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RÉSUMÉ 

Avec le développement rapide de diverses applications, telles que les appareils intelligents, 

l'intelligence artificielle, l'Internet des objets, la cartographie environnementale en 3D, les médias 

3D et les véhicules autonomes, le besoin de débits de données ultra-élevés et de communications 

de haute qualité non compressées est devenu essentiel. Ces applications nécessitent une faible 

latence, une haute fiabilité et une synchronisation précise, ce qui motive le besoin de solutions de 

communication avancées. Pour répondre à ces exigences évolutives, une réévaluation 

fondamentale des principes traditionnels de communication sans fil est nécessaire, entraînant une 

nouvelle recherche et une innovation technologique. En réponse, les technologies sans fil de 

prochaine génération évoluent vers des architectures hautement intégrées, multifonctionnelles, 

multimodes et multicanaux. Une solution prometteuse pour relever ces défis est l'adoption des 

architectures interférométriques multiport, qui ont gagné en reconnaissance en tant que technique 

compétitive et efficace pour le développement des front-ends. Ces architectures offrent des 

avantages significatifs par rapport aux systèmes traditionnels basés sur des mélangeurs, tels que les 

architectures hétérodyne et homodyne, en raison de leur simplicité, de leurs capacités à large bande, 

de leur rentabilité, de leur adéquation aux fréquences millimétriques (mmW) et térahertz (THz), et 

de leur faible consommation d'énergie. Dans ce contexte, cette thèse vise à développer des 

récepteurs interférométriques multiport innovants pour les systèmes de communication sans fil 

mmW et THz. 

Ce travail commence par une investigation approfondie du développement des récepteurs 

interférométriques, retraçant leur évolution et les avancées technologiques qui ont façonné leur 

conception. Une comparaison détaillée des performances entre les front-ends traditionnels basés 

sur des mélangeurs et les front-ends interférométriques multiport est fournie, offrant une 

compréhension complète des mécanismes opérationnels sous-jacents, ainsi que des compromis en 

termes de performance, de complexité et de coût. De plus, diverses architectures interférométriques 

sont examinées, mettant en évidence leurs principales caractéristiques, considérations de 

conception et avantages distincts, tels qu'une plage dynamique améliorée, une consommation 

d'énergie réduite et une sensibilité accrue. Les applications pratiques de ces architectures sont 

ensuite présentées et discutées, en se concentrant sur leurs applications dans des domaines tels que 

les communications sans fil, les systèmes radar et les technologies de détection. Ces discussions 
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inspirent le développement d'architectures interférométriques innovantes, visant à repousser les 

limites des capacités actuelles et à répondre aux exigences croissantes des systèmes futurs. 

Une nouvelle architecture de récepteur à double entrée autonome, basée sur la technique 

interférométrique, est proposée et démontrée dans ce travail pour les systèmes sans fil multicanaux 

parallèles. Le récepteur proposé utilise des chemins de canal radiofréquence (RF) à double entrée 

et une unité matérielle unique pour la traduction de fréquence, c'est-à-dire la conversion des 

signaux vers la bande de fréquence intermédiaire (IF). Cette conception permet d'extraire les 

signaux IF démodulés à partir de deux ports de sortie, contrairement aux quatre généralement 

requis dans les systèmes multiports traditionnels. En réduisant le nombre de ports de sortie, 

l'architecture proposée réduit considérablement la complexité des circuits, la taille, le coût et la 

consommation d'énergie. Dans les systèmes conventionnels, les chemins RF doubles sont souvent 

implémentés à l'aide de deux plateformes réceptrices à six ports séparées. Par conséquent, pour les 

systèmes MIMO (Multiple Input Multiple Output) à chemins de fréquence diversifiés N, le nombre 

de plateformes récepteur proposées est réduit à N/2, ce qui entraîne une réduction significative de 

la taille du système par rapport aux récepteurs MIMO traditionnels. 

La technique de diversité de polarisation est largement utilisée dans les récepteurs RF de pointe, 

améliorant leurs performances en prenant en charge des flux de données simultanés et indépendants 

sur un même canal de fréquence. Cette approche double efficacement la capacité du canal et 

optimise l'utilisation du spectre par rapport aux récepteurs à polarisation unique. Dans ce travail, 

une solution de récepteur interférométriques tout-en-un pour des systèmes sans fil à polarisation 

duale multicanaux est proposée et démontrée. Le récepteur bénéficie de l'utilisation d'un schéma 

de guide d'ondes carré, permettant d'intégrer des caractéristiques de polarisation duale. Cette 

conception permet l'excitation simultanée de deux polarités orthogonales, à savoir horizontale et 

verticale, au sein d'un seul récepteur matériel modulaire, tout en garantissant des performances 

fiables. Pour valider le concept, un prototype expérimental a été développé, fabriqué et testé. Le 

démultiplexage expérimental réussie des signaux modulés en polarisation duale valide davantage 

l'efficacité de la conception proposée.  

De plus, dans les systèmes l'Internet des objets (IoT), où une variété de nœuds capteurs sans fil, 

réseaux et étiquettes d'identification mmW sont largement déployés dans l'environnement, il existe 

un besoin croissant de solutions de communication et d'énergie efficaces. Dans ce contexte, nous 
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proposons un réseau de récepteurs interférométriques conçu pour des systèmes de communication, 

détection et transfert d'énergie combinés. Le réseau de récepteurs vise à minimiser la 

consommation d'énergie tout en permettant le fonctionnement autonome d'un réseau soutenant la 

récolte d'énergie sans fil, la réception de données, le stockage, le traitement et la communication. 

Il utilise un réseau de transducteurs orthomodaux (OMT) pour réaliser la diversité de polarisation, 

doublant ainsi la capacité du canal. En outre, le réseau de récepteurs intègre un redresseur 

différentiel, fabriqué à l'aide de la technologie CMOS de 65 nm, pour permettre le transfert 

d'énergie sans fil. Cette intégration permet au système de soutenir simultanément la communication 

sans fil et la récolte d'énergie. 

L'intégration des technologies micro-ondes (MW) et THz offre une solution prometteuse pour 

soutenir les futurs systèmes sans fil multifonctionnels et multistandard, tels que les plates-formes 

combinées de détection et de communication. Cependant, la coexistence des opérations MW et 

THz dans un seul récepteur présente des défis importants. Ceux-ci incluent l'adaptation à un 

système à double bande avec un grand rapport de fréquence tout en répondant à des exigences de 

performance strictes. Pour surmonter ces défis, un récepteur interférométrique à double bande 

conjoint conçu pour des opérations simultanées MW et THz est proposé dans ce travail. Le 

récepteur interférométrique proposé conserve les avantages des architectures interférométriques 

conventionnelles, telles qu'une configuration simple et une faible consommation d'énergie. Il 

permet la réception simultanée des signaux MW et THz sur deux canaux de fréquence sur une seule 

plate-forme matérielle, avec les deux signaux étant ensuite traduits ou convertis vers des bandes IF 

différentes. Il s'agit du premier récepteur interférométrique capable de fonctionner simultanément 

sur les fréquences MW et THz. 
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ABSTRACT 

With the rapid development of diverse applications, including smart devices, artificial intelligence, 

the Internet of Things, three dimensional (3D) environmental mapping, 3D media, and autonomous 

vehicles, the need for ultra-high data rates and uncompressed, high-quality communications has 

become essential. These applications require low latency, high reliability, and precise 

synchronization, driving the need for advanced communication solutions. To meet these evolving 

requirements, a fundamental reassessment of traditional wireless communication principles is 

necessary, prompting renewed research and technological innovation. In response, next-generation 

wireless technologies are advancing toward highly integrated, multifunctional, multimode, and 

multichannel architectures. One promising solution to address these challenges is the adoption of 

multiport interferometric architectures, which have gained recognition as a competitive and 

efficient technique for front-end development. These architectures offer significant advantages 

over traditional mixer-based systems such as heterodyne and homodyne architectures, due to their 

simplicity, broadband capabilities, cost-effectiveness, suitability for millimeter-wave (mmW) and 

terahertz (THz) frequencies, and low power consumption. Against this backdrop, this thesis aims 

to develop innovative multiport interferometric receivers for emerging and future mmW and THz 

wireless communication systems.  

This thesis begins with an in-depth investigation of the development of interferometric receivers, 

tracing their evolution and the technological advances that have shaped their design. A detailed 

performance comparison between traditional mixer-based front-ends and multiport interferometric 

front-ends is provided, offering a comprehensive understanding of the underlying operational 

mechanisms, as well as the trade-offs in terms of performance, complexity, and cost. Furthermore, 

various interferometric architectures are reviewed, emphasizing their key features, design 

considerations, and distinct advantages, such as improved dynamic range, reduced power 

consumption, and enhanced sensitivity. The practical applications of these architectures are then 

presented and discussed, focusing on their applications in areas like wireless communications, 

radar systems, and sensing technologies. These discussions inspire the development of innovative 

interferometric architectures, aiming to push the boundaries of current capabilities and meet the 

growing demands of future systems.                                                                                                In 

In this thesis, a novel self-contained dual-input receiver architecture based on the interferometric 

technique is proposed and demonstrated for parallel-multichannel wireless systems. The proposed 
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receiver utilizes dual-input radio frequency (RF) channel paths and a single hardware unit for 

frequency translation, i.e., converting signals to the intermediate frequency (IF) band. This design 

enables demodulated IF signals to be extracted from two output ports, in contrast to the four 

typically required in traditional multiport systems. By reducing the number of output ports, the 

proposed architecture significantly lowers circuit complexity, size, cost, and power consumption. 

In conventional systems, dual RF input paths are often implemented using two separate six-port 

receiver platforms. Therefore, for N-path frequency-diversified multiple-input multiple-output 

(MIMO) systems, the number of proposed receiver platforms is reduced to N/2, leading to a 

significant reduction in system size compared to legacy MIMO receivers.  

The polarization diversity technique has been widely used in the state-of-the-art RF receivers, 

enhancing their performance by supporting simultaneous, independent data streams over the same 

frequency channel. This approach effectively doubles channel capacity and optimizes spectrum 

utilization compared to single-polarization receivers. In this thesis, an all-in-one interferometric 

receiver solution for dual-polarization multichannel wireless systems is proposed and demonstrated. 

The receiver benefits from the use of a square waveguide scheme, enabling dual-polarization 

features. This design allows for the simultaneous excitation of two orthogonal polarizations, 

namely, horizontal and vertical, within a single modular hardware receiver, while ensuring reliable 

performance. To validate the concept, we developed, fabricated, and tested an experimental 

prototype. The successful experimental demodulation of dual-polarization modulated signals 

further validates the effectiveness of the proposed design. 

In addition, Internet of Things (IoT)-based systems, where a variety of wireless sensor nodes, 

networks, and mmW identification tags are extensively deployed in the environment, there is a 

growing need for efficient communication and energy solutions. In this context, we propose an 

interferometric receiver array designed for joint communication, sensing, and power transfer 

systems. The receiver array aims to minimize power consumption while enabling the autonomous 

operation of a network that supports wireless energy harvesting, data reception, storage, processing, 

and communication. It uses the orthomode transducers (OMTs) array to achieve polarization 

diversity, effectively doubling channel capacity. Additionally, the receiver array integrates a 

differential rectifier, fabricated using 65-nm bulk complementary metal-oxide-semiconductor 

(CMOS) technology, to enable wireless power transfer. This integration allows the system to 

simultaneously support wireless communication and energy harvesting.  
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Integrating microwave (MW) and THz technologies offers a promising solution for supporting 

future multifunctional and multistandard wireless systems, such as joint sensing and 

communication platforms. However, the coexistence of MW and THz operations within a single 

receiver presents significant challenges. These include accommodating a dual-band system with a 

large frequency ratio while meeting stringent performance requirements. To overcome these 

challenges, a joint dual-band interferometric receiver designed for simultaneous MW and THz 

operations is proposed in this thesis. The proposed interferometric receiver retains the advantages 

of conventional interferometric architectures, such as a simple configuration and low power 

consumption. It enables concurrent reception of MW and THz signals across two frequency 

channels on a single hardware platform, with both signals then being translated or converted to 

different IF bands. This is the first interferometric receiver capable of simultaneously operating 

across both MW and THz frequencies.         
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CHAPTER 1 INTRODUCTION 

1.1 Research background 

The rapid proliferation of emerging systems and applications—such as smart devices, artificial 

intelligence (AI), multimedia services, virtual reality, the Internet of Things (IoT), fifth generation 

(5G)/sixth generation (6G), three dimensional (3D) environmental sensing and mapping, and 

autonomous mobility—is placing increasingly complex and stringent performance demands on 

future wireless systems [1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12]. These evolving 

requirements necessitate a fundamental re-examination of traditional wireless communication 

principles, thereby driving renewed research efforts and technological innovation. Meeting the 

demands of emerging systems and applications calls for breakthroughs in several critical areas, 

including power efficiency, data transmission speed, system reliability, latency reduction, channel 

capacity, network adaptability, cost-effectiveness, and seamless connectivity [13], [14], [15], [16], 

[17]. As these demands continue to grow, future wireless systems must go beyond supporting real-

time data processing and intelligent decision-making. They must also facilitate dynamic resource 

allocation while maintaining high levels of efficiency, scalability, and performance consistency 

across diverse operating environments.  

To address these multifaceted challenges, next-generation wireless technologies are advancing 

toward highly integrated, multifunctional, multimode, and multichannel architectures [18], [19], 

[20], [21]. This evolution significantly enhances system flexibility, interoperability, and 

performance across a wide range of applications, effectively bridging the gap between 

communication, sensing, imaging, and computational intelligence. A central focus of this 

transformation is the development of joint radar and communication (JRC), also recently known 

as integrated sensing and communication (ISAC)—a paradigm that fuses wireless data 

transmission with real-time environmental awareness [22], [23], [24], [25], [26], [27], [28], [29], 

[30]. 

ISAC enables the simultaneous execution of high-speed communication, precise localization, and 

situational awareness, making it particularly suitable for emerging intelligent wireless systems such 

as autonomous vehicles, smart cities, and next-generation industrial automation. In parallel, other 

disruptive technologies are also gaining momentum, including reconfigurable intelligent surfaces 

for dynamic signal control, unified architectures for joint data communication, radar sensing, and 
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power transfer, as well as ultra-wideband imaging for high-resolution environmental mapping. 

Together, these cutting-edge advancements are laying the foundation for intelligent, adaptive, and 

highly connected wireless networks, capable of supporting the next era of pervasive, hyper-

connected environments. 

Undoubtedly, an environmentally friendly front-end with operational agility and flexibility is 

essential for enabling disruptive wireless technologies and fostering innovative ecosystems. To 

meet the stringent demands of emerging systems, such front-ends must satisfy several critical 

performance criteria, including wide operational frequency range, high sensitivity, low power 

consumption, high dynamic range, and linearity. They must also be capable of withstanding strong 

blockers and interference, all while maintaining a compact physical footprint. In particular, 

minimizing power consumption is crucial for enhancing overall energy efficiency. 

Traditionally, the front-ends of transmitters, receivers, and transceivers rely on highly nonlinear 

mixer-based architectures—such as heterodyne, homodyne, and low intermediate frequency (IF) 

configurations—for frequency conversion (i.e., up-conversion or down-conversion) [31], [32],   

[33], [34], [35], [36], [37]. Numerous architectural variations have been implemented in practical 

systems [38]. A comprehensive classification of frequency conversion techniques is provided in 

[18], broadly categorizing them into two schemes from a frequency-domain perspective: linear and 

nonlinear interferometric techniques. 

In nonlinear interferometric systems, each mixer-based channel typically comprises at least one 

mixer and one local oscillator (LO). The LO provides a reference signal that mixes with the input 

RF signal to produce an output at the desired frequency—either up-shifted for transmission or 

down-shifted to the IF for further processing. However, the core mixer operates in a highly 

nonlinear regime, necessitating high LO driving power. As a result, driving multiple mixers 

becomes increasingly challenging, presenting significant barriers to the scalability and widespread 

adoption of such architectures in 5G, 6G, and future wireless platforms—particularly in mobile 

and energy-constrained applications. This challenge is further exacerbated at millimeter-wave 

(mmW) [39], [40], [41], [42], [43], [44], [45], [46], [47], [48] and terahertz (THz) [49], [50], [51], 

[52], [53], [54], [55], [56], [57], [58], [59], [60], [61], [62] frequencies, where the generation of 

sufficiently high LO power is either difficult or practically infeasible due to the limited availability 

of efficient high-power sources. 
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To address the design challenges associated with high power consumption in front-end systems, a 

promising solution lies in the development of multiport interferometric architectures. This 

approach offers significant potential across a wide range of platforms—including microwave, 

mmW, THz, electronic-photonic, and optical systems—with a particular emphasis on key 

functionalities for communication, sensing, and imaging applications [63], [64], [65], [66], [67], 

[68], [69], [70], [71], [72], [73], [74], [75], [76], [77], [78], [79], [80]. 

1.2 Research objectives 

The primary objectives of this Ph.D. research are to propose, investigate, and design innovative 

interferometric architectures and technologies for mmW and THz wireless systems. The study is 

carried out through both theoretical analysis and experimental validation, with a particular 

emphasis on key factors such as bandwidth performance, circuit complexity, cost, power 

consumption, dynamic range, and sensitivity. Specifically, this research focuses on the following 

aspects: 

(1) Various multiport interferometric architectures are investigated, providing a thorough 

understanding of their underlying operational mechanisms. The key technological features of these 

architectures are summarized, followed by a discussion of their practical applications. This 

comprehensive overview offers valuable insights into the development and potential of multiport 

interferometric technology.  

(2) The concept of concurrent multi-band operation is explored to boost system throughput and 

introduce diversity to combat channel fading. In particular, multi-band operation within multiport 

interferometric architectures offers a highly desirable feature for next-generation frequency-

diversified multiple-input multiple-output (MIMO) systems. 

(3) The orthogonal polarization modes, namely H-polarized (H-P.) and V-polarized (V-P.) modes, 

are explored in multiport interferometric architectures. These modes enable the simultaneous 

transmission of independent data streams, effectively doubling the system's channel capacity and 

accelerating practical applications in high-throughput data transmission systems. 

(4) THz band offers a vast spectral resource, with an absolute bandwidth significantly larger than 

that of its lower-frequency counterparts. This compelling feature drives the development of 

wireless systems in the THz frequency range. This research explores and develops THz front-ends, 
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with a focus on addressing the challenges associated with THz hardware circuits. To minimize 

transmission loss, metallic waveguide technology is adopted in the design of THz interferometric 

front-ends.  

1.3 Thesis outline 

This Ph.D. thesis presents original research on multiport interferometric technology for mmW and 

THz wireless systems. Several multifunctional front-end receivers based on the multiport 

interferometric architecture are proposed and designed. For each case, the theoretical foundations, 

physical realizations, and experimental prototypes are comprehensively investigated and detailed. 

The thesis is organized as follows: 

Chapter 1 introduces the research background and objectives of this Ph.D. thesis, focusing on 

multiport interferometric architectures and technologies for mmW and THz applications. 

Additionally, the outline of the thesis is presented. 

Chapter 2 reviews the development of multiport interferometric architectures, from the four-port 

to the nine-port architecture, and discusses their characteristics and application scenarios, aiming 

to provide an overview of the state-of-the-art in this field. 

Chapter 3 presents a dual-input multiport interferometric receiver designed for mmW parallel-

multichannel wireless systems. The main advantage of the proposed receiver topology is its self-

contained parallel channels, in contrast to conventional interferometric receivers, which helps 

reduce circuit complexity, size, cost, and power consumption. Furthermore, the proposed receiver 

utilizes only two output ports, compared to the traditional four. An experimental prototype was 

designed and fabricated to validate the receiver's performance in simultaneous operation across the 

24- and 28-GHz mmW frequency bands. 

Chapter 4 introduces a dual-polarization waveguide interferometric receiver that enables 

simultaneous independent data streams on the same frequency channel, effectively doubling the 

channel capacity and enhancing spectrum efficiency compared to single-polarized counterparts. 

Square waveguide technology is employed to support orthogonal polarization. The receiver 

comprises a multiport circuit and four pairs of power detectors. The core multiport circuit integrates 

dual-polarization components, including cruciform couplers, orthomode transducers (OMTs), and 

phase shifters. The receiver's operating mechanism is analyzed and explained through a 
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mathematical model. An experimental prototype was designed, fabricated, and tested, with 

successful demodulation of various digitally modulated signals at different data rates. The 

experimental results demonstrate the excellent performance of the receiver, confirming its potential 

for use in multifunction and dual-polarized wireless systems. 

Chapter 5 focuses on the integration of wireless communication and energy harvesting at mmW 

bands. To achieve this, a receiver array architecture based on interferometric technology is 

proposed. The receiver array supports dual-polarization operation without increasing circuit 

complexity. Each unit-cell of the array can be dynamically allocated to synthesize channels for data 

reception, sensing, and energy harvesting. For wireless power transfer, a CMOS differential 

rectifier is integrated into each receiver unit. The recovered data and generated direct current (DC) 

power from the various receiver units are processed concurrently, resulting in high capacity and 

efficient power and data management. An experimental prototype was fabricated to validate the 

proposed concept. Various modulations and energy harvesting functions were successfully 

measured and demonstrated. The experimental results confirm that the proposed receiver is highly 

suitable for versatile, unified communications and IoT sensor applications in future radio 

environments, including 5G, 6G, and beyond.  

Chapter 6 explores integrating microwave (MW) and THz technologies into a single hardware 

platform, addressing limitations in packaging and assembly while enabling seamless wireless 

sensing and communication with efficient information fusion for groundbreaking applications. 

Based on this background, a joint MW/THz interferometric receiver is proposed, studied, and 

demonstrated, aimed at future multifunctional wireless sensing and communication systems. The 

chapter provides a detailed analysis and discussion of the proposed receiver architecture. An 

experimental prototype was designed and fabricated using a Miniature Hybrid Microwave 

Integrated Circuits (MHMIC) process. To validate the proposed architecture, the prototype was 

tested, and various M-quadrature-amplitude modulation (QAM) signals were successfully 

demodulated in both the MW band (5.8 GHz) and THz band (150 GHz), confirming the receiver's 

performance. 

