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Abstract 

This Ph.D. thesis presents different novel high-performance antenna systems for 

satellite communication, 5G wireless networks, and RADAR system applica-

tions. The research deals with several aspects of antenna during design to pro-

duce electromagnetic structures for exhibiting high gain, wide bandwidth, and 

cost-effective fabrication. To meet the demands of modern communication sys-

tems, all critical issues present in conventional antennas are addressed and 

solved through proper electromagnetic design.  

The first part of this thesis focuses on planar transmitarray antenna, which pro-

vides dual polarized radiation while maintaining a compact architecture. After 

fabrication and characterization, this multi-layer phase-compensating structure 

demonstrates a peak gain of approximately 21 dB with beam steering up to ±30°. 

This transmitarray can be considered as a practical alternative to the conven-

tional high gain antenna as it features low transmission loss, accurate phase con-

trol, and low side-lobe levels. 

Next, the thesis focuses on additive manufacturing techniques based Fabry–Pé-

rot cavity antennas. In this antenna, gain is enhanced through constructive inter-

ference executed by partially reflective surfaces, while low-cost and scalable 

fabrication is enabled through conductive inkjet printing. Cost-effective manu-

facturing method is used to produce flexible microwave structure. Measurement 

shows that this fabricated cavity antenna exhibits a maximum gain of approxi-

mately 13.2 dBi with a 3 dB gain bandwidth of 24.5% proves its potential.   
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Wideband magneto-electric dipole antennas integrated with advanced electro-

magnetic structures are addressed by the subsequent work. Wide impedance 

bandwidth with reduced side-lobe levels is exhibited by the electromagnetic 

bandgap structure-based magneto-electric dipole antenna at millimeter wave fre-

quency, while enhanced gain with slant polarization-based radiation is provided 

by metasurface (artificial magnetic conductor) based dipole antenna for 5G ap-

plications. The performance evaluation of these designs illustrated that the ef-

fective use of EBG (Electromagnetic Bandgap) and AMC (Artificial Magnetic 

Conductor) structures can control unwanted surface mode propagation for shap-

ing radiation pattern and reduce the overall profile thickness respectively. More-

over, stable and symmetric radiation pattern is observed over the targeted band 

for the internal characteristics of the magneto electric dipole antenna.   

Finally, a wideband patch antenna array for SOTM (Satellite Communications 

on the Move) applications is demonstrated which provide wide impedance band-

width, high gain, and stable radiation patterns. This design addresses the chal-

lenges of wideband operation required for mobile satellite communications and 

highlight the capability of polarization control with easy integration of external 

electronic circuitry. Furthermore, investigation on different fabrication and sys-

tem set up tolerances show minimal effect on performance makes this array more 

attractive. 

Altogether, a comprehensive framework for designing, fabricating, and deploy-

ing antenna system of high-performance in terms of bandwidth, gain, radiation 

pattern, and profile compactness is established by this thesis which is significant 

for next-generation wireless communication technologies.
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Introduction 

Wireless communication in higher frequencies like Ku‑band, and millimeter‑wave 

band faces several challenges such as higher propagation losses, sensitivity to fab-

rication tolerances, and integration constraints make the antenna design in these 

frequencies more challenging [1],[2],[3]. A strong demand for antenna solutions 

that combine high gain, wide bandwidth, wide coverage, polarization flexibility, 

high efficiency, and economical fabrication is created due to the ongoing expan-

sion of wireless technologies, including next-generation cellular networks, satel-

lite communications and others broadband communication systems. Therefore, re-

searchers try to explore antenna solutions that ensure a good balance between 

above mentioned high performances and cost-effective practical fabrication.   

 

Among many approaches, highly directive low profile planar antennas, low-cost 

resonant cavity-based antennas, metasurface-enhanced magneto-electric dipoles, 

and stacked patch arrays have emerged as promising solutions for a wide range of 

applications. The following sections summarize different aspects of these designs, 

like specific performance or practical limitations of each type of design.  

 

Transmitarray antennas is drawing attention nowadays as it provides high di-

rective radiation. It makes it a suitable alternative of traditional high-gain reflec-

tors and phased arrays. A transmitarray can focus energy from a feed into a nar-

row, high-gain beam, by controlling the phase shift at each unit cell across a planar 

surface. It is advantageous as it does not need bulky reflectors or complex active 

phase-shifting networks [4]. This architecture combines high gain and efficient 

radiation while maintaining a low-profile structure as applications like backhaul 

links and satellite communication need low profile structure [5], [6]. Another im-

portant feature of the transmitarray is beam steering capability which is necessary 

for improved coverage [7].  
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Though traditional transmitarray can provide excellent directivity, it suffers from 

complex and costly high-precision unit cells required for wideband operation. This 

problem can be solved by Fabry–Pérot resonator antennas (FPRAs) as it doesn’t 

need to design any unit cell of specific phase. Rather, it forms a resonant cavity 

between a partially reflective surface (PRS) and a ground plane which strengthens 

radiation in the broadside direction and support planar and simple construction [8], 

[9]. FPRA can achieve wide impedance and gain bandwidths by adjusting the PRS 

properties while maintaining high efficiency makes it a good candidate for high-

directivity applications [10]. These features make FPRA appealing for modern 

wireless communication system where both high directivity and simple fabrication 

are critical. 

 

The need for broadband operation, stable radiation patterns, and planar integration 

becomes more demanding as communication systems move further into the mm-

wave spectrum. Magneto-electric (ME) dipole antenna is particularly well-suited 

for these applications as it provides broad impedance bandwidth and stable broad-

side radiation patterns by combining electric and magnetic current modes within 

a single planar structure [11]. The planar structure of this antenna makes it suitable 

for low-cost PCB fabrication, while providing high radiation efficiency across the 

operating band. The performance of the ME dipole antenna can be further en-

hanced by integrating electromagnetic bandgap (EBG) and artificial magnetic 

conductor (AMC) structures to control the radiation pattern and  profile reduction 

respectively [12], [13]. Thus, this type of antenna becomes popular in 5G mm-

wave applications as it offers a balance of compact planar structure and high di-

rectional performance.  
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Lastly, stacked patch arrays are gaining attention for the satellite communications 

on the move (SOTM) applications due to its capability of maintaining reliable 

communication with mobile platform. These stacked patch arrays employ corpo-

rate feed networks and multilayer configuration to attain dual-linear or circular 

polarization, wide impedance bandwidth and ensure robust operation under plat-

form orientation variations [14]. Stacked patch arrays can be produced with con-

ventional PCB technology due to their planar and modular design. These types of 

arrays offer cost-effective performance which is suitable for Ku-band mobile sat-

ellite applications [15]. The multi-stacked patch arrays are the current state-of-the-

art solution for SOTM applications due to the advantages of broadband operation, 

polarization flexibility, and mechanical robustness. 

 

This thesis explores the electromagnetic design, simulation, and experimental val-

idation of advanced antenna architectures suitable for Ku band, and X band appli-

cations. Specifically, the work focuses on: 

 

1. Transmitarray antennas for dual linearly polarized highly directive 

beamforming with beam steering capabilities at Ku band. 

2. Fabry Pérot antenna with metasurface using unconventional materials 

for cost-effective fabrication and achieving high gain at X band.  

3. Wideband magneto-electric dipole antennas with usage of metasurfaces 

like electromagnetic bandgap structure (EBG) structure for radiation pat-

tern control by supressing surface waves and usage of artificial magnetic 

conductor (AMC) for profile reduction by manipulating reflecting phase 

at 5G millimeter wave. 
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4. Dual-polarized wideband patch arrays which offers structural simplic-

ity and wideband operation for Ku band satellite on-the-move (SOTM) 

application.  

 

The aim of this thesis is to contribute to the development of next generation an-

tenna systems having the capability of fulfilling the demands of the modern com-

munication system. This research emphasizes on achieving high performance, op-

erational flexibility and manufacturability. It shows that how novel geometry, un-

conventional material and innovative techniques can be used to design antennas 

for both efficient and real-world applications.   

  

More precisely, this thesis is organized as follows:  

• Chapter 1 presents the state of the art about planar transmitarray, PRS 

based Fabry Pérot antenna, wideband ME dipole antenna and dual 

polarized array for SATCOM applications.  

• Chapter 2 reports the theory of operating principles for the following 

components: i) Planar transmitarray, ii) PRS based Fabry Pérot an-

tenna, iii) ME dipole antenna, iv) Artificial magnetic conductor 

(AMC), and v) Electromagnetic bandgap structure (EBG). 

