detection, respectively, which is
the first attempt to address this need for simultaneous detection. In summary, concurrent
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polarization and AoA detection is key to building robust, efficient, and high-capacity commu-
nication systems, addressing the increasing needs for spectrum efficiency and signal reliability
in modern wireless networks.

4.2.4 Polarization Detection

The illustrated polarization detection method is outlined in Fig. 4.8. Within the VTM frame-
work, we assume that the antenna polarizations of neighbouring cells are orthogonal to each
other, simplistically categorized as horizontal-polarization (H-pol.) and vertical-polarization
(V-pol.). This categorization aids in minimizing the coupling between VTM cells during
various operations, facilitating polarization detection. Four identical cells, representing H-
pol and V-pol configurations, are selected, as depicted in Fig. 4.8. Let’s now consider a
scenario where a linearly polarized (LP) QAM signal is normally incident on the VTM and
is emitted from a source with an arbitrary polarization angle (γ). In VTM cells, employing
two orthogonal antennas necessitates the consideration of incident wave components in both
horizontal and vertical directions, dictated by the cos(γ) and sin(γ) functions, for horizon-
tally and vertically polarized antennas, respectively. In the polarization detection system,
configured with activated H-pol and V-pol cells, the computation of the differential output
voltages of activated cells is depicted as follows:

H1(t) = 4KaLOaRF cos(γ)α(t) cos(∆θ(t) − ∆ϕx − ∆ϕz) (4.24)

H2(t) = 4KaLOaRF cos(γ)α(t) cos(∆θ(t) + ∆ϕx + ∆ϕz) (4.25)

V1(t) = 4KaLOaRF sin(γ)α(t) cos(∆θ(t) − ∆ϕx − ∆ϕz) (4.26)

V2(t) = 4KaLOaRF sin(γ)α(t) cos(∆θ(t) + ∆ϕx + ∆ϕz) (4.27)

where ∆ϕx and ∆ϕz are phase shifts alongside the x and z axis, respectively. Consequently,
the subtraction and division of 4.24 to 4.27 determines the rotation angle of incident signal
as follows

V1(t) − V2(t)
H1(t) −H2(t)

= tan γ (4.28)

One crucial determinant of accuracy in estimating the polarization is the co-to-cross ratio
of the designed antenna within VTM cells. The proposed wideband microstrip antenna
comprises an array of rectangular patches arranged in a log-periodic configuration, leveraging
the proximity coupling between the microstrip feeding line and the patches (see Fig. 4.9(a)).
To enhance operational bandwidth, a scaling factor of k = 1.05 is applied to the patch
dimensions (k = Wi/W(i−1) = Li/L(i−1) = D(i,i+1)/D(i−1,i)). Additionally, a loss-free stub
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Figure 4.8 Zigzag configuration of antennas in adjacent unit-cells of VTM for polarization
detection, aimed at minimizing coupling effects. Four diagonal H-pol and V-pol cells are
activated.

with two shorting pins serves as the absorbing terminal, enabling a wide bandwidth operation.
The gaps between patches and the feeding line are adjusted with a scaling factor of k2 =
1.03 (k2 = Gi/G(i−1)). While increasing the number of rectangular patches could further
broaden the bandwidth, practical considerations, particularly in large-scale designs such as
VTM, necessitate a careful dimensioning. Thus, we have limited our design to four patches,
striking a balance between bandwidth and scalability.

Figures 4.9(b) and 4.9(c) present the antenna’s bandwidth and radiation pattern, respec-
tively. The simulated scattering parameter S11 in Fig. 4.9(b) is related to four patches that
are coupled to the narrow transmission line depicted in Fig. 4.9(a). The simulation results
of the proposed antenna demonstrate a co-to-cross ratio of 11 dB, sufficiently robust for
polarization detection. Additionally, Fig. 4.9(d) demonstrates the measurement results of
polarization rotation angle in the entire range of 0 to 90 degrees, with maximum error of 2.8
degrees. The measurement setup will be presented in detail in Section 4.3.

4.2.5 Two-Dimensional (2D) Angle-of-Arrival (AoA) Detection

Based on the design of VTM cells for Tx and Rx functions, AoA detection can be achieved by
activating specific cells as depicted in Fig. 4.10 for both horizontally (H-pol) and vertically
(V-pol) polarized incident waves. For AoA detection along the z-direction, four cells with
H-pol antennas and four cells with V-pol antennas are selectively activated as shown in the
green box. The middle cells serve as phase references set to zero, ensuring that the phase
differences with the associated cells are equal to ±∆ϕz and ±2∆ϕz. This activation scheme
is mirrored for cells oriented along the x-direction, shown in red box. Considering first the
AoA detection in z-direction, the received RF signals for the activated unit-cell have phase
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(a) (b)

(c)

(d)

Figure 4.9 (a) Proposed microstrip antenna with shorting pins. (b) Scattering parameter
of the proposed antenna. (c) Radiation pattern of co- and cross-polarization radiations at
different frequencies (d) Measurement results with error of polarization detection of arbitrary
incident QAM signal.
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Figure 4.10 Cells activated for 2D AoA detection in the VTM for any arbitrary incident QAM
signal.

shifts with reference to the reference unit-cell, which can be obtained as

SRF,i(t) = aRFα(t)ej(ωt+θ(t)+i∆ϕRF ) (4.29)

where i = −2,−1,+1,+2. Therefore, the output signals of 90-degree hybrid coupler ports of
each unit-cell can be obtained as

ψ1,i(t) = −aLO√
2
ejωt[j aRF

aLO
α(t)ej(θ(t)+i∆ϕRF ) + 1] (4.30)

ψ2,i(t) = −aLO√
2
ejωt[aRF

aLO
α(t)ej(θ(t)+i∆ϕRF ) + j] (4.31)

Consequently, their output voltages of power detectors can also be generated as

V1,i(t) = KaLO
2

2 [1 + (aRF
aLO

)
2
α(t)2 + 2(aRF

aLO
)α(t) sin(θ(t) + i∆ϕRF )] (4.32)

V2,i(t) = KaLO
2

2 [1 + (aRF
aLO

)
2
α(t)2 − 2(aRF

aLO
)α(t) sin(θ(t) + i∆ϕRF )] (4.33)
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(a)

(b)

(c)

Figure 4.11 Measurement results of 2D AoA detection for both (a) altitude and (b) azimuth
angles. (c) Unambiguity range of AoA detection for different inter-element distances of cells.
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Therefore, the differential form of these voltages are

VD,i(t) = 2KaLOaRF [α(t) sin(θ(t) + i∆ϕRF )] , i = −2,−1, 1, 2 (4.34)

After some trigonometric calculations, we can obtain the phase difference of RF signal be-
tween adjacent activated unit-cells of the AoA detector system

∆ϕz = cos−1
(

VD,+2 − VD,−2

2(VD,+1 − VD,−1)

)
(4.35)

This phase difference is dependent on three factors of the inter-element distance of VTM
unit-cells (d), wavelength (λ) and AoA, as expressed in (15). Hence, according to Fig. 4.10,
the detected AoA in one direction can be simply obtained by

AoAz = cos−1
(
λ

2πd cos−1
(

VD,4 − VD,1
2(VD,3 − VD,2)

))
(4.36)

Using the similar procedure, the AoA in x-direction can be obtained as

AoAx = cos−1
(
λ

2πd cos−1
(

VD,8 − VD,5
2(VD,7 − VD,6)

))
(4.37)

Fig. 4.11(a) and Fig. 4.11(b) show the measurement results of AoA detection in both azimuth
and elevation angles, in the range of -12 to 12 degree with a maximum detected error of 0.9
degree. The specified range of measurement for both azimuth and elevation angles represents
the achievable unambiguous range. This ambiguity beyond this range arises from the math-
ematical properties of the inverse cosine function 4.36 and 4.37, rather than any limitations
of the fabricated prototype. To increase the unambiguous range with acceptable detection
error, we need to decrease the inter-element distance d between VTM cells as illustrated in
Fig. 4.11(c).

In this proof-of-concept design, LNAs and PAs were not included. Incorporating these com-
ponents would require an additional area. In a practical end-user product, where LNAs and
PAs are integrated, it is essential to balance the trade-off between the unambiguous AoA
detection range for sensing and the mutual coupling between antennas in adjacent unit cells.
Fig. 4.12 presents the relationship between the unambiguous AoA detection range and mu-
tual coupling for different inter-element distances. The findings suggest that an inter-element
spacing close to one wavelength is ideal for achieving robust and simultaneous communication
and sensing.
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Figure 4.12 Trade-off analysis between unambiguous range of AoA detection and mutual
coupling for different inter-element distances (d/λ).

4.2.6 Polarization Mismatch Calibration Method

In cases of polarization mismatch, applying a calibration factor is essential to optimize the
demodulation process. Referring to the horizontal and vertical cells illustrated in Fig. 4.8, we
can derive the following equations for their signal powers, taking into account a polarization
rotation of γ.

SH1(t) = aRFα(t)ej(ωt+θ(t)−∆ϕx+∆ϕz). cos γ (4.38)

SV1(t) = aRFα(t)ej(ωt+θ(t)+∆ϕx+∆ϕz). sin γ (4.39)

SH2(t) = aRFα(t)ej(ωt+θ(t)+∆ϕx−∆ϕz). cos γ (4.40)

SV2(t) = aRFα(t)ej(ωt+θ(t)−∆ϕx−∆ϕz). sin γ (4.41)

Then, the output voltages for each cell can be expressed as follows

VH1(t) = 2KaLOaRF [cos γ.α(t) cos(θ(t) − ∆ϕx + ∆ϕz)] (4.42)

VV1(t) = 2KaLOaRF [sin γ.α(t) cos(θ(t) + ∆ϕx + ∆ϕz)] (4.43)

VH2(t) = 2KaLOaRF [cos γ.α(t) cos(θ(t) + ∆ϕx − ∆ϕz)] (4.44)

VV2(t) = 2KaLOaRF [sin γ.α(t) cos(θ(t) − ∆ϕx − ∆ϕz)] (4.45)

By subtracting these output voltages, we obtain

VH1(t) − VH2(t) = 4KaLOaRF [cos γ.α(t)(sin ∆ϕx + ∆ϕz)] (4.46)
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(a)

(b)

Figure 4.13 Simulation results of demodulated 16-QAM constellations when Rx process data
at 200-MS/s data rate, and for incident polarization with rotation angle of 30 degrees. (a)
Without calibration. (b) With calibration.

VV2(t) − VV1(t) = 4KaLOaRF [sin γ.α(t)(sin ∆ϕx − ∆ϕz)] (4.47)

Now, using the calibration factors of ξ1 and ξ2, we can recover demodulation of quadrature
component of incident QAM signal

Q(t) = ξ1(VH1(t) − VH2(t)) − ξ2(VV2(t) − VV1(t)) (4.48)

where calibration factors are defined as

ξ1 = 1
cos γ , ξ2 = 1

sin γ for 0 < γ < π/2 (4.49)
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For the in-phase component, another set of four horizontal and vertical cells are required
with LO phase of 90-degrees.

I(t) = ξ1(V
′

H1(t) − V
′

H2(t)) − ξ2(V
′

V2(t) − V
′

V1(t)) (4.50)

Fig. 4.13 shows the constellation of demodulated incident 16-QAM signal before and after
calibration technique for a polarization rotation of γ = π/6.