Chapter 7 concludes the research presented in this thesis by providing a summary of the 

contributions made through the development of multiport interferometric architectures tailored for 

mmW and THz applications. It highlights the innovative features of these architectures and 
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underscores their potential to shape the future of wireless systems. Additionally, the chapter 

addresses key challenges encountered throughout the research and offers insights into emerging 

trends and technologies. These recommendations emphasize areas where further investigation 

could substantially propel the field forward, such as the integration of artificial intelligence and the 

exploration of novel applications in the evolving landscape of 6G and beyond. 
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CHAPTER 2 LITERATURE REVIEW  

2.1 Research background 

Since Edwin Howard Armstrong invented the superheterodyne architecture around 1918 [38], 

various alternative architectures—such as homodyne (zero-IF), low-IF, and image rejection—have 

been implemented in transmitters and receivers. The superheterodyne architecture remains widely 

used in receiver design, where it downconverts the modulated carrier to IF signal. The IF signal is 

then demodulated into baseband signals via complex mixing. This architecture generally achieves 

a wide dynamic range, though this advantage comes at the cost of increased complexity. In contrast, 

the homodyne architecture offers a simpler configuration. In this approach, the LO signal has the 

same frequency as the radio frequency (RF) signal, and zero-IF conversion is accomplished through 

complex mixing rather than real mixing. As a result, there is no need for an additional image-

rejection bandpass filter before the mixer. However, this design is prone to issues such as 

mismatches, LO leakage, and intermodulation products. 

Obviously, each of these architectures has its own set of advantages and disadvantages. For 

different application scenarios, the relevant parameters of each architecture must be carefully 

considered. It is also worth noting that these classical architectures are built on mixer-based 

technology, which requires a high-power LO signal to drive nonlinear and multitoned mixing 

between the RF and reference signals. While high-power LO signals can be easily generated at 

lower frequencies, generating them at mmW and THz frequencies poses significant challenges due 

to the lack of appropriate sources in these bands. To overcome these challenges, a novel 

technology—multiport interferometric architecture—has been proposed. Unlike conventional 

designs, this technology eliminates the need for high-power LO signals, significantly reducing LO 

power consumption. As a result, it emerges as a promising solution for mmW and THz applications. 

2.2 Brief introduction to multiport interferometric technology 

The multiport interferometric concept, originally introduced in the early 1970s by G. Engen and C. 

Hoer, has become widely used for simple and accurate power measurement setups. They later 

expanded its application to measure complex reflection coefficients in microwave network analysis, 

providing a cost-effective alternative to conventional solutions [81], [82], [83], [84]. This 

technology remains essential, particularly in high-frequency bands where equipment is costly, and 
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for specialized applications that require affordable testing devices. In 1994, multiport technology 

was initially redesigned for wireless communication receivers [85], [86], and since then, it has 

evolved into a versatile architecture applicable to wireless transmitters, receiver, transceiver, 

automotive radar systems, imaging systems, and various advanced applications [87], [88], [89], 

[90], [91], [92], [93], [94], [95], [96], [97], [98],    [99], [100], [101], [102], [103],  [104], [105], 

[106], [107], [108], [109], [110], [111], [112], [113], [114], [115], [116], [117], [118], [119], [120], 

[121], [122], [123], [124], [125], [126], [127], [128], [129], [130], [131], [132].  

In contrast to traditional mixer-based nonlinear interferometric architectures that depend on high-

power LO signals and nonlinear mixing components, the multiport interferometric architecture 

based on a linear interference principle as shown in Figure 2.1. It should be mentioned that this 

architecture linearly combines LO and RF signals with precisely defined amplitude and phase 

Frequency Conversion in 

Front-End Architectures 

Multiport Architecture:

Linear Interferometric

A Square-Law

Transfer Function

Heterodyne Architecture:

Nonlinear Interferometric

A Highly Nonlinear

Transfer Function

Homodyne Architecture:

Nonlinear Interferometric

A Highly Nonlinear

Transfer Function

Low IF Architecture:

Nonlinear Interferometric

A Highly Nonlinear

Transfer Function

Passive (N-Path) 

Architecture:

Switching/Sampling

A Time-Variant

Transfer Function

Transmitter

Receiver

Transceiver

 

Figure 2.1 Block diagram illustrating the frequency conversion mechanisms in various front-

end architectures, highlighting the multiport configuration employed in the transmitter, 

receiver, and transceiver designs 
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relationships, operating at lower power levels within the square-law region of the detectors. This 

results in notable improvements in energy efficiency and system simplicity. 

Power detection in these systems can be realized using a variety of device technologies, such as 

transistors [133], [134], [135] and diodes [136], [137], [138], [139], [140], thus offering flexibility 

in design and integration across a range of frequency bands and platforms. To offer a clearer 

comparison of various front-end architectures, Table 2.1 presents a comparison of key 

Table 2.1 Feature comparison of heterodyne, homodyne, low-IF, and multiport architectures 

Performance 

Attribute 

Multiport 

Architecture 

Heterodyne 

Architecture 

Homodyne 

Architecture 

Low IF 

Architecture 

LO Power 

Consumption 
Low High High High 

Sensitivity Good Excellent Good Good 

Dynamic Range Average Excellent Good Good 

Noise Figure Average Excellent Average Good 

Linearity Average Excellent Good Good 

Filter Requirement Average High Average Average 

Port-to-Port  

Isolation 

Easy-to-

achieve 

Difficult-to-

achieve 
Average Average 

Harmonic Control Easy Difficult Average Average 

Wideband 

Performance 
Excellent Average Average Average 

mmW and THz 

Applications 
Excellent Good Good Good 

Structure 

Complexity 
Average High Low Average 

Circuit Size Average Large Small Average 
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characteristics between nonlinear interference-based techniques (such as heterodyne, homodyne, 

and low-IF architectures) and their multiport archiecture counterparts, using the receivers as 

representative case studies [87]. The multiport interferometric architecture stands out due to its 

significant advantages—particularly in its low LO power requirements, wideband operation, and 

strong applicability for high-frequency band such as mmW and THz applications. As a result of 

these benefits, multiport interferometric technology has gained considerable research interest in 

recent years.   

2.3 Multiport Interferometric Receiver Architectures 

Since the introduction of the multiport interferometric architecture, a variety of variants have been 

developed to address the changing system requirements and performance goals across different 

technological domains. These architectures are typically categorized into four-port to nine-port 

configurations based on their geometric structure in front-end systems. Each category plays a 

crucial role in improving system performance for communication, sensing, and imaging 

applications. To facilitate the upcoming discussions, a comprehensive summary of these 

architectural variants is provided, outlining their key features, design considerations, and distinct 

advantages. Additionally, the practical contributions of each variant to specific application 

scenarios are examined, offering insights into their relevance and impact at the system level. 

Variety of multiport interferometric receiver architectures have been propsoed over the past several 

decades. As shown in Figure 2.2(c) [141], a typical example is the six-port receiver. This 

architecture consists of a passive six-port network, four power detectors connected to its output 

ports. The modulated RF signal is captured via the antenna and the RF signal is filtered and then 

amplified by a low-noise amplifier (LNA) before entering port 1 of the six-port network. Port 2 is 

driven by a LO signal. Inside the six-port network, the LO and RF signals combine to generate 

output signals with specific amplitude and phase relationships. These outputs are measured by 

output diode detectors, which operate in their square-law region, where the detected voltage is 

approximately proportional to the input power. The output signals are then filtered to eliminate 

unwanted noise and amplified to enhance the signal levels. Subsequently, the signals are next 

digitized using analog-to-digital converters (ADCs) for further digital processing. From this 

digitized data, the in-phase (I) and quadrature (Q) components are extracted, enabling precise 

reconstruction of the original modulated signal. To address challenges related to circuit complexity,  



11 

 

 

BPF LNA

RF-Signal

SRF (t)

I(k)

Q(k)

LPF

( )
2 A

D

x1(t)
PD

M1

LPF

( )
2 A

D

x2(t)
PD

M2

LO

ᵠ 1 s1 ᵠ 2 s2

LO

RF

xLO,1(t)

xLO,2(t)

Four-Port 

Network

C
a
li
b

ra
ti

o
n

 a
n

d
 d

a
ta

 

re
g

e
n

e
ra

ti
o

n1

2

3

4

Four-Port Network

    

BPF LNA

RF-Signal

SRF (t)

I(k)

Q(k)

LPF

( )
2 A

D

x1(t)
PD

M1

LPF

( )
2 A

D

x2(t)
PD

M2

LO

C
a
li

b
ra

ti
o

n
 a

n
d

 d
a

ta
 

re
g

e
n

e
ra

ti
o

n

( )
2 A

D

x3(t)
M3

ᵠ 1 s1 ᵠ 2 s2

LO

RF xLO,2(t)

xLO,3(t)

xLO,1(t)

ᵠ 3 s3

LPFPD

1

2

4

5

3

Five-Port 

Network

Five-Port Network

 

(a)                                                          (b) 

BPF LNA

RF-Signal

SRF (t)

I(k)

Q(k)

LPF

( )
2 A

D

x1(t)
PD

M1

LPF

( )
2 A

D

x2(t)
PD

M2

LO

Six-Port 

Network

C
a

li
b

ra
ti

o
n

 a
n

d
 d

a
ta

 

re
g

e
n

e
ra

ti
o

n

( )
2 A

D

x3(t)
M3

( )
2 A

D

x4(t)
M3

LPFPD

LPFPD

ᵠ 1 ᵠ 2

LO

xLO,3(t)

xLO,4(t)

xLO,2(t)

ᵠ 3 s3

xLO,1(t)

RF

ᵠ 4 s4
s1 s2

1

2

3

4

6

5

Six-Port Network

           

BPF LNA

RF-Signal

SRF (t)

I(k)

Q(k)

LPF

( )
2 A

D

x1(t)
PD

M1

LPF

( )
2 A

D

x2(t)
PD

M2

LO

C
a

li
b

ra
ti

o
n

 a
n

d
 d

a
ta

 

re
g

e
n

e
ra

ti
o

n

( )
2 A

D

x3(t)
M3

( )
2 A

D

x4(t)
M3

LPFPD

LPFPD

ᵠ1 s1 ᵠ2 s2

LO

xLO,3(t)

xLO,4(t)

xLO,2(t)

ᵠ3 s3

xLO,1(t)

RF

ᵠ4 s4

BPF LNA

RF-Signal

SRF (t)

RF

6

2

7

5

4

3

1

Seven-Port 

Network

Seven-Port Network

     

(c)                                                         (d) 

BPF LNA

RF-Signal

SRF1 (t)

I1(k)&I2(k)

Q1(k)&Q2(k)

LPF

( )
2 A

D

x1(t)
PD

M1

LPF

( )
2 A

D

x2(t)
PD

M2

LO1

C
a

li
b

ra
ti

o
n

 a
n

d
 d

a
ta

 

re
g

e
n

e
ra

ti
o

n

( )
2 A

D

x3(t)
M3

( )
2 A

D

x4(t)
M3

LPFPD

LPFPD

ᵠ1 s1 ᵠ2 s2

LO1

xLO,3(t)

xLO,4(t)

xLO,2(t)

ᵠ3 s3

xLO,1(t)

RF1

ᵠ4 s4

BPF LNA

RF-Signal

SRF2 (t)

LO2

RF2

LO2

1

Eight-Port 

Network2

3

4

5

6

7

8

Eight-Port Network

        

BPF LNA

RF-Signal

SRF (t)

I(k) 

Q(k)

LPF

( )
2 A

D

x1(t)
PD

M1

LPF

( )
2 A

D

x2(t)
PD

M2

Nine-Port 

Network

C
a

li
b

ra
ti

o
n

 a
n

d
 d

a
ta

 

re
g

e
n

e
ra

ti
o

n

( )
2 A

D

x3(t)
M3

( )
2 A

D

x4(t)
M3

LPFPD

LPFPD

ᵠ1 s1 ᵠ2 s2

LO

xLO,3(t)

xLO,4(t)

xLO,2(t)

ᵠ3 s3

xLO,1(t)RF

ᵠ4 s4

BPF LNA

RF-Signal

SRF (t)

RF

BPF LNA

RF-Signal

SRF (t)

BPF LNA

RF-Signal

SRF (t)

LO 

RF

RF

1

2

3

4

5

6

7

8

9

Nine-Port Network

 

(e)                                                       (f) 

Figure 2.2 (a) Four-port architecture [142], (b) Five-port architecture [143], (c) Six-port 

architecture [141], (d) Seven-port architecture [144], (e) Eight-port architecture [145], (f) 

Nine-port architecture [146] 
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Table 2.2 Summary of the state-of-the-art multiport interferometric receivers 

Multiport Interferometric Receiver 

Reference Frequency Applications Scenarios Technology 

[107] 2.4 GHz 
Sensing 

(Angular displacement) 
PCB 

[124] 3.38 GHz/3.82 GHz 
Wireless communication 

(Concurrent dual-band transmission) 
PCB 

[119] 23.75 GHz 

Sensing 

(localization and targets 

discrimination) 

PCB 

[146] 5.0 GHz 
Wireless communication 

(Single-band transmission) 
PCB 

[126] 2.44 GHz 
Imaging 

(Near-Field microwave microscopy) 
PCB 

[120] 20 GHz 

Sensing 

(phase discriminator for monopulse 

tracker) 

MMIC 

[167] 35 GHz 
Imaging 

(Non-destructive evaluation) 
PCB 

[151] 28 GHz 
Wireless communication 

(Concurrent dual-band transmission) 
PCB 

[162] 60 GHz 
Sensing 

(2D-AOA detection) 
PCB 

[160] 2.448 GHz 
Sensing 

(Localization and identification) 
PCB 

[122] 60 GHz 
Sensing 

(Industrial radar or AOA detection) 
MHMIC 

[125] 28 GHz 
Wireless communication 

(Single-band transmission) 
CNC 

[153] 60 GHz 
Wireless communication 

(Single-band transmission) 
CNC 

[79] 28 GHz 
Wireless communication 

(Single-band transmission) 
PCB 

[123] 180 GHz 
Wireless communication 

(Single-band transmission) 

SiGe 

BiCMOS 
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size, cost, and power consumption, in [142] and [143], four-port and five-port interferometric 

receivers were introduced, respectively, as illustrated in Figure 2.2(a) and (b). In contrast to the 

six-port receiver archiecture, which has four output ports, these archiectures have fewer output 

ports, which reduces the number of power detectors and ADCs. This reduction simplifies the 

complexity of the system architecture, lowers power consumption and cost, while still maintaining 

performance through efficient signal processing.    

In contrast, a seven-port interferometric receiver architecture [144] was proposed with increasing 

the number of ports. As shown in Figure 2.2(d), this architecture can enable dual-polarization 

operation and improving signal processing capabilities compared to single-input RF port 

configurations. In [145], an eight-port interferometric receiver was proposed, as illustrated in 

Figure 2.2(e). In this architecture, ports 1 and 2 are connected to two separate antennas to receive 

the modulated signals, while ports 3 and 4 are connected by two distinct LO sources. This design 

supports parallel multi-channel operation, further enhancing system flexibility and performance. 

Similarly, a nine-port interferometric receiver architecture, shown in Figure 2.2(f), utilizes four 

spatially distributed antenna elements, replacing the traditional six-port junction made of hybrid 

couplers or other circuit-based topologies [146]. It should be mentioned that Figure 2.2 from [87]. 

This design, incorporating multiple antenna elements, is particularly well-suited for backhaul and 

point-to-point communication applications. The multiport interferometric receivers, as low-power 

solutions, have attracted considerable attention. Table 2.2 [87] presents a comprehensive 

comparison and survey of these receiver architectures.  

[163] 61 GHz 
Sensing 

(Sheet thickness monitoring) 
PCB 

[145] 28 GHz 
Wireless communication 

(Dual-polarization transmission) 
CNC 

[121] 120 GHz 

Sensing 

(Industrial radar and biomedical 

application) 

SiGe 

BiCMOS 

[152] 5.88 GHz/150 GHz 
Wireless communication 

(Concurrent dual-band transmission) 
PCB 

[276] 60 GHz 

Imaging 

(Near-field millimeter wave 

microscope) 

PCB 
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2.4 Multifacted Applications 

2.4.1 Communication 

To meet the growing demands of emerging applications in next-generation communication systems, 

a variety of advanced front-end architectures built upon multiport interferometric technology have 

been proposed and successfully implemented. These front-ends are designed to support key 

capabilities such as multiband operation, multifunctionality, multi-polarization, and full-duplex 

communication [147], [148], [149], [150], [151], [152]. The combination of these features within 

a single circuit platform provides significant advantages for high-performance wireless 

communication. Recent developments in front-ends, demonstrating novel techniques and improved 
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Diode Networks

LO Source

Oscilloscope

Laptop

RF/LO signals IF signals GPIB signals

Incoming 

Signals

(RF1, RF2)

Multiport 

Circuit

Diode

Network

Signal

Processing Unit 

Retrieved

Data

 

             (a)                                                                     (b) 

 

(c)                                (d)                                 (e)                                (f) 

Figure 2.3 (a) Simplified block diagrams of the proposed concurrent multiport interferometric 

receiver, (b) Experimental setup, (c) Measured constellation diagrams without calibration, (d) 

Measured constellation diagrams without frequency drift adjustment only, (e) Measured 

constellation diagrams with channel imbalance calibration, (f) Measured constellation 

diagrams with IQ imbalance calibration [124]   
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performance, have made multiport interferometric architectures especially attractive for 

applications requiring very low LO power levels. [153].   

By enabling greater diversity, alleviating channel fading, and accommodating multiple services 

simultaneously, multiband operation delivers notable performance improvements. In [154], a 

compact multiport receiver architecture capable of concurrent dual-band transmission is proposed. 

This design, illustrated in Figure 2.3, is based on the classical multiport interferometric structure 

but employs only one LO source. Unlike conventional dual-band architectures that rely on two LO 

signals, this receiver achieves frequency translation to the IF band with a single LO. The two RF 

channels from the multiport network are downconverted to a same IF band. A linear matrix 

transformation is applied to reconstruct the original data streams, thereby reducing interchannel 

interference and enhancing signal fidelity. As shown in Figures 2.3(c)–(f), the measurement results 

demonstrate the excellent performance of the concurrent dual-band receiver. 

By enabling two orthogonal polarization channels, polarization diversity can nearly double the 

available channel capacity and substantially improve spectrum usage compared to single-

polarization receivers. The work in [155] presents a dual-polarized multiport receiver fabricated in 

a standard CMOS technology. Using substrate-integrated waveguide (SIW) structures, the receiver 

supports both V- and H-polarization modes. With its self-packaged nature, the design is highly 

compatible with 3D on-chip integration, benefiting from the multilayer stack-up provided by 

                

             (a)                                                                     (b) 

Figure 2.4 (a) Microphotograph of the fabricated prototype chip, (b) Experimental setup of the 

chip [155] 
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advanced CMOS manufacturing. This approach supports high-density receiver arrays while 

simultaneously reducing topological complexity, structural losses, and power consumption. A 

proof-of-concept prototype was fabricated using a standard 65-nm CMOS process to validate the 

proposed technique, as shown in Figure 2.4(a), with the corresponding on-wafer characterization 

setup shown in Figure 2.4(b). Experimental results confirm that the receiver can reliably 

demodulate multiple polarized M-QAM waveforms, achieving measured EVM values better than 

–20 dB at a 300-GHz carrier. This approach is poised to significantly advance THz IC technologies 

aimed at high-density wireless communication systems.  

2.4.2 Sensing 

Wireless sensors serve as key enablers in applications spanning IoT networks, biomedical 

instrumentation, automotive systems, robotics, and industrial manufacturing. With advantages such 

as scalability, flexibility, and remote operability, they are particularly effective in large-scale or 

resource-constrained environments where real-time monitoring is crucial. By providing continuous 

data from locations that are otherwise inaccessible or costly to monitor, these sensors significantly 

enhance operational efficiency and system reliability. Due to its inherently low power consumption, 

                 

Figure 2.5 Photograph of the fabricated multiport interferometer-enabled 2D angle-of-arrival 

(AOA) estimation system [162] 
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multiport interferometric technology is widely used in portable sensors designed for long battery 

life [156]. This energy-efficient approach is ideal for long-term deployments with minimal 

maintenance or battery replacement needs. A variety of sensor types based on multiport 

interferometric technology have been proposed for angular displacement detection, indoor 

localization and identification, and dielectric properties measurement [157], [158], [159], [160], 

[161]. For instance, angle-of-arrival (AOA) estimation is vital for tasks like industrial machinery 

localization, object positioning, and accurate antenna-to-antenna alignment. High-precision AOA 

information supports accurate tracking and positioning, boosting operational efficiency in 

industrial environments and enhancing communication system performance through real-time 

antenna reorientation. To estimate the direction of arrival of an incoming plane wave in both 

horizontal and vertical planes, a multiport 2-D AOA detection system is proposed in [162]. The 

detection system is implemented using an eight-port network consisting of four input ports and 

four output ports. The input ports are connected to four antennas, while the output ports are 

connected to four power detectors. The signals captured by the antennas—each carrying directional 

information about the incoming beam—are processed using a simple signal-processing algorithm 

to accurately estimate both angular components. A prototype 2-D AOA detection system was 

developed for mmW applications, and a photograph of the prototype is shown in Figure 2.5. 

Extensive system-level measurements were performed to assess its performance. At 58 GHz, the 

 

      (a)                                                                     (b) 

Figure 2.6 (a) Photograph of the interferometric radar for sheet thickness monitoring, (b) 

Photograph of the measurement setup [163] 
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measured results closely match the ideal values, confirming the excellent accuracy of the proposed 

2-D AOA detection system. 

In [163], a high-precision sheet thickness measurement system was developed using an 

interferometric radar approach. The system operates at 61 GHz and is built with two cooperating 

six-port radars based on SIW technology, which offers strong resistance to external interference 

due to its self-packaging nature. The radar front end includes a signal source, coupler, antenna, 

variable attenuator, LNA, and six-port receiver. A prototype of the system is shown in Figure 2.6(a). 

Performance validation was carried out through measurements on the prototype, as illustrated in 

Figure 2.6(b). The results confirm that the system meets the target specifications and demonstrate 

the potential of millimeter-wave interferometric techniques as effective alternatives to 

conventional measurement solutions.  

2.4.3 Imaging 

Imaging systems play a vital role in applications such as security screening, non-destructive 

evaluation, environmental sensing, and medical diagnostics. To meet these requirements, various 

imaging techniques have been developed across microwave, mmW, and THz frequency ranges. 

While mmW and THz waves suffer greater attenuation compared to microwaves, they provide 

superior spatial resolution and are therefore ideal for short-range, high-precision imaging. As the 

need for more efficient and economical imaging grows, new methods continue to emerge. Among 

them, multiport interferometric technology offers a simple, low-cost, and highly promising solution 

for future imaging platforms [164], [165], [166]. Non-destructive testing and evaluation 

technologies are indispensable for detecting corrosion, structural defects, and material 

inconsistencies in metals, providing high-resolution capabilities for numerous applications. With 

the semiconductor industry’s growing requirement for precise imaging tools capable of resolving 

fine defects and mapping thickness variations in thin conductive layers, there is an increasing push 

toward solutions suitable for use outside controlled laboratory settings. In response, [167] proposes 

a compact and economical near-field microscopy platform that incorporates a six-port 

reflectometer and a low-cost microstrip probe. Figure 2.7 shows the experimental setup of the 

proposed near-field scanning microscope platform, which includes a six-port reflectometer, an 

oscillator, a tunable matching network, and an evanescent millimeter-wave probe. The system also 

integrates a signal conditioning block, analog-to-digital converters, and a digital processing unit to 
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enable accurate measurement and data analysis. The performance of the platform was verified 

using a test sample featuring a gold pattern deposited on a silicon substrate. Figures 2.7(b)–(c) 

show the layer stack, measurement setup, and optical micrograph of the sample. The corresponding 

millimeter-wave scans in Figures 2.7(d)–(e) accurately capture the patterned structure with 

exceptional clarity. The system attains high spatial resolution and strong image contrast even 

without the use of additional signal processing or normalization techniques. 