• Chapter 3 illustrates the detailed electromagnetic design of a Ku band 

dual polarized planar transmitarray. At first, the design of unit cell is 

presented along with the working principle of the equivalent circuit 

of that unit cell. Secondly, the phase compensation mechanism is de-

scribed. Thirdly, comparison of simulated and measured result of dif-

ferent performance parameters of the proposed transmitarray is ex-

hibited. Finally, the comparison with other related work is shown be-

fore the concluding remarks.  
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• Chapter 4 presents three antenna based on metasurface. It starts with 

the design, fabrication and characterization of a PRS based Fabry Pé-

rot antenna. After that, an EBG based wideband ME dipole antenna 

is presented for millimeter wave applications. Finally, the design and 

simulated results of a low-profile AMC based wideband ME dipole 

antenna is proposed. 

• Chapter 5 focuses on the detailed design, fabrication and characteri-

zation of an aperture coupled multi stacked patch array for SOTM 

applications. Also, comparison with other related works is shown in 

this chapter to prove the superiority of this proposed array.  
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1 State of the art 

This chapter introduces the state-of-the-art about all the topics considered in the 

Ph.D. research activity, i.e. planar transmitarray, PRS based Fabry Pérot an-

tenna, ME dipole antenna and aperture coupled wideband  patch array for SAT-

COM application.  

1.1 Planar transmitarray  

Antenna  plays an important role in a wide range of applications including wire-

less communications, broadcasting, space exploration, remote sensing and radar. 

Antenna technology continues to evolve for over a century driven by the require-

ment of the specific application area, obligation in higher frequency band, the 

development of advanced simulation and characterization tools and improve-

ments in fabrication processes. The transmitarray antenna is gaining attention 

among the newer classes of antenna structures in recent years as a promising  

high-gain solution for long distance communication. Conventionally, two main 

design paradigms are used to achieve high-gain performance. These are geomet-

rical optics based structures and antenna array theory based structures. The ex-

amples of first category are curved surface based parabolic reflectors [16] and 

dielectric lenses which are used to focus radiation. The second category is wave-

guide-slot arrays [17] or phased microstrip arrays [18] where multiple radiating 

elements with phase control are used to achieve beam shaping. Transmitarrays 

follow a hybrid approach. They adopt the phase control flexibility of arrays along 

with the aperture control mechanism of lens-based systems. Planar transmitar-
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rays present a convincing choice for emerging wireless systems because of high 

radiation efficiency and beam reconfigurability. They are especially advanta-

geous when high performance is present with a compact structure.  

 

Figure 1.1 illustrates a transmitarray system where a feed source is illuminating 

on a planar transmitting surface [19]. A spherical wavefront is emitted by the 

feed source which is positioned at an equivalent focal point. An array of individ-

ually engineered antenna elements acts as a transmitting surface. In order to 

transform the spherical phase front into a planar one, each antenna element is 

designed with specific transmission coefficients. High-gain performance with 

highly focused radiation beam is achieved through this phase transformation. 

                       

Figure 1.1 Conceptual architecture of a transmitarray antenna and its applications [19].  
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Significant performance is offered by the transmitarray antennas  in many ad-

 

Figure 1.2 The concept of transmitarray as a lens for focusing and signal enhancements [20]. 
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vanced applications. For example, it can be used in high-frequency wireless 

communications, earth remote sensing, terahertz (THz) imaging and sensing, so-

lar energy concentration systems, and spatial power combining for high-power 

systems.  

Far-field radiation patterns can be shaped by the transmitarray. Figure  1.2 shows 

that the electromagnetic energy is focused at a specific spatial location by the 

transmitarrays like a planar lens [20]. The transmitarray converts the incoming 

wavefront into a focused beam at a designated focal point in space by engineer-

ing the transmission phase distribution across the aperture through adjusting the 

geometries and placements of each individual radiating elements, also known as 

unit cells. The transmitarray is useful in short range applications also where sig-

nal focusing is required, as it exhibits the lensing functionality.  

There are different approaches followed for transmitarray antenna design. Three 

methods are recalled here to show alternatives offering distinct advantages. Mul-

tilayer frequency selective surfaces (M-FSS), receiver–transmitter design and 

the metamaterial approach are three primary design techniques. The spherical 

phase front radiated by the feed source is converted into a planar phase front by 

the transmitarray. By adjusting the physical dimensions of each printed element 

of the array in planar surface, the transmission phase is individually controlled 

to convert the spherical phase front into the planar one. But, it is typically not 

possible to provide the full 360° phase coverage necessary for high-gain beam-

forming through a single-layer element array. Multi-layer structures are used to 

overcome this limitation. Figure 1.3 illustrates several frequency selective sur-

face (FSS) layers separated by thick dielectric substrates or air gaps to extend 

the phase range while maintaining high transmission magnitude.  
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The second design technique is the receiver–transmitter configuration. Two pla-

nar arrays of printed antenna elements have formed this structure. A feed antenna 

illuminates the first array which received the signal. The via coupling structures 

or interconnecting transmission lines (metallic vias) [22] is used to transfer the 

received signal to the second array. The signal is radiated into the free space by 

the second array like a transmitter. To achieve the desired amplitude and phase 

distribution, the coupling mechanism between the two layers is designed care-

fully. Fine control over the radiation characteristics can be achieved by this 

method. Figure 1.4 shows the representative unit-cell structure of this kind of 

configuration [23].  

  

Figure 1.3 Multi-layer FSS configuration [21]. 
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Figure 1.4 Receiver–transmitter configuration [23].  

The third method involves the usage of metamaterials to manipulate the effective 

permittivity and permeability of the substrate for phase control in transmitarrays. 

The design of Huygens metasurface based transmitarray is the most popular ap-

proach among other metamaterial-related approaches. This metasurface uses the 

principle of Huygens to manipulate electromagnetic waves. Every point on a 

wavefront act as a secondary source of spherical wavelets as per the principle of 

Huygens. Each unit cell needs to scatter these wavelets with specific amplitude 

and phase for focusing, phase shifting and beam steering. A Huygens metasur-

face must support electric dipole moments (EDMs) and magnetic dipole mo-

ments (MDMs) for controlling wave propagation efficiently.   

In contrast with the traditional M-FSS stacking, the current distribution on the 

corresponding layers of each unit cell of this design induce the electric and mag-

netic dipoles to achieve minimal reflection and high transmission with full 360o 

phase coverage [24], [25], [26], [27], [28], [29]. A reconfigurable dual-layer 

Huygens element based beam-scanning transmitarray is implemented in [24]. 
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The phase is tuned to achieve wide angle beam steering while the adjustment of 

the geometry related to dipole resonance is performed to tune the phase. Another 

work [25] experimentally demonstrated that the efficient phase control through 

dual polarized element of a passive Huygens’ metasurface lens can improve the 

gain of slotted waveguide antennas. Another Huygens’ metasurface with an ul-

trathin layer is proposed in [26]. This metasurface shows broadband behaviour 

with high transmittance. By shaping the resonant response through careful ge-

ometry design, it achieves 360° phase coverage. A transmitarray with high-ap-

erture-efficiency based on Huygens’ principle is proposed in reference [28]. In 

this design, efficient transmission is ensured by synthesizing in-phase electric 

and magnetic surface currents through the geometry adjustment of meta-atoms. 

Lastly, a near-unity aperture illumination efficiency based cavity-excited Huy-

gens metasurface antenna is introduced in [29]. In this design, high directivity 

and efficiency are achieved by tuning subwavelength resonator geometry.  

In comparison among these three transmitarray antenna design approaches, it 

can be said that the multilayer frequency selective surface (M-FSS) and the re-

ceiver–transmitter design approach typically rely on either explicit physical cou-

pling mechanisms or a layered network interpretation. Cascading of some inde-

pendent layers are often performed to form a transmitarray in the M-FSS design 

approach. In this case, the overall transmission phase is contributed incremen-

tally by each layer.  

In contrast, vertical metal vias or coupling structures are used by the receiver–

transmitter design method. As a result, the coupling between layers can be con-

trolled through vias or coupling structures as these structures link directly the 

radiating and receiving elements across layers. Despite of the advantage of cou-

pling control mechanism between layers, this approach suffers from complex 
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fabrication and integration procedure. The problem is crucial at millimeter wave 

frequencies. Also, in case of planar implementations such as window-integrated 

devices it is challenging in terms of integration process.  