4.3 Measurement Setup and Experimental Results

In this section, we present the experimental setup, methodologies employed, and detailed
measurement results obtained for the proposed sensing and communication VTM front-end
developed for AoA and polarization detection. First, the geometric configuration of the
utilized power detector is presented in Fig. 4.14(a), which is designed on a thin Rogers RO3010
substrate with ϵr=10.2 and thickness of 10 mils with 17µm metallization. This power detector
circuit consists of an input impedance matching network, a zero-biased GaAs Schottky diode,
and a low pass (LP) filter. Harmonic balance (HB) simulator of Keysight Advanced Designed
System (ADS) and the full-wave simulator of Computer Simulation Technology (CST) were
utilized to accurately model and predict the behavior of the power detector. Fig. 4.14(b)
shows the output voltages of power detector versus its input power for different operational
frequencies. The linear increment of output power from -40 to 0 dBm for almost all the
frequency points shows the practical dynamic range of the proposed system. The limited
dynamic range of receivers is inherent in the interferometric technology we implemented.
This limitation can be addressed by integrating other common receiver architectures within
the VTM cell. However, it is important to note that the cost of fabricating a VTM remains
relatively low since it is based on mostly passive interferometric-based technique.

The primary function of the VTM is to dynamically adjust the configurations of associated
sensors, transmitters, and receivers within the reconfigurable matrix. This adaptability en-
ables the VTM to respond in real-time to the changing conditions and characteristics of
incoming signals. Fig. 4.15(a) provides a 3D perspective of the VTM, illustrating a hypo-
thetical scenario of cell associations at a specific moment, which will evolve over time. To
facilitate a deeper understanding of the proposed architecture’s operation, we illustrate the
allocation of cells in conjunction with their associated applications.

According to the proposed block diagram in section II, the designed VTM cell, (Fig. 4.15(d)),
contains a microstrip antenna with ±45◦ rotation to receive and transmit QAM signals
with two perpendicular polarizations in adjacent VTM cells, a hybrid coupler, an oscillator
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(a)

(b)

Figure 4.14 (a) Geometric configuration of the designed microwave power detector. (b)
Output voltage of power detector with sweeping input power from -40 to 10 dBm.

using CE3520K3-C1 RF FET transistor, two power detectors, and a Substrate Integrated
Waveguide (SIW) coupling cavity for distributing reference LO signal. A matching network
before the power detectors ensures detectable output voltage levels, and a low pass filter after
the power detector is provided to suppress high order harmonics. Fig. 4.15(b) and Fig. 4.15(c)
show the fabricated prototype of the LO feed network and VTM layers, respectively.

The measurement setup of the VTM, as shown in Fig. 4.15(e) and Fig. 4.15(f), are conducted
with Keysight UXR0702AP Real-Time Oscilloscope, an Agilent E8257D PSG Analog Signal
Generator, and a Keysight Arbitrary Waveform Generator (AWG) M8196A. To synchronize
the RF and reference LO signals, a 10 MHz synchronization signal is applied to both signal
generators and analyzers. The fabricated prototype is located on a 2D rotational platform
displaying the rotated degrees in both azimuth and elevation angles for 2D AoA detection
purposes. As stated in Section I, numerous combinations of unit-cells can form a virtual
transceiver channel. For the measurement results, arbitrary combinations of two-cells are
considered for receiving and transmitting QAM signals with different modulation orders at a
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(a)

(b) (c) (d)

(e) (f)

Figure 4.15 (a) 3D perspective of interferometric design of VTM and LO feeding network
with activated Rx, Tx, and sensor cells. Fabricated prototype of the proposed sensing and
communication VTM front-end (b) bottom view (c) top view. (d) Designed VTM unit-cell
comprising ±45 degree rotated antenna. Measurement setup test bench for the fabricated
VTM prototype (e) block diagram (f) photograph of the test setup.
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maximum symbol rate of 250 Msps. As can be seen in Table. 4.1, the extracted EVM of less
than -29.95 dB is achieved for the cases of 64-QAM and 128-QAM receiving and transmitting
functions. The power consumption primarily stems from the DC biasing of injection-locked
oscillators, with each activated cell consuming approximately 15 mW. The final dimensions
of the 64-element VTM array are 15 cm x 15 cm, and the measured sensitivity of the VTM
sensors is approximately -48 dBm which is comparable with other reported interferometric-
based receivers [65], considering the fact that low noise amplifier (LNA) is not included in
this design.

In the fabricated proof-of-concept prototype of the multifunctional VTM, the LNA and PA
were not included. However, their inclusion would affect both the total power consumption
and the occupied area. Based on a footprint analysis of commercially available mmW LNAs
and PAs, the total area occupied by each unit cell of the VTM on a single-layer PCB would
be 450 mm2. Regarding power consumption, since receiving and transmitting QAM signals
require two cells, the total power consumption for the Rx operation would be 1.3 W, while
for the Tx function, it would be 7.5 W. The transmitted output power from one unit-cell
of the VTM is measured -3 dBm which can be improved by utilizing a PA to increase
the range of sensing and communications. Considering the gain of each antenna 4.96 dBi,
the EIRP is calculated as 1.96 dBm. It is worth mentioning that the proposed work is
a proof-ofconcept that leverages the multifunctional VTM concept. In a real application
scenario, however, the above-reported EIRP of each unit-cell can be significantly improved
by implementing appropriately a PA. In the same connection, the link distance would be
improved by implementing a LNA on the Rx side.

Fig. 4.16 shows the simulation and measurement results for noise figure of the VTM. It
is observed that that the simulated NF are about 13.5 and 8.3 at 25.0 and 26.0 GHz, re-
spectively. Measured NF are also 14.3 and 11.7 dB at 25.0 and 26.0 GHz, respectively.
Table. 4.2 summarizes the measured results and provides a comparison with other state-of-
the-art interferometric and phased array transceivers. The proposed architecture is the first
interferometric-based multifunctional transceiver that integrates both communication and
sensing capabilities simultaneously. By leveraging the advantages of the VTM, the proposed
transceiver supports the realization of multiple channels. As a result, it enables the concur-
rent detection of 2D AoA and polarization, setting it apart from conventional transceivers as
shown in references [172–175]. Furthermore, the VTM-based transceiver delivers acceptable
performance in terms of data rates, EVM, and BER, all without the need for post-processing.
It also achieves high power efficiency through its interferometric architecture. These results
alongside with the measurement results of polarization and 2D AoA detection system, con-
firm the good performance of the proposed concurrent sensing and communication VTM
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Figure 4.16 Simulated and measured noise figure (NF) of the proposed VTM.

architecture. The table also includes some advanced chip-level phased array transceivers
for comparison. Notably, the principle of the proposed VTM technique is not limited to
the printed circuit board (PCB) and can be extended for an integrated circuit (IC) chip
implementation for large-scale THz transceiver arrays, offering potential for even higher per-
formance [176]. The operational BW is another important factor which is measured at 24.5
to 26.5 GHz. This limitation is not coming from the VTM itself, rather it is just related to
interferometric design of VTM cells and can be improved by properly incorporating ultra-
wideband interferometric multi-port junctions.

4.4 Conclusion

In summary, the introduction of VTM (Virtual Transceiver Matrix) topology represents a
paradigmatic advancement in wireless communication architectures. By distributing transceiver
cells across a 2D matrix space and leveraging phase differentials in RF and LO signals, the
VTM architecture facilitates efficient modulation/demodulation of QAM signals, alongside
pivotal functionalities such as AoA and polarization detection. The dynamic synthesis of
channels and virtual transceiver capabilities are set to promise a seamless integration of mul-
tiple functionalities, remarkedly enhancing transceiver capacity and agility compared to con-
ventional architectures. Mathematical formulations and proof-of-concept experiments have
robustly validated the operational efficacy of VTM, underscoring its transformative potential
for next-generation wireless systems, including 5G/6G and beyond.
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Table 4.1 Measured Normalized Constellation Diagrams With Different Orders of Modulation
(M-QAM) for Receiver and Transmitter Functions

Modulation
Order Rx Rx Tx Tx

Activated
Cells M11&M12 M42&M62 M14&M15 M23&M26

4-QAM

EVM (rms) 4.49 % 6.12 % 8.58 % 8.45 %
Activated

Cells M33&M73 M88&M85 M74&M75 M45&M46

16-QAM

EVM (rms) 3.54 % 3.84 % 5.57 % 4.57 %
Activated

Cells M61&M71 M77&M37 M62&M66 M24&M25

32-QAM

EVM (rms) 2.93 % 3.09 % 5.87 % 2.97 %
Activated

Cells M81&M83 M44&M54 M84&M88 M64&M65

64-QAM

EVM (rms) 2.97 % 2.93 % 4.56 % 3.18 %
Activated

Cells M14&M24 M32&M36 M55&M57 M37&M33

128-QAM

EVM (rms) 2.59 % 2.74 % 2.76 % 2.53 %
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Table 4.2 Performance Summary and Comparison with the State-of-the-Art Re-
ceivers/Transmitters/Sensors

Reference Architecture Modulation Type Frequency
(GHz)

Symbol Rate EVM
(dB)

Communication
Function

(Rx & Tx)

Sensing
Function

(AoA & Pol.)

[161], TMTT 2013 Interferometric-based PCB 16-QAM/64-QAM 2.5/3.0 2 Msps -34.89/-34.42 Single Rx No
LTE/WCDMA 2.5/3.0 3 Msps/3.84 Msps -33.97/-34.42

[91], TMTT 2021 Interferometric-based PCB M{4,16,64,256} 3.38/3.82 5 Msps -33.97 Single Rx No
[169], MWCL 2009 Interferometric-based PCB QPSK 2.45 200 Ksps -24.58 Single Rx No

[118], TMTT 2019 Interferometric-based PCB
4-QAM 5 2 Msps -26.93

Single Rx No16-QAM 5 4 Msps -22.49
32-QAM 5 5 Msps -19.9

[20], TMTT 2023 Interferometric-based PCB
4-QAM

28 1 Msps
-24.22

5×5 Rx Yes16-QAM -28.83
32-QAM -26.19

[96], TCSI 2023 Interferometric-based PCB

4-QAM

24/28 5 Msps

-29.52/-28.26

Single Rx No16-QAM -30.47/-30.73
32-QAM -30.12/-30.31
64-QAM -28.81/-29.37

[170], TMTT 2013 Interferometric-based PCB 64-QAM 2.5 -/- -21.94 Single Rx No

[19], TMTT 2022 Interferometric-based PCB

4-QAM

3.6 10 Msps

-27.62

Single Tx No16-QAM -27.86
32-QAM -27.67
64-QAM -27.66

[171], MOTL 2010 Interferometric-based PCB 16-QAM 6–9 100/500 Mbit/s -/- Single Rx/Tx No
64-QAM

[16], MWCL 2018 Interferometric-based PCB 4-QAM 2.9 / 2.68 10/20 Mbd -33.98 Single Rx/Tx No
16-QAM

[151], TMTT 2021 Mixer-based Phased Array Chip

QPSK

37.5–39.5

1.6 Gb/s -22.11

8×4Tx & 4×4Rx NA16-QAM 3.2 Gb/s -22.23
64-QAM 3.6 Gb/s -27.79
256-QAM 1.6 Gb/s -34.38