This technique is highly cost-effective, as it avoids the need for expensive microwave instruments 

such as traditional vector network analyzers (VNAs). Additionally, its low power consumption and 

compact size make it well suited for practical deployment. These advantages highlight its strong 

potential for near-field mapping of thin metallic layers, achieving spatial resolutions on the order 

of only a few microns. 
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Figure 2.7 (a) Setup of the six-port near-field scanning microscope, (b) Optical 

microphotograph of the test sample, (c) Measurement configuration, (d) Magnitude image of 

the reflection coefficient, (e) Phase-shift image of the reflection coefficient [167] 
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Abstract: In this paper, a self-contained dual-input receiver architecture based on the 

interferometric technique is proposed and demonstrated for the first time for paralleled-

multichannel wireless systems. Different from conventional counterparts, the proposed receiver 

consists of dual-input RF channel paths, and only one sole hardware is used to realize frequency 

translation, i.e., the conversion to intermediate frequency (IF) band. Demodulated IF signals can 

be extracted from two output ports instead of four ports in legacy multiport systems, thereby further 

reducing circuit complexity, size, cost, and power consumption. A mathematical model of the 

receiver architecture is formulated and applied to examine its modes of operation. For the proof of 

concept, a dual-band and dual-polarized prototype RX frontend is designed and fabricated to 

validate the proposed architecture. The transmission and demodulation of multiple digital 

modulation signals including QPSK, 16-QAM, 32-QAM, and 64-QAM are successfully 

demonstrated experimentally. Those measured results confirm that the proposed receiver 

architecture achieves good and desired performances. Based on the proposed self-contained dual-

input receiver architecture, a multiband and multifunction polarization-diversified wireless system 

featuring compact size, low-cost, and low-power consumption suitable for 5G, 6G, and beyond can 

be realized. 

Index Terms: Dual polarization, direct conversion receiver, fifth generation (5G), interferometric, 

interferometer millimeterwave (mmW), multi-input receiver, multiband, multifunction, sixth 

generation (6G), six-port. 

3.1 Introduction 

Recently, due to the continued proliferation and exponential expansion of various emerging 

applications and wireless systems such as smart devices, artificial intelligence (AI), the Internet of 
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Things (IoT), 3D environmental sensing and mapping, autonomous driving and mobility, etc., 

radiofrequency (RF) and millimeter-wave (mmW) wireless multifunction communication and 

sensing technologies have gained much attention and they have been studied worldwide [12], [147] 

[168], [169], [170], [171], [172], [173], [174], [175]. This has driven a rapid and robust 

development of a multitude of high data-rate, low latency, reliable communication links and 

sensing systems. As an effective solution, the frequency-diversified MIMO scheme [176], [177], 

[178] has been considered and deployed. To further increase data-rate for communication, 

polarization diversity has also been introduced in the wireless systems, based on orthogonal 

polarization modes, i.e., the H-polarized (H-pol.) and V-polarized (V-pol.) modes, which supports 

simultaneous independent data streams, thereby doubling the effective channel capacity of system. 

However, increased power consumption, system cost, and structure size for realizing such high-

data transmission throughputs based on both frequency- and polarization-diversified MIMO 

frontends, present questionable hurdles and critical issues for a wide-spread adoption and a massive 

deployment within 5G, 6G, and future wireless communication and sensing technology platforms.      

Generally, the development of conventional receivers (RX) is mainly based on the fundamental 

mixer architecture for frequency translation [31], [32], [179] where at least one mixer and one local 

oscillator (LO) source are used in each channel. The mixer operates in a highly nonlinear regime 

and generally requires a relatively higher LO driving power. Figure 3.1(a) describes a typical RX 

frontend using the popular homodyne architecture. Multiple mixers are required along different 

receiving channels, therefore, inherently increasing the overall receiver complexity and required 

power consumption. Driving all of those mixers is challenging and daunting, in particular, for high-

mmW and terahertz (THz) bands, where it is difficult or even impractical to generate high LO 

power due to the lack of effective high-power sources. 

To relieve the design requirements of the receiver channel from such a high-power consumption, 

a promising multiport interferometric receiver architecture was proposed and developed [18], [70], 

[76], [79], [101], [104], [124], [146], [148], [148], [162], [180], [181], [182], [183], [184], [185],   

[186]. As illustrated in Figure 3.1(b), the six-port interferometric receiver exploits a linear 

interference concept, as opposed to its mixer-based receiver architecture counterpart which 

operates based on a nonlinear interference principle, thus greatly reducing power consumption. In 
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addition, compared to the conventional mixer-based receiver architectures, the multiport  

interferometric architecture offers several attractive advantages in terms of wideband performance, 

multiband flexibility, and system robustness with respect to power level variations, which make it 

a good candidate for multiband and multifunction wireless systems. In [182], for example, an RX 

frontend based on the multiport interferometric architecture was reported for MIMO systems.   

Different multiport interferometric receiver techniques have been proposed to relax both system 

complexity and power consumption issues. For example, typical five-port and four-port 

interferometric receivers were presented in [74], [91], [142], [187], [188], [189], [190], [191], [192], 

[193]. Unlike the four output ports of the six-port receivers, those types of receivers reduce the 

number of output ports. In this case, the receiver development is set to minimize the number of 

power detectors and Analog-to-Digital (ADC) converters. A comparison study has shown that 

ADCs account for most of the power consumption of receivers [194]. Therefore, it is beneficial to 

reduce the number of ADCs for realizing low-complexity and low-power operations. Such 

significant advancements have expanded the application scenarios of multiport interferometric 

receivers. In [74], [76], [146], [191] among others, concurrent dual-band interferometric receivers 

were proposed to enable multifunctionalities. Nevertheless, such receivers still require a relatively 
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Figure 3.1  (a) Conventional mixer-based RX architecture. (b) Conventional six-port RX 

architecture. (c) Proposed self-contained dual-input multiport RX architecture 
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broader-bandwidth platform, since the dual-band or multiband signal is received in a serial manner 

(received through one input). Besides, as illustrated in Figures 3.1(a) and (b), the frequency-

diversified RX frontend based on the six-port interferometric architecture has the same number of 

RX blocks as the mixer-based RX frontend topology. Therefore, the number reduction of receiver 

blocks becomes meaningful for not only a minimized manufacturing cost but also circuit-level 

simplification with low loss, low noise, etc. This is even more important for integrated receivers 

(e.g., CMOS or integrated circuits-ICs solutions) where the cost is proportional to the die size.  

Indeed, there is still a crucial need for the development of interferometric-based compact, low-

power, low-complexity, and high-data-rate mmW MIMO receiver for future wireless multifunction 

communication and sensing systems. 

To solve such an issue, a multiport interferometric receiver architecture is proposed, studied, and 

demonstrated in this work. The proposed receiver consists of dual RF channel paths. Paralleled 

multi-channel operation is enabled by two distinct RF paths. Usually, those two RF paths are 

implemented with two separate six-port receiver platforms. Therefore, for N-paths frequency-

diversified MIMO systems in this work, the number of the proposed receiver platform would 

decrease to N/2, as shown in Figure 3.1(c) for the proposed receiver, thereby greatly reducing the 

cost, size, complexity, and power consumption as opposed to the legacy MIMO receivers. Thanks 

to the dual-input RF paths, polarization diversity can also be flexibly arranged by using different 

polarization antennas. For the proof of concept, a dual-band dual-polarized interferometric RX 

frontend is designed, fabricated, and measured. The receiver’s detailed analysis together with 

experiments are presented. To the best of our knowledge, this is the first multiport interferometric 

RX frontend to achieve paralleled dual-band dual-polarized operations. Although the RX prototype 

is implemented with a PCB technology, it can be extended to ICs development such as CMOS 

process. The performance of the RX prototype is assessed by demodulating various digital 

modulation signals. The results validate the proposed scheme. The simplicity, low cost, compact 

size, and flexibility make the proposed receiver architecture a good candidate for frequency- and 

polarization-diversified MIMO frontends in next-generation multifunction wireless platforms (5G, 

6G and beyond) featuring simultaneous data communication and parametric sensing. 

The paper is organized as follows. Section 3.2 presents the system architecture of the proposed 

multiport receiver. Besides, a detailed analysis and operating principle of the proposed receiver are 

elucidated and discussed. Section 3.3 describes the design and implementation of each basic circuit 
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building block. Section 3.4 describes the dual-polarized antenna array. Various demodulation 

measurements and performance comparisons for the proposed dual-band dual-polarized multiport 

receiver are shown in Section 3.5. Finally, the conclusion is drawn in Section 3.6. 

3.2 Receiver architecture 

RF/mmW systems are widely used in wireless communications to achieve high data transmission 

throughput. The cost of these systems is high judging from various aspects. Figure 3.1 shows the 

block diagram of a frequency- and polarization-diversified RX frontend architecture. By simply 

increasing the number of receiver blocks, MIMO communication can be realized. However, the 

whole system’s physical size and complexity will be increased, especially for dual-polarized 

MIMO systems. Therefore, it is necessary to reduce the size of the entire system. This is not only 

to minimize the manufacturing cost, but also to simplify the circuit complexity and reduce the 

power consumption. To this end, a self-contained dual-input multiport receiver architecture for 

frequency diversity RX frontend is proposed as shown in Figure 3.1(c). Compared to the 

conventional single-path receiver [Figure 3.1(b)], the proposed receiver will reduce the receiver 

block by half for realizing the same RX frontend. The receiver consists of hybrid couplers, power 

combiners, and a 90° phase shifter to accommodate the intended dual RF paths. Thus, the receiver 

simultaneously supports two parallel independent modulated signals. The modulated RF signals 

can be expressed as:  

 

{

RF1 RF1( ( ) )

RF1 RF1 1 1| || ( ) ( ) |


 
j w t

a a I t jQ t e

RF2 RF2( ( ) )

RF2 RF2 2 2| || ( ) ( ) |


 
j w t

a a I t jQ t e

(3.1)
(3.2)

 

 

The LO signals can be formulated by: 

 

{

LO1 LO1( ( ) )

LO1 LO1| |



j w t

a a e

LO2 LO2( ( ) )

LO2 LO2| |



j w t

a a e

(3.3)
(3.4)
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where I and Q represent the in-phase and quadrature components, respectively. After the multiport 

circuit, the mixed modulated RF signals and LO signals are derived by the following equations: 

 

RF1 RF1 RF2 RF2( ( ) ) ( ( ) )

mix RF1 1 1 RF2 2 2

RF1 1 RF1 RF1 1 RF1 RF1

RF2 2 RF2 RF2 2 RF2 RF2

RF1 1 RF1

RF | || ( ) ( ) | | || ( ) ( ) |

| | [ ( )cos( ) ( )sin( )]

| | [ ( )cos( ) ( )sin( )]

| | [ ( )sin(

 

 

 

 
   

   

   



j w t j w ta I t jQ t e a I t jQ t e

a I t w t Q t w t

a I t w t Q t w t

a I t w RF1 1 RF1 RF1

RF2 2 RF2 RF2 2 RF2 RF2

) ( )cos( )]

| | [ ( )sin( ) ( )cos( )]

 

 

  

   

t Q t w t j

a I t w t Q t w t j

 (3.5) 

 

and  

 

 

LO1 LO1 LO2 LO2( ( ) ) ( ( ) )

mix LO1 LO2

LO1 RF1 LO1 LO2 RF2 LO2

LO1 RF1 LO1 LO2 RF2 LO2

LO | | | |

| | cos( ) | | cos( )

[| | sin( ) | | sin( )]

 
 

   

   
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 (3.6) 

 

where aRF1, aRF2, aLO1, and aLO2 are the signal amplitudes, and θRF1, θRF2, ФLO1, and ФLO2 the signal 

phases. To avoid the interference between the down-converted two frequencies and the second-

order distortion components, the assignment of the LO signals and RF signals should comply with 

the following conditions: 

IF1 RF1 LO1 f f f  (3.7) 

IF2 RF2 LO2 f f f  (3.8) 

IF2 IF1 RF1 RF2

1
| | (BW BW )

2
  f f (3.9) 

LO1 RF1 _ RF1

3
| | BW

2
 f f (3.10) 

where fRF1 is the frequency of the modulated RF1 signal,  fLO1  the LO1 signal, BWRF1  the bandwidth 

of RF1 signal, fRF2  the frequency of the modulated RF2 signal,  fLO2  the LO2 signal, and BWRF2 the 
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bandwidth of RF2 signal. Then, the modulated RF1 and RF2 signals and LO1 and LO2 signals are 

superposed through a linear interference by the multiport circuit under different relative phase 

conditions. The superposed RF and LO signals are subject to power detectors for down-conversion. 

The down-converted signals can be expressed as follows: 

 

2 2 2 2 2

out_ LO1 LO2 1 1 RF1

2 2 2

2 2 RF2 RF1 RF2 RF2 RF1 RF2,
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 Where ℜ is the voltage responsivity of the power detector and kRF2 and kLO2 are the power ratios 

of the RF and LO signals, respectively. The desired down-converted signals are:  

out1_IF1 RF2 LO2 RF2,1 LO2,1 1

RF2 LO2 RF2,1 LO2,1 1
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Q
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(3.12) 

These signals are sent to subsequent digital signal processing (DSP), then I and Q information can 

be recovered. 



27 

 

3.3 Circuit-level implementation 

3.3.1 Phase shifter 

The phase shifter is a critical and challenging block for design in the multiport receiver since it 

directly affects demodulated performances. A classic and simple delay line technique [195] has 

widely been used in the design of phase shifters. However, these types of phase shifters suffer from 

narrow bandwidth. To expand the bandwidth, a 90° self-compensating phase shifter based on a  

delay line and equal-length unequal-width structure was proposed in [196]. However, this type of 

phase shifter has different physical lengths between the main line and reference line, which breaks 
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Figure 3.2 Structure of the proposed 90° phase shifter. (a) Isometric view. (b) Vertical view 
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Figure 3.3 (a) Phase shift relationship for different hole radius. (b) Phase shift versus operating 

frequency under different hole radius. 
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down the symmetry of the circuit and makes it difficult for system integration. Conversely, the 

equal-length phase shifter is preferable. To achieve an equal-length broadband phase shifter, an 

effective solution was derived in [197]. By varying the dielectric permittivity through the air-filled 

holes, a flat phase shift can be achieved over a broad bandwidth.  

Figure 3.2 shows the configuration of the proposed phase shifter. The phase shift can be changed 

by adjusting the size of the air-filled holes. The commercial electromagnetic software CST 

Microwave Studio is used to simulate the proposed phase shifter. From Figure 3.3, it can be seen 

that the phase shift increases as the hole radius increases. Meanwhile, the phase shift remains 

relatively flat over the operating frequency range from 21 to 29 GHz. The simulated results of the 

proposed 90° phase shifter are presented in Figure 3.4. The return loss is better than 10 dB and the 

insertion loss is around 0.5 dB. The phase shift is around 88°±4°. The final dimension parameters 

are as follows: d=1.28 mm, r1=0.41 mm, r2=0.35 mm, w1=2.51 mm, and s=0.45 mm. 

3.3.2 Hybrid coupler 

The structure of the proposed hybrid coupler is shown in Figure 3.5. It is based on a modified 

Riblet-type metallic waveguide coupler, which presents a more compact size than the branch-line  

or multi-slot couplers [198]. The coupler consists of two input waveguide sections, a coupling 

cavity, and two output waveguide sections. According to the odd-even mode analysis [199], when 

21 22 23 24 25 26 27 28 29
-40

-30

-20

-10

0

 

 

M
a
g

n
it

u
d

e
 (

d
B

)

Frequency (GHz)

 S11

 S21

     

21 22 23 24 25 26 27 28 29
80

84

88

92

96

100

 

 

P
h

a
s

e
 s

h
if

t 
(d

e
g

re
e

)

Frequency (GHz)  

         (a)                                                           (b)        

Figure 3.4 Phase shifter performance. (a) Return loss and insertion loss. (b) Phase shift 

response. 
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port 1 excites the TE10 mode, both even-TE10 and odd-TE20 modes will be excited in the coupling 

cavity. By adjusting the dimension of the coupling cavity, high-order modes such as TE30 mode 

can be suppressed. The excited TE10 mode and TE20 modes will cancel each other at the isolating  

Table 3.1 Dimension parameters of the hybrid coupler 

 

Parameter 

 

Value 

(mm) 

 

Parameter 

 

Value 

(mm) 

w1 2.51 wgap 0.46 

lc1 0.62 wc1 4.62 

lc2 0.75 wc2 4.92 

lc3 0.81 wc3 5.72 
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Figure 3.5 Structure of the proposed hybrid coupler. 
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Figure 3.6 (a) S-parameters of the proposed hybrid coupler. (b) Phase shift response of the 

proposed hybrid coupler. 
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port, i.e., port 4, and will superimpose at ports 2 and 3. The output signals on ports 2 and 3 are 

equal in amplitude but 90° out of phase. To expand the bandwidth performance, the impedance 

matching steps are implemented in the coupling cavity as shown in Figure 3.5. The metallic lateral 

walls are realized with the metalized slots to prevent the undesired radiation. 

Figure 3.6 shows the simulated results of the proposed coupler. The optimal dimension parameters 

are listed in Table 3.1. It can be seen that over the frequency range of interest from 21 to 29 GHz, 

the simulated reflection coefficient at the input port (S11) is less than -10 dB and the isolation (S41) 

is better than 10 dB. The transmissions (S21 and S31) steadily fluctuate around 3 ± 0.5 dB. The 

phase imbalance between the two output ports is less than 4°.   

3.3.3 Power combiner 

The received RF signal and LO signal should be combined together before being fed into the power 

detector. Wilkinson power combiners are widely adopted since they provide a high degree of 

isolation between the two input ports. In this work, a power combiner based on Wilkinson 

architecture [200], [201], [202], [203], [204], is proposed as shown in Figures 3.7(a) and (b). The 

power combiner consists of two input ports, i.e., ports 2 and 3, an output port i.e., ports 1, and a 

central ring. A metal post is inserted into the central ring to adjust the power division ratio and the 

impedance matching between the input and output ports. In order to improve the isolation, resistors 

are inserted into two slots created over the top and bottom surfaces of the central ring. These two 

slots must be in the symmetrical center of the circuit to prevent radiation [205].  

The equivalent circuit model of the power combiner is shown in Figures 3.7(c) and (d). From an 

odd- and even-mode analysis, the following conditions should be satisfied to achieve broadband 

matching: 
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   (3.16) 

where θ1 and θ2 are the lengths of transmission line sections, and r is the resistance. The power 

combiner is simulated with the CST Microwave Studio. The dimensional parameters are 

summarized in Table 3.2. The simulated results together with E-field distribution are shown in 

Figures 3.8. Both input and output ports are well matched over the band of interest from 22 to 28 

Table 3.2 Dimension parameters of the power combiner 

Parameter Value (mm) 

w1 2.51 

wslot 0.33 

lslot 2.86 

rout 3.41 

rin 0.44 

Ф1 91.5 

Ф2 88.5 
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Figure 3.7 (a) 3D view of the proposed power combiner. (b) Vertical view. (c) Circuit model 

of the power combiner. (d) Symmetrical circuit model of the power combiner   
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GHz. The return losses and the isolation are better than 10 dB, and the insertion losses are around 

0.5 dB.  

3.3.4 Power detector 

Figure 3.9 shows the circuit topology of the implemented power detector, which consists of a λ/4 

stub, a matching network, a zero bias Schottky diode SMS7630-40, and a low pass filter. The λ/4 

stub provides the DC return path for the diode. The   matching network is used to transform the 

impedance of the diode to 50 Ohm so that more RF power enters the diode. The low pass filter is 

added after the diode to extract low-frequency signal and remove high-order harmonic components. 

To accurately predict the behavior of the power detector, the diode model is given in Figure 3.9. 

The model includes series resistor Rs, junction capacitor Cj, and nonlinear junction resistor Rj. 

Since the diode package parasitics affect the power detector performance, especially in the mmW 

band, the parasitic inductor Lp and capacitor Cp are modeled. The packaging parameters and SPICE 

model [206] of the diode are listed in Table 3.3.  

Keysight Advanced Designed System (ADS) harmonic balance (HB) simulator and S-parameter 

simulation controller are used to simulate the proposed power detector. Table 3.4 summarizes the 

             

         (a)                                                                                       (b)   

Figure 3.8 The performance of the proposed power combiner. (a) Simulated reflection 

coefficient (S11) and transmissions (S21 and S31) (b) Simulated isolation (S23) and reflection 

coefficient (S22 and S33). Insets are the simulated electric field distributions for port 1 

excitation (left side) and port 2 excitation (right side), respectively 
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dimension parameters. Figure 3.10 shows the simulated impedance-matching performance at the  

frequency range from 20 to 30 GHz. The impedance of 34.45-j2.7 Ohm and 35.2-j13.95 Ohm are 

Table 3.3 Spice and packaging parameters of SMS7630-40 diode 

Cj0(pF) Is(A) Rs(Ω) n M Vbi(V) Cp(pF) Lp(nH) 

0.14 5e-6 20 1.05 0.4 0.34 0.16 0.7 
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Figure 3.9 Circuit topology of the proposed power detector 
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Figure 3.10 Simulated impedance matching performance of the proposed power detector in 

the frequency range from 20 to 30 GHz. 
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obtained at 24 GHz and 28 GHz, respectively. Conversion characteristics of the power detector are 

presented in Figures 3.11 and 12. It can be seen that with the increase of the LO or RF power, the 

Table 3.4 Parameters of designed power detector 

 

Parameter 

 

Value 

(mm) 

 

Parameter 

 

Value 

(mm) 

w1 3.22 w5 1.12 

l1 0.41 l5 1.47 

w2 0.66 w6 1.12 

l2 1.74 l6 1.47 

w3 2.92 w7 0.82 

l3 0.31 l7 1.32 

w4 1.22 θ 80 

l4 1.52 -- -- 
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Figure 3.11 Simulated output power with different LO source powers for 24 GHz RF input 

signal 
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Figure 3.12 Simulated output power with different LO source power for 28 GHz RF input 

signal 
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output power increases. Figure 3.11 shows that when the LO and RF powers are 0 dBm, the output 

power peaks at about -8 dBm. On the other hand, Figure 3.12 shows that the output power is around 

-20 dBm when both the LO and RF power are set to be 0 dBm. It can be observed that the square-

law behavior of the power detector is below -5 dBm of input power.  

