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ABSTRACT 

5G will have to support a multitude of new applications with a wide variety of 

requirements, including higher peak and user data rates, reduced latency, enhanced indoor 

coverage, increased number of devices, and so on. These aspects will lead to a radical 

change in network architecture from different points of view. For example, the 

densification of small cells produces massive backhaul traffic in the core network, which 

inevitably becomes an important, but somewhat less addressed bottleneck in the system. In 

particular, millimeter waves (mm-waves) bands, due to their large unlicensed and lightly 

licensed bandwidths, have become a promising candidate for the next-generation wireless 

communications, to accommodate users demand for multi-Gbps data rates, but this will 

move the attention to the complexity, the criticality and the infrastructure costs of 

backhauling antennas. In fact, because of the losses produced by the increasing frequency, 

it will be necessary to use antennas with reconfigurable directional links and, where 

necessary, to enable the use of massive MIMO architectures.  

Among the spectrum portions, the E-band and W-band are the most interesting and 

attractive. In fact, the unlicensed frequencies in many geographic areas will allow to reduce 

the operators' costs at the same bit rate. Furthermore, the directive beam steering antennas 

will allow the capability of spectrum reuse in the same cell. However, there are different 

unresolved problems, due to the need to use antennas with electronic reconfigurable beam 

steering both in azimuth and elevation. The spread of this kind of radiator, on a large scale, 
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will require, necessarily, the development of new antennas that will be able to reduce 

manufacturing and integration costs.  

The main object of this work is to investigate and develop different types of new antennas, 

which will be able to satisfy all backhauling systems requirements for 5G applications. The 

research activities presented in this dissertation can be summarized into three parts.  

In the first part, a beam-switched Cassegrain reflector antenna in E-band (71-86 GHz) for 

backhauling systems for 5G applications is presented, including the study of different 

feeding elements which will illuminate the double reflector system. This antenna has been 

thought to reconfigure the beam compensating small boom movements, which are 

estimated to be within ±1° in both azimuth and elevation planes. After evaluating all the 

possible solutions, an array of magneto-electric dipoles has been selected as feeding 

element for the E-band beam-switched Cassegrain antenna. 

In the second part, the attention has been focused on the study and the design of antennas 

on-chip (AoCs) in a standard 0.13 µm SiGe BiCMOS technology. In particular, two new 

techniques for enhancing the gain of on-chip monopole antennas in W-Band (75-110 GHz) 

are proposed. These new proposed methodologies involved the use of a new AMC 

(Artificial magnetic conductor), composed by some SRRs (Split ring resonators) and LBE 

(Localized Backside Etching), and some capacitively loaded SRRs. 

In the last part, a I/Q phase shifter design in E-band (71-86 GHz) in a SiGe BiCMOS 55 

nm semiconductor technology is proposed. The proposed phase shifter is a sub-block of a 

compact E-band I/Q Receiver in SiGe BiCMOS for 5G backhauling applications. 
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INTRODUCTION 

The first aim of this thesis will be the study of new antennas, which will be able to 

satisfy all backhauling systems requirements for 5G applications in E-band (71-86 GHz) 

and W-band (75-110 GHz).  

A brief introduction on the upcoming new generation mobile 5G, including all the 

innovations introduced by the new fifth-generation will be presented in the first chapter, 

focusing the attention on mm-wave antennas, with generic considerations on PCB 

antennas, antennas in package (AiP), and antennas on-chip (AoC).  

Then, the architecture and the requirements of 5G backhauling networks will be taken into 

account. Furthermore, the state of the art of 5G backhauling antennas will be considered in 

the second chapter, including all the possible solutions present in literature. 

In the third chapter, basic architectural aspects related to the development of a 

reconfigurable antenna for 5G backhauling applications will be discussed. Different 

antenna configurations will be taken into account with a preliminary feasibility analysis. 

Among the proposed antenna configurations, a beam-switched Cassegrain antenna has 

been selected, and different feeding elements suitable for illuminating the selected 

architecture will be considered in the fourth chapter. 

With the recent massive use of highly integrated silicon-based circuits, the system-on-chip 

(SoC) approach has triggered significant interest, as it allows on-chip integration of digital 

baseband and complete RF front-ends. The higher frequencies, in particular mm-waves, 
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has reduced antenna sizes to only a few millimeters, making it suitable for on-chip 

implementation. In the fifth chapter, several techniques for enhancing the gain of on-chip 

monopole antennas in SiGe BiCMOS technology in W-band will be shown. Moreover, on-

chip antennas challenges and benefits will be taken into account and the current state of 

the art of on-chip antennas will be shown. 

Finally, in the sixth chapter, a I/Q phase shifter design in SiGe BiCMOS technology in E-

band will be proposed. The selected phase shifter is a sub-block of a compact I/Q receiver 

in E-band. 
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CHAPTER 1  

 

5G AND MM-WAVE ANTENNAS 
 

1.1 Introduction to 5G 

The amount of wireless traffic and number of connected devices are expected to 

grow up in the coming future. Today’s wireless networks must be renewed completely to 

deal with the increasing amount of data traffic and the number of connected nodes. 

Millimeter-wave link frequencies such as 28, 38, and 60 GHz, as well as the E-band (71–

76 and 81–86 GHz), have been proposed for use in wireless backhaul infrastructure to 

enable 5G networks, in fact, millimeter-wave telecommunication for fifth-generation (5G) 

is finally becoming a reality. 5G will lead us to a digital revolution in which everything 

will be much better, faster and everything will be connected. 5G is an entirely new network 

with a broad range of applications and use cases. 5G is a new global wireless standard after 

1G, 2G, 3G, and 4G networks. 5G enables a new kind of network that is designed to 

connect virtually everyone and everything together including machines, objects, and 

devices. The users of 5G go beyond consumer-centric networks and include business, 

cities, services, utilities and beyond. 5G wireless technology is meant to deliver higher 

multi-Gbps peak data speeds, ultra-low latency, more reliability, massive network capacity, 

increased availability, and a more uniform user experience to more users. Higher 

performance and improved efficiency empower new user experiences and connects new 

industries. The challenge of 5G is to support in a flexible way with high fidelity immersive 
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applications that demand high-speed wireless connections, low latency, high reliability and 

high number of connected devices; another question is related to the accommodation of all 

the diverse use cases without increasing the management complexities. 5G systems will be 

required to support data rates of 10-50 Gbps for low mobility users, providing, for instance, 

gigabit-rate data services regardless of a user’s location. 5G is based on OFDM 

(Orthogonal frequency-division multiplexing), a method of modulating a digital signal 

across several different channels to reduce interference. 5G uses 5G NR (New Radio) air 

interface alongside OFDM principles. 5G also uses wider bandwidth technologies such as 

sub-6 GHz and mm-wave. Like 4G, 5G OFDM operates based on the same mobile 

networking principles. However, the new 5G NR air interface can further enhance OFDM 

to deliver a much higher degree of flexibility and scalability. This could provide more 5G 

access to more people and things for a variety of different use cases. 5G is designed to not 

only deliver faster, better mobile broadband services compared to 4G, but can also expand 

into new service areas such as mission-critical communications and connecting the massive 

IoT (Internet of Things). This is enabled by many new 5G NR air interface design 

techniques, such as a new self-contained TDD (Time Division Duplex) sub-frame design. 

The proliferation of IoT with billions of connected devices will fuel the need for a better 

QoS (Quality of Service) that cannot be met by old generations. 5G systems will use 

context information in a real-time manner based on network, devices, applications on the 

user and his environment, for providing a high QoE (Quality of Experience) for services. 

5G will introduce new air interfaces for cognitive designs, new modulation, full-duplex 

transmission, and so on. The network will include the integration and interoperation with 

multiple radio access networks (multi-RATs), using unlicensed networks such as 60 GHz 

https://en.wikipedia.org/wiki/Orthogonal_frequency-division_multiplexing
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band [1]. Between the most promising innovations of 5G wireless requirements, it is 

possible to find network densifications with small cells which will increase the network 

capacity and coverage, achieve wireless network efficiency and extend the mobile device 

battery life. To avoid data transmission dead spots in the millimeter range, many small 

transmitting stations are located in close proximity to subscribers. They form a small cell 

network, which extends the existing cellular network. Expanding the network in this way 

allows closer proximity to users, yet at a low transmitting power level. Due to the smaller 

spacing of the stations, the cellular or IoT device can always find a good connection to the 

next station. Monolithic Microwave Integrated Circuits (MMIC) allow transmission of data 

at frequencies of up to 90 GHz; the market is currently focusing on frequencies of up to 40 

GHz. On the other hand, there are lots of challenges to overcome, such as providing 

affordable, scalable, and flexible mobile backhaul to connect the small cells with high 

capacity back into the network [2]–[4]. To realize dense networks for enabling 5G wireless 

communication infrastructures as key enablers millimeter wave technologies and other 

lower frequency spectrum sharing architectures are being taken into account. For mobile 

systems, all the frequency spectrum available is concentrated below 6 GHz thanks to 

favorable conditions in those bands, but at the same time, these frequencies are requested 

by other applications including fixed, broadcasting, and satellite communications: thus 

becoming extremely crowded and not very favourable for transition to 5G architectures. 

Thanks to the recent advancements in mobile communication systems combined with new 

antenna and RF component technologies, new nonconventional bands for cellular 

applications have been taken into account. 5G will bring wider bandwidths by expanding 

the usage of spectrum resources, from sub-3 GHz used in 4G to 100 GHz and beyond. 5G 
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can operate in both lower bands (e.g., sub-6 GHz) as well as mm-wave (e.g., 24 GHz and 

up), which will bring extreme capacity, multi-Gbps throughput, and low latency. Network 

architectures operating over a spectrum not traditionally used by cellular systems (e.g. 10-

100 GHz) will be deployed indoors and/or outdoors to meet 5G network requirements. 

Signal penetration loss increases, with the increase in carrier frequency, so diffracted 

signals become very weak, and thus the importance of line-of-sight (LOS) signal as well 

as reflected signal component increases. Although propagation at mm-wave bands 

covering 30-300GHz presents some challenges: they cannot penetrate stone house walls 

and can be absorbed by trees or heavy rain. To remove frequency-dependent propagation 

loss and to provide higher beamforming array gain is possible to use large antenna arrays 

[5]. By reducing the impact of interference with narrow beam adaptive arrays, millimeter-

wave systems can operate in noise-limited conditions rather than interference-limited 

situations. Signals are radiated uniformly in all directions using traditional antennas. If 

signals overlap with those from other transmitters, interference can arise to the significant 

detriment of the signal transmission. The Massive MIMO multiple antenna technology 

resolves this problem in combination with beamforming: by sending the same signal at 

staggered intervals using several antennas, the transmitter targets the approximate location 

of the client and aligns its transmission power accordingly, thus creating a signal beam or 

beamforming. This means that a beamforming transmitter can send individual signals to 

individual recipients in different directions. This increases the coverage, ensures a more 

stable connection as well as higher transmission rates, and reduces unwelcome radio 

interference. It is difficult to implement a beamforming with large number of mm-wave 

front-end transceivers, due to high cost, power consumption, and excessive demand for 
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real time signal processing needs with high beamforming gains [6]. With analog 

beamforming the number of transceivers can be reduced, where each mm-wave transceiver 

is connected with multiple active antennas and a network of analog phase shifters controls 

the signal phase of each antenna element. Analog beamforming operates normally at the 

RF frequency by adjusting the phasing of antenna elements. Each antenna element could 

have its individual phase shifter. This enables a cost-efficient millimeter-wave design. 

Another possibility is to develop designs with a number of transceivers smaller than the 

number of antenna elements, but the architecture might introduce severe inter-user 

interference for inadequate spatial separation between users. For enhancing the 

performance, to achieve multiple data beam precoding on top of analog beamforming, 

digital beamforming can be utilized over transceivers. Digital beamforming relies on the 

precoding of the transmitted signals at baseband. This way both phase and amplitude of 

each stream can be efficiently controlled. The limitation of full digital beamforming in 

millimeter-wave designs is the cost of implementation in both hardware and power 

consumption, as every antenna element should have an individual transmitter/receiver 

chain from baseband to RF circuitry. Digital beamforming also requires channel state 

information for the generation of optimal precoding vectors. Large-scale antenna systems 

can be used with hybrid beamforming for mm-wave applications. Hybrid beamforming 

combines the benefits of both analog and digital beamforming. A hybrid beamforming 

system normally consists of antenna element specific analog phase shifters and fewer 

digital transmitter/receiver chains. It supports analog beamforming and works without 

good channel state information which is normally required by digital beamforming. A sub-

optimal beamforming solution can be formed using analog phase shifters and then 
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compensated using by digital precoders. High gain antennas are used to make the 

connection for millimeter wave point to point LOS communications, even though the links 

between the base station and the user interface rarely have LOS and the use of high gain 

antennas is limited. In defining 5G system architectures for millimeter wave frequencies, 

multiple antenna technologies like Multiple-Input, Multiple-Output (MIMO) and 

beamforming will play an important role [7]. Multi-User MIMO (MU-MIMO) offers 

increased multiplexing gains and improves spectral efficiency, while Massive MIMO with 

higher capacity can be obtained by Very Large MIMO (VLM) arrays employed at the base 

station. Some implications have to be taken into account with the increasing transmit-array 

sizes, such as for coverage, array gain, inter-symbol, and intra-cell interference control, 

and transmit power budget optimization; most of the gains can be realized even at 

manageable antenna dimensions. In applications that don’t require backward compatibility, 

it is possible to perform a Massive MIMO, which can be also provided for backhauling for 

base stations that serve small cells in a densely populated service area [8]. It is expected 

that massive-MIMO will be a central technology to create significantly higher capacity in 

the deployment of hundreds of antenna elements in higher frequency bands such as mm-

wave, where antenna dimensions become more practical and in the form of distributed 

radio heads with centralized processing [9], [10]. In a transmission system using MIMO 

technology, the data stream is transmitted using multiple transmitting and receiving 

antennas. This improves the received signal, extends the possible distance, and increases 

data throughput in general. While LTE usually combines up to eight antenna elements at 

most, 5G requires significantly more power: Several hundred antennas are frequently used 

at a receiver-transmitter station in the case of millimeter waves. This optimized multiple 
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antenna technology, or Massive MIMO as it is known, increases the capacity of the cellular 

network by a multiple. However Massive MIMO requires an additional technology in order 

to exploit the advantages of the millimeter waves: the signals can only be focused and 

transmitted reliably using beamforming, as it is known [11], [12]. 

5G will be used across three main types of connected services, including enhanced 

mobile broadband, mission-critical communications, and the massive IoT. A defining 

capability of 5G is that it is designed for forward compatibility—the ability to flexibly 

support future services that are unknown today. Three use cases of 5G air interface are 

eMBB (Enhanced mobile broadband), URLLC (ultra-reliable low latency communication), 

and mMTC (massive machine type communication).  

 

Figure 1-1: 5G major applications 

The main object of eMBB is to enhance the system capacity to support the high mobile 

data rates demand, achieved by pushing the envelope of current limitations of the frequency 

spectrum. To solve this issue, it is possible to license available bandwidth in sub-10 GHz 

range as well as open mm-wave frequencies, where wide bandwidth can be easily allocated. 

In order to multiply the capacity of the network, antenna arrays with multiple antenna 

elements can enable massive multiple-input multiple-output (MIMO) and beamforming, 

by exploiting multi-path propagation. eMBB is considered as the initial phase and face of 

5G deployment and includes modern broadband use-cases such as Ultra-HD and 360 

streaming, and emerging augmented reality (AR) and virtual reality (VR) media and 

• High mobile data rates
• High device connectivity
• Improved user experience
• AR and VR applications

• Car-to-X communications
• Control of delivery drones
• Monitoring of vital data
• Smart manufacturing

• Intelligent logistics
• e-Health applications
• Environmental monitoring
• Intelligent supply networks
• Smart farming
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applications. URLLC provides ultra-response connections with <1 ms latency and 

99.9999% availability of connection along with the support of high-speed mobility for 

mission-critical applications, in fact one of its primary advantages is related to the 

reliability to support robust and autonomous real-time decision [13]. On the other hand, 

the ability to process and harmonize various inputs for fast response falls under its domain 

[14]. 5G can enable new services that can transform industries with ultra-reliable, available, 

low-latency links like remote control of critical infrastructure, vehicles, and medical 

procedures. Security, vehicle-to-vehicle (V2V) and vehicle-to-everything (V2X) 

applications, healthcare, utilities, cloud, and real-time monitoring situations are all use 

cases of URLLC. mMTC service refers to the robust and cost-sensitive connection of 

billions of devices such as Internet of Things (IoT) with long-time availability and low 

power consumption; its use cases include machine-to-machine (M2M) applications with 

minimal human interaction. mMTC involves a large mesh of low-cost, densely connected 

devices and considers IoT with low data rate for a large number of connected devices such 

as sensors with long-range and low maintenance times [15]. 5G is meant to impeccably 

connect a massive number of embedded sensors in virtually everything through the ability 

to scale down in data rates, power, and mobility, providing extremely lean and low-cost 

connectivity solutions. 

3GPP has defined two frequency range designations for 5G: Frequency Range 1 

(FR1) and Frequency Range 2 (FR2). FR1 covers low and mid-frequency bands while FR2 

is solely for mm-wave bands.  

The frequency range of FR1 and FR2 are defined below:  
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 FR1: 450 MHz - 6000 MHz (3GPP Rel. 15 V15.4.0 [16]), 410 MHz - 7125 MHz 

(3GPP Rel. 15 V15.5.0 [17]) 

 FR2: 24250 MHz - 52600 MHz Till 3GPP Release 15 V15.4.0, the maximum 

frequency range of FR1 was 6000 MHz hence the name “sub-6 GHz” became a 

norm but it was changed to 7125 MHz in 3GPP Release 15 v15.5.0. FR2 has 

remained the same till the latest report (3GPP Release 16 v16.3.0) [18].  

The 5G spectrum is classified into low-, mid- and high-bands:  

 Low-band: <1 GHz  

 Mid-band: sub-7 GHz (1 GHz - 7.125 GHz)  

 High-band: mm-wave (above 24 GHz)  

Two approaches are given by 3GPP for the rapid need of 5G roll-out: non-standalone 

(NSA) and standalone (SA). NSA is the early version of 5G NR as it uses LTE radio access 

network (RAN) and core with additional support for 5G low and mid-bands (sub-7 GHz). 

This variant is for fast-to-launch approach preferred by many carriers all over the world. 

While, the long-term variant, SA has advantages in terms of simplicity and improved 

efficiency of 5G next-gen core, lower costs, steady improvement of performance in the 

entire network while enabling URLLC and mMTC use-cases. In particular, SA gives 5G 

NR the ability for independent deployment as it is an end-to-end solution with a solid basis 

to exploit its full potential. On the other hand, it presents multiple time-consuming and 

cost-demanding challenges associated with it such as building new 5G infrastructure [19]. 

NSA 5G requires more incremental improvements over its SA counterpart. 4G LTE had 

40 bands and the 5G cellular networks support even more low- and mid-bands, resulting in 

complexity in hardware design. The first phase of 5G deployment and its implementation 



12 

12 

 

has introduced challenges by adding more bands in FR1. Similarly, FR2 requires addition 

of new hardware, resulting in added complexity and miniaturization challenges. This has 

driven advances in all aspects of the system hardware: from ICs to devices and from 

cellular devices to base stations [20].  

1.2 Mm-wave antennas 

The ever-demanding growing need for higher data rates in wireless 

communications pushes new applications into the mm-wave frequency domain. Base 

stations for 5G wireless communication, two-way satellite communication, and point-to-

point wireless backhaul, and commercial radar are all emerging applications in this domain 

[21], [22]. These mm-wave applications take advance from using phased array 

technologies. Phased arrays offer fast electronic beam steering, multi-beam operation, 

adaptive pattern shaping, and multiple-input, multiple-output (MIMO) capabilities [23]. 

The available spectrum at mm-wave frequency bands, above 24 GHz, can deliver ultra-

high throughput, ultra-low latency, and extreme capacity. It is an essential part of 5G 

system, but it is necessary to evaluate different complexities, such as:  

 link budget: achieve target radiated power with high bandwidths at mmWave 

frequencies; 

 power consumption: support multi-Gigabit throughputs with high power efficiency; 

 mobility: maintain reliable mm-wave connectivity in a changing mobile 

environment;  

 thermal performance: support high transmit power while maintaining thermal 

stability and avoiding localized hotspots;  
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 regulatory compliance: optimize transmit power and throughput while meeting 

regulatory requirements; 

 stringent size constraints: achieve high antenna efficiency and multi-band support 

in challenging form factors. 