[172], TMTT 2023 Mixer-based Phased Array Chip
QPSK

33.5–37.5 200 Msps
-26.07/-28.22

4 TRx NA16-QAM -28.16/-29.66
64-QAM -28.83/-30.40

[173], TMTT 2021 Mixer-based Phased Array Chip 64-QAM 24–28 2.4 Gb/s -31.4 4 TRx NA
256-QAM -30.8

[174], TMTT 2023 Mixer-based Phased Array Chip NA 28 NA NA 4 TRx NA
[102], TMTT 2017 Interferometric-based PCB – 55–62 – – No Yes

[61], TIM 2023 Interferometric-based PCB – 6.0–8.25 – – No Yes
[113], TIM 2023 Interferometric-based PCB – 30 – – No Yes

[This work] Interferometric-based PCB

64-QAM (Rx)

24.5–26.5

250 Msps -30.54

8×8 TRx Yes128-QAM (Rx) 120 Msps -31.24
64-QAM (Tx) 250 Msps -26.82

128-QAM (Tx) 120 Msps -31.18



96

CHAPTER 5 A MILLIMETER-WAVE 4D AUTOMOTIVE JOINT RADAR
COMMUNICATION FOR ACCURATE MULTI-TARGET DETECTION IN

HIGH DENSITY ENVIRONMENTS

In this paper, a millimeter-wave (mmW) 4D joint radar-communication system leveraging
the Virtual Transceiver Matrix (VTM) architecture is proposed and presented. This system
is developed for accurate detection, separation, and tracking of multiple automotive targets
in high-density scenarios such as urban traffics and intersections. The VTM-based approach
enhances spatial diversity and enables multi-dimensional sensing using compact passive RF
front-ends. Our system simultaneously extracts 2D angle-of-arrivals (AoA), range, Doppler
velocity, and communication symbols using a unified analog circuitry. Through both simula-
tion and experimentation, we demonstrate that the proposed architecture achieves superior
angular resolution, robust velocity estimation, and reliable communication under dense clut-
tered conditions. Key performance results include multi-target separation below 5◦ angular
spacing, Doppler accuracy under 1.7 m/s error, and low bit error rate in 64-QAM communica-
tion recovery. The results confirm the VTM-RadCom paradigm as a promising direction for
scalable, energy-efficient, and high-accuracy sensing and communication in next-generation
connected automotive platforms and integrated sensing and communication (ISAC) systems.

5.1 Introduction

Radar systems have emerged as a cornerstone technology in the evolution of advanced driver
assistance systems (ADAS) and autonomous vehicles, offering reliable sensing capabilities
that enhance safety, perception, and navigation performance in diverse environmental con-
ditions. Among the sensing modalities—including LiDAR, optical cameras, and ultrasonic
sensors—millimeter-wave (mmW) radar has demonstrated distinct advantages such as com-
pactness, robustness to adverse weather, high velocity resolution, and long-range target de-
tection, making it indispensable in modern vehicular sensing platforms [177–179]. Conven-
tional automotive radar systems, typically based on 3D sensing architectures, are proficient
in detecting object range, Doppler velocity, and azimuth angle. However, their inability to
accurately resolve the elevation angle constrains the system’s ability to fully reconstruct a
target’s spatial location. This limitation becomes critical in congested urban environments
or multi-level roadways, where vertical discrimination is essential for obstacle differentiation
and safety-critical decision-making [180]. The rise of 4D radar systems—defined by their
capacity to detect range, azimuth, elevation, and velocity—has thus become a key enabler
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for high-resolution environmental perception [181,182].

Recent advances in multiple-input multiple-output (MIMO) technology and array signal pro-
cessing have made high-resolution 4D radar systems feasible. High-density virtual antenna
arrays have been employed to achieve finer angular resolution, often through uniform planar
arrays (UPAs) or sparse array configurations [183]. Despite their enhanced performance,
these systems typically suffer from excessive hardware complexity, increased power consump-
tion, and large data throughput, which challenge the real-time signal processing requirements
of embedded automotive platforms [184]. Meanwhile, classical implementations for radar
and communication often lack the spatial diversity required for accurate direction-of-arrival
(DoA) estimation and rely heavily on digital post-processing, which introduces latency and
demands high computational power.

The more recently proposed Virtual Transceiver Matrix (VTM) addresses these challenges by
performing spatial combining and signal decomposition directly in the analog domain, min-
imizing power consumption and simplifying the digital baseband interface while supporting
simultaneous sensing and communication functions [20,21]. By unifying these roles within a
single front-end, the VTM naturally enables integrated sensing and communication (ISAC)
operation, which is increasingly important for 5G/6G-connected vehicles and cooperative
automotive perception systems [1].

This paper introduces a multifunctional 4D joint radar and communication (RadCom) sys-
tem based on the VTM architecture, experimentally validated at 24 GHz for automotive
sensing and connectivity, as conceptually illustrated in Fig. 5.1. The proposed platform com-
bines a reconfigurable 2D matrix of passive transceiver cells, enabling simultaneous range,
Doppler, and 2D angle-of-arrival (AoA) detection along with high-order QAM demodulation.
The proposed distributed topology leverages spatial interference across analog cells, eliminat-
ing the need for phase shifters, active switching, or digital beamforming, while maintaining
compactness, low power consumption, and scalability.

A distinctive advantage of the proposed VTM-based RadCom lies in its inherently large
number of possible sensing and communication channels that arise from the matrix inter-
connection of its analog cells. Unlike conventional RadCom systems, where the number of
independent channels is limited by the number of transmit and receive elements, the VTM
leverages both combinatorial coupling and phase diversity among its distributed passive cells.

Each cell within the matrix receives an incident signal with a specific phase shift determined
by the wave’s AoA. These natural phase differences across the matrix are not digitally syn-
thesized but rather directly exploited in the analog domain. The analog interference among
these phase-shifted signals produces a variety of correlation patterns that encode both ampli-
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Figure 5.1 Conceptual representation of the 4D automotive RadCom sensor, showcasing its
ability to measure range, velocity, azimuth, and elevation angles. The integration of radar
and communication functions is achieved through the coordinated radar and radio cycles of
the transmitted signal.

tude and phase information. By dynamically pairing or grouping cells, the proposed RadCom
system effectively generates a vast set of virtual transceiver paths, each corresponding to a
unique combination of incident phases and coupling configurations.

This phase-driven analog diversity expands the number of independent correlation channels
far beyond what is achievable with conventional antenna arrays, creating a high-dimensional
signal space without adding active circuitry or digital processing complexity. Consequently,
the system can simultaneously detect and separate multiple targets, mitigate interference,
and sustain concurrent communication links across spatially distinct nodes. The resulting
scalability in both sensing and communication domains allows the proposed radar sensor to
achieve superior multi-target resolution and data throughput using a compact, passive, and
low-power front-end—marking a fundamental shift in how multifunctional RF architectures
scale with system size.

Rooted in classical multi-port and interferometric architectures—including six-port receivers,
hybrid coupler networks, and N-port reflectometers—the proposed virtualized and recon-
figurable radar elevates these principles into a matrix-based front-end that performs joint
analog-domain sensing and digital-domain communication [6,8,10,16,17,19,23,43,64,65,77,
87, 91, 93, 96, 101, 106, 115, 169, 170, 185–188]. By unifying these functions within a common
hardware layer, the system eliminates redundant RF chains and mixers, significantly reduc-
ing cost, footprint, and power consumption while maintaining high spatial resolution and
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communication fidelity, making it particularly well suited for next-generation automotive
and wireless platforms.

The results confirm the potential of the proposed RadCom system as a low-complexity,
reconfigurable solution for future ISAC systems in automotive and wireless networks. The
remainder of the paper is structured as follows. Section 5.2 describes the system architecture
and mathematical framework underpinning the 4D RadCom system. Section 5.3 presents the
system architecture and design methodologies. Section 5.4 presents the experimental setup
and measured results across all sensing and communication modes. Section 5.5 concludes the
paper.

5.2 Multi-Target Detection Theory and Mathematical Modeling of Spatially
Distributed Virtualized RadCom Cells

As illustrated in Fig. 5.2, the proposed 4D RadCom sensor is constructed from passive build-
ing blocks that convert incident RF fields into measurable baseband voltages. Two cell types
define the architecture. The hybrid cell employs a 90◦ hybrid coupler connected to two square-
law detectors, thereby extracting quadrature correlations between the received RF signal and
a known reference. The power combiner cell implements a simple power summation, followed
by a single detector, providing an in-phase correlation output with improved signal-to-noise
ratio. By arranging these cells in an array, the system achieves high-dimensional projec-
tions of the incident wavefront that are suitable for demodulation, AoA estimation, and joint
range–velocity detection.

A. Unit-Cell Level Representation

Let the complex baseband received signal at the pth RadCom cell be denoted by rp(t), and
the distributed reference signal by sp(t). In a hybrid cell, the hybrid coupler produces two
orthogonal combinations,

up,1(t) = 1√
2
(
rp(t) + jsp(t)

)
,

up,2(t) = 1√
2
(
rp(t) − jsp(t)

)
.

(5.1)

Square-law detectors with responsivities κp,1 and κp,2 yield output voltages

vp,1(t) = κp,1|up,1(t)|2, vp,2(t) = κp,2|up,2(t)|2. (5.2)
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Figure 5.2 Schematic diagram of 4D RadCom cells at a given time snapshot, where different
cells are configured as active TX, RX, sensors, or inactive (dummy). The front-end consists
of a hybrid coupler, power divider/combiner, differential power detectors, an antenna, an
amplifier, all integrated with a processing unit.

The differential operation of the two detectors provides

y(H)
p (t) = vp,1(t) − vp,2(t) ≈ 2κ(H)

p ℑ{rp(t)s∗
p(t)}, (5.3)

which represents the quadrature component of the correlation between the received signal
and the reference.

For the power combiner cell, the RF signals are added as

u(C)
q (t) = rq(t) + sq(t), (5.4)

and the detected voltage is

y(C)
q (t) = κ(C)

q |u(C)
q (t)|2 ≈ 2κ(C)

q ℜ{rq(t)s∗
q(t)}. (5.5)

Hence, the hybrid cell produces an imaginary correlation measurement, while the combiner
cell provides the real correlation measurement. Together, they realize the full I/Q projection
of the received signal onto the known reference.



101

B. VTM Transformation Matrix

Let P = MN be the number of antenna positions in an M × N matrix of virtualized and
reconfigurable RadCom cells. The received signals are collected in the vector

r(t) = [ r1(t), r2(t), . . . , rP (t) ]T. (5.6)

The reference signals are represented by the diagonal operator

T = diag
(
s∗

1(t), s∗
2(t), . . . , s∗

P (t)
)
. (5.7)

The elementwise correlation between received and reference signals is then

z(t) = Tr(t). (5.8)

Hybrid outputs correspond to imaginary projections of z(t), while combiner outputs corre-
spond to real projections. Let SH and SC be selection matrices that indicate which antenna
positions are connected to hybrids and combiners, respectively. With calibration matrices
CH and CC , the stacked measurement vector is expressed as

y(t) =
CH ℑ{SHz(t)}

CC ℜ{SCz(t)}

+ w(t), (5.9)

where w(t) represents detector noise. This relation defines the real-valued linear transforma-
tion

y(t) = H r̃(t) + w(t), (5.10)

with

r̃(t) =
ℜ{r(t)}
ℑ{r(t)}

 , (5.11)

and transformation matrix

H =
CH SHℑ{T} CHSHℜ{T}

CC SCℜ{T} −CCSCℑ{T}

 . (5.12)

The matrix H encapsulates the topology of hybrid and combiner cells, the distribution of the
reference, and the calibration of detector gains. This operator maps the incident array field
to the measurable low-frequency voltages that form the basis for sensing and communication
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processing.