3.3.5 System simulation 

A system-level simulation based on the proposed architecture in Figure 3.1(c) is implemented in 

ADS. All sub-circuit blocks, i.e. the phase shifter, the coupler, the power combiner, and the power 

detectors are co-simulated. As an example, two RF channels, namely fRF1 and fRF2, are chosen to 

be 24.1 and 28.3 GHz, respectively. The LO frequencies (fLO1 and fLO2) are 24 and 28 GHz. Under 

this condition, the intermediate frequencies (fIF1 and fIF2) become 100 MHz and 300 MHz, 
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           (a)                                                                                       (b)     

Figure 3.13 Simulated constellation diagrams of the demodulated RF signals. (a) QPSK signal 

at RF1 channel. (b) 16-QAM signal at RF2 channel 
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       (a)                                                                                                   (b) 

Figure 3.14 Simulated results for recovered in-phase and quadrature components at different 

modulation schemes. (a) QPSK signal at RF1 channel. (b) 16-QAM signal at RF2 channel 
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respectively. The transmitted data streams are modulated with digital modulations in QPSK and 

16-QAM. The demodulated constellation diagrams with a symbol rate of 5 MS/s are depicted in 

Figure 3.13, with the corresponding recovered in-phase and quadrature components in Figure 3.14. 

The simulated EVMs are -36.4 dB and -34.1 dB for QPSK and 16-QAM, respectively. I-Q 

mismatch may be attributed to the circuit imperfections and intermodulations. The calibration 
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     (c)   

Figure 3.15 (a) Block diagram of the dual-polarized antenna array. (b) Implementation of the 

antenna array. (c) Simulated two-element mutual coupling of the antenna array form 1 to 6 

and 2 to 7 as a case study 
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algorithm as in [124] and [191] can be adopted to further improve the performances. While the 

above example presents the demodulated results for QPSK and 16-QAM, the proposed receiver is 

also applicable to other higher-order digital modulations, analog modulations, and other advanced 

modulation schemes.  

3.4 Dual-polarized antenna array 

A dual-polarized antenna should be integrated with the receiver to enable the reception of 

orthogonally polarized signals. In this work, a dual-polarized antenna array [207] is implemented, 

which is shown in Figure 3.15(a). The antenna is a single-layer end-fire structure, which is easy to 

be directly integrated with the proposed receiver blocks.  

The quasi-Yagi antenna [208] and the open-end antenna [209] are used for H- and V-polarizations, 

respectively. As shown in Figure 3.15(b), the radiators are interlaced and periodically arranged to 

achieve the orthogonal polarization with a compact structure. In this manner, a high inter-port 

isolation can be obtained. Figure 3.15(c) shows the simulated two-element mutual coupling of the 

antenna array, where the results analyze the coupling between antennas from 1 to 6 and 2 to 7 for 

a case study. The maximum mutual coupling is about -20 dB. Some mutual coupling reduction 

                 

(a)                                                                                     (b)   

Figure 3.16 (a) Photograph of the fabricated single-layer dual-polarized antenna array. (b) 

Measurement setup in compact range anechoic chamber for far field radiation pattern 

measurement 
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techniques can be used to further improve the isolation. Two polarization channels are achieved in  
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(d)                                                       

 Figure 3.17  Simulated and measured radiation patterns of the proposed dual-polarized 

antenna array. (a) H-polarized operation at 24 GHz. (b) H-polarized operation at 28 GHz. (c) 

V-polarized operation at 24 GHz. (d) V-polarized operation at 28 GHz  
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a single-layer substrate, owing to the feeding network with crossovers and phase shifters. Any 

phase shifting difference between different paths are compensated by the phase shifters.  

Figure 3.16 shows the photograph of the fabricated antenna array together with the measurement 

setup. Port 1 is used to feed the open-end antennas and enable V-polarized radiation whereas port 

2 is used to feed the quasi-Yagi antenna and enable H-polarized radiation. Simulated and measured 

radiation patterns for both polarizations are depicted in Figure 3.17, which validate the radiation 

performance in a wide frequency range. The measured and simulated radiation patterns present a 

good agreement.  

 Figure 3.18 shows the simulated and measured S-parameters and gains of the fabricated antenna 

array. The measured reflection coefficient is less than -10 dB for both H- and V-polarizations from 

22 to 28 GHz frequency range. The measured isolation between ports 1 and 2 is better than 20 dB 
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         (c)                                                                              (d)   

Figure 3.18 Simulated and measured results of the proposed dual-polarized antenna array. 

(a) Reflection coefficients of ports 1 and 2. (b) Isolation between ports 1 and 2. (c) Gain of the 

H-polarized operation. (d) Gain of the V-polarized operation 
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over the entire band. Optimal gains for both H- and V-polarizations are from 24 to 28 GHz. The 

average gain is around 11 dBi. The peak gains are 11.7 dBi and 11.9 dBi for H- and V-polarizations, 

respectively.  

3.5 Fabrication and measurement results 

As illustrated in Figure 3.19(a), the modulated signals, i.e., RF1 and RF2, after the antenna array, 

enter the multi-port circuit in parallel. Therefore, paralleled multi-channel operation is enabled by  

two distinct RF paths as opposed to the conventional single RF path receiver architecture. For the 

proof of concept, a dual-input dual-polarized multiport receiver prototype was fabricated as shown 

in Figure 3.19(b). The experimental test bench is set up to evaluate the performance of the RX as 
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  (b)       

Figure 3.19 The proposed dual-input dual-polarized dual-band RX. (a)  Simplified block 

diagram. (b) Photograph of the fabricated prototype. 
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shown in Figure 3.20. Agilent M8196A Arbitrary Waveform Generator (AWG) is used to generate 

the intended M-QAM signals at the RF1 and RF2 channels, where the operating frequencies (fRF1 

and fRF2) are 24.1 and 28.3 GHz, respectively. Two signal generators, Agilent E8257D PSG Analog  
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(a)      

 

        
 

    (b)      

Figure 3.20 Measurement setup for the dual-polarized dual-band RX. (a) Block diagram. 

(b) Photograph of the test setup  
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Figure 3.21 Simulated and measured noise figure (NF) of the proposed Rx 
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 Table 3.5 Summary of retrieved constellation diagrams with different orders of modulations 

(M-QAM) and different operating status 

Modes 

{RF1, RF2} 
RF1 channel RF2 channel 

Modulation 4-QAM 16-QAM 4-QAM 16-QAM 

V-pol. 

Constellation 

    

V-pol. EVM -29.72 dB -30.65 dB -28.27 dB -30.75 dB 

Modulation 32-QAM 64-QAM 32-QAM 64-QAM 

V-pol. 

Constellation 
    

V-pol. EVM -30.36 dB -29.83 dB -31.05 dB -29.37 dB 

Modulation 4-QAM 16-QAM 4-QAM 16-QAM 

H-pol. 

Constellation 
    

H-pol. EVM -29.52 dB -30.47 dB -28.87 dB -30.84 dB 

Modulation 32-QAM 64-QAM 32-QAM 64-QAM 

H-pol. 

Constellation 
    

H-pol. EVM -30.12 dB -28.81 dB -30.31 dB -30.24 dB 
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Signal Generator and Agilent E8267D PSG Vector Signal Generator, are used as the required LO 

sources. The LO frequencies (fLO1 and fLO2) are set to be 24 and 28 GHz.  

A 10 MHz synchronization signal is used for the signal generators synchronization. Keysight 

UXR0702AP Real-Time Oscilloscope is used to capture the output signals from the prototyped 

RX. Keysight Technologies' 89600 VSA software visualizes the received constellation and 

calculates the EVM of the received bit sequence. Various modulation schemes (QPSK, 16-QAM, 

32-QAM and 64-QAM) at different symbol rates have been experimentally demonstrated.  

For 1 meter communication range and 12 dBm transmitted power, the received power is about -20 

dBm and -24 dBm at 24 GHz and 28 GHz, respectively, under an antenna gain of 20-dBi and 10-

dBi for the Tx and the Rx, respectively. It is worth mentioning that, the Tx and the Rx are in line-

of-sight alignment. The noise figure (NF) is defined by the loss of the passive multiport circuit and 

the noise figure of the power detector. Figure 3.21 shows the simulated and measured NF of the 

whole Rx array. It can be seen that the simulated NF are about 10 and 11.5 dB at 24 and 28 GHz, 

respectively. Measured NF are about 11.6 and 12.7 dB at 24 and 28 GHz, respectively. The 

simulated Rx gain is about -9.2 and -10.6 dB at 24 and 28 GHz, respectively, and -11.8 and -12.5 

dB measured results. It should be mentioned that the low noise amplifier can be used in the design 

to greatly improve the noise and gain performance of the receiver. The minimum detectable signal 

(MDS) for 64-QAM signal is about -52 dBm, and the dynamic range (DR) is about 43 dB, under 

LO power of 3 dBm. It is worthwhile noting that the interferometric receiver, as a passive Rx, is a 

good candidate for low-power direct conversion to baseband or IF receivers. 

Table 3.5 summarizes the retrieved constellation diagrams of different orders of digital 

modulations (QPSK, QAM-16, QAM-32, and QAM-64) in both received signal channels and 

polarizations. It also presents the measured EVM for the different modulation signals with 5 MS/s 

symbol rate and a root-raised cosine pulse filter (a=0.35). From Table V, we can observe that the 

modulated signals are successfully demodulated with different points in the complex plane. The 

maximum EVM of the constellation diagram does not exceed -28.27 dB for both polarizations, free 

from any postprocessing linearization and calibration. Therefore, the proposed RX achieves a good 

performance. The EVM and SNR gradually deteriorate as the symbol rate increases. This is mainly 

due to the speed of the power detector used in this work [210], which is related to its rise time. 

Therefore, the demodulated performance of the proposed RX can be further improved with high- 
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 Table 3.6 Performance summary and comparison with the state-of-the-art receivers based on 

interferometric technology 

Ref. Modulation 

signal 

 

Freq. 

(GHz) 

Symbol  

rate 

 

EVM (dB) After 

AC 

Pol. 

type 

Paralleled-

Multichannel 

[76] 

16-QAM 

/64-QAM 
2.5/3.0 2 Msps -34.89/ 

-34.42 
Yes 

Single

-pol. 
No 

LTE 

/WCDMA 
2.5/3.0 3 Msps 

/3.84 Msps 

-33.97/ 

-34.42 
Yes 

Single

-pol. 
No 

[189] 

16-QAM 

/64-QAM 
2.3/2.6 2 Msps 

-34.89/-

37.72 
Yes 

Single

-pol. 
No 

WCDMA/L

TE 
2.3/2.6 

3.84 Msps 

/3 Msps 

-34.70/-

35.08 
Yes 

Single

-pol. 
No 

[124] 

M-QAM 

{4, 16 ,64, 

256} 

3.38/ 

3.82 
5 Msps <-33.97 Yes 

Single

-pol. 
No 

[181] 4-QAM 28 500 Ksps / No 
Single

-pol 
No 

[184] QPSK 2.45 200 Ksps <-24.58 Yes 
Single

-pol. 
No 

[146] 

4-QAM 5 2 Msps -26.93 No 
Single

-pol. 
No 

16-QAM 5 4 Msps -22.49 No 
Single

-pol. 
No 

32-QAM 5 5 Msps -19.9 No 
Single

-pol. 
No 

[79] 

4-QAM 28 1 Msps -24.22 No 
Single

-pol. 
No 

16-QAM 28 1 Msps -24.83 No 
Single

-pol. 
No 

32-QAM 28 1 Msps -26.19 No 
Single

-pol. 
No 

[148] 
BPSK 

60 
40 Msps 

<-27.95 No 
Single

-pol. 
No 

16-QAM 5 Msps 

[183] 16-QAM 2.4 10 Msps / No 
Single

-pol. 
No 

[184] 4-QAM 2.2 10 Msps / No 
Single

-pol. 
No 
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speed power detectors. Table 3.6 compares this work with several state-of-the-art studies on the 

subject. This work based on the proposed dual-input multiport architecture achieves paralleled 

dual-band dual-polarized operation for the first time. It shows a good performance in terms of EVM 

and can be further enhanced with efficient calibration algorithms as in [76], [124], [191] and [194]. 

The measured results validate the usefulness and effectiveness of the proposed RX architecture for 

frequency- and polarization-diversified MIMO applications. 

3.6 Conclusion 

In this work, a self-contained dual-input receiver architecture based on the interferometric 

technique has been proposed, studied and experimentally demonstrated. The most significant 

advantage of the proposed receiver topology is its self-contained paralleled RF channels as opposed 

to conventional RXs. In addition, the proposed RX has only two output ports instead of the 

[185] 

  

4-QAM 
1.8 

1.4 Msps <-17.9 
No 

Single

-pol. 
No 

16-QAM 1.4 Msps <-18.3 

[186] 4-QAM 15 1.25 Gsps / No 
Single

-pol. 
No 

TW 

 

4-QAM 

 

24/28 5 Msps 

-29.72v/ 

-28.26v No 

  

Dual-

pol. 
Yes 

-29.52h/ 

-28.85h 

 

16-QAM 

 

24/28 5 Msps 

-30.65v/ 

-30.73v No 

  

 

Dual-

pol. 

 

Yes 
-30.47h/ 

-30.84h 

 

32-QAM 

 

24/28 5 Msps 

-30.36v/ 

-31.05v 
No 

 

Dual-

pol. 

 

Yes 
-30.12h/ 

-30.31h 

 

64-QAM 

 

24/28 5 Msps 

-29.83v/ 

-29.37v 
No 

 

Dual-

pol. 

 

Yes 

-28.81h/ 

-30.24h 

TW: This Work; AC: Algorithm Calibration 
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traditional four ports. This makes the proposed RX suitable for low power, low cost, compact, and 

low complex multifunctional frequency- and polarization-diversified MIMO wireless systems. An 

experimental prototype was designed and fabricated to validate the proposed RX architecture. 

Various modulations, including QPSK, 16-QAM, 32-QAM, and 64-QAM, have been measured 

and demonstrated. Experimental results confirm that the proposed receiver scheme achieves good 

performances without any calibration procedure. Therefore, high-data-rate communications could 

be supported. 
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Abstract: In this work, a monoblock hardware receiver solution for dual-polarization multichannel 

wireless systems is proposed and demonstrated for the first time. The receiver benefits from the 

use of a square waveguide scheme enabling dual-polarization features. Two orthogonalized 

polarizations, namely, horizontally and vertically polarized waves, can simultaneously be excited 

in a single-modular hardware receiver while maintaining reliable performances. Compared to 

conventional dual polarization receiver architectures with two separate hardware platforms, the 

proposed receiver is set to greatly reduce the circuit complexity, size, cost, and power consumption. 

Besides, due to the self-contained dual-input radio frequency (RF) channels, paralleled-multiband 

operation can also be realized. The core multiport circuit consists of integrated dual polarization 

components, namely, cruciform couplers, orthomode transducers (OMTs), and phase shifters. The 

operating mechanism of the receiver is studied and explained with a mathematical model. To 

validate the concept, an experimental prototype is developed, fabricated, and measured. Paralleled-

multichannel transmission of various M-quadratic-amplitude modulation (QAM) signals is 

successfully demodulated experimentally. It is found that the proposed waveguide receiver 

presents a viable candidate for future multistandard wireless systems. 

Index Terms: Direct conversion receiver, dual polarization, multichannel, multifunction, multiport 

interferometric receiver, square metallic waveguide, wireless systems. 

4.1 Introduction 

Wireless systems have recently experienced a huge and rapid development due to the ever-

increasing demands of emerging high-resolution and immersive applications such as multimedia 

services, 3D environment mapping, virtual and augmented reality, etc. [18], [170], [173], [176], 
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[211], [212], [213], [214], [215], [216]. These developments require high data rate, low latency,  

reliable links, large channel capacity, and smart connectivity to maintain the plurality of services. 

To meet such demands, efficient solutions and technologies should be introduced. For example, 

the polarization diversity technique has been widely used in state-of-the-art RF receivers to 

improve its capability and support simultaneous independent data streams on the same frequency 

channel, thereby doubling the effective channel capacity and improving spectrum usage compared 

with single-polarized counterparts [217], [218], [219], [220].  

As illustrated in Figure 4.1(a), most conventional dual-polarized receivers need two separate circuit 

modules to deal with dual- polarization signals, which would increase the size, cost, complexity, 

Conventional 

V-pol.

H-pol.

Receiver

V-pol.

Receiver

H-pol.

V-pol.
H-pol.

V-pol.

H-pol.

 
 

(a) 

Conventional 

DP Ant.

H-pol.

Receiver

V-pol.

Receiver

OMT

H-pol.

V-pol.

H-pol.

V-pol.

 
 

(b)   
              

H&V-pol.

ReceiverDP Ant.

H-pol.

V-pol.

ProposedH-pol.

V-pol.

 
 

 (c)   
 

 Figure 4.1 Concept diagram of dual-polarized receiver system. (a) Conventional dual receiver 

modules with separated H-Pol. and V-Pol. antennas. (b) Conventional dual receiver modules 

sharing dual-polarized antenna. (c) Proposed solution with only one receiver module 
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and power consumption of the whole system. It is desirable to realize a more compact and efficient 

receiver with dual polarization. Many studies have been conducted to relax the number of circuit 

modules needed for dual-polarization operations. As shown in Figure 4.1(b), there has been a 

significant advancement of receiver [221], [222] by using a dual-polarized antenna. Although the 

receiver requires only one antenna, this architecture still needs two independent receiver channel 

modules. To tackle the abovementioned underlying technical challenges, innovative solutions 

should be explored and developed where both horizontal and vertical polarizations are integrated 

into a single circuit platform. Such a solution becomes meaningful for not only a minimized 

manufacturing cost, but also an enhanced receiver performance such as lower loss, noise, power 

consumption, etc. 

Multiport interferometric receiver has been known to feature reduced circuit complexity and low 

power consumption [70], [74], [76], [77], [79], [80], [94], [95], [96], [100], [101], [102], [104], 

[105], [114], [124], [125], [127], [142], [146], [150], [181], [182], [187], [188], [191], [223], [224], 

[225], [226]. A multiport interferometric receiver, typically called a “six-port” receiver, consists of 

two inputs and four outputs for a single-band channel operation. Two inputs are set to receive the 

LO and RF signals, respectively. Four power detectors are connected to the outputs to retrieve the 

unknown RF signal through a linear interference with the known LO signal, thanks to the linear 

square-law power detections. To improve the channel utilization as well as the system throughput, 

significant advancements in concurrent dual-band operation of multiport interferometric receivers 

have been made and demonstrated in [74], [76], [96], [124], [191]. However, these receiver 

architectures require wider bandwidth performance since a dual-band or multiband signal is serially 

received through one input. To further improve the effective channel capacity, additional receiving 

paths, i.e., multiple circuit modules, are required to enable the orthogonal polarizations [127]. 

Different sets of sub-circuits for the input signals would increase the component count. As a result, 

the circuit footprint, cost, and complexity will be increased. 

In this work, an all-in-one dual-polarized receiver based on the interferometric technique, as 

illustrated in Figure 4.1(c), is proposed to solve the aforementioned issues. Both horizontal and 

vertical polarizations are encapsulated into a single-modular hardware receiver. Therefore, it 

enhances not only the compactness, cost, and complexity, but also the receiver performance, 

especially in the case an array. To this end, the proposed receiver benefits from the use of a square 
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waveguide enabling dual-polarization features. In addition, different from conventional six-port  

topologies, the proposed receiver adopts a novel eight-port architecture, where a novel dually 

polarized cruciform waveguide coupler and a dually polarized phase shifting solution are proposed. 

Therefore, dual-polarization multichannel transmission is enabled using a mono-block hardware 

receiver solution. To the authors' best knowledge, such an all-in-one dual-polarized multichannel 

receiver has never been reported yet. 

Section 4.2 introduces the architecture of the proposed multiport interferometric receiver and 

highlights its advantages compared to traditional receivers. Besides, the operating principle of the 

receiver is presented and discussed in detail. Section 4.3 details the key circuit blocks including the 

dual-polarized cruciform coupler, orthomode transducers (OMT), dual-polarized phase shifter, 

dual-polarized antenna, and waveguide transition. In Section 4.4, the integration of those circuit 

blocks is described.  The final implementation and measurements of the prototype are presented in 

Section 4.5. Finally, conclusions are drawn in Section 4.6.          
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    (a)                                                                        (b)   

 Figure 4.2 Proposed metallic interferometric waveguide receiver systems. (a) Multiport 

interferometric architecture. (b) Configuration of internal multiport circuit 
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4.2 Receiver architecture 

The configuration of the proposed metallic interferometric waveguide receiver is shown in Figure 

4.2, which is based on the square waveguide technology to enable the orthogonal polarization. If 

both pols operate at the same carrier frequency, the effective channel capacity can be doubled. 

Different from the traditional “six-port” configuration, the proposed architecture exhibits “eight-

port” because of its eight input and output ports, enabling for a parallel dual-band dual-polarized 

operation. The receiver mainly consists of a dual-polarized multiport circuit designed with four 

cruciform couplers and a 90° phase shifter and four-pair power detectors at ports 3 through 6. The 

power detectors use the balanced detection scheme to simply the design [139]. Ports 7 and 8 are 

two input ports connected to two dual-polarized antennas. The modulated dual-band dual-polarized 

signals sent by transmitters are captured by the receiving antennas. These vertical and horizontal 

polarized signals can be expressed as:   

{

(V)j ( t )

_ (V) _ (V)| | | I (t) jQ (t) |   RFi

i i i i

w

RF RF V Va a e

(H)j ( t )

_ (H) _ (H)| | | I (t) jQ (t) |  
RFj

j j j j

w

RF RF H Ha a e

(4.1)
(4.2)

 

where IVi and QVi, i=1, 2, represent the in-phase and quadrature components of the vertical-

polarized signal, respectively. IHj and QHj, j=1, 2, represent the in-phase and quadrature components 

of the horizontal-polarized signal, respectively. |a_RFi(V)| and |a_RFj(H)| are the amplitude of the 

signals. Then, the captured signals directly enter the dual-polarized multiport circuit, where it is 

superposed with two local oscillator (LO) signals through linear interference. Ports 1 and 2 are two 

local oscillator (LO) input ports. The two LO signals are fed to ports 1 and 2 by OMTs. The input 

LO signals can be expressed as: 

{

(V) (V)j( ( t ) )

_ (V) _ (V)| |


 LO LOii

i i

w

LO LOa a e

(H) (H)j( ( t ) )

_ (H) _ (H)| |



LO LOj j

j j

w

LO LOa a e

(4.3)
(4.4)

 

where a_LOi(V) and a_LOj(H), i, j=1, 2, are the amplitude of LO signals. Ф_LOi(V) and Ф_LOj(H) the 

phases of LO signals. The output ports of the multiport circuit are ports 3-6, each of which contains 

dually polarized RF and LO signals. To separate the orthogonally polarized signal, each output port 

connects an OMT. It should be noted that, to avoid the interference of the down-converted 

frequencies, the RF signals and LO signals are selected with the following conditions [76]: 
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1 1 1 1 1 1(H) (H) RF (H) (H) (H) (H)

3
BW ,

2
   LO RF IF RF LOf f f f f (4.5) 

1 2

2 1 2 2 2

RF (H) RF (H)

(H) (H) (H) (H) (H)

(BW BW )
,

2


   IF IF IF RF LOf f f f f (4.6) 

1 1 1 1 1 1(V) (V) RF (V) (V) (V) (V)

3
BW ,

2
   LO RF IF RF LOf f f f f (4.7) 

1 2

2 1 2 2 2

RF (V) RF (V)

(V) (V) (V) (V) (V)

(BW BW )
,

2


   IF IF IF RF LOf f f f f (4.8) 

where BWRF1(H) and BWRF2(H) are bandwidth of fRF1(H) and fRF2(H), denoted as two horizontally 

polarized carrier signals, respectively, and BWRF1(V) and BWRF2(V) are bandwidth of fRF1(V) and 

fRF2(V) standing for two vertically polarized carrier signals, respectively. Then, the separated signals 

are fed to the power detectors. The output voltage of those detectors is proportional to the square 

magnitude of their input signals [76]. 