 

In the 5G network concept, the networks are getting denser than ever before. 

Millimeter-wave communications play an important role in the backhauling of mobile 

traffic: for example, millimeter-wave systems operating at 71- 86 GHz (E-Band) area can 

provide high throughput with very high-frequency reuse by utilizing very narrow beams. 

The mm-waves area is relatively new in terms of actual products, but it has been an area of 

research for over a hundred years. Since the data rates in wireless communication systems 

have been growing very fast recently, the systems operating on the sub-6GHz spectrum are 

reaching their capacity limits. The big potential of mm-wave is the available spectrum. A 

very commonly used MIMO technique for millimeter-wave systems is beamforming. With 

beamforming, it is possible to generate high gain and very directive beams by electronically 

phasing the antenna elements in an antenna array. Multiple elements transmitting with 

different phases and/or amplitudes can be used to cause constructive interference towards 

desired directions and destructive interference towards undesired directions. Eight are the 

specification requirements for 5G technology: frequency bands, data rate, mobility, 

latency, forward error correction, access technology, spectral efficiency, and connection 

density considering connection reliability  [24]–[26]. One of the key elements for 5G mm-

waves device is the antenna, which is required to work at an enhanced gain, bandwidth, 

and lesser radiation losses. For this purpose, it is possible to distinguish three kinds of 
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antennas: printed antennas or PCB antennas, in-package antennas, and on-chip antennas. 

In the first case, the antenna is implemented directly on the PCB board, the major 

advantages are related to the lower cost and to the process maturity, while the major 

challenges are the manufacturing process and the tolerances, in terms of patterning 

precision and coarse design rules.  

Nowadays, because of the short wavelength at mm-wave frequencies, antenna 

designs are shifting from conventional PCB designs to in-package antennas and on-chip 

antennas solutions. Compared with the on-chip solution, in-package solutions offer a high 

gain, broad bandwidth, and cost-effective approach by incorporating multilayer substrate 

materials and chip-integration techniques. Moreover, the insertion loss between the 

antenna and chip can be minimized by providing a shorter interconnect. Wire bonding and 

flip-chip are interconnection techniques available in the packaging industry: the first is well 

known in consumer electronics and remains a very attractive solution because it is robust 

and inexpensive. On the other hand, the discontinuity introduced by the bond wire, if not 

well designed, can significantly affect the performance of the interconnect. While, the flip-

chip interconnection, because of its less parasitic inductance; has a better performance than 

that of the wire bonding but it is more expensive and complex.  

In comparison with conventional off-chip antennas, on-chip antennas solution 

offers several advantages. Firstly, on-chip implementation is more feasible, it integrates 

the complete RF front-end and the antenna directly on the same silicon die, thereby 

avoiding lossy interconnections. Secondly, there is no need for an impedance matching 

network between the antenna and RF front-end in the presence of an antenna on-chip 

(AoC). Finally, they provide flexibility to designers in the form of antenna and transceiver 
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components codesign opportunity thus saving precious chip area and design time. Despite 

its high potential, this approach offers several challenges, one of them being related to the 

inherent low gain caused by losses in low-resistivity silicon substrates (silicon 10 Ω-cm), 

which is beneficial for ICs (as it avoids latch-up) but disastrous for on-chip antenna design. 

Besides, silicon substrate causes the confinement of the power in the substrate thus 

reducing the portion of fields radiated into the air, this situation is related to the high 

dielectric constant (silicon relative permittivity constant is 𝜀𝑅=11.9). All these problems 

are typical of CMOS or BiCMOS technologies. Another problem is related to surface 

waves, which are in turn related to the problems listed before, as they interfere with the 

space waves of the antenna resulting in a radiation pattern with multiple nulls, causing 

power losses and severely influence the antenna radiation, thus resulting in low gain and 

low efficiency. The three approaches listed before are all examples of mm-waves antennas 

that can be employed as feeding elements for 5G networks. 
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CHAPTER 2 

 

5G BACKHAULING 
 

2.1 Architectures and requirements 

With the increasing mobile traffic in the upcoming new generation for mobile 

communication, better solutions for capacity and coverage should be added to the new 

backhaul networks, in fact, the capacity requirements of the transmission network that 

supports backhaul traffic from the core network increase significantly. 5G backhaul mobile 

networks deals with the well-known issues typical of old generations such as capacity, 

availability, deployment cost, and long-distance reaches, but introduces new challenges in 

terms of ultra-low latency and ultra-dense network capabilities. 

Mobile backhaul is a portion of the network which connects radio access air 

interfaces to the cells of the core network which gives the network connectivity to the end-

user, or it can be defined as a part of the network which connects the Base Stations (BS) 

with the Base Station Controllers (BSC). Most of these links mainly rely upon physical 

mediums such as copper, microwave radio link, and optical fibers based on specific 

applications. In the first generations, mobile backhauls implementations were time-

division multiplexing-based but the packet-based network is inevitable due to latency delay 

and heavy growth in mobile traffic [27].In the second generation (2G), because of next-

generation services availability, service usages fall. In the last decade, with the big 

developments in mobile devices, there is a change in mobile backhauls applications which 
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firstly were human-centric traffic and now machine-based traffic; another issue is related 

to the bandwidth consumption in new mobile backhaul networks with the ever-increasing 

data. Due to the advancements in technologies, backhaul networks based on 3G and 4G are 

not able to meet the requirements of gigabits of data rates, in fact, they lack in terms of 

latency, capacity, cost efficiency, energy, and availability. The upcoming new generation 

5G mobile backhaul network will be capable of supporting ultrahigh definition video 

streaming, high-quality image transfer, cloud resources, and live video games with 

multimedia and advanced computing features. 

5G key concepts will be ultralow latency and small cell concept, the latter provides 

increased throughput and also efficiently reduces the energy consumption in cellular 

networks. For 5G mobile communication, mm-wave is a very important backhaul solution, 

in fact, thanks to the short wavelengths at these frequencies, communications will provide 

higher transmission bandwidth. As stated before, small cells and so ultra-dense networks 

are the main characteristics of 5G networks, but they have some limitations in terms of 

network architecture and cellular densification. Another novelty is introduced by MIMO 

technology, which can increase the spectrum efficiency of 5G mobile networks. A key 

concept is related to the increased data rate, which is 1000 times much higher than the 

previous generation 4G technology, and the most preferred technique to support this 

application is network densification. 

5G networks major challenges can be summarized into eight different points [28]: 

 Network capacity: 5G will interconnect and will support different devices, typical 

of applications such as M2M and IoT. There will be an increased traffic of the 
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network, so one of the major challenges in 5G cellular network will be the high-

capacity requirement from the transport network to the core; 

 Ultra-dense network: In this case, network densification is reached by increasing 

the density of the small base stations (SBS), which support more users in a specific 

location. From a density point of view, SBS can be augmented until there is only 

one user-supported per SBS with its backhaul connection and transmission. This 

intense densification poses lots of challenges such as providing high capacity 

backhaul connectivity to the SBS and defining the cell associations. 

 Frequency: With the use of radio access network frequency band in 5G, the cell site 

capability will be less if compared to the present micro or macro cell and also cell 

reach cannot be augmented by 1000 times. To solve this issue, dense small cell 

implementation is one of the possible and efficient solutions to support this 

increased capability. On the other hand, with the densification of the cells, the 

frequency reuse phenomenon is limited.  

 Availability: In mm-waves and microwaves, backhaul links are affected because of 

weather conditions and multipath propagation. To solve these issues, adaptive 

modulation schemes are used to reduce the line rates. For 5G networks, maintaining 

availability is essential to reach new services and for many M2M applications. 

 Ultra-low latency: As stated before, ultralow-latency and denser small cell 

deployment are two key concepts of 5G network. On the other hand, in case of an 

high demand, cost efficiency and network reliability are very crucial while 

designing these networks. 
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 Network energy consumption: Energy consumption is an important aspect in order 

to solve backhaul energy-related bottlenecks. In 5G networks, fifty percent more 

rise in energy consumption comes from growth in small cell density, from the 

establishment of Heterogeneous Networks (HetNets), and from the generation of 

ultra-dense networks.  

 Deployment cost: In order to provide an increased network capability, a big issue 

is the establishment of a cost-effective backhaul solution in 5G networks. To meet 

the customer demands, an application-based traffic-engineering system is required. 

 Coverage: In 5G networks, the main disadvantage of dense small cell deployment 

is massive backhaul traffic at the supercell, which is an aggregation point where the 

traffic is concentrated, and all the cells are connected together. This creates 

congestion, and it may result in collapsing the backhaul networks [29]. In recent 

years, coverage is one of the challenges for backhaul networks based on 5G. 

Among mobile backhaul solutions for 5G networks, it is possible to distinguish wired and 

wireless backhaul solutions. As wired solutions, it is possible to take into account optical 

fibers and T1/E1 lines. T1/E1 cables represent the main type of typical backhaul option, 

which interconnects the BSC and the Base Transceiver Stations. For backhaul networks, 

optical fibers are the most preferred for their huge bandwidth, increased capacity, coverage, 

and their improved Bit Error Rate. On the other hand, this technology poses different 

challenges, such as its time-consuming deployment and the problem to lay fibers at 

mountains, highways, rivers and under buildings; other influencing factors are represented 

by optical fiber transport and aggregation costs. On the contrary T1/E1 copper cables suffer 

from poor bandwidth granularity which increases with the growth of T1 or E1, but recently 
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effective cost solutions such as digital subscriber lines are largely adopted as cellular traffic 

backhaul solutions. 

Due to its viability and cost-effectiveness, wireless backhaul is in use worldwide; 

as well as optical fibers and T1 and L1 copper lines, its implementation depends on 

different parameters such as propagation conditions, cost factors, site locations, 

interference conditions, and traffic intensity. Moreover, as wireless backhaul medium, 

microwave and millimeter-wave provide end-to-end control of the network to the operator.  

Mm-wave is principally used for small cell backhaul solutions for its enormous 

spectrum, especially in the high-frequency range which includes frequencies from 30 GHz 

up to 300 GHz, while the range which covers frequencies from 6 GHz to 60 GHz also 

support RF mm-wave backhaul networks. Thanks to the smaller wavelengths, it is possible 

to integrate multiple antennas and small cells resulting in Massive MIMO in LOS or non-

LOS applications. When compared with microwave techniques, mm-wave backhaul 

techniques are able to reach high data rates (1-2 Gbps) with a small reach, which causes 

high propagation loss. This is caused by phenomena such as fading due to rain, absorption, 

and multipath propagation. The mm-wave communication suffers narrow beams 

phenomenon which brings to alignment problems and can be solved by using mm-wave 

RF equipments in a solid structure. Mm-wave is a wireless backhaul solution for small-cell 

networks in the upcoming 5G network, in this scenario RF components of transceivers, in 

terms of modulation and beamforming, and the antenna array play an important role.  

Microwave bands are used as backhaul frequencies bands with a maximum distance 

of 50 km. The supported data rate is up to 500 Mbps, but by using ultra-high spectral 

efficiency schemes, such as MIMO or LOS, or advanced modulation schemes, such as 



21 

21 

 

4096 QAM or much wider channel gaps, it can be boosted up to 10 Gbps for medium and 

long-haul communications. At the moment, 50% of mobile backhaul traffic comes from 

microwave RF technology. The advantages of microwave RF usages are lower deployment 

time and cost-efficient; on the other hand, its performance is adversely affected by weather 

conditions and propagation environment.  

Satellite backhaul is another solution for mobile backhauling. It can be 

implemented in fringe areas of the network, especially in rural scenarios in emerging 

markets. It can be also defined as an emergency backhaul communications link solution in 

developed and emerging markets. Furthermore, satellite backhaul may be deployed as a 

temporary measure, waiting for regulatory microwave licenses to be approved. The 3GPP 

has already evaluated the potential of satellites for 5G backhaul as part of Release 14. To 

define the technical aspects of integrating satellite networks into 5G network infrastructure 

deployments, 3GPP is considering two possibilities. One study aims to define deployment 

scenarios and related system parameters as well as to gain more information on channel 

models. The second phase of the study will handle the evaluation and definition of RAN 

protocols and architecture [30]. 

The spectrum for 5G wireless backhaul takes place in the sub-6 GHz (licensed and 

unlicensed), microwave (6 GHz to 40 GHz), V-band (60 GHz), E-band (71 GHz to 86 

GHz), and W-band (92 GHz to 114.25 GHz) as well as the D-band (130 GHz to 174.8 

GHz). Worldwide most of the mobile backhaul links are concentrated in bands below 23 

GHz. Significant regional differences come from rain intensity statistics, for example in 

Europe frequencies particularly involved are 26 and 38 GHz after 15, 18, and 23 severely 

crowded, while in Far East and in Latin America they are concentrated mostly on 7/8, 15, 
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18 and 23 GHz. E-band is growing fast and it can be a valid solution for tropical countries 

such as India, where there are still untapped bands above 23 GHz and E-Band [31]. 

Considering E-band, W-Band and D-Band, it is possible to do some considerations: the E-

Band is the most mature technology with lots of applications, W-Band, in CEPT ECC 

released Recommendation (18)02, is considered as an extension of the E-Band considering 

propagation characteristics and technology availability, and D-Band, in CEPT ECC 

released Recommendation (18)01, the availability of huge amounts of spectrum in this 

band and its favourable propagation characteristics, makes this a high priority band for the 

industry.  

 
Figure 2-1: Spectrum for backhauling [31] 

 
Figure 2-2: Backhaul frequency bands (GHz) in global use [31] 
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2.2 Backhauling antennas: State of the Art 

In this section will be evaluated the State of the Art of backhauling antennas, taking 

the mm-wave frequencies as target. In particular, the attention will be focused on the E-

Band and W-Band because the radiating elements which will be presented in the next 

chapters have been designed taking into account these mm-wave bands. The use of mm-

wave bands for the design of data transmission and sensing systems has various advantages 

such as high data rate, given by the large bandwidth which resolves the spectrum crowding; 

reduced size, in which the short-wavelength allows the design of small antennas of high 

directivity; and finally the possibility to fully monolithically integrate the transceiver in a 

single chip [32]. For backhauling purpose, millimeter-wave wireless technology requires 

antenna systems with high gain (narrow beam) and the capability of electronic beam 

steering. That is necessary to provide a sufficient link budget and simultaneously to cover 

a large angle of view. A large class of millimeter-wave antennas is obtained by wavelength 

scaling of well-established antenna configurations developed for the microwave and lower 

frequency bands [33]. The antennas for such bands are typically required to have high gain, 

wide operating bandwidth, and low cross-polarization. There are several possibilities, 

going from basic antennas, which include patch, slot, monopole or dipole antennas, to 

reflector antennas, which comprise single or dual reflector configurations, Cassegrain 

configuration, and so on; passing from other applications which embrace a new type of 

antennas such as magneto-electric (ME) dipole or stacked patch antenna arrays, especially 

for beamforming purpose. Other radiating elements suited for these requests are aperture 

antennas, which include for example lens antennas or Fabry-Perot (FP) antennas. All these 

antennas are well suited for mm-wave applications in the bands of our interest, but at the 
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same time, they differ on the specific application which can require for example a reduced 

size, an high directivity antenna, a large bandwidth, and so on. For instance, high directivity 

can be fulfilled by using conventional lens [34], [35] and reflector antennas [36], [37]. 

However, if we consider other specifications such as low profile, lightweight, and easy 

installation, planar antennas are generally well suited for long-distance mm-wave wireless 

communication applications. At the same time, there are many challenges in the design and 

implementation of E-band and W-band antennas, which include the high conductor losses, 

high costs, and high sensitivity for the fabrication process. Another important challenge is 

related to the fact of developing high performance antennas at these frequencies with planar 

form and low cost which will be suitable for the future massive commercial E-band and 

W-band wireless [38].  

One of the most popular low-profile antennas in microwave frequencies is 

microstrip patch antenna array, but at the same time low radiation efficiency, generated by 

surface wave losses, radiation loss, and dielectric loss inhibits their applications in the mm-

wave spectrum [39], [40]. Another commonly used planar antenna is the slotted waveguide 

array, they can differ in air-filled waveguide, laminated waveguide, substrate integrated 

waveguide (SIW), and gap waveguide [41]–[46]. On the other hand, the conventional 

slotted waveguide arrays usually suffer from narrow impedance bandwidth or radiation 

pattern bandwidth. In recent years, the substrate integrated waveguide (SIW), which keeps 

similar merits of its planar counterparts and has lower loss than that of the microstrip 

antenna, has been proven to be a good design for high-performance microwave and 

millimeter-wave components, even for E-band, W-band and beyond applications. On the 

other hand, the resonant-slot SIW array antenna suffers from a relatively narrow impedance 
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bandwidth, and also as the number of radiation slots increases, the operating bandwidth 

decreases quickly since the impedance of the resonant slot varies significantly apart from 

the resonating frequency [47]. There are different techniques to enhance the bandwidth and 

the gain for these antennas such as: using hybrid cavity modes [45], using corporate feeding 

networks [41], optimizing the height of the loaded cavities for decreasing the Q values 

[48], etc. Other applications involve composite structures where different antennas are 

combined together with the waveguide, such as SIW aperture coupled magneto-electric 

dipole [49], [50], SIW feed patch arrays [39], [51], gap waveguide feed patch arrays [52] 

and air-filled waveguide feed patch or magneto-electric arrays [46], [53].  

Mm-wave antennas are generally presented as aperture antennas in the form of 

reflectors and lens antennas or antenna arrays, depending on system requirements. Aperture 

antennas are regarded as promising candidates to provide high gain radiation patterns, 

while antenna arrays offer a flexible antenna policy from which high gain antenna patterns, 

including adaptive ones like phased arrays, can be realized. The main drawbacks of arrays 

are represented by the complexity of beam-forming networks and also by the potential 

losses related to them [54]. 

In the E-Band and W-band other most conventional high gain antennas used are 

parabolic reflector antennas, but because of the high operating frequency, they will have 

high production costs caused principally by the complex machining process. Another factor 

that has to be taken into account is related to the big size and the weight of the antenna, 

which result in high shipping costs and heavy manpower expenditure on equipment 

installation and adjustment [55]. On the other hand, reflector antennas are able to provide 

at least 50 dBi of peak gain. Other attractive solutions to design high gain antennas at mm-
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wave frequencies are planar reflectarray or discrete lens antennas and they can be a valid 

substitute in terms of size, installation, low cost, small volume, and lightweight for the 

traditional reflector antennas. 

For instance, the lens, compared to the reflector, offers more degrees of freedom in 

the design [56]. Lens antennas have been receiving considerable interest recently due to 

their advantages such as multi-beam availability and potentials for wide-angle beam 

scanning. In order to take advantage from lens benefits, various beam-switching integrated 

lens antennas (ILAs) with homogeneous material lens and a planar antenna mounted on the 

lens back plane were proposed based on geometrical optics (GO) [57] or 3-D full-wave 

simulation tools [58]. Both lens and reflector antennas are often criticized because they 

provide high gain, but on the contrary, they are non-planar structures with a noticeable size. 

In [59], a technique for reducing the height and weight of extended hemispherical lenses is 

proposed, based on the introduction of a cylindrical air cavity above the primary feed.  

Other planar antennas that could be a valid solution for mm-wave antennas for 

backhauling applications are reflectarrays, which combine the best features of reflector 

antennas and antenna arrays. They provide good efficiency and a high degree of flexibility 

in synthesizing arbitrary antenna patterns. They are regarded as planar antennas because 

the array and the scatters are usually planar. Reflectarrays mimic the behaviour of a curved 

reflector, so each scatter has a configuration that produces a phase shift to compensate for 

the path lengths and successive phase delays introduced between the antenna and the 

reflector. Generally, reflectarrays can be imagined as an array of phase shifters capable, 

over a defined frequency range, to distort electrically the surface to represent the 

electromagnetic behaviour of a physical reflector. The first reflectarray elements were 
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based on resonators, based on the fact that pronounced shifts in the phase of the scattered 

field can be produced in the vicinity of the resonant frequency of the scatterer. Such designs 

employed printed dipoles/patches slots, rings, and other interesting shapes to realize the 

resonator. 

In the last years, researchers are posing their attention on reconfigurable 

reflectarrays capable of tuning the response of the scatterers to provide adaptive beam-

steering and beam-forming capabilities, while at first reflectarrays were approached to 

realize fixed-beam [54].  