C. Two-Dimensional Angle-of-Arrival (AoA) Detection

The transformation matrix described above provides a mapping between the incident field
at each 4D RadCom cell and the measurable baseband voltages. To evaluate its capability
for spatial sensing, consider the case of a plane wave impinging on the matrix from elevation
angle θ and azimuth angle ϕ. The complex field received at the (m,n)-th antenna element
in one RadCom cell is

am,n(θ, ϕ) = exp
[
−j 2π

λ
(mdx cos θ cosϕ+ ndy sinϕ)

]
, (5.13)

where m ∈ {0, . . . ,M−1} and n ∈ {0, . . . , N−1}. The collection of all MN responses forms
the two-dimensional steering vector a(θ, ϕ) ∈ CP , with P = MN . This vector fully describes
how a plane wave from direction (θ, ϕ) is mapped across the matrix aperture.

For K simultaneous sources or targets, each with complex baseband envelope bk(t), the
received field is given by

r(t) =
K∑
k=1

bk(t) a(θk, ϕk). (5.14)

Application of the transformation matrix yields

y(t) =
K∑
k=1

B(θk, ϕk) b̃k(t) + w(t), (5.15)

where

B(θ, ϕ) = H ã(θ, ϕ), ã(θ, ϕ) =
ℜ{a(θ, ϕ)}
ℑ{a(θ, ϕ)}

 . (5.16)

The matrix B(θ, ϕ) ∈ RL×2 represents the effective steering response, where L = NH + NC

is the total number of 4D RadCom sensor measurement outputs. It accounts simultaneously
for the physical matrix manifold, the hybrid and combiner topology, and the calibration
constants. Importantly, while a conventional array manifold a(θ, ϕ) is complex-valued, the
steering response is real-valued because the I/Q decomposition has been embedded into the
transformation matrix H. This property allows standard matrix processing techniques to be
applied directly to the measured voltages.
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Figure 5.3 Normalized Multiple Signal Classification (MUSIC) pseudospectrum for six-target
AoA estimation using the proposed RadCom sensor (8×8 matrix) across different SNRs
(10 dB, 20 dB, 30 dB). The black dotted lines indicate the true AoAs, while the colored curves
show the estimated pseudospectra, demonstrating improved resolution and peak sharpness
with increasing SNR.

To extract DoA information, the sample covariance matrix of the outputs is formed as

Ry = 1
T

T∑
t=1

y(t)yT(t), (5.17)

where T denotes the number of temporal snapshots. In the single-target case, Ry is approx-
imately rank-one and proportional to B(θ, ϕ)BT(θ, ϕ). For multiple targets, the covariance
matrix becomes a weighted sum of such rank-one contributions. Subspace-based algorithms
such as Multiple Signal Classification (MUSIC) exploit the orthogonality between the signal
and noise subspaces of Ry. By evaluating the projection of candidate steering responses
B(θ, ϕ) onto the noise subspace, spatial spectra can be constructed, with peaks revealing the
target directions (θk, ϕk). Alternative approaches such as Estimation of Properties by Itera-
tive Techniques (ESPRIT) can also be applied by exploiting the shift-invariance properties
of B(θ, ϕ) when the array geometry is regular.

Fig. 5.3 illustrates the MUSIC pseudospectrum for six target AoA estimation with an 8×8
matrix. Results are shown for signal-to-noise ratios (SNRs) of 10 dB, 20 dB, and 30 dB.
The true AoAs are indicated by the solid black lines, while the colored curves represent the
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Figure 5.4 2D MUSIC circular AoA spectrum for six targets with Nx=8, Ny=8, and SNR =
25 dB. Distinct peaks corresponding to targets T1–T6 are visible in the azimuth–elevation
plane, demonstrating the capability of the proposed method to resolve multiple sources under
low-SNR conditions.

estimated pseudospectra. At low SNR (10 dB), the spectrum exhibits broadened peaks and
increased sidelobe levels, leading to degraded resolution and occasional peak smearing around
closely spaced sources. As the SNR increases to 20 dB, the peaks become more distinct and
the sidelobes are significantly suppressed, allowing for more reliable AoA estimation. At
high SNR (30 dB), the MUSIC algorithm achieves near-ideal performance, with sharp, well-
localized peaks that closely align with the true AoAs. These results highlight the robustness
of the proposed 4D virtualized and reconfigurable RadCom approach, demonstrating accurate
AoA recovery even under moderate noise conditions.

The two-dimensional formulation is particularly significant because it allows simultaneous
estimation of both azimuth and elevation. This is enabled by the spatial distribution of
RadCom sensor cells in 2D, in which the phase progression along the x-axis depends on
cos θ cosϕ, while that along the y-axis depends on sinϕ. As a result, angular resolution in
both dimensions is achieved without requiring multiple stacked arrays or mechanical scanning.
Furthermore, the hybrid and combiner cells ensure that both real and imaginary components
of the array manifold are observable, making the effective steering matrix B(θ, ϕ) complete
for 2D angle detection.

Fig. 5.4 presents the 2D MUSIC circular AoA spectrum obtained with Nx = 8, Ny = 8, and
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SNR = 25 dB for a six-target scenario. The pseudospectrum reveals well-localized peaks
at the true target positions (T1–T6) across the azimuth–elevation plane, indicating that
the algorithm is capable of reliably separating multiple closely spaced sources despite the
relatively low SNR. Compared to the 1D AoA spectrum, the 2D representation provides richer
spatial information, allowing joint estimation of both azimuth and elevation with reduced
ambiguity. The clear isolation of targets demonstrates the effectiveness of the proposed
approach in preserving angular resolution and robustness under noise-limited conditions,
which is essential for practical multi-target sensing applications.

The integration of the proposed RadCom operator into AoA processing therefore provides a
compact and hardware-efficient means of realizing two-dimensional direction finding. Unlike
conventional radar front-ends that require complex RF chains and mixers, the proposed
RadCom sensor achieves the same outcome through passive couplers, combiners, and square-
law detectors, with the algebraic transformation embedded in H. This establishes a direct
link between the cell-level architecture and the spatial sensing capability required for radar
and communication applications.

D. Range and Velocity Estimation

The formulation developed in above subsection characterizes the angular response of the
proposed 4D RadCom sensor. To extend this framework toward range and velocity detection
operations, it is necessary to incorporate temporal modulation of the transmitted reference,
which enables extraction of both parameters.

Consider an FMCW signal with sweep slope µ and carrier frequency fc. The transmitted
baseband waveform is expressed as

s(t) = ej(2πfct+πµt2). (5.18)

A target located at range Rk and moving with radial velocity vk introduces a twofold distor-
tion: a round-trip propagation delay τk = 2Rk

c
and a Doppler frequency shift fD,k = 2vk

λ
. The

echo received at the (m,n)-th antenna element in one 4D RadCom cell is therefore

rkm,n(t) = αk s(t− τk) ej2πfD,kt

× exp
[
−j 2π

λ

(
mdx cos θk cosϕk + ndy sinϕk

)]
.

(5.19)

where αk denotes the complex reflection coefficient of the k-th target. Summing over all K
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targets and stacking across the array yields the received signal vector

r(t) =
K∑
k=1

αk s(t− τk)ej2πfD,kta(θk, ϕk). (5.20)

Application of the RadCom operator defined in subsection 5.2 C provides the measurable
outputs

y(t) =
K∑
k=1

αk B(θk, ϕk) s̃(t− τk, fD,k) + w(t), (5.21)

where s̃(t− τk, fD,k) is the real–imag representation of the delayed and Doppler-shifted wave-
form, and B(θk, ϕk) is the effective steering response mapping each source into the L output
channels.

To estimate range, the de-chirped signal is analyzed in fast time. The delay τk manifests as
a beat frequency fb,k = µτk = 2µRk

c
. By performing a Fourier transform across the fast-time

samples, each target produces a distinct spectral peak at frequency fb,k, directly yielding its
range.

Velocity estimation is obtained from slow-time processing. Across multiple chirps transmitted
at repetition period Tr, the Doppler shift contributes a phase progression proportional to
ej2πfD,kmTr for the m-th chirp. By forming a Fourier transform along the slow-time index,
the Doppler frequency fD,k can be extracted, leading to the radial velocity estimate

vk = λfD,k
2 . (5.22)

Combining fast-time and slow-time processing produces a two-dimensional range–Doppler
map for each RadCom output channel. Because the steering matrices B(θ, ϕ) are known,
these maps can be coherently combined across all channels to enhance sensitivity and separate
closely spaced targets. Specifically, joint processing of range, velocity, and angle domains
allows reconstruction of the 4D sensing information cube (R, v, θ, ϕ). The architecture thus
provides not only spatial resolution in azimuth and elevation, but also temporal resolution
in range and velocity, while retaining a hardware-efficient front-end.

Furthermore, since the hybrid and combiner outputs preserve I/Q information relative to the
reference, the same measurements can be employed for communication demodulation. This
dual functionality underscores the advantage of the proposed 4D RadCom framework, in
which the same set of low-frequency voltages enables both radar sensing and data recovery,
unifying these traditionally separate operations.
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Figure 5.5 Range–velocity map showing target detections, where the color intensity represents
the received power in dB. Distinct peaks indicate targets at different ranges and velocities,
while clutter and sidelobes appear at lower power levels.

Fig. 5.5 shows the range–velocity map obtained from the proposed processing framework,
where the color scale represents the received power in dB. Clear peaks can be observed at
distinct range–velocity bins, corresponding to target detections. For example, one target
appears around 40 m with a positive velocity, while another is located near 30 m with a
negative velocity, demonstrating the capability to distinguish moving objects with different
radial velocities. A strong stationary component near zero velocity corresponds to static
clutter or reflections from the environment, which appear at lower ranges. The sharpness of
the target peaks and the relative suppression of noise and sidelobes confirm the effectiveness
of the approach in jointly resolving range and velocity, even in the presence of background
interference.

E. System-Level Considerations

The mathematical framework developed in the preceding subsections establishes how the
proposed RadCom sensor inherently performs angle, range, and velocity estimation through
passive spatial transformations of the incident RF field. To physically realize these opera-
tions, it is implemented as a matrix of interferometric cells composed of multi-port passive
networks and envelope-detecting power sensors. Each cell directly converts the incoming
electromagnetic field into a low-frequency voltage that encodes the spatial phase distribution
of the received wavefront.
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Table 5.1 The 4D Automotive RadCom ADS/MATLAB Simulation Parameters

Param. Description Value
Tf Chirp duration time 100 µs
fc Carrier frequency 24 GHz

BW signal bandwidth 1.0 GHz
PT TX output power 12 dBm

GANT TX/RX antenna gain 7.17 dBi
σ Radar cross-section 10 m2 (car), 1 m2 (pedestrian)
R Target range 1–90 m
V Target velocity 0–30 m/s
G cell gain −3 to −6 dB
N noise figure 7–10 dB

GRX RX array gain 40 dB
CT X/RX TX–RX coupling −65 to −75 dB

Mod. Comm. format 64-QAM, 50 MSym/s
Proc. AoA/Range/Vel. est. MUSIC + FFT

Since the outputs of the RadCom sensor are already at baseband, no mixers, local oscilla-
tors (LOs), or RF down-conversion chains are required, which substantially reduces system
complexity and power consumption. The focus of the hardware design therefore shifts to-
ward ensuring detector linearity, network phase balance, and controlled inter-cell coupling.
In practice, each output is conditioned using low-noise amplification and anti-alias filtering
before digitization. Because the resulting signals lie in the kilohertz-to-megahertz range,
moderate-speed, high-resolution multi-channel ADCs can be used. In this regime, dynamic
range and matching accuracy dominate the overall sensing fidelity, directly impacting covari-
ance estimation and high-resolution AoA reconstruction.