Finally, the design approach based on metamaterial, particularly Huygens-type 

unit cells based design mainly focuses on manipulating the medium’s effective 

electromagnetic properties by controlling effective electromagnetic dipole mo-

ments or subwavelength resonances. Satisfactory performance can be expected 

from this method if local permittivity and permeability profiles can be tailored 

by the collective behaviour of resonant elements. Conversely, in many cases the 

phase response varies rapidly with frequency when Huygens-type unit cells are 

inherently resonant structures. If multiple resonances are not carefully engi-

neered, then this phenomenon can limit usable bandwidth. Additionally, precise 

control over both electric and magnetic dipole component is required in case of 

Huygens-type unit cells. These structures frequently require either layers with 

different metal patterns or, at least three layers or both to maintain vertical sym-

metry and ensure reciprocity in the unit cell design (shown in Fig. 1.5). Conse-

quently, their practical implementation usually involves higher fabrication over-

head and increased structural complexity [26] though Huygens metasurfaces of-

fer full phase coverage and high transmission. It is noticeable that to control both 

the electric and the magnetic dipole moments the unit cell requires three layers 

with different metal layers [26].  
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Figure 1.5 The schematic of a Huygens metasurface embedded in a homogeneous medium [26].  

 

Considering the limitations of receiver–transmitter design and the metamaterial 

based approach, multi-layer frequency selective surface (M-FSS) is considered 

in this thesis. Study has performed on several M-FSS method based planar trans-

mitarray antennas. Controlling the transmission magnitude and phase of the cor-

responding elements by varying the dimensions of metal patches on the surfaces 

of the backing dielectric layers is the main spirit of this method. Though, re-

search [21],[30] show a theoretical limit which indicates that, a full 360º trans-

mission phase range can only be achieved by using at least three layers in this 

M-FSS method. Over the past decade, researchers used multi-layer design as per 

this theoretical framework [31],[32],[33],[34],[35],[36]. To achieve the required 

360º transmission phase range they used patterned metal layers which are sepa-

rated and backed by either dielectrics or air gaps.  
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1.2 PRS based Fabry Pérot antenna   

The Fabry-Pérot resonant cavity antenna (FPCA) is known as 2-D leaky-wave 

antenna (LWA). The main radiating mechanism of FPCA is to use a guiding 

structure to  propagate leaky wave radially so that the beam can be formed. It 

can produce either pencil beams or conical beams. The most common is broad-

side pencil beam. Generally, a ground plane backed primary radiator covered by 

a partially reflecting surface (PRS) forms FPCA structure. A 2-D periodic array 

of metal patches with slots or a periodic frequency selective surface (FSS) can 

function as a PRS. However, unlike a periodic LWA, the radiation of this struc-

ture occurs from the fundamental (n = 0) space harmonic which makes it a quasi-

uniform LWA [37]. This harmonic is associated with the radially propagating 

leaky mode of the parallel-plate waveguide. Fabry-Pérot resonant cavity antenna 

can also be referred as Electromagnetic Band Gap (EBG) antenna when an EBG 

structure is used as the PRS to form the cavity.  

 

The FPCA structure was introduced decades ago [38]. A PRS parallel to the 

source located on a ground plane with a at a certain distance consist the FPCA 

structure. This research shows that multiple reflections occur with amplitude 

decrement in between the PRS and ground plane. For producing maximum radi-

ated power at broadside direction, an expression for the resonance condition is 

also derived in this research [38]. An array of closely spaced parallel conducting 

wires consist the PRS. The generated electric filed is  parallel to the PRS struc-

ture.   

  

This FPCA structure [38] is improved by [39] through optimization of the PRS 

placed above of a waveguide aperture positioned in the ground plane. The wide-
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band performance of the antenna results from the linear phase increment of the 

optimized PRS with frequency. The performance of the PRS is investigated for 

various element geometries [40]. These included patches, rings, dipoles, crossed 

dipoles, and square loops. Circular or square patches and dipoles produces less 

beam variation with frequency. However, in case of cross-dipoles, square loops, 

and rings do not show this stable behaviour. Even if the elements are closely 

packed together this slow variation was not found unlike patches and dipoles. In 

this work, patches are chosen as unit elements of the PRS for this reason.    

 

Recent advancement in the research of these structures is studied. Various re-

search shows different techniques for achieving multiband operation, making 

thinner structure and enhancing bandwidth for broadside applications. Like in 

[41], a multilayer PRS structure is proposed for achieving the bandwidth en-

hancement. Figure 1.6 shows a PRS consisting of two capacitive arrays of me-

tallic square patches with different dimensions with a 2-D leaky wave antenna 

formed FPCA [41]. The condition of resonance occurs over a wide frequency 

range because of this two layered PRS. Square patches of the upper array are not 

bigger in dimensions in comparison with the patches present in the lower array. 

A 3 dB bandwidth of about 5.5% was obtained after optimization of the double-

layer PRS, specially optimizing the size of the patches of both PRSs through 

several parametric studies.  
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Figure 1.6 Layout of the broadband high-gain resonant leaky-wave antenna formed by two metal-

lodielectric PRSs [40].  

 

Research in [42] indicates that the linear increment of reflection coefficient 

phase with frequency is necessary for achieving high bandwidth and broadside 

radiation. A defected EBG structure composed of two double-layer FSSs is used 

in [43]. A wavelength spacing is maintained in between these two layers. An  

allowed frequency band was created within the EBG band gap due to the pres-

ence of the defect. A significant improvement of bandwidth is observed in this 

structure where a   resonator is formed between the double-layer FSS and a me-

tallic ground. In [44], bandwidth enhancement is performed through another 

technique. Two metallic layers of orthogonal strips etched on PCB surfaces con-
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stitute the PRS which is positioned about a half-wavelength above of the ground 

plane [43]. Figure 1.7 shows the sketch of the structure.   

                     

Figure 1.7 Broadband PRS antenna, with h = 11.8 mm, Wa = 4.5 mm, and Wb = 2.7 mm [43].  

 

In [44], experimentl  validation shows that the PRS of two metallic layers pro-

vides superior performance in comparison with a traditional one layer PRS an-

tenna in terms of bandwidth enhancement. For the same gain, the 3-dB band-

width increases from 6.2% to 12.3% when traditional one layer PRS is replaced 

by the two layers of PRS. Some other bandwidth enhancement approaches are 

discussed in [45],[46],[47],[48],[49].   

 

Low profile Fabry-Pérot resonant cavity antenna structures is another popular 

area of study. To reduce the antenna profile while maintaining the high gain ca-
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pability, an artificial magnetic conductor (AMC) based ground plane is used in-

stead of a conventional PEC ground plane in [50],[51],[52]. The presence of the 

AMC ground plane has changed the resonance condition. As a result,  the thick-

ness of the cavity becomes half of its previous value approximately. A resonant 

cavity antenna based on  subwavelength metamaterial is presented in [53]. The 

metasurface PRS composed simultaneously of an inductive and capacitive grid, 

and a PEC ground plane formed the cavity antenna. A 2×2 microstrip patch array 

is used as a multi-source to feed the antenna. Results show that high directivity 

and low side lobe level are achieved from this multi-source fed cavity antenna. 

Several works have done based on other metamaterial based resonant cavity an-

tennas [54],[55],[56],[57],[58],[59],[60]. Figure 1.8 shows a low-profile Fabry-

Pérot resonant cavity antenna[61] which also uses dual layer PRS  with an easily 

integrated patch antenna. This cavity backed antenna exhibits higher gain and 

smaller cavity size in comparison with the antenna of [50]. Furthermore, the in-

tegration related problem of the feed antenna in AMC based ground plane of 

[50] is also solved here.  

 

A high-gain and ultrathin resonant cavity antenna is studied in [62]. In compar-

ison with the metamaterial based Fabry-Pérot structures of [52], [55], and [63], 

this antenna is advantageous in terms of structural simplicity as there is no need 

of integration of a high impedance surface or AMC on the substrate of the feed-

ing patch. Also, by tuning the phase of the PRS, the total reflection phase is 

engineered which allows a flexibility of controlling the cavity thickness. Some 

other works [64],[65],[66] also research on low profile FPCA structures.   
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1.3 Magneto-electric (ME)  dipole antenna 

A magneto-electric (ME) dipole antenna supports an electric dipole mode and 

an orthogonal magnetic dipole mode simultaneously. The radiated fields of elec-

tric dipole and magnetic dipole combine constructively in the forward direction 

and destructively in the backward direction. Currently magneto-electric (ME) 

dipole antennas are seeking attention due to their wide bandwidth and high gain 

features. When the electric dipole mode and the magnetic dipole mode operating 

at slightly different frequencies then these features are obtained. Higher gain and 

higher front to back ratio are achieved as the ground plane of this antenna reflects 

                    

Figure 1.8 Configuration of the proposed antenna and unit cell patterns: d =5 mm, h = 5 mm, g = 

0.2 mm, l = 5.7 mm, p = 15 mm, u = 15.95 mm, and w = 0.5 mm [61]. 
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the backward radiation. From the first design to the evolution of ME dipole an-

tennas will be discussed in this section.  