Fabry-Perot Cavity Antennas (FPCAs) are another type of highly directive planar 

antennas, well suited for mm-wave frequencies and for backhauling applications, which 

can be a valid alternative to microstrip patch arrays or waveguide slot array antennas. 

Among its advantages is possible to find low fabrication complexity, high radiation 

efficiency, and good radiation pattern performance. The concept of Fabry-Perot Cavity 

antenna was introduced in 1956 by Trentini [60], although the term wasn’t used at time. In 

this work, have been proved how several types of periodic surface, acting as partially 

reflective surfaces (PRSs), can enhance the directivity of a single waveguide aperture 

surrounded by a ground plane. The FPCA is formed by an excitation source, for example, 

a slot in the ground plane, a microstrip patch or a dipole, and a partially reflective surface 

(PRS) placed at a distance of about half-wavelength and in parallel to a ground plane thus 

forming an open Fabry-Perot resonant cavity. The characteristics parameters of the FPCA, 

such as gain and bandwidth, are related mainly to the reflection from the PRS as well as 

the distance from the ground plane. There are different possibilities to represent the PRS, 

they can be a passive periodic array in the form of Frequency Selective Surfaces (FSSs), 
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used for filtering electromagnetic waves, or metasurfaces with sub-wavelength and 

potentially non-uniform unit cells [54]. In recent years different applications have been 

proposed for Fabry-Perot Cavity antennas for mm-wave spectrum, involving for example 

2D metallo-dielectric arrays of conducting elements [61], [62] or metallic periodic arrays 

of apertures in a conducting sheet [63]; other implementations employ one or more 

dielectric layers with different dielectric constants and thickness functioning as PRS [64]–

[66]. The use of superstrates reduces the degrees of freedom in the design, but at the same 

time presents benefits in terms of reduced fabrication complexity. 

Other attractive radiating elements in the mm-wave spectrum for backhauling 

applications are represented by stacked patch and magneto-electric dipole; in last years, 

these solutions are well suited for phased-array approaches. 

Stacked patches consist in stacking a secondary parasitic patch on a driven fed 

patch, this approach gives the possibility to enhance the bandwidth and the gain of the 

simple microstrip patch antenna, but on the other hand, the disadvantage of this approach 

is the additional fabrication cost [67]. 

Magneto-electric (ME) dipole antenna has been studied and discovered in recent 

years [68], it is regarded as a complementary antenna where an electric dipole is combined 

with a vertically shorted planar magnetic dipole; in particular, the feeding is provided to 

the magnetic dipole from the bottom side of the substrate. The ME dipole owns a high 

front-to-back ratio, low sidelobe and back lobe level, wide bandwidth, and low cross-

polarization. These features make this antenna very suitable for mm-wave applications for 

backhauling purpose [49], [69].  
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CHAPTER 3 

 

BACKHAULING ANTENNA CONFIGURATIONS 
 

3.1 Preliminary considerations 

In this chapter, will be described basic architectural aspects related to the 

development of a reconfigurable antenna for 5G backhauling applications.  

Different antenna configurations will be taken into account performing a preliminary 

feasibility analysis. This study is focused on integration aspects and on dimensional 

feasibility thus not taking into account link budget analysis. The antenna architectures 

taken into account in this work are analyzed based on the following preliminary 

considerations. The idea of developing a direct radiating array is discarded for two main 

reasons. First, because of the losses which would be generated in the power distribution 

network. The second motivation is related to the limited beam steering requirements which, 

combined with the high gain requirements, would not justify the implementation of a 

conventional direct radiating array. Mechanical steering is not taken into account.  

 

3.2 Possible antenna configurations 

Different antenna configurations will be taken into account such as: phased array-

fed reflector antenna, reconfigurable reflectarray-fed reflector, beam-switched reflector 
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antenna, beam-switched Cassegrain reflector antenna, reflector antenna with beam 

switching discrete lens, and confocal reflector antennas.  

 

3.2.1 Phased array-fed reflector antenna 

The geometry of this antenna is shown in Figure 3-1. It consists of a prime focus 

parabolic reflector antenna whose feed consists of a phased array [70]. In the simplest 

configuration, this antenna employs a single parabolic reflector which collimates the 

spherical waves originating from the feed to a given direction. The feed consists of an 

active electronically scanned array (AESA) which allows the reconfiguration of the 

reflector surface illumination as it is required to scan the reflector beam. Usually, the offset 

design is preferred as it avoids the feed blockage. The AESA size is usually higher than 

the horn feeds even though its size depends on the reflector F/D ratio. The phase of each 

element of the AESA has to be controlled in order to scan the reflector beam. Different 

approaches can be used to synthesize the AESA amplitude and phase distribution. On 

typical example is the conjugate field matching (CFM) method [71]. In general, to avoid 

beam aberrations, the phases of each AESA element in a given position, 𝜙𝐴(𝑚, 𝑛), should 

be calculated taking into account the phase of the field scattered by the reflector surface, 

𝜙𝑅𝑒𝑓𝑙(𝑚, 𝑛). In order to steer the reflector beam to a given direction, the sum of the two 

phases should be constant: 

𝜙𝑅𝑒𝑓𝑙(𝑚, 𝑛) + 𝜙𝐴(𝑚, 𝑛) = 𝐾 (1) 

With respect to beam scanning techniques achieved by moving the feed away from 

the reflector focal point, this approach provides less scanning losses [72]. However, this 

effect becomes less relevant when the scanning range is small as it is for the case at hand. 
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Feed blockage effect can be avoided by using offset configurations. It is worth noticing 

that this type of configuration requires an F/D significantly higher than other architectures. 

The AESA size, 𝑑𝑎, can be estimated assuming an inter-element spacing, 𝑖𝑎, of 𝜆/2 or 

0.7𝜆. In the proposed configuration, each AESA element should be controlled in phase 

and, possibly, in amplitude. 

 

Figure 3-1: Phased Array-Fed Reflector (PAFR) antenna geometry 

 

In principle, the PAFR configuration would be an effective solution for beam steering 

reflector configurations. Its main advantages are related to the possibility to have a better 

control on the synthesis of the feed pattern which can, in turn, avoid or correct distortions 

of the reflector pattern. Feed blockage can be avoided using off-set feeding configurations 

or folded architectures (e.g. Cassegrain). The same reflector could be used for Tx and Rx 

channels by using two off-set AESA. Nevertheless, the feasibility of the PAFR 

configuration is limited by possible integration issues which would likely arise in a real 

application scenario. 
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3.2.2 Reconfigurable reflectarray-fed reflector 

This configuration reflects the architecture shown in the previous section but the 

array, instead of having a corporate distribution network, is a reflectarray, i.e. it is spatially 

fed. The reflectarray acts as a reconfigurable secondary reflector which is illuminated by 

an external feed [73]. The phase of each reflectarray element can be determined following 

the approach of equation (1) but including, in this case, the effect of the feed as shown in 

the following expression: 

𝜙𝑅𝑒𝑓𝑙(𝑚, 𝑛) + 𝜙𝐴(𝑚, 𝑛) + 𝜙𝐹𝑒𝑒𝑑(𝑚, 𝑛) = 𝐾 (2) 

where 𝜙𝐹𝑒𝑒𝑑(𝑚, 𝑛) is the feed phase.  

In principle, the reconfigurable reflectarray size should not be the same of the AESA feed 

of the previous section. The effective size, indeed, depends on the radiation pattern of the 

primary feed and on the overall antenna configuration as well as on the efficiency 

requirements. Nevertheless, the integration aspects, which are being investigated in this 

chapter, are similar to the AESA with one major exception. The reflectarray, indeed, does 

not require a corporate distribution network. Therefore, the number of passive blocks to be 

implemented for the integration is limited to a minimal intra-cell routing and to two 

transitions for each antenna. 
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Figure 3-2: Reconfigurable reflectarray-fed reflector antenna geometry 

 

The reconfigurable reflectarray-fed reflector presented in this section is an alternative to 

the PAFR architecture described in section 3.2.1. With respect to the PAFR, the 

configuration at hand has a simplified structure of the manifold due to the absence of a 

corporate feed network. This feature results in a higher efficiency when the size of the 

reflectarray becomes larger. For smaller sizes of the reflectarray, this peculiarity is limited 

by spillover losses in the sub-reflector. The absence of the feeding network avoids also the 

use of an IF section as well as buffer amplifiers which should be taken into account in the 

design of a large AESA. Therefore, the configuration proposed in this section appears to 

be sustainable in terms of integration capacity although further investigations are requested 

to validate the preliminary results presented in this section.  
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3.2.3 Beam switched reflector antenna 

The configuration proposed in this section is based on the focal-plane array concept. 

This reflector configuration consists of a reflector antenna fed by an array of feeds located 

in the reflector focal plane [74]–[76]. As shown in Figure 3-3, each array element, or sub-

sets of array elements, can be used to create a beam feeding for the reflector. Typically, 

focal-plane arrays are implemented using a cluster of horn antennas so as a multi-beam 

reflector can be achieved. Aberrations and distortions might affect off-axis beams thus 

leading to a reduction of the aperture efficiency. The different beams can be also combined 

to generate other beam configurations. Is worth noticing that, in this case, each feed 

configuration would illuminate only a portion of the reflector from an off-focus position. 

Therefore, this would generate a distortion of the reflector beam and a reduction of the 

overall efficiency. In order to generate continuity between two adjacent beams, the 

different feeds in the array can be connected to the MMIC along with an IF 

switching/combining unit. This approach has the advantage of having the switching 

/combining unit operating at a lower frequency (i.e. with lower losses) while having the 

power and low noise amplification units closer to the antenna. Nevertheless, there is the 

drawback of a higher integration area. 

The geometrical description of the antenna configuration proposed in this section is shown 

in Figure 3-3. The array of feeds is integrated in a single PCB board having on one side 

the radiating elements and on the opposite sides the MMICs. One MMIC is required for 

each feed whereas other chips (or another chip) are necessary to implement the 

switching/combining unit. As for the previous configurations, also in this case it is possible 

to use a multi-reflector configuration (e.g. Cassegrain will be described in the following 
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section). The size of each cell is 𝑚𝑎. Therefore, the feed can be laterally moved of multiples 

of 𝑚𝑎. Assuming a lateral displacement of the feed at 𝑑𝑓 (corresponding to an angular 

displacement 𝜃𝑓, the main reflector beam scans at 𝜃𝑏 off axis. The ratio 𝜃𝑓/𝜃𝑏 is called 

beam deviation factor (BDF) [77]. Two examples of BDF are reported in Figure 3-5 for 

two reflector configurations having F/D=0.3 and 0.4. As it can be observed, BDF is always 

higher than one meaning that the lateral movement of the feed should be higher than the 

beam off-axis angle. This tendency is reduced when the F/D is increased. However, this 

option is not viable as it requires more directive and therefore larger, feeds. The use of dual 

reflector configurations can reduce the BDF to values lower than the unity thus providing 

larger room for the integration. 

 

Figure 3-3: Switched beam reflector antenna geometry with a feed array on the reflector 

focal plane  
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Figure 3-4: Far-field beam and feed off-set 

 

 

Figure 3-5: Beam deviation factor for two different configurations of single reflector 
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The integration aspects are explored in the case of a single reflector at 75 GHz. The 

reference values are summarized in Table 3-1. Considering that for D=0.9 m the HPBW 

is equal to 0.3 deg, beam switching within the HPBW requires the angular off-set between 

two adjacent beams to be not higher than 0.3 deg (i.e. 𝜃𝐹  should be designed to achieve 𝜃𝐵 

equal to 0.3 deg). It is worth noticing that the BDF is not constant for all values of 𝜃𝐵. 

Consequently, the values of 𝑚𝑎 shown on Table 3-1 are subject to small changes.  

D (m) F/D 𝜽𝟎 (deg) 𝒎𝒂 (mm) 

0.9 0.3 79 1.88 

0.9 0.4 64 2.2 

0.9 0.5 53 2.8 

Table 3-1: Beam switching single reflectors 

 

The value of 𝑚𝑎 fixes the available space for the integration of the chips, of the radiating 

elements, and of the switching and distribution/combining circuit. The radiating element 

size, whose value can change depending on several factors, is also essential to determine 

the reflector illumination efficiency. As an example, the directivity of the reflector vs. the 

feed taper at 𝜃0 is shown in Figure 3-6. As it can be observed, for the three configurations 

at hand the optimal gain value is reached when the amplitude taper is comprised between 

-10 and -5 dB with a directivity deviation of less than 0.5 dB. It is worth noticing that the 

integration issues are due to the size of the MMIC rather than to the size of the radiating 

element. Indeed, considering that the requirements on the link-budget for the application 

at hand are broadly matched, it would be easy to implement the focal plane array by using 

simple patch antennas combined with a focusing element which can be a dielectric lens or 
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a parasitic radiator. In both cases, this arrangement will cover the beam taper requirements 

shown in Figure 3-6-a. 

 

(a) 

 

(b) 

 

(c) 

Figure 3-6: a) Reflector directivity vs. feed taper angle at 𝜃0 when 𝜃𝐵 = 0 deg ; b) pictorial 

view of the feed array board with focusing layer to control the feed directivity; c) example 

of array of feeds with integrated MMICs 
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The single reflector antenna with switched beam feeds might be a valid solution for the 

application at hand only if small feeds are used. For example, considering 𝑚𝑎 equal to 2 

mm, the array of feeds to be placed on the reflector focal plane is shown in Figure 3-6-c. 

Based on the results shown in the previous section, this cell size should be sufficient to 

achieve a beam shift of 0.3 deg while providing enough room for the integration of a single 

patch antenna. A stacked arrangement or a focusing layer should be used to increase the 

single feed directivity. The overall array of feeds is comprised of 21 cells. Each cell is 

connected to one chip (Rx MMIC in the example). The area occupied by the MMIC 

exceeds the area of the radiating unit cell (𝑚𝑎 × 𝑚𝑎) thus making difficult the integration. 

Nevertheless, the limited number of elements to be used in the array allows extending the 

MMIC integration area beyond the limits posed by the radiating elements. If needed, the 

on-chip phase shifter could be used to control the channel phase, if required. In order to 

simplify the integration, the chip configuration should be changed to include the switching 

elements (not shown in Figure 3-6-c) required by this antenna architecture. If this would 

be possible, the same front end could be used, for example, to serve two feeds thus 

simplifying the overall design of the array board. On the other hand, the efficiency 

reduction due to feed blockage would be minimal as the size of the array of feeds would 

be limited to a centimeter. The most challenging aspect of this solution is, instead, on the 

board manufacturing technology which should be more advanced with respect to standard 

PCB processes. 
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3.2.4 Beam switched Cassegrain reflector antenna 

Dual reflectors and, in particular, Cassegrain reflector antennas can be a valid 

alternative to single reflector antennas. Indeed, Cassegrain reflectors allow having beam 

deviation factors lower than unity thus making possible to achieve larger sizes of the unit 

cell size, 𝑚𝑎. The geometry of the Cassegrain reflector antenna with a switched beam feed 

is shown in Figure 3-7. An array of switched feed points towards the sub-reflector which 

reflects the beam to the main reflector.  

 

Figure 3-7: Geometry of the Cassegrain antenna with switched feed 

 

As for the single reflector, a lateral displacement of the feed, 𝑑𝑓, results in a squint of the 

main reflector beam at an angle 𝜃𝐵. As it can be observed in Figure 3-8, the Cassegrain 

reflector has a beam deviation factor higher than the single reflector case resulting in a 

wider integration area. A higher value of the eccentricity of the secondary reflector, 

although requiring more focused feeds, results in lower beam scanning losses. 
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(a) 

 

(b) 

Figure 3-8: Cassegrain reflector: a) beam tilt vs. lateral feed displacement; b) Reflector 

directivity vs. lateral feed displacement 
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of the Cassegrain reflector with D=0.9m, F/D=0.5, IF/F=0.5, and ecc=1.7 when excited by 

different feed typologies. In particular, the feed taper at 𝜃0 = 14.7 deg  was taken in the 
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range from -12 to -3 dB. Results, reported in Figure 3-9, show that the effect directivity of 

the feed on the reflector directivity is greater with respect to the single reflector 

configuration. An acceptable range of feed amplitude taper from the axis to the sub-

reflector rim, 𝜃0 = 14.7 deg , is comprised between -12 and -6 dB. It is worth noticing that 

even considering an amplitude taper of 6 dB at 𝜃0 in a single plane would require a uniform 

array of 5 elements spaced at half a wavelength. Therefore, the size occupied by each feed 

would be equal, at 75 GHz, to about 8 mm. Higher values of directivity will thus exceed 

the expected unit cell size, 𝑚𝑎. More complex feed structures should be studied to 

overcome this problem. For example, as mentioned in the previous section, a superlayer 

could be used to increase the directivity of the single feed. Other compact printed structures 

providing high directivity include cavity-backed printed antennas or shorted patch 

antennas. A dedicated study is required to validate the feasibility of these alternative 

solutions. 

 

Figure 3-9: Effect of the feed taper over the directivity of the dual Cassegrain reflector 

(D=0.9m, F/D=0.5, IF/F=0.5, and ecc=1.7) 
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The Cassegrain reflector configuration with switched feed array appears to be a 

theoretically valid solution but it poses several integration challenges. In particular, the 

preliminary study shows that the needed feed directivity is not compatible with the lateral 

feed displacement required to achieve the desired off-axis beam squint. While in the case 

of the single reflector the limit was due to the size of the MMIC, in this case, the limitation 

is generated by the high directivity of each feed which is not compatible with the required 

lateral displacement. Alternative antenna configurations should be analyzed to verify the 

feasibility of this approach.  

 

3.2.5 Reflector antenna with beam switching discrete lens 

As an alternative configuration that provides another degree of freedom in the 

design of the reflector optics, in this section is proposed a single reflector (e.g. D=0.9 m) 

fed using a discrete lens with beam switching [79]. The proposed geometry is shown in 

Figure 3-10. Depending on the active feed, the discrete lens pattern can be scanned to an 

off-axis angle. With respect to the reflectarray solution, this approach has the advantage of 

offering more degrees of freedom while posing less complex integration challenges. A 

classic example of constrained lens array (CLA) is the Rotman lens [80] which is typically 

used to achieve beam scanning on a single plane. The basic design principles which will 

be presented in this section are based on the assumption of using a constrained lens which 

is the discrete lens configuration offering the higher number of degrees of freedom.  The 

reference geometry is shown in Figure 3-10-c and, in a more detailed view, in Figure 

3-10-d. The radiating surface is made up of a linear uniform array. Each element on the 

radiating surface is back-to-back connected to the internal surface through transmission 
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lines. Other antenna elements are present on the internal surface, which forms a cavity with 

the focal surface where the array of feeds is located. In the form shown in Figure 3-10-d, 

the constrained lens has three degrees of freedom, namely: the shape of the internal surface, 

the relative position between the elements on both sides of the lens and the phase delay 

added by the transmission lines interconnecting each couple of radiating elements. A 

simplification of the proposed lens structure can be achieved by using a planar (i.e. printed) 

constrained lens [81] which leads to a transmit array configuration (Figure 3-10-b). An 

interesting example of this type is shown in [82]. In this work, beam switching is realized 

integrating by means of flip-chip technology an off-the-shelf (Triquint TGS4306-FC) 

single-port four-throw (SP4T) MMIC which activates four different feeds implemented by 

an array of printed slots. The antenna gain is about 32 dBi in E-band. It is worth noticing 

that this configuration implements beam scanning on a single plane and the OP1dB of the 

switch is not taken into account as well as its impact in terms of noise. 

 

(a) 
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   (b)          (c) 

 

(d) 

Figure 3-10: Reflector antenna fed with a switched feed discrete lens: a) full antenna 

geometry; b) discrete lens with switched feed on a planar array; c) discrete lens with 

switched feeds integrated over a spherical surface; d) discrete lens with feed array: section 

view of a generic configuration with three degrees of freedom.  

The basic design principle for the beam switched planar discrete lens can be explained 

taking into account the 2-D analysis which is illustrated in Figure 3-11. The design 

procedure should be finalized to the calculations of the phase offset required between each 

couple of back-to-back antennas. This phase delay, which is implemented by the 

transmission lines interconnecting the antennas, has to be designed so as the antenna has a 

specific focal point. Assuming a focal length F, the design can be implemented to have the 
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lens focal point at 𝐹1 having coordinates in the x-z plane equal to (− 𝐹𝑠𝑖𝑛𝜃0, 𝐹𝑐𝑜𝑠𝜃0). 