System operation proceeds in two main stages. First, the RadCom sensor is calibrated to
correct for detector gain/phase mismatches, offsets, and static network phase imbalances.
These calibration parameters form the digital transformation matrix H, applied to the raw
digitized outputs for amplitude and phase equalization. Second, the conditioned voltages
are processed through a low-frequency digital back-end that executes the full 4D radar and
communication chain—range, Doppler, and 2D angular detection.

This hybrid analog–digital framework preserves the core advantage of the virtualized 4D Rad-
Com sensor: the majority of sensing and communication functionalities are realized through
passive analog transformations, whereas only lightweight digital processing is required at
baseband. Eliminating active RF mixing and beamforming stages enables compact PCB or
on-chip realizations in CMOS technologies and eases frequency-scaling constraints at mm-
Wave and sub-THz bands.

Moreover, the matrix-based formulation provides a direct pathway for system evolution.
Adaptive calibration corresponds to real-time updates of H, machine-learning inference can
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be incorporated to map voltage distributions to target states, and extensions toward recon-
figurable intelligent surfaces (RISs) can be modeled by modifying the array manifold B(θ, ϕ).
These capabilities highlight the scalability and energy efficiency of the proposed RadCom
sensor as a versatile architecture for next-generation multifunction joint sensing and commu-
nication systems.

5.3 System Architecture and Design Methodology

The proposed joint 4D radar and communication system forms a unified platform—a scalable,
reconfigurable front-end architecture supporting both active sensing and high-speed wireless
communication. Unlike conventional radar transceivers that rely on fixed TX/RX chains
and digital beamforming for target localization, the VTM paradigm employs a distributed
matrix of compact transceiver cells. Each cell can dynamically switch between radar and
communication functions as required by operational conditions.

The design aims to deliver accurate multi-target detection and high-throughput communi-
cation within a compact, low-power, and cost-effective structure optimized for automotive
deployment. Fig. 5.2 shows the functional block topology of the proposed 4D RadCom sys-
tem. A two-dimensional antenna matrix first captures the spatial characteristics of incoming
electromagnetic waves. These signals are mixed with a LO during communication operation.
For sensing purposes, a frequency-modulated continuous-wave (FMCW) signal generated by
the source is used to detect multiple targets and vehicles concurrently. The resulting outputs,
measured at power detectors, inherently carry the information needed for both sensing and
communication.

The RadCom cells are designed based on two core building blocks: (1) a 90◦ hybrid coupler
connected to a pair of power detectors, and (2) a power combiner linked to a single detector.
Using these two configurations, the system performs joint sensing and communication without
restrictions on the angle of incidence.

The overall architecture is organized into three layers: a cavity-backed L-shaped dipole RF
antenna based on substrate-integrated waveguide (SIW) technology, a passive feed network
for reference signal distribution, and an intermediate signal-conditioning stage ensuring pre-
cise synchronization and power detection. Finally, we present the detailed design principles
of the 4D RadCom unit cell, implemented using multi-layer stacked SIW technology for
compactness and scalability. The design methodology and performance of the multilayer
magneto-electric dipole antenna, power divider/combiner, and hybrid coupler are presented
in this subsection.
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A. Multilayer Cavity-Backed Dipole Antenna

Fig. 5.6(a) shows the proposed multilayer dipole antenna implemented using SIW technology.
Cylindrical vias are arranged around a central radiating element, forming a cavity for the
dipole configuration. Critical geometrical parameters, including via radii, slot dimensions,
and inter-element spacing, are optimized to achieve wideband impedance matching and high
radiation efficiency, as summarized in Table. 5.2. The SIW cavity, defined by via fences, sup-
ports low-loss guided-wave propagation while maintaining a compact footprint and enabling
seamless integration with other RF front-end components (see Fig. 5.6(b)).

A balanced feeding network ensures symmetric excitation of the dipole, providing stable far-
field characteristics and improved polarization purity. The dipole antenna and cavity layer is
fabricated on a Rogers RO4003 substrate with a thickness of 30 mils and a relative permit-
tivity of 3.38. For the RX path, electromagnetic energy is coupled through a slot into two
lower substrate layers of Rogers RO3010 with thickness of 10 mils and a relative permittivity
of 10.2 to eventually routed to an LNA. Conversely, for the TX path, the electromagnetic
field is coupled upward through the same slot from the output of a PA located beneath the
antenna layer (see Fig. 5.6(c)).

The simulated reflection coefficient (S11) in Fig. 5.6(d) demonstrates a wide impedance
bandwidth spanning 21–27 GHz, with multiple resonant dips corresponding to the excitation
of hybrid modes. The 3D radiation pattern shown in Fig. 5.6(e) exhibits stable broadside
gain, symmetric coverage, and low cross-polarization levels. The multilayer architecture
thus achieves wide bandwidth, high gain, and compact integration, making it well-suited for
5G systems, automotive radar, and high-capacity mm-Wave communications. Furthermore,
SIW technology is deliberately selected to minimize inter-cell coupling in large-scale VTM
RadCom systems, improving scalability and overall system performance.

At the core of the analog front-end lies a matrix of power combiners, hybrid couplers, and
power detectors that passively process incoming wavefronts. The design of Wilkinson Power
Divider is presented in the next subsection.

B. Wilkinson Power Divider

Fig. 5.7(a) illustrates the proposed multilayer Wilkinson power divider designed on Rogers
RO3010 substrate with a thickness of 10 mils and a relative permittivity of 10.2, along with
transitions to another identical substrate containing the LNA, PA, and power detectors.
The compact structure leverages cavities formed by periodic metallic vias and integrates an
embedded resistor network to ensure isolation between output ports. Key structural param-
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(a)

(b) (c)

(d) (e)

Figure 5.6 (a) Proposed cavity-backed L-shaped antenna. (b) Top view. (c) Coupling tran-
sition to the two underlying layers beneath the cavity layer. (d) Scattering parameters. (e)
3D radiation pattern.

eters—such as via radii, slot dimensions, and cavity widths—are optimized for wideband
matching and minimal insertion loss, as summarized in Table. 5.3.

As shown in Fig. 5.7(b) and (c), S11, S22, and S33 remain below −10 dB from 22–26 GHz,
while the insertion losses (S21, S31) are balanced and close to the theoretical −3 dB. Fig. 5.7(c)
further demonstrates isolation (S23) better than −20 dB within 23–27 GHz, confirming excel-
lent port-to-port decoupling. The divider achieves wideband performance, low loss, and high
isolation, enabling seamless integration into mm-Wave phased arrays and compact front-end
modules.



112

Table 5.2 Dimension Parameters of Antenna

Parameter Value (mm) Parameter Value (mm)
h1 0.254 s1 0.12
h2 0.762 s2 0.57
l1 1.73 Lwall 4.02
l2 1.25 a1 0.90
hx 0.80 ws 0.30
hy 0.82 ls 2.90
wc 1.05 Lc 3.80
p1 0.67 p2 1.57
dp 0.26 r1 0.20

C. 90◦ Hybrid Coupler

Fig. 5.8(a) presents the proposed multilayer 90◦ hybrid coupler. The coupler consists of
four arms coupled through an optimized aperture with shorting pins to achieve equal power
division and a quadrature phase difference. Periodic vias confine the electromagnetic fields
within the SIW cavities, minimizing radiation losses while maintaining a compact footprint.
The exact optimized dimensions are summarized in Table. 5.3.

The simulated S-parameters shown in Fig. 5.8(b) indicate that S11 remains below −15 dB
over 22–27 GHz, while the through and coupled ports exhibit nearly equal insertion losses of
approximately −3.2 dB. The isolation (S41) exceeds −25 dB across the entire band. Further-
more, Fig. 5.8(c) confirms a stable 90◦ phase difference between the coupled ports, validating
the quadrature hybrid operation. The proposed coupler thus offers wide bandwidth, low in-
sertion loss, and excellent isolation, making it suitable for mmWave phased arrays, balanced
transceivers, and beamforming networks.

D. Power Detection and Signal Conditioning

The hybrid coupler’s two output paths and power combiner’s only output path are connected
to diode-based differential power detectors operating in the square-law region, converting
RF power into measurable DC voltages. A differential topology is adopted to suppress
common-mode noise and enhance demodulation linearity. This configuration also enables
direct analog extraction of QAM baseband symbols without requiring high-speed analog-to-
digital conversion, making the system highly efficient for low-power vehicular applications.

As shown in the layout of Fig. 5.7(a) and Fig. 5.8(a), the RF signal of either hybrid coupler
or power combiner are routed through a microstrip line which is connected to the detection



113

(a)

(b) (c)

Figure 5.7 (a) 3D view of the Wilkinson power divider/combiner cell with resistive isola-
tion and coupling apertures; field plots confirm the intended quadrature response. (b), (c)
Simulated S-parameters under Port 1 and Port 2 excitation, demonstrating balanced power
division, low reflection, and good port isolation around 24 GHz.

circuitry, where the diode-based detectors process the signal. Fig. 5.9(a) illustrates the input
and output matching networks for the passive Schottky diode and its packaging models.
The detected outputs are then combined and transferred through the interconnect network,
ensuring minimal insertion loss and maintaining impedance matching across all transitions
for optimal performance. Fig. 5.9(b) also shows the output voltage of power detector for
different input power levels swept by various operational frequencies.

E. Signal Amplification

Each matrix cell integrates an amplifier in both the RX and TX paths. Fig. 5.10(a) demon-
strates the input and output matching networks of the designed amplifier using a CE3520K3
FET transistor and its associated DC biasing connections. It is optimized for broadband
operation within the 24 GHz band, providing sufficient gain for extended sensing ranges
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(a)

(b) (c)

Figure 5.8 (a) 3D view of the 90◦ hybrid coupler cell, showing the coupling apertures, cav-
ity geometry, and port arrangement, with field distributions for individual port excitations
confirming the quadrature response. (b) Simulated S-parameters over the 24 GHz band. (c)
Corresponding phase difference between the through and coupled ports.

while maintaining system-level noise figure and linearity requirements (see Fig. 5.10(b)).
Fig. 5.10(c) illustrates the simulated stability performance of the amplifier, showing the Rol-
let stability factor K (red) and the B1 parameter (blue) across frequency, both remaining
above the unconditional-stability threshold throughout the 22–26 GHz band under multiple
bias and temperature variations.

