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ABSTRACT 

Millimeter wave (mmWave) communication systems have attracted significant 

interest regarding supporting high data rate of Gigabit/s communications for the new 

generation of wireless communication networks. MmWave communication systems have 

frequency ranges in between 30 and 300 GHz wherein an enormous amount of unused 

bandwidth is available. Although the available bandwidth of mmWave frequencies is 

promising for high data rate communications, the propagation characteristics of mmWave 

frequencies are significantly different from microwave frequency band in terms of path 

loss, diffraction and blockage, and atmospheric absorption. In general, the overall losses of 

mmWave signals are significantly larger than that of microwave signals in point-to-point 

wireless communications. To compensate the high propagation losses, due to the limited 

output power that the current RF active components can deliver in millimeter waves, the 

use of directional and beam-steerable antennas become necessary in mmWave wireless 

systems. The use of directional antennas can effectively alleviate the signal interference in 

mmWave communications. High-gain directional antennas can be used at both the 

transmitting and receiving ends, resulting in a significantly enhanced Signal-to-Noise ratio 

(SNR) and improved data security, and can be used in long-range mmWave point-to-point 

communications. Moreover, directional antenna beams with limited spatial coverage need 

to be steered either electronically or mechanically to obtain a better substitute link for non-

Line of Loss (LOS) communications. Therefore, this dissertation mainly focuses on 

antenna design for mmWave frequency band applications. High gain and beam-steerable 

https://www.sciencedirect.com/topics/engineering/propagation-characteristic
https://www.sciencedirect.com/topics/engineering/microwave-frequency
https://www.sciencedirect.com/topics/engineering/atmospheric-absorption
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antennas with the merits of low profile, high gain, high efficiency and low cost are studied 

to address the new challenges of high frequency band antennas. First, waveguide-based 

technology is employed to propose a new wideband high gain antenna for 60 GHz band 

applications. Then, for beam-steerable antenna applications to steer the antenna beam in a 

specific direction, different structures of cylindrical lens antennas are studied. First, a 

compact two-dimensional lens antenna is designed and proposed at 28 GHz, and then a 

possible design of a wideband beam-steerable lens antenna is discussed and presented. 

Finally, a fully metallic wideband metasurface-based lens antenna is explored. The antenna 

is realized based on an array of periodic unit-cells to reduce the loss of the dielectric part 

in the conventional lens antennas. This property is exploited to design wideband cost-

effective fully metallic antenna at mmWave frequencies.  
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CHAPTER ONE: INTRODUCTION 

1.1 Pass to MmWave Communications 

The rapid increase of mobile data growth and the use of smartphones are creating 

unprecedented challenges for wireless communication systems. Wireless communications 

generations from the Automated Maritime Telecommunications System (AMTS)/ Nordic 

Mobile Telephone (NMT) first generation (1G) through the Long-Term Evolution (LTE) 

fourth generation (4G) have worked with essentially limited bandwidth. They are limited 

to a carrier frequency spectrum ranging between 700 MHz and 2.6 GHz. To overcome a 

global bandwidth shortage to deliver high quality, low latency video and multimedia 

applications for wireless devices, wireless carriers require support with a new wireless 

spectrum beyond the 4G standard. Even with the advances of 4G LTE, the network is 

running out of bandwidth and suffering from traffic growth over the years. A fast growing 

number of users want more services that consume ever-increasing bandwidth. The solution 

is to add more bandwidth to wireless networks [7]-[8]. MmWave wireless communications 

is the next breakthrough frontier for wireless networks in the mobile cellular industry, for 

emerging wireless local area networks, personal area networks, and for vehicular 

communication [9]. 

The fifth generation (5G) of wireless systems open up to more spectrum at untapped 

mmWave frequency bands. The use of high frequency bands could allocate more 

bandwidth for data commutations. This leads to delivery of faster, higher-quality video and 

multimedia contents. MmWave generally corresponds to the radio spectrum between 30 

https://en.wikipedia.org/wiki/Automated_Maritime_Telecommunications_System
https://www.google.com/search?as_eq=wikipedia&q=%22Nordic+Mobile+Telephone%22
https://www.google.com/search?as_eq=wikipedia&q=%22Nordic+Mobile+Telephone%22
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GHz to 300 GHz, with wavelengths between one and ten millimeters. Figure 1.1 shows 

mmWave spectrum for the next generation of wireless networks. There is a large amount 

of unused spectrum at these higher frequencies and it will alleviate concerns about wireless 

traffic congestion. Furthermore, wireless systems will support mobile data rates of several 

gigabits per second, which is thousands of times greater than today’s cellular and WiFi 

networks [9].  

In recent years, the standardization regulatory bodies such as the European 

Telecommunications Standards Institute (ETSI) and the United States Federal 

Communications Commission (FCC), have directed their attention towards five mm-wave 

frequency bands as the main candidates for 5G backhauling: 

• 28 GHz (27.5-29.5 GHz)  

• 38 GHz (37.5-40 GHz)  

• 42 GHz (40.5-43.5 GHz)  

• V-band (ETSI: 57-66 GHz , FCC: 57-71 GHz)  

• E-band (71-76 GHz & 81-86 GHz) 

The use of mmWave frequencies is growing in many applications such as 

automotive anti-collision radar at 77 GHz [10], vehicle-to-vehicle communication [11], 

high resolution mmWave [12], satellite cross-link communication in space [13], indoor 

wireless data transmission at 60 GHz, and outdoor millimeter point-to-point backhaul 

terminals [14]. 
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Figure 1.1 MmWave region of the electromagnetic spectrum 

1.2 Challenges at mmWaves 

There are challenges associated with operating in mmWave frequency bands that 

need to be addressed. In microwave systems, transmission loss is accounted for principally 

by the free space loss. However, in mmWave bands additional loss factors come into play. 

As a result of the propagation characteristics at mmWave frequencies, three distinct 

challenges arise [15] [16]: 

• High level of free space path loss 

• Absorption loss due to atmospheric gases and rainfall  

• Blockage, and scattering effects 

1.2.1 Free space pass loss (FSPL) 

According to the Friis transmission equation, the power transmitted from one 

antenna is received by another antenna under idealized conditions in a certain distance is 

given by [17]: 

𝑃𝑃𝑟𝑟 =  𝑃𝑃𝑡𝑡 + 𝐺𝐺𝑡𝑡 + 𝐺𝐺𝑟𝑟 + 20 log10(
𝜆𝜆

4𝜋𝜋𝑅𝑅)                                             (1.1) 

where 𝑃𝑃𝑟𝑟  is the receiving signal output power, 𝑃𝑃𝑡𝑡  is the transmitting signal output power, 

𝐺𝐺𝑟𝑟  and 𝐺𝐺𝑡𝑡  are the receiving and transmitting antenna gains, and 𝜆𝜆 is the wavelength, and 𝑅𝑅 

is the distance between the antennas. In fact, free-space path loss (FSPL) is more critical 
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in mmWave spectrum than lower frequencies due to a limitation related to their 

wavelength. For example, comparing FSPL in a 60 GHz system with those in both 

conventional 2.4 GHz and 5 GHz, the 60 GHz link suffers 27.96 dB and 21.58 dB higher 

loss than 2.4 GHz and 5 GHz respectively. This loss affects the link budget and becomes a 

huge challenge when transmitting over a large distance. For a given power, the shorter the 

wavelength, the shorter the transmission range [18]. In order to improve signal to noise 

ratio (SNR) at the receiver and thereby increase the transmission range we need to increase 

the power of the transmitting signal, or use more directive antennas. Due to the limited 

output power that the current active components can deliver in mmWaves, we can only 

increase the antennas gains in order to increase the communication distance and 

compensate FSPL. Therefore, high gain and low loss antenna is one of the most necessary 

components of mmWave short- and long-range wireless communication systems. 

1.2.2 Atmospheric losses 

Moreover, transmission losses occur when mmWave traveling through the 

atmosphere. Figure 1.2 depicts average atmospheric losses at mmWave frequencies in 

dB/km. These losses are greater at certain frequencies. For example, as shown in Figure 

1.2, absorption loss, due to atmospheric gases such as molecules of oxygen, water vapor 

and other atmospheric gaseous, reaches its peak value at a frequency of 60 GHz. At 

mmWaves, the size of raindrops, are significant compared to the wavelength. For 

raindrops, the size introduces severe energy losses, depending on the magnitude of the 

rainfall [19]. Considering the amount of the atmospheric losses at mmWaves, these 

frequencies can be used for various secure short and long rang wireless communications. 

For instance, due to the high atmospheric absorption at 60 GHz, relatively secure high data 
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rate communications with a low probability of intercept can be performed for short range 

point-to-point wireless systems such as local area networks. On the other hand, according 

to Figure 1.2 the negligible atmospheric absorption at 28 and 38 GHz make these 

frequencies good candidates for long-range radio links in the emerging 5G cellular. 

 
Figure 1.2 Average sea level atmospheric absorption at mmWave frequencies 

1.2.3 Blockage, and scattering effects 

In addition, in wireless networks, signals at mmWave frequencies due to the very 

short wavelength are more susceptible to blockage and interference compared to low 

frequency waves. For example, obstacles such as walls, humans and objects have high 

penetration losses at mmWave. This means that obstacles can easily disrupt mmWave 

signals. This forms the major challenge to the use of mmWave frequencies in 5G systems 

[3]. 

1.3 Research Objectives 

In order to address three aforementioned challenges, the above facts and unique 

characteristics of mmWave frequency, it is generally agreed that the SNR reduces 

considerably due to the extreme losses at high frequencies applications. Therefore, 

according to the Friis transmission equation, due to the limited power of commercial 

mmWave transmitters, in order to support the advancement of mmWave band for wireless 
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communications, and improve SNR at the receiver and thereby compensate for the high 

propagation losses and increase the transmission range, the use of high-gain antennas are 

required. This results in a significantly enhanced SNR and improved data security, which 

can be used in short- and long-range mmWave point-to-point communications systems. 

Furthermore, the objective of this dissertation is to demonstrate the feasibility of 

designing high-gain and beam steerable antennas in the millimeter-wave range. More 

specifically, this work focuses on the following points: 

1. In the first part of this dissertation, we focus on the design, fabrication, and 

measurement of high-gain multilayer waveguide-based antenna operating within 

60 GHz for high-speed communication systems. We introduce the subject and the 

background needed in order to better understand the operation of the antenna. Some 

of the traditional transmission line issues and challenges at high frequencies are 

discussed in this section. The antenna structure with simple mechanical assembly 

and low loss property is demonstrated and each part of the antenna explained.  

2. In the second part of the dissertation, the design and fabrication of high-gain beam-

steerable Luneburg-based lens antennas operating within the 28 GHz band, and Ka-

band (26.5 GHz-40 GHz) are demonstrated for high-gain and multi-beam 

applications. The antennas with fan-beam property are designed based on the 

utilization of thin dielectric materials, and metasurface technology forming cost-

effective wideband properties.  
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1.4 Dissertation outline 

This dissertation is outlined as follows: 

• Chapter 2 outlines different designs and technologies of high gain antennas used 

for mmWave applications. It introduces the background of the investigation on 

millimeter-wave antennas and arrays. 

• Chapter 3 outlines the design, fabrication process flow, and measurements of a 

waveguide-based high gain antenna array operating within the 60 GHz band.  

• Chapter 4 outlines an overview of lens antennas. Different structures of cylindrical 

Luneburg lens antennas are presented and discussed.  

• Chapter 5, 6, and 7 outlines the design, fabrication, and measurements of narrow 

band and wideband lens antennas operating within the 28 GHz and Ka-band (26.5 

GHz-40 GHz).  

• Chapter 8 concludes the results of this research and discusses future advancements 

and applications.
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CHAPTER TWO: HIGH GAIN ANTENNA AT MMWAVE FREQUENCIES 

2.1 Introduction 

In recent years, due to the emergence of high data rate communications there have 

been significant developments on multi-Gigabit wireless communication systems in V-

band (40 GHz to 75 GHz), E-band (60 GHz to 90 GHz) and W-band (75 GHz to 110 GHz). 

For example, the 7GHz of unlicensed band around 60 GHz offers significant opportunities 

for applications such as high-speed short-range wireless personal area network (WPAN) 

communications and real time video streaming at rates of several Giga bite per second 

(Gbps). However, a major issue in designing such a high data rate 60 GHz radio is the 

limited link budget over indoor distances, especially for non-line-of-sight (NLOS) 

situations. Therefore, to ensure a sufficient link budget at mmWave band, due to the high 

propagation path loss, high noise figure of the receiver and low output power of the 

transmitter, we can only increase the antennas gain in order to increase the communication 

distance and compensate free-space path losses. High gain antennas with fixed beams are 

the most essential components for short- and long-range communication systems in 

mmWave band. This enables high S/N ratio for point-to-point high-speed data 

communications [3].  

Typical antennas for high gain applications are reflector, and horn antennas [20], 

providing excellent high gain performance. Existing approaches, depending on the required 

gain, are rather expensive, bulky, and heavy for commercial mmWave systems. The design 
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of antenna array at mm-wave frequencies is a very complex job and includes several design 

challenges [21]:  

• The size of the antenna array should be reduced to integrate the whole array in 

portable high frequency devices. The small size of the array structure increases the 

fabrication error and complexity. In addition, to achieve the desired high gain 

performance and avoid the grating lobes, the inter-element spacing is kept small. 

The close proximity of these elements causes high mutual coupling which degrade 

the array performance. The mutual coupling is an important issue, which needs 

special attention. Different mechanisms are chosen to reduce the mutual coupling.  

• The losses in the feed lines of the array become appreciable in mm-wave 

frequencies and need special care in the design. This high loss reduces the system 

sensitivity and efficiency. 

• The antenna array is desired to be integrated with other components e.g. the front 

end detector and amplifier circuits for the implementation of low cost mm-wave 

systems. Different antenna integration technologies e.g. system-on-chip, system-

in-package or standard laminate substrates are chosen according to the nature of 

application and gain requirement [16]. This requires the meticulous selection of the 

antenna materials with known characteristics and low loss at mm-wave frequencies. 

Also the electromagnetic interference between the antennas and other front end 

modules hamper the operation of both the antennas and circuits. 

For achieving promising trade-off between high performance and cost, various 

types of high gain mmWave antennas such as printed antenna arrays, waveguide-based slot 

arrays, and gap waveguide arrays are investigated in the following sections. Different 
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structures and the challenges regarding the practical implementation of designs are 

introduced and discussed. 

2.2 Planar Antenna Array 

Primarily, planar array antennas are one of the most popular types of array antenna. 

Planar array with different configurations including dipole [22], Yagi-Uda [23], and leaky-

wave [24] are popularly developed and implemented in wireless devices over a wide range 

of frequencies at microwave frequencies, due to their remarkable features such as low 

profile, low cost and ease of manufacturing. Although, planar antenna arrays are usually 

the preferred choice because of the ease of fabrication/integration and costs, they suffer 

from design complexity and excessive transmission-line losses when designed for high 

gain applications in mm-wave frequency. In printed high gain antennas, the feed network 

of the antenna is a significant problem when the size of the antenna aperture is large. There 

are various types of feed distribution networks. Corporate (parallel) and inline series feed 

networks are the two most common feeding technologies in printed antenna design. For 

passive antenna, the most popular feed network type is a corporate feed network, shown 

below in Figure 2.1. This technique integrates the RF feed network with the radiating 

elements on the same substrate. Another feed technique is the inline series shown in Figure 

2.1 (b). In a series-fed, the input signal fed from one end of the feed network is coupled 

serially to the antenna elements. Considering the structures of the feed networks in high 

gain array antennas, printed array antennas have shown several electrical disadvantages. 

They suffer significantly from high dielectric/ohmic losses and surface wave leakage [25]. 

Specially, the large number of the long microstrip lines in the corporate feed network, in 
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the presence of discontinuities, bends, and steps, creates a huge amount of losses [26]. 

These losses are very important especially when increasing the operating frequency. 

 
Figure 2.1 (a). Corporate Feed Network. (b). Inline series Feed Network 

In mmWave applications, we need to come up with some solutions to reduce these 

losses. Minimizing losses of the microstrip feed network results in high efficiency planar 

antenna arrays. As a solution: 

• Thin substrates can be used to decrease the dielectric loss in the feeding network 

of the array [27]-[28]. However, in order to achieve a 50 line impedance, a 

narrower strip must be utilized on a thin substrate, which increases conductive 

losses. Due to the higher resistance, narrower strip lines have higher conductive 

losses [29].  

• Another technique to minimize feed network loss is to use a multi-layer feed 

network. Manipulating the feed network length per wavelength as short as 

possible minimizes conductor loss [30]. By using a multi-layer feed network 

design, the feed length per wavelength can be minimized considerably. In recent 

years, planar array antenna based on thin layers of low temperature co-fired 

ceramic (LTCC) technology have been widely introduced in many works at 
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mmWave applications [31]–[36] This is multilayered fabrication technology 

composed of very thin ceramic/silicon substrates. It features the flexibility to 

integrate the feeding structure and radiators of the antennas in a multilayered 

substrate using the perpendicular interconnection.  