Calculating the path length between the feed coordinates, each radiating element on the 

feed side (z=0), and on the radiating size (z= -dielectric height), the phase delay can be 

calculated for each element of the dielectric lens. When the feed is located at 𝐹1 the lens 

beam can thus point towards 𝜃𝐵. The higher degree of freedom of this configuration relies 

on the possibility to customize the value of 𝜃𝐵 and, in turn, the beam deviation factor. In 

such a way, it is possible to obtain larger values of the inter-feed distance thus allowing an 

easier integration of the MMIC. It is worth noticing that this effect is limited by the off-

axis gain of the radiating elements which constitute the discrete lens.  

 

Figure 3-11: Multi-focal discrete lens: section view 
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It is worth noticing that there are only four focal points, which provide an ideal response 

of the lens. In the figure, it is shown 𝐹1 and 𝐹2 being the other two ones symmetrically 

located in the z-y axis. When fed at 𝐹2, the lens beam points towards −𝜃𝐵. Feeding points 

located between 𝐹1 and 𝐹2 will generate beams pointing between ±𝜃𝐵. An arbitrary feed 

point, 𝐹3, will see the lens element as there was a path length error in the transmission lines 

interconnecting the internal and external radiator. This error will generate a distortion of 

the radiation pattern. The focal arc is the surface where the RMS of this path error is 

minimized. For 𝜃0 = 𝜃𝐵, it can be calculated as [81]: 

𝐺(𝜃, 𝜃0) = sec(𝜃0) 𝐹 [1 +
sin2 𝛼 sin2 𝜃

2(1 − sec 𝛼)(1 + sin 𝛼 sin 𝜃)
] 

(3) 

where 𝛼 = sin−1(𝑑𝑎/2𝐹). An example of an ideal focal arc is reported in Figure 3-12. As 

it can be seen, for limited scan angles, the ideal focal arc remains almost flat thus allowing, 

with minimal errors, the planar approximation as reported in Figure 3-10-b. 

 

Figure 3-12: Ideal focal arc for different discrete lens configurations. 𝑑𝑎=20 mm, 𝜃0 =
𝜃𝐵 
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This type of antenna suffers from several loss factors. Losses in the lens, including the 

losses of the transmission lines, depending on the dielectric and on the printed technology. 

However, they are comparable with what could be found using the other approaches 

proposed in this chapter. The aperture losses strongly depend on the design choices and 

affect the feasibility of the entire antenna architecture. They are defined as 𝜂𝐴 = 𝜂𝑆 × 𝜂𝐼, 

where 𝜂𝑆 and 𝜂𝐼 are the spillover and the illumination efficiency, respectively. In general, 

𝜂𝑆 and 𝜂𝐼 are complementary to each other because 𝜂𝑆 increases as the feed becomes more 

directive while 𝜂𝐼 decreases. It can be shown that for a circular lens with 𝐹 𝑑𝑎⁄ =1 the 

maximum of 𝜂𝐴 can be achieved when the feed directivity corresponds to cos𝑞 𝜃 with 

q=10. The use of a beam-switching discrete lens can be seen as an alternative to the PAFR 

or to the reflectarray-fed reflector. It is worth noticing that the beam scanning properties of 

a reflector fed with this system should be expected to be slightly degraded with respect to 

the PAFR and reflectarray feed case. Indeed, in the case of discrete lens feed, it is 

impossible to satisfy the conditions reported in equations (1) and (2) for different pointing 

directions of the reflector beam. The dimensional analysis regarding the lens aperture 

size, 𝑑𝑎 , is similar to these two cases. The main difference is that in the discrete lens 

configuration the spacing between the feeding elements can be adjusted through the design 

of the bi-focal configuration described previously.  

 

3.2.6 Confocal reflectors 

An alternative configuration presented in this section is the confocal reflector 

antenna [83] shown in Figure 3-13.  
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(a) 

 

(b) 

Figure 3-13: a) Geometry of the confocal reflector antenna; b) basic radiation principle: 

AESA feed  

The confocal architecture makes use of two parabolic reflectors with two focal lengths, 

namely 𝐹𝑀 and 𝐹𝑆 for the main and sub-reflector respectively. The pair of parabolas are 
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confocal, i.e. they share the focal location and they are usually off-set. In Tx mode, the sub-

reflector is illuminated by an array feed which can be an AESA or any other beam scanning 

array such as a discrete lens. The sub-reflector magnifies the received field reflecting it 

towards the main parabola which in turn generates the main radiation. The magnification 

factor, M, defined as 𝑀 = 𝐹𝑀/𝐹𝑆 is a key parameter for this type of antenna. Typically, M 

ranges between 5 and 15 resulting in a magnification of the feed. Essentially, the gain (or 

the directivity) of the feeding element is increased by a factor equal to 𝑀2. The main 

advantage of this configuration is related to the possibility to simplify the feed architecture 

by reducing its number of elements. This configuration is less used in space or terrestrial 

applications as the overall antenna height is higher than the corresponding Cassegrain 

solution. Nevertheless, for the case at hand, its inherent scan compression is considered as 

an essential advantage. Indeed, when the AESA feed is scanned of an angle 𝜃𝐴𝐸𝑆𝐴, the 

beam radiated by the main reflector will be scanned by an angle 𝜃𝑅𝑒𝑓 which is typically 

equal to 𝜃𝐴𝐸𝑆𝐴/𝑀. This architecture could be used in conjunction with a discrete lens 

having two degrees of freedom in the overall antenna design: i) the beam scanning in the 

feed can be reduced increasing the magnification of the confocal reflector; ii) the spacing 

between the feeds of the discrete lens can be increased applying the bi-focal design 

approach described in the previous section. 

3.3 Antenna solutions: comparison 

The preliminary study conducted in this work has analyzed, at different levels, 

some of the possible approaches which can be taken into account to design a beam scanning 

reflector antenna for E-band applications. The study has mainly taken into account the 
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dimensional feasibility of each configuration based on the system requirements. A 

summary of the results of this study is reported in Table 3-2. 

N Configuration Pros’ Cons’ 

1 PAFR Highest degrees of 

freedom in the beam 

control 

Complex architecture 

Integration feasibility 

High losses 

2 Reflectarray fed 

reflector 

Highest degrees of 

freedom in the beam 

control 

Complexity of the 

integration is similar to 

PAFR 

The architecture is 

simpler than PAFR 

Combining/Dividing 

losses are reduced 

3 Beam switched 

reflector 

Simple architecture of 

the feed 

Integration is limited by 

the MMIC size 

4 Beam switched 

Cassegrain 

Simple architecture of 

the feed 

Integration is limited by 

the required feed 

directivity 

5 Reflector with beam 

switching discrete lens 

The integration space 

can be controlled by 

design 

The control on the feed 

radiated beam is limited 

and its effect on the 

reflector should be 

verified 

6 Confocal reflector An alternative to be 

combined with Solution 

1 or 5 

Full-scale simulations 

required to validate the 

reflector patterns 

Table 3-2: Pros and Cons for each antenna configuration  
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Solutions 1 and 2 allow the highest level of control of the feed pattern as, in both cases, the 

amplitude and the phase of each element of the array can be controlled. The integration at 

the limits of the feasibility and it requires further investigations. The use of flip-chip 

bonding instead of wire bonding will reduce the overall area occupied by the integrated 

MMIC. Beam switched reflectors implemented by means of lateral movements of the feed 

are a valid solution considering either single reflector or Cassegrain designs. In the first 

case, the integration is limited by the MMIC size while in the second case the limit is due 

to the directivity required for each feed which would create overlaps. A possible integration 

approach for the feed of the single reflector has been proposed. This solution can be further 

improved by modifying the MMIC architecture to embed a switching stage. In such a case, 

each MMIC could serve more than one feed location thus significantly improving the 

manifold layout. The use of a superstrate layer has been proposed to increase the directivity 

of each feed in a printed arrangement. In Solution 5, the beam switched discrete lens, is 

proposed as an alternative to AESA feeds. In this configuration, the distance between the 

feeds can be controlled by design thus allowing an optimization of the layout and a 

simplification of the integration. It is worth noticing that the discrete lens could be 

employed as a reflector feed but also as a self-standing radiator. The confocal 

configuration, to be designed in off-set configuration, offers an additional degree of 

freedom in combination with an AESA or with a beam-switching discrete lens.  

 



53 

 

CHAPTER 4 

 

E-BAND BEAM SWITCHED CASSEGRAIN REFLECTOR 

ANTENNA 
 

4.1 Proposed solution 

The activities concerning antennas encompass the practical application to radiating 

structures of the transceiving chip. The envisioned chip architecture allows freedom in 

controlling both amplitude and phase of the transmitted or received RF signal. As a natural 

consequence, the chip becomes a basic component in a multi-antenna structure, which can 

then provide beam-scanning/forming/switching capabilities. The rationale for such desire 

is the very large directivity required by modern 80 GHz backhauling links, which in turn 

involves extremely narrow beamwidths and hence cause issues of alignment and tracking 

of the remote site. An analytical model has been developed and used to analyze the 

statistical availability of practical links. The outcome has shown how current solutions 

(without beam tracking) are severely hampered by thermal deformations of the masts and 

thus may not benefit from even larger antennas. Besides, the devised model has also been 

used to estimate the effect of a beam-tracking system: larger antennas can be used and their 

thermal deformations compensated for, hence allowing longer hops. A number of 

requirements for a beam-tracking system have therefore been drafted in the previous 

chapter, concerning the maximum angle to be scanned, tracking speed, allowed scan loss, 

and angular uncertainties. Based on such requirements several solutions have been 
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considered and compared, roughly summarizable as a large direct-radiating phased array 

with the same total EIRP, single- and double-reflector configurations fed by a small 

phased-array, single- and double-reflector configurations fed by a small switched-beam 

radiator. The former would require an excessive number of chips and a consequently huge 

DC power consumption; the latter two solutions instead allow to exploit the large gain of 

a reflecting dish while confining the control part to a small feed. Among these, the 

switched-beam solution has been chosen for its lower density of radiating elements, 

sufficient to accommodate an underlying array of TRX chips working only one at a time. 

The next steps will involve a proof of concept applied to a custom dish. 

As a proof of concept, the E-band dies are intended to be integrated on a feed-array reflector 

antenna providing multi-beam or switched beam operation. Different antenna 

configurations have been analyzed and a multi-feed Cassegrain reflector has been 

identified as the ideal antenna to validate the proposed concept. An array of switched feed 

points towards the sub-reflector which reflects the beam to the main reflector. A lateral 

displacement of the feed, 𝑚𝑎, results in a squint of the main reflector beam at an angle 𝜃. 

The proposed antenna concept is shown in Figure 4-1: a parabolic main reflector is 

illuminated through a secondary reflector, which is in turn fed through an array of feeds. 

The distance between the feeds, 𝑚𝑎, allows the generation of a tilt in the beam whose 

characteristics are proportional to the feed offset. Therefore, the integration of each feed of 

the board with a MMIC generates multiple beams within an offset compatible with the 

targeted applications, i.e. +/- 1 degree.  
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Figure 4-1: Multi-feed Cassegrain reflector antenna concept 

4.2 Antenna requirements 

The main requirements of the antenna, shown in Table 4-1, are related to the 

possibility to reconfigure the beam compensating small boom movements, which are 

estimated to be within ±1° in both azimuth and elevation planes. 

Table 4-1: Main antenna requirements 

To satisfy all the antenna specifications, the work has been organized in this way:  

1. Estimation of the feed unit cell size; 

2. Primary feed selection; 

D

F

θ 0

m
a

Mult i feed array board

Hyperboloid sub ref lector

Requirement Value 

Frequency range 

71-76 GHz 

81-86 GHz 

Steering range ±1° 

Gain 50 dBi 

Polarization Linear 
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3. Primary feed test in Cassegrain configuration; 

4.3 Estimation of the feed unit cell size 

As first step, several simulations have been performed using TICRA Grasp [78] to define 

the unit cell dimension 𝑚𝑎 of the Cassegrain antenna. The configuration used in TICRA 

Grasp is presented in Figure 4-2; a horn antenna has been taken as reference antenna and 

has been evaluated in Cassegrain configuration considering these parameters: 

 Diameter of the parabolic reflector=90 cm (D=90 cm); 

 Subreflector eccentricity=1.7 (Ecc=1.7); 

 Focal distance=22.5 cm (F=22.5 cm); 

 Interfocal distance=15.7 cm (IF=15.7 cm); 

 IF/F=0.7; 

 F/D=0.25; 

The unit cell dimension is linked to the steering specification presented in Table 4-1, in 

the final prototype the main beam of the reflector can thus be tilted from broadside by 

activating different elements of the feed array of the Cassegrain antenna.  

In this preliminary phase, the main beam will be tilted by moving a horn antenna in azimuth 

and elevation planes. A double reflector system has been taken into account considering a 

parabolic main reflector with D=90 cm and a hyperbolic sub-reflector with an 

eccentricity=1.7; the focal distance is F=22.5 cm. The horn antenna was placed at a distance 

of IF=15.7 cm from the focal point. 
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Figure 4-2: Preliminary Cassegrain configuration for defining the unit cell size 

 

To provide the requested steering of ±1°, the reference horn antenna should be moved of 

15.3 mm from the reference position, thus providing a steering angle of ±0.96°. Once 

delineated the maximum displacement in order to fulfill the steering specification, it is 

necessary to define the number of elements that will create the final feeding element that 

will feed the beam-switched Cassegrain reflector antenna that will meet all the design 

specifications. For instance, if we want to realize an array 3x3 of feeding elements, the unit 

cell dimension will be 𝑚𝑎= 15.3 mm and every cell will be capable to provide a steering 

of 𝜃𝐵 = ±0.96°, where 𝜃𝐵 is the squint of the main beam. For an array 5x5, it is necessary 

to use a unit cell size of 𝑚𝑎= 7.65 mm, thus providing a steering of 𝜃𝐵 = ±0.5°. For an 

array 7x7, the unit cell size will be 5.1 mm and the provided squint angle will be equal to 

𝜃𝐵 = ±0.33°. For an array 9x9, the unit cell size will have a steering angle of 𝜃𝐵 = ±0.25° 

with a dimension of 𝑚𝑎= 3.83 mm. All the proposed solutions are summarized in Figure 

4-3.  
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(d) 

Figure 4-3: a) Unit cell dimension 𝑚𝑎 considering an array 3x3 b) Unit cell dimension 𝑚𝑎 

considering an array 5x5 c) Unit cell dimension 𝑚𝑎 considering an array 7x7 d) Unit cell 

dimension 𝑚𝑎 considering an array 9x9 

The first (Figure 4-3-a) and second (Figure 4-3-b) configurations have been discarded 

because they lack in terms of resolution of phase of beam-steering; the first directly 

provides the requested steering and it doesn’t take into account other intermediate values, 

while in the second, the phase resolution is limited only to three values that is to say: 0 

degrees, 0.5 degrees and 0.96 degrees.  

The third (Figure 4-3-c) and the fourth (Figure 4-3-d) configurations are very similar, 

especially in terms of phase resolution, in fact, they provide a similar squint per unit cell, 

0.33 degrees the third and 0.25 degrees the latter. By looking forward to the final prototype 

that will feed the Cassegrain reflector antenna, it is necessary to evaluate other parameters 

and not only the phase resolution of the beam-steering.  

A key parameter is the unit cell dimension for the feeding network. For example, in the 

case of an array 7x7, the unit cell dimension will be 5.1 mm. For an array 9x9, the cell will 
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be 3.65 mm. As stated before, the first two configurations have been discarded because 

they lack in terms of phase resolution for beam-steering.  

In the case of an array 9x9, with 𝑚𝑎=3,65 mm, the space will be very restricted for the 

feeding network, nevertheless, other parameters such as mutual coupling must be taken 

into account and the reduced intracell space can cause this kind of problem. 

A good balance, in terms of phase resolution, for beam-steering and unit cell dimension for 

the feeding network, can be fulfilled with an array 7x7. Thus the unit cell size has been set 

to 𝑚𝑎 =5.1 mm and so an array 7x7 of feeding elements will feed the final reflector 

Cassegrain antenna, to realize a beam switched antenna. 

The effect of the feed directivity has been evaluated in TICRA Grasp using a horn as 

reference antenna, as shown in Figure 4-2, with the following parameters:  

 Taper=-12 dB;  

 Taper angle= 29.068910408117°;  

 Polarization: Linear 

The results obtained with the reference horn are shown in Figure 4-4.  

 
Figure 4-4: Preliminary Cassegrain double reflector with a horn as reference antenna at 

@77 GHz 
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In Figure 4-4 are presented the results obtained with a reference horn antenna in a 

Cassegrain configuration. The average gain obtained in this configuration is 56 dBi. In the 

reference position the peak gain is 56.12 dBi; at 0.33 degrees of steering, the peak gain is 

56 dBi; at 0.66 degrees is 55.95 dBi and at 0.96 degrees the peak gain is 55.66 dBi. As can 

be seen, the squint of the main beam does not have relevant effects, in terms of the gain, 

on the other configurations with respect to the reference case, where the antenna is placed 

at the reference position. In fact, the maximum losses are estimated in a range of 0.5 dB 

with respect to the reference case. At the same time, the side lobe level is good in every 

configuration and it goes from -27 dB, for the reference case, to -22 dB for the case where 

is realized the maximum steering, that is to say, 0.96 degrees. By considering the design 

specifications listed in Table 4-1, a horn antenna in a Cassegrain configuration can give a 

good balance in terms of gain and steering specifications. In the following section will be 

discussed different feeding elements which will be suited for the Cassegrain antenna, in 

order to realize a beam switched antenna and which will satisfy all the design 

specifications. 

4.4 Primary feed selection 

In the primary feed selection choice have been taken into account different 

parameters, in fact, as discussed in Chapter 2, several antennas can be suited for 

backhauling purpose for 5G mm-wave frequencies. The primary feed choice can involve 

from the simple microstrip antenna, such as a patch antenna, to the most complex antenna, 

such as magneto-electric dipole antenna. The selection of the feeding element is based 

mainly on the design specifications. 
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4.4.1 Magneto-electric dipole 

For the case at hand as primary feed, a magneto-electric dipole has been selected. 

Magneto-electric dipole is a complementary antenna, in which a planar electric dipole is 

combined with a vertically planar shorted magnetic dipole. This kind of antenna is well 

known in literature for owning wide bandwidth, superior radiation performance, high gain, 

and a simple structure as well. The two vertical metallic walls, which operate as a magnetic 

dipole, and the portion of the ground plane connecting the two walls together, that is to say, 

the electric dipole can be interpreted as a vertically oriented thick quarter-wave patch 

antenna, which has a ground plane size identical to the patch size. The principle of 

operation of the magneto-electric dipole is shown in Figure 4-5. The height of the basic 

magneto-electric dipole is about 0.25 𝜆𝑔, referring to the center wavelength. For low-

profile design, the vertical walls of the antenna can be folded without affecting the antenna 

performance too much [68]. From a technological point of view, this type of antenna was 

not originally conceived for integration in PCB structures. Only one decade ago [84], it has 

been demonstrated how this type of radiator can be effectively integrated into a standard 

multi-layer PCB for mm-wave applications. 

 

Figure 4-5: Principle of operation of Magneto-electric dipole [84]  

 



63 

63 

 

The combination of the radiation properties of the electric dipole and of the magnetic 

dipole, and so of the magneto-electric dipole, are shown in Figure 4-6. As can be noticed, 

the electric dipole presents an ‘8’-shaped radiation pattern on the E-plane and an 

omnidirectional radiation pattern on the H-plane. On the other hand, the magnetic dipole 

shows a complementary behavior, which means an ‘8’-shaped radiation pattern in the H-

plane and an omnidirectional radiation pattern in the E-plane. As a magnetic dipole and an 

electric dipole are excited simultaneously, a ME dipole is achieved. The radiation pattern 

of the ME dipole is a combination of the patterns of a magnetic dipole and an electric 

dipole. By compounding a y-aligned electric dipole and an x-aligned magnetic dipole, the 

forward radiation of the ME dipole is reinforced, whereas the back-radiation is reduced. 

Therefore, the identical heart‐shaped radiation patterns of the E‐ and H‐plane shown in 

Figure 4-6 are achieved [85].  