F. Signal Flow and Reconfigurability

The proposed 4D RadCom architecture achieves joint sensing and communication by leverag-
ing a highly reconfigurable multi-layer front-end that flexibly adapts to different operational
modes. By dynamically assigning the same hardware resources to either sensing or data com-
munication, the system maximizes hardware efficiency while maintaining high performance
in both domains. This integration significantly reduces the RF front-end footprint, lowers
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Table 5.3 Dimension Parameters of Power Divider/Combiner and 90-Degree Hybrid Coupler

Parameter Value (mm) Parameter Value (mm)
r1 2.59 gap 0.25
r2 0.10 ws 0.06
r3 0.20 ls 2.40
a1 2.48 rpin 0.11
a2 2.00 w1 2.48

rpad 0.40 w2 0.15
x 1.39 y 1.42

power consumption, and enables seamless transitions between sensing and communication
tasks, which are critical for advanced automotive and vehicular networking scenarios.

In sensing mode, a selected subset of matrix cells is activated to transmit FMCW signals,
while the echoes reflected from surrounding targets are captured by a spatially distributed
matrix of receiving cells. Within each cell, the combination of hybrid couplers and power
detectors enables accurate interferometric AoA estimation by measuring the phase differences
between signals arriving at spatially separated receivers. These phase relationships are further
processed using a calibrated mathematical framework to precisely extract both elevation and
azimuth angles, enabling high-resolution target localization.

In communication mode, the same matrix cells are seamlessly reconfigured to perform modu-
lation and demodulation of high-order communication waveforms, such as 64-QAM symbols.
Here, the hybrid coupler and power combiner cells operate as a quadrature splitter for direct
down-conversion, while the differential detectors reconstruct the in-phase (I) and quadra-
ture (Q) baseband components. By reusing the same RF chain for both radar sensing and
high-speed data communication, the system achieves efficient time-duplexed RadCom func-
tionality within a single compact hardware platform. This integrated architecture supports
low-latency, high-reliability inter-vehicle data exchange, which is essential for collaborative
perception and cooperative driving in future intelligent transportation systems.

Fig. 5.11 illustrates the proposed multilayer integrated 4D automotive RadCom front-end
that enables this reconfigurable joint operation. The top antenna layer hosts an optimized
array of radiating elements designed for simultaneous sensing and communication. Below
it, the intermediate layer incorporates the LO feed network along with quadrature hybrids
and power combiners, ensuring precise LO distribution and coherent signal combining across
multiple channels. The bottom layer integrates the active RF circuitry, including LNAs, PAs,
and power detectors, which provide signal amplification, conditioning, and detection. This
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(a)

(b) (c)

Figure 5.9 (a) Geometric configuration of the designed microwave power detector. (b) Output
voltage of the power detector with sweeping input power from –40 to 10 dBm. (c) Power
conversion efficiency of the power detector for different operational frequencies versus RF
input power.

compact multilayer integration minimizes interconnect losses, reduces hardware complexity,
and enables efficient resource sharing between sensing and communication subsystems.

Finally, the overall reconfigurability of the proposed 4D RadCom sensor is governed by a
processing control interface that dynamically manages the activation sequence of individual
cells based on operational context, such as target detection conditions, communication band-
width requirements, or power consumption constraints. By intelligently adapting the number
and location of active elements, the system minimizes redundant signal paths and achieves
highly energy-efficient operation while maintaining robust performance in both sensing and
communication tasks.

5.4 Experimental Results and Performance Evaluation

This section presents the experimental validation of the proposed 4D RadCom sensor. A fully
integrated prototype operating in the 24 GHz band was fabricated and tested to evaluate its
performance in joint radar and communication tasks.
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(a)

(b) (c)

Figure 5.10 (a) Geometric configuration of the designed low-noise amplifier (LNA). (b) Scat-
tering parameters and noise figure of the designed LNA (VDS = 2 V, VGS = −0.45 V). (c)
Stability factors.

A. Prototype and Measurement Setup

To experimentally validate the proposed 4D RadCom sensor, a fully functional prototype
was fabricated using a three-layer SIW architecture, (see Fig. 5.12). The sensor comprises an
8×8 matrix configuration, integrating hybrid couplers, power combiners, differential power
detectors, and amplifiers. The cell size is approximately one wavelength at 24 GHz, resulting
in an overall array dimension that remains compact and suitable for integration into auto-
motive platforms such as bumpers or rooftop modules. The complete system is designed to
support dual-mode operation, switching between radar and communication tasks.

The experimental setup includes a Keysight M8196A arbitrary waveform generator for gen-
erating linear FMCW chirps and an Agilent E8257D vector signal generator for modulated
communication waveforms. A motorized two-dimensional rotary stage enables precise posi-
tioning of reflective targets to assess angular estimation performance. For communication
testing, standard 64-QAM signals are transmitted between matrix cells, and their demodu-
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Figure 5.11 Exploded view of the proposed multilayer 4D automotive RadCom front-end.
The top antenna layer hosts an array of radiating elements. The middle layer integrates
the LO feed network, hybrid couplers, and power combiners for signal routing and coherent
combining. The bottom layer includes LNAs, PAs, and power detectors for amplification and
detection. Zoomed-in views on the right highlight key design details of each layer.

lation performance is evaluated through Error Vector Magnitude (EVM) and constellation
reconstruction. For radar validation, a channel emulator (Keysight Propsim C8) is used to
simulate controlled propagation environments, introducing programmable delays and Doppler
shifts to emulate varying ranges and velocities of moving targets. Differential voltage outputs
from each power detector are routed to a high-speed oscilloscope and a microcontroller-based
digital back-end, which performs real-time analysis and calibration.

B. Communication Performance

The proposed 4D RadCom system’s communication performance was experimentally vali-
dated by configuring one matrix cell as a transmitter and another as a receiver, while keeping
the remaining array elements inactive. A 64-QAM signal centered at 24 GHz was generated
and transmitted through the analog front-end composed of a hybrid coupler and differential
power detectors. The in-phase and quadrature components were directly extracted from the
analog outputs without any digital carrier recovery, and subsequently digitized by a low-noise
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(a) (b)

(c)

Figure 5.12 Fabricated prototype of 4D RadCom sensor (a) top view (b) bottom view. (c)
Block diagram of the measurement setup for communication and 2D AoA detection.

sampling unit for constellation analysis.

As illustrated in Fig. 5.13, the measured 64-QAM constellations and corresponding spectra
confirm the system’s ability to faithfully transmit and demodulate high-order modulation
signals. The RX mode exhibits an EVM of –29.7 dB, while the TX mode achieves an even
lower EVM of –33.0 dB. These results verify the high linearity, low-distortion characteristics,
and excellent I/Q balance. Moreover, the fully analog I/Q extraction approach eliminates
the need for complex digital compensation, making the proposed architecture particularly
suitable for compact, low-latency, and energy-efficient RadCom systems operating under
stringent power constraints.
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C. Angular Detection Results

The 2D AoA detection in the proposed RadCom sensor is achieved through a hybrid analog–
digital interferometric process that efficiently combines passive phase measurement with high-
resolution subspace estimation. Each matrix cell senses the incident wave’s amplitude and
phase through a hybrid coupler and differential power detector, generating analog I/Q volt-
ages corresponding to the local phase state of the received signal. The relative phase dif-
ferences between multiple spatially distributed matrix cells form an array manifold, which
encodes the directional information of the incoming electromagnetic wave.

As shown in Fig. 5.14, the measured results confirm excellent agreement between the detected
and true angles for both elevation (Fig. 5.14(a)) and azimuth (Fig. 5.14(b)) directions. The
measured angles (blue markers) closely follow the ideal 1:1 line, while the error traces (red
dashed lines) remain within ±1.5◦ over a ±20◦ scanning range. These results validate the
high angular accuracy and robustness of the RadCom system, enabling precise 2D target
localization without requiring active phase shifters or complex digital beamforming networks.

D. Range and Velocity Measurements

The range and velocity detection of the proposed RadCom sensor were experimentally val-
idated using the FMCW configuration shown in Fig. 5.15(a). The measurement setup in-
tegrates a Keysight M8190A arbitrary waveform generator (AWG) for chirp synthesis, an
Agilent E8267D microwave source for frequency up-conversion, and an Agilent N9030A PXA
analyzer for down-converted signal observation. A PropSim C8 channel emulator was em-
ployed to reproduce controlled propagation conditions with adjustable target distances and
Doppler shifts, while the matrix served as the analog sensing and mixing front-end. The
transmitted and received chirps were routed through hybrid couplers and differential power
detectors, enabling direct analog extraction of the beat signal that carries both range and
velocity information.

As shown in Fig. 5.15(b), the measured beat-frequency spectrum demonstrates a clear peak
structure with high signal-to-noise ratio, corresponding to the frequency difference between
transmitted and reflected chirps. This beat component forms the basis for the fast-time
FFT, which resolves the target’s range by transforming the time-domain beat signal into the
frequency domain. Subsequently, a slow-time FFT is applied across consecutive chirps to
estimate the Doppler frequency shift, which yields the target’s radial velocity. The resulting
range–velocity pairs are then mapped to generate the full motion profile of the observed
object.
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(a) (b)

Figure 5.13 Measured 64-QAM constellations and corresponding output spectra of the pro-
posed RadCom system: (a) RX mode. (b) TX mode.

(a) (b)

Figure 5.14 Measurement results of 2D AoA detection for (a) elevation and (b) azimuth
angles.

The quantitative results, presented in Fig. 5.15(c) and Fig. 5.15(d), confirm the high precision
and linearity of the system’s FMCW processing chain. The measured ranges align closely
with the defined target positions up to 90 m, with an average error below ±2 m, while
the measured velocities remain within ±1.7 m/s of the defined values up to 50 m/s. These
findings verify that the hybrid analog–digital RadCom architecture can accurately extract
range and velocity information through compact analog front-end processing and lightweight
FFT-based digital estimation, achieving high fidelity and low latency suitable for real-time
automotive and wireless sensing applications.

E. Multi-Target Testing Scenario

To validate the spatial detection capability of the proposed 4D RadCom sensor, a multi-
target measurement experiment was conducted inside an anechoic chamber, as shown in
Fig. 5.16(a). Three metallic corner reflectors were positioned at different heights and dis-
tances near the chamber corner to emulate complex scattering conditions. The measured 3D
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reconstruction results, illustrated in Fig. 5.16(b), show that all three targets were success-
fully identified with high spatial accuracy. The measured points (red) closely coincide with
the actual target positions (blue), confirming precise estimation of range, azimuth, elevation,
and relative target separation. These results demonstrate the sensor’s capability to perform
multi-target detection and localization in realistic environments, highlighting its potential
for high-resolution automotive and wireless sensing applications.

F. Comparative Evaluation

A comparative evaluation was conducted against representative state-of-the-art 4D radar
and joint RadCom systems reported in the literature (see Table 5.4). Although some ex-
isting systems achieve finer angular resolution by leveraging dense MIMO configurations or
high-frequency operation in the 77–81 GHz band, these typically require hundreds of chan-
nels and high-power digital signal processing units. In contrast, the proposed 4D RadCom
offers a highly compact and energy-efficient alternative by leveraging passive interferomet-
ric analog processing and a dynamically reconfigurable matrix of cells. Furthermore, its
integrated communication capability alongside radar operation, demonstrated through high-
fidelity 64-QAM demodulation, sets it apart from conventional radar systems that lack data
transmission functionalities. Overall, the proposed architecture strikes a balance between
hardware simplicity, sensing performance, and multifunctionality, making it an attractive
candidate for intelligent vehicular sensing networks.