• Another alternative to achieve a high efficiency planar array antenna is to use a 

waveguide feed network. Hollow waveguide feeding structures have been 

known for many years for their high efficiency and high power applications 

[37]. They have lower losses with respect to traditional planar technologies. In 

this case, one of the solutions to increase radiation efficiency of planar array 

antenna is to incorporate a low loss waveguide feed network with dielectric 

based radiating elements. However, this results in significant increase in the 

antenna weight and dimensions. The non-planar structure of hollow waveguides 

makes it difficult to use them in integration with passive and active components.  

• Regarding the non-planar structure of the hollow waveguide feeding network, 

the substrate integrated waveguide (SIW) or post-wall waveguides is 

introduced in [38] as an attractive technology with the advantages of both planar 

transmission lines and hollow waveguides (see Figure 2.2). The structure of 

SIW is similar to a rectangular waveguide structure filled with dielectric, where 

two rows of metalized via holes replace the narrow walls of the waveguide. The 

upper and lower metal plates and via holes form a current loop in the cross-

section, similar to a metal waveguide. All these via holes should be placed 

closely to avoid possible leakage. SIWs have a planar profile which makes them 

interesting for integration with active components [39]-[40]. However, due to 
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the presence of dielectric, SIW faces the same problem as microstrip 

transmission lines and has shown higher loss than hollow waveguides. 

Moreover, radiation losses and leakage can occur in the walls, because the via 

holes do not provide a perfect shielding [38]-[41]. The losses can be partly 

reduced by using low loss dielectrics, but these materials are expensive, and 

also quite soft. Therefore, it becomes difficult to machine and make via holes 

through those types of planar structures. Leakage and surface waves may 

become a major problem in microstrip array antennas, especially in a big 

distribution network. Considering all the aforementioned techniques and 

technologies in improving the radiation property of the planar array antenna, 

Table 2.1 summaries some of the design of planar array antennas reported at 

mmWave band in terms of operation frequency, size, impedance, maximum 

gain, and antenna efficiency. 

 
Figure 2.2 (a). Substrate Integrated Waveguide, (b). Rectangular hollow 

waveguide structure 

Taking into account the results of the antennas in Table 2.1, the planar array 

antennas with different technologies are not suitable for high gain applications at mmWave 

band. Although they have a planar profile, their efficiency drops significantly at high 

frequencies. Achieving high gain and high efficiency properties is one of the key 

challenges with substrate-based antennas in mmWave communications. In order to 
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increase the efficiency of the array antenna and achieve higher gain, in the following 

section we are going to introduce and explain another category of high gain array antenna. 

2.3 Slotted waveguide array antenna 

Slotted waveguide array antennas have been known for many years for high 

efficiency and high power applications [1]. Slotted waveguide antennas are free from 

feeding loss and can be applied for sub-arrays in high-gain antennas. Waveguide antennas 

more especially have the advantage of both low feeding loss and compact size in mmWave 

band even though the size of the aperture is large. However, the manufacturing cost of 

waveguide antennas is generally very high because they usually consist of metal blocks 

with complicated three-dimensional structures. The most common geometry of slotted 

Table 2.1. Planar array antenna at mmWave band. 

Ref Antenna Type 
Frequency 
Band 
[GHz] 

Number 
of 
Elements 

Max 
Gain 
[dBi] 

Antenna 
Efficiency 

[40] 

[42] 
[39] 

[43] 
[44] 

[45] 
[33] 

[46] 
[32] 

[47] 

Mirostrip 

SIW 
L-probe patch- 
Stripline 
Cavity-backed dipole- 
SIW 
Loop loaded dipole 
(PCB) 
Yagi(PCB) 

LTCC 
Cavity-backed patch 

LTCC 
SIW-LTCC 

58-67 
54-68 

53-71 
56.1-70.6 

57-64 
56.7-63 
54.86–
65.12  

57.5–67  
136.7–
146.5 
129.2–146 

64×64 

4×4 

4×4 

8×8 
50 
elements 

4×4 

8×8 

8×8 

8×8 

8×8 

39 

18 
17.5 

26.7 
25 

18 
23 

30.1 
21.8 

21.3 

15%-20% 

35%-45% 
54% 

70% 
63.7% 

53% 
44.4% 

49.5% 
38.3% 

35% 
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waveguide antenna is shown in Figure 2.3. The basic principle of the slot antenna is based 

on disturbing the surface current on the waveguide walls by implementing slots in 

longitudinal/transversal directions (Figure 2.4). In slotted waveguide array antennas, for 

higher gain and larger numbers of the radiating slots, hollow waveguide feeding 

distribution networks have been applied to feed the radiating slots of the array. Hollow 

waveguide distribution networks have low loss and high efficiency capabilities, which 

makes them suitable for the applications that require higher gain applications [48]-[49]. 

They do not suffer from dielectric loss in comparison with planar array antenna. However, 

the tiny gaps between the antenna blocks in array configurations can cause leakage and 

radiation losses (see Figure 2.5). Actually, these gaps can disturb the surface current on the 

walls and consequently change the antenna efficiency and disturb the overall performance 

of the antenna. Therefore, the fabrication of a complex waveguide structure is a challenging 

task, especially at mmWave frequencies. The key challenge is to achieve good electrical 

contact between the building blocks. This increases fabrication cost and manufacturing 

complexity and requires precise assembly fabrication techniques. This will normally not  

 
Figure 2.3 Geometry of the most common slotted waveguide antenna [1]. 



16 

 

 
Figure 2.4 (a) Surface Currents distribution for 𝑻𝑻𝑻𝑻𝟏𝟏𝟏𝟏 mode in rectangular 

waveguide walls [1]. (b) Sensitive and least-sensitive places for joining walls. [3] 

be possible to feed each radiating element in parallel (full corporate-feed) because of the 

space limitations associated with keeping the element spacing smaller than one wavelength 

(𝜆𝜆0) to avoid grating lobe [50]. Therefore, Multi-layer corporate distribution networks have 

been implemented to feed radiating elements. In this case, radiating elements are fed in 

parallel plates by a corporate-feed network, formed by waveguide power dividers. 

However, it is very difficult to achieve good electrical contact between the vertical walls 

and the upper layer in a distribution network [51], [52]. To overcome the problem of 

leakage due to the assembly in the broad-wall slotted waveguide antenna, a narrow-wall 

slotted waveguide can be used (Figure 2.5). This antenna can be manufactured without 

disturbing and cutting the surface current on the waveguide walls. Flatness of the metal 

layers is another key factor to assure good electrical contact between plates. A high quality 

flatness especially in a large surface, is not an easy task. Good alignment of the two blocks 

must be achieved in order to remove the gaps between the two split. This needs lots of 

screws to assure good contact, and is not always successful. These strict mechanical 

requirements lead to complex and high-precision manufacturing techniques and novel 

ideas. For example, the antenna in [2] (see Figure 2.6) is composed of a multi-layer 

corporate-fed feeding network consisting of many thin copper plates. In order to achieve 

good electrical contact between all the plates, the authors used the diffusion bonding 
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fabrication technique which is very expensive to have mass product this antenna. Diffusion 

bonding is a solid-state welding technique capable of joining metals. Diffusion bonding is 

typically implemented by applying both high pressure and high temperature to the 

materials to be welded. Considering the traditional planar technologies and challenges in 

the manufacturing of slot array antennas at high frequencies, there exists a big gap between 

the planar transmission lines such as microstrips, SIW and non-planar hollow waveguides 

in terms of performance such as loss and fabrication flexibility. Therefore, one of the main 

current research challenges is to find a transmission line solutions with flexible and low-

cost fabrication and low-loss at the same time. This is possible by using the new 

metamaterial-based gap waveguide technology [3]. 

 
Figure 2.5 Surface current distortion in slotted waveguide antennas. (a) Current 
cut in broad-wall slot antenna. (b) Narrow-wall slot antenna without the problem of 

disturbing current. (c). Flatness problem 

 
Figure 2.6 Antenna configuration in [2] 
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2.4 Gap waveguide array antenna  

 In 2009, gap waveguide (GWG) technology was introduced by Kildal et al. as an 

alternative to hollow waveguides and microstrip lines at high frequency applications; this 

technology demonstrates a performance comparable to that of a rectangular waveguide 

transmission line if the dimensions are properly chosen [53]-[54]. 

The basic principle operation of gap waveguides is the cut-off of a PEC/PMC 

parallel plate waveguide configuration, to control the propagation of waves in desired 

directions between the two plates. This idea is shown in Figure 2.7. For the air gap between 

the two plates smaller than λ/4 no wave can propagate between the plates, due to the 

boundary conditions at the plates. By introducing a metal strip in the PMC surface, a TEM 

mode will be able to propagate along the strip. 

In practice, the PMC condition is artificially realized by using Artificial Magnetic 

Conductors (AMCs) to emulate the high impedance boundary condition of a PMC surface 

[55]. In gap waveguides, the AMC is realized in the form of periodic textured structures 

(e.g. metal pins or mushroom structures) in combination with a smooth metal plate, with 

an air gap between them. When the air gap is smaller than a quarter wavelength there is a 

cut-off of all mode propagation within the gap due to the high surface impedance created 

by periodic texture [56]. This can be used to control the propagation direction without 

leaking away in other directions. Based on the guiding-line, propagation characteristics and 

the band gap structure, the gap waveguide can be made in different versions. Ridge gap 

waveguide [57] groove gap waveguide [58], microstrip gap waveguide [59], and inverted 

microstrip-ridge gap waveguide [60] are the four different varieties of gap waveguide 

technology. Figure 2.8 shows four different gap waveguide configurations and their  
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Figure 2.7 Basic principle operation of gap waveguide. (a) PEC − PMC Parallel 

plate electromagnetic wave Cut off (b) TEM local waves propagation [3]. 

 
Figure 2.8 Different gap waveguide geometries and desired modes of 

propagation. (a) Ridge gap waveguide. (b) Groove gap waveguide. (c) Microstrip 
gap waveguide. (d) Inverted-microstrip gap waveguide [4]. 

fundamental modes. Gap waveguides have interesting characteristics such as low loss, 

flexible planar manufacturing, and cost-effectiveness, especially at millimeter-wave 

frequencies. [4]. The advantage compared to microstrip transmission lines and SIW is that 

the gap waveguide has a planar profile with low loss, since the wave propagates in the air. 

This new technology has almost no dielectric loss (especially in ridge and groove gap 

waveguide configurations), and it is mechanically more flexible to fabricate and assemble 

than hollow waveguide structures. Electrical contact between the building blocks is not 

needed in these guiding structures. This offers new opportunities for making cost-effective 

antennas and in particular corporate-feed networks [61][62][63]. Therefore, gap 

waveguides can be mass-produced by the usage of some low cost fabrication techniques 

such as injection molding, die pressing, plastic hot embossing, or die-sink EDM [64]. 
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GWGs antenna are either full metal constructions or metal-PCB hybrid structures. 

They have a planar profile, and can be used as low loss distribution networks for an antenna 

array. As an example, Figure 2.9 shows a prototype of a metal-PCB hybrid structure in 

which patch array antenna is fed with a ridge GWG feed network. The antenna efficiency 

is more than 75 % over the bandwidth of 15.5% (57.5–67.2 GHz), which is more than 

conventional patch array antennas. In recent years, GWG array antenna have received 

extensive interest for applications at mmWave band. Several low-profile array antennas 

with high efficiency and wide impedance bandwidth based on gap waveguide technology 

have demonstrated the advantages of this new guiding structure with flexible mechanical 

assembly and low loss. Figure 2.10 depicts some of the prototypes of high gain array 

antennas with GWGs constructions. 

The main challenge of gap waveguide components is the realization of the textured 

structure (pin surface) with a cost-effective method. Due to the relatively complex pattern 

and physical dimensions of the textured structure, the fabrication of the product presents a 

challenging task, especially at mmWave frequencies. 

In this section, we reviewed the three most common array technologies for high 

gain applications at mmWave band. Some of the issues of the traditional planar 

technologies, challenges in manufacturing of slot array antennas, and new structures of gap 

waveguide array antenna at high frequency applications have been reviewed. We presented 

some of the key characteristics of theses antennas. As discussed above, there exists a big 

gap between the planar transmission lines and the non-planar hollow waveguides in terms 

of performance such as loss and fabrication flexibility. Moreover, the new guiding 



21 

 

technology, GWG array antenna, exhibits promising features such as planar geometry, and 

low losses in comparison to waveguide slot array antenna. 

 
Figure 2.9 A ridge waveguide-fed Patch Antenna Array[5]. 

 
Figure 2.10 The schematics of the three 16×16 slot array designed in gap 
waveguide technology. (a). Groove gap waveguide slot array. (b). Ridge gap 
waveguide slot array. (c). Inverted microstrip gap waveguide slot array. [65] 
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CHAPTER THREE: 60 GHZ WAVEGUIDE-FED ARRAY ANTENNA BY MULTI-

STEPPED SLOT APERTURE 

3.1 Introduction 

This section presents a center feed high gain and high efficiency 4 × 4-element slot 

array antenna in the 60 GHz band. The feeding network of the antenna is designed only 

with a single-layered square quad-ridge cavity structure, which is excited through a 

rectangular slot of the same size as a standard WR-15 rectangular waveguide. The proposed 

antenna avoids the utilization of any conventional power dividers in the feeding network 

so that the complexity of the design and fabrication is reduced. To adjust the problem of 

the narrow bandwidth of the proposed cavity for the array, a stepped design of rectangular 

slots is employed for each radiating slot of the subarray. Furthermore, the overall radiating 

aperture of the antenna is equipped with a dielectric layer, which decreases the mutual 

coupling among array elements. As a result, a broad bandwidth antenna with high 

efficiency and low sidelobes in both E- and H-planes is achieved over the 60GHz band. 

The antenna has been fabricated and tested. Measurement results show an operating 

bandwidth of around 11.6% from 57.7–64.7 GHz. A gain of more than 23 dBi associated 

with the sidelobes of less than -15.2 dB is achieved, and higher than 66% antenna efficiency 

over the frequency range from 58-64.4GHz. 

3.2 Antenna Design and Configuration 

The configuration of the proposed multilayer slot aperture array antenna is shown 

in Figure 3.1. The antenna is separated into three main layers, i.e., the radiating layer, the 
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feeding layer, and the dielectric layer. The radiating and feeding layers are connected 

together electrically and the dielectric layer is separated with a gap from the radiating layer. 

The exploded view of the layers forming the antenna are shown in Figure 3.1. The feeding 

distribution network is implemented with a single quad-ridge cavity feeding technique 

connected to a standard WR-15 rectangular waveguide. The input power from the 

waveguide port is divided into four feeding slots via the quad-ridge cavity structure. Each 

feeding slot couples the power upward into a 2 × 2 coupling cavity. Then, the coupling 

slots feed the radiating layer. As shown in Figure 3.1, the radiating layer is composed of 

four separate layers. Each layer consists of 4 × 4 rectangular radiating slots. Furthermore, 

the radiating aperture of the antenna is loaded by a dielectric layer to improve radiation 

characteristics of the antenna. In the following, we demonstrate and discuss the design of 

the proposed antenna for the proposed subarray and complete array.  

 
Figure 3.1. Configuration of the proposed cavity-backed 4 × 4 slot array antenna. 

feeding slot

2 × 2 subarray

Radiating layer

Feeding layer

dielectric layer

Coupling
cavity

coupling slot

a

b

a

b
b

c

c

b

Screw holes

WR-15 waveguide
Feeding cavity

d
t



24 

 

 
Figure 3.2. 2 × 2-element slot aperture array 

 
Figure 3.3. Exploded view of the proposed cavity-backed 2 × 2 subarray 

3.3 Basic Subarray design 

The 2 × 2-element slot aperture array is shown in Figure 3.2. It comprises of seven 

main components: Comp I, Comp II, Comp III, Comp IV, Coupling slots, Cavity, and the 

Feeding slot (see Figure 3.2). The Cavity has a quad-ridge configuration based on a 

conventional cavity feeding structure [66]. In general, these structures have efficient and 

compact topologies in which a single feeding aperture at the bottom surface of the cavity 

distributes power into four radiating slots. Considering the structure of the cavity, as shown 

in Figure 3.3, four coupling slots are positioned symmetrically in every cavity free-space 

in 𝑥𝑥 and 𝑦𝑦 directions. The red dash-lines on the corners of each cavity show the exact 

positions of the slots with respect to the center of the cavity. The coupling slots act as an 

interface layer between the cavity and radiating layer. 
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Figure 3.4. Feeding cavity of the array (𝒘𝒘𝒘𝒘 × 𝒍𝒍𝒘𝒘 = 2.2 mm × 4 mm, 𝒘𝒘𝒃𝒃 × 𝒍𝒍𝒃𝒃= 1 

mm × 4 mm, 𝒘𝒘𝒘𝒘 = 13.3 mm). (b) Magnetic field distribution in the cavity. 