 
Figure 4-6: Synthesis of the Magneto-electric dipole patterns [68]  

 

The compound electric field of the ME dipole in the far-field can be expressed as follows: 
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�⃗� = 𝑗
𝐸𝑦𝑑𝑥𝑑𝑦

2𝜆𝑟
[ 𝜃 sin𝜑 (1 + cos 𝜃) +  𝜑 cos𝜑(1 + cos 𝜃)] −𝑗𝑘𝑟  (4) 

𝐹(𝜃) =
(1+cos𝜃)

2
  (5) 

According to (5), when θ = 180°, F(θ) = 0, which shows that the magneto-electric dipole 

has a low back lobe. In the last few years, thanks to the research advances in the ME 

integration on PCB, several examples of printed ME dipole have been proposed in 

literature by varying the shape of the radiating elements or by using different feeding 

configurations [86]. 

For the case at hand, a substrate integrated waveguide (SIW) fed aperture-coupled 

magneto-electric dipole has been proposed. The antenna consists of two PCB laminates as 

shown in Figure 4-7, in particular, two Rogers 3003 PCB laminates with a thickness of 0.5 

mm and a relative permittivity of 3 are used, detailed dimensions of the antenna are 

illustrated in Figure 4-8. The whole ME dipole structure is built in Substrate 2. A pair of 

horizontal planar dipoles composed of four identical metallic patch sections are printed on 

the top surface of Substrate 1. Each patch is connected to the ground through a vertical 

metallic via. 
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Figure 4-7: Geometry of the SIW-fed aperture coupled ME-dipole antenna 

 

Most of ME-dipoles present in literature are fed using a L-probe [87], and by using a 

coupling aperture instead of a L-shaped probe is difficult to achieve a good impedance 

matching. As stated in [49], by using a crossed strip located at the center of the antenna, 

added to connect the inner corners of the four patches of the ME-dipole together, is possible 

to solve the issue and to tune the impedance matching and, as a result, to have a good 

impedance matching. The antenna is excited by a slot; this aperture is etched on the top 

copper-clad surface of Substrate 1. A shorted-end section of a SIW with input port 1 is 

constructed in Substrate 1 to feed the aperture. The width of the SIW a is chosen as 2.06 

mm to guarantee that over the operating band, the SIW supports only the dominant mode 

and also is far away from the cut-off frequency. The diameter of the vias composing each 
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SIW is 0.2 mm. The size of the metallic ground plane is 5.4 mm×5.4 mm. The idea of the 

ME dipole is to combine a magnetic and an electric dipole together to get a symmetrically 

unidirectional radiation pattern with low back radiation. In this design, the electric dipole 

is realized by the pair of patches printed on the top surface of Substrate 2, and the magnetic 

dipole, which in general is presented as vertical walls of the shorted patch antenna, is 

represented by four vertical metallic vias.  

 
(a) 

  
         (b)                (c) 

Figure 4-8: Top views of the proposed ME-dipole 
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The antenna has been simulated and designed with the assistance of a full-wave 

electromagnetic solver Ansoft HFSS [88]. The simulated current distributions, in the 

proposed aperture-coupled ME-dipole antenna, are shown in Figure 4-9. As can be 

noticed, at time 𝑡 = 0 and T 2⁄ , where T is a period of time, the current on the inner edges 

of the horizontal patches is dominant, which indicates that the two quarter-wavelength 

apertures, that is to say the equivalent magnetic dipole in y-direction, are excited. On the 

other hand, at time t = T
4⁄  and 3T 4⁄ , the current is concentrated on the major portion of 

the horizontal patches, which indicates that the electric dipole in x-direction is strongly 

excited. Therefore, the planar electric dipole and the magnetic dipole are excited alternately 

with similar strength. As mentioned in [68], [89], the combination of the cross-electric and 

magnetic dipoles can operate as a complementary antenna, which leads to the desirable 

unidirectional pattern with low back radiation. 

 
Figure 4-9: Current distributions of the aperture coupled ME-dipole over a period of 

time: (a) 𝑡 = 0 (b) 𝑡 = 𝑇
4⁄  (c) 𝑡 = 𝑇

2⁄  (d) 𝑡 = 3𝑇
4⁄  

 

Electric dipole
Magnetic dipole

(a) (b)

(c) (d)

Planar dipoleQuarter-wavelength
aperture
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The final values of the dimensions of the aperture-coupled ME-dipole antenna working at 

E-band, that is to say from 71 to 86 GHz, as stated in the design specifications, are listed 

in Table 4-2.  

Parameters 𝑾 𝒘𝒂𝟏 𝒘𝒂𝟐 𝒘𝒂𝟑 𝑾𝑪 𝒍𝒂𝟏 𝒍𝒂𝟐 𝒍𝒂𝟑 𝑫𝒂 𝑫𝒃 𝑫𝒄 𝒂 

Values 

(mm) 

5.4 0.1 0.3 0.08 5.1 1 0.85 1.15 0.65 0.2 0.15 2.06 

Table 4-2: Dimensions of the SIW fed aperture coupled ME-dipole antenna 

The simulated Return Loss of the proposed antenna is shown in Figure 4-10. As can be 

noticed, the antenna presents a good impedance matching which is smaller than −10 dB in 

the band of interest, that is to say from 71 GHz to 86 GHz, and covers the whole E-band.  

 

Figure 4-10: Simulated Return loss of the proposed SIW-fed aperture-coupled ME-dipole 

antenna 

In Figure 4-11 is shown the gain VS frequency response of the proposed antenna, which 

shows a peak gain of 10.  dBi at 84 GHz. The 3-dB beamwidth includes all the band of 
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interest, as stated in the design specifications. In Figure 4-12 are displayed the Radiation 

Patterns of the SIW fed aperture coupled ME dipole antenna at 71, 77, and 85 GHz. 

 
Figure 4-11: Simulated gain VS frequency of the proposed SIW-fed aperture-coupled ME-

dipole antenna  
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Figure 4-12: Radiation Patterns of the ME dipole at (a) 71 GHz (b) 77 GHz (c) 85 GHz 

4.4.2 Butterfly magneto-electric dipole antenna 

In this section, a SIW-fed aperture coupled butterfly magneto-electric dipole is 

presented. The antenna is based on the same operating principle of the ME dipole presented 

previously, but the introduction of the rhomboid form [90],[91] for the electric dipole 

flattens and enlarges the impedance matching bandwidth and power up the gain response 

with respect to the simple SIW-fed aperture coupled ME dipole antenna. The proposed 

butterfly ME dipole antenna is shown in Figure 4-13; the antenna stackup is the same of 
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the simple ME dipole presented in the previous section, while the detailed dimension are 

depicted in Figure 4-14. 

 
Figure 4-13: Geometry of the SIW-fed aperture coupled butterfly ME-dipole antenna 

The final values of the dimensions of the aperture-coupled butterfly ME-dipole antenna 

working at E-band (71-86 GHz) are listed in Table 4-3. 

 

Parameters 𝑾 𝒘𝒂𝟏 𝒘𝒂𝟐 𝒘𝒂𝟑 𝑾𝑪 𝒍𝒂𝟏 𝒍𝒂𝟐 𝒍𝒂𝟑 𝑫𝒂 𝑫𝒃 𝑫𝒄 𝒂 

Values (mm) 5.4 0.285 0.08 0.1 5.1 1.2 1.3 1.15 0.65 0.2 0.15 2.06 

Table 4-3: Dimensions of the SIW fed aperture coupled butterfly ME-dipole antenna 
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(a) 

 
       (b)             (c) 

Figure 4-14: Top views of the proposed butterfly ME-dipole 

In Figure 4-15 and Figure 4-16 are presented respectively the return loss and the gain vs 

frequency response. As can be observed, with respect to the previous ME dipole 

configuration, the impedance matching is flattened and enlarged by maintaining a -10 dB 

level from 72 to 86 GHz and over. In terms of gain by comparing this element to the 

previous one, the peak gain is 11.1 dBi at 74 GHz and moreover, it is noticeable a power-

up of the gain in the first part of the E-band (71-76 GHz); this can be ascribed to the 
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presence of the rhomboid ME dipole. In Figure 4-17 are displayed the Radiation Patterns 

of the SIW fed aperture coupled butterfly ME dipole antenna at 71, 77, and 85 GHz. 

 
Figure 4-15: Simulated Return loss of the proposed SIW-fed aperture-coupled butterfly 

ME-dipole antenna 

 
Figure 4-16: Simulated gain VS frequency of the proposed SIW-fed aperture-coupled 

butterfly ME-dipole antenna 
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Figure 4-17: Radiation patterns of the butterfly ME dipole antenna at (a) 71 GHz (b) 77 

GHz (c) 85 GHz 
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4.4.3 Lens antenna 

Integrated lens antennas (ILAs) are widely used at mm-waves for various 

applications such as communication, imaging, and radars. One of the limits of this 

approach is linked to the height and weight of the lens, which is sometimes incompatible 

for on-board applications. For this purpose, four techniques have been proposed in 

literature I order to overcome this issue. The first is linked to the fact of increasing the lens 

permittivity by using materials such as ceramics, silicon, etc. [92], [93]. This approach 

poses several problems for the lens, in fact they are lossy, expensive, and difficult to 

machine; moreover, their larger density does not lead to the reduction of the lens weight. 

The second technique refers to the optimization of the lens shape in order to reconstruct a 

required phase wave front at the antenna aperture, while keeping small the lens size and by 

using lenses with low permittivity index. Nevertheless, this solution leads to complex 3D 

shapes [94]–[96]. The third approach involves the use of multi-material dielectric lenses 

and 3D monolithic subwavelength periodic structures with variable permittivity [57], [97], 

[98]. On the other hand, the corresponding fabrication techniques are very difficult to 

realize at mm-waves. The fourth and last technique refers to an alternative and low-cost 

solution which involves the reduction of the lens focal length by introducing an air cavity 

inside the lens, in this way, there is no need to modify the lens shape or permittivity [59]. 

By using the last approach, it is possible to have a significant reduction of the size and of 

the weight of the lens. By introducing an air cavity, it is possible to reduce the focal length 

of the lens, without modifying the lens shape or change its permittivity. The height of the 

cavity is very important, because it brings the focus directly on the substrate, where the 

feeding antenna of the lens is placed [59]. 
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The typical dielectrics used for the lenses for this kind of configuration are: Rexolite, ABS, 

Polyethylene, Teflon, etc. with low permittivity indexes which vary from 2.1 to 2.53. In 

this section, as possible feeding element for the Cassegrain antenna, a lens antenna is 

proposed. The antenna concept will follow the fourth approach presented previously, so a 

lens antenna with an air cavity will be used in order to reduce the size and the weight of 

the lens. Moreover, as feeding element of the lens, a SIW-fed aperture coupled ME-dipole 

antenna will be employed. The use of this radiating element is a novelty because in 

literature is possible to find several applications with slot and patch antennas as primary 

feeding element of the lens [54], [99]. The proposed integrated lens antenna is shown in 

Figure 4-18. 

 

 

Figure 4-18: Proposed integrated lens antenna 
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The lens is made in ABS M-30 (𝜀𝐿 = 2.4 ), which is a plastic material typically used for 

3D printers, in fact this material has been selected to print the lens with a 3D printer. The 

lens has an extended hemispherical form, with a diameter 𝜃𝐿 =  .4 𝑚𝑚 ≈
4𝜆0

3⁄  (𝑅𝐿 =

𝜃𝐿 2⁄ = 2.7 𝑚𝑚) with 𝑓0 = 77 𝐺𝐻𝑧. 𝐿 is the lens extension, ℎ is the air cavity height and 

𝜃𝐴 is the air cavity diameter (𝜃𝐴 = 4.4 𝑚𝑚). If the height of the air cavity is properly 

selected, it brings the focal point directly in the substrate. The reciprocity principle says 

that the best broadside directivity for a reduced size integrated lens antenna will be 

achieved when (ℎ + 𝐿)~𝐹, where 𝐹 is the focal length of the lens. Some displacement may 

appear due to the finite size of the lens and primary feed [59]. ℎ is set to 2 mm and 𝐿=0.36 

mm. 

All the parameters and the geometry of the lens are shown in Figure 4-19. 

 
Figure 4-19: Geometry of the proposed lens  

 

𝑅𝐿

𝜃𝐴

𝜃𝐿

𝜀𝐿

𝜀0

𝐿

ℎ

Air cavity

ME dipole antenna



78 

78 

 

The lens is illuminated by a SIW-fed aperture coupled ME dipole antenna printed on 

substrate Rogers RO3003 (𝜀𝑠𝑢𝑏 = 3) , the feeding element is the same of the previous 

section and it is possible to see the characteristics parameters Return Loss and Gain vs 

Frequency response respectively in Figure 4-10 and Figure 4-11. 

The simulated Return Loss of the integrated lens antenna is depicted in Figure 4-20. As 

can be noticed, the antenna presents a good impedance matching which is smaller than 

−10 dB in the band of interest, that is to say from 71 GHz to 86 GHz, and covers the whole 

E-band.  

 
Figure 4-20: Simulated Return loss of the proposed integrated lens 

 

In Figure 4-21 is illustrated the gain vs frequency response of the proposed antenna, which 

shows a peak gain of 14.3 dBi at 86 GHz. The 3-dB beamwidth includes all the band of 

interest, as stated in the design specifications. With respect to the simple SIW fed aperture 

coupled ME dipole antenna, in this case, the lens provided a gain enhancement of about 

3.5 dBi within the band of interest.  
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Figure 4-21: Simulated gain VS frequency of the proposed integrated lens 

In Figure 4-22 are shown the Radiation Patterns of the proposed lens at 71, 77, and 85 

GHz. Even in this case, the proposed integrated lens antenna can be a valid solution as 

feeding element for the Cassegrain antenna, because it fulfills all the design requirements 

(Table 4-1).  
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Figure 4-22: Radiation Patterns of the proposed integrated lens antenna at (a) 71 GHz (b) 

77 GHz (c) 85 GHz 

4.4.4 Fabry-Perot Cavity antenna 

Fabry Perot Cavity Antennas (FPCAs) are a type of high directive antennas that 

belong to the category of planar antennas and they can be a valid alternative to simple 

planar microstrip antennas array or waveguide slot antennas array. Especially at mm-wave, 
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they bring with them lots of advantages such as high radiation efficiency and good radiation 

pattern performance. The recent renewed interest in periodic surfaces and metasurfaces, 

with these advantages, has attracted the interest of the research for designing high 

directivity antennas [54]. The basic concept of the Fabry-Perot cavity antenna was 

introduced for the first time by Trentini in 1956 [60], who used a partially reflecting surface 

(PRS) above a ground plane to produce high directivity. In particular, Trentini employed a 

geometric optics approximation to describe mathematically the antenna operation by 

means of the multiple reflections of plane waves between the ground plane and the PRS. 

Moreover, the term FPCA was still not used at time and it was introduced for the first time 

in 2001, when the similarities of the operating principle of these antennas with the Fabry-

Perot interferometer, widely used in optics, were reported and a study on the effect of the 

periodic superstrate characteristics on the antenna bandwidth and directivity was 

performed. Other terms have also been used for these antennas such as Electromagnetic 

Band Gap (EBG) resonator antennas, high gain leaky-wave antennas, or PRS antennas. 

The main FPCA structure is composed by a partially reflective surface (PRS) placed at a 

distance ℎ, which typically is about half-wavelength, and in parallel to a ground plane thus 

forming an open Fabry-Perot type resonant cavity. Also, an excitation source is typically 

included within the cavity with feeding antennas such as dipole, microstrip patch, or slot 

in the ground plane. The gain and the bandwidth of the FPCA depend on the reflection, 

evaluated in amplitude and phase, from the PRS as well as the distance from the ground 

plane. The PRS can be composed either by passive structure or metasurfaces, such as 

Frequency-Selective Surfaces (FSSs) or metasurfaces non-uniform unit cells [54]. As 
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stated before, the FPCA consists of a PRS and a ground plane acting as fully reflecting 

surface; to obtain a high gain two conditions must be satisfied: 

1. High reflectivity in the cavity: the PRS has a high reflection coefficient. The PRS 

reflection coefficient magnitude 𝑅𝑃𝑅𝑆 and the increased gain 𝐺 are linked thanks to 

[100] which is valid for infinite array: 

𝐺 =
1+𝑅𝑃𝑅𝑆

1−𝑅𝑃𝑅𝑆
  (6) 

The half-power fractional bandwidth 3 𝑑𝐵 BW is inversely proportional to the reflection 

magnitude 𝑅𝑃𝑅𝑆 as stated in [100]: 

𝐵 =
𝜆(1−𝑅𝑃𝑅𝑆)

2𝜋ℎ√𝑅𝑃𝑅𝑆
  (7) 

where ℎ is defined as the distance between the ground plane and the PRS superstate, that 

is to say, the cavity height, and 𝜆 the free-space wavelength. 

2. The cavity height ℎ, as a function of the resonant frequency 𝑓𝑟, must satisfy the 

following relationship [101]: 

ℎ =
 

 𝜋𝑓𝑟
(𝜙𝑃𝑅𝑆 + 𝜙𝐺𝑁𝐷 − 2𝜋𝑘), 𝑘 = 0,±1,±2  (8) 

where 𝑐 is the speed of light, 𝜙𝑃𝑅𝑆 is the PRS reflection phase, and 𝜙𝐺𝑁𝐷 the ground plane 

reflection phase (𝜙𝐺𝑁𝐷 = −𝜋). 

For the case at hand, in order to realize a Fabry-Perot cavity antenna suited for the design 

specifications listed in Table 4-1, a magneto-electric dipole excited by a stripline has been 

selected as primary source of the PRS antenna, whose structure is shown in Figure 4-23. 

The ME-dipole antenna was designed first without the PRS cavity, and by using three 

substrate layers of Rogers RO3003 (𝜀𝑟), one thicker of  00 𝜇𝑚 and two smaller of 

12  𝜇𝑚. The ME dipole stripline-fed antenna dimension are listed in Table 4-4, while the 
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characteristics parameters, that is to say, return loss and gain vs frequency response, are 

shown in Figure 4-24 and Figure 4-25. 

    
Figure 4-23: ME dipole stripline-fed: (a) Top view (b) Bottom view 

Parameters 𝑾 𝒘𝒂𝟏 𝒘𝒂𝟐 𝒘𝒂𝟑 𝒘𝒂  𝒘𝒂𝟓 𝒍𝒂𝟏 𝒍𝒂𝟐 𝒍𝒂𝟑 𝒍𝒂  𝒍𝒔𝒕𝒖𝒃 𝑫𝒂 𝑫𝒃 𝒂 

Values 

(mm) 

5.4 0.08 0.3 0.08 0.1 0.15 0.76 1.46 1.12 1.57 0.4 0.5 0.1 1.6 

Table 4-4: ME dipole stripline fed antenna dimensions 

 
Figure 4-24: Simulated Return loss of the proposed ME-dipole stripline-fed antenna 
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Figure 4-25: Simulated gain vs frequency of the proposed ME-dipole stripline-fed antenna 

As depicted in Figure 4-24, the return loss of the ME dipole fed stripline antenna presents 

an impedance matching below −10 𝑑𝐵 from 71 GHz to 84 GHz and it almost covers the 

whole band of interest, that is to say the E-band. In Figure 4-25 is shown the gain vs 

frequency response, in which is visible a peak gain of  .3 dBi at 84 GHz; and the 3-dB 

beamwidth covers all the band of interest, as stated in the design specifications. 

The Fabry-Perot cavity antenna will be composed by the ME dipole fed stripline antenna 

and by an array of PRS, placed at a distance ℎ; in Figure 4-26 is presented the whole 

antenna structure. Figure 4-27 shows the layout of the PRS, the proposed geometry is a 

double squared ring, whose dimensions are: 𝑏 = 1.  𝑚𝑚,  1 = 1.1  𝑚𝑚,  2 = 0.  𝑚𝑚 

and  3 = 0.  𝑚𝑚. The final PRS will be composed by 3x3 unit cell elements. A classical 

array was first performed using the initial unit cells, then later were rearranged in diagonal 

form to build a compact array. This compact geometry increases the metallic part of the 

unit cell, thus raising the reflectivity and the gain according to (6). The proposed PRS array 
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has been designed to ensure high reflectivity with a reduced size 1.4𝜆0 x 1.4𝜆0, with 𝑓0=77 

GHz. 

 
Figure 4-26: Side view of the proposed Fabry-Perot cavity antenna 

   

Figure 4-27: Layout of the PRS (a) PRS unit cell (b) 3x3 PRS array 

In order to have an overview of the behavior of the PRS unit cell, simulations have been 

performed for the unit cell using Ansys HFSS [88] and applying a Floquet Port; in 

particular, the reflection magnitude and phase of the PRS unit cell have been taken into 

account and the simulation results are shown in Figure 4-28. As can be observed in the E-
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band, the reflection coefficient in terms of magnitude varies from 0.73 to 0.89, while its 

phase it is comprised between -166° and 155.5°.  