5.5 Conclusion

This paper has introduced and experimentally validated a multifunctional 4D radar and
communication sensor based on a reconfigurable and virtualized architecture. By unifying
interferometric radar sensing and analog quadrature demodulation within a compact matrix
of transceiver cells, the proposed platform achieves simultaneous measurement of range, ve-
locity, azimuth, and elevation, alongside high-fidelity QAM communication. Comprehensive
experimental results confirm the system’s ability to resolve angular information with sub-5-
degree resolution, detect range and Doppler signatures of targets up to 90 m, and demodulate
64-QAM symbols with EVM below –28 dB. These outcomes validate the effectiveness of the
proposed architecture in supporting both radar and data exchange functionalities within a
single hardware framework. Furthermore, the system’s reconfigurability enables dynamic
activation of sensing and communication modes, offering a scalable and efficient approach
for adaptive vehicular applications. This work lays the foundation for future ISAC systems,
where the seamless interplay of radar perception and data connectivity will be essential to
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the advancement of connected and autonomous vehicle technologies. Future efforts will fo-
cus on extending the system to higher frequency bands, enhancing modulation capabilities,
and enabling full-duplex RadCom operation for more advanced and collaborative automotive
sensing environments.

Table 5.4 Performance Summary of Other State-of-the-Art Radar Sensors
Radar Types TX/RX (Ch.) Freq. (GHz) Pout (dBm) Ant. Type Gain (dBi) EIRP (dBm) NF (dB) Functions / Cost
[187] T-MTT 2022 * 8/8 2.4 NA Patch 7 NA NA Radar / Low
[188] T-MTT 2018 * 1 61 NA AiP 12 NA NA Radar / Low
[106] T-MTT 2017 * 1/4 23.7 8 Patch NA NA NA Radar / Low
[189] T-MTT 2024 # 4/8 77 NA Patch NA NA NA Radar / Medium
[190] T-MTT 2018 # 2/2 94 18 Horn 22.9 40.9 20 Radar / High
[191] JSSC 2020 # 2/3 77 13.4 PCB 11.2 NA 15.3 Radar / High

This work (VTM RadCom) † 8×8 24 12.1 AiP (SIW) 7.17 18 9 Joint 4D Radar + Comm / Low
Notes: * six-port architecture # MIMO architecture. † = VTM-mapped virtual measurement channels.
Abbreviations: AiP = Antenna-in-Package.
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(a)

(b)

(c) (d)

Figure 5.15 (a) Measurement setup block diagram for range and velocity detection using
Propsim C8 emulator. (b) Measured beat-frequency spectrum obtained from the FMCW
waveform, showing clear frequency separation for range extraction. (c) Measured range. (d)
Measured velocity.
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(a)

(b)

Figure 5.16 (a) The experimental setup of proposed 4D RadCom system inside the anechoic
chamber with three metallic targets positioned at different heights and angles. (b) Recon-
structed 3D target locations compared with their actual positions, demonstrating accurate
spatial localization performance of the proposed architecture.
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CHAPTER 6 VIRTUAL RECEIVER MATRIX FOR MULTIFUNCTION
COMMUNICATION AND SENSING WIRELESS SYSTEMS USING

SIMULTANEOUS INCIDENT WAVES AT THE SAME CARRIER
FREQUENCY

In this paper, simultaneous reception and demodulation of incident signals at the same
carrier frequency is proposed and demonstrated. Not only does this technique significantly
enhance the communication capacity, but also, most importantly, it enables multifunction
communication and sensing applications. This technique exploits both the phase difference
and the angle-of-arrival (AoA) of incoming waves to demodulate multiple and simultaneous
incident signals at the same carrier frequency. In addition, this is made possible through the
combinatory and dynamic allocation of activated receiving units that are spatially distributed
in the Virtual Receiver Matrix (VRM). The theoretical analysis is presented in this work,
and as a proof of concept, a prototype is fabricated for 5G applications. Measurement results
show an EVM of less than 10% for the two distinct 16-QAM signals.

6.1 Introduction

Over the last decades, the five generations of wireless technology have been introduced and
deployed, each enabling features and services that provide breakthrough enhancements in
terms of communication capacity and quality. Generally, they take advantage of networks
with multiple base stations and access points [192]. However, future multifunction wireless
communication and sensing systems, under the umbrella of 6G and beyond [193], should
substantially upgrade their standards to keep pace with the insatiable demand for ever-
increasing intelligence, capacity, and low latency driven by a projected rising number of smart
terminals and data traffic [194]. In this connection, disruptive and innovative solutions are
required to redefine the architectures of existing wireless systems [141].

Recently, a new receiver topology, named the Virtual Receiver Matrix (VRM), has been intro-
duced [20], which accommodates multifunctionality in a smart, dense, and efficient manner,
while tremendously increasing the number of potential receivers or receiving channels in a
dynamic configuration compared to conventional fixed receivers.

In this paper, data reception and demodulation of two simultaneous incoming signals having
the same carrier frequency are proposed and demonstrated using the VRM concept, thereby
greatly enhancing communication capacity and multifunctionality. In fact, data reception for
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Figure 6.1 Conceptual illustration of VRM demodulating two incident signalsat the same
carrier frequencies, simultaneously. Two red activated unitsextract quadrature components
while the two blue ones demodulate in-phasecomponents of the two incident signals.

multiple incident signals is enabled by the VRM concept, consisting of a dynamic allocation
of activated receiving units, spatially distributed in a two-dimensional (2D) matrix. By
exploiting the phase difference of incident waves with diversified angles-of-arrival (AoAs),
multiple and simultaneous incident signals at the same carrier frequency can be demodulated
(See Fig. 6.1).

In the following, the theoretical background for demodulating two incident signals is studied
and discussed. As a proof of concept, an experimental prototype is fabricated and measured at
Ka-band for 5G multifunction applications, which is designed to receive two distinct sources
with the same carrier frequency. In the fabricated prototype, each unit cell demodulates
either the in-phase or quadrature component of an incoming QAM signal. The measurement
results confirm the data reception and demodulation operation for both simultaneous incident
signals.

6.2 Theoretical Analysis

The proposed VRM unit-cells illustrated in Fig. 6.2, involve a RF antenna, a low noise am-
plifier (LNA), a 90-degree hybrid coupler, and two power detectors connected in a differential
and balanced form. Other forms of unit-cells are possible. The local oscillator (LO) signal
is injected into each unit-cell through the other port of the hybrid coupler. To avoid the
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Figure 6.2 Block diagram of 2D VRM unit-cells, each containing an antenna,a LNA, a 90-
degree hybrid coupler, and two power detectors connectedin a differential and balanced form.
Two different signals at the samecarrier frequency are incident on the VRM unit-cells with
different AoAs,simultaneously. (P.S. and HC are short for phase shifter and hybrid cou-
pler,respectively).

leakage of LO into the antenna, these two ports should be designed with maximum possi-
ble isolation. In the following, the theoretical analysis of data reception for two different
incoming signals having the same carrier frequency is presented. In the case of a coherent
receiver, the frequency of carrier at both transmitter and receiver is considered the same for
both transmitted signals. Considering the proposed configuration for each unit-cell of VRM
in Fig. 6.2, the received signal after the LNA of the first unit-cell is

SRF(t) = aRFα1(t)ej(ωt+θ1(t)) + aRFα2(t)ej(ωt+θ2(t)) (6.1)
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where α1(t), α2(t) and θ1(t), θ2(t) are the modulated amplitude and phase of transmitted
baseband signals, respectively. If we also consider the injected LO signal as

SLO(t) = aLOe
jωt (6.2)

then, the output signals of the 90-degree hybrid coupler ports can be obtained as

ψ1(t) = −aLO√
2
ejωt

[
j
aRF

aLO
α1(t)ejθ1(t) + aRF

aLO
α2(t)ejθ2(t) + 1

]
(6.3)

ψ2(t) = −aLO√
2
ejωt

[
aRF

aLO
α1(t)ejθ1(t) + aRF

aLO
α2(t)ejθ2(t) + j

]
(6.4)

These two signals are connected to power detectors with opposite polarities, thus resulting
in baseband signals proportional to their input RF power:

Vi(t) = K |ψi(t)|2 , i = 1, 2 (6.5)

where K is a constant determined by the type of power detectors. Accordingly, the output
voltages of the power detectors are described as follows:

V1(t) = Ka2
LO

2

1 +
(
aRF

aLO

)2
α2

1(t) +
(
aRF

aLO

)2
α2
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− 2
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α1(t) sin(θ1(t)) − 2

(
aRF
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)
α2(t) sin(θ2(t))

 (6.6)

V2(t) = Ka2
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1(t) +
(
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)2
α2

2(t)

+ 2
(
aRF
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)
α1(t) sin(θ1(t)) + 2

(
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aLO

)
α2(t) sin(θ2(t))

 (6.7)

Since the power detectors are configured in a differential form, their differential output voltage
becomes
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VD1(t) = 2KaLOaRF [α1(t) sin(θ1(t)) + α2(t) sin(θ2(t))] (6.8)

The phase differences between received signals at two distinct antennas in different cells can
be formulated as follows:

∆ϕ1 = 2π
λ
d cos(AoA1), ∆ϕ2 = 2π

λ
d cos(AoA2) (6.9)

where d is the inter-element distance between any two cells distributed in the matrix, λ is
the operational wavelength, and AoA1 and AoA2 are the angles of arrival of the two incident
waves. By considering these two phase differences, we can obtain the RF signal after the
LNA of the second unit cell as

S ′
RF(t) = aRFα1(t)ej(ωt+θ1(t))e−j∆ϕ1 + aRFα2(t)ej(ωt+θ2(t))e−j∆ϕ2 (6.10)

Again, after injecting LO power to the hybrid coupler of the second unit cell, the signals
before the power detectors can be obtained as

ψ′
1(t) = −aLO√

2
ejωt

j aRF

aLO
α1(t)ej(θ1(t)+∆ϕ1) + j

aRF

aLO
α2(t)ej(θ2(t)+∆ϕ2) + 1

 (6.11)

ψ′
2(t) = −aLO√

2
ejωt

aRF

aLO
α1(t)ej(θ1(t)+∆ϕ1) + aRF

aLO
α2(t)ej(θ2(t)+∆ϕ2) + j

 (6.12)

Therefore, the output voltages of power detectors can be calculated as

V ′
1(t) = Ka2

LO
2

1 +
(
aRF

aLO

)2
α2

1(t) +
(
aRF

aLO

)2
α2

2(t)

− 2
(
aRF

aLO

)
α1(t) sin

(
θ1(t) + ∆ϕ1

)
− 2

(
aRF

aLO

)
α2(t) sin

(
θ2(t) + ∆ϕ2

) (6.13)
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V ′
2(t) = Ka2

LO
2

1 +
(
aRF

aLO

)2
α2

1(t) +
(
aRF

aLO

)2
α2

2(t)

+ 2
(
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)
α1(t) sin

(
θ1(t) + ∆ϕ1

)
+ 2

(
aRF

aLO

)
α2(t) sin

(
θ2(t) + ∆ϕ2

) (6.14)

The differential output of the second unit cell can then be written as

V ′
D1(t) = 2KaLOaRF

[
α1(t) sin

(
θ1(t) + ∆ϕ1

)
+ α2(t) sin

(
θ2(t) + ∆ϕ2

)]
(6.15)

By setting ∆ϕ1 = 2πn and ∆ϕ2 = 2πn + π, we can readily find the quadrature components
of the two signals as

Q1(t) = VD1(t) + V ′
D1(t), Q2(t) = VD1(t) − V ′

D1(t) (6.16)

Until now, we have obtained the quadrature components of the two incident signals with the
same carrier frequency. For the in-phase components, another set of two unit cells should
be chosen, with the difference that their injected LO signals should have a 90-degree phase
shift. Using a similar procedure from (6.1) to (6.16), we can establish the following formulas
for their differential output voltages.