 

The original concept of combining an electric dipole and a magnetic dipole was 

first presented by the author of [67] in 1954. Two complementary sources are 

excited simultaneously to make an antenna that can produce symmetrical radia-

tion patterns in E- and H-plane [67]. A wideband unidirectional antenna having 

60% impedance bandwidth, composed of electric dipole  and a shorted bowtie 

patch was introduced by another author [68] in 2008. A vertical quarter-wave 

slot cavity (magnetic dipole) and a horizontal planar dipole (electric dipole) 

formed the antenna. To provide a wide impedance bandwidth, the two comple-

mentary dipoles radiate at the adjacent frequency bands. Due to the complemen-

tary nature of the dipoles the antenna produces symmetrical radiation patterns in 

both E- and H-planes and the whole operating band shows stable radiation pat-

terns. Author of [69] presents a low-profile ME dipole with folded-cavity geom-

etry as antennas with the low-profile feature are in high demand in many appli-

cations. The height of the ME dipole is reduced to 0.169 λ0 while maintaining an 

impedance bandwidth of 45.6% and a stable high gain in the operating frequency 

band. Another ME dipole antenna having 60% impedance bandwidth (VSWR ≤ 

2) is reported in [70]. This antenna is fed by a microstrip line, consists of a 

shorted bowtie patch placed under an electric dipole. In [71], Γ shaped probe fed 

ME dipole antenna with a reconfigurable beamwidth is presented. By controlling 

the connection of the strip and the grating reflector through switching the pin 

diodes conduction state, beamwidth reconfigurability in H-plane is achieved by 

this reported antenna [71]. For multi-band operations, some  ME dipole antennas 

have been designed [72],[73],[74]. Also, for different polarization based appli-

cations, such as dual linear polarization [75],[76],[77],[78],[79] or circular po-
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larization [80],[81],[82],[83] some ME dipole antennas have been designed by 

implementing different feeding methods.                       

 

With the advancement of wireless communication technologies after 2010, in-

cluding 3G, Wi-Fi, and LTE, new performance requirements were imposed on 

antenna front-end architectures. Some features are expected from the modern 

day antennas due to the great demand for miniaturization of mobile devices and 

higher data transmission speed. These features are: (i). wide bandwidth, to sup-

port higher number of channels within the designated frequency band, (ii). suf-

ficient high gain to mitigate free-space propagation loss, and (iii). a low-profile 

configuration that facilitates integration into diverse device plat-

forms[69],[79],[84]. Figure 1.9 illustrates an A unidirectional low-profile wide-

band antenna [70]. In this antenna, there is a pair of horizontal patches which are 

functioning as electric dipoles having a wideband response. Furthermore, a quar-

ter-wave cavity is formed by two vertical folded short patches of this antenna 

which is working as a magnetic dipole. This ME dipole antenna is fed by a  DC 

grounded coaxial cable. To provide high gain and to reduce the back-lobe radi-

ation a rectangular cavity backed ground plane is used as a reflector. This an-

tenna also obtained wide impedance bandwidth of 45.6% with VSWR ≤ 1.5 

while maintaining the height of only 0.169λ0 (here λ0 is the wavelength of the 

center frequency of interest), benefit from the vertical oriented folded short 

patches. Traditionally, a profile height of 0.25λ0 is maintained as to achieve a 

relatively equal reflection at both low and high-frequency bands the ground 

plane reflector should be set at a quarter wavelength away from the radiation 

layer. This antenna provides roughly 3dB more gain due to the ground plane.  
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The design of a millimeter wave ME dipole antenna is published in 2012 [85]. 

          
(a) 

 

 
                                                                               (b)  

Figure 1.9 Geometry of the low-profile E dipole (a) 3D view (b). side view [70] 
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A pair of planar patches, vias and a lossy substrate (Rogers 5880, εr = 2.2, thick-

ness H = 0.787 mm)  constitute this antenna. The 3-D and side view of the mil-

limeter wave printed ME dipole antenna is shown in Figure 1.10. Excitation is 

accomplished through a T-shaped coupled strip feed. The feeding pin and two 

symmetrically placed shorting pins form a ground–signal–ground (GSG) trans-

mission line structure. A W-type connector (from Anritsu: W1-103F) is located 

underneath the ground plane. The average gain of this printed ME dipole antenna 

is 7.5dBi with an impedance bandwidth of 33% (50GHz to 70 GHz).  

 
(a) 

 
                                                                               (b)  

Figure 1.10 Configuration of magneto-electric dipole antenna. (a) 3-D View (c) Side View. [85] 
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1.4 Dual polarized array for SATCOM applications  

Modern wireless communication systems are incomplete without mobile satel-

lite communications (SATCOM). SATCOM supports a wide range of 

services that cover civil defense, commercial, and military applications as it can 

function in limited infrastructure environment [86],[87],[88]. SATCOM on-the-

move (SOTM) is one of the important parts of this framework. Reliable and con-

tinuous satellite connectivity with systems with mobile terminals like airborne 

systems, maritime vessels  and ground vehicles is the prime requirement of this 

communication system. SOTM scenarios are naturally very dynamic. For 

providing the appropriate alignment with the satellite, it has strict demands on 

antenna array system such as dynamic beam steering capability and the recon-

figurability of the polarization of radiated beam. 

 

Mechanical, electronic, and hybrid beam steering techniques are three principal 

approaches which have been developed to address these requirements 

[89],[90],[91],[92]. The most cost effective solution is mechanical steering, but 

it suffers from low tracking speeds. On the other hand, electronic steering is free 

from slow tracking problem but the usage of phase shifter in this approach in-

creases system complexity and cost. By combining a fast response and reduced 

hardware complexity, hybrid solutions balance these trade-offs. A number of 

research have been performed on SOTM antenna including multilayer patch ar-

rays[93], cavity-backed substrate-integrated waveguide (SIW) antennas 

[94],[95], waveguide-fed structures [96] and some novel structures [91],[92]. 

Figure 1.11 shows the antenna of [91] consists of orthogonal dipoles to attain the 

dual-polarization capability.  
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(a) 

 
                                                                               (b)  

Figure 1.11 (a) Three-dimensional view of the array unit cell and (b) components of the dipole and 

the feed structure in the multilayer PCB [91].  

Multilayer vertical printed circuit boards (PCBs) are used to print the dipoles, 

and to allow two sets of elements to be interleaved orthogonally, slots are cut. 
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Three RT5880 Duroid substrates having a thickness of  127-µm and two very 

thin (38 µm) RO2929 bonding films formed the final stack. Lastly, an array of 

512 elements is designed with a cross-polarization discrimination higher than 15 

dB.    

 

Figure 1.12 Configurations of the rectangular grating waveguide slot array antenna and the rectan-

gular grating waveguide.[92].  

 

Figure 1.12 shows the configuration of the rectangular grating waveguide slot 

array antenna [92]. Multiple metallic sheets are arranged on the bottom broad 

wall of this antenna. This antenna performs well at receiving frequencies of 

12.25–12.75 GHz. At the transmitting frequencies of 14.0–14.5 GHz, it reduces 

the realized gain by 14.8–21.3 dB. This shows that the antenna has a filtering 

response. Performance optimization in terms of impedance and gain bandwidths, 
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radiation efficiency, structural robustness, and ease of integration into mobile 

platforms are the aims of each solution.  

 

In [97], a dual linear polarized antenna with high isolation between ports is pro-

posed. The measured result of this antenna shows a 50 dB difference between 

the co-polarization and cross polarization peaks which indicates its suitability 

for the array performance. Circularly polarized antennas are also presented by 

some research [98],[99],[100]. In mobile SATCOM application, circular polari-

zation is useful as under varying orientation and environmental conditions it re-

duces polarization mismatch losses and enhances link reliability [98],[99],[100].    