3.4 Feeding Network 

To feed a larger 4 × 4-element array, we need to design a wideband feeding 

distribution network. In order to decrease the complexity of the feeding network, instead 

of designing an arrangement of conventional T-junction power dividers or an H-junction 

power distribution we propose to use a single quad- ridge backed-cavity to assemble the 

feeding network of the array. As shown in Figure 3.4, the Feeding Cavity is connected to 

the input transmitter through a transverse rectangular slot etched on the bottom surface of 

the cavity. In this case, this slot has the same size as a standard WR-15 waveguide. The 

input signal propagating in the WR-15 waveguide is divided into four paths through the 

four feeding slots positioned at each corner of the cavity. As shown in Figure 3.5 

symmetrical field distribution can be seen with respect to the center of the cavity in the y 

direction. Note that the distance between the feeding slots should be large enough to 

accommodate four subarrays next to each other, while being compact enough to ensure 

proper spacing for the radiating slots to avoid high grating lobes. This method is promising 

for high frequency antenna designs since their structures are too simple to be realized by  

conventional fabrication techniques. To achieve desirable impedance matching between 

the feeding slots and the radiating layer, structural parameters of the feeding cavity such as 
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the height as well as the width and the length of the ridges (𝑊𝑊𝑎𝑎 × 𝑙𝑙𝑎𝑎 ,𝑊𝑊𝑏𝑏 × 𝑙𝑙𝑏𝑏) are optimized 

to control the bandwidth characteristics of the antenna. The proposed antenna is analyzed 

and optimized using the commercial High Frequency Simulator (HFSS). To demonstrate 

the effects of these parameters, we analyzed the reflection coefficient of the antenna array 

with different values of 𝑙𝑙𝑏𝑏 and 𝑊𝑊𝑎𝑎. The results are shown in Figure 3.5. It can be seen in 

Figure 3.5 (a) that by decreasing and increasing 𝑙𝑙𝑏𝑏, the impedance matching of the antenna 

is degraded in the desired frequency band. In Figure 3.5 (b), when the 𝑊𝑊𝑎𝑎  varies from 1.6 

to 2.5 mm, the impedance matching of the antenna for lower resonances change 

significantly.  

 
(a)     (b) 

Figure 3.5. a) Simulated reflection coefficient for different values of l_b with fixed 
value of w_b = 1 mm. (b). Simulated reflection coefficient for different values of w_a 

with fixed value of w_b = 1 mm, l_b = 3.8 mm, and l_a = 4 mm. 

3.5 Dielectric Loading 

To improve the radiation characteristics of the antenna, we implement a dielectric 

layer, with a thickness of t, in a certain distance of d over the aperture of the antenna. The 

dielectric material used in this work is a low-cost and high efficiency polymer material 

(Rexolite with relative permittivity 𝜀𝜀𝑟𝑟 = 2.54 and loss tangent tan𝛿𝛿 = 0.00066 at 10 GHz). 
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In this part, our purpose is to explain that how employing the dielectric layer in front of the 

radiating aperture of the antenna improves the sidelobe performance of the antenna. For 

more clarification of the antenna performance, it is important to mention that in the 

proposed design; first, without using the dielectric layer, the antenna is designed and its 

performance is optimized to achieve the best characteristics in terms of broad bandwidth, 

maximum gain and low sidelobe levels. Taking into account these features, we 

accomplished multiple optimization for geometrical parameters of the antenna. Then, 

considering the sidelobe results of the antenna over the bandwidth from 58 GHz to 64 GHz, 

in order to decrease the sidelobes in both radiation planes to less than -15 dB, we covered 

the radiating aperture of the antenna with an external dielectric layer. Without the dielectric 

layer, the sidelobes vary from -11.7 to -14.9 dB in the E-plane and -12.16 to -13.9 dB in 

the H-plane. It should be noted that the antenna, without the use of the dielectric layer, still 

has good performance in terms of sidelobe results. These results are comparable with the 

previous array antennas reported for 60 GHz applications[67][68][69][70]. For example, 

in [70], the authors rotated the radiating slots of the antenna by 10 degree to improve the 

sidelobe levels in the array. Authors in [69] used corrugated plates in associated with the  

radiating slots to decrease the grating lobe effect in higher frequencies. 

In this approach, the parameters of the dielectric plate, d and t, are optimized to  

minimize the mutual coupling affects for best performance. Moreover, these parameters 

provide additional degrees of freedom to minimize the reflection coefficient of the antenna. 

Using a dielectric layer on the top of the radiating aperture of the antenna changes the field 

distribution across the aperture of the antenna and provides more uniform field distribution. 

To obtain low sidelobes patterns, it is necessary to change the field distribution across the 
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aperture of antenna. Therefore, using the idea in paper [a] we implemented a dielectric 

layer to achieve the desired field distribution. However, the proper design of geometrical 

parameters of the dielectric layer, e.g., d and t has significant effect on antenna 

performance. Actually, the dielectric layer as an external element on the top of the antenna  

 
Figure 3.6. Reflection coefficient of the antenna for different values of the d 

parameter (dielectric plate separation from the aperture) 

can positively/negatively affect the antenna performance in terms of impedance matching 

and radiation pattern. The signal reflections at the air-dielectric interface alter the  

 
Figure 3.7. Radiation pattern of the antenna for different values of the d 

parameter (dielectric plate separation from the aperture) in E- and H- planes. 
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impedance matching of the antenna and can adversely deteriorate the radiation 

characteristics of the antenna. Therefore, it is very important to choose proper values for 

its parameters. Using dielectric layer should not degrade antenna performance in terms of 

bandwidth and radiation patterns, because the antenna still has acceptable results without 

the dielectric layer at 60 GHz band. In this case, some optimizations have been conducted 

in HFSS to determine the effect of a dielectric layer on the impedance matching and the 

radiation pattern of the antenna. We have presented a parametric study of the layer 

separation (d) from the antenna aperture to show its effect on antenna performance. Figure 

3.6, shows a parametric study of the layer separation (d) from the antenna aperture. As can 

be seen the antenna bandwidth has been affected by this parameter and the reflection 

coefficient characteristics of the antenna is changed at lower frequencies. Moreover, for 

further clarification, the E- and H-planes gain radiation pattern at 60 GHz for different 

values of d is presented in Figure 3.7. It can be observed that the antenna sidelobes 

performance has reached an acceptable level by properly choosing the placement of the  

 
Figure 3.8. Electrical filed distribution over the aperture of the antenna 

dielectric layer. The results show that the sidelobe levels at 60 GHz is reduced to -18.79 

dB and -20.58 dB in E-plane and H-plane respectively. Moreover, due to the uniform 
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electrical filed distribution over the aperture of the antenna and the ability of the dielectric 

layer in focusing the electromagnetic waves we have a gain enhancement of about 2 dB 

across the bandwidth at operating frequency. Figure 3.8 shows filed distribution on the 

aperture of the antenna with a dielectric layer. Furthermore, considering the results of the 

realized gain of the antenna over the bandwidth, it is shown in Figure 3.9 that the gain of 

the antenna is improved by approximately 2 dB over the entire bandwidth. As a result, it 

should be noted that the idea of loading the aperture of the slot array antenna with a proper 

dielectric layer can be more beneficial in larger scale arrays, because it leads to a decrease 

in the number of radiating elements and reduces the complexity of the feed network for a 

larger array. The effects of the dielectric layer were investigated in HFSS and the optimum 

values of 𝑑𝑑 and 𝑡𝑡, which yields to the best antenna efficiency in the broad bandwidth is 

determined as 𝑑𝑑 = 0.9𝜆𝜆0 and 𝑡𝑡 = 0.98𝜆𝜆0 (𝜆𝜆0 is free-space wavelength at the 60 GHz). The 

array is extended for a larger 8×8 array in Figure 3.11. Considering the simulated gain and 

radiation   
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3.9. Simulated radiation pattern in E- and H-planes at (a) 58, (b) 60, (c) 
62, (d) 64 GHz 
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pattern results in Figure 3.10 , Figure 3.12 and Figure 3.13 in comparison to the previous 

8×8 array antennas, our design for a larger scale array depicts more gain over the frequency 

band from 58 GHz to 65 GHz. Actually, loading the stepped-aperture of the proposed 

antenna with a dielectric layer as an external element improves the radiation characteristics 

of the antenna, without increasing the number of radiating elements. This is more beneficial 

in fabrication at high frequency application. 

 
Figure. 3.10. Simulated realized gain of proposed antenna with and without 

dielectric layer 

 
Figure 3.11. Configuration of the 8×8-element array antenna 
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(a) 

 
(b) 

Figure 3.12. Simulated radiation pattern in E- and H-planes at (a) 58, 60 GHz, (b) 
62, 64 GHz 

 
Figure 3.13. Simulated realized gain performance of the 8×8-elemen array 

antenna  
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Table 3.1 lists the optimized values of antenna parameters that were obtained through 

extensive simulations. 

Table 3.1. Design Parameters For 4×4–Element Array 

Parameter (mm)  

𝑊𝑊1 = 1.8, 𝑊𝑊2 = 2.4, 𝑊𝑊3 = 3.6, 𝑊𝑊4 = 5, 𝑙𝑙 
= 1 

Width and length of the radiating 
slots 

𝑊𝑊𝑠𝑠 × 𝑙𝑙𝑠𝑠= 3.3 × 2 Width and length of the coupling 
slots 

𝑊𝑊𝑓𝑓 × 𝑙𝑙𝑓𝑓 = 2.1× 3 Width and length of the feeding 
slots 

𝑊𝑊𝑝𝑝1 × 𝑙𝑙𝑝𝑝1 = 1 × 2, 𝑊𝑊𝑝𝑝2 × 𝑙𝑙𝑝𝑝2 = 3 × 2 Width and length of the ridges in 
the coupling cavity 

𝑊𝑊𝑎𝑎 × 𝑙𝑙𝑎𝑎= 2.2 × 4 , 𝑊𝑊𝑏𝑏 × 𝑙𝑙𝑏𝑏= 1 × 3.8 Width and length of the ridges in 
the feeding cavity 

 

 
Figure 3.14. Prototype of the proposed array antenna. 

3.6 Experimental Results  

To verify the proposed design, a 4 × 4-element antenna array was fabricated by 

using a wire Electrical Discharge Machining (EDM) technique. To obtain the desired 

geometry of the multi-stepped radiating layer, using this manufacturing process, the 

antenna block is made in seven individual pieces. We should mention that in comparison 
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to Figure 3.4 in which we have eight layers, we put two layers of the feeding layer together 

during fabrication and reduced the numbers of layers to seven. Seven layers of Aluminum 

plates with specified thicknesses are machined on the wire-EDM with 0.25 mm brass wires. 

To consider the effect of the wire all the corners in our design are converted to round edges 

with a radius of 0.125 mm. The layers are aligned by two registered pins and assembled by 

four screws. The dielectric plate is separated with four standoffs from the antenna aperture. 

The array prototype is shown in Figure 3.14. The total size of this array is 30 mm × 30 mm 

× 36 mm. The overall height of the array is 27 mm. However, we have added an extra 9 

mm to the thickness of the feeding cavity in the manufactured prototype for connecting the 

antenna to the standard WR-15 flange. Figure 3.15 exhibits the simulated and measured 

frequency characteristics of the manufactured antenna. The measured reflection coefficient 

is in a good agreement with the simulation results. The –10 dB reflection coefficient is 

achieved within the operating band from 57.7 GHz to 64.7 GHz.  

 
Figure 3.15. Comparison of simulated and measured input reflection coefficient of 

the fabricated prototype 
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(a) 

 
(b) 

 
(c) 

Figure 3.16. Simulated and measured radiation patterns in E- and H-planes at (a) 
58, (b) 61, and (c) 64 GHz. 
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Figure 3.17. Frequency behavior of directivity, gain, and efficiency. 

There is a slight difference between the measured and simulated values at 

frequencies between 58.4 to 59.5 GHz, which might be attributed to the fabrication process 

variation and the measurement set up. The antenna radiation characteristics are measured 

in an anechoic chamber at the University of Colorado Boulder, as shown in Figure 3.14. 

The measured and simulated results of the co-and cross-polarization components of the 

radiation patterns at 58, 61, and 64 GHz in E-and H-planes are illustrated in Figure 3.16. 

The results show good agreement between measured and simulated values over different 

frequencies. The measured E- and H-plane cross-polarization values are both less than -25 

dB. All of the measured sidelobe levels over 58–64 GHz are better than -15.4dB. The half-

power bandwidths of E- and H-planes vary from 11.8° to 11.1°, and 10.5° to 9.6° over the 

operating band, respectively. The gain of the antenna at broadside direction is illustrated in 

Figure 3.17. The measured gain of up to 24.13 dBi with a variation of less than 1 dB is 

achieved from 58 GHz to 64.4 GHz. Moreover, the measured gain of the antenna is slightly 

lower than the simulated one, which is mainly, can be caused by the tolerance of the 

fabrication process and possible variation in the dielectric constant and loss tangent of the 

dielectric material. It can be seen in Figure 3.17 the measured antenna efficiency is above 

72% over the operation bandwidth from 58.5 to 64.5 GHz. 
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3.7 Assembly Consideration 

Waveguide slot/ Gap waveguide array antennas in the literature such as in [9]- [8], 

require the use of multi-layer blocks which can consists of sometimes up to 7 Layers. 

Further, although the antennas designed based on the gap waveguide technology with 

periodic textured plates, e.g., [f, have a lower number of layer counts, similar to the works 

in [8]- [9], require high precision and expensive fabrication techniques when considering 

frequencies in mmWave band. Therefore, the slot/gap waveguide array antennas might 

have assembly difficulties. Therefore, it is important to reduce the complexity of each layer 

to decrease fabrication tolerances. For example, the manufacturing process for the metallic 

pins in [f] may be a challenging task. In this work the width of metallic pins is only 0.3 

mm, which is difficult to vertically fabricate them. Moreover, manufacturing tolerances for 

the tilted pins can affect the reflection characteristics of the array. However, the proposed 

antenna has a very simple design in which the smallest dimension in the feed network of 

the array is 𝑊𝑊𝑏𝑏= 1mm. To showcase the robustness of our design, we analyzed our design 

under a 10% error in manufacturing process when considering the parameter 𝑊𝑊𝑏𝑏 . As can 

be seen in Figure 3.18 the frequency response of the antenna does not change significantly. 

We also considered a 10% tolerance for the height of the layers. Figure 3.19 presents the 

simulation results of the changes. These results support our claim that the proposed design 

results in an antenna that can be manufactured by using less accurate and expensive 

manufacturing methods. 
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Figure 3.18. Frequency response of the antenna with parametric study of 𝒘𝒘𝒃𝒃 

parameter 

Misalignment due to the assembly process of the layers is always critical and can 

degrade the impedance matching of the antenna. The proposed antenna is assembled by 

four screws in the four corners around the radiating aperture. This assembly method may 

cause  

 
Figure 3.19. The effects of the height of layer composed of coupling slots 

misalignment between the layers, which has been depicted in both the x- and y-directions 

in Figure 3.20. We have analyzed the results of this misalignment in Figure 3.21, where 

simulation results of the proposed array antenna with 25, 50, 75, and 150 μm misalignment 

in both the x- and y-directions are shown. All the results mentioned above show that our 

design is robust to manufacturing errors. The results show that the proposed design still 
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performs well when there are errors in the manufacturing process. Furthermore, in order to 

reduce the layers of the proposed antenna, it is possible to manufacture the radiating part 

of the antenna in just one block with Metal 3D printing methods. Finally, it is important to 

note that the planar array antennas in the literature such as [6], also suffer from assembly 

and manufacturing issues. For example, the antenna design in [6] is fabricated with 20 

layers of thin metal plates, which need high precision fabrication techniques.  

 
Figure 3.20. Illustration for analysis of misalignment of the proposed array 

antenna 

 
Figure 3.21. Simulated reflection coefficient characteristics of the structure 

considering misalignment. 