1 2 1 2

1 2 1 2

2

( ) i1 _ (V) _ (V) i2 _ (V) _ (V)

2

( ) i1 _ (H) _ (H) i2 _ (H) _ (H)

( ) ( )+ ( )

( ) ( )+ ( )

for 3,4,.....6





  

  



k V LO LO RF RF

k H LO LO RF RF

V t S a a S a a

V t S a a S a a

k

(4.9) 

in which η is a constant related to the characteristics of power detectors. Due to the nonlinearity of 

diodes, the output includes rectified waves, difference signals, and harmonic signals [188]. From 

the voltage differences between two output ports of the detectors, the desired down-converted 

signals can be extracted as follows: 

1 1 1 1

2 2 2 2

3( ) 5( ) (V) (V)

(V) (V)

( ) ( ) [sin(2 ) cos(2 ) ]

sin(2 ) cos(2 ) ]

 

 

  

 

V V IF V IF V

IF V IF V

V t V t cG f t I f t Q

f t I f t Q
(4.10) 

1 1 1 1

2 2 2 2

4( ) 6( ) (V) (V)

(V) (V)

( ) ( ) [sin(2 ) cos(2 ) ]

sin(2 ) cos(2 ) ]

 

 

  

 

V V IF V IF V

IF V IF V

V t V t cG f t I f t Q

f t I f t Q
(4.11) 

1 1 1 1

2 2 2 2

3( ) 5( ) (H) (H)

(H) (H)

( ) ( ) [sin(2 ) cos(2 ) ]

sin(2 ) cos(2 ) ]

 

 

  

 

H H IF H IF H

IF H IF H

V t V t cG f t I f t Q

f t I f t Q
(4.12) 
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1 1 1 1

2 2 2 2

4( ) 6( ) (H) (H)

(H) (H)

( ) ( ) [sin(2 ) cos(2 ) ]

sin(2 ) cos(2 ) ]

 

 

  



H H IF H IF H

IF H IF H

V t V t cG f t I f t Q

f t I f t Q
(4.13) 

Equations (4.10) and (4.11) represent the vertically polarized component, which can be expressed 

as matrix form (4.14): 

1 1 2 2

1 1 2 2

1

(V) (V) (V) (V) 1

2(V) (V) (V) (V)

2

3 5( )

4 6( )

sin(2 ) cos(2 ) sin(2 ) cos(2 )

sin(2 ) cos(2 ) sin(2 ) cos(2 )

   

   









 


 
 
  

 
  
  

   
  

V

IF IF IF IF V

VIF IF IF IF

V

V

V

V

V

I

f t f t f t f t Q
cG

If t f t f t f t

Q

(4.14) 

 

Equations (4.12) and (4.13) represent the horizontally polarized component, which can be 

expressed as matrix form (4.15):   

 

1 1 2 2

1 1 2 2

1

(H) (H) (H) (H) 1

2(H) (H) (H) (H)
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 
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IF IF IF IF H

HIF IF IF IF
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H
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I

f t f t f t f t Q
cG

If t f t f t f t

Q

(4.15) 

 

Subsequently, their signals are first filtered, amplified, and then converted to the digital domain to 

be further processed and used in synthesizing the complex I/Q components.   

 

4.3 Circuit implementations 

In this section, each component of the multiport circuit is separately designed according to pre-

defined performances or specifications for the proposed receiver. As a demonstrative example, the 
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receiver is considered to operate in the frequency range of 26-30 GHz for millimeter-wave  

applications. To handle two orthogonal polarizations, square waveguide technology is adopted in 

the circuit development. Figure 4.3 shows the square waveguide (a=b=6.35 mm) used in each 

component design, from which it can be seen that two orthogonal polarization modes, i.e., TE10 

mode and TE01 modes, can be excited. Figure 4.4 illustrates a single-mode bandwidth of 23-32.4 

GHz for the square waveguide while satisfying the target band of 26-30 GHz for demonstration. 

4.3.1 Dually-polarized cruciform waveguide coupler 

A key component of the proposed dually polarized multiport circuit is a dually polarized waveguide 

coupler, which provides the required amplitudes and phases. Those parameters would affect the 

performance of the receiver system. Although various kinds of directional couplers were widely 

studied and developed in the past, those couplers based on the conventional rectangular waveguide 

technology can only support single-polarization operations. The study of dually polarized couplers 

      Mode 1 Mode 2 Mode 3  

       (a)                      (b)                       (c)   
 

 Figure 4.3 E-field mode of square waveguide. (a)  TE10 mode. (b) TE01 mode. (c) TE11 mode 

 

 

Figure 4.4 Dispersion curves of the first three modes in a square waveguide 
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in the square waveguide technology has received very limited interests in the literature. Several  

dually polarized waveguide couplers have been proposed in [227], [228], [229]. Those using 

aperture coupling on the broad wall of two paralleled square waveguides enable dually polarized 

operation. However, they suffer from a large size and have a limited bandwidth. Therefore, 

proposed in this work is an innovative dually polarized cruciform waveguide coupler having a  
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Figure 4.5 Structure of the proposed dually polarized cruciform coupler. (a) Three-

dimensional view. (b) Side view. (c) Vertical view 
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compact size and a wide bandwidth, which was inspired by a holistic integration of both E-plane 

cruciform waveguide coupler [230] and H-plane cruciform waveguide coupler [231].  

Figure 4.5 shows the configuration of the proposed cruciform waveguide coupler. It consists of 

four square waveguide ports, four waveguide arms, and a center coupling cavity. The coupling  
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Figure 4.6 Parametric study showing the effect of changing the dimensions of the two paired 

slots in the central coupling region. (a) l1_slot1. (b) w1_slot1. (c) h1_slot1.  (d) l2_slot2. (e) w2_slot2. 

(f) h2_slot2 
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cavity connects the input and output ports through orthogonally placed waveguide arms. Therefore, 

the geometry of the coupler forms so-called a “cruciform” shape. Two paired slots are placed at 

the diagonal plane of the cruciform waveguide coupler to control the ratio of signal coupling. To 

achieve a 3-dB coupling, a parameter study is carried out to further understand the coupler behavior. 

The effects of the changing the width, height, and length of the two paired slots are studied and 

investigated. As shown in Figure 4.6, it can be observed that the slot1 mainly affects the coupling 

of the horizontal-polarized mode performance, while the slot2 affects the coupling of the vertical-
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Figure 4.7 Cruciform coupler performance. (a) Magnitude of scattering parameters for 

vertically polarized mode. (b) Magnitude of scattering parameters for horizontally polarized 

mode. (c) Phase shift for both vertically and horizontally polarized modes 
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polarized mode performance. Therefore, for horizontal-polarized mode, the coupling decreases by 

increasing l1_slot1. Similarly, with the increase of w1_slot1, the coupling will decrease, but the 

coupling increases with increasing h1_slot1. For vertical-polarized mode, when the l2_slot2 increases, 

the coupling increases. However, the coupling decreases by increasing w2_slot2. With the reduction 

of h2_slot2, the coupling will increase. Therefore, by properly adjusting the dimensions of slots, i.e., 

l1_slot1=0.76 mm, w1_slot1=2.79 mm, h1_slot1=2.13 mm, l2_slot2=1.32 mm, w2_slot2=1.12 mm, and 

h2_slot2=3.53 mm, a 3-dB coupling between output ports, i.e., ports 2 and 3, will be acheived. The 

port 1 is the input port. Ports 2 and 3 are coupling and through ports, receptively, and port 4 is the 

isolated port. Therefore, when port 1 excites two orthogonal polarized signals, both orthogonal 

signals will be equally divided to ports 2 and 3 while port 4 is isolated. To achieve a better 

impedance matching, several matching steps are added in the four waveguide arms. Figure 4.7 

shows the simulated results of the cruciform waveguide coupler for both orthogonal polarization 

modes. For the vertically-polarized mode, i.e., TE10 mode, it can be observed that the input  

reflection coefficient (S11) is below -15 dB from 26.5 to 30 GHz. Meanwhile, the isolation (S41) 

between output ports is better than 15 dB. The output amplitudes (S21 and S31) are around -3.3 ± 

0.6 dB and the phase imbalances between these two output ports are ranged from 89° to 92°. 

Similarly, for the horizontally polarized mode, i.e., TE01 mode, it can be seen that over the 

frequency range from 26.5 to 30 GHz, the input reflection coefficient (S11) is below -15 dB. The 

isolation (S41) between output ports is better than 20 dB. The output amplitudes (S21 and S31) are 

Port 1

Port 2

Port 3

Port 4

              

(a)                                                                (b)     

Figure 4.8 (a) E-field distribution of the vertically polarized mode. (b) E-field distribution of 

the horizontally polarized mode 
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around -3.2 ± 0.3 dB and the phase differences between these two output ports are from 88° to 94°. 

Figure 4.8 shows the simulated E-field distributions of the proposed cruciform coupler for two 

orthogonal polarization modes. It can be observed that when port 1 is used to excite the vertically 

polarized signal, the signal is equally divided into ports 2 and 3 through the center coupling cavity. 

There is no signal flowing into the isolated port, i.e., port 4. Similarly, when port 1 is set to excite 

the horizontally polarized signal, the signal is equally divided into ports 2 and 3. There is no signal 

flowing into the isolated port. The behavior of E-field distribution demonstrates the dually-

polarized characteristics of the proposed cruciform waveguide coupler. 

4.3.2 Orthomode transducer 

The proposed receiver makes use of an OMT to separate the orthogonal polarizations. The 

asymmetric OMT geometry [232], [233] as shown in Figure 4.9, is adopted in this work because it 

does not require posts or septum and it is relatively easy to design and fabricate. The OMT consists 

of a common square waveguide arm and two rectangular waveguide arms. One rectangular 

waveguide arm is directly connected horizontally to the square waveguide arm. The other arm is 

x y

z

V

H

Port 1

Port 2

Port 3

  

x

y

o

Port 1

Port 2

Port 36.35

6.85

5.84

3.42 5.12

1.52

2.28

1.92

6.85

Unit: mm

 

       (a)                                                                       (b)    
 
                             

x

z

o

Port 3Port 1

6
.8

5

7
.7

4

6
.3

5

2.28 1.92

 
(c)    

 

Figure 4.9 Structure of the proposed OMT. (a) Three-dimensional view. (b) Side view. (c) 

Vertical view. 
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orthogonal to the common arm. The horizontally-connected waveguide arm is an E-plane 

waveguide supporting the TE01 mode and the orthogonally-connected waveguide arm is an H-plane 

waveguide supporting the TE10 mode. The whole structure of the OMT forms a branching T-

junction. The central T-junction region separates or combines the TE10 mode and TE01 mode, and 

meets the needed polarization isolation and impedance matching performance, simultaneously. 

Due to the geometrical variations and discontinuities in the central junction region, the design of 

the multistage waveguide steps [234] are introduced to improve the matching performance while 

limiting the coupling of cross-polarized mode components.     

Figure 4.10 shows the simulated results of the proposed OMT. It can be seen that over the frequency 

range from 26 to 30 GHz, the reflection coefficient for vertical polarization is lower than -21 dB 

and the reflection coefficient for horizontal polarization is lower than -15 dB. The insertion losses 
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for both polarizations are better than 0.2 dB. A high isolation of more than 55 dB is achieved. The 

simulated E-field distributions of the proposed OMT are presented in Figure 4.10(b). It can be 

observed that when port 3 excites both orthogonally polarized signals, the horizontally polarized 

signal is directed to port 2, while the vertically polarized signal is guided to port 1.  

4.3.3 Dually polarized waveguide phase shifter 

The phase shifter is a crucial component in the construction of a multiport circuit to provide the 

required phase shifting performance. It is hard to consider multiple metrics such as phase error, 
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bandwidth, insertion loss, compact size, and large phase shift range at the same time, especially for 

dually polarized phase shifter. The classical delay-line technique has been used in a dually 

polarized phase shifter [227] achieving a simple structure. However, this phase shifter has a limited 

bandwidth performance. A tapered waveguide [228] structure was implemented to achieve a dually 

polarized phase shifter. Nevertheless, such a phase shifter suffers from a large size, which limits 

its applications.  

 In this work, a dually polarized phase shifter as shown in Figure 4.11 is proposed to solve the 

abovementioned problems. The phase shifter integrates two compact waveguide phase shifters 
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involving H-plane and E-plane, respectively [52], [53] through two OMTs, allowing the vertical 

and horizontal polarizations to be controlled independently. In this way, a wide bandwidth 

performance can easily be obtained by adjusting the H-plane and the E-plane waveguide phase 

shifters.  

Figure 4.12 shows the detailed joint structure of the H-plane and E-plane waveguide phase shifters. 

It can be seen that both E-plane and H-plane waveguide phase shifters are composed of multi-

stepped waveguides. Due to the change of the guide wavelength and discontinuities, the multi-

stepped waveguide generates a β1 phase constant compared with a typical rectangular waveguide 

corresponding to β2 phase constant. Therefore, different combinations of β1 and β2 sections allow 

to achieve the desired phase shifting. The simulated results of the phase shifter for both orthogonal 

polarizations are shown in Figure 4.13. It can be observed that for the horizontal polarization, the 

reflection coefficient is lower than -20 dB and the phase shift is around 93°±3° over the frequency 

range from 26 to 30 GHz. Similarly, for the vertical polarization, the reflection coefficient is lower 

than -20 dB and the phase shift is around 92°±2°. 

4.3.4 Dually polarized waveguide antenna 

In order to achieve enough antenna gain over the entire band of interest, a dually polarized square 

waveguide horn antenna is used in this work. In general, the dually polarized antenna arrays can 

be adopted to satisfy a high-gain requirement. However, such a design will result in high 
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Figure 4.14 The structure of dual-polarized square waveguide horn antenna 
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manufacturing costs and increase the complexity of integration. Thus, a square waveguide horn 

antenna is chosen as a compromise for our preliminary verification due to its low cost and easy 

fabrication and integration. Figure 4.14 shows the structure of the proposed square waveguide horn 
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Figure 4.15 Simulated performance of the proposed square waveguide horn antenna. (a) 

Radiation pattern. (b) Refection coefficient and cross polarization 
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antenna. It consists of a square waveguide port and a horn port. The square waveguide port connects 

the horn port through a 29 mm pyramidal waveguide transition. The whole antenna can easily be 

integrated with the multiport circuit. The simulated radiation patterns at 26 GHz, 28 GHz, and 30 

GHz for the dual polarization are presented in Figure 4.15(a) to verify the radiation performance 

over its operating frequency band. It can be observed that the average gain of the antenna for both 

polarizations is about 16.62 dBi. Figure 4.15(b) shows the S-parameters of the square horn antenna. 

As can be seen from Figure 4.15(b), the reflection coefficients for both polarizations are below -15 

dB and isolation is better than 45 dB over the frequency band from 26 GHz and 30 GHz.   

4.4 Waveguide transitions and device integration 

4.4.1 Waveguide twist-bend transition 

With respect to the dually polarized multiport network, the OMTs are used to separate the 

polarization signals. However, the output ports of OMTs are orthogonal, which will increase the 

difficulty of integration with the multiport circuit. Therefore, a waveguide twist-bend transition is 

required for the interconnection of those components. In [235], a broadband waveguide twist-bend 
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transition has been proposed, combining waveguide bend and twist. It achieves excellent 

performance over a wide bandwidth. However, the waveguide twist-bend transition lacks 

compactness and is not suitable for receiver systems. To achieve a compact interconnection, a 

combined waveguide twist-bend transition [236] is adopted in this work. Figure 4.16 shows the 

structure of the waveguide twist-bend transition. It is composed of an E-plane waveguide, an H-

plane waveguide, and the central waveguide transformer structure. The vertical E-plane waveguide 

directly combines the horizontal H-plane waveguide with the central waveguide transformer 

structure for compactness. To extend the bandwidth performance, multi-stage impedance matching 

circuits are loaded along the E-plane waveguide. Figure 4.17 shows the simulated results of the 

waveguide twist-bend transition. From Figure 4.17, one can see that over the frequency range from 

26-30 GHz, the reflection coefficient is below -21 dB and the insertion loss is better than 0.1 dB. 

Thus, the proposed waveguide twist-bend transition presents a good performance and is suitable 

for the proposed receiver system.  

4.4.2 SIW-to-E-plane Waveguide transition 

To integrate planar circuits, a rectangular waveguide-to- substrate integrated waveguide (SIW) 

transition is developed and used in the receiver system. Considering easy assembly and loss 

minimization at the cutting plane, the E-plane waveguide transition is chosen instead of the H-

plane waveguide transition. As shown in Figure 4.18, the proposed transition structure consists of 

three parts, i.e., an E-plane rectangular waveguide, an SIW, and a fin-line structure. The fin-line 

structure [237] contains two antipodal fins on opposite sides of the substrate, which are placed into 
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Figure 4.17 Simulated results of the waveguide twist-bend transition 
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the center of the rectangular waveguide to obtain maximum coupling.  At first, the TE10 mode of 

rectangular waveguide is coupled and transferred into quasi-TEM mode through the tapered 

aperture. Then, the quasi-TEM mode is transformed into the TE10 mode of SIW through a tapered 

microstrip line structure. By properly adjusting the dimensions of the fin-line structure, the desired 

impedance-matching performance can be achieved. Figure 4.19 shows the simulated results of the 

SIW-to-waveguide transition. It can be seen that over the frequency band 26-30 GHz, the reflection 

coefficient is below -18 dB and the insertion loss is better than 0.4 dB. 
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Figure 4.18 Structure of the SIW-to-E-plane waveguide transition 
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Figure 4.19 Simulated results of the SIW-to-waveguide transition 
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4.4.3 Device Integration 

In this part, the assembly of the proposed metallic waveguide interferometric receiver is presented 

as shown in Figure 4.20. Four couplers are integrated with the OMTs to equally distribute the 

amount of power fed by one of the input ports to the output ports, which correspond to -6 dB 

transmission coefficient between the input port and the output port. A dually polarized phase shifter 

is loaded to the multiport circuit to provide the additional required 90° phase shift. Figure 4.21 

shows the simulated results of the dually-polarized multiport network. It can be seen that over the 

frequency band from 26 to 28 GHz, the simulated return losses for both polarizations are better 

than 10 dB and the simulated isolations between ports 1 and 2, for both polarizations, are better 
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than 15 dB. The insertion losses for both polarizations at port 1 are around −6.6 ± 1.5 dB and the 

insertion losses for port 2 are around −6.5 ± 1.2 dB. The antennas connect to the multiport circuit 

for receiving the modulated signals. Considering the physical size and the integration complexity, 

the H-plane waveguide port of the OMT is transformed into an E-plane waveguide port by the 

waveguide twist-bend transition to facilitate integration. By this arrangement, the output ports after 

the OMT preserve the same direction. Then, the SIW-to-E-plane waveguide transition is connected 

to the output port of the OMT to integrate the planar circuit. The two local oscillators, as the input 

source, connect to the input ports and the output ports connect to the power detectors. The power 

detector, as a square-law device, performs the frequency conversion. Therefore, the non-ideal 
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Figure 4.21 Simulated S-parameters of dually-polarized multiport network. (a) Magnitude 

when exciting vertical polarization from port 1. (b) Magnitude when exciting horizontal 

polarization from port 1. (c)  Magnitude when exciting vertical polarization from port 2. (d) 
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characteristics of the power detector will directly affect the whole performance of the receiver. 

Keysight’s Advanced Design System (ADS) harmonics balanced (HB) simulator is used to 

evaluate the power detector performance. Besides, all of the parametric effects such as electrical 

behaviors and packaging parasitic of the power detector were taken into account. Figure 4.22 shows 

the simulated output voltage of the detector under different input power levels. It can be seen that 

the output voltage increase almost linearly with the input power before saturation (about -5 dBm). 

 
                                                   

Figure 4.22 Output voltage VDC of the power detector with sweeping input power from -40 to 

10 dBm 

 

 
Figure 4.23 The EVM of a 64-QAM signal under different power levels of the power detector 

as a case study 
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The deviation from square-law characteristics will impact the frequency conversion. As a result, 

the demodulated performance of the receiver will be affected.  

A system-level simulation is implemented in ADS to investigate the impact of the non-ideal 

characteristics of the power detectors on the proposed receiver. As a case study, Figure 4.23 shows 

the EVM of the demodulated 64-QAM signal under different power levels. It can be observed that 

the demodulation results are slightly different due to different operating frequencies and input 

power. For each operating frequency, the EVM improves with increasing of the input power. 

However, when the power detector saturates near the upper limit of square-law operation, the EVM 

deteriorates. The receiver can achieve optimal EVM during RF input power of about -10 to -5 dBm. 

Thus, the receiver performance can be adjusted by controlling the power levels of the power 

detectors. Besides, it should be mentioned that there are also different techniques of calibration 

algorithms and IQ regeneration which can be implemented to correct the performance [238], [239]. 