1.5 Conclusion 

In this chapter, the state of the art of several advanced antenna technologies has 

been reviewed, including planar transmitarrays, PRS-based Fabry–Pérot anten-

nas, ME dipole antennas, and dual polarized arrays. Highly directive beam can 

be produced by the planar transmitarray through phase compensated frequency 

selective surfaces while the same can be achieved by the lightweight PRS-based 

Fabry–Pérot antennas through resonant cavity effects. On the other hand, ME 

dipole antennas are popular for their wide impedance bandwidth, low cross-po-

larization and stable radiation patterns, whereas scalable high-performance so-

lutions are provided by the wideband patch arrays. There are some inherent 

trade-offs between bandwidth, gain, and profile in each approach despite of 

above-mentioned advantages. These challenges are addressed and solved 

through novel antenna concepts and design strategies in the following chapters.
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2 Theoretical principles 

In this chapter, the theory useful for the design of i) planar transmitarray, ii) 

partial reflecting surface (PRS) based Fabry Perot antenna; iii) magnetoelectric 

(ME) dipole antenna; iv) artificial magnetic conductor (AMC) and electromag-

netic bandgap structure (EBG) is briefly reviewed. 

2.1 Model description of transmitarray based on ray 

tracing approach  

Several research works successfully developed the following method, and its ac-

curacy has already established [101],[102],[103],[104],[105]. Figure 2.1 shows 

the topology of the simplified system. An array of antenna elements models the 

transmitarray, while a focal point and one radiation pattern specify the feed. In 

this model, a scattering matrix and two radiation patterns (transmission and re-

ception) are used to describe each array element.  
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To calculate the radiated field of a given transmitarray with a focal distance F, 

the incident wave on the transmitarray, 𝛼⃗1
𝑚𝑛 is determined first. The Friis equa-

tion is applied between the focal source and each unit-cell as follows [101]:   

𝛼⃗1
𝑚𝑛 = √𝑃0

𝜆

4𝜋𝑅𝑚𝑛
𝑒−𝑗

2𝜋𝑅𝑚𝑛
𝜆 [𝐸⃗⃗𝐹𝑆(𝜃, 𝜑). 𝐸⃗⃗𝑈𝐶𝑅

𝑚𝑛 (𝜃, 𝜑)] 
 

(2.1) 

Where, λ is the wavelength at the frequency of observation and 𝑃0 is the input 

power of the focal source. The far-field quantities of the focal source and the 

unit-cell in the reception side are represented by the vectors 𝐸⃗⃗𝐹𝑆(𝜃, 𝜑) and 

𝐸⃗⃗𝑈𝐶𝑅
𝑚𝑛 (𝜃, 𝜑) respectively. The spatial phase delay between the feed source and 

the transmitarray is compensated by each unit-cell to provide a collimating 

beam. So, the corresponding phase is equal to [104]: 

∆𝜑𝑠𝑝 = 
2𝜋𝑅𝑚𝑛
𝜆

=
2𝜋

𝜆
√(𝑥𝑚𝑛

2
+ 𝑦𝑚𝑛2 + 𝐹2) 

(2.2) 

                                       

 
(a) (b) 

Figure 2.1 (a) General scheme of the transmitarray antenna using ray tracing technique and (b) unit cell 

 topology, defined by its scattering matrix and two radiation patterns, one in reception and one in 

transmission [106]. 

 

F 

Focal 

source 

𝑅𝑚𝑛 

Transmitarray 

𝐸⃗⃗𝐹𝑆(𝜃, 𝜑) 

𝑅𝑥 
𝑇𝑥 

(𝑥𝑚𝑛, 𝑦𝑚𝑛) 
 

𝐸⃗⃗𝑈𝐶𝑅
𝑚𝑛 (𝜃, 𝜑) 

𝐸⃗⃗𝑈𝐶𝑇
𝑚𝑛 (𝜃, 𝜑) 
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Each unit-cell is located at (𝑥𝑚𝑛, 𝑦𝑚𝑛, F) and the feed point represents the center 

of the reference system. Furthermore, an additional phase component is consid-

ered to point the beam at some angle (𝜃0, 𝜑0) in far-field. Finally, the total phase 

compensation at each unit-cell as per standard antenna array theory [16] is:   

𝜓𝑚𝑛 = ∆𝜑𝑠𝑝 −
2𝜋

𝜆
(𝑥𝑚𝑛𝑠𝑖𝑛𝜃0𝑐𝑜𝑠𝜑0 + 𝑦𝑚𝑛𝑠𝑖𝑛𝜃0𝑠𝑖𝑛𝜑0) 

(2.3) 

So, the design process of the transmitarray provides a targeted value of the phase 

𝜓𝑚𝑛 for each unit-cell. Once the total phase distribution is calculated from (2.3), 

the transmitted wave, 𝛽⃗⃗⃗⃗ 2
𝑚𝑛 at each corresponding unit-cell can be simply found 

as [106]:   

𝛽2
𝑚𝑛 = 𝑆21

𝑚𝑛𝛼⃗1
𝑚𝑛 (2.4) 

where 𝑆21
𝑚𝑛 is the transmission coefficient of the corresponding unit-cell. Gener-

ally, a few number of distinct phases can be achieved through different unit-cell 

topologies. As a result, the quantization of the phase distribution is performed, 

which leads to a gain loss. Normally, eight different unit-cell topologies are em-

ployed to minimize the quantization loss. As a result, the phase difference be-

tween the neighbouring states becomes 45◦ in a 3-bit phase resolution system. In 

this way, the quantization loss can be limited to less than 0.5 dB. 

 

Now, at some distance r ,the radiated power density of the transmitarray can be 

written as [106]: 

𝑆(𝜃, 𝜑) =  
1

4𝜋𝑟2
|∑ ∑[𝛽2

𝑚𝑛𝐸⃗⃗𝑈𝐶𝑇
𝑚𝑛 (𝜃, 𝜑)]

𝑁

𝑛=1

𝑀

𝑚=1

|

2

 

 

(2.5) 
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Consequently, the expression of the antenna directivity is [106]: 

𝐷(𝜃, 𝜑) =
𝑆(𝜃, 𝜑)

 𝑃0/4𝜋𝑟2
 

 

(2.6) 

Finally, the realized gain of the transmitarray antenna can be calculated as [106]: 

𝐺(𝜃, 𝜑) =  𝜂𝐹𝑆𝜂𝑆𝑃𝐷(𝜃, 𝜑)  (2.7) 

In expression (2.7), 𝜂𝑆𝑃 is the spillover efficiency and 𝜂𝐹𝑆 is the efficiency of the 

focal source. 𝜂𝐹𝑆 can be expressed as [106]: 

𝜂𝐹𝑆 = 
 𝑃1
 𝑃0

 

(2.8) 

where 𝑃1 is the source radiated power. Similarly, the spillover efficiency 𝜂𝑆𝑃 can 

be found from the ratio of the incident power on the transmitarray 𝑃2, to the 

source radiated power  𝑃1 [106]:  

𝜂𝑆𝑃 = 
 𝑃2
 𝑃1

 

(2.9) 

The following sum represents the incident power on the transmitarray 𝑃2 [106]: 

  𝑃2 = ∑ ∑|𝛼⃗1
𝑚𝑛|2

𝑁

𝑛=1

𝑀

𝑚=1

 

(2.10) 
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So, the total transmitted power is equal to [106]: 

     𝑃3 = ∑ ∑|𝛽2
𝑚𝑛|

2
𝑁

𝑛=1

𝑀

𝑚=1

 

(2.11) 

Due to the reflection and dissipation losses introduced by the unit-cells, 𝑃3 is 

generally less than 𝑃2. The corresponding insertion efficiency is equal to [106]: 

  𝜂𝐼𝐿 = 
 𝑃3
 𝑃2

 

(2.12) 

Hence, the expression of the total efficiency 𝜂𝑡𝑜𝑡 of the transmitarray antenna is 

[7]: 

  𝜂𝑡𝑜𝑡 = 𝜂𝐹𝑆𝜂𝑆𝑃𝜂𝐼𝐿 (2.13) 

A complete power budget estimation can be carried out if all four power quanti-

ties are known ( 𝑃0, 𝑃1, 𝑃2 and 𝑃3).  