3.8 Conclusion 

In this work we propose a new and high gain 4 × 4 element slot array antenna for 

applications at 60 GHz. The proposed antenna demonstrates the merits of stable 
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performance, high efficiency, low cost, and flexible mechanical assembly. The multi-

stepped radiating elements together with the single quad-ridge feeding cavity form a wide 

band array antenna. The dielectric plate also enables the antenna to maintain low sidelobes 

level over the frequency range of 58 to 64.4 GHz, corresponding to the gain of higher than 

23 dBi with larger than 66 % antenna efficiency.
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CHAPTER FOUR: MULTIBEAM LENS ANTENNA ARRAY  

4.1 Background 

It is widely known that at high frequencies, the electromagnetic wave suffers from 

more severe free-space loss and blockage, which substantially degrades the signal-to-

interference-noise ratio. To cope with this shortcoming, as mentioned in previous chapters, 

high-gain antennas with a directional beam can be deployed (possibly at both transmitting 

and receiving ends), which greatly enhances the SNR, and improves the data security, thus 

they have been widely used in long-range mmWave point-to-point communications with a 

LOS link [12], [22]. However, the narrow fixed single beam of a high gain antenna provides 

only limited spatial coverage, making it not amenable to multiuser mobile streaming. In 

addition, for non-LOS communications, another requirement for 5G backhaul antennas is 

their compatibility for beamsteering. The beam steering feature is required, because it helps 

to focus signals in a concentrated beam that is very directive, and reducing signal blockage, 

thus decreasing interference among different users. The single fixed directional beam needs 

to be steered either electronically or mechanically in order to find a reliable substitute link 

(see Fig. 1). Beam steering is about changing the direction of the main lobe of a radiation 

pattern. Therefore, the goal of this chapter is to design a multibeam cylindrical Luneburg 

lens antenna that could cover a large angular range and provide wide bandwidth. Actually, 

multibeam antennas serve as the key hardware for enabling mmWave backhaul links [25]–

[27]. In radio and radar systems, beam steering may be accomplished by switching the 

antenna elements or by changing the relative phases of the RF signals driving the elements. 

https://en.wikipedia.org/wiki/Main_lobe
https://en.wikipedia.org/wiki/Radiation_pattern
https://en.wikipedia.org/wiki/Radiation_pattern
https://en.wikipedia.org/wiki/Phase_shifter
https://en.wikipedia.org/wiki/RF_signal
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Many techniques have been used to steer an antenna’s radiation pattern, the most practical 

techniques are mechanical steering and phased array antennas [71]. These antennas have 

primarily been used in radar and satellite communication systems over the years [72].  

Mechanical steering involves manually turning the antenna to face the direction of 

interest, and is highly effective since it maintains the gain of the antenna and offers 

flexibility in the steering range of the antenna [73]. However, its use is limited to static due 

to the limitation in steering speed. Also, rotating mechanisms are prone to mechanical 

failure due to fatigue and wearing of moving parts [74]. Recently, MEMS devices have 

been used to implement mechanical steering [75], they offer improved speed of scanning 

compared to manually steered arrays as well as low losses to the system. Nevertheless, 

mechanical beamsteering becomes undesirable and difficult when we consider factors such 

as antenna size, weight, and weather conditions. The solutions for this problem led to 

electronic ways of steering beams, phase array antennas[71].  

Phased array is an array of antenna elements whose excitation phase is controlled 

in order to get a desired beam steering angle. Phases of antenna elements can be controlled 

with phase shifters or delay circuits. Phased array is a conventional way of electronic beam 

steering with high scanning rate compared to mechanical beam steering [76]. However, an 

electronically steered phased array antenna system is very sophisticated and expensive. 

Because this technology requires all the antenna elements to be active simultaneously and 

utilizes phase shifters at every antenna element for electronic beam steering in which each 

element and phase shifter, consumes significant amount of DC electrical power, making 

the phased array technology very expensive [77]. An alternative to both the mechanically 

scanning antennas and electronically scanning phased array antenna system is the use of 
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the gradient-index (GRIN) lens-based antenna such as the Luneburg lens antenna[78] [79]. 

The Luneburg lens is a spherical shaped graded dielectric structure in which 

electromagnetic energy from a feed source placed on one surface of the lens radiates as a 

plane wave from the opposite surface of the sphere. This focusing nature of the Luneburg 

lens allows it to be used as a wide-angle beam scanning antenna element for 

multifunctional wideband antenna applications in which beam scanning is simply achieved 

by switching between an array of antenna feeds placed along the lens surface [79]. The 

benefits include high antenna gain, broad bandwidth, multiple simultaneous beams and 

reduced electrical power consumption. Taking advantage of the much smaller wavelength 

at mmWave frequencies as compared to that in the sub-6-GHz spectrum, compact 

multibeam antenna with higher gain can be implemented at mmWave base stations and 

user terminals of a 5G system to enable dynamic and reliable wireless links for high-speed 

data transferring (in particular, the ability to form multiple simultaneous beams without 

any mechanical moving parts and the presence of the feed source at the back of the antenna 

make the Luneburg lens an attractive choice to use as wide-angle, multi-beam, multiband 

antenna applications such as wireless communications and direction finding [80][81][82]. 

4.2 Lens Antenna 

Lenses have been used in the fields of optics and electromagnetics for many years. 

A lens is typically composed of a dielectric material, in which the shape and the type of the 

dielectric material are the key parameters of the lens performance [72]. A lens has the 

ability to refract light or electromagnetic radiation as it is transmitted through the lens. The 

lens can be used to either converge or diverge the transmitted beam depending on the 

application. Lenses have been used with antennas to shape electromagnetic radiation into 
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the desired pattern. In this case, one side of the lens is illuminated by the input waves 

emitted from the feeding antennas, while the other side of the lens serves as the radiating 

aperture. Lenses control the incident radiation to prevent it from spreading in undesired 

directions. Depending on the type of lens and application, the radiation can be focused to 

a certain point or spread out to cover a wider area.  

The principle operation of the lens is based on the refraction of electromagnetic 

waves at the lens surfaces [83]. The index of refraction is based upon the material of the 

lens and is given by: 

𝑖𝑖 = √𝜀𝜀𝑟𝑟𝜇𝜇𝑟𝑟     (4.1) 

Lenses and reflectors are used as collimating elements in microwave antennas. Compared 

to reflectors, lenses have more degrees of freedom [inner surface, outer surface, index of 

refraction, n], and have no aperture blockage by the feed. Lenses are more commonly 

utilized at higher frequency. At lower frequencies, the lens tends to be very large and heavy. 

Fig. 3 shows basic configurations of a lens and reflector antenna. One main advantage of 

lenses over reflectors is that the feed and its supporting structure do not block the antenna 

aperture. This back feeding feature is key for the development of the millimeter and sub-

millimeter wave integrated lens antenna concept where the lens base is positioned directly 

in contact with the feed, such as an integrated circuit front-end, to produce a directive 

radiation pattern, either single-beam or multiple-beam. 
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Figure 4.1. Focusing antennas: (A) lens; (B) reflector 

The lens classification is based on three different physical characteristics: the feed 

position relative to the lens body (far from the lens or in direct contact), refractive index 

profile (constant/stepped or non-uniform) and number of refraction surfaces, see Table 4-

1. For each of these categories the lenses can be further classified according to the type of 

output radiation pattern: fixed-beam (collimated or shaped) or scanning beam (usually 

collimated). In early lenses and in a few current designs the focal point is located well away 

from the lens, at a distance comparable with its diameter as in Figure 4.1 (A). These lenses 

are named the off-body fed lenses and all examples found in the literature are axial 

symmetric. Lens with feed antenna at a distance of multiple wavelengths from the lens  

Table 4.1. Lens Classification Based On Physical Characteristics. 

Off-body fed Homogeneous 
A. Single refraction 

B. Multiple refraction 

Integrated 

 Homogenous 
C. Single refraction 

D. Multiple refraction 

Non-uniform index 
E. Continuous refraction 

F. Multiple refraction 
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Figure 4.2. (a) Off-body feed homogenous lens and (b) an integrated feed 

Luneburg lens. 

body is termed as an off -body feed lens as shown in Figure 4.2 (a). Lenses with feed 

antenna in direct contact or less than a wavelength away from the lens body is known as 

an integrated feed lens or integrated lens antenna [84]. 

Based on the number of refracting surfaces, lens antenna can be further categorized as:  

• Uniform/Homogenous Lens: Lens made from a single dielectric material, 

which have a single refraction surface. 

• Non-Uniform Index Lens: Lens made from two or more materials with different 

dielectric properties that have multiple refraction surfaces is known as a non-

uniform index lens [84]. As shown in Figure 4.2 (b), lens made of layers of 

various dielectric materials is a good example of non-uniform index lens.  

 
Figure 4.3. Shaped integrated dielectric lens antenna. 
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With the fast advances on the millimeter and sub-millimeter waves circuit 

technology for the past two decades, there has been an interest in lens antennas, which 

present a more acceptable size at these frequencies. In most cases the target radiation 

pattern continues to be the collimated beam type (plane wave output), either fixed or 

scanning [79]. For instance, in one of its most basic configurations, Figure 4.1 (a), parallel 

rays of an incident plane wave are refracted at the lens surfaces in such a way that all output 

rays intersect at a point, the lens focal point. All these rays have the same electrical path 

length, that is, they arrive in phase at the focal point, despite their different physical lengths 

which are compensated by a slower phase velocity (v=c/n) in different portions of the lens. 

4.3 Luneburg Lens 

Dielectric lenses come in many different shapes, which effect the diffraction of the 

radiated beam. The Luneburg lens is one of the oldest types of dielectric lens. R.K 

Luneburg first developed the Luneburg lens in 1944 [78]. Generally, it is composed of a 

spherical shape dielectric lens excited with a feed antenna, which typically is a horn 

antenna. The Luneburg lens is a special case of integrated lenses, with non-uniform 

refractive index (gradient-index lens), where ideally an incident plane wave is focused on 

the antipodal point on the lens surface, see Figure 4.2 (b).  

A Luneburg lens can be used as the basis of a high-gain radio antenna, and it is 

comparable to reflector antennas at high frequency applications. A Luneburg lens antenna 

offers a number of advantages over a parabolic reflector antenna.  

• Because the lens is spherically symmetric, the feed antenna can be steered by 

moving the feed around the lens, without having to bodily rotate the whole antenna.  
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• Again, because the lens is spherically symmetric, a single lens can be used with 

several feeds looking in widely different directions. In contrast, if multiple feeds 

are used with a parabolic reflector, all must be within a small angle of the optical 

axis to avoid comatic aberration (a form of de-focusing). 

• Apart from offset systems, reflector antennas suffer from the feed and its supporting 

structure partially obscuring the main element (aperture blockage); as with the 

reflector antenna, a feed to the receiver or from the transmitter is placed at the focus 

point in front of the reflector aperture. However, the Luneburg lens antenna avoids 

this problem [85]. 

• The Luneburg lens is composed of a feed element and a spherical dielectric lens, in 

which the feed element is positioned at the focal point of the lens, the phase center 

of the feed horn must coincide with the point of focus. The lens focuses an incoming 

wave into a point on the boundary of the sphere, which is in the opposite side of the 

entry point. Each point on the surface of an ideal Luneburg lens is the focal point 

for parallel radiation incident on the opposite side (see Figure 4.4). Therefore, the 

lens is also able to form multiple beams in arbitrary directions by moving the feed 

location around the lens [86].  
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Figure 4.4. Luneburg lens ray tracing paths for three different points on the 

sphere/cylinder perimeter, each shown in a separate colour 

4.3.1 Basic operation of Luneburg lens 

The main characteristic of the Luneburg lens is that the index of refraction varies 

with the radius of the sphere [83]. The index of refraction in terms of radius determines the 

path of the beam through the lens. The index of refraction relates to the radius according 

to: 

 𝜀𝜀𝑟𝑟 = 2 − (𝑟𝑟 𝑅𝑅⁄ )2     (4.2) 

Where Ris the radius of the lens. The lens has a radially graded refractive index with a 

maximum value at the center and a value of unity at the surface. In the case described by 

Luneburg, the refractive index is “1” at the surface and “√2 “at the center (see Figure 4.5). 

There are many variations of the Luneburg since the index of refraction inside the lens can 

be varied to change the ray path. Some variations of the Luneburg lens include the Maxwell 

fisheye, Eaton lens, and isotropic lens [83]. Perfect Luneburg lenses are difficult to make 

in practice, then approximate versions have been reported to realize the ideal permittivity 

law  
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Figure 4.5. Refractive index variation of a standard Luneburg lens [6] 

of equation 4.2. Nowadays, a discrete number of concentric dielectric layers that 

approximate the ideal permittivity law forms Luneburg lenses. It is expected that as the 

number of discrete layers increases the performance of the lens improves; however, the 

manufacturing complexity increases as well as the influence of possible air gaps between 

the layers [87]. It has been demonstrated that a quite small number of shells is enough to 

obtain a directivity and side lobe level close to the ideal case [88]. Nevertheless, the 

recommended number of discrete layers increases with the lens diameter compared to the 

wavelength. For example, just 6 layers were required to achieve adequate performance with 

an 0.8𝜆𝜆0 diameter Luneburg lens. Even lesser number of layers is possible by optimizing 

both the permittivity and thickness of the layers [89]-[90]. There are also examples of 

Luneburg lenses fabricated from a single material with a controllable dielectric constant. 

For instance in [91] a 3D rapid prototyping machine was used to achieve the desired 

permittivity value by controlling the filling ratio of a polymer/air-based unit cell. 

Alternatively, it is possible to use foam material and press it to obtain the desired dielectric 

constant. In fact, when the pressure increases and the foam is compacted, the quantity of 

air in the material decreases increasing the permittivity. This technique has been tested for 

the fabrication of a Luneburg lens in [92]. It is also possible to control the dielectric 



52 

 

constant in the Luneburg lens by drilling holes into the material and varying either the 

diameter of the holes or their density [80]- [93].  

One of the major disadvantages of the spherical Luneburg lens is its high profile. 

A commonly used solution to reduce the profile of the Luneburg lens by a factor of 2, is to 

combine half of the lens with a flat ground plane, (Figure 4.6). The ground plane creates 

an image of the upper hemisphere and simulates the complete Luneburg lens. The size of 

the ground plane must be adequate to produce the required image, and the necessary 

dimensions are a function of the elevation angle of the beam in relation to the ground plane. 

An insufficient ground plane size will reduce the directivity of the beam and cause scanning 

loss. This hemispheric lens solution also suffers from feed blockage for high elevation 

angles. One advantage of this configuration is that it is easier to mechanically stabilize than 

the complete spherical lens. Furthermore, for more simplification, a quarter Luneburg lens 

with a 90° degree corner ground plane has been demonstrated [94]. 

Transportation optics [95] can be used to change the shape of the lens into a much 

lower profile. A reasonable performance has been achieved with a compacted Luneburg 

lens with cylindrical geometry (Figure 4.7) [96]. As the spherical lens enables beam-

steering in both vertical and azimuth planes, in some applications beam-scanning can be 

confined to one plane. To make a compact antenna with a cylinder, based on Luneburg lens 

operation, the variation of the dielectric constant occurs only in the radial direction. In this 

solution the beam collimation is obtained only in one plane, leading to fan shaped beams 

instead of pencil like beams in a spherical Luneburg lens [97].  
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Figure 4.6. Half hemisphere Luneburg lens. 

 
Figure 4.7. Cylindrical Luneburg lens. 

4.4 Cylindrical Luneburg Lens Antenna 

Although the Luneburg lens offers significant potential benefits over phased array 

systems and reflector antennas to use as a high gain, multibeam antenna element, the lens 

in its spherical shape is incompatible for practical antenna applications. The spherical 

geometry of the Luneburg lens structure poses a significant implementation challenge as it 

complicates the integration of the standard planar feed sources (e.g. waveguides, antenna 

arrays, detectors) to the lens’s spherical surface. To eliminate this feed mismatch problem 

between the spherical Luneburg lens and planar feed elements, a more convenient approach 

is to use a modified three-dimensional Luneburg lens antenna in which the lens’s spherical 

profile is reduced into a two dimensional cylindrical shape to successfully simplify the 

integration of antenna. To design such a modified Luneburg lens antenna while maintaining 

the Luneburg lens original electromagnetic performances, various designs of cylindrical 

lens antenna developed and has drawn great interest among antenna and electromagnetic 
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research. Based on recent studies, in two-dimensional lenses, the variation of refractive 

index 𝑖𝑖𝑒𝑒𝑓𝑓𝑓𝑓 depends on the mode propagation, the thickness of the lenses (t) and  the relative 

permittivity constant of the dielectric (𝜀𝜀𝑟𝑟). The following sections reviews various 

implementation techniques of two-dimensional gradient index lenses. 

4.4.1 Geodesic lens  

Geodesic lenses are one class of two-dimensional Luneburg lenses composed of a 

pair of non-planar metal plates [98]-[99]. According to [99] in KTH University, the authors 

describe a new design procedure of a geodesic lens enabling a time-efficient evaluation of 

the focusing properties of modulated geodesic lenses using ray tracing on the equivalent 

gradient-index planar lens. This lens is based on parallel plate waveguide (PPW) 

technology in which the refractive index variation is based on varying contoured inner and 

outer PPW surfaces spaced a constant distance apart with a spacing small enough so that 

only a TEM mode can propagate. Figure 4.7 shows the geometry of this type of lens. This 

approach is of interest to optimize modulated geodesic lenses having polynomial profiles, 

reducing their height while preserving their wideband behavior and wide angular focusing 

properties. The approach is validated with a specific lens design. The profile is optimized 

at 30 GHz, while the focusing properties are monitored over the complete Ka up-link 

frequency band allocated to satellite communications (i.e., 27.5–31 GHz). The 

manufactured prototype produces 21 beams equally spaced every 7.5◦ over the extended 

angular range of ±75◦ (Figure 4.8 (b)). The manufactured design has return loss better than 

15 dB over a fractional frequency bandwidth larger than 30%, in line with the predictions.  
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(a) 

 

 

(b) 
Figure 4.8. (a) Antenna configuration, (b) Multi-beam radiation pattern 

4.4.2 Cylindrical LL based on partially filled - air filled Parallel Plate Waveguide  

An excellent design and prototype of a two-dimensional cylindrical Luneburg lens 

are introduced in [100]. It is based on TE10 mode propagation between the two parallel 

plates. As shown in Figure 4.9, the parallel plates are partially filled with low cost 

Rexolite polymer material (𝜀𝜀𝑟𝑟 =2.54). The refractive index is modulated by the filling 

factor of the dielectric between the plates, i.e. the thickness. With a diameter of 100 mm, 

HPBW of 6.6°and 54°are obtained in E- and H-plane, respectively. Side-lobe levels in E-

plane is -17.7 dB, the radiation efficiency between 43% and 72%. This implementation is 

broadband, in Ka-band, and easy to manufacture. Further, the authors discussed different 

structures of this type of cylindrical lens in [100].Several designs based on the parallel 

plate and dielectric profile are presented for single and multibeam applications (see 

Figure 4.10). In another work [101] in order to avoid dielectric losses for millimeter wave 

applications an air-filled symmetric and almost parallel-plate waveguide modified 

Luneburg lens is designed at 30 GHz and fabricated. The antenna is fed by planar 

antipodal linearly-tapered slot antenna (ALTSA) in which the PPW spacing should be 

chosen such that λ0/2 < h < λ0 (see Figure 4.11). 
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Figure 4.9. LTSA-fed cylindrical Luneburg lens antenna 

 
Figure 4.10. (a)-(f) Cross-section view of possible profiles of cylindrical Luneburg 

lens. 