 

Figure 4-28: Reflection magnitude and phase of the PRS unit cell 

The reflection coefficient parameters depicted in Figure 4-28 have been used in (8) to 

evaluate the height ℎ of the Fabry-Perot cavity antenna, at the same time this height is 

defined as the distance between the ground plane and the PRS surface. The height cavity 

variations within the band of interest are illustrated in Figure 4-29; to obtain high gain 

within the band of interest the suitable cavity height has been set to ℎ = 2.2 mm, with a 

resonant frequency of 𝑓𝑟 = 72 𝐺𝐻𝑧. 
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Figure 4-29: Fabry-Perot cavity antenna height variations  

The final FPCA is presented in Figure 4-30. 

 
Figure 4-30: Proposed Fabry-Perot cavity antenna 

The simulation results of the proposed Fabry-Perot cavity antenna are shown in Figure 

4-31 and Figure 4-32. With respect to the source element, that is to say the ME dipole 

stripline-fed, the return loss presents an impedance matching below −10 𝑑𝐵 from 73 GHz 

to 85 GHz, in this case the impedance matching bandwidth, has been slightly upshifted. 
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The gain vs frequency response (Figure 4-32) shows a peak gain of 11.  𝑑𝐵𝑖 at 71 GHz, 

with a 3-dB beamwidth which covers all the band of interest. 

 

Figure 4-31: Simulated Return loss of the proposed Fabry-Perot cavity antenna 

 

Figure 4-32: Simulated gain VS frequency of the proposed Fabry-Perot cavity antenna 

In terms of gain response, the Fabry-Perot cavity antenna, with respect to the source ME-

dipole stripline-fed antenna, provides an average gain enhancement of about 2 dBi within 

the band of interest. In particular, as shown in Figure 4-33, the gain enhancement is evident 
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from 71 to 76 GHz in which there is an average gain improvement of 3 dBi, and from 80 

to 82 GHz, where the gain response increases its value of about 2 dBi. This localized gain 

enhancement can be ascribed to the PRS, which is working at these frequencies. This is 

also confirmed by Figure 4-29, in which the decay of the curve related to the height of the 

FPCA is less pronounced at these frequencies, in which the FPCA is working correctly. 

 

Figure 4-33: Simulated gain vs frequency comparison FPCA vs ME-dipole stripline fed 

In Figure 4-34 are illustrated the radiation patterns at 71, 77, and 85 GHz of the proposed 

FPCA. At 85 GHz for GainX, when Phi=0°, some side lobes appear; this behavior can be 

ascribed to the fact that the PRS, which realizes the FPCA, isn’t working correctly at that 

frequency, and for this reason side lobes are present. The FPCA can be a valid candidate 

for feeding the final Cassegrain antenna, because all the requirements are respected. 

Frequency (GHz)

G
ai

n
(d

B
i)



90 

90 

 

 
Figure 4-34: Radiation Patterns of the proposed Fabry-Perot cavity antenna at (a) 71 

GHz (b) 77 GHz (c) 85 GHz 
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4.5 Primary feed test in Cassegrain configuration 

After evaluating all the possible feeding antennas for the Cassegrain configuration, 

an array 7x7 of SIW-fed aperture coupled ME dipole has been selected as primary feed for 

the final Cassegrain antenna. All the solutions presented in the previous paragraph are 

valid, but only the SIW-fed aperture coupled ME dipole array has been designed and 

fabricated. The selected array will be composed by 49 elements with a unit cell dimension 

𝑥𝑏 =  .1 mm and the final antenna will be a beam-switched antenna, in which will be 

activated one element per time and every single cell will be capable to provide a steering 

of 𝜃𝐵 = 0.33 degrees. These information are well known from the studies done in the 

previous sections. The final array dimension will be 37.2 mm x 37.2 mm and an external 

frame of vias has been added to confine the EM-field. The proposed array 7x7 is shown in 

Figure 4-35.  

 
Figure 4-35: SIW-fed aperture coupled ME dipole antenna array (a) Top view (b) Side 

view 

By activating the central element, it is possible to have an overview of the behavior of the 

array by considering return loss and gain vs frequency response, which are illustrated in 

Figure 4-36 and Figure 4-37. As can be stated, both the responses are very similar to the 

ones presented in section 4.4.1 (Figure 4-10 and Figure 4-11). The radiation patterns at 

(a) (b)
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71, 77, and 85 GHz of the central element, in array configuration, are presented in Figure 

4-38. The peak gain is 11.4 dBi at 86 GHz and the 3-dB beamwidth covers all the E-Band.   

 
Figure 4-36: Simulated return loss of SIW-fed aperture coupled ME dipole antenna 7x7 

array by activating the central element 

 
Figure 4-37: Simulated gain VS frequency of SIW-fed aperture coupled ME dipole 

antenna 7x7 array by activating the central element 
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Figure 4-38: Radiation Patterns of SIW-fed aperture coupled ME dipole antenna 7x7 array 

by activating the central element at (a) 71 GHz (b) 77 GHz (c) 85 GHz 
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Once presented the 7x7 array central element performance, it is necessary to test the whole 

array in Cassegrain configuration. For this purpose, Ansys Savant [102] has been used to 

test the whole design. Savant is an industry tool that gives the possibility to do a highly 

efficient EM analysis of antennas on electrically large platforms (e.g reflectors, double 

reflectors). The algorithm used by this software is the Shooting and Bouncing Rays (SBR) 

technique and at the same time, Savant allows full antenna scattering prediction for 

geometries that are thousands of wavelengths in size, computing: far-fields patterns, near 

field distributions, and antenna-to-antenna coupling. Savant is the only commercial 

electromagnetic software to extend SBR with simultaneously consistent implementations 

of Physical Theory of Diffraction (PTD), Uniform Theory of Diffraction (UTD), and 

Creeping Wave to deliver maximum accuracy within a high-performance ray-tracing 

framework for large scale problems [102]. The complete Cassegrain configuration which 

includes the 7x7 SIW-fed ME-aperture coupled antenna array and which will be used in 

Savant is shown in Figure 4-39. The diameter of the main reflector is D =  0 cm, the 

eccentricity of the sub-reflector is Ecc = 1.7, the focal distance is F = 22.  cm, the ratio 

of focal length to reflector aperture size is f D⁄ = 0.2  and the ratio of the interfocal 

distance to the focal distance is IF F⁄ = 0.7. 

 
Figure 4-39: Cassegrain antenna fed by 7x7 SIW-fed aperture coupled ME dipole antenna 

array 

D=90 cm

F=22,5 cm
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To evaluate the performance of the 7x7 ME dipole array in the Cassegrain configuration, 

for extracting the Cassegrain antenna characteristic parameters, it was necessary to 

organize the work into two steps.  

In the first part, several simulations have been done in Ansys HFSS for assessing the 

behavior of the 49 elements that create the 7x7 ME dipole array and then in the second 

part, the field of each element of the array has been exported from HFSS to Savant and 

analyzed in Cassegrain configuration.  

It was possible to analyze the whole structure by adding in Savant a CAD file composed 

by the double reflector structure and thus obtaining the scheme proposed in Figure 4-39.  

For simplicity, in Figure 4-40 is reported a scheme of the 7x7 array with each element with 

the correspondent excitation port, which will play an important role in the next pages in 

which will be discussed the Cassegrain antenna results. 

 
Figure 4-40: 7x7 SIW-fed aperture coupled ME dipole antenna array with the excitation 

ports  
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As stated in the design specification (Table 4-1) the Cassegrain antenna must provide a 

steering angle of 𝜃𝐵 = ±1 degrees, and by using a beam-switched feeding antenna array it 

must guarantee a peak gain ≥ 50 dBi, within a frequency range that goes from 71 to 86 

GHz, covering the whole E-Band. The complete Cassegrain antenna has been analyzed 

along the two cuts of Azimuth and Elevation, by activating one element at time as a beam-

switched antenna response. In Figure 4-41 is shown the 7x7 SIW-fed aperture coupled ME 

dipole antenna array in which ports 1,5,10 and 11 are activated separately in Cassegrain 

configuration, as in the scheme of Figure 4-39, along Azimuth cut, for which have been 

evaluated and analyzed the radiation patterns. 

 
Figure 4-41: 7x7 SIW-fed aperture coupled ME dipole antenna array with the excitation 

ports activated separately along Azimuth cut 

In Figure 4-42 are presented the radiation patterns at three different frequencies, 71,77 and 

85 GHz, for the Cassegrain antenna by activating separately ports 1,5,10 and 11. In terms 

of steering by activating port 1, the steering angle is 𝜃𝐵 = 0 , by turning on port 5 is 

provided a steering of 𝜃𝐵 = 0.33 , by switching on port 10, 𝜃𝐵 = 0.    and finally by 
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powering up port 11, 𝜃𝐵 = 0.   . The peak gain at 71 GHz varies from 52 dBi to 51.73 

dBi. At 77 GHz the maximum gain is comprised in a range between 53 dBi and 52.75 dBi.  

At 85 GHz the peak gain is 53.93 dBi, when 𝜃𝐵 = 0.33 , the minimum value of peak gain 

is 53.72 dBi, when 𝜃𝐵 = 0.   . 

 
 

 

(a)

(b)
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Figure 4-42: Cassegrain antenna Radiation Patterns by activating separately ports 1,5,10 

and 11 at (a) 71 GHz (b) 77 GHz (c) 85 GHz 

In Figure 4-43 is illustrated the 7x7 SIW-fed aperture coupled ME dipole antenna array in 

which ports 1,8,35 and 39 are turned on separately, in Cassegrain configuration along 

Elevation cut, for which have been evaluated and analyzed the radiation patterns. 

 
Figure 4-43: 7x7 SIW-fed aperture coupled ME dipole antenna array with the excitation 

ports activated separately along Elevation cut 
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In Figure 4-44 are displayed the radiation patterns at three different frequencies, 71,77 and 

85 GHz, for the Cassegrain antenna by activating separately ports 1,8,35 and 39 along 

Elevation cut. In terms of steering by activating port 1, the steering angle is 𝜃𝐵 = 0 , by 

turning on port 8 is provided a steering of 𝜃𝐵 = −0.33 , by switching on port 35, 𝜃𝐵 =

−0.    and finally by powering up port 39, 𝜃𝐵 = −0.   . The peak gain at 71 GHz is 

51.93 dBi, when 𝜃𝐵 = −0.33 . The minimum value of peak gain is 51.65 dBi, when 𝜃𝐵 =

−0.   . At 77 GHz the peak gain varies between 52.91 dBi and 52.57 dBi. At 85 GHz the 

maximum gain is comprised in a range between 53.94 dBi and 53.45 dBi. 

 

 

(a)

(b)
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Figure 4-44: Cassegrain antenna Radiation Patterns by activating separately ports 1,8,35 

and 39 at (a) 71 GHz (b) 77 GHz (c) 85 GHz 

In Figure 4-45 is shown the 7x7 SIW-fed aperture coupled ME dipole antenna array in 

which ports 1,6,19 and 14 are turned on separately in Cassegrain configuration, along 

Elevation cut, for which have been evaluated and analyzed the Radiation patterns. In this 

case, the Elevation cut has been twisted of 45° and the elements of the diagonal have been 

analyzed. 

 
Figure 4-45: 7x7 SIW-fed aperture coupled ME dipole antenna array with the excitation 

ports activated separately along the diagonal of the twisted Elevation cut 
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In Figure 4-46 are displayed the radiation patterns at three different frequencies, 71,77 and 

85 GHz, for the Cassegrain antenna by activating separately ports 1,6,19 and 14 along the 

twisted Elevation angle. The rotation of 45° of the cut changes the steering angle. By 

considering separately the elements on the diagonal of the array, a factor of √2, which 

represents the diagonal of the square array, must be multiplied to the steering angle 

𝜃𝐵provided by the reference Elevation cut. For this reason, in terms of steering by turning 

on port 1, the steering angle is 𝜃𝐵 = 0 . By switching on port 6 is provided a steering of 

𝜃𝐵 = √2 ∗ (−0.33 ) = −0.47 . By activating port 19 𝜃𝐵 = √2 ∗ (−0.   ) = −0.    and 

finally by powering up port 14, 𝜃𝐵 = √2 ∗ (−0.   ) = −1.3  . The peak gain at 71 GHz 

varies from 52.25 dBi to 51.8 dBi. At 77 GHz the maximum gain is comprised in a range 

between 53.32 dBi and 52.58 dBi.  

At 85 GHz the peak gain is 54 dBi, when 𝜃𝐵 = −0.47 . The minimum value of peak gain 

is 52.85 dBi when 𝜃𝐵 = −1.3  . 

 (a)
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Figure 4-46: Cassegrain antenna Radiation Patterns by activating separately ports 1,6,19 

and 14 at (a) 71 GHz (b) 77 GHz (c) 85 GHz 

As shown in the results of the Cassegrain antenna fed by a 7x7 SIW-fed aperture coupled 

ME dipole antenna array, it is possible to state that the achieved gain, at different 

frequencies, perfectly matches the design specifications listed in Table 4-1.  

The final beam-switched Cassegrain antenna is realized by the 7x7 SIW-fed aperture 

coupled ME dipole antenna array which feeds the double reflector structure and meets all 

(b)

(c)
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the antenna requirements: the impedance matching is below -10 dB within the E-Band (71-

86 GHz), the average peak gain at different frequencies is bigger than 50 dBi and the 

steering specification of 𝜃𝐵 = ±1  are guaranteed with each element of the antenna 

capable of tilting the main beam of an angle 𝜃𝐵 = ±0.33 .  

A prototype of the 7x7 SIW-fed aperture-coupled ME-dipole antenna array has been 

realized and it is under measurements, the antenna is shown in Figure 4-47. 

 
Figure 4-47: SIW-fed aperture-coupled ME-dipole antenna array prototype  
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CHAPTER 5 

 

ON-CHIP ANTENNAS 

5.1 On-chip antennas: theoretical background 

Nowadays, there is a growing demand for high-frequency bandwidth mm-wave (30-300 

GHz) electronic wireless transceiver systems to support applications such as high data rate 

wireless communication and high-resolution imaging. Today’s wireless systems comprise 

four major modules: the digital baseband module, which deals with signal processing, the 

mixed-signal module handling signal conditioning, the RF front-end providing the RF 

carrier with modulated data, and the antenna for transmission of the signals. Wireless 

systems have been thought by integrating these four modules both horizontally or 

vertically, moreover, this method gives the possibility to choose the best technology suited 

for each component. For example, power amplifiers are best suited to the III-V compound 

semiconductor technology; antennas offer high efficiency on low-loss printed circuit 

boards (PCB) and digital circuits are best suitable to CMOS (complementary metal-oxide-

semiconductor) or BiCMOS. The horizontal integration results in the multichip modules 

(MCM) and this approach uses significant chip area, which represents a big disadvantage 

with the ever-reducing size of wireless devices. On the other hand, vertical integration takes 

advantage of the system-in-package (SiP) approach, by reducing the form factors. This 

method is a valid alternative to the previous one, but functional modules, such as antennas, 

remain outside the package because of their dimension being the largest component of the 

system. Moreover, integrating these different technologies enhances the difficulties, 
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especially at higher frequencies where lossy interconnections and specialized processes 

such as flip-chip bonding and bond-wire play an important role, by increasing the 

complexity and the costs. 

Backhauling links operating in the millimeter-wave frequencies are becoming an essential 

technology foundation to fulfil the multiple gigabits per second connectivity challenge 

posed by the 5G network infrastructures. Among the upcoming frequencies, growing 

attention is being received by E, W, and D-bands, which provide a total of around 50 GHz 

of available spectrum. The reduced wavelength associated with these frequencies creates a 

new context of opportunities that find fertile ground on emerging microelectronic 

technologies. From this perspective, it is particularly attractive the possibility to 

monolithically integrate a complete wireless sub-system, included the antenna, in a single 

chip [103], by creating a complete System on Chip (SoC), as shown in Figure 5-1.  

 
Figure 5-1: Representation of a SoC integration 

In this case, as an alternative to the implementation of the antenna off-chip, it can be 

integrated directly on the chip. Antenna on Chip (AoC) is a valid solution because of the 

small antenna dimension, given by the high dielectric constant of the silicon substrate, and 

System on Chip (SoC)
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furthermore, the lossy interconnections between amplifier and antenna are removed. AoCs 

are typically based on standard CMOS or BiCMOS technologies. Four fundamentals 

antennas commonly appear as on-chip antennas: monopole, dipole, Yagi-Uda, and loop 

antennas. The choice of each is dependent on the requirements of gain, impedance, 

radiation, and available chip area. Dipoles are usually suitable for differential feeding 

circuits, while monopoles for single-ended feeding. As differential feeding typical 

applications are related to bowtie antenna, which can enhance the antenna bandwidth [104], 

[105], the folded dipole which can be used for high impedance matching [106], [107] and 

the Yagi Uda antenna, that shows a high directional beam [108], [109]. Meanwhile, the 

various types of monopole on-chip antennas include triangular and circular shapes of the 

arm which can improve the antenna bandwidth [110]–[113]. On-chip monopole antennas 

are also widely used for their shorten length, which is usually only 𝜆 4⁄ .  

In comparison with conventional off-chip antennas, AoCs offer several advantages. Firstly, 

on-chip implementation is more feasible, in fact it integrates the complete RF front-end 

and the antenna directly on the same silicon die, thereby avoiding lossy interconnections. 

Secondly, there is no need of an impedance matching network between the antenna and RF 

front-end in the presence of an AoC, so the standard 50 Ω interface is not required anymore 

and the best performance of the system can be fulfilled by tuning the impedance of the RF-

front end and of the antenna, in fact, they can be designed together in order to have their 

impedance coniugately matched. Finally, they provide flexibility to designers in the form 

of antenna and transceiver components codesign opportunity, thus saving precious chip 

area and design time. 
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Despite its high potential, this approach offers several challenges, one of them being related 

to the inherent low gain caused by losses in low-resistivity silicon substrates (𝜌 = 10Ω −

𝑐𝑚), which is beneficial for integrated circuits, as it avoids latch-up, but disastrous for on-

chip antenna design. Besides, silicon substrate causes the confinement of the power in the 

substrate, thus reducing the portion of fields radiated into the air, this situation is related to 

the high dielectric constant of the silicon (𝜀𝑅 = 11. ). All these problems are typical of 

CMOS or BiCMOS technologies. Another challenge is related to surface waves, which are 

caused by the problems listed before; they interfere with the space waves of the antenna, 

as shown in Figure 5-2, resulting in a radiation pattern with multiple nulls, causing power 

losses and severely influence the antenna radiation, thus resulting in low gain and low 

efficiency. As a result, the antenna gain is very low. The main problems are related to the 

silicon high permittivity and to the surface wave loss, mainly related to the thickness of the 

silicon substrate. The relation between the surface-waves losses, the thickness of the 

dielectric substrate, and the high permittivity of the substrate were previously investigated 

theoretically in [114]. 

 
Figure 5-2: Surface waves model 

What occurs in the high permittivity dielectric substrate is that the waves are partly 

reflected by the ground plane and partly propagate to the dielectric-air interface. If the 

incidence angle 𝜃𝑖 of the waves is smaller than a certain critical angle 𝜃 , the reflected 

waves are in part reflected by the dielectric-air interface and also in part lost into the free-
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space with a refraction angle 𝜃  and at the same time, they can be added to the radiated 

waves either constructively or destructively, depending on the phases; these waves are 

known as leaky waves. The thickness of the dielectric substrate plays an important role, as 

it must be carefully chosen to maintain a good radiation efficiency. If the incidence angle 

𝜃𝑖 is equal or larger than the certain critical angle 𝜃  , the incident waves are totally 

reflected and caught inside the dielectric substrate. These waves propagate as surface 

waves and can be diffracted at the edge of the dielectric substrate with a finite size. As a 

result, the main radiation pattern can be distorted, and multiple nulls can occur. 

To solve all the problems listed before, several techniques have been proposed in literature 

employing dielectric resonator antennas (DRA) [115], silicon lenses [116], silicon on 

insulator (SOI) [117], or partially reflective surface (PRS) [110]. Other approaches include 

the reduction of the silicon losses through the selective removal of the silicon substrate. 