2.2 Theoretical analysis of frequency selective surface  

A two-port system [31],[107] represents a single-layer with a conducting ele-

ment as illustrated in Fig. 2.2. It is illuminated from both sides. At the left-side 

terminal plane, 𝐸⃗⃗1
+and 𝐸⃗⃗1

−are the incident and reflected plane waves, respec-

tively. Also, at the right-side terminal plane, the incident and reflected plane 

waves are 𝐸⃗⃗2
+and 𝐸⃗⃗2

−, respectively.  
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Four complex quantities of two port network are related to each other by the 

following matrix according to the linear two-port networks theory [108]: 

  [
𝐸1
−

𝐸2
−] = [

S11
S21

S12
S22
] [
𝐸1
+

𝐸2
+] 

 

(2.14) 

In the expression of (2.14), [S] represents the scattering matrix of the two-port 

system. To derive the useful features of the [S] matrix of the frequency selective 

surface (FSS) layer, several assumptions and approximations are adopted.  

The following relations are satisfied [108] if the FSS layer is symmetrical and 

reciprocal:  

𝑆11 = 𝑆22  and  𝑆12 = 𝑆21 (2.15) 

In case of a lossless FSS layer, the following expressions [108] can be written:  

|𝑆11|
2 + |𝑆21|

2 = 1 (2.16a) 

|𝑆12|
2 + |𝑆22|

2 = 1 (2.16b) 

𝑆11𝑆21
∗ + 𝑆21𝑆22

∗ = 0  (2.17) 

 

 

          

Figure 2.2 Single layer with a conducting element. 

 

𝐸⃗⃗2
− 

𝐸⃗⃗2
+ 𝐸⃗⃗1

− 

𝐸⃗⃗1
+ 
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Equation (2.17) is updated by substituting Equation (2.15), resulting in: 

| 𝑆11|𝑒
 𝑗(∠𝑆11)| 𝑆21|𝑒

− 𝑗(∠𝑆21) + | 𝑆21|𝑒
 𝑗(∠𝑆21)| 𝑆11|𝑒

− 𝑗(∠𝑆11) = 0  

 

𝑒  𝑗(∠𝑆11)𝑒−𝑗(∠𝑆21) + 𝑒  𝑗(∠𝑆21)𝑒−𝑗(∠𝑆11) = 0  

 

∠ 𝑆11 − ∠ 𝑆21 = ±
𝜋

2
                                                       (2.18) 

From equation (2.18), it can be said that, irrespective of the FSS shape and trans-

mission magnitude, the phase difference between the transmitted and reflected 

waves of any conductor layer is π/2. 

It is also observed that, the higher order harmonics of the FSS layer can be ne-

glected as they are relatively small. Therefore, the Fresnel reflection and trans-

mission coefficients [109] can be written as:  

 𝑆21 = 1 + 𝑆11 (2.19) 

Equation (2.19) is updated by substituting Equation (2.18), resulting in: 

| 𝑆21|𝑒
 𝑗(∠ 𝑆21) = 1 +  | 𝑆11|𝑒

 𝑗(∠𝑆21±
𝜋

2
)
 

 

| 𝑆21| −  | 𝑆11|𝑒
± 𝑗

π

2 = 𝑒− 𝑗(∠ 𝑆21) 

 

| 𝑆21|  ∓  𝑗| 𝑆11| = 𝑐𝑜𝑠(∠ 𝑆21) − 𝑗𝑠𝑖𝑛(∠ 𝑆21) (2.20) 

From equation (2.20), the real and imaginary parts can be decomposed into two 

equations:  

| 𝑆21| = 𝑐𝑜𝑠(∠ 𝑆21) (2.21) 

   | 𝑆11| = ±𝑠𝑖𝑛(∠ 𝑆21) (2.22) 
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2.3 Ray model analysis of partial reflecting surface 

based Fabry-Pérot antenna  

The Fabry Pérot cavity antenna (FPCA) was first modelled by [39], which pro-

vides important information about the design of this antenna. Figure 2.3 shows 

the structure that consists of a radiation source on a conducting plane and a par-

tial reflecting surface (PRS) at a distance D parallel to it. A brief outline of the 

ray model analysis is made below.    

It is assumed that these surfaces are infinite. As a result, the electromagnetic 

field generated at the source repeatedly reflects between the two surfaces until 

PRS transmits it fully.  

The electric field generated by the source is [110]: 

𝑬𝒔𝒐𝒖𝒓𝒄𝒆(𝜃) = 𝑬0𝑓(𝜃) (2.23) 

                       

Figure 2.3 Cavity with the selected PRS design [110]. 

 

D 
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A lossless, isotropic, and homogeneous behaviour is assumed for the PRS.  The 

reflection coefficient of the PRS is modelled as 𝑅 = 𝑟𝑒𝑗𝜑.  It depends on the 

angle of incidence 𝜃. A complex amplitude 𝑨𝒏 is present in each ray transmitted 

through the PRS as per the derivation of [39]. The total number of bounces be-

tween the PRS and the ground plane is represented by the sub-index n. The first 

transmitted ray can be expressed as [110]:    

𝑨0 = 𝑬0 𝑓(𝜃)√(1 − 𝑅2)𝑒
−𝑗𝑘

𝐷

𝑐𝑜𝑠𝜃 
(2.24) 

where 𝑘 is the wavenumber. So, the amplitude of any ray at the same wavefront 

is given by [110]:  

𝑨𝒏 = 𝑨0(−𝑅𝑒
−𝑗𝑘2𝐷𝑐𝑜𝑠𝜃)

𝑛
 (2.25) 

Hence, the summation of all these partial rays can produce the total electric 

field 𝑬𝑻. In farfield, its expression is [110]: 

          𝑬𝑻(𝜔, 𝜃) = ∑𝑨𝒏 = 𝑬0𝑓(𝜃)
√(1 − 𝑅2)𝑒−𝑗𝑘

𝐷

𝑐𝑜𝑠𝜃

1 + 𝑅𝑒−𝑗𝑘2𝐷𝑐𝑜𝑠𝜃

∞

𝑛=0

 

(2.26) 

Therefore, transmissivity, i.e., the ratio between the cavity radiated power and 

the source delivered power, can be expressed as [110]: 

|𝑬𝑻(𝜔, 𝜃)|
2

|𝑬0|2
= 

(1 − 𝑟2)𝑓2(𝜃)

1 + 2𝑟𝑐𝑜𝑠 (𝜑 + 𝜋 −
4𝜋

𝜆
𝐷𝑐𝑜𝑠𝜃) + 𝑟2

 
(2.27) 

It is noted that the antenna directivity is not the same thing as the transmissivity. 

Though based on the radiation pattern for each frequency, both are related by a 
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scale factor. At broadside direction (θ = 0°), the maximum power is obtained at 

the following condition [110]: 

𝜑 + 𝜋 −
4𝜋

𝜆
𝐷 = 0 

(2.28) 

Consequently, the resonance distance 𝐷𝑟 between the PRS and the ground plane 

can be obtained as follows [110]: 

𝐷𝑟 = (
𝜑

𝜋
+ 1)

𝜆𝑟
4
+ 𝑁

𝜆𝑟
2
;        𝑁 ∈ ℤ  

(2.29) 

Here, the desired cavity resonance wavelength is λr. Furthermore, for the reso-

nance distance 𝐷𝑟 , the maximum transmissivity can be obtained from the ex-

pressions (2.27) and (2.28): 

|𝑬𝑻(𝜔, 0
0)|2

|𝑬𝒔𝒐𝒖𝒓𝒄𝒆(𝜔, 00)|2
=

1 −  𝑟2

(1 −  𝑟)2
=
1 + 𝑟

1 − 𝑟
 

(2.30) 

An expression for the half-power fractional bandwidth is attained [110]: 

𝐹𝐵𝑊 = 
∆𝜆−3𝑑𝐵
𝜆𝑟

= 
2

𝜑 + 𝑟
acos [1 −

1

2

(1 − 𝑟)2

𝑟
] 

(2.31) 

The usual resonant structure behaviour can be analysed from these expressions. 

Increasing the PRS reflectivity enhances the maximum cavity transmissivity, 

with the shortcoming of a narrower bandwidth.  
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2.4 Working principle of magnetoelectric (ME) dipole 

antenna  

One of the important parts of this thesis is based on novel design of high gain, 

wideband ME dipole antennas. These ME dipole antenna features result from 

the cooperation of the electric dipole mode and magnetic dipole mode. To un-

derstand the performance of ME dipole antennas, initially the basic features of 

electric dipole and magnetic dipole will be discussed in this section.  