4.4.3 Metal-posts as an Artificial Dielectric Material 

In [102], it is theoretically demonstrated and experimentally validated that a 

periodic and regular metal posts array on a ground plane, as shown in Figure 4.12 (a) and 

Figure 4.12 (b), can act as an artificial dielectric material, and therefore can be operated as 

a lens. The posts size, spacing, and height controls the refractive index. It is important  
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Figure 4.11. Air-filled symmetric parallel-plate waveguide modified Luneburg lens 

to note that there is no upper ground plane on the top of the metal posts. The authors 

proposed an approximate analysis of the index based on a transverse resonance solution 

which gives an analytical formula to derive 𝑖𝑖𝑒𝑒𝑓𝑓𝑓𝑓 from the physical parameters of the metal 

post structure.  

 
Figure 4.12. Surface-wave structure with (a) square metal posts and (b) cylindrical 

metal posts. 

In another work as an all-metal Luneburg lens at 76.5 GHz [103], a photonic 

bandgap (PBG) structure, based on periodic and regular metal posts in a parallel plate 

waveguide, is proposed. The concept is applied to design and fabricate an asymmetric 

parallel-plate waveguide Luneburg lens at 76.5 GHz for adaptive-cruise-control radar 

application. Contrary to [104], in this work, there is an upper plate on the top of the metal 

posts, and it can be noted that the PPW spacing is constant. Figure 4.13 gives the geometry 

of the lens and the flare. 
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Figure 4.13. Geometry of the PBG structure with (a) a 3D view of the periodic and 
regular square metal posts in square lattice in a parallel-plate waveguide and (b) the 
cross-sectional view and transverse resonance equivalent circuit of the structure. (c) 

Cross-sectional view of the rotationally symmetric corrugated flare [103].  

In [104], the influence of lattices and metal posts shapes on the performances of an 

asymmetric parallel-plate waveguide Luneburg lens (APWLL) is studied at millimeter-

wave frequencies. Square, hexagonal and circular metal post shapes were considered, and 

also square and hexagonal lattices, as shown in Figure 4.14 (a) and Figure 4.14 (b), 

respectively. It was found that a hexagonal lattice with circular-shaped metal posts is best 

as an actual isotropic homogeneous artificial material with angular independency, which 

also leads to better performances, lower scanning losses and SLL.  

 
Figure 4.14. APWLLs with circular posts. (a) Top view with square lattice (b) Top 
view with hexagonal lattice. (c) Cross-sectional view: D=0.38 mm, P= 0.78 mm, h= 

1.9 mm. 
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CHAPTER FIVE: BEAM-STEERING LENS ANTENNA FOR POINT TO 

MULTIPOINT COMMUNICATIONS AT 28 GHZ BAND 

5.1 Introduction 

Beam steering is an important technique in the high performance modern wireless 

telecommunication and automotive radar systems. Conventional beam steering, such as 

phased array, reflectarray, and mechanical beam steering are commonly implemented in a 

wide feild of applications over the years [105]-[106]. Recently, considerable research 

interests have been dedicated to millimeter wave (mm-wave) communication systems in 

which a new generation of beam steering antennas based on Luneburg lens technology are 

dominating research areas in mm-wave frequencies [107]–[109]. As illustrated in Chapter 

4, a Luneburg lens is a gradient index lens originally referring to a dielectric lens of a 

spherical or cylindrical shape, which possesses rotational symmetry and focusing 

properties, and enables beam-scanning capabilities amongst multiple feed elements [110]. 

As mentioned in Chapter 4, significant investigations utilizing diverse approaches have 

been implemented to develop cylindrical LL antennas [81], [111]–[113]. The cylindrical 

Luneburg lens-based antennas are transmitting devices that provide the targeted fan-beam 

radiation pattern. Various gradient-index lenses have been extensively studied, among 

which the most widely known ones are the parallel plate waveguide lenses. Since each 

point on the curved lens periphery is a focal point, 1-D scanning has been achieved when 

these types of gradient-index lenses are fed by an linear array of antennas. Among the 

reported designs, lenses developed based on the parallel plate waveguide (PPW) technique 
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have attracted much attention [101],[114]-[115]. These antennas exhibit excellent 

performance and provide a wide fan beam scanning coverage. For instance, a PPW lens 

with 21-element antipodal linearly tapered slot array feed is realized in [101] covering 

±90° continuous beam scanning in the azimuth plane. Furthermore, a fully metallic 

geodesic lens demonstrated in [114] can scan over ±62.5° over a wide bandwidth from 25 

to 36 GHz. Meanwhile, due to their low loss and fully metallic frameworks, they achieve 

dominance attention at a higher range of frequencies. However, in order to realize gradient 

index behavior of the lens, both the parallel plates and the dielectric lens require curved 

and irregular profiles in their structures leading to intensive time-consuming simulation 

and optimization processes. Besides, they bring limitation and complication to the 

fabrication of the antenna. Mechanically, the implementation of a complex electrically-

sensitive curved shape configuration requires precise fabrication processes, which will be 

highly costly with the current standard manufacturing techniques. Moreover, despite the 

low and compact profile of the presented planar feed elements for the feed part of the 

antennas in [101], [113], their dielectric based structure might cause some difficulties and 

inconvenience to feed integration. Especially, for a large number of feed elements, it might 

be associated with some challenges requiring tight tolerances for proper fit in a curved 

focal area between the two metallic plates. 

In this chapter, a low cost and flexible design of a PPW multi-beam lens antenna 

operating at 28 GHz is presented. A thin layer of a homogeneous cylindrical dielectric 

material flexibly adjusted between the two parallel plates wherein the plates with uniform 

surfaces are separated with a fixed separation. Here, against prior PPW lenses [110], the 

proposed configuration without any complex countered profile for both metallic plates and 
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dielectric material provides proper and effective focusing and beam switching properties. 

To illuminate the lens, waveguide feed elements are directly incorporated into the parallel 

plates to facilitate feed integration with the plates and provide easy integration, low loss 

performance and high power-handling capability. Details of the antenna design, simulation 

and measurement results are presented and discussed.  

5.2 Analysis and Design of the Multi-Beam Lens 

Figure 5.1 shows the structure of the proposed symmetric multi-beam PPW lens 

antenna. The antenna consists of two parallel metallic plates lying at 𝑥𝑥 = 0 and 𝑥𝑥 = h planes. 

The narrow insulating gap of h between the two plates are partially filled by air and 

dielectric material making the feed placement and radiating aperture of the antenna, 

respectively. As shown in Figure 5.1, in the free space region between the plates, the feed 

part of the antenna is composed of an array of nine waveguide feed elements connected to 

the metallic plates, and distributed closely next to each other at a distance d from the edge 

of the dielectric material.   
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Figure 5. 1. View of the Antenna structure. The optimized parameters are: 𝒉𝒉𝟏𝟏 = 1 
mm, 𝒉𝒉𝒉𝒉= 1.2 mm, 𝒘𝒘𝟏𝟏= 2.2 mm , 𝒍𝒍𝟏𝟏= 1 mm , 𝒍𝒍𝟏𝟏= 4 mm , 𝒍𝒍𝒉𝒉= 3 mm , 𝒘𝒘𝒘𝒘 = 7 mm, 𝒉𝒉𝒘𝒘 = 

3 mm, R = 50 mm, h = 5.3 mm 

5.3 Feed Design 

In order to achieve a low loss and low cost PPW lens antenna for millimeter wave 

applications, an open-ended rectangular waveguide is investigated in this work as the feed 

part of the antenna. Since the top plate and bottom plate of the PPW structure have metallic 

materials, it can be seen in Figure 5.1 that the metallic waveguide feed embedded between 

the two plates provides the advantage of simple and integrated feed structure. Planar feed 

elements such as linearly tapered slot antennas (LTSA) are widely used by prior works to 

assemble a compact low profile PPW lens antenna with a wide scan coverage [101],[110]. 

However, planar feeds often suffer from conducting and dielectric losses, which 

significantly decreases antenna efficiency at higher frequencies. Moreover, it presents 

serious problems in the manufacturing and assembly processes derived from the physical 

constraints imposed by the placement of the planar feeding elements between the two 

metallic parallel plates. Therefore, for the purpose of introducing a flexible design and 

fabrication solution to overcome these limitations, we proposed a new structure of PPW 
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lens antenna using a coaxial waveguide feed technique for the feed part of the antenna. 

Hence, a waveguide feed with rectangular cross section is designed operating at 28GHz. 

Figure 5.1 shows the geometry of the feed excited by a coaxial line probe. Coaxial-

waveguide transition contains a section of a regular waveguide by a short-circuited end 

wall and a section of a coaxial line located perpendicular to the wide wall of the waveguide. 

In order to provide good impedance matching, a matching element is made of a two-

stepped matching element located inside the waveguide. As shown in Figure 5.1, the inner 

conductor of the coaxial probe is designed to be in contact with the wall of the matching 

section. To match the impendence of the coaxial cable (50 Ω), which in this case is a 

standard coaxial of a 2.92 connector, the dimension of the matching element has been 

analyzed. We used the ANSYS High Frequency Simulation Software (HFSS) to model the 

waveguide feed and analyze its parameters. The waveguide is implemented with the 

aperture of 7 mm × 3 mm. The optimal parameters of the waveguide feed are provided in  

caption of Figure 5.1. 

5.4 Lens Design  

In the configuration shown in Figure 5.1, considering the propagation of waves in 

the region between the two parallel plates, a cylindrical lens antenna with switched beams 

capabilities is realized between the two plates. For the lens presented in this work, the PPW 

is supposed to be in z-direction in which the transmission of electromagnetic waves 

between the two plates is affected by a thin and uniform layer of a solid and homogenous 

cylindrical dielectric lens. Actually, in view of ray tracing analysis, the dielectric material 

changes the shape of input wavefronts and focuses them as a plane wave in free space. 

Here, the cylindrical dielectric is designed between the two plates utilizing the 
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polytetrafluoroethylene (PTFE) material with 𝜀𝜀𝑟𝑟= 2.05 and a loss tangent tan 𝛿𝛿= 0.001 at 

10 GHz. The lens is designed at 28 GHz. The lens has a radius of 𝑅𝑅𝑙𝑙𝑒𝑒𝑙𝑙𝑠𝑠= 5𝜆𝜆 (50 mm), 𝜆𝜆 is 

the wavelength in free-space at the operating frequency, while the length and height of the 

PPW are L = 110mm mm and h = 5.3 mm, respectively. To propagate only the TEM mode 

(mode TM0 in the parallel plate), the plates separation (h) with a constant separation along 

the mode propagation in z-direction is selected to be 5.3 mm, which is below 𝜆𝜆 2⁄  at 28 

GHz [110]. 

In the presence of the feed, the adjustment of the feed position with respect to the 

surface of the lens is a key issue in designing any types of lens antenna. In fact, the feed 

should be placed within the focal surface of the lens to obtain the best system illumination. 

In this way, in order to determine the optimal ratio of 𝑑𝑑 𝑅𝑅⁄ , that the diffraction-limited 

pattern occurs the proposed lens is studied under the full-wave electromagnetic 

simulations. By means of genetic algorithm (GA) optimization processes in HFSS, by 

comparing the simulated results in terms of maximum gain, low sidelobe level, and optimal 

reflection coefficient at 28 GHz, it is found that a ratio of 𝑑𝑑 𝑅𝑅�  = 0.3 showed the best antenna 

performance. Furthermore, we noticed that a proper adjustment of the ratio of R_lens/ 

R_plate. (see Figure 5.1) enables to control the antenna radiation characteristics. Here, 

R_plate is tuned to modify the antenna structure and minimize the mainlobe radiation 

ripples in the H-plane pattern. As can be observed in Figure 5.2, by the proper adjustment 

of R_plate, the antenna achieves a peak gain of 18.7 dBi and a 1.9 dB gain enhancement 

compared with the antenna profile of 𝑅𝑅_𝑙𝑙𝑙𝑙𝑖𝑖𝑙𝑙 𝑅𝑅_𝑝𝑝𝑙𝑙𝑝𝑝𝑡𝑡𝑙𝑙 ⁄ = 1. The simulated Co-Pol and 

Cross-Pol radiation patterns for H- and E-planes are shown in Figure 5.3. As can be 

observed good main beam shapes and reasonable sidelobes level are obtained for the center 
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feed element (feed number 5 in Figure 5.1). The simulated 3- dB beamwidths are 6.2° and 

41° in the H- and E-planes, respectively, and the first sidelobe level in the H-plane is -20.7 

dB. Subsequently, after finding the optimal value of the focal length and validating the 

focusing property of the lens through an optimization process, based on axial symmetry 

feature of the proposed cylindrical lens, more feed elements are implemented over the 

circular focal area of the lens to enable multi switched beams for different desired scan 

angles. To avoid the inter- element mutual couplings between individual feed antennas 

over the focal surface of the lens, the elements are spaced with an angular spacing of 𝜃𝜃𝑠𝑠𝑠𝑠𝑎𝑎𝑙𝑙. 

Hence, nine feed elements with the angular spacing of 𝜃𝜃𝑠𝑠𝑠𝑠𝑎𝑎𝑙𝑙= 7.2° are symmetrically 

arranged next to each other on the circumference of the lens, permitting steerable radiation 

patterns by switching between the feed elements. Each feed element is represented with 

F1, F2, ... F9 as shown in Figure 5.1. Figure 5.4 (a) shows the simulated reflection 

coefficients and mutual couplings of the feed antennas, when the elements excited 

individually. As shown in Figure 5.4 (b) the beams can be easily scanned at different angles 

whereby the maximum directivity is obtained for all feed elements in the desired scan 

directions. The beam directions are designed to be in –28.8°, -21.6° -14.4°, -7.2°, 0°, 7.2°, 

14.4°, 21.6°, and 28.8°. The overlap between the adjacent antenna elements beams is -3.6 

dB. Based on simulations in Figure 5.4 (b), due to coupling between neighboring feeds, in 

comparison to Fig.4, the side lobes level is increased to around -15 dB, which still features 

acceptable low values. Besides, we observed around 0.3 dB gain drop over the scan range. 
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Figure 5.2. Simulated antenna radiation patterns in H- and E-planes for 

optimized value of 𝑹𝑹_𝒑𝒑𝒍𝒍𝒘𝒘𝒑𝒑𝒑𝒑 𝑹𝑹_𝒍𝒍𝒑𝒑𝒘𝒘𝒍𝒍⁄ . 

 
Figure 5.3. The simulated radiation patterns at 28 GHz of the single feed element.  

100 150 200 250

Angle (degree)

-15

-10

-5

0

5

10

15

20

R
ea

liz
ed

 G
ai

n 
(d

B
)

E-plane - R lens
/R

plate
 = 1.2

E-plane - R
lens

/R
plate

 = 1

H-plane - R
lens

/R
plate

 = 1.2

H-plane - R
lens

/R
plate

 = 1

100 150 200 250

Angle (degree)

-40

-30

-20

-10

0

10

20

Re
ali

ze
d 

Ga
in

 (d
B)

 

H-plane-Co pol
H-plane-Cross Pol
E-plane-Co pol
E-plane-Cross pol



67 

 

 
(a) 

  
(b) 

Figure 5.4. (a) Simulated reflection coefficients and mutual couplings of the 
proposed PPW lens, (b) Simulated H-plane Co-Pol broadside radiation patterns of 

the proposed PPW lens antenna at representative scan angles. 