 

4.5 Fabrication and measurement results 

To validate and evaluate the performance of the proposed interferometric waveguide receiver, an 

experimental prototype was designed, fabricated, and measured. Figure 4.24 shows a photograph 

of the fabricated receiver prototype. The receiver is tested with different complex modulated 

signals using the setup shown in Figure 4.25. Different M-QAM modulated signals are generated 

using an Arbitrary Waveform Generator (AWG) M8196A at different RF1 and RF2 channels, where 

the operating frequencies (fRF1 and fRF2) are 28 and 30 GHz, respectively. Then, the M-QAM 

modulated signals are sent to the antenna. The gain of the antenna is 20-dBi and the 10 dBm power 

is transmitted by the transmitter. The communication distance between the transmitter and receiver 

is set to 1.5 meters. To avoid the interference of the reflected wave, scattering, and diffractions, 

etc., several absorbing materials are used in the measurement setup. Agilent E8257D PSG Analog 

Signal Generator and Agilent E8267D PSG Vector Signal Generator, as signal generators, are used 

to generate the two local oscillator sources. The LO frequencies (fLO1 and fLO2) are set to be 28 GHz 

and 30 GHz and 27 GHz and 29 GHz , respectively, which are applied as the input of the proposed 

interferometric waveguide receiver. To synchronize the modulated RF and LO signals, a 10-MHz 

synchronization signal is applied to both the signal generators and analyzers. The demodulated 

signals after the receiver are captured with a Keysight UXR0702AP Real-Time Oscilloscope (70 
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GHz, 256Gsa/s, 10-bit). Various modulated signals are visualized with the Keysight Technologies' 

89600 VSA software. Tables 4.1 and 4.2 summarize the demodulated signal’s constellation and 

EVM performance for different bit error rates and operating frequencies, where a= 0.35 for the 

root-raised cosine pulse filter. It can be seen that the proposed receiver can successfully frequency-

down-convert with the data rates up to 1.2 Gbps, meanwhile the EVM is better than -27 dB for 

both polarizations.  

                                                   
Figure 4.24 Photograph of the fabricated all-in-one interferometric waveguide receiver 
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Figure 4.25 Measurement setup for the proposed receiver. (a) The flow chart of test bench. (b) 

Photograph of measurement setup 



73 

 

The overall performance of the proposed interferometric waveguide receiver is compared with 

other state-of-the-art interferometric receivers summarized in Table 4.3. This work based on the 

square waveguide technology achieves the paralleled-multichannel and dual-polarized operations 

Table 4.1 Retrieved constellation diagrams with different orders of modulations (M-QAM) at 

28 GHz and 30 GHz 
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for the first time, which makes it different from previous demonstrations in [74], [76], [79], [95], 

[124], [191]. Two orthogonal polarizations, namely horizontally polarized wave, and vertically 

polarized wave, can be excited simultaneously in only a single receiver hardware. Besides, the 

proposed interferometric receiver achieves a good performance in terms of data rates and EVM 

free from any post-processing and calibration algorithms as in [76], [124], [191]. Due to the 

Table 4.2 Retrieved constellation diagrams with different orders of modulations (M-QAM) at 

27 GHz and 29 GHz 
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metallic waveguide structure, the proposed receiver is more robust than those reported in [74], [76], 

Table 4.3 Performance summary and comparison with the state-of-the-art interferometric 

receivers 
 

Ref. Modulati

on signal 

Frequenc

y (GHz) 

Date rate EVM 

(dB) 

SNR 

(dB) 

Polarization 

type 

Paralleled-

Multichannel 

[191] 64-QAM 2.6 12 Mbps -37.72 N.A. Single-pol. No 

[124] 256-

QAM 
3.38/3.82 40 Mbps -33.9 N.A. Single-pol. No 

[74] 64-QAM 24/28 24 Mbps -20.0 17.8 Single-pol. No 

[79] 32-QAM 28 5 Mbps -26.1 20.1 Single-pol. No 

[95] 32-QAM 60 2.5 Gbps -18.4 N.A Single-pol. No 

[125] 

 

32-QAM 

 

29 N.A N.A N.A Single-pol. No 

[181] 4-QAM 28 500 Ksps N.A N.A Single-pol No  

[101] 
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[79], [124], [191]. It is worth mentioning that, the structural topology can be further simplified by 

developing a square waveguide phase shifter. In this case, for example, all OMTs in Figure 4.2(b) 

would be removed. In addition, by implementing higher-performance dual-polarized waveguide 

components, the performance of the all-in-one dual-polarization waveguide receiver can be further 

improved. 

4.6 Conclusion 

In this paper, an all-in-one waveguide receiver has been proposed, studied, and demonstrated with 

the square waveguide technique. Due to the capability of handling two orthogonal modes, the 

proposed receiver increases the supported data rate and enhances the spectral efficiency of the 

multiport linear interferometric communication systems based on dual polarization. Compared to 

traditional dually polarized receiver architecture with two separate hardware platforms, the 

proposed receiver reduces the circuit complexity, size, cost, and power consumption. In addition, 

thanks to the self-contained dual-input RF channel paths, paralleled-multiband operation can be 

realized with possible multiband capability, which is suitable for the next generation multifunction 

wireless applications in a variety of radio propagation environments, such as 5G, 6G, and IoT 

systems. To evaluate the performance of the proposed receiver, various digitally modulated signals 

have been successfully demodulated and demonstrated experimentally at different data rates. All 

demodulated results have confirmed the excellent performance. Thus, the proposed waveguide 

receiver can be used in multifunction, multi-band, and dual-polarized wireless systems. 
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Abstract: This article introduces, for the first time, a waveguide receiver array tailored for joint 

communication, sensing power, and transfer systems. The receiver utilizes an orthomode 

transducer (OMT) to achieve polarization diversity, effectively doubling channel capacity and 

enhancing spectral efficiency without adding circuit complexity or increasing the number of 

components compared to traditional single-polarization designs. In addition, the receiver integrates 

a differential rectifier, fabricated using 65-nm bulk CMOS technology, to enable wireless power 

transfer. This integration allows the system to support both wireless communication and energy 

harvesting simultaneously. A mathematical model is developed to guide the receiver’s design. To 

validate the concept, a prototype receiver is fabricated and tested. The receiver successfully 

generates dc power from a 28-GHz wireless power transfer signal, achieving a peak power 

conversion efficiency (PCE) of up to 18%. Furthermore, it successfully demodulates a range of M-

quadrature amplitude modulation (QAM) signals, demonstrating the effectiveness of the proposed 

design. These results position the multifunctional receiver array as a promising solution for 

millimeter-wave Internet of Things (IoT) applications. 

Index Terms: CMOS rectifier, dual-polarization, energy harvesting, interferometric technology, 

metallic waveguide, multifunction, receiver arrays, sensing systems, wireless communication 

systems. 

5.1 Introduction 

Millimetre wave (mmW) technology has attracted significant attention from both academia and 

industry due to its broadband spectrum resources and high spatial resolution, among many other 

outstanding features. It is anticipated that numerous emerging applications, including multimedia 
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services, 3D geolocation mapping, virtual reality, and Internet of Things (IoT), will be widely 

developed and empowered by mmW [18], [20], [46], [168], [170], [213], [240], [241]. To support 

these versatile services and applications, the next-generation wireless network is required to 

achieve an agile and reliable connectivity with high-speed data transmission, low latency, high 

system capacity, and high security. A widely used technique for enhancing the speed and capacity 

of mmW wireless communication systems is frequency-diversified multi-input and multi-output 

(MIMO) [32], [182].  This   technique   has   been   extensively   employed   in transmitter and 

receiver arrays to boost the throughput or enhance frequency diversity of an entire system. In this 

connection, large-scale antenna arrays are used in the MIMO system to improve channel capacity 

by creating independent channels in a multipath-rich communication environment. However, these 

systems are also vulnerable to interference in the analog/RF front-end domain.    

With advancements in the development of innovative low-power receiver architectures, future 

emerging wireless systems will benefit from multiple radio and sensor coexisting operations 

(multifunction) in an autonomous or semi-autonomous manner such as joint radio-communication 

(RadCom) or integrated sensing and communication (ISAC) systems, which were proposed, 

demonstrated and discussed in [22], [26], and [23]. A seamless high-density integration and 

deployment of such receiver systems will obviously expect the fusion and interplay of energy-

reduced, performance-enhanced, and function-diversified features [242], [243]. For example, 
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Figure 5.1 Illustration of future mm-Wave waveguide receiver array for IoT-served systems, 

where all kinds of wireless senor nodes or networks and mmW identification tags are 

massively deployed in our environment 



79 

 

Figure 5.1 illustrates a potential mmW multifunctional receiver array for IoT-served systems, 

where wireless sensor nodes or networks and mmW identification tags are massively deployed 

[175]. Such a receiver aims to minimize power consumption and activate an autonomous network 

while autonomously supporting wireless energy harvesting, data reception, storage, processing, 

and communication.    

To further enhance the performance of wireless systems, polarization diversity is introduced into 

the receiver system, where two orthogonal polarization modes, i.e., the H-polarization (H-pol.) and 

V-polarization (V-pol.) modes, are enabled. Thus, the receiver can simultaneously support 

independent data streams at the same carrier frequency, as illustrated in Figure 5.2(a). However, 

this increase in channel capacity comes at the cost of a higher number of receiving paths as two 

receiving blocks are typically required to support the orthogonal polarization modes. As the system 

scale expands, the number of circuit blocks increase significantly. As such, the power consumption, 

cost, and size of the system are also increased, which will become an obstacle for a wide-spread 

adoption and/or a large-scale deployment within future wireless communication and sensing 

systems. 
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(a)                                                                                                           (b) 

Figure 5.2 Illustration diagrams of a polarized-diversified receiver system. (a) Conventional 

dual-polarization receiver array. (b) Proposed multifunctional dual-polarization receiver array 

enabling wireless communication and power transfer capabilities 
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In this paper, a multifunctional waveguide receiver array for wireless power transfer, 

communication, and sensing systems, as conceptually illustrated in Figure 5.2(b), is proposed to 

address the aforementioned issues. It can be seen that the proposed receiver benefits from the use 

of an orthogonal mode transducer (OMT), which enables dual-polarization features. Both 

horizontal and vertical polarizations are integrated into a single receiver block, instead of two as 

discussed before. By doing so, it not only reduces size and complexity but also lowers cost and 

power consumption. Furthermore, each unit-cell of the receiver array can be dynamically allocated 

to synthesize channels for data reception, sensing, and energy harvesting. To achieve the function 

of wireless power transfer, a CMOS differential rectifier can be integrated into the receiver unit. 

The recovered data and generated dc power from different receiver units can be processed 

concurrently, resulting in high capacity and efficient power and data management. Interferometric 

techniques [19], [70], [74], [76], [79], [92], [95], [96], [104], [107], [114], [124], [125], [142], 

[145], [147], [150], [151], [152], [154], [187], [224], [244], [245], [246], [247] are employed in the 

proposed receiver array to further reduce the complexity, cost, and power consumption of the 

system. As a proof of concept, a prototype OMT receiver array is designed, fabricated, and 

measured. The measured results validate the proposed scheme and demonstrate its excellent 

performance.   

This paper is an extension of [21] and presents more details, analysis, and design insights. Section 

5.2 describes the receiver unit's structure, including the dual-polarization antenna, OMT, 

waveguide transition, power detector, and rectifier. In Section 5.3, an entire receiver array is 
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Figure 5.3 Block diagram of the proposed waveguide receiver unit-cell 
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designed based on the previous receiver unit. In Section 5.4, the performance analysis and 

experimental results are given. Besides, a comparison of performances with previously reported 

receivers is provided as well. Finally, the conclusion is drawn in Section 5.5.   

5.2 Receiver unit: detail structure design 

The receiver array is composed of multiple array elements and its unit-cell is shown in Figure 5.3. 

As depicted in the figure, the dual polarization antenna is used to interconnect the OMT. Then, the 

V-PolH-Pol

Port 1

hant

dant1

dant2

 
Figure 5.4 Three-dimensional structure of dual-polarization waveguide antenna, where hant=30 

mm, dant1=11 mm, dant2=4 mm  
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Figure 5.5 Simulated radiation pattern of dual-polarization waveguide antenna 
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two output ports of the OMT are connected to power detector or rectifier through waveguide-to-

SIW transition, respectively. The main design concept is to use the OMT to incorporate the 

orthogonal polarizations in a single-modular hardware. Additionally, the proposed unit-cell 

topology features an inline vertical arrangement to enhance structural compactness. The following 

sections discuss the detailed structure and the design of each individual part.  

5.2.1 Dual-polarization antenna 

A dual-polarization antenna should be easily integrated with the OMT to separate the two 

orthogonal polarization signal paths. Therefore, a dual-polarization waveguide horn antenna is 

adopted in this work. Figure 5.4 shows the configuration of this antenna. It consists of a horn 

radiation port and a circular waveguide port. The advantages of such an antenna include its simple 

structure and ease of manufacturing. It should be mentioned that any other dual-polarization 

antenna type can also be employed. Herein, the horn waveguide antenna is chosen as a compromise 

for our preliminary verification. 

Figure 5.5 shows the simulated radiation patterns for both orthogonal polarizations, which presents 

the radiation performance over its operating frequency band. Figure 5.6 shows the simulated S-

parameters and gains of the dual-polarization antenna. The simulated reflection coefficient is less 

than -25 dB for both H- and V-polarizations within the 26 to 30 GHz frequency range. The 
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Figure 5.6 Simulated results of dual-polarization waveguide antenna. (a) Refection coefficient 

and isolation. (b) Antenna gain 
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simulated isolation is better than 47 dB. The simulated average gain is around 15.5 dBi for both 

orthogonal polarizations over the entire operating range.  

5.2.2 Orthomode transducer (OMT) 

To separate the two orthogonal polarization signals received from the dual-polarization antenna, 

an OMT is used in this design. There are several possible waveguide OMT geometries, offering 

different advantages in bandwidth, isolation, cross-polarization, and manufacturability [248], [249], 

[234]. Taking into account the size, cost, and complexity of the proposed receiver array, an 

asymmetric OMT geometry is adopted in this work.  
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Figure 5.7 Three-dimensional structure of OMT, where domt=4 mm. homt1=2.85 mm. 

homt2=3.04 mm. womt1=6.97 mm. womt2=5.09 mm        
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Figure 5.8 E-field distribution of OMT. (a) H-polarization mode. (b) V-polarization mode     
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In general, the septum and thin iris are utilized in OMT to achieve required polarization separation. 

However, it is difficult to fabricate these small feature structures in mmW band. Instead, a simple 

OMT structure [250], as illustrated in Figure 5.7, is used. This OMT is composed of a common 

circular waveguide port and two rectangular waveguide ports. Two rectangular waveguide ports 

are orthogonal to each other. The entire structure of OMT forms a branching T-junction shape. 

However, such a structure introduces the geometrical variation and discontinuities in the central 

junction region, which can affect the bandwidth and polarization performance. To address these 

issues, multistage waveguide steps are introduced in the central junction region to realize the 

required polarization isolation and impedance matching performance.   

Figure 5.8 shows the simulated E-field distributions of the OMT for two orthogonal polarization 

modes. It can be observed that when port 1 excites an H-polarization signal, its signal enters port 

3. Conversely, when port 1 excites a V-polarization signal, its signal enters port 3. The simulated 

performances of the proposed OMT are shown in Figure 5.9. The reflection coefficient for V-

polarization is less than -18 dB while the reflection coefficient for H-polarization is lower than -19 

dB over the 26 to 30 GHz frequency range. The insertion losses for V-polarization and H-

polarization are better than 0.4 dB. The isolation between two orthogonal polarization modes is 

better than 45 dB. It should be noted that there are small deviation errors in the isolation of the horn 

antenna and the OMT, which is caused by the numerical error simulation. 
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Figure 5.9 Simulated results of OMT. (a) Refection coefficients and insertion losses. (b) 

Isolation between ports 2 and 3 
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5.2.3  Waveguide-to-SIW transition 

A waveguide-to-substrate integrated waveguide (SIW) transition is necessary to integrate the 

planar circuit of the receiver array. Considering the limitations of integration and assembly, single-

layer right-angle waveguide-to-SIW transition [251], [252], [253] is adopted instead of in-line 

transitions. Figure 5.10 shows the geometrical configuration of the proposed transition. It can be 

seen that the rectangular waveguide port is vertically mounted on the top surface of SIW to form a 

right-angle transition. To realize a good coupling between the rectangular waveguide and SIW, an 

aperture-coupled patch antenna structure is utilized, which facilitates the coupling from the TE10 
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Figure 5.10 Rectangular waveguide to SIW transition, where pt=0.8 mm, dt=0.5 mm, wt1=4.9 

mm, lt1=2.6 mm, wt2=3.6 mm, lt2=2.2 mm, wt3=6.1 mm, lt3=2.9 mm. (a) Three-dimensional 

structure view. (b) Vertical view 
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mode of the rectangular waveguide to the TE10 mode of the SIW. Besides, to expand the bandwidth 

performance, the inductive posts are symmetrically loaded around the patch antenna structure. By 

adjusting these inductive posts, the coupling between the SIW port and the rectangular waveguide 

port can be enhanced.       

Figure 5.11 shows the simulated results of the designed right-angle waveguide-to-SIW transition. 

It can be observed that over the frequency range from 26 to 30 GHz, the reflection coefficient is 

below -12 dB. The insertion loss of the transition is less than 0.5 dB.    

5.2.4 Power detector 

The power detector is integrated into the receiver array to perform the frequency conversion. Figure 

5.12 shows the geometrical structure of the proposed power detector, which consists of a matching 

circuit, zero bias Schottky diode, and a low pass filter. The RF signal passes through the OMT and 

enters the power combiner, while the LO signal is injected through another port of the power 

combiner. Then, both RF and LO signals are combined and applied to the power detector. The zero 

bias Schottky diode is adopted in the design, thereby avoiding the basing circuit and related noise, 

as well as simplifying the circuit complexity. To reduce the reflection caused by the diode and 

increase the detector efficiency, an input matching circuit is introduced in the power detector. Then, 

a low pass filter is loaded after the diode to suppress the high-order harmonic signals and extract 

low-frequency signals.  
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Figure 5.11 Simulated results of rectangular waveguide to SIW transition 
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As a square-law device, the nonlinear characteristics of the power detector directly affects the 

demodulation performance of the receiver array. Therefore, Keysight Advanced Designed System  

(ADS) harmonic balance (HB) simulator is used to evaluate the detection characteristics. The 
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Figure 5.12 Geometry structure of the proposed power detector and its input path of RF and 

LO signals. (a) Three-dimensional structure view. (b) Vertical view 
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    (a)                                                                                        (b) 

Figure 5.13 (a) Smith chart diagram of the proposed power detector. (b) Output voltage of the 

proposed power detector with sweeping input power from -50 to 10 dBm 
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simulated Smith chart diagram of the power detector is shown in Figure 5.13(a). The proposed 

power detector exhibits a good matching performance with the impedance of zi=50.4+j4.7 Ohm at 

28 GHz. Figure 5.13(b) shows the simulated output voltage with different input powers. It can be 

observed that the output voltage increases almost linearly with increasing input power from -40 to 

0 dBm. When the input power is greater than 0 dBm, the output voltage begins to undergo from 

the square-law region to the linear-law detection response. The best working condition for the 

square law detection operation is around -5 dBm input power. A deviation from the square-law 

characteristics of the power detector will affect the demodulation performance of the receiver.  
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Figure 5.14 Configuration of the proposed CMOS rectifier and planar balun, where wp1=4.62 

mm, wp2=1.28 mm, wp3=0.54 mm, lp1=1.73 mm, lp2=0.65 mm, lp3=0.22 mm.  (b) Simulated 

refection coefficient of the balun. (c) Simulated transmission coefficients of the balun. (d) 

Simulated amplitude difference and phase difference of the balun 
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5.2.5 Rectifier 

The power detector is integrated into the 

To verify the capability of wireless energy harvesting, a rectifier is developed and integrated into 

the proposed receiver architecture. Figure 5.14(a) shows the structure of the rectifier and the balun, 

where the balun is used to transform an unbalanced signal to a balanced signal for minimizing the 

common mode noises. The balun consists of a hybrid coupler and a 90° phase shifter. The phase 

shifter, based on a complementary split-ring resonator (CSRR) [254], [255], [256] generates slow-

wave effect along the transmission line (TL). Therefore, the CSRR changes the propagation 

constant of the TL and realizes a stable 90° phase shifting with the same physical length. One of 

the output ports of the coupler is connected with the input of the phase shifter. In such a simple 

way, when port 1 is excited, two balanced output signals are obtained. Figures 5.14(b)-(d) show 

the simulated results of the proposed balun. It can be seen that within the frequency range of 26 to 

30 GHz, the reflection coefficient at the input port (S11) is around -20 dB and the transmissions 

(S21 and S31) steadily fluctuate around 3.5±0.25 dB. The amplitude difference is around ±5 dB and 

the phase difference is around 180°±5°. Therefore, the proposed balun achieves a good 

performance.  

The rectifier is driven by a balun with a differential input signal. A standard 65-nm bulk CMOS 

process is employed to implement the rectifier. Figure 5.14(a) shows the schematic of the rectifier. 

A cross-coupled bridge topology in [173] is utilized in the design. The transistors M1, M2, M3, 

and M4 periodically supply DC energy to the output load (RL). The rectifier makes use of a 

differential charging mechanism to concurrently minimize leakage reverse current while 

preserving small on-resistance, therefore achieving a high-power conversion efficiency even at 

mmW frequencies. For example, over the positive cycle of the incoming RF signal, transistors M2 

and M3 are in saturation mode and their pulsed currents charge the output capacitor CL. At the 

same time, leakage current is minimized by forcing the transistors M1 and M4 in off-mode by 

pulling down and up, respectively, their gate voltages. Similarly, during the negative cycle of the 

RF signal, CL is charged by M1 and M4 while M2 and M3 are also forced into the off-mode. Thus, 

a high-efficiency CMOS rectifier for mmW-to-dc energy conversion can be achieved. 
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5.3 Receiver arrays 

According to the illustrated Figure 5.2, a 6x8 receiver array is implemented to demonstrate the 

proposed concept. The configuration of the receiver array is shown in Figure 5.15. It can be seen 

that the receiver array consists of a dual-polarization layer, an OMT layer, a waveguide-to-SIW 

transition layer, and a power detector/rectifier layer, where each layer has different functionality. 

The printed circuit board of the bottom layer serves as a carrier for the power detector and the 
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.  Figure 5.15 Explosion view of the proposed waveguide receiver array 
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Figure 5.16 Various activated RX units enable wireless communication and energy harvesting 
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rectifier, activating the wireless communication and energy harvesting. All layers are vertically 

stacked up and integrated into a compact structure. Figure 5.16 illustrates the assigned RX units of 

the waveguide receiver array, designed for energy harvesting and wireless communication. The red 

unit cell is allocated for V-Pol energy harvesting and H-Pol wireless communication, while the 

blue unit cell is designated for H-Pol energy harvesting and V-Pol wireless communication. The 

green unit cell supports both H-Pol and V-Pol wireless communication.  