VD2(t) = 2KaLOaRF
[
α1(t) cos

(
θ1(t)

)
+ α2(t) cos

(
θ2(t)

)]
(6.17)

V ′
D2(t) = 2KaLOaRF

[
α1(t) cos

(
θ1(t) + ∆ϕ1

)
+ α2(t) cos

(
θ2(t) + ∆ϕ2

)]
(6.18)

Hence, by setting the same conditions for phase difference, we can readily find out the in-
phase components of the two signals.

I1(t) = VD2(t) + V ′
D2(t), I2(t) = VD2(t) − V ′

D2(t) (6.19)

Now, considering complex vectors of S1(t) = I1(t) + jQ1(t) and S2(t) = I2(t) + jQ2(t), the
two demodulated signals can be extracted separately.
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Figure 6.3 Simulated in-phase and quadrature components of two simultaneousincident sig-
nals at the same carrier frequency for QPSK modulation with datarate of 2 MSPs.

6.3 Design Methodology and Performance Analysis

For the proof of concept, a VRM prototype of 3 × 5 unit cells is designed and fabricated on
Rogers RO4350 substrate over Ka-band for 5G applications. This prototype is intended to
receive two signals with the same carrier frequency simultaneously, as shown in Fig. 6.3. The
prototype is designed and analyzed in the Advanced Design System (ADS) software plat-
form, and full-wave simulations are performed in CST software to design the antenna and
hybrid couplers. The output voltages of power detectors (SMS7630-040LF) are connected
to a Keysight UXR0702AP Real-Time Oscilloscope to demonstrate the constellations of de-
modulated signals. Using an Agilent PSG vector signal generator (E8267D), a bit train of
16-QAM modulation with a symbol rate of 2 Msps is generated. All generators and analyzers
are synchronized to ensure receiver coherency. The VRM is placed on a rotational platform
to adjust the desired AoAs with respect to the horn radiators. Considering the designed
unit cells with an inter-element distance of two wavelengths, the AoAs are set to 65.2◦ and
83.7◦. Fig. 6.4 shows the measured constellation diagrams of the VRM prototype for the two
incident signals, validating the receiving operation. The receiver exhibits an EVM of less
than 10% for both signals.
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Figure 6.4 Photograph of the measurement setup for demodulating twosimultaneous incident
signals with different AoAs over the VRM.

Figure 6.5 Measured constellations of two simultaneous incident signals withdifferent AoAs.

6.4 Conclusion

This work proposed and presented the demodulation of simultaneous incident signals featur-
ing the same carrier frequency, for the first time. This seamless architecture technique, which
is made possible through the concept of VRM, greatly enhances the capacity and multifunc-
tionality of future wireless systems. A mathematical modeling of the proposed technique
was derived and presented. As a proof-of-concept, a fabricated prototype was measured at
Ka-band for 5G applications, and measurements results have confirmed the viability of the
proposed technique.
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CHAPTER 7 CONCLUSION

This chapter concludes the thesis by summarizing the principal contributions, critically dis-
cussing the limitations of the proposed architectures, and outlining well-defined directions for
future research. The work presented in this thesis addressed the growing need for compact,
energy-efficient, and multifunctional RF front-ends capable of jointly supporting sensing and
communication functionalities within a unified hardware framework. By rethinking the role
of multi-port interferometric architectures, this research demonstrated that advanced spatial
processing and information extraction can be achieved without relying exclusively on fully
digital beamforming or large-scale active arrays.

7.1 Summary of Works

This thesis introduced a novel class of reconfigurable RF front-end architectures based on
the concepts of the VRM and the VTM. The proposed framework departs from conventional
MIMO and phased-array paradigms by exploiting passive analog interference and fixed multi-
port combining networks to synthesize virtual spatial channels directly in the RF domain.

The research began with a critical analysis of existing multi-port receivers and joint radar
communication systems, highlighting their limitations in terms of scalability, hardware over-
head, calibration complexity, and power consumption. These observations motivated the
development of a new interferometric front-end that maps a dense grid of physical antenna
elements into a reduced set of virtual channels with well-defined spatial responses.

A rigorous mathematical formulation was developed to describe floating-channel formation,
spatial interference, and virtual beam synthesis within the VRM/VTM framework. This
formulation established clear links between physical array geometry, analog combining coef-
ficients, and the resulting virtual channel responses. Based on this theoretical foundation,
signal processing strategies for angle-of-arrival estimation, multi-target detection, and data
demodulation were derived and validated.

The proposed architectures were experimentally demonstrated through multiple hardware
prototypes operating at millimeter-wave frequencies. Measurement results confirmed the
ability of the VTM-based systems to perform high-resolution spatial sensing, simultaneous
multi-user communication, and joint radar–communication operation using a compact and
low-power front-end. Comparisons with state-of-the-art radar and ISAC platforms showed
that the proposed approach achieves competitive performance while significantly reducing
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RF chain count, calibration burden, and system complexity.

Overall, the results of this thesis establish the VRM/VTM paradigm as a viable and scal-
able alternative to conventional RF front-end architectures for future integrated sensing and
communication systems.

7.2 Limitations

Despite the demonstrated capabilities of the proposed architectures, several limitations must
be acknowledged. First, the performance of VRM/VTM systems is inherently sensitive to
amplitude and phase mismatches within the analog multi-port network. While calibration
and compensation techniques were proposed and experimentally validated, their complex-
ity increases with the number of virtual channels and operating frequency, particularly in
millimeter-wave and sub-THz regimes.

Second, the reliance on analog-domain processing introduces a trade-off between hardware ef-
ficiency and operational flexibility. Unlike fully digital systems, the virtual channel responses
in the proposed architectures are determined by fixed or semi-reconfigurable analog weights,
which may limit adaptability in highly dynamic environments or wideband multi-standard
scenarios.

Additionally, the experimental validations presented in this thesis were primarily conducted
under controlled laboratory conditions. Although these experiments provide strong proof of
concept, further evaluation in realistic propagation environments—including mobility, inter-
ference, and non-ideal channel conditions—is required to fully characterize system robustness
and long-term stability.

7.3 Future Research

The results of this thesis open several promising avenues for future investigation. Each
direction represents a natural extension of the VTM paradigm toward next-generation RF
systems.

A first major direction concerns the realization of ultra-massive VTM architectures integrated
at sub-THz and THz frequencies. Advancements in on-chip and package-level integration
could enable dense virtual transceiver matrices with unprecedented spatial resolution, sup-
porting emerging applications such as high-data-rate wireless links, high-resolution imaging,
and compact automotive or biomedical sensors.

A second direction involves the incorporation of artificial intelligence and machine learning
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techniques for hardware-aware calibration, adaptive beam synthesis, and dynamic recon-
figuration. By embedding learning-based algorithms within the VTM control loop, future
systems could compensate for hardware imperfections, track environmental changes, and
optimize sensing–communication trade-offs in real time.

Another important research avenue lies in the co-design of RIS with VRM/VTM front-
ends. Joint RIS–VTM architectures could extend the concept of virtual spatial processing
beyond the transceiver itself, enabling environment-assisted sensing, coverage enhancement,
and distributed spatial intelligence.

A particularly promising extension of the Virtual Transceiver Matrix paradigm lies in its
conceptual compatibility with quantum information processing systems. At a fundamental
level, the VTM operates as a deterministic linear transformation between physical input
modes and virtual output channels, implemented through passive interferometric networks.
This structure closely mirrors the linear optical transformations used in quantum computing
and quantum signal processing, where unitary or near-unitary mixing of quantum states is
achieved through networks of beam splitters and phase shifters.

In a quantum implementation, the physical antenna or sensor elements of the VTM can
be abstracted as quantum modes, while the analog combining network corresponds to a
quantum interferometer implementing a predefined transformation matrix. Such a mapping
enables the realization of quantum-enhanced sensing and communication, where spatial in-
formation—such as angle, phase, or propagation delay—can be encoded into quantum states
and processed through a VTM-inspired transformation. Importantly, the passive and lin-
ear nature of the VTM aligns with the constraints of near-term quantum hardware, where
minimizing active elements and decoherence sources is critical.

Furthermore, the concept of floating channels in the VTM naturally maps to quantum su-
perposition, where a single quantum state can simultaneously occupy multiple spatial or
modal paths. This opens the possibility of exploiting quantum parallelism to perform spatial
processing tasks—such as multi-target discrimination or channel estimation—with reduced
measurement overhead. While practical realization remains a long-term challenge, the the-
oretical correspondence between VTM transformations and quantum linear optics suggests
that the proposed architecture could serve as a bridge between classical RF interferometry
and emerging quantum sensing platforms.

Another compelling research direction involves the implementation of Virtual Transceiver
Matrices using integrated photonic platforms. Photonic circuits inherently support high-
bandwidth, low-loss, and phase-stable linear interferometric processing, making them well
suited for realizing the core operations of the VTM in the optical domain. In such systems,
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RF or millimeter-wave signals can be mapped onto optical carriers using electro-optic mod-
ulation, processed through a photonic interferometric network, and subsequently detected or
converted back to the electrical domain.

In a photonic VTM, optical waveguides represent physical channels, while directional cou-
plers and phase shifters implement the analog combining coefficients that define the virtual
channels. This approach enables precise and reconfigurable control of amplitude and phase
weights, allowing large-scale virtual matrices to be realized with minimal footprint and ex-
cellent scalability. Compared to purely electronic implementations, photonic VTMs offer
superior immunity to electromagnetic interference and reduced sensitivity to parasitic effects
at high frequencies.

Moreover, linear interferometric photonics provides a natural pathway toward ultra-wideband
and sub-THz operation, where conventional RF components face significant limitations. By
performing spatial processing in the optical domain, photonic VTM architectures can decou-
ple spatial resolution from RF hardware constraints, enabling compact and energy-efficient
front-ends for high-frequency ISAC applications. These advantages position photonic VTMs
as a promising candidate for future hybrid RF–photonic sensing and communication sys-
tems, particularly in scenarios requiring extreme bandwidth, high spatial fidelity, or dense
integration.

Finally, the networking of multiple VRM/VTM-enabled nodes into cooperative and dis-
tributed systems represents a key step toward large-scale integrated sensing and communi-
cation networks. Such systems could provide enhanced spatial awareness, robustness, and
scalability, contributing to the long-term vision of intelligent, software-defined, and hardware-
efficient wireless infrastructures.

In conclusion, this thesis establishes a solid theoretical and experimental foundation for vir-
tual transceiver matrix architectures and demonstrates their potential to reshape the design
of future multifunctional RF systems. The proposed concepts offer a pathway toward unified,
scalable, and intelligent sensing and communication platforms that bridge the gap between
analog hardware efficiency and advanced spatial signal processing.
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