5.5 Experimental Results 

To verify the proposed design, a prototype of the antenna is fabricated by using 

computer numerical control (CNC) milling machine technique. The prototype of the whole 

antenna is manufactured in four individual pieces including the metallic bottom and top 

plates, feed elements, and the cylindrical lens. Here, the plates spacing in the air region of 

PPW flexibly adjusted to the height of the waveguide feeds, i.e., ℎ𝑓𝑓= 3.8mm to fit feed 

elements between the plates. Then, tapped holes are formed in the top plate to assemble 

the feed array between the two plates. This directly attaches the feed part to the plates and 
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ensures that there is no air gap or separation between feed elements and the plates. The 

antenna prototype is shown in Figure 5.5. The total size of the antenna is 132 mm × 100mm 

× 7 mm. Figure. 5.6 exhibits the measured frequency characteristics of the manufactured 

antenna for all ports. The feed elements are assembled according to Figure 5.6, which is 

composed of a nine 2.92 mm coaxial connectors. The reflection coefficients are measured 

in which the testing feed element is set active and all other ports terminated by matched 

loads (50Ω). As shown in Figure 5.6 (a), reflection coefficients of better than -15 dB are 

achieved for all ports at 28GHz, and the coupling coefficients lower than -18 dB are 

obtained between adjacent ports (Figure 5.6 (b)). The antenna radiation pattern is measured 

in an anechoic chamber at the University of Colorado Boulder, USA, as shown in Figure 

5.5. Figure 5.7 shows the measured E- and H-planes radiation patterns for the nine-feed 

elements. By simply switching between the feed elements, a scan angle of 57.8 degree is 

achieved over the azimuth plane.  

 
Figure 5.5. Prototype of the proposed array antenna 

As observed, the measured scanning radiation patterns match reasonably well with the 

simulated ones in Figure 5.4 (b). 
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(a)                                                           (b) 

Figure 5.6. The measured, (a) input reflection coefficient for all ports and, (b). 
port coupling coefficients of the fabricated prototype. 

 
Figure 5.7. The measured plane radiation patterns of the fabricated PPW LL 

antenna at 28 GHz. 

Table 5.1. Radiation characteristics of the nine individual ports of the proposed 
antenna 
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Figure 5.8. Simulated and Measured antenna directivity and gain for all ports of 

the fabricated PPW LL antenna. 

The 3-dB beamwidths are about 6.6 ~ 6.3 degrees over the entire scan range. 

Detailed experimental measurements of the radiation characteristics of the antenna is 

summarized in Table 5.1. However, the measured patterns are slightly different from the 

simulated ones in Figure 5.4 (b). It is noticed that the peak of the radiation patterns has a 

slight difference from the expected directions. For example, port 6 has a beamsquint of 1.3 

degrees from the desired direction. As a result, in comparison to simulation results, 

overlapping between the adjacent beams is varied as well. The measured results show that 

the beams overlap level varies from -4.2 dB to -3.1 dB between adjacent patterns. These 

results may be due to the tolerance of the fabrication process including improper plates 

spacing due to warpage in the metal plates after machining process and feeds angular 

positions with respect to the center of the lens. Figure. 5.8 presents the measured gains, as 

well as radiation efficiency variation for each individual port. The result demonstrates a 

gain variation of 0.93 dB in the entire scan range. The measured radiation efficiency of the 

antenna is between 57% and 72% for different ports. The variation in gain results can be 

attributed partly to the loss of dielectric material and 2.92 connectors. 
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5.6 Conclusion 

In this chapter, a PPW lens antenna with beam steering capabilities is designed and 

manufactured operating at 28 GHz band. The proposed antenna offers the advantages of 

flexible design, low cost and easy integration can be implemented for 5G point-to-

multipoint communication applications. Due to the metallic structure of the feed antennas 

between metallic parallel plates, the entire antenna is mechanically stable providing design 

flexibility with desired beam-steering capabilities. In the proposed design against the 

previous PPW LL designs, there is no need to use complex contoured profiles for the 

dielectric lens or change the plates’ separation with special curvature to control the 

focusing property of the lens.  
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CHAPTER SIX: WIDEBAND BEAM-STEERABLE CYLINDRICAL LENS 

ANTENNA WITH COMPACT INTEGRATED FEED ELEMENT  

6.1 Introduction 

In this chapter, a wideband and compact high gain Lunenburg -based lens antenna 

for the Ka-band is proposed. The main potential applications are for 5G wireless 

communication systems and automotive radar applications. The antenna provides about 

46.7% of bandwidth (|S11| ≤ -10 dB) covering a frequency band ranging from 23.6 - 38 

GHz. It also exhibits excellent propagation characteristics with only a 2.7 dB maximum 

gain variation with sidelobe levels lower than -18 dB over the entire bandwidth. In addition, 

with a multi-feed system, the antenna presents a beam switching capability of ±32° in the 

azimuth plane with a gain fluctuation of less than 0.4 dB and sidelobes levels of less than 

-14 dB over the entire scan range. The simulated results show that the proposed antenna 

features a simple structure while supporting wider bandwidth and lower sidelobes levels 

when compared to that of Parallel Plate Waveguide (PPW) Luneburg-based lens antennas. 
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Figure 6.1. Antenna configuration. 

6.2 Analysis and Design of the Multi-Beam Lens 

Figure 6.1 shows the antenna configuration consisting of two parallel conducting 

plates spaced with a narrow spacing of h, and partially filled by air and a dielectric material 

making the feed placement and radiating aperture of the antenna, respectively. As shown 

in Figure 6.1, an array of 9-element coaxial connectors on the top plate is distributed closely 

next to each other at a distance from the edge of the dielectric material. Moreover, for the 

purpose of bandwidth improvement, nine elements of metallic matching pins are embedded 

inside the PPW at the inner surface of the bottom plate. 

6.2.1 Feed Design 

In order to achieve a low-loss and easy implementation of PPW Luneburg-based 

lens antenna for mm-wave applications, a simple integrated feed element is investigated in 

this section. Planar microstrip feed antennas due to their lightweight, compact and ease of 

fabrication, are widely used as a feed element in PPW antennas [101]. However, it is 

important to notice that they suffer from significant drawbacks. First, the placement of an 
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arrangement of substrate-based feed elements on a curved shape structure between two 

parallel plates, which have metallic material, is a challenging task and requires very tight 

assembly tolerances [4]. Second, the power loss due to the conducting and dielectric losses 

are unavoidable decreasing antenna efficiency at higher frequencies. Third, microstrip 

antennas typically suffer from narrow impedance bandwidth. Hence, to address these 

difficulties, here, we introduce a new wideband flexible design of a feed element directly 

integrated into the two parallel conducting plates. As can be observed in Figure 6.1, the 

feed element is created with a stepped discontinuity in the inner surfaces of the bottom and 

top plates. This actually corresponds to an axially symmetrical junction of two rectangular 

waveguides of equal widths and unequal height. Here, considering the desired frequency 

range at 24 GHz, the width of the waveguide sections is set to be 7.4 mm. Moreover, to 

excite the waveguide, as shown in Figure 6.1, it is interfaced with a standard 2.92 mm 

coaxial connector, where the inner pin of the connector for impedance consideration at a 

distance from the back wall of the waveguide is intruded into the waveguide. Further, a 

cylindrical matching pin with a height of hp and a radius of rp is implemented at a distance 

lp from the back wall of the waveguide to control frequency characteristics of the antenna. 

In order to perform a comparison and demonstrate the importance of the introduced 

matching pin in the design, Figure 6.2 compares the simulated reflection coefficient of the 

feed element with and without the proposed matching pin over a wide frequency range. 

The simulations are performed with ANSYS High Frequency Structure Simulator (HFSS). 

Here, the parameters of the proposed pin are optimized to provide wideband performance. 

Actually, by comparison against the previous wideband feeds with multi-stepped 

configuration in [115] the proposed pin without adding extra complexity to the antenna 
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structure enhances the bandwidth of the feed element, which in practice, can be simply and 

cost-effectively implemented. 

6.2.2 Lens Design  

The schematic of the proposed homogenous lens antenna is presented in Figure 6.1, 

which is a cylindrical Luneburg-based lens antenna designed based on PPW technology. 

A conventional PPW structure is a transmission line composed of two identical parallel-

conducting plates guiding electromagnetic (EM) waves between the two plates. 

 
Figure 6.2. Simulated reflection coefficients of the antenna when the matching 

pin is loaded in the waveguide. 

On the other hand, this structure can be implemented as a quasi-optical antenna to realize 

the features of a cylindrical LL antenna wherein the space between the plates is partially 

filled with a dielectric layer to approximate wave front transformation operation between 

two plates. Therefore, in the proposed antenna (see Figure 6.1), based on the conventional 

theory of LL with gradient index and focusing properties, wave front transformation of the 

lens is adjusted simultaneously by utilizing a single dielectric material with a cylindrical 
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cross section and a fixed and continuous PPW- spacing. Essentially, the shape, the 

thickness, and relative permittivity of the dielectric material play an important role on the 

antenna design to guarantee the desired wave-fronts transformation and beam- focusing 

property. Here, against previous PPW Luneburg-based lens antennas [101], [113] instead 

of having a complex curved structure for both the dielectric layer and parallel plates, we 

propose a very thin uniform and flexible structure operating over a wide frequency band 

covering Ka band.   
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(a) 

 
(b) 

Figure 6.3. Co- and Cross-polarizations radiation patterns of the single-fed PPW 
Luneburg-based lens for different frequencies in, (a) H-plane, (b) E-plane. 

6.3 Single feed element integration with the lens 

To illustrate the performance of the proposed PPW Luneburg based lens, we 

conducted full-wave simulations using an Ansys HFSS solver. Primarily, as the initial 

values, a lens of radius 50 mm and a focal distance 0.5× 𝑅𝑅𝑙𝑙𝑒𝑒𝑙𝑙𝑠𝑠 is defined for our design. 

Furthermore, to propagate only in the TEM mode (mode TM0 in the parallel plate), a 
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constant plate spacing  of 4 mm, which is below 𝜆𝜆 2⁄  at 24 GHz is used [110]. To start the 

simulations, the proposed waveguide feed element is placed at a distance from the surface 

of the lens. In the process of integrating the feed element within the structure of the lens, 

the position of the feed element with respect to the surface of the lens is a critical design 

parameter. This, in fact, determines the point at which a feed element performs with best 

efficiency developing the antenna’s radiation characteristics to achieve maximum gain and 

low - sidelobes levels over a wide frequency range. The simulated E- and H-plane patterns 

for the optimum value of feed position are shown in Figure 6.3. It can be observed that 

integrated waveguide feed results in excellent E- and H-plane patterns over the wide 

bandwidth from 24 GHz to 38 GHz. The half-power bandwidths (-3 dB) of H- and E-planes 

vary from 8.04° to 6.23°, and 52.1° to 41.4° over the operating band, respectively. This 

corresponds to sidelobes levels below -18 dB in the H-plane and less than -20 dB in the E-

plane. Furthermore, the cross-polarization levels are at least 17 dB, and 25 dB below peak 

in the H-, and E-planes, respectively. 

6.4 Multi-beam  

In this section, due to the inherent rotational symmetry and focusing property of the 

proposed structure in the H-plane, we studied multibeam capabilities of the antenna to 

achieve high gain switchable radiation patterns in different directions in the azimuth plane. 

Here, the beam switching is developed by utilizing multiple feed elements in which 9-

identical elements of integrated waveguide feeds are placed on the focal surface of the lens. 

Considering the waveguide width, the feed elements are spaced with a center-to-center 

angular spacing of 7.6°. As shown in Figure 6.1, 9-element integrated waveguide feeds are 

excited by nine 2.92 mm coaxial connectors identified by F1, F2,…, F9. This enables 
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launching beams in different desired directions. Figure 6.4 indicates the simulated 

reflection coefficients for the five feed elements (i.e., F1, F2, F3, F4, F5). As can be seen 

in Fig. 4 (a) the simulated impedance bandwidths (|S11| ≤ -10 dB) of 46% is achieved for 

the antenna covering frequency range of 23.5 GHz to 38 GHz.  

 
Figure 6.4. Simulated, (a) reflection coefficients of multiple feed elements, (b) 

mutual coupling between adjacent feeds 

Furthermore, the coupling of less than -17 dB is obtained between adjacent feed 

elements around the center feed (F5). As shown clearly in Figure 6.4 (b), the coupling 

decreases by distancing from the center feed. Figure 6.5 presents the electrical field 

distribution in XZ plane, for the two center (F5) and edge (F1) feed elements at 24 GHz 

and 38 GHz. To demonstrate the performance of the lens, it can be seen that reasonable 

wave front transformation is obtained through the proposed structure. As shown in Figure 

6.5, a cylindrical wave excited at the feed points is transformed into a plane wave on the 

other side of the lens, which can be realized as directive beams in radiation pattern. Figure 

6.6 exhibits simulated beam-switching radiation patterns of the  
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Figure 6.5. Simulated E-filed distribution by activating center and edge feeds at 

(a). 24 GHz, (b). 38 GHz 

 

 
Figure 6.6. Simulated Co-Pol radiation patterns of the antenna at different 

frequencies for feed elements in the H-plane 
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Figure 6.7. Simulated antenna realized gain for center feed. 

antenna at different frequencies in the H-plane. As shown, reasonable main beam pattern 

and sidelobes level are achieved over the entire scanning range in a wide frequency range. 

The beam directions are designed to be in –30.4°, -22.8° -15.2°, -7.6°, 0°, 7.6°, 15.2°, 22.8°, 

and 30.4° in which beam to beam crossover between any two feed elements occur at -3.05 

dB level in 24 GHz and -7 dB level in 38 GHz. The sidelobe level remains below -14 dB 

up to 60.8 scan angle. Comparing the simulated patterns, a gain loss of ±0.27 dB is 

achieved as the beam is switched from broadside to 32°. Figure 6.7 shows simulated results 

of realized gain variation of the antenna for the center feed (F5) over the the entire 

bandwidth. The Simulated gain of up to 18.7 dBi with a variation of less than 2.7dB is 

achieved from 23.5 to 38 GHz. 

6.5 Experimental Results 

To verify the proposed design, a prototype of the antenna is fabricated by using 

computer numerical control (CNC) milling machine techniques. The prototype of the 

whole antenna is manufactured in three individual pieces including the metallic bottom and 

top plates, , and the cylindrical lens. Here, the plates are assembled together with some 
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screws. The antenna prototype is shown in Figure 6.8. The total size of the antenna is 130 

mm × 119 mm × 8 mm. Figure. 6.9 exhibits the measured frequency characteristics of the 

manufactured antenna for all ports. The feed elements are assembled according to Figure 

6.9, which is composed of a nine 2.92 mm coaxial connectors. The reflection coefficients 

are measured in which the testing feed element is set active and all other ports terminated 

by matched loads (50Ω). As shown in Figure 6.9 (b), reflection coefficients of better than  

 
Figure 6.8. Prototype of the proposed multibeam lens antenna 

-10 dB are achieved for all ports over a wide bandwidth from 24 GHz to 40 GHz, and the 

coupling coefficients lower than -18 dB are obtained between adjacent ports (Figure 6.9 

(c)). The antenna radiation pattern is measured in an anechoic chamber at the University 

of Colorado Boulder, USA (see Figure 6.10). Figure. 6.11 shows the measured normalized 

H-plane radiation patterns for the nine-feed elements. To measure multiple radiation 

pattern from each port, the measurement is done by simply switching between the feed 

elements, and loading other ports with a 50-ohm terminator. As a result, reasonable main 
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beam pattern and sidelobes level are achieved over a wide frequency range. The beam 

directions are measured in –33°, -24° -16°, -8°, 0°, 8°, 16°, 24°, and 33° . The sidelobe level 

remains below -14 dB as the beam is switched from broadside to 33°. The measured results 

show that the beams overlap level varies from -4 dB to -4.8 dB between adjacent patterns  
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(a) 

 
(b) 

 
(c) 

Figure 6.9. The measured frequency response of the antenna, (a), measurement 
setup (b) input reflection coefficient for all ports and, (c). port coupling coefficients 

between adjacent ports of the fabricated prototype. 
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Figure 6.10. Fabricated antenna setup in an anechoic chamber 

6.6 Conclusion 

In this paper, a wideband high gain PPW Luneburg-based lens antenna with beam 

switching capabilities is designed, simulated and fabricated operating over a wide 

frequency range at Ka-band. By switching among different integrated feed elements in the 

two parallel plates, the antenna achieves a scan coverage of ±33°. The proposed antenna 

offers the advantages of flexible design, low cost and easy integration, which can be 

implemented for 5G point-to-multipoint communication applications, and automotive 

radar systems.  
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Figure 6.11. The measured H-plane radiation patterns of the fabricated PPW LL 

antenna at Ka-band.  
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CHAPTER SEVEN: WIDEBAND METALLIC CYLINDRICAL LENS ANETNAN 

7.1  Introduction  

The Luneburg lens, as a rotationally symmetric GRIN lens, has an advantage in 

supporting high gain wide-angle beamsteering. The ideal Luneburg lens should be 

composed of a dielectric material with a continuously graded refractive index. As presented 

in previous chapters, the GRIN property of the lens can be approximately obtained by PPW 

partially filled with dielectric material [70], [113], [116], drilled and pressed foam material 

[116], or PPW with gradual height [101]. Besides, with the development of transformation-

optics theory, using the artificial electromagnetic materials based on metasurface 

technology has been frequently used in the design of Luneburg lens antennas [114], [117]–

[119]. In this technology, the artificial electromagnetic materials are developed based on 

periodic structures [117], [120]–[124]. The diversity of the artificial electromagnetic 

materials brought more flexibility to the design and realization of Luneburg lens antennas. 