 

An electric dipole is known as cost-effective simple structured antenna which is 

used widely for ease of fabrication [70]. One of the most used dipoles is the half-

wavelength dipole [16]. A traditional half-wavelength electric dipole antenna is 

shown in Figure 2.4. 

 

 

Figure 2.4 The geometry of a half-wavelength dipole [16].  

 

Two metallic rods and a voltage source connecting the two metallic rods forms 

this antenna. The two open ends of the half-wave-dipole antenna could be con-

sidered as open circuit transmission lines if a voltage source is added in the gap 
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between the two metallic rods. Ideally, the current will be I = 0 A   at the ends 

of the rods. The current will add in-phase and has the maximum magnitude at 

the dipole center If the total length of the antenna is about L = λ0/2. The radia-

tion pattern of the half-wavelength dipole is shown in Figure 2.5. It shows that 

the H-plane has an "o" shape, omni-directional and the E-plane has a "inverted-

8" shape pattern [16].   

 

Figure 2.5 The radiation pattern of a half-wave dipole [16].  

 

Another widely used primary antenna is magnetic dipole. A simple slot antenna 

can be treated as a magnetic dipole. The rectangular slot antenna having the slot 

length around L1 = λ0/2 is shown in Figure 2.6. A discrete port is placed across 

the shorted end of the slot antenna. This antenna will generate an linearly polar-

ized omnidirectional radiation pattern if the aperture is excited with an appropri-

ate field. 
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Figure 2.6 The geometry of a magnetic dipole [16]. 

 

The radiation pattern of this magnetic dipole antenna (rectangular slot antenna) 

is shown in Figure 2.7. The H plane has an " inverted-8" shape and the E-plane 

has an "o" shape omni-directional pattern [16]. 
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Figure 2.7 Radiation fields of a magnetic dipole [16]. 

 

Both the  magnetic dipole and the electric dipole produce the same radiation 

pattern though the E and H-fields are swapped [16]. Consequently, to add up the 

electric field of both antennas, the magnetic dipole can be placed in a perpendic-

ular position of the electric dipole.   

The combination of the radiation patterns of complementary dipoles or the ME 

dipole antenna is shown in Figure 2.8. In this case, both dipoles are operating at 

the same frequency. In the broadside direction, the radiating power is added 

though in the backside, the total power is suppressed [69]. Therefore, ‘cardio’ 

shape radiation patterns in E- and H-plane is found due to this combination of 

complementary dipoles. Furthermore, wide operating bandwidth and stable high 
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gain could be obtained if the operating frequency of two complementary sources 

has a slight difference.   

 

 

Figure 2.8 E-plane radiation pattern of combined electric dipole and magnetic dipole [69].  

 

2.5 Analytical analysis of artificial magnetic conduc-

tor  

This section of this chapter reviewed the theory of the artificial magnetic con-

ductor (AMC) to find its resonance condition. Figure 2.9 shows the AMC studied 

here. The thickness of metal-backed dielectric slab is 𝑑, and the relative permit-

tivity is 𝜖𝑟. Patch arrays are placed on the top of the dielectric slab.  
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Figure 2.9 A high-impedance structure consisting of an array of patches on top of a metal-backed 

dielectric slab [111].  

 

As the grid impedance 𝑍𝑔, is in parallel connection with the surface impedance 

of the grounded dielectric layer 𝑍𝑆, so the input (surface) impedance can be 

found from the following equation [111]: 

 

𝑍𝑖
−1 = 𝑍𝑔,

−1 + 𝑍𝑆
−1 (2.32) 

For the oblique incidence, the surface impedance of the grounded dielectric layer 

𝑍𝑆 can be written in the dyadic form [111]:  

 

𝑍̿𝑆 =  jωμ
tan(𝛽𝑑)

𝛽
(𝐼𝑡̿ −

𝒌𝒕𝒌𝒕
𝑘2

) 
(2.33) 

Here the absolute permeability of the substrate is represented by 𝜇, the propaga-

tion constant is represented by 𝛽 = √𝑘2 − 𝑘𝑡
2, the wave number in the substrate 

material is 𝑘 =  𝑘0√𝜖𝑟, and the tangential wave number component is 𝒌𝒕.  

For both TE/TM polarizations the expression of grid impedance for the capaci-

tive patch array is given bellow:[111]:  

𝑍𝑔,
𝑇𝑀 = −𝑗 

𝜂𝑒𝑓𝑓

2α
 

(2.34) 

𝑑 𝐷 

𝑤 
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𝑍𝑔,
𝑇𝐸 = −𝑗 

𝜂𝑒𝑓𝑓

2α

1

(1 −
𝑘0
2

𝑘𝑒𝑓𝑓
2 𝑠𝑖𝑛2𝜃)

 
(2.35) 

Here, 𝛼 is the grid parameter which can be written as [111]:  

𝛼 = 
𝑘𝑒𝑓𝑓𝐷

π
ln (

1

𝑠𝑖𝑛
𝜋𝑤

2𝐷

)  

and 𝜂𝑒𝑓𝑓 is the wave impedance of the uniform host medium which is 

expressed as[111]: 

 

𝜂𝑒𝑓𝑓 = √
𝜇0

𝜖0𝜖𝑒𝑓𝑓
  

 

and 𝑘𝑒𝑓𝑓 is the wave number of the incident wave vector which is 

written as follows [111]:   

 

𝑘𝑒𝑓𝑓 = 𝑘0√𝜖𝑒𝑓𝑓   
 

 

From (2.34), (2.35), and (2.33), it can be written: 

𝑍𝑖
𝑇𝑀 = 

jωμ
tan(βd)

𝛽
𝑐𝑜𝑠2𝜃2

1 − 2𝑘𝑒𝑓𝑓𝛼
tan(βd)

𝛽
𝑐𝑜𝑠2𝜃2

 

 

(2.35) 

        𝑍𝑖
𝑇𝐸 = 

jωμ
tan(βd)

𝛽

1 − 2𝑘𝑒𝑓𝑓𝛼
tan(βd)

𝛽
(1 −

2

𝜖𝑟+1
sin2 𝜃)

 

 

(2.36) 
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Now,𝜃2 can be calculated from the angle of incidence 𝜃 using the law of refrac-

tion as [111]:  

𝜃2 =  arcsin (
𝑠𝑖𝑛𝜃

√𝜖𝑟
) 

 

Now the 0° reflection phase condition can be achieved if the capacitive patch 

array and the inductive grounded substrate resonate. It is possible only if the 

denominator of the TE/TM input impedance 𝑍𝑖 equals zero resulting the AMC 

impedance becomes infinite. 

As the near-normal incidence is the dominant case, so: 

θ = 0 ⇒ cos2θ = 1, sin2θ = 0 

Hence, for both TE and TM cases,  

2𝑘𝑒𝑓𝑓𝛼
tan(βd)

𝛽
= 1 

This is the AMC resonance condition. 

2.6 Analytical analysis of electromagnetic bandgap 

structure  

Electromagnetic band gap (EBG) structures consist of mushroom shaped ele-

ments having high surface impedance useful for side lobe reduction of the an-

tenna by suppressing unwanted surface wave. Like as a perfect magnetic con-

ductor (PMC), EBG structure also provides 0o reflection to the electric field par-

allel to the EBG surface at the resonant frequency. Figure 2.10(a) shows the 

physical parameters of the EBG cell. The radius of the conducting via is 𝑟 and 
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the height of the via is ℎ. The equivalent inductance ‘𝐿’ and capacitance ‘𝐶’ are 

shown in Figure 2.10(b).  

                            

(a) (b) 

Figure 2.10 (a) Physical parameters of the EBG cell and (b) Equivalent LC model [112].  

Let 𝑍𝑆 be the surface impedance of the EBG structure. The reflection coefficient 

can be computed as [112]:  

       𝑍𝑆 =  𝑗𝑋  (2.37) 

𝛤 =  
𝑍𝑆 − 𝜂0
𝑍𝑆 + 𝜂0

 
 

(2.38) 

      | 𝛤| = 1  (2.39) 

       ∠ 𝛤 =  𝜋 − 2 tan−1 (
𝑋

𝜂0
) 

(2.40) 

The EBG structure supported bandwidth is estimated by searching those fre-

quencies where the reflection phase ∠ 𝛤 varies within the range of +90° to −90°. 