This approach can be implemented either using Localized Backside Etching (LBE) 

techniques [111], [112], [118], or other micromachining technologies [119]. Although 

these techniques provide a good enhancement of the gain and of the radiation efficiency, 

most of them suffer from higher fabrication costs, large footprint, or complex post-

processing requirements. Recently, on-chip antenna gain enhancements were achieved 

using Artificial Magnetic Conductors (AMCs). AMCs are surfaces that fully reflect 

incident waves with a 0° reflection phase, as done by perfect magnetic conductors (PMCs). 

Therefore, they shield the antenna from the silicon substrate [120] without perturbing the 

radiated fields and reflect incident waves. As a result, the antenna placed over an AMC can 

improve the radiation efficiency of AoCs and can enhance the gain [121]. The main 
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drawback of AMC is related to the consumed area which has to extend around the antenna 

to produce the desired effect. All these aspects will be deepened in the following sections. 

5.2 On-chip antennas: State of the Art 

Most of on-chip antennas in the last few years have been implemented in bulk silicon-

based technologies such as CMOS or SiGe BiCMOS. 

CMOS technology has become the standard technology for IC designs and at the same time 

supports a high level of integration, offering enhanced process options, small chip-size, 

low power, and lower costs for mass production. Moreover, if compared to other 

technology such as GaAs, well-known in literature for enhancing on-chip antennas 

performance because of its high resistivity substrate at the cost of higher chip-area, they 

offer six or nine metal layers instead of two or three [103], this aspect adds flexibility for 

on-chip antennas design. Furthermore, the unity-gain frequency (𝑓 ) and unity-power-gain 

frequency (𝑓𝑚𝑎𝑥) of MOS transistors have now been pushed well beyond 300 GHz in some 

SiGe CMOS processes [122], thus enabling the realization of on-chip antennas design for 

mm-wave and THz applications. A large majority of recently designed on-chip antennas 

have used silicon-based technology, in particular SiGe BiCMOS. But the low resistivity 

and the high permittivity of the silicon substrates pose several challenges, which make on-

chip antennas not at par with off-chip antennas. As a result, other technologies must be 

taken into account. 

One of the main challenges in on-chip antenna design is to optimize its radiation efficiency. 

In literature, it is possible to find several techniques which enhance the radiation 

characteristics of on-chip antennas. A classification of the possible solutions can be done 
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by considering two alternatives. The first is related to the antenna and the second refers to 

the semiconductor substrate, on which the antenna is printed.  

In recent years, several methods and techniques have been examined to power up the 

antenna efficiency of on-chip antennas. One of the first trends was that of placing a low-

loss material on the top of an on-chip antenna, in order to make the antenna to radiate into 

free space, instead of being coupled to the silicon substrate, these techniques are linked to 

the use of a dielectric resonator, a superstrate, or a lens. Other possibilities include special 

techniques employed in order to avoid losses in the silicon substrate, such as micro-

machining techniques [119] or other includes the locally removing of the silicon substrate, 

thus reducing the substrate losses, which are called Localized Backside Etching (LBE) 

[111], [112], [118], [123]. Moreover, semiconductor techniques are also beneficial for 

AoCs design, these are mainly thought for ICs but they have to be known to antenna design 

when they implement antennas in CMOS or BiCMOS technologies. 

In [124] a quartz superstate was used to reduce the energy coupled into the silicon substrate 

for mm-wave antenna application; this method reaches at 110 GHz a 45% radiation 

efficiency. In [125] a phased array of transmitters with a parasitic dipole antenna on the 

top of the quartz superstrate achieves at 60 GHz a 50% radiation efficiency. 

In [126], a Jerusalem cross AMC has been located below a Yagi Uda antenna and realized 

in CMOS technology and at 60 GHz the peak gain arose from -12.5 to -7.2 dBi, moreover, 

the radiation efficiency increased from 5% to 15%. In [127] an asymmetric AMC fulfilled 

a 50 % radiation efficiency. AMC structure can be used underneath AoCs to enhance the 

radiation efficiency. 
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Micro-electromechanical-system (MEMS) is yet another emerging technology that is 

preferred for on-chip antenna design mainly because of its compatibility with Silicon-based 

technologies and the capability to enhance AoCs performance. In [105] a fractal bowtie 

antenna was designed for dual-band operation at 60 and 77 GHz and the gain enhancement 

achieved is 6.5 dBi. 

In [128] a dielectric resonator antenna (DRA) has been employed with a 3D on-chip 

antenna supported by a SIW cavity-backed antenna and a 80% radiation efficiency has 

been achieved, the antenna operating frequency is 340 GHz. In [129], a D-band on-chip 

higher-order mode Dielectric resonator antenna (DRA), fed by a half mode backed cavity 

structure, improved its radiation efficiency from 42% to 46%. In [130], a DRA placed over 

a high resistivity silicon substrate obtained a peak gain of 7 dBi with a radiation efficiency 

of 79.35% at 60 GHz. 

Other approaches mix more than one technique to power up the performance of AoC. In 

[131], a THz on-chip antenna is proposed and an artificial dielectric layer is used, while 

the silicon substrate is removed locally by micromachining techniques; the gain 

enhancement achieved in this configuration is 2 dBi. In [22], to reduce the surface wave 

phenomena, the silicon substrate was thinned and combined with a cavity-backed structure 

in PCB below the AoC and a 45% radiation efficiency with a peak gain of 2 dBi at 60 GHz 

were achieved. 

On the other hand, the use of semiconductor technology is also very common to improve 

the AoC performance. Silicon-on-insulator (SOI) is one of the most diffused techniques 

because of its high resistivity substrate that results in a significant improvement in the 

performance of SOI-CMOS based on-chip antennas [132]. In [133] a folded slot antenna 
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integrated on high resistivity silicon technology achieves a measured gain of 3.9 dBi at 60 

GHz.  

Through-silicon via (TSV) is another semiconductor technology in which vertical vias 

cross through the whole silicon wafer and it is employed in 3D ICs [134]. This technology 

is an alternative to bond-wire or flip-chip interconnections technologies, to reduce the lossy 

interconnections. As the most advanced technology, TSV greatly reduces the size of the 

integrated system, and at the same time reaches a good fabrication accuracy suitable for 

mm-wave applications. On the other hand, this process is very complex and expensive. 

All the solutions presented previously deal with the improvement of the radiation 

efficiency of on-chip antennas, but on the other hand, they suffer from higher fabrication 

costs, large footprint, or complex post-processing requirements. One of the most promising 

solutions, which rescued particular attention in the last few years, is represented by 

Artificial Magnetic Conductors (AMCs), they can fulfill the same performance in bulky 

silicon substrate reducing fabrication difficulty, as they are thought as a shield between the 

antenna and the silicon substrate, as shown in Figure 5-3.  

 
Figure 5-3: AMC concept 

Planar metamaterials, having a subwavelength thickness, provide spatial variations in 

electromagnetic (EM) waves with scattering phases, amplitudes, and polarizations. These 

metamaterials, also referred as artificially engineered materials, considerably suppress 
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unavoidable losses in EM structures. Among metamaterials periodic structures which 

provide assistance in the propagation of EM wave in a specific frequency band it is possible 

to find: EBG (electromagnetic bandgap), HIS (high impedance surfaces), FSS (frequency 

selective surfaces), and PRS (partially reflective surfaces) [135]. 

In particular, AMC acts as HIS for the incident waves coming from the antenna to the 

substrate, as it produces oppositely charged image current that destructively interferes with 

the antenna currents. The AMC isolates the ground plane by inducing image currents in its 

own surface, constructively interfering with the antenna currents and boosting the antenna 

radiation efficiency, furthermore, AMCs can be implemented without any extra cost or 

complex post-processing requirements. AMCs mimic the PMC (perfect magnetic 

conductors) behavior, that is to say, surfaces that fully reflect waves with a 0° reflection 

phase, and so the reflection phase of AMCs cross zero at just one frequency. Since free 

magnetic charges are not known to exist in nature, there is not any material that produces 

scattering properties that look like those of a PMC. Furthermore, it is possible to define a 

useful bandwidth of an AMC as the frequency range where incident waves are reflected 

with a phase that varies between +90 degrees and -90 degrees since these phase values 

would not cause destructive interference between direct and reflected waves [120], [121]. 

The AMC concept was introduced for the first time by Sievenpiper in [121], where a 

mushroom EBG was proposed, in particular, EBG surfaces can suppress surface waves and 

produce bandstop or bandgap transmission and reflection characteristics at a particular 

frequency band. An on-chip antenna placed over an AMC can produce a smoother radiation 

pattern and a higher gain.  
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For the same purpose of AMC, split ring resonators (SRR) have been proposed. They are 

artificially produced structures and were proposed by Pendry in [136]. This type of 

resonator is well suited for on-chip implementation and its resonant frequency can be easily 

controlled using a combination of lumped and distributed components [137], [138]. Split 

ring resonators are proposed to achieve miniaturization at high frequencies [136]. 

Although AMCs bring various benefits, on the other hand, the main disadvantage of the 

AMC is linked to the consumed chip area, in fact, the AMC structure has to be extended 

around all the antenna to enhance the antenna performance. 

For this purpose, in the following section will be presented two new techniques for 

enhancing the gain of on-chip antennas. In particular, they will be applied for on-chip 

monopole antennas. 

5.3 Gain enhancement techniques for on-chip monopole antennas 

As alternatives to the enhancement techniques presented in the previous section, 

two new methods for powering up the monopole on-chip antennas gain and radiation 

efficiency will be shown, both the techniques will take the W-band (75-110 GHz) as 

reference bandwidth. In the first configuration, a monolithically integrated AMC, 

represented by some SRRs, is combined with some localized backside etching (LBE). As 

it will be shown, LBE contribute to the gain increase as it allows selectively etching the 

silicon substrate below the antenna, thus creating an AMC which can reduce substrate 

power losses and increase the antenna radiation efficiency. In the second configuration, the 

monopole radiator is parasitically coupled with several split ring resonators (SRRs) 

capacitively loaded, which are designed to scatter the field in order to be constructively 

added to the one radiated by the monopole. These concepts will be proved by presenting a 
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W-band SRR-LBE loaded and a W-band SRR capacitively-loaded monopole antenna 

designed and manufactured using a standard 0.13 µm BiCMOS process. Both the 

configurations will follow a design flow which includes in the first part the unit cell SRR 

design and then the complete evaluation of the whole configuration. 

5.3.1 SRR-LBE loaded monopole on-chip antenna 

A first SRR loaded monopole antenna with an improved gain was designed surrounding 

the reference monopole antenna with a new type of AMC surface designed by combining 

the SRR with LBE. In this case, the SRR are acting as AMC, this type of resonator is well 

suited for monolithic integration and its resonant frequency can be easily controlled using 

a combination of lumped and distributed components. The presence of the LBE empowers 

the surface-wave suppression effect of a standard AMC, as the silicon is selectively 

removed thanks to the LBE, thus resulting in reduced substrate losses. The gain 

enhancement methodology proposed in this case is a combination of two techniques which 

are generally proposed standalone, as LBE belongs to micromachining techniques for 

enhancing the radiation efficiency [109], [118], [123] and the standalone SRR can be 

regarded as simple AMC surfaces. In this specific case, these two methodologies have been 

proposed together to take benefits from both the techniques and thus creating a new 

methodology for enhancing the on-chip monopole antenna gain. 

A monopole has been selected as reference antenna, this kind of radiating element is 

commonly used in microwave monolithically integrated circuits (MMICs), as it can be 

designed to have large bandwidth and reduced size. For the case at hand, the monopole 

antenna is loaded with a triangular patch which serves to reduce its length and to enhance 

its bandwidth [139]. 
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The technology used is IHP SG13S, a standard 0.13 𝜇m BiCMOS process.  

This process has 5 thin metal layers (M1, M2, M3, M4, and M5) whose thickness is about 

0.49 µm and two top metal (TM) layers whose thickness is 2 µm for TM1 and 3 µm for 

TM2. LBE are a feature of the technology used, which consists in the local removal of the 

silicon substrate. The technology used is shown in Figure 5-4.  

 
Figure 5-4: Simplified cross-section of IHP SG13S technology with LBE 

In order to have an overview on the SRR-LBE behavior, which produces the desired gain 

and radiation efficiency enhancement, a unit cell has been taken into account, as illustrated 

in Figure 5-5. The unit cell has been designed and simulated in Ansys HFSS, by using 

Floquet port and Master and Slave boundaries conditions, to evaluate the periodic AMC 

structure in an infinite array domain [88], composed by the SRR and the LBE. 

    
Figure 5-5: SRR-LBE unit cell: (a) Top view (b) Side view 
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The unit cell has been considered to get the reflection phase response of the SRR-LBE 

AMC. In fact, by tuning the SRR and LBE dimensions, it is possible to obtain the desired 

reflection phase, which is shown in Figure 5-6. As can be noticed, the proposed SRR-LBE 

AMC surface exhibits a reflection phase of 0° at 83 GHz. The frequency bandwidth is 

comprised between 62 GHz and 102 GHz, at which the reflection phase is within +90 

degrees and -90 degrees. The optimized SRR-LBE AMC dimensions are shown in Table 

5-1.  

 
Figure 5-6: SRR-LBE unit cell AMC simulated reflection phase 

Once defined the unit cell dimensions, after having evaluated its behavior, it is possible to 

consider the whole antenna, illustrated in Figure 5-7.  

The monopole on-chip antenna was fed using a coplanar waveguide (CPW). As can be 

observed from the stackup shown in Figure 5-4, the antenna and the GSG pads are placed 

on the top level of the technology, Top Metal 2 (TM2), while the Split Ring Resonators 

(SRRs) are located in Top Metal 1 (TM1) level; the LBE are removed locally from the 

silicon substrate. The monopole dimensions are shown in Table 5-1. An unloaded 
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monopole has been taken as reference design and it has been compared with the SRR-LBE 

loaded antenna, in order to evaluate the effectiveness of the proposed idea. The actual 

structure of the proposed antenna has been simulated using the Ansys HFSS simulator [88]. 

It was possible to use the same dimensions, as reported in Table 5-1, for both the unloaded 

and the SRR-LBE monopole designs. After having evaluated the reflection phase of the 

single cell SRR-LBE in an infinite array set-up, a 7x7 array of SRR-LBE cells was placed 

underneath the monopole antenna and the whole structure was fine tuned. The resulting 

monopole antenna has a size of 1.296 x 1.508 mm2 that is equal to the one of the reference 

monopole. For the case at hand, the SRR size is equal to 130 µm and the LBE size is equal 

to 100 µm. 

 
Figure 5-7: Geometry of the Monolithically integrated SRR-LBE monopole antenna 

Parameters W L 𝑾𝒎 𝑾𝒂 𝑾𝒂𝟏 𝑾𝒑 𝑳𝒎 𝑳𝒂 𝑳𝒑 g 𝑳𝑺   𝑳𝑳𝑩𝑬 c b 

Value 

(μm) 

1296 1508 60 450 19.95 440 750 195 250 85 130 100 15 10 

Table 5-1: Monopole on-chip SRR-LBE loaded dimensions 

g

  𝟏

W    

    

  

  

  
L

  

  
  



119 

119 

 

The simulated reflection coefficient and the gain vs frequency response of the unloaded 

monopole antenna, taken as a reference, and of the SRR-LBE are reported respectively in 

Figure 5-8 and Figure 5-9. As it can be observed, the presence of the SRR-LBE enlarges 

the impedance matching of the antenna.  

Return loss remains below -10 dB from around 85 to 102 GHz for the unloaded case; while 

for the SRR-LBE loaded antenna, it maintains good performance from 85 to 105 GHz. This 

behavior is also evident in the gain vs frequency response, in which it is worth noticing 

that the presence of the SRR-LBE eliminates the gain drops of the unloaded monopole at 

87 and 104 GHz. The peak gain of the SRR-LBE loaded monopole is 1.29 dBi at 87 GHz, 

and with respect to the unloaded monopole, there is a gain improvement of 8.6 dBi at 87 

GHz. Within the band of interest, there is an average gain enhancement of about 2 dBi. 

 
Figure 5-8: Simulated reflection coefficient of reference unloaded on-chip monopole and 

SRR-LBE loaded on-chip monopole  



120 

120 

 

 
Figure 5-9: Simulated gain vs frequency response of reference unloaded on-chip monopole 

and SRR-LBE loaded on-chip monopole 

5.3.2 SRR-LBE loaded monopole on-chip antenna 

In this section will be introduced a solution to control monolithically integrated antenna 

gain in order to compensate for deteriorations caused by the die size or by interactions with 

other components present on the same MMIC. It will be demonstrated how parasitically 

coupled capacitively-loaded Split Ring Resonators (SRR) can be used to control the gain 

of a monolithically integrated monopole antenna. As shown, SRRs can be employed to 

constructively scatter the field of the monopole antenna and the surface waves to improve 

its radiation performance by canceling gain drops caused by die resonances or by other 

interactions taking place within the silicon chip. The gain enhancement methodology 

proposed in this work is widely used in conventional microstrip antennas and it has been 

applied to a variety of antenna geometries. For example, several studies of parasitically 

coupled antenna elements can be found in literature in microstrip technology [140]–[143]. 

In general, coupled radiating elements are used for gain improvement, to enlarge the 

operating band, or for reconfigurability purposes. 
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The design flow for this technique will be the same of the previous one: at first, a unit cell 

in which a SRR is loaded with a MIM capacitor will be taken into account, and then the 

whole monopole on-chip antenna structure will be evaluated.  

The proposed work was developed using the same standard 0.13 𝜇𝑚 SiGe BiCMOS 

process, as done for the previous technique, that is to say, IHP microelectronics SG13S as 

shown in Figure 5-10.  

 

Figure 5-10: Simplified cross-section of IHP 0.13 μm SiGe BiCMOS process with MIM 

capacitor 

As it can be observed in Figure 5-10, the antenna is located in the top metal layer of the 

technology, which is referred to as TM2, the SRR coupled elements are placed in TM1, 

while the MIM capacitors are located between TM1 and M5. 

The characterization of the SRR was performed through an incident plane wave, as 

illustrated in Figure 5-11, using Ansys HFSS [88] to evaluate its behavior. The reflection 

phase response is shown in Figure 5-12 and the null in the phase of the scattered field 

indicates an SRR resonance. As can be noticed, the proposed SRR capacitively-loaded 

surface exhibits a reflection phase of 0 degrees at 85 GHz. The frequency bandwidth is 

comprised between 77 GHz and 93 GHz, at which the reflection phase is within +90 
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TM2
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degrees and -90 degrees. The optimized SRR capacitively-loaded dimensions are shown in 

Table 5-2. 

   
Figure 5-11: Rectangular SRR with capacitive load: (a) Top view (b) Side view 

 
Figure 5-12: Reflection phase response of the SRR with a capacitive load 

In order to evaluate the effectiveness of the proposed approach, a conventional monopole 

antenna was first designed and taken as a reference. 

As it can be seen in Figure 5-13-a, the reference antenna is implemented on TM2 and it 

has a length 𝐿𝑚 and width  𝑚. The monopole is loaded by a triangle, 𝐿𝑎, and its length 

was set to achieve a resonant frequency at around 92 GHz. The width of the triangle,  𝑎, 

was tuned to increase the bandwidth and to match the  0 Ohm input impedance [139]. The 
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antenna is designed to have ground reference whose width,  𝑝, and length, 𝐿𝑝, mainly 

controls its gain and radiation pattern. The ground reference and the monopole itself forms 

a coplanar waveguide (CPW) feeding configuration, which will be connected to the 50 

Ohm GSG probe pads employed during the experimental characterization. The dimensions 

of the different geometrical parameters of the antenna are summarized in Table 5-2. The 

geometry of the SRR capacitively loaded configuration is shown in Figure 5-13-b. The 

monopole antenna is coupled to four square SRR elements. The resonant frequency of the 

SRRs depends on their size, 𝐿𝑆𝑅𝑅 , and on the gap capacitance. To fine tune the latter, a 

monolithically integrated Metal-Insulator-Metal (MIM) capacitor was added between the 

SRR arms [138]. The SRRs affect the monopole performance in two ways. First, they act 

as a parasitic radiator, hence contributing to the overall antenna gain in relation to their 

resonance frequency. Second, their coupling to the monopole antenna, depending on the 

distance g, affects the monopole input impedance and reflection coefficient. Therefore, the 

design rationale reflects these two aspects.  

For the case at hand, the SRR geometrical parameters, shown in Table 5-2, were set to 

have a resonant frequency at 85 GHz.  