The artificial materials were often constructed with unit cells smaller than the wavelength 

and arranged in a periodic structure. In this periodic structure, for Luneburg lens 

applications, a grade index feature is achievable by modifying the dimensions of unit cells. 

For example, the periodic structures can be realized by drilling holes in the dielectric 

substrates [117], [120], printing patches in the dielectric substrates [121]–[123], and 

printing three dimensional (3-D) structure using the polymer jetting technique [124]. In 

[122], a planar Luneburg lens is proposed with an array of circular patches on a substrate. 

Changing the patch size can modify the effective refractive index of the antenna. The lens 
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is assumed to support transverse magnetic (TM) modes that will produce reflections at the 

air interface. However, these type of antennas have some drawbacks. First, dense 

dielectrics, which are generally lossy, are required to realize the profile of lens antennas. 

In addition, the dense dielectric profiles result in multiple reflections in the lens, degrading 

their radiation properties.  

In order to overcome the problem associated with the loss of dielectric in lens 

antennas, fully metallic lens antennas can be employed. In 1946 fully metallic lenses were 

constructed with artificial materials [125]. In recent years [99] a wideband geodesic 

Luneburg lens with full metallic profile was proposed for the first time. In this lens, the 

refractive-index variation is realized with geodesic surfaces. In the implementation of these 

lenses, there is no requirement for dielectric materials or metamaterials; therefore, these 

lenses are generally broadband and have low-losses. However, their profile can be much 

thicker than the metasurface based Luneburg lenses. In another work, using a bed of 

metallic posts or holes to realize the permittivity profile of a Luneburg lens was proposed 

for the first time in 1960 [102]. The method proposed in that work adheres to the class of 

metasurfaces; as mentioned above, employing metasurfaces facilitated the fabrication 

process, enabling the realization of the lenses in a cheap and compact way. The losses 

mainly depend on the medium in which the wave propagates. Since then, several works 

were accomplished to realize the GRIN profile of Luneburg lens based on a fully metallic 

structure. In [126] a Luneburg lens created with two glide-symmetric metasurfaces was 

proposed with an operating frequency between 4-18 GHz. A similar design is presented in 

[114] that was experimentally tested in the PPW technology. The top and bottom plates of 

PPW are loaded with metallic posts of different heights and holes of different depths to 



89 

 

realize the required GRIN property of the LL. In these works, the operating bandwidth of 

the lens depends on the dispersion nature of the selected unit cell. In [104], the required 

refractive indices are obtained by changing the height of metallic post while they suffer the 

serious dispersion and narrow bandwidth. 

In this chapter, an air-filled PPW lens antenna has been analyzed to introduce a new 

design of a fully metallic lens antenna. The theoretical basis for the analysis is presented, 

and design data are provided by means of parametric studies in which a periodic structure 

of metallic posts with equal heights provided wide bandwidth performance at Ka-band. 

7.2 Electromagnetic waves in Periodic structures 

Periodic structures consist of an infinite number of repeated elements in one, two 

or three dimensions. This repeated element is known as the unit cell. It is the building block 

of the periodic structures. Similar to crystal structures, we define the unit cell in terms of 

the lattice (set of identical points). In three dimensions the unit cell is any parallelepiped 

whose vertices are lattice points, in two dimensions it is any parallelogram whose vertices 

are lattice points. In general, the unit cell is chosen such that it is the smallest unit cell that 

reflects the symmetry of the structure. There are two distinct types of unit cell: primitive 

and non-primitive (see Figure 7.1). Primitive unit cells contain only one lattice point, 

which is made up from the lattice points at each of the corners. Non-primitive unit cells 

contain additional lattice points, either on a face of the unit cell or within the unit cell, and 

so have more than one lattice point per unit cell. In our case, we will have a square lattice 

depicted in Figure 7.2, where the distance from one lattice point to another, which is the 

length of one side of the unit cell is p. 
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Figure 7.1. Primitive unit cell 

In order to investigate electromagnetic waves inside a periodic structure, its 

dispersion relation should be studied. The dispersion relation is a relation between the 

frequency and propagation constants of different modes, and it is plotted in the dispersion 

diagram. Since the dispersion diagram of periodic structures is periodic, it is sufficient to 

study the dispersion in the smallest repeatable region, which is called the Brillouin zone. 

The Brillouin zone is the most fundamental region for defining the propagation vector for 

a unit-cell; basically if one can define all the propagation vectors in the Brillouin zone, one 

obtains the entire characteristic of the entire periodic structure. 

To have a better understanding of the Brillouin zone we have to first understand the 

direct lattice vectors and reciprocal lattice vectors, because periodic structures are often 

analyzed on the reciprocal lattice instead of the direct lattice. Figure 7.2 and Figure 7.3 

represent the physical and real (direct lattice vectors) and reciprocal or k-space vectors for 

a two dimensional periodic structure. As can be seen in Figure 7.2, for the presented square 

lattice, the primitive translation vectors just point along the edge of the unit cell, we have 

direct lattice vectors 𝑡𝑡1 and 𝑡𝑡2 in terms of lattice spacing. In order to define Brillouin zone 

in the reciprocal space, as shown in Figure 7.4, we consider a highlighted region. This 

highlighted area is called the Brillouin zone. The Brillouin zone is simply the primitive 

unite cell in reciprocal space. As shown in Figure 7.3, typically the unit cell is centered 
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around zero. For the given Brillioun zone there is usually additional symmetry that can be 

exploited to reduce the Brilloiun zone down to even a smaller region from which we can 

analyze the lattice. The first thing is up and down symmetry. If the lattice has an additional 

symmetry, there will be irreducible Brillouin zone. Actually because of the up-down 

symmetry we can restrict it to either the top or the bottom (see Figure 7.3 (a)). The second 

symmetry is left-right symmetry that means the left and the right halves of Brillouin zone 

will be mirror images of each other then we can restrict our calculation to just one quadrant 

(see Figure 7. 3 (b)). There can be even more symmetry which is 90 degree rotational 

symmetry.  If we rotate the unit cell 90 degree, it has 90 degree rotational symmetry so that 

means irreducible Brillouin zone reduces down to a half triangle (see Figure 7.3 (c)). This 

irreducible Brillouin zone greatly reduces numerical analysis for lattices. For numerical 

analysis, the smallest possible volume is desired because this minimizes the volume of 

space that is analyzed.  

 
Figure 7.2. Periodic array of unit cell and direct lattice vectors in x and y 

direction 
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Figure 7.3. Reciprocal lattice vectors 

 
Figure 7.4. Brillouin zone; the primitive unit cell in reciprocal space 

 
Figure 7.5. Irreducible Brillouin Zone; Brillouin zone symmetry in (a). up/down, 

(b). left/right, (c). 90-degree rotational symmetry. 



93 

 

 
Figure 7.6. Key points of symmetry on Brillouin zone 

The field inside a periodic structure takes on the same symmetry and periodicity of 

that structure according to the Bloch theorem.  

𝐸𝐸�⃗  (𝑟𝑟) =  𝐴𝐴(𝑟𝑟)𝑙𝑙𝑗𝑗𝛽𝛽��⃗ .𝑟𝑟       (7.1) 

Given the lattice translation vectors, we can mathematically define the periodicity: 

𝐴𝐴�𝑟𝑟 + 𝑡𝑡� =  𝐴𝐴(𝑟𝑟)       𝑡𝑡 ≡ lattice vector. 

Starting from Maxwell curl equations for non-magnetic materials: 

∇ × 𝐸𝐸�⃗ = −𝑗𝑗𝑗𝑗𝜇𝜇0𝐻𝐻��⃗       (7.2) 

∇ × 𝐻𝐻��⃗ = 𝑗𝑗𝑗𝑗𝜀𝜀0𝜀𝜀𝑟𝑟𝐸𝐸�⃗        (7.3) 

We can derive the wave equation for the magnetic field H by taking the curl of the Equation 

7.3 above and substituting in the Equation 7.2.  

∆ × 1
𝜀𝜀𝑟𝑟

 ∇ × 𝐻𝐻��⃗ = 𝑘𝑘02𝐻𝐻��⃗       (7.4) 

According to Bloch theorem in Equation 7.1, the magnetic field is periodic as 

follows: 

𝐻𝐻��⃗ (𝑟𝑟) =  𝐻𝐻��⃗ 𝛽𝛽��⃗ (𝑟𝑟). 𝑙𝑙𝑗𝑗𝛽𝛽��⃗ .𝑟𝑟      (7.5) 

Substituting this into the wave equation lead to: 
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�∆ + 𝑗𝑗𝛽𝛽� × 1
𝜀𝜀𝑟𝑟
�∆+ 𝑗𝑗𝛽𝛽� × 𝐻𝐻��⃗ 𝛽𝛽��⃗ = �

𝜔𝜔𝛽𝛽��⃗

𝑠𝑠0
� 𝐻𝐻��⃗ 𝛽𝛽��⃗

2
   (7.6) 

The wave equation derived in Equation 7.6 is an eigenvalue problem that in general can be 

presented in the form of Equation 7.7 in which 𝐿𝐿 is a linear operation of cross product 

operating on the magnetic field, and in the right-hand of Equation 7.7 we have a scalar 

constant times that magnetic field.  

𝐿𝐿 �𝐻𝐻��⃗ 𝛽𝛽��⃗ � =  𝜈𝜈𝐻𝐻��⃗ 𝛽𝛽��⃗        (7.7) 

Eigen-value problems have discrete solutions (like modes in a waveguide) that are all 

orthogonal (very different from each other). This means that electromagnetic waves in 

periodic structure only exists as discrete modes. Fields can only exist as integer 

combinations of the eigen-modes, or Bloch modes, of the lattice.  

𝐻𝐻��⃗ = ∑ 𝑝𝑝𝛽𝛽��⃗𝛽𝛽��⃗ 𝐻𝐻��⃗ 𝛽𝛽��⃗        (7.8)  

Based on equation (7.8), any magnetic field is any field combination of those eigen modes  

7.3 Unit Cell of Periodic Structures 

A metasurface structure of a Luneburg lens is composed of periodic unit cells that 

can be studied based on the electromagnetic performance of the unit cell. To start off we 

need to study the Brillouin dispersion diagram of the unit cell. A dispersion diagram is a 

plot of propagation constant versus frequency; a dispersion diagram basically tells how 

much phase shift a material has at a given frequency. 

The dispersion diagram is one of the most interesting properties for metasurface 

structures which can be obtained in ANSYS HFSS or CST Microwave Studio Suite with 

the Eigenmode solver. The boundary conditions in the metasuface plane are periodic, 
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where we can set the phase shift in both x- and y- directions between adjacent unit cells, 

and the boundary condition on top and bottom is a perfect electrical conductor (PEC) in 

the z-direction, which creates an infinite array of the unit cells. With the eigenmode 

solver, all eigenvalues in the structure can be found, and each eigenvalue corresponds to a 

mode. Each mode has its own phase velocity, group velocity and field distribution. The 

Field distribution along the unit cells is periodic with a phase delay between the unit 

cells, and the phase delay can be obtained with the phase constant 𝛽𝛽 and the unit cell's 

periodicity p. When solving the eigenvalue equation in a periodic structure only a finite 

area in the Fourier space called the irreducible Brillouin zone has to be considered and all 

eigenvalues can be found along the contour of the irreducible Brillouin zone [127]. 

7.4 Effective Refractive Index 

For a free space wave with frequency 𝑗𝑗0 , the wave number 𝑘𝑘0is:  

𝑘𝑘0 = 2𝜋𝜋
𝜆𝜆0

= 𝜔𝜔0

𝑠𝑠
      (7.6) 

For surface waves impinging on a periodic structure, wave propagation cannot be 

investigated with plane wave response, but with dispersion relation of this surface. For a 

2D-periodic structure, in a full period of 𝑑𝑑𝑥𝑥 =  𝑑𝑑𝑦𝑦 = 𝑝𝑝, the phase shift is 2π. Hence inside 

one period, from Γ to X, the x- direction phase variation (𝑝𝑝ℎ𝑝𝑝𝑙𝑙𝑙𝑙𝑎𝑎) is from 0 to π, while y- 

direction phase (𝑝𝑝ℎ𝑝𝑝𝑙𝑙𝑙𝑙𝑎𝑎) stays 0. Thus, wave number k (also the propagation constant 𝛽𝛽) 

follows a frequency dispersion relation in Equation 7.7. In HFSS, the phase shift is changed 

along the irreducible Brillouin zone boundary and frequencies of eigenmodes are obtained 

accordingly. 

𝑘𝑘(𝑗𝑗). 𝑝𝑝 = 0 𝑡𝑡𝑡𝑡 𝜋𝜋      (7.7) 



96 

 

At different frequencies, the effective refractive indices 𝑖𝑖𝑒𝑒𝑓𝑓𝑓𝑓 are obtained by the ratio of k 

and 𝑘𝑘0.  

𝑖𝑖𝑒𝑒𝑓𝑓𝑓𝑓 = 𝑠𝑠
𝑣𝑣

=  
𝜔𝜔
𝑘𝑘0�

𝜔𝜔
𝑘𝑘�

=  𝑘𝑘
𝑘𝑘0

       (7.8) 

7.5 Unit Cell Design 

There are three main considerations in designing a proper unit cell for Luneburg 

lens applications:  

• Sufficient refractive index for a Luneburg lens law. That means the unit 

cell must provide required effective refractive index. 

• Small frequency dispersion. We would like a wide band antenna, hence 

the 𝑖𝑖𝑒𝑒𝑓𝑓𝑓𝑓 versus frequency curve should be as flat as possible. 

• Achieving the easiest manufacturing process with the designed unit cell. 

To design the metallic Luneburg based lens antenna for the aiming goals, metallic square 

pin-unit cells are studied in this work (see Figure 7.3). It consists of two square metallic 

sheets of size 𝑝𝑝 × 𝑝𝑝 𝑚𝑚𝑚𝑚2 loaded with a metallic square pin of size 𝑝𝑝 × 𝑝𝑝 𝑚𝑚𝑚𝑚2 at their 

center. The top metallic sheet is placed with a space of g over the top of the square pin. 

As mentioned above, in order to generate the dispersion diagram for the unit cell , 

first we must configure HFSS to use its Eigenmode solve, HFSS>Solution 

Type...>Eigenmode. Since the unit cell is a 2D-periodic structure in x and y directions, 

periodic boundary conditions (Master –Slave) are assigned in both directions. Then the 

phase delay of Phase_X and Phase_Y is applied to study the high-symmetry points of the 

irreducible Brillouin zone (𝛤𝛤𝛤𝛤, XM,M𝛤𝛤). As shown in Figure 7.8, in 𝛤𝛤𝛤𝛤 region, in the x-
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direction (𝛽𝛽𝑥𝑥𝑝𝑝), Phase_x variable is stepped from 0 to 𝜋𝜋 while phase variation in y-

direction (Phase_Y) is set to 0. For the XM region, Phase_Y is stepped from 0 to 𝜋𝜋 while 

Phase_X is set to 0. For the M𝛤𝛤, both Phase_X and Phase_Y are equal and are stepped 

from 𝜋𝜋 to 0. 

In our case, the unit cell is isotropic in the x- and y-direction and the dispersion 

behavior is assumed to be identical in these directions. The M𝛤𝛤 region had a similar 

dispersion behavior as the 𝛤𝛤𝛤𝛤 and XM for the first mode. Therefore, the 𝛤𝛤𝛤𝛤 region is only 

considered for dispersion diagram analysis. Then, parametric sweep study is added for 

variable Phase_X from 0 deg to 180 deg with 15 deg steps going from Г to Х. 

 
Figure 7.7. A typical unit cell in periodic metasurface. 

 
Figure 7.8. The irreducible Brillouin zone for the proposed unit cell in HFSS. 
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The effective refractive index 𝑖𝑖𝑒𝑒𝑓𝑓𝑓𝑓  is the parameter of interest when studying the 

unit cell. From the Eigenmode solver, the propagation constant (𝛽𝛽) can be obtained from 

the phase variation in the irreducible Brillouin zone. In our case, phase variation from 0 to 

𝜋𝜋 is applied along the 𝛤𝛤 to X region. In HFSS Eigenmode solver, the phase variation is 

applied and then frequencies of Eigenmodes are obtained accordingly, where the 

𝛽𝛽(𝑗𝑗) × 𝑝𝑝 = Phase_X variation from 0 to 𝜋𝜋 wherein p is the periodicity of the unit cell. 

Based on this dispersion at different frequencies, the effective refractive indices 𝑖𝑖𝑒𝑒𝑓𝑓𝑓𝑓 are 

obtained by the ratio of k and 𝑘𝑘0, (𝑖𝑖𝑒𝑒𝑓𝑓𝑓𝑓 = 𝑠𝑠
𝑣𝑣

=  
𝜔𝜔
𝑘𝑘0�

𝜔𝜔
𝛽𝛽�

=  𝛽𝛽

𝑘𝑘0
 ). 