In this work, the interferometric technique is adopted in the receiver array. To enable the 

demodulation of the signals, two unit-cells are required to be activated simultaneously. Figure 5.17 

illustrates three possible combinations of two kinds of receiver unit-cells. For instance, the 

architecture of Figure 5.17(a) is used to enable dual-polarization demodulation. The architectures 

of Figures 5.17(b) and (c) are used to achieve single-polarization demodulation and energy 

harvesting, simultaneously. As illustrated in Figure 5.17(a), the transmitted modulated dual-

polarization RF signals can be expressed as: 

{

(V) ( V )j( t+ (t))

(V) (V) (V)( ) ( )
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  RFw

RF RFS t a a t e
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Figure 5.17 Schematic of the waveguide receiver unit-cell. (a) Dual-polarization demodulation 

unit-cell. (b) H-pol. demodulation and V-pol energy harvesting unit-cell. (c) V-pol. 

demodulation and H-pol energy harvesting unit-cell 
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where aRF(V) is the amplitude of the vertical-polarization signal. a(V) and θ(V)(t) are the modulated 

amplitude and phase of the vertical-polarization baseband signal, respectively. aRF(H) is the 

amplitude of the horizontal-polarization signal. a(H) and θ(H)(t) are the modulated amplitude and 

phase of the horizontal-polarization signal, respectively. The injected dual-polarization LO signals 

can be expressed as: 

{

LO(V)j (t)

LO(V) LO(V)( ) ( ) 
w

S t a t e

LO(H)j (t)

LO(H) LO(H)( ) ( ) 
w

S t a t e

(5.3)
(5.4)

 

where aLO(V) is the amplitude of the vertical-polarization LO signal. aLO(H) is the amplitude of the 

horizontal-polarization LO signal. Then, the modulated signal and LO signal are set to enter the 

power detector. The output voltage of the power detector is proportional to the square magnitude 

of their input signal. Therefore, the output voltages can be written as: 

{
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Where ΔФ is the phase difference of the incoming signals between two unit-cells. By adjusting the 

incident angle of the incoming signal and increasing the LO signal power, the terms of 

(aRF(V)/aLO(V))
2 and (aRF(H)/aLO(H))

2 in (5.5), (5.6), (5.7), and (5.8) can be removed. The output 

voltages of the power detector [188] can be expressed as:  

{
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where K is the voltage responsivity of the power detector. Using these voltages, a complex vector 

S(t) can be expressed as follows: 

{
( ) ( ) ( ) ( ) ( )   V I V Q V V VS t y t y t I t jQ t

( ) ( ) ( ) ( ) ( )   H I H Q H H HS t y t y t I t jQ t

(5.13)
(5.14)

 

Therefore, the demodulated signals S(t)V and S(t)H can be extracted by two unit-cells. The S(t)V 

and S(t)H represent the modulated signals sent by the transmitters. As a result, this architecture can 

act as a direct conversion receiver. It should be noted that the single-polarization receivers of 

Figures 5.17(b) and (c) have the same operating principle of the dual-polarization receiver. Besides, 

the energy harvesting in Figures 5.17(b) and (c) is achieved by capturing the unmodulated 

polarization signal.  

5.4 Experimental results 

To validate and evaluate the concept of the proposed multifunctional waveguide receiver array, a 

6 X 8 receiver prototype based on the aforementioned structures as shown in Figure 5.18 was 

designed, fabricated, and measured. The photograph of the fabricated whole prototype is shown in 

Figure 5.18, where the metallic waveguide parts of the receiver are fabricated from aluminum with 

a high-speed CNC machine. The power detector and rectifier are fabricated using conventional 

PCB technology and 65-nm CMOS technology, respectively. The receiver unit cell, which includes 

the OMT element, was measured to estimate the matching performance, Figure 5.19 shows the 

measured S-parameters of the unit cell. It can be observed that, over the frequency range from 26 

to 29 GHz, the measured reflection coefficient for both polarizations is better than -10 dB, and the 

isolation is greater than 30 dB. 

The prototype receiver was then measured to validate its capabilities for energy harvesting and 

wireless communication. As a measurement example, the receiver unit cells X4Y4 and X4Y5 were 

utilized and measured for dual-polarized wireless communication, while unit cells such as X3Y2 
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and X3Y4 were tested for energy harvesting (as illustrated in Figure 5.16). Furthermore, other unit 

cells can be employed to validate the proposed concept. The receiver array was measured with an 

Agilent E8257D source, an Agilent N1914A power meter, a power amplifier, an attenuator, a 

voltmeter, a directional coupler, and a high-gain antenna. The generated signal is sent by a high-

      

Figure 5.18 Photograph of the fabricated waveguide receiver array. (a) Front view. (b) Bottom 

view. (c) Power detector and rectifier array. (d) Chip micrograph of the fabricated rectifier 
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gain antenna to an array of receivers as illustrated in Figure 5.20. Measurements were performed 

at three different frequencies: 26, 28, and 30 GHz. Figure 5.21 shows the measured results of the 

energy harvesting. It can be seen that the rectifier exhibits a maximum power conversion efficiency 

(PCE) of about 18% for an input power of 9 dBm at 28 GHz and an output DC voltage of about 

1.2 V. At 26 and 30 GHz, the measured PCE is around 15% and 13%, respectively and the 

measured output DC voltages are around 1.1V and 1.0 V, respectively. These measurements 

demonstrate the feasibility of energy harvesting for IoT applications.  

The schematic and measurement setup for evaluating the over-the-air performance of the proposed 

waveguide receiver array are shown in Figure 5.22. As one of the critical performance indexes, the 

conversion characteristics of the receiver array are studied by comparing the detected IF output 

power and the RF input power. Figure 5.23 shows the measured output signal powers of the 

receiver array as the RF input signal varies from -30 to 5 dBm. It can be observed that with the 

increase of the RF signal power, the output power also increases. The output power peaks at about 

-28 dBm, when the RF power reaches 5 dBm. Measurement results indicate that a good linearity 

of the output power disappears when the input RF power exceeds –5 dBm. To provide a better 

illustration of the conversion characteristics, the conversion loss of the receiver is shown in Figure 

5.24. It can be seen that with increasing the input LO power, the conversion loss gradually 

decreases.    
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Figure 5.19 The measurement results of the reflection coefficients and isolation of the receiver 

unit 
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Various complex modulated signals (M-QAM) at different symbol rates are experimentally studied 

with the proposed receiver array. The RF signal is generated by an arbitrary waveform generator 

(AWG) M8196A over the frequency range from 26 GHz to 30 GHz. Then, the M-QAM signals 

are fed into the antenna. The gain of antenna is around 20 dBi in the operating frequency band. The 

measurement distance is set to 1.5 m. Agilent E8257D PSG Analog Signal Generator and Agilent 

Signal Generator

Agilent E8257D

Power 

Amplifier

Attenuator 
Directional 

Coupler

Power Meter 

High-Gain

Antenna 

Load

Resistance 

VoltmeterReceiver 

Array

 
 

Figure 5.20 Wireless power transfer measurement of the proposed waveguide receiver array 
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            (b)   

Figure 5.21 (a) Measured output voltage of the proposed receiver array with sweeping input 

power from -4 to 9 dBm. (b) Measured power conversion efficiency (PEC) of the proposed 

receiver array with sweeping input power from -4 to 12 dBm 
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E8267D PSG Vector Signal Generator are used to generate the LO signals, which are injected into 

the receiver array and LO driving signals are set to about -5 dBm. To synchronize the modulated 

RF and LO signals, a 10-MHz synchronization signal is adopted to the signal generators and AWG. 

The transmitted bit sequence is created by AWG for all modulation schemes. Keysight 

UXR0702AP Real-Time Oscilloscope (70 GHz, 256 Gsa/s, 10-bit) is used to capture the 

demodulated signals. The rms value of the error vector magnitude (EVM) metric is computed by 

Keysight Technologies’ 89600 VSA software. The constellation, output spectrum, and EVM for 

various modulated input signal are measured, where a = 0.35 for the root-raised cosine pulse filter. 

Table 5.1 summarizes the measured constellation and EVM for other operating frequencies. It can 

be seen that an excellent EVM for 4QAM, QAM-16, QAM-32, and QAM-64 at 26, 27, 28, and 29 

GHz, respectively, is achieved. The measured EVMs versus the RF input power for a 400-MHz 

Signal Analyzer

Agilent N9030A PXA 

Oscilloscope Keysight 

UXR0702AP

Signal Generator

Agilent E8267D

Signal Generator

Agilent E8257D

Power 

Amplifier

Keysight Arbitrary Waveform 

Generator  M8196A

High-Gain

Antenna 

Receiver 

Array

 

(a) 

Receiver Array

Signal Generator

Agilent E8257D

Signal Generator

Agilent E8267D

Keysight Arbitrary Waveform 

Generator  M8196A

Oscilloscope Keysight 

UXR0702AP

Transmitter 

Antenna 

 
 

  (b)   

Figure 5.22 The over-the-air measurement setup of the proposed waveguide receiver array. (a) 

Simplified block diagram. (b) Photograph of whole setup 
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16-QAM signal at different frequencies are shown in Figure 5.25. The EVM value becomes better 

with a larger input power. However, it will saturate and deteriorate over the upper limit of square-

law operation. Figure 5.26 shows the measured EVM versus different symbol rates. It can be 

observed that low-order modulation has a better EVM value compared with its high-order  

counterpart. This is due to the increased amplitude and phase requirements associated with higher-

order modulation schemes. Besides, with increasing symbol rates, the EVM gradually increases. 

The EVM measurements demonstrate excellent operation of the proposed receiver array in the 5G 

frequency bands.  

Table 5.2 summarizes the measured results and compares them with other state-of-the-art 

interferometric receivers. The proposed work is the first interferometric waveguide receiver array 
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Figure 5.23 Measured output IF signal powers of the receiver with sweep input RF signal 

power from -30 to 5 dBm 
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Figure 5.24 Measured conversion losses of the receiver under different input LO driving 

signal powers 



99 

 

with simultaneous communication and energy harvesting capabilities. The receiver array fully 

leverages the advantages of OMT and realizes dual-polarization operations, i.e., the H-polarized  

(H-pol.) and V-polarized (V-pol.) modes. Therefore, two orthogonal polarizations can be excited 

simultaneously in only a single receiver module free from adding the number and complexity of 

the circuits, compared to conventional receiver counterparts in[74], [95], and [124]. In addition, 

the proposed receiver array achieves a high-speed performance in terms of data rates, EVM, and 

BER without any postprocessing [124], while achieving great power efficiency through metallic 

waveguide technology and interferometric architecture. It is worth mentioning that although the 

waveguide receiver array is implemented in the mmW band, it can be extended to the terahertz 

(THz) band. 
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Figure 5.25 Measured EVMs of 16AQM signal under different input RF signal from -20 to -5 

dBm 
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Figure 5.26 Measured EVMs of 4QAM, 16QAM, 64QAM for diffierent symbol rate 
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Table 5.1 Retrieved constellation diagrams with different orders of modulations (M-QAM) 

and different operating frequencies  
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5.5 Conclusion 

In this paper, a multifunctional waveguide receiver array based on the interferometric architecture 

has been proposed, studied, and experimentally validated for joint power transfer, communication, 

Table 5.2 Performance summary and comparison with the state-of-the-art interferometric 

receiver systems  
        

Ref. This work [145] [95] [76] [124] 

Tech. Metallic 

Waveguide 

+PCB+65nm 
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PCB+Metallic  

Waveguide 
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N/A N/A N/A N/A N/A N/A 
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BER <10-5 <10-5 N/A N/A <10-6 <10-4 <10-4 <10-4 <10-5 <10-5 

LO 
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N/A N/A -10 

dBm 
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N/A N/A 0 
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AC No No No No Yes 
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PCE 18 % N/A N/A N/A N/A 

Input 

Power 

9 dBm N/A N/A N/A N/A 

JSC Yes No No No No 

        Ref.: Reference; Tech.: Technology; Archi.: Architecture; Pol.: Polarization; Freq.: 

Frequency; Mod.: Modulation; AC: Algorithm Calibratio;  EHC: Energy Harvesting 

capability; PCE: Power conversion efficiency; JSC: Joint Sensing and Communication; 
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and sensing systems. The receiver array supports dual-polarization operation without adding circuit 

complexity. In addition, to enable wireless power transfer, the receiver unit incorporates a 65 nm 

CMOS differential rectifier. Therefore, based on the proposed approach, RF energy harvesting 

mode and wireless communication mode can be activated simultaneously to power specific low-

power active devices and achieve energy autonomy of the RF receiving system. An experimental 

prototype was fabricated to validate the proposed concept. Various modulations such as 4-QAM, 

16-QAM, 32-QAM, and 64-QAM, as well as energy harvesting, have been successfully measured 

and demonstrated. The experimental results have confirmed that the proposed receiver is highly 

suitable for versatile unified communications and IoT sensor applications in future radio 

environments, including 5G, 6G, and beyond.   
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CHAPTER 6 ARTICLE 4: JOINT MULTIBAND LINEAR 

INTERFEROMETRIC RECEIVER FOR INTEGRATED MICROWAVE 

AND TERAHERTZ SENSING AND COMMUNICATION SYSTEMS  
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Publication date: February 13, 2024 

 

Abstract: Integrating microwave (MW) and terahertz (THz) operations and technologies is a 

promising solution in support of future multifunction and multistandard wireless systems such as 

joint sensing and communication platforms. However, the coexistence of MW and THz in a single 

receiver is a challenge to accommodate such a dual-band scheme of large frequency ratio and to 

satisfy its stringent performance requirements. To address these issues, a joint dual-band receiver 

is proposed and demonstrated for simultaneous MW and THz operations in this work. The 

proposed receiver inherits the advantages of conventional multiport linear interferometric 

architecture such as simple configuration and low-power consumption. MW and THz signals at 

individual frequency channels are concurrently received by a single hardware platform, then both 

signals are translated or converted to the intermediate frequency (IF) bands. The operating 

mechanism of the proposed receiver is studied and explained in detail. To verify the proposed 

architecture, an experimental prototype is realized and measured. Various M-quadrature-amplitude 

modulation (QAM) signals are successfully demodulated in the MW band (5.8 GHz) and THz band 

(150 GHz), respectively, thus validating the performances of the receiver. To the best of the authors’ 

knowledge, this is the first interferometric receiver that operates in both MW and THz frequencies, 

simultaneously. 

Index Terms: Dual-band, fifth/sixth generation, microwave, millimeter-wave, multiband, 

multifunction, multiport interferometric receiver, multistandard, terahertz. 
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6.1 Introduction 

Terahertz (THz) technology has recently attracted much attention in the research and development 

community for 6G and future multifunction wireless systems such as joint sensing and 

communication techniques due to its broadband spectrum resource, high resolution, frequency 

reusability, and so forth [53], [56], [59], [61], [257], [258], [259], [260], [261], [262], [263],  [264]. 

It is anticipated that the THz system capacity and speed will be unprecedented against what 

microwave technology can offer. In fact, the much-publicized 6G systems should operate over a 

wide range of frequencies from MHz through THz, which present different technical and 

application features over various frequency bands. In addition, a super-connectivity for all objects 

with low latency can be enabled, which supports the Internet of Things (IoT)-served wireless sensor 

nodes. However, caused by severe free-space attenuation and guided-wave loss, current very high-

speed communications and/or very high-resolution sensing at THz frequencies are inherently 

limited to short-range line-of-sight (LOS) applications. In addition, there is a lack of high-power 

THz sources [49], which makes it more challenging to improve communication and sensing 

outreach. In contrast, microwave (MW) band can provide reliable wider-range operations and 

mobility including non-line-of-sight (NLOS) transmissions. Therefore, to realize very high-

speed/high-resolution systems and long-haul mobilities, a seamless joint dual THz/MW operation 

becomes meaningful and attractive. Through such a dual-band integration, the advantages of both 

THz and MW systems are combined and preserved. The whole system becomes smart thanks to 

the interplay and fusion of multifunctional ties including multistandard applications [20]. 

Generally, such a coexisting or co-locating wireless system may be implemented by using two 

separate MW and THz receiver modules as illustrated in Figure 6.1(a). However, future 5G/6G 

systems will obviously require a large number of low-power, low-cost, compact, multifunction, 

and multistandard sensing and communicating devices massively deployed everywhere. Therefore, 

an all-in-one solution as illustrated in Figure 6.1(b) where both MW and THz receiving blocks are 

integrated into a single hardware, would alleviate limitations regarding packaging/assembly and 

empower a class of smartly inter-played wireless sensing and communications with easy 

information fusion for unprecedented applications. 
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Linear interferometric technique [18], [74], [76], [79], [80], [90], [92], [94], [98], [101], [102], 

[107], [124], [142], [146], [180], [187], [188], [191], [224], [265], [266], [267], as a competitive 

solution for multistandard, multiband, and multifunction wireless systems, has widely been studied 

and used in a variety of RF/MW and mmW receivers. Compared to conventional nonlinear mixer-

based architecture such as homodyne or super-heterodyne [224], it exhibits attractive advantages 

of low power consumption, simple configuration, broadband performance, and robustness for 

power-level variations. Although several dual-band linear interferometric receivers have been 

proposed [74], [76], [124], [191] none of them has successfully demonstrated joint MW/THz 

functions into one single receiver due to the architectural restriction. 
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Figure 6.1 Application scenario of microwave and terahertz cooperative wireless sensing and 

communication systems (involving data transfer, energy harvesting, and sensing operating). 

(a) Conventional solution with two different RX modules. (b) Proposed solution with only one 

RX module 
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In this paper, a joint MW/THz interferometric receiver for future multifunction and multistandard 

wireless sensing and communication is proposed and demonstrated. Detailed analysis and 

discussions of the proposed receiver architecture are presented. To the best of the authors’ 

knowledge, this type of receiver has never been reported yet. It is worth mentioning that this 

receiver can also be explored to enable a possible full-scale integration of data-energy-sensing 
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Figure 6.2 Block diagram of multiport interferometric receiver. (a) Conventional multiport 

interferometric receiver. (b) Proposed unified microwave terahertz interferometric receiver 
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functions, i.e., joint MW energy harvesting and THz communication and sensing. Therefore, this 

receiver is a viable platform that can involve data transfer, energy harvesting, sensing operations, 

etc. 

The rest of this paper is organized as follows. In Section 6.2, the system architecture of the state-

of-the-art linear interferometric receiver is studied and discussed. Besides, a system model of the 

proposed interferometric receiver is presented, and its operating principle is explained with a 

theoretical analysis. In Section 6.3, the detailed design of MW and THz power detectors is given. 

Section 6.4 presents the system-level simulation and demonstrates the performance of the receiver 

through an experimental prototype. Various demodulated results for both MW and THz bands are 

presented. Finally, this work is concluded in Section 6.5. 

6.2 Receiver architecture 

6.2.1 Conventional multiport interferometric receiver 

As opposed to high-nonlinearity-driven mixing techniques, the operating principle of conventional 

multiport receivers is based on linear interference as shown in Figure 6.2(a). The receiver consists 

of a passive network comprising of quadrature hybrid couplers, power dividers or phase shifters, 

and power detectors. The modulated RF and LO signals are superposed to each other under 

different relative phase conditions such as 0π, 0.5π, 1π, and 1.5π. The modulated RF and LO signals 

can be expressed as: 

RFj ( )

_ RF _ RF| || I(t)+jQ(t)|
w ta a e (6.1) 

and  

LO LOj( ( ) θ )

_ LO _ LO| |



w t

a a e (6.2) 

where |a_RF| and |a_LO| are the signal amplitudes and θRF and ФLO are the signal phases. The 

modulation symbols are denoted by I and Q. The power detectors operate in their square-law linear 

region for signal mixing, resulting in a frequency conversion. The detected power (Pi) at different 

output of power detectors, can be expressed as:  
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2
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(6.3) 

The power difference between the outputs of two pairs of detectors after the low-pass filter can be 

calculated as: 

RF LO

RF LO

2( )
2 sin sin( )

2 2

2( )
2 cos sin( )

2 2

 

 

  
    

 

  
  

 

i j

w w
y y KI

w w
KQ

(6.4) 

 

where σ=θRFi-θLOi+θRFj-ФLOj+2θLO, δ=θRFi-θLOi-θRFj +θLOj, and K=|SLOi||SRFi||a_LO||a_RF|. From 

(6.4), the in-phase I and quadrature Q signals can be extracted. In the case of wLO=wRF, the outputs 

are y1-y3=-2KI and y2-y4=-2KQ. Otherwise, when wLO≠wRF, the output signals are further processed 

to retrieve the data stream. An adequate calibration algorithm could be utilized to improve the 

performance of the receiver [187].  

6.2.2 Joint MW/THz interferometric receiver 

Figure 6.2(b) shows the architecture of the proposed joint MW/THz interferometric receiver. The 

modulated MW and THz signals are combined with both associated MW and THz reference LOs 

with different relative phases, thanks to the wave-correlator network. The linearly interfered signals 

are sent to the four power detectors. Unlike the conventional architecture that uses the four identical 

power detectors to down-convert modulated signals, the proposed architecture employs two 

distinct MW and THz power detectors to simultaneously demodulate the associated incoming MW 

and THz signals which is different from other interferometric receivers proposed so far. It is worth 

mentioning that there are some reflected MW and THz signals caused by the power detectors’ 

matching networks. However, in practice, these reflected signals cannot be reradiated through the 

antennas due to the nonreciprocal feature of LNAs. Therefore, the reported RX architecture will 

not lead to undesired radiations. 

The input modulated signals, i.e., MW and THz signals, can be expressed as: 
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RF(MW)j ( t )

_ RF(MW) _ RF(MW) MW MW| || I (t) jQ (t) | 
w

a a e (6.5) 

and 

RF(THz)j ( t )

_ RF(THz) _ RF(THz) THz THz| || I (t) jQ (t) | 
w

a a e (6.6) 

 

where ITHz and QTHz represent the in-phase and quadrature components of THz signal, respectively, 

while IMW and QMW stand for the in-phase and quadrature components of MW signal, respectively. 

a_RF(THz) and a_RF(MW) are the signal amplitudes. The corresponding LO signals can be expressed 

as: 

LO(MW) LO(MW)j( ( t ) )

_ LO(MW) _ LO(MW)| |



w

a a e (6.7) 

and 

LO(THz) LO(THz)j( ( t ) )

_ LO(THz) _ LO(THz)| |



w

a a e (6.8) 

 

where a_LO(THz) and a_LO(MW) are the LO signal amplitudes, and Ф_LO(THZ) and Ф_LO(MW) the phases. 

The modulated RF signals can be expressed as: 

_ RF(mix) _ RF(THz) THz RF(THz) THz RF(THz)

_ RF(THz) THz RF(THz) THz RF(THz)

_ RF(MW) MW RF(MW) MW RF(MW)

_ RF(MW) MW R

| | [I (t) cos( t) Q (t)sin( t)]

| | [I (t)sin( t) Q (t)cos( t)]j

| | [I (t) cos( t) Q (t)sin( t)]

| | [I (t)sin(

 

 

 



a a w w

a w w

a w w

a w F(MW) MW RF(MW)t) Q (t)cos( t)]j w

(6.9) 

The LO signals as: 
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Both MW and THz power detectors operate in their square-law region for frequency conversion. 