This resonance is expected to cancel the drop in the gain, which was present in the 

standalone monopole thus providing a uniform gain response over the entire operating 

band. Moreover, the coupling between the SRR and the monopole can be used to control 

the matching bandwidth of the latter antenna.  

The SRR have been placed at a distance of g=85 𝜇𝑚 from the monopole. Although higher 

gain values might be achieved by using a stronger coupling, in the proposed example the 

SRRs were designed to avoid relevant changes in the monopole impedance. Therefore, it 
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was possible to use the same dimensions, as reported in Table 5-2, for both the reference 

and the SRR-loaded monopole designs. 

  
                                   (a)               (b) 

Figure 5-13: Geometry of the monolithically integrated monopole antenna (a) unloaded 

case (b) SRR capacitively-loaded 

Parameters W L         𝟏             g      b      

Value (μm) 1296 1508 60 450 19.95 440 750 195 250 85 250 15 250 fF 

Table 5-2: Monopole on-chip SRR capacitively-loaded dimensions 

The input impedances of the SRR-loaded and unloaded monopole are shown in Figure 

5-14. The four SRRs create two additional resonances, at about 85 and 103 GHz. These 

values depend on the SRR geometry, on the loading capacitance, and on the coupling 

distance g. As it can be observed, higher coupling upshifts the resonance frequency of the 

SRR as it is seen from the antenna input port. On the other hand, the influence of the MIM 

capacitor is less pronounced as it only contributes to fine-tuning the input impedance [138].  

The SRR resonance and coupling can be thus employed to optimize the antenna matching 

and to cancel the dips due to die resonances. 

 𝑎
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(a) 

 

 
(b) 

Figure 5-14: Simulated SRR capacitively-loaded on-chip monopole antenna input 

impedance (a) variations of the gap distance,   (b) variations of the MIM capacitor, 𝐶𝑀𝐼𝑀 

The simulated reflection coefficient and the gain vs. frequency response of the unloaded 

monopole antenna taken as a reference are reported in Figure 5-15. As it can be observed, 

the minimum of the reflection coefficient is at 92 GHz where the antenna reaches a gain of 

-2.5 dBi. Return losses remain below -10 dB from around 85 to 102 GHz. It’s also 

interesting to notice a gain drop at around 85 GHz. 

The SRR capacitively loaded monopole antenna was designed with the objective to 

increase the antenna gain and to increase its uniformity within the antenna bandwidth. To 

this end, the use of capacitively-loaded SRRs is useful for different reasons. Firstly, the 

capacitance can be easily implemented in MMIC technology by adding lumped element 

components that are embedded into the process in the form of Metal-Insulator-Metal 

Unloaded monopole
g=5 µm
g=25 µm
g=45 µm

g=65 µm
g=85 µm

Unloaded Monopole
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(MIM) capacitors. Secondly, the presence of the capacitors adds another degree of freedom 

to control the resonant frequency of the rings which typically depends on their length, 

width, and gap. It is possible to adapt the SRR geometry to the topological needs of the 

circuit targeting a gain enhancement. For the case at hand, it was possible to use two square 

SRR on each side of the monopole while the MIM capacitor load was equal to 250 fF. 

 
Figure 5-15: Simulated reflection coefficient and gain vs frequency response of the 

reference unloaded monopole on-chip 

 
Figure 5-16: Simulated reflection coefficient and gain vs frequency response of the SRR 

capacitively-loaded monopole on-chip 
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For the SRR capacitively loaded, the simulated reflection coefficient and gain vs. 

frequency response are shown in Figure 5-16. As illustrated, the SRRs canceled the gain 

drop at 85 GHz by bringing its value from about -7 dBi (Figure 5-15) to approximately 0.6 

dBi, while a peak gain of 3.46 dBi is achieved at 75 GHz. Moreover, controlling the 

coupling between the SRRs and the monopole allows achieving a wide matching to 50 

Ohm at 85 GHz. Within the operating bandwidth (W-band), the gain response is uniform. 

In order to analyze the coupling between the antenna and the parasitically coupled 

elements, the distribution of the surface currents on these elements was also studied. As it 

can be observed in Figure 5-17, the SRR acts as a magnetic dipole directed along the z-

axis, and its radiated field sums to the one of the monopole. The H-plane coupling is mainly 

related to the distance between the monopole antenna and the SRRs. This parameter affects 

the phase offset between the monopole and the SRR fields. 

It is worth noticing that the resonant frequency of the SRR mainly depends on the 

geometrical dimension of the ring and on the capacitive loading but it is almost independent 

of the monopole dimensions. As it might be expected, the SRR contribution varies as the 

frequency changes. 

 (a) (b)
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Figure 5-17: Simulated surface currents of the SRR capacitively-loaded monopole on-chip 

antenna: (a) 85 GHz (b) 88.3 GHz (c) 92.07 GHz 

A prototype of the SRR capacitively-loaded antenna was designed and fabricated. The 

antenna was fed using GSG pads with a pitch of 100 μm. For this purpose, a transition from 

the monopole to the GSG pads was included in the layout. A microphoto of the prototype 

is reported in Figure 5-18. For measurement purposes, the die was bonded to the center of 

a 4×4 cm2 ground layer using a 150 μm thick Nitto Denko REVALPHA No. 3195V glue. 

The glue sheet, as well as the GSG pad, were included in a full-wave simulation to reflect 

the test environment more accurately.  

 
Figure 5-18: Photograph of the proposed on-chip monopole antenna attached to a 4 × 4 

cm2 ground plane 
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The measured reflection coefficient and gain vs frequency of the prototype are reported 

respectively in Figure 5-19 and Figure 5-20, and they have been compared to the 

simulated ones in the presence of the GSG pads. 

 
Figure 5-19: Comparison between measured and simulated reflection coefficient (without 

de-embedding) of the SRR capacitively-loaded monopole on-chip including ground and 

the glue sheet effect  

 
Figure 5-20: Comparison between measured and simulated gain vs frequency of the SRR 

capacitively-loaded monopole on-chip including ground and the glue sheet effect 
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The glue sheet and the GSG transition slightly upshift the antenna’s operating frequency. 

This behavior is visible in both simulation and experimental data and it might be ascribed 

to the pad’s capacitive loading. The measured -10 dB bandwidth of the reflection 

coefficient is comprised between 84.5 and 93.5 GHz. Although similar effects can be 

observed also in the gain response, the overall performance well matches the simulated 

one. In particular, the gain response is uniform within the antenna operating band, its 3-dB 

bandwidth is comprised between 77 GHz and 87 GHz. The gain response is uniform over 

the bandwidth, while the peak gain is equal to 1.61 dBi at 81.5 GHz, near the resonance 

frequency of the SRR. The measurements have been provided by the Karlsruhe Institute of 

Technology (KIT). 

Measured and simulated radiation patterns are reported in Figure 5-21 at 81.5 GHz.  

   

 
(a) 

 
(b) 

 

Figure 5-21: Measured vs. simulated radiation patterns of the SRR-loaded monopole 

antenna: a) co-polar and cross-polar E-plane patterns at 81.5 GHz; b) co-polar and cross-

polar H-plane patterns at 81.5 GHz 
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As it can be noticed, in the H-plane there is an excellent agreement between simulated and 

measured results. In the E-plane, the monopole tends to have a tilted pattern. This effect is 

visible both in the simulation and measurement. The measured data show a maximum gain 

in the E-plane of 2.06 dBi at around 25°. In Figure 5-21-a, the measured E-plane pattern 

shows a side lobe in the direction opposite to the GSG feeding probe. 

As documented in the literature [144], [145], this effect is due to the probe itself, which 

distorts the radiation pattern. 

This technique demonstrates how the gain of on-chip antennas can be controlled by using 

parasitically coupled SRR elements. Specifically, a monopole antenna operating in W-band 

was coupled to four capacitively-loaded SRRs. By tuning the resonance of the SRRs and 

their coupling with the fed radiator, one can increase the gain response’s uniformity. 

Simulated and measured results have proved the effectiveness of the proposed technique, 

demonstrating how SRR can compensate for gain dips of about 5 dB while contributing to 

increasing the overall antenna gain. Similar effects can occur when the die is integrated 

into a more complex circuit or embedded within a larger MMIC. 

5.4 Comparison between the proposed gain enhancement techniques for on-chip 

monopole antennas 

After having proposed the two gain enhancement techniques separately, a 

comparison in terms of reflection coefficient and gain vs frequency response has been done 

between the two new methodologies. Both the configurations have been compared to the 

same unloaded monopole antenna, to prove the effectiveness of the proposed ideas. The 

aim of this section is to establish the best solution, between the proposed configurations, 

which provides a stable gain enhancement within the band of interest, and on the other 
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hand, which offers the best affordable solutions in terms of chip area occupation, 

fabrication costs, and complexity. The simulated reflection coefficient and the gain vs 

frequency response of the unloaded monopole antenna taken as a reference, of the SRR-

LBE and of the SRR loaded case are reported respectively in Figure 5-22 and Figure 5-23. 

 
Figure 5-22: Simulated reflection coefficient of the unloaded monopole, SRR 

capacitively-loaded and SRR-LBE loaded 

 
Figure 5-23: Simulated gain vs. frequency responses of the unloaded monopole, SRR 

capacitively-loaded and SRR-LBE loaded 



133 

133 

 

As it can be observed, in the first case the presence of the SRR-LBE enlarges the impedance 

matching of the antenna. The return loss remains below 10 dB from around 85 to 105 GHz. 

In the second case, the presence of the capacitively-loaded SRR adds another peak of 

resonance at 85 GHz, shifting and enlarging the impedance matching of the on-chip 

monopole. Return loss remains below -10 dB from around 85 to 102 GHz for the unloaded 

case; while for the capacitively-loaded SRR antenna, it maintains good performance from 

81 to 99 GHz. This behavior is also evident in the gain vs frequency response, in which the 

presence of the capacitively-loaded SRR, smooths the gain within the band of interest, 

especially in the lower W-band, where the unloaded monopole has a gain drop. On the 

other hand, the SRR-LBE configuration generates a gain improvement of about 2 dBi in 

the higher part of the band of interest. 

Both the techniques provide a stable gain enhancement of about 2 dBi within the band of 

interest, with respect to an unloaded monopole, and can be used to improve radiation 

characteristics of monopole on-chip antenna. The solution with capacitively loaded SRRs 

appears to be more interesting as it leaves more space around the antenna for monolithically 

integrating other electronic circuits while the configuration based on SRR and LBE cells 

consumes all the silicon surrounding the radiating element. Moreover, LBE is a particular 

feature of the standard 0.13 μm SiGe BiCMOS technology used, which increases the cost 

of fabrication of the on-chip antenna. The SRR-LBE solution can be considered as a typical 

AMC solution which provides enhanced performance for the proposed monopole on-chip, 

but on the other hand, recent studies of AMC for on-chip antennas showed few limitations 

of the structures such as: added extra chip area, because the AMC surface extends for all 

the die area, which increases the overall system cost and hardware complexity. 
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Furthermore, some power is still lost in the silicon substrate since the ground plane of the 

AMC is usually designed underneath the silicon substrate. This makes on-chip antennas to 

need post-processing, which results in additional costs and increased design complexity 

[135].  

For the aforementioned problems of the SRR-LBE configuration, the on-chip monopole 

SRR capacitively-loaded antenna appears to be the most attractive solution in terms of chip 

area consumption, fabrication costs, and complexity. 
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CHAPTER 6 

 

E-BAND PHASE SHIFTER 
 

6.1 Introduction 

Backhauling links are the interconnections between the core of a 

telecommunication network and its peripheral nodes (e.g. base stations), shown in Figure 

6-1. They are receiving increasing attention as they play a key role in sustaining the huge 

fronthaul data rate [146], [147]. This aspect will be further augmented in 5G networks 

where the proliferation of the number of cells will demand the use in large scale of high-

capacity wireless backhauling links [148]. In this context, the use of point-to-point (P2P) 

millimeter-wave radio links (i.e. E-band, 71–76 and 81–86 GHz) is a very promising 

technology for several reasons: i) the high capacity that can be reached (with 10 GHz of 

spectrum available), ii) the very large channel bandwidths (up to 2 GHz), and iii) the links 

are often licensed under a "light license" process that can be obtained quickly and at a 

fraction of the cost of traditional link licenses. 

 
Figure 6-1: Targeted application SiGe E-band receiver for 5G Backhaul 

3OPTICAL  NETWORK
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One of the key cost drivers of the E-band backhauling networks is related to the transceiver 

which became a key research topic over the last few years. Transceivers should be 

monolithically integrated and should adapt to various modulation transmission formats, 

including low-power high quadrature amplitude modulation (QAM) and high-power 

constant envelop modulation. Therefore, the key elements of innovation are the linearity 

of its response, the dynamic range., and also the area from which depends the chip cost. 

The specific application context makes SiGe BiCMOS technologies a breakthrough in the 

system concept enabling a mixed-signal design including mm-wave, base-band, and digital 

functionalities embedded into a single chip. 

In this chapter, a differential I/Q phase shifter in E-band will be presented.  

The proposed design is a sub-block of a highly integrated SiGe BiCMOS E-band I/Q 

receiver, which covers the mm-wave band from 70 to 88 GHz and it is based on SiGe 

BiCMOS ST 55nm semiconductor technology [149], [150]. In particular, the E-band 

receiver design fully exploits the mixed-signal capabilities of the selected technology.  

The whole E-band receiver was designed for the European Project Horizon 2020 

TARANTO (TowARds Advanced bicmos Nano Technology platforms for rf and thz 

applicatiOns), while the other blocks of the receiver have been designed by other partners. 

For this reason, the attention in this chapter will be focused only on the phase shifter design. 

The E-band receiver consists of a Low Noise Amplifier (LNA), a Variable-Gain Amplifier 

(VGA), a differential phase shifter on the local oscillator chain, and a double-balanced 

mixer that provide I and Q outputs. The block diagram of the receiver and chip photo are 

shown in Figure 6-2 and Figure 6-3, respectively. 
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Figure 6-2: SiGe E-band receiver block diagram 

 
Figure 6-3: Die photograph of the E-band Receiver fabricated in BiCMOS055. In detail: 

A) LNA-VGA, B) I/Q mixer and output buffers, and C) 0/90° hybrid on LO chain. Die size 

is (1.5 x 1.29) mm2 

6.2 Differential phase shifter design 

The E-Band Phase Shifter 0°/90° has been designed using ST Microelectronics 55-nm SiGe 

BiCMOS055 technology and it is put as input for an I/Q mixer, as illustrated in Figure 6-3.  

The combination of: i) high-frequency performance of the bipolar transistors, providing 

high speed and gain that are critical for high-frequency analog sections, ii) CMOS 

technology, excellent for building low-power logic function, and iii) Back End Of Line 

(BEOL) that includes an upper layer with thicker copper for improved quality factor at 
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mm-wave of the passive devices (inductor, capacitors, and transmission lines), makes the 

55-nm SiGe BiCMOS (BiCMOS055) developed by STMicroelectronics [149] the process 

technology optimized for mixed-signal high-frequency IC chipsets, for applications in 

cellular network, mm-wave backhauling, front-hauling, satellite communication, and 

radar. The technology allows the design of RF circuits for applications up to 0.5 THz. The 

BEOL has been developed to meet the requirements of mm-wave applications and it 

consists of eight metallic layers and a final layer of aluminum. Moreover, the technology 

features Low Power (LP) and General Purpose (GP) CMOS transistors, high-quality MIM 

capacitors with 5fF/μm², and High-Speed HBT that exhibits fT and fMAX of 320 and 370 

GHz, respectively. 

The E-band differential phase shifter block has been designed to split the differential input 

signal from the LO input into two differential pairs in phase quadrature. To minimize the 

occupied area while providing a wideband response, a configuration using a pair of single-

ended quadrature couplers implemented using intertwined coils was taken into account. 

The E-Band phase shifter requirements are the following: 

I. Operating Frequency: 60.84 GHz-87 GHz; 

II. Amplitude Unbalance ˂ 1dB; 

III. Phase Unbalance ˂ 8°. 

As shown in Figure 6-4, it includes two coupler-based phase shifters interconnected 

through delay lines which are designed to provide the required phase shift to the output 

ports. The entire architecture was analyzed through full-wave simulations in Ansys HFSS 

[88] to properly design the entire layout, while the input and output port location was 
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agreed with the other partners of the TARANTO project, in order to make the layout 

seamlessly integrable with the remaining MMIC components. 

 
Figure 6-4: E-band phase shifter layout 

The evaluation of the performance was done taking into account different parameters, the 

first of which is related to the phase offset between the input and output ports. The 

simulated values, reported in Figure 6-5, shows the phase of the transmitted signal, which 

is in line with the expected values, as every signal is shifted of 90 degrees. 

 
Figure 6-5: E-band phase shifter simulated output phases 
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The imbalance of phase offset does not exceed 8 degrees over the entire band of interest 

(Figure 6-6). The transmission losses, shown in Figure 6-7, indicate an amplitude 

imbalance between the two ports which does not exceed ±0.4 dB at the two extremes of 

the band (60.84–87 GHz), whereas the imbalance for a single port is higher. The phase 

imbalance and the amplitude imbalance are defined as:  

Phase Imbalance = < (−
S31

S21
)  Amplitude Imbalance =  |

S31

S21
| 

 
Figure 6-6: E-band phase shifter simulated phase imbalance 

 
Figure 6-7: E-band phase shifter simulated amplitude imbalance 
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The insertion losses, reported in Fig. 35, remain below 1.5 dB while the reflection losses 

(Fig. 36) are less than 17 dB over the entire band. 

 
Figure 6-8: E-band phase shifter simulated Insertion Losses 

 
Figure 6-9: E-band phase shifter simulated Reflection Losses 

In this chapter, an E-band phase shifter is presented. It is part of a compact SiGe BiCMOS 

I/Q receiver for backhauling applications. The novelty in the Phase Shifter design is linked 

to the use of two single-ended 90 degrees hybrids to create a phase shifter, with differential 

inputs and outputs, which is used to split the local oscillator signal in I/Q for an E-band 
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receiver. The hybrids were put together using delay lines, in order to achieve the required 

project specifications. 

The whole E-band receiver, illustrated in Figure 6-3, was fabricated and measured. The 

results of the receiver are not reported in this chapter. The chip area of the E-band I/Q 

receiver is limited to only 1.8 mm2. 
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CONCLUSION AND FUTURE WORKS 
 

The primary object of this study is to design and analyze radiating elements for the 

upcoming 5G backhauling systems. An E-band beam-switched Cassegrain reflector 

antenna fed by an array of magneto-electric dipoles for 5G backhauling systems has been 

proposed. This antenna was thought to reconfigure the beam compensating small boom 

movements, which are estimated to be within ±1 degrees in both azimuth and elevation 

planes, for realizing a high gain antenna with a peak gain within the band of interest major 

than 50 dBi. The novelty introduced in this design is related to the use of magneto-electric 

dipoles as feeding elements of the Cassegrain antenna, typically these antennas are 

illuminated by horn antennas to realize a high gain antenna. The feeding magneto electric 

dipoles antenna array has been realized and it is under measurements. Future works can 

include the fabrication of the other proposed feeding elements for the Cassegrain 

configuration, such as lens antenna and Fabry-Perot cavity antennas. Furthermore, it would 

be very noticeable to prototype lens antennas using ABS with a 3D-printer.  

Afterward, SiGe BiCMOS monolithically integrated antennas have been taken into 

account, taking as target monopole antennas. In particular, two techniques in W-band for 

enhancing the gain and the efficiency of on-chip monopole antennas have been proposed 

and designed. The first methodology involved the use of LBE (Localized Backside 

Etching) and SRRs (Split Ring Resonators), proposed as an innovative AMC (Artificial 

Magnetic Conductor) to power up the on-chip monopole antenna gain. The second 
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approach included the use of four capacitively-loaded SRRs, put around the radiating 

element and capable to enhance the gain of on-chip monopole antenna without consuming 

too much chip size. The antenna of the second technique has been prototyped, proving a 

good agreement between simulated and measured data. Future works can involve the use 

of these techniques for enhancing the gain of other on-chip antennas. 

Finally, an E-band SiGe BiCMOS phase shifter has been considered. The proposed phase 

shifter is a sub-block of a compact E-band I/Q receiver in SiGe BiCMOS for 5G 

backhauling applications. Two single-ended 90 degrees hybrids have been put together 

with some delay lines to create a phase shifter with differential inputs and outputs, 

employed to split the local oscillator signal in I/Q for the E-band receiver. The overall 

compact receiver has been realized and tested and it provides good results.   
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