After a parametric study of the dimensions of the unit cell, we have chosen the unit cell 

parameters with height of h = 0.8 mm, periodicity of p= 1.4 mm, dimension of a =0.8 mm 

and air gap of g = 0.3mm. The unit cell size, periodicity, and height controls the refractive 

index. It can be seen that, the height (h) has the most significant impact on the refractive 

index. Figure 7.9 depicts 𝑖𝑖𝑒𝑒𝑓𝑓𝑓𝑓 as a function of frequency when h is varied from 0 to 2 mm. 

The refractive index increases with increasing h and 𝑖𝑖𝑒𝑒𝑓𝑓𝑓𝑓 varied between 1.3 to 1.4 when 

h is around 0.3 mm. Another important parameter is the gap of g. Figure 7.10 depicts the 

relation between g and 𝑖𝑖𝑒𝑒𝑓𝑓𝑓𝑓 and it shows that when g increase 𝑖𝑖𝑒𝑒𝑓𝑓𝑓𝑓 decrease.  
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Figure 7.9. Effective refractive index for a square pin-unit cell when h is varied. 

The other parameters are p = 1.4 mm, g = 0.3 mm, a = 0.8 mm.  

 
Figure 7.10. Effective refractive index for a square unit cell when g is varied and p 

= 1.4 mm, a = 1.4 mm, h = 0.8mm. 
 

Figure 7.11 presents the effective refractive index variation of the designed unit cell over 

the wide frequency range at Ka-band, where it has almost constant value. 
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Figure 7.11. Effective refractive index for the proposed unit cell, where a = 0.8 mm, 

h = 0.8 mm, p = 1.4 mm, g= 0.3. 

7.6 Lens Design 

In this section, a full metal cylindrical Luneburg lens is designed which is based on 

an array of periodic square pins. We utilized the parallel plate technology to design a simple 

fully metallic lens antenna. In general, a cylindrical lens based on parallel plate technology 

is composed of two sheets of metal where there could be any kind of dielectric and material 

between those plates providing the GRIN property of the lens.  

In this design, in order to realize the gradient index (GRIN) profile corresponding 

to the Luneburg lens, the bottom plate of the parallel plates is loaded with a periodic array 

of metallic pins. Here, a simple array of metallic square pins with the same heights emulate 

the continuous refractive index variation needed to design a cylindrical lens over a wide 

frequency range at Ka-band.  The geometry of the antenna is shown in Figure 7.12. As can 

be seen in Figure 7.12 (a), the antenna composed of three main parts: the top plate, the 

bottom plate, and the feed element. As shown, the bottom plate of the PPW is designed 

based on an array of periodic structure of square pins. 
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As can be observed in Figure 7.12 (c) for the top plate, the top plate of the parallel 

plate is designed based on an exponential tapering instead of a flat plate. This exponential 

profile operates as the radiation aperture of the antenna. Moreover, it solves mismatch 

problems on the interface between the antenna aperture and free space. It provided better 

transition to free space. In this way, with the objective of efficient radiation and impedance 

matching geometrical parameters of the top plate is optimized in the frequency range of 

the Ka-band (26 – 40 GHz). As seen in Figure 7.13, half of the antenna is enclosed with 

side walls to additionally prevent field leakage on the sides of the antenna. This enclosure 

slightly disturbs the lens effect because the vertical electric field at the edges is forced to 

zero due to the metallic walls [122]. However, by enclosing only a part of the antenna and 

by leaving the second half with open sides, the performance of the antenna is only 

minimally disrupted. For this lens the overall width is 66 mm (𝑊𝑊 in Figure 7.13 ), and 

structure height is 8.7mm (ℎ𝑏𝑏 + ℎ𝑡𝑡 + ℎ0 − 𝑔𝑔 in Figure 7.13). Further, the maximum 

distance between the two plates is set to be ℎ0 = 4.356 𝑚𝑚𝑚𝑚 which is less than 𝜆𝜆0
2

 at 30 

GHz at the end of the radiation aperture of the antenna. 

In order to excite the lens, a simple rectangular waveguide is implemented between 

two plates excited with a 2.92 mm connector and placed at the edge of the lens. Based on 

the required frequency range the waveguide dimension is selected to be 3.556mm 

(height) × 7mm (width) to operate at frequency range from 26 GHz to 40 GHz. This 

dimension corresponds to a standard WR28 rectangular waveguide. It is important to 

mention that here, considering the height of the waveguide ℎ𝑏𝑏 = 3.556  𝑚𝑚𝑚𝑚, we do not 

need to use any cascaded or kind of tapering feature to transform the height of the 

waveguide to the height of the radiation part of the antenna. Because, as can see in Figure 
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7.13, in the radiation side, a top plate with an exponential shape starts from ℎ𝑏𝑏 =

3.556 𝑚𝑚𝑚𝑚 on the left side, and again ended to the same height on the right side. 

For impedance matching consideration, a small matching part is placed behind the 

edge of the lens which is integrated into the bottom plate. This back part is 𝜆𝜆
4
 (𝜆𝜆 is 

wavelength at 30 GHz) away from the edge of the lens and is shown with 𝑙𝑙𝑚𝑚 parameter in 

Figure 7.13. The dimension of this part significantly improves the frequency response of 

the antenna. In comparison to previous wideband cylindrical Luneburg lens antennas[114]-

[115], this simple and compact feeding part make the antenna design and fabrication much 

easier. Actually, by comparison against the previous wideband feeds with multi-stepped 

configuration in [115] the proposed simple and integrated feed element without adding 

extra complexity to the antenna structure enhances the bandwidth of the feed element, 

which in practice, it can be simply and cost-effectively implemented.  
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(a) 

(b) 

(c) 
Figure 7.12. The full metal cylindrical Luneburg Lens Antenna configuration with 

top and bottom plates. 
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Figure 7.13. Description of antenna parameters.  𝑊𝑊 = 66𝑚𝑚𝑚𝑚,𝑅𝑅0 = 50𝑚𝑚𝑚𝑚,  ℎ0 =
4.4𝑚𝑚𝑚𝑚, ℎ𝑡𝑡 = 2𝑚𝑚𝑚𝑚, ℎ𝑏𝑏 = 3.15𝑚𝑚𝑚𝑚,𝑔𝑔 = 0.3𝑚𝑚𝑚𝑚,𝑊𝑊𝑤𝑤 = 7𝑚𝑚𝑚𝑚, ℎ𝑤𝑤 = 3.55𝑚𝑚𝑚𝑚,ℎ𝑖𝑖𝑙𝑙 =

2𝑚𝑚𝑚𝑚, ℎ𝑚𝑚 = 2𝑚𝑚𝑚𝑚, ℎ𝑓𝑓 = 1.2𝑚𝑚𝑚𝑚,𝑊𝑊𝑚𝑚 = 1.6𝑚𝑚𝑚𝑚, 𝑙𝑙𝑚𝑚 = 2.5𝑚𝑚𝑚𝑚, ℎ0  

The model of the antenna (see Figure 7.12 (a)) with a single feed integration is 

modeled in HFSS and antenna parameters are analyzed and optimized to control the 

bandwidth characteristics and radiation pattern of the antenna. Full wave simulations of the 

single feed are performed at frequency range from 26 to 40 GHz. The optimized values of 

antenna parameters are listed in the caption of Figure 7.13. Figure 7.14 presents the 

simulated reflection coefficient of the antenna over a wide frequency range. The −10 dB 

reflection coefficient is achieved within the operating band from 26.5 GHz to 39 GHz. As 

can noticed, the antenna has a matching level lower than -15.0 dB in the targeted bandwidth 

from 27GHz to 38 GHz bandwidth. 
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Figure 7.14. Simulated reflection coefficients of the antenna  

The simulated E and H-plane patterns for the optimum value of feed parameters 

and the exponential profile of the top plate are shown in Figure 7.15. It can be observed 

that the proposed Exponential profile results in excellent E- and H-plane patterns over the 

wide bandwidth from 27 GHz to 38 GHz. The half-power bandwidths (-3 dB) of YZ-plane 

(E-plane )- and XY-plane (H-plane) vary from 90° to 55.4, and 14.97° to 9.17°, over the 

operating band from 26 GHz to 38 GHz, respectively. This corresponds to sidelobes levels 

below -19 dB in the H-plane and less than -20 dB in the E-plane. Furthermore, the cross 

polarization levels are at least 20 dB, and 30 dB below peak in the H-, and E-planes, 

respectively. Figure 7.15 present the three dimensional (3D) radiation pattern of the 

antenna at 30 GHz. Figure 7.1 (b), (c) depicts antenna pattern in the vertical and azimuth 

planes, respectively. The antenna has a fan-beam radiation pattern in which the half-power 

beam width (HPBW) of the pattern in the narrow plane (XY-plane, H-plane) is 12.6 degree 

at 30 GHz. 
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(a) 

 
(b) 

Figure 7.15. Antenna radiation pattern in different frequencies at : (a) H-plane, (b) 
E-plane 
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(a) 

 
 
Figure 7.16. (a) 3D radiation pattern of antenna at 30GHz, (b). Pattern of E-plane 

(YZ plane), (c). Pattern of H-plane (XY Plane) 

 
Figure 7.17. Realized Gain of the proposed antenna  
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7.7 Measurement results 

To verify the proposed design, a prototype of the antenna was manufactured by 

using computer numerical 3-axis CNC control milling in aluminum. The fabrication 

Tolerances of +/- 0.005inch (0.13mm) is expected in this machining process. To consider 

the effect of the wire all the corners in our design are converted to round edges with a radius 

of 0.125 mm. The antenna is fabricated with two plates and then assembled by screws. The 

antenna prototype is shown in Figure 7.18. The total size of this antenna is 66 mm × 50 

mm × 8.4 mm. Figure 7.20 exhibits the measured frequency characteristics of the 

manufactured antenna used Agilent VNA E8363B at the University of Colorado, Boulder, 

USA. As seen, the –10 dB reflection coefficient is achieved within the operating band from 

24.75 GHz to 40 GHz.  

 
Figure 7.18. Fully metallic cylindrical Luneburg lens antenna prototype made of 

aluminum with CNC mill. 

Figure 7.20 compares the simulated and measured frequency characteristics of the 

manufactured antenna. The measured reflection coefficient is in a good agreement with the 

simulation results. There is a slight frequency shift between the measured and simulated 
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values which might be attributed to the fabrication process variation and the measurement 

setup and calibration. 

 
Figure 7.19. Measured input reflection coefficient of the fabricated prototype 

 
Figure 7.20. Comparison of simulated and measured input reflection coefficient of 

the fabricated prototype 

Besides the reflection coefficient measurement, the antenna radiation pattern is 

measured in the anechoic chamber at the University of Colorad, Boulder (see Figure 

7.21). 
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Figure 7.21. Radiation pattern setup in the anechoic chamber 

 

 
Figure 7.22 Measured radiation patterns in E- and H-planes at (a) 26, 30, 34, 38 

GHz. 

Figure 7.22 shows the measured radiation patterns in both E - and H-planes. There 

are four frequencies plotted: 26 GHz, 30 GHz, 34GHz, and 38 GHz. Each pattern is 

normalized with its own maximum level. As can be seen the side lobe level at all 

frequencies except 38 GHz is less than -15 dB, which is very good and match with the 
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simulation results. At 38 GHz as we expect from simulation results the side lobe level is 

about -12 dB in the H-plane. Moreover, the measured cross polarization level in both planes 

are less than -20 dB. Figure 7.24 illustrates both measurement of the peak total realized 

gain and directivity. The measured results show good agreement with the simulation 

results. The overall gain of the antenna over the frequency range from 26-40 GHz is more 

than 13 dB. 

 
Figure 7.23. Measured radiation patterns in E-plane at (a) 26, 28, 30, 34, 38 GHz. 
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Figure 7.24. Measured peak realized gain and directivity
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CHAPTER EIGHT: CONCLUSIONS 

The presented dissertation is an effort to investigate, and develop, high gain and 

beam steerable antennas for new generations of wireless communication systems. Different 

cost-effective low profile designs of high gain and beam-steerable antennas have been 

designed and manufactured in this dissertation. 

8.1 Summary 

The proposed 4 ×4 high gain array antenna is designed based on the conventional 

horn antenna technology composed of a multi-stepped aperture structure, having a smooth 

transition from waveguide feed to free space. The feed part of the antenna is designed based 

on the standard WR-15 waveguide. Then, dielectric loading approach is applied in this 

design to improve antenna performance in terms of gain and sidelobe level. Further, the 

parameters of the dielectric disk also functioned to control frequency response of the 

antenna. The antenna is designed at 60 GHz band for short range indoor point to point 

wireless applications covering frequency range from 58 – 66 GHz. Considering the feeding 

network of the antenna, the antenna has a wideband performance. One of the goals in 

designing this antenna was to make the antenna more cost-effective, and this was 

accomplished by this design and manufactured by simply milling machine technique 

process, and the price of the antenna prototype was low. According to the fabricated results, 

experimental results show good agreement with simulated results. The –10 dB reflection 

coefficient is achieved within the operating band from 57.7 GHz to 64.7 GHz 

corresponding to the gain of higher than 23 dBi with larger than 66 % antenna efficiency. 



114 

 

Furthermore, from the tolerance analysis in HFSS software for the stepped profile of the 

antenna, the antenna has good performance sue to manufacturing variations. 

Millimeter wave backhaul links face challenges due to propagation loss and 

sensitivity to blockage. Therefore, another requirement for 5G backhaul antennas is their 

compatibility for multiple beam patterns. The beam steering feature is required, because it 

helps to focus signals in a concentrated beam that is very directive, and reducing signal 

blockage, thus decreasing interference among different users. Therefore, as another goal of 

this dissertation we presented some designs of multibeam cylindrical Luneburg lens 

antennas that could cover a large angular scanning range and provide wide bandwidth. 

Therefore, cost-effective low-profile cylindrical Luneburg lens antennas based on PPW 

technology for future communication networks has been designed and manufactured. The 

proposed lens designs are composed of two parallel metal plates in which a thin layer of a 

dielectric plate is sandwiched between the two metal plates. The GRIN property of the lens 

has been approximately obtained by PPW partially filled with dielectric material. These 

antennae designed based on rectangular waveguide feed element for narrow band (27.5-

28.5 GHz) and wideband (Ka-band) applications. The antennas ae fabricated and the 

simulation results are in good agreement with fabrication results. The antennas with nine 

feed element provide a scan capability of ±32◦. 

The proposed wideband lens antenna with a low profile and integrated feed 

elements provides about 46.7% of bandwidth (|S11| ≤ -10 dB) covering a frequency band 

ranging from 23.6 - 38 GHz. It also exhibits excellent propagation characteristics with only 

a 2.7 dB maximum gain variation with sidelobe levels lower than -18 dB over the entire 

bandwidth. In addition, with a multi-feed system, the antenna presents a beam switching 



115 

 

capability of ±32° in the azimuth plane with a gain fluctuation of less than 0.4 dB and 

sidelobes levels of less than -14 dB over the entire scan range. The results show that the 

proposed antenna features a simple structure while supporting wider bandwidth and lower 

sidelobes levels when compared to that of PPW Luneburg-based lens antennas. One of the 

main advantage of the proposed antenna is its compact and simple wideband feed element.  

Finally, in order to reduce the dielectric losses of the lens part in the cylindrical lens 

antennas which become more prominent and affect the efficiencies of the antennas in 

mmWave band, we studied and introduced an air-filled fully metallic lens antenna. The 

antenna composed of PPW wherein the bottom plate of PPW is loaded with metallic posts 

in a periodic profile. Actually, the geometry and periodicity of the metallic post as the unit 

cell manipulate the properties of electromagnetic waves to achieve a sufficient effective 

refractive index. Further, the upper plate of the antenna is designed with a curved surface 

to improve the radiation and impedance matching. In this work, considering the equal-sized 

metallic posts and simplicity of the feeding part, a low loss wideband lens is presented.  

8.2 Future Work 

• The main possible improvement of the current full metal lens antenna is to increase 

antenna aperture for higher gain applications. The antenna can be implemented for 

both fixed beam and multiple beam applications. Considering the overall height and 

compact feature of the antenna, it can be integrated with any other passive RF 

components in wireless systems. As the feed part of the antenna is simplified, it can 

also be applied for higher frequency applications. 

• Moreover, in order to improve antenna performance in terms of radiation pattern, 

the profile of the top plate of the PPW can be modified to lower sidelobe levels. 
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Optimizing the curvature of the top plate with an exponential profile instead of 

having a multi-stepped structure might simplify the complexity of fabrication. 

• One issue in designing wideband LL antennas is the feed part of antenna, the 

proposed low profile feed part has the potential to be applied in any other designs 

of LL antennas for wideband applications. The wideband feed part of the antenna 

without any multi-stepped profile might ease antenna design and fabrication 

process. 
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