Going through the power detectors, both modulated MW and THz signals are down-converted 

simultaneously, and the output signal can be expressed as: 
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 where higher-order harmonics and intermodulation are not presented for the sake of analysis 

simplicity. Then, the outputs after low-pass filters are: 
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From (6.13) and (6.14), the desired I and Q components can be retrieved simultaneously, without 

any restriction on the incoming MW and THz signals for the regeneration of baseband signals 

whatsoever. Therefore, this confirms that MW and THz signals at individual frequency channels 

can be received and demodulated concurrently based on only a single hardware platform. 

6.3 Microwave and terahertz power detection 

6.3.1 MW power detector 

The MW signal frequency conversion is performed by the associated MW power detector. Figure 

6.3(a) presents the schematic of the developed power detector comprising of an input DC 

grounding circuit, an input impedance matching network, a zero-bias GaAs Schottky diode 

(SMS7630-40), and an RF chocking circuit. The SPICE and packaging parasitic parameters of the 

diode are listed in Table 6.1. Figure 6.3(b) shows the geometric configuration of the power detector, 

which is designed on a thin Al2O3 ceramic substrate (εr = 9.9 and h =127 um) with 1 um Au 

metallization. To accurately model and predict the behavior of the power detector, both the 

harmonic balance (HB) simulator of Keysight Advanced Designed System (ADS) and the full-
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wave simulator of Computer Simulation Technology (CST) microwave studio were used in this 

work.  

The simulated frequency response with an input power of 0-dBm is shown in Figure 6.4(a). It can 

be seen that over the frequency range from 5.5 to 8.5 GHz, the output voltage is higher than 100 

mV and the maximum output voltage is around 480 mV. Figure 6.4(b) shows the output voltage 

versus input power. It can be observed that the output voltage increases almost linearly along with 

Table 6.1 Spice and packaging parameters of SMS7630-40 diode 
 

Cj0(pF) Is(A) Rs(Ω) M Vbi(V) Cp(pF) Lp(nH) N 

0.14 5e-6 20 0.4 0.34 0.16 0.7 1.05 
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  Figure 6.3 (a) Schematic description of microwave power detector with SMS7630-40 

Schottky diode. (b) Geometric configuration of the designed microwave power detector 
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increasing input power from -40 to 0 dBm. Figure 6.5 shows the simulated noise of the MW power 

detector. It can be seen that the best noise performance is around 7.0 dB. 

 

6.3.2 THz power detector 

Unlike the MW power detector, the development of a THz power detector is challenging. Generally, 

in the MW band, equivalent circuit models are good enough to accurately simulate its electrical 

performances in such well-characterized frequency bands. However, as the operating frequency 

moves to the THz bands, parasitic effects and geometric details related to diode packaging have 

become non-negligible. They can yield a significant impact on circuit performances, leading to 

unexpected and generally deteriorated experimental or practical results. Since the equivalent circuit 
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            Figure 6.4 Frequency and power response of the power detector. (a) Response of output 

voltage with frequency under 0 dBm drive power. (b) Output voltage of power detector with 

sweeping input power from -40 to 10 dBm 
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Figure 6.5 Simulated noise figure of the MW power detector 
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model is difficult to predict parasitic effects, especially over a wide bandwidth, this makes it 

unsuitable for THz designs and applications. Therefore, three-dimensional electromagnetic (3D-

EM) modeling is used to account for all of the parametric effects over THz bands such as electrical 

behaviors and packaging parasitic. 

Table 6.2 Spice and packaging parameters of SMS7630-40 diode Extracted nonlinear spice 

parameters and dimensions of VDI G-band zero bias Schottky diode 

 

Parameters Is 

(uA) 

Cjo 

(fF) 

Rs  

(ohm) 

N W 

(um) 

H 

(um) 
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(um) 

Value 6.0  5.0 25  1.3 120 60 300 
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  Figure 6.6 (a) Physical structure of VDI G-band zero bias Schottky diode under microscope. 

(b) Three-dimensional model of the Schottky diode. (c) Cross section view of the Schottky 

diode 
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Commercial VDI G-band zero-bias Schottky diode is used to develop the THz power detector in 

this work. This diode is a good candidate for the development of a high-sensitivity power detector 

due to its low junction resistance and junction capacitance. However, the manufacturer does not 

provide its 3D-EM model and key SPICE parameters, which limits its practical applications. 

Therefore, a 3D-EM model of the VDI G-band zero-bias Schottky diode is constructed first. The  

physical structure of the diode under a microscope is shown in Figure 6.6(a), from which we can 

see that it includes an air-bridge finger, a Schottky contact, and two contact pads. As shown in the 

cross-section view of Figure 6.6(c), one can see underneath the contact pads a silicon dioxide 

passivation layer (SiO2), a lightly doped epitaxial layer (n-GaAs), a heavily doped buffer layer 

(n++GaAs), and a semi-insulating membrane substrate (GaAs). The constructed 3D-EM model is 

shown in Figure 6.6(b).  
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  Figure 6.7 (a) Measurement setup photograph of VDI G-band zero bias Schottky diode 

characterization for SPICE parameters extraction. (b) Measured current (I)-voltage (V) curve 

of VDI G-band zero bias Schottky diode 
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In addition to the 3D-EM model, the complete Schottky diode model includes active nonlinear 

SPICE parameters. The nonlinear SPICE parameters are extracted by Keysight B1500A 

semiconductor device analyzer. Measurements were carried out on wafer as shown in Figure 7(a), 

where the diode was attached to a ceramic substrate with conductive resin. The measured current 

(I)-voltage (V) curve is shown in Figure 7(b). The key parameters such as saturation current (Is), 

ideality factor (N), series resistance (Rs), breakdown voltage (Bv), and current at the breakdown 

voltage (Ibv) are obtained. All extracted SPICE parameters are listed in Table 6.2. Based on the 

constructed 3D-EM model and the extracted nonlinear SPICE parameters, a THz power detector is 

designed according to the circuit model as shown in Figure 6.8.  Figure 6.9 shows the detailed 3-

D structure of the THz power detector. To accurately simulate the electromagnetic properties of 

the diode, a port excitation (anode port) is set on the Schottky junction. Therefore, all the passive 

parasitic parameters and the active nonlinear parameters of the diode are considered. The analysis 

of the whole power detector is implemented with the co-simulation of CST and ADS. The estimated 
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Figure 6.8 Geometric configuration and circuit model of THz power detector 
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     Figure 6.9 The detailed 3-D structure of the THz power detector 
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attenuation of the diode is around 5.5 dB. The filter and transmission line are around 0.8 dB and 

1.2 dB, respectively. The optimal circuit dimensions are w1=0.18 mm, l1=0.32 mm, w2=0.27 mm, 

l2=0.16 mm, w3=0.03 mm, l3=0.16 mm, w4=0.18 mm, l4=0.14 mm, w5=0.10 mm, l5=0.15 mm, 

w6=0.12 mm, and l6=0.18 mm. Figure 6.10 shows the simulated noise of the THz power detector. 

 

     Figure 6.10 Simulated noise figure of the THz power detector 
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     Figure 6.11 (a) Fabricated prototype THz power detector and its TRL calibration kit pieces. 

(b) Measurement setup photograph of the prototype THz power detector 
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It can be observed that the noise figure is between 17 and 14 dB over the frequency range from 

140 to 160 GHz.  

Figure 6.11(a) shows the prototype of the power detector, which is fabricated on a thin ceramic 

substrate (εr=9.9, h=127 um), using an MHMIC (Miniature Hybrid Microwave Integrated Circuits) 

fabrication process in our Poly-Grames Research Center. The power detector consists of a 

conductor-backed coplanar waveguide part, a substrate-integrated waveguide (SIW)-to-microstrip 

line transition, a matching network, a Schottky diode, a DC-pass filter, and a load resistor. The 

conductor-backed coplanar waveguide section at the detector input is used to accommodate GSG 

on-wafer probes, where the diode is driven through an SIW-to-microstrip line transition. The 

rectified output voltage (Vout) is measured across a load resistor (RL). 
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     Figure 6.12 Measured and simulated reflection coefficients of the prototype power detector 
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     Figure 6.13 Measured and simulated output voltages versus sweeping input power from -30 

to 0 dBm 
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Figure 6.11(b) shows the measurement setup, where the measured and simulated reflection 

coefficients are shown in Figure 6.12. It can be observed that the best reflection coefficients for 

both simulated and measured results are around 151 GHz. Small frequency deviations may be 

related to the diode mounting and circuit fabrication. Figure 6.13 presents the output voltages of 

the power detector versus input power. The output voltages are about 10 mV and 100 mV for -30 

dBm and -5 dBm input power, respectively, at 150 GHz. The measured output voltages of the 

proposed power detector agree quite well with the simulated counterparts. 

 

6.4 Receiver implementation 

A system-level simulation based on the architecture in Figure 6.2(b) is implemented in ADS to 

evaluate the proposed receiver and its theoretical results. The power detectors and the couplers are 

extracted together and co-simulated with the ADS Ptolemy simulator. Figure 6.14 shows the 
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     Figure 6.14 Simulated results of the microwave THz coupler. (a) MW band performance. 

(b) THz band performance 
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structure of the proposed hybrid coupler. The hybrid coupler has a composite waveguide structure, 

which is constructed with CPW hybrid coupler and SIW hybrid coupler. Therefore, when the MW 

signal enters the coupler, the coupler operates as a CPW coupler. The MW signal will not enter 

  Port 1 Port 2

Port 3Port 4

   Port 1 Port 2

Port 3Port 4

   

  (a)                                              (b)   
 

Figure 6.15 Simulated electric field distributions of the proposed hybrid coupler. (a) 

Microwave band at 5.8 GHz. (b) Terahertz band at 150 GHz 
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Figure 6.16 Comparison of modulated and demodulated 16-QAM waveforms of the input and 

output I and Q signals. (a) MW band at 5.8 GHz. (b) THz band at 150 GHz 
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SIW coupler due to the cut-off frequency of the SIW property. Similarly, when the THz signal 

enters the coupler, the coupler operates as an SIW coupler. The simulated results of the couplers 

are also shown in Figure 6.14. It can be seen that from 6 to 9 GHz, the reflection coefficient (S11) 

     

Figure 6.17 Fabricated prototype of the unified MW-THz interferometric receiver. For proof-

of-concept, the antennas are replaced by Wilkinson power dividers to facilitate the 

measurement with probes 
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Figure 6.18 Measurement setup for the proposed interferometric receiver under MW band. (a) 

Simplified block diagram. (b) Whole measurement set-up 
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is better than -15 dB and the isolation (S41) is greater than 15 dB. The transmissions (S21 and S31) 

vary from 3.7 ± 0.8 dB. On the other hand, from 145 to 155 GHz, the reflection coefficient (S11) is 

better than -15 dB and the isolation (S41) is larger than 15 dB. The transmissions (S21 and S31) vary 

from 3.8 ± 1.5 dB. Figure 6.15 illustrates the simulated electric field distributions of the proposed 

hybrid coupler. It can be seen that the excited MW signal propagates along the CPW structure 

without entering SIW structure. The excited THz signal propagates along the SIW structure without 

entering CPW structure. There is no interference between those MW and THz bands. The simulated 

results confirm the operating of the proposed hybrid coupler.  

  Table 6.3 Measured constellation diagrams with different orders of modulations at 5.8 GHz 
 

4QAM 16QAM 

  
EVM=-30.81dB 

 

EVM=-33.59dB 
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The RF channels are selected at 5.8 GHz and 150 GHz. The transmitted signals are modulated by 

the different quadrature amplitude modulations (QAM). The data flow and envelope simulators are 

performed to retrieve the I and Q signals in the two bands simultaneously. Figure 6.16 shows the 

waveforms of the input and output I and Q signals for 16-QAM modulation schemes at both MW 

and THz bands. It can be observed that the output I and Q signals are in agreement with the input 

I and Q signals, which verifies the proposed joint MW/THz receiver concept. The sensitivity of the 

receiver for a 64 QAM signal is about -58 dBm at the MW band and -45 dBm at the THz band. A 

proof-of-concept experimental prototype is fabricated on a thin ceramic substrate (εr=9.9, h=127 

um), using our MHMIC fabrication process, as shown in Figure 6.17. The entire circuit is mounted 

on a metal base and the output of the receiver is connected to the PCB through wire-bonding to 

facilitate the measurements.   

Figure 6.18 shows the MW measurement setup. An Agilent PSG E8267D Vector Signal Generator 

is used to generate modulated RF signal at 5.8 GHz and a PSG E8257D Analogy Signal Generator 
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Figure 6.19 Measurement setup for the proposed interferometric receiver under THz band. (a) 

Simplified block diagram. (b) Whole measurement set up 
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generates LO signal at 5.7 GHz. A 10-MHz synchronization signal is used to synchronize the RF 

and LO signals. The output signals of the receiver are sent to the Keysight UXR0702AP Real-Time 

Oscilloscope, and the demodulated constellations and error vector magnitude (EVM) are extracted. 

Various modulation schemes, i.e., 4-QAM, 16-QAM, 32-QAM, 64-QAM, 128-QAM, and 256-

QAM have been experimentally demonstrated. Table 6.3 summarizes the demodulated signals’ 

constellation and EVM at a symbol rate of 30 MSps, where the symbols are filtered with a raised 

cosine filter having a 0.3 roll-off factor. It can be seen that the measured average EVM does not 

exceed -30 dB.  

Figure 6.19 shows the THz measurement setup. The Agilent PSG E8257D Analogy Signal 

Generator and the VDI WR-5.1 frequency multiplier are used to generate the LO signal at 149 GHz. 

Similarly, the Keysight Arbitrary Waveform Generator (AWG) M8196A and the up-converter are 

used to generate the RF signal at 150 GHz. The demodulated signals are captured by the Keysight 

UXR0702AP Real-Time Oscilloscope, extracting the signal constellation and EVM. Table 6.4  

Table 6.4 Measured constellation diagrams with different orders of modulations at 150 GHz 
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summarizes the demodulated 4-QAM, 16-QAM, 32-QAM, and 64-QAM signals with a symbol 

rate of 500 MSps. The measured average EVM does not exceed -24 dB.    

Table 6.5 summarizes and compares previously published state-of-the-art terahertz receivers [268], 

[269], [270], [271], [272], [273], [274], [275]. The proposed receiver achieves a good performance 

in both MW and THz bands. In addition, due to the unified MW and THz operating, the proposed 

receiver is completely different from all previously reported techniques in this regard.  

  Table 6.5 Performance summary and comparison with the state-of-the-art terahertz receivers 

 

Reference 

 

Frequency 

(GHz) 

 

Modulation 

signal 

 

Data rate 

 

EVM 

(dB) 
Technology THz&MW 

[263] 125 8-PSK 36 Gbps N.A. 
Mixer-based 

architecture 
No 

[264] 140 

4-QAM 80 Gbps -10.80 
Mixer-based 

architecture 
No 16-QAM 120 Gbps -19.50 

32-QAM 150 Gbps -23.60 

[268] 140 16-QAM 4.0 Gbps -25.00 
Mixer-based 

architecture 
No 

[270] 120 
4-QAM 8.0 Gbps -17.90 Mixer-based 

architecture 
No 

16-QAM 8.0 Gbps -17.24 

[272] 145.4 
16-QAM 7.2 Gbps -24.15 Mixer-based 

architecture 
No 

64-QAM 10.8 Gbps -24.80 

[273] 220 
16-QAM 11.2 Gbps -17.60 Mixer-based 

architecture 
No 

64-QAM 2.4 Gbps -25.70 

[274] 150 
QPSK 12 Gbps -16.20 Mixer-based 

architecture 
No 

16-QAM 10 Gbps -19.70 

[275] 135 16-QAM 6.0 Gbps -20.10 
Mixer-based 

architecture 
No 

This 

work 

5.8 
4-QAM 

60 Mbps -30.81 

Multiport 

linear 

interferometric 

architecture 

Yes 

150 1.0 Gbps -24.58 

5.8 
16-QAM 

120 Mbps -33.59 

150 2.0 Gbps -26.51 

5.8 
32-QAM 

150 Mbps -35.08 

150 2.5 Gbps -27.63 

5.8 
64-QAM 

180 Mbps -34.15 

150 3.0 Gbps -27.72 

5.8 128-QAM 210 Mbps -35.65 

5.8 256-QAM 240 Mbps -35.18 
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6.5 Conclusion 

In this work, a joint MW/THz interferometric receiver suitable for future multifunctional wireless 

sensing and communication systems is proposed, studied, and demonstrated for the first time. MW 

and THz signals, at individual frequency channels, are concurrently received and demodulated by 

a single hardware platform, while it preserves the advantages of conventional multiport 

interferometric receivers such as simple configuration and low power consumption. An 

experimental prototype was designed and fabricated with an MHMIC fabrication process. Various 

modulation schemes were demonstrated for both MW and THz bands. It is worth mentioning that 

the proposed receiver can be extended to operate in energy harvesting at MW band and data 

communication at THz band, which will enable energy autonomy and make the receiver totally or 

partially self-powered. 
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CHAPTER 7 CONCLUSION  

7.1 Conclusion 

The rapid advancement of emerging applications has created an urgent need for ultra-high data 

rates and uncompressed, high-quality communications. These applications demand extremely low 

latency, high reliability, and precise synchronization, making advanced wireless communication 

solutions indispensable. Addressing these requirements calls for a fundamental reassessment of 

traditional wireless principles, driving ongoing research and innovation. As a result, next-

generation systems are evolving toward highly integrated, multifunctional, multimode, and 

multichannel architectures. Among the potential solutions, multiport interferometric architectures 

stand out as an efficient and competitive approach for front-end design. Compared to conventional 

heterodyne and homodyne mixers, they offer greater simplicity, wideband operation, lower cost, 

compatibility at mmW and THz frequencies, and reduced power consumption. This Ph. D. thesis 

explores and demonstates a series of innovative multiport interferometric receivers for 

multichannel and multifunction mmW and THz systems and applications.  

Chapter 2 summarizes a comprehensive review of the historical development of interferometric 

receivers, outlining the technological milestones that shaped their design. A detailed comparison 

between mixer-based front-ends and interferometric front-ends is presented, highlighting their 

operating principles, performance trade-offs, and cost implications. Various interferometric 

architectures are then examined, with particular focus on their benefits, including improved 

sensitivity, wider dynamic range, and lower power consumption. Their applications in wireless 

communication, radar, and sensing are discussed, providing motivation for the development of 

innovative designs to address future demands. 

In chapter 3, a self-contained dual-input interferometric receiver is proposed and demonstrated for 

parallel-multichannel systems. This receiver combines dual RF input paths with a single frequency 

translation unit, reducing the number of required output ports from four to two. This significantly 

lowers circuit complexity, footprint, cost, and power usage. Unlike conventional solutions that rely 

on multiple six-port receivers, the proposed design reduces the number of receiver platforms 

needed in N-path MIMO systems by half, yielding substantial system-level efficiency gains. 
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In chapter 4, to further enhance system performance, polarization diversity is incorporated. By 

enabling independent data streams on the same channel, this technique doubles channel capacity 

and maximizes spectrum efficiency. A compact dual-polarization interferometric receiver based on 

a square waveguide is proposed and experimentally validated. Prototype measurements confirm 

the successful demodulation of dual-polarized signals, demonstrating the practicality of the design. 

In chapter 5, for IoT environments where wireless sensor nodes and mmW identification tags are 

pervasive, the need for energy-efficient solutions is paramount. To this end, an interferometric 

receiver array is developed to enable joint communication, sensing, and wireless power transfer. 

Using OMTs for polarization diversity and a CMOS-based differential rectifier for energy 

harvesting, the array supports both wireless communication and power delivery, paving the way 

for self-sustaining IoT networks. 

Finally, chapter 6 introduces the first dual-band interferometric receiver capable of simultaneously 

handling MW and THz signals on a single hardware platform. This design maintains the simplicity 

and low power consumption of interferometric architectures while enabling concurrent dual-band 

operation, with signals converted into distinct IF bands. This innovation overcomes the challenges 

of integrating widely separated frequency bands and establishes a pathway toward multifunctional, 

multistandard wireless systems of the future.  

7.2 Furture work 

This research work offers new horizons for innovative multiport interferometric receiver 

architectures, with a focus on multichannel and multifunction mmW and THz systems and 

applications. Multiport interferometric technology stands out due to its low cost, minimal LO 

power requirements, simple architecture, and wideband capabilities. Extensive research and 

practical applications have proven the effectiveness of this technology in diverse domains, 

including next-generation communication systems, high-precision sensing, and high-resolution 

imaging, highlighting its wide-ranging applicability and value in modern wireless technologies. 

This thesis primarily addresses the development of receivers, but the transmitter also plays a crucial 

role in wireless communication systems. Future research could explore the use of multiport 

interferometric architecture in transmitters. For example, as shown in Figure 7.1, integrating 

polarization diversity into multiport interferometric transmitter can improve performance by 
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supporting independent data streams on the same frequency channel, doubling effective capacity 

and enhancing spectrum efficiency compared to single-polarized systems. Besides, based on this 

multiport interferometric transmitter, a multifunctional, multichannel, dual-polarization 

interferometric transmitter array can be developed as shown in Figure 7.2. This transmitter array 

can support beam steering capabilities, enabling high-data-rate, high-capacity, and high-throughput 

communication systems essential for next-generation wireless networks. 
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Figure 7.1 Bolck diagram of dual-polarization multiport interferometric transmitter 
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Figure 7.2 Illustration of a multifunctional, multichannel, dual-polarization interferometric 

transmitter array for future high data-rate, high-capacity, and high-throughput wireless 

communication systems 



130 

 

In addition, to support high-frequency bands, the choice of transmission line becomes crucial. A 

wide range of transmission line technologies—including microstrip, CPW, SIW, rectangular 

waveguides, suspended substrate striplines, and composite waveguides—have been employed to 

realize multiport front-ends. However, microstrip-line implementations remain dominant at lower 

frequencies due to their ease of fabrication, compact design, and overall simplicity. With the rapid 

development of THz technology, the demand for low-loss waveguide structures has increased 

significantly in order to efficiently realize THz circuits and systems. Consequently, future multiport 

front-ends are expected to adopt SIW and rectangular waveguide structures, which provide lower 

propagation losses and enhanced performance compared to microstrip lines. Additionally, SIW-

based structures and their derivatives are gaining increasing attention in the development of THz 

multiport front-ends, including those fabricated using CMOS and III-V semiconductor 

technologies. These advancements will likely drive the integration of multifunctional multiport 

front-ends, facilitating the development of next-generation THz systems across diverse 

applications. Future developments in multiport front-end technology will likely emphasize the 

integration of multiple technological platforms, as illustrated in Figure 7.3. This unified approach 

is crucial for supporting next-generation intelligent wireless systems, where cross-band 

 
 

Figure 7.3 Future research perspective for multiport front-end 
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interoperability will enable enhanced performance and flexibility. At the same time, advances in 

multiport interferometric techniques are expected to drive new innovations in high-resolution THz 

imaging, offering compact, low-cost, and scalable alternatives to traditional system architectures.   
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