The surface bandwidth condition is written as follows [112]:  

−900  ≤  ∠ 𝛤 ≤  +900  
 

(2.41) 
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Using Equations 2.40 and 2.41, it can be written as [112]: 

−𝜂0  ≤  ∠ 𝑋 ≤  +𝜂0  
 

(2.42) 

Case I: For 𝑋 = 𝜂0, the angular frequency is  𝜔1. So, the surface impedance 

[112]: 

𝑍𝑆 = 𝑗𝜂0 (2.43) 

𝑍𝑆 =
𝑗𝜔1𝐿

1 − (
𝜔1

𝜔0
)
2 

(2.44) 

𝜔0
2 − 𝜔1

2 =
𝜔0
2𝐿𝜔1
𝜂0

 
(2.45) 

 

Case II: For 𝑋 = −𝜂0, the angular frequency is  𝜔2. Similarly,  

𝜔0
2 − 𝜔2

2 =
−𝜔0

2𝐿𝜔2
𝜂0

 
(2.46) 

From Equations 2.45 and 2.46: 

𝐵𝑊 = 𝜔2 − 𝜔1 =
𝜔0
2𝐿

𝜂0
=

1

120𝜋
√
𝐿

𝐶
 

(2.47) 
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The bandwidth, resonant frequency, and the surface impedance are considered 

as the important parameters of the EBG structure which can be found from the 

equations (2.37)–(2.47). 

2.7 Conclusion  

This chapter presents the theoretical study and modelling of the transmitarray 

antenna using the ray tracing technique. Through this technique, different effi-

ciencies are calculated, which are essential for transmitarray evaluation. Also, 

the theoretical analysis of a single-layer FSS is performed to analyse its scatter-

ing parameter. Next, the working principle of a magnetoelectric dipole antenna 

is discussed. After that, a PRS-based Fabry Perot cavity antenna is also modelled 

through ray model analysis, through which the relation between the transmissiv-

ity and PRS reflectivity is realized. Finally, AMC and EBG structures are also 

analysed analytically to find the AMC resonance condition and the bandwidth 

of the EBG respectively.
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3 Dual polarized beam steering 

transmitarray   

The transmitarray is useful for satellite communications and radar applications 

as it provides lightweight, flat-profile alternative to bulky dishes while enabling 

high gain. Moreover, for rapid beam pointing, the beam steering capability of a 

transmitarray is required to control the radiation pattern dynamically. This chap-

ter presents the Ph.D. research related to transmitarray design and fabrication for 

dual polarized beam steering applications.  

3.1 Introduction 

Nowadays, directive antennas are quite demanding in high frequency wireless 

networks as those can enhance the information channel capacity by controlling 

the beam forming and beam steering. The common application areas of these 

antennas are 5G networks, wireless power transmission and satellite systems.  

Among the directive antennas, phased array antennas are studied in different ap-

plication areas though complex feed networks requirement makes it complicated 

[113],[114],[115],[116],[117],[118],[119]. Also, prominent losses are expected 

in these high-gain applications, as the insertion loss and complexity of the feed 

network increase when the number of radiating elements is high. Furthermore, 

the employment of numerous phase shifters raises losses and costs. For solving 

this problem, several studies proposed transmitarray antennas as a promising al-

ternative to conventional phased array antennas [120],[121],[122],[123], 
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[124],[125],[126],[127],[128]. Generally, a metasurface capable of controlling 

the phase and amplitude of the incident signal and a single feed antenna forms a 

transmitarray (TA). For effective beam forming, a TA system can be used as the 

metasurface of this system can control 360° transmission phase with low loss 

transmission. The uses of active elements such as varactors, diodes, MEMS, and 

liquid crystals (LC) in metasurface are common for steering the beam in a de-

sired direction, though the fabrication complexity and losses increase due to 

these electronic components [129],[130],[131],[132]. Another way of doing 

beam steering is the mechanical movement, i.e. the position shifting of the feed 

[133],[134],[135]. Two essential factors determine the performance of the TA. 

One is the focal distance (F) of the metasurface, and the other is the size of the 

metasurface (D). The power transfer to the metasurface is influenced by the ratio 

of F/D [136]. Consequently, this ration also controls the product of the spillover 

and taper efficiency. To increase the spillover efficiency, the size of the metasur-

face (D) can be enlarged though it makes the metasurface bulky. On the other 

hand, the taper efficiency can be enhanced by increasing the focal distance (F) 

with a penalty of spillover efficiency reduction. The design of phase gradient 

metasurface can be useful for low-profile beam-steering TA antenna. For exam-

ple, beam-steering TAs with low-profile architecture were developed with mul-

tiple feed horn antennas for 5G mm-wave communication 

[137],[138],[139],[140],[141]. The dual-polarized operation is another important 

feature of next-generation wireless communication systems as it enhances the 

overall system capacity and increases the reliability of the radio link. Several 

researchers work on dual-polarized TAs having continuous phase tuning based 

on dual-frequency selective surface layers [142],[143],[144],[145],[146],the cas-

cade of three metallic layers [147],[148],[149],[150], and quantized phase com-

pensation [151],[152],[153],[154],[155]. 
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The design of a novel monolithic unit cell is illustrated in this chapter. It attains 

dual-polarized operation with low profile architecture, minimal transmission 

loss and 3-bit phase compensation. These characteristics help to attain higher 

gain, lower side lobe levels and scan loss in comparison with the state of the art. 

The unit cell is intrinsically suitable for dual polarized radiation as it is based on 

a novel symmetrical geometry. To understand the working principle, an equiva-

lent circuit model (ECM) of the proposed UC is then developed. Next, that model 

is used to derive the scattering parameters. A good match between the full-3D 

numerical simulated results and the ECM model derived results is monitored. A 

proof-of-principle test TA is designed and fabricated based on the developed 

UC. The expected gain and side lobe levels are observed after the characteriza-

tion of the TA. Besides, the proposed TA has potential for advanced beam-form-

ing applications as it enables efficient beam steering over tens of angular degrees 

with minimal scan loss. 

The organization of this chapter is as follows: after the Introduction, the UC de-

sign and its simulated performance are discussed in Section 3.2. The ECM de-

velopment and the result comparison of the corresponding scattering parameters 

with those calculated via the full-3D numerical simulation are illustrated in Sec-

tion 3.3. Section 3.4 figures the TA antenna design procedure, while Section 3.5 

compares the simulated and the experimental results. The comparison of the per-

formance of the proposed TA with recent research works is shown in Section 

3.6. Lastly, Section 3.7 specifies the concluding remarks. 
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3.2 Unit cell design of the transmitarray  

The detailed design of a novel UC is exhibited in this section. Figure 3.1 illus-

trates the top and side view of the proposed UC, the yellow color representing 

the metal and the blue color is for the substrate [156]. The UC comprised of three 

identical layers used for the phase compensation of the source incident ray. For 

allowing the dual polarization operation, a symmetric geometry is chosen inten-

tionally. A metal ring, with an outer radius R1 and inner radius R2, and an inner 

circle of radius R3 constitute the metal layer.  

 

Table 3.1 listed the ranges for searching the optimized dimensions of this design. 

After the preliminary simulations, they are found. To achieve 3-bit phase with 

low transmission loss, eight UCs are designed by changing the values of R1, R2, 

and R3. The corresponding transmission magnitude and phase with the specific 

dimensions of the eight UCs are listed in Table 3.2.  

 
(a) (b) 

Figure 3.1 (a) Top and (b) side views of proposed monolithic UC, consisting of three identical 

metal layers. Yellow part represents metal, and blue part is substrate [156]. 
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TABLE 3.1 RANGE FOR GEOMETRICAL PARAMETER OPTIMIZA-

TION [156]. 

Parameter Symbol Value (mm) 

Periodicity P 8.650 

Outer radius R1 3.800–4.325 

Inner radius R2 3.700–4.225 

Inner circle radius R3 2.550–4.110 

Thickness T 1.575  

 

TABLE 3.2 GEOMETRICAL DIMENSIONS FOR 3-BIT PHASES AND 

CORRESPONDING MAGNITUDES AT THE FRE-

QUENCY f0 = 12 GHz [156].  

UC No. f0 (GHz) R1 (mm) R2 (mm) R3 (mm) |S2,1| (dB) ∠S2,1 (deg) 

1 12 4.325 4.225 4.110 −0.860 46.0 

2 12 4.325 4.225 4.070 −0.580 89.0 

3 12 4.325 4.225 3.960 −0.920 136.0 

4 12 4.200 4.100 3.830 −0.200 179.3 

5 12 4.250 4.150 3.600 −0.710 225.0 

6 12 4.325 4.200 3.070 −1.230 270.6 

7 12 4.200 4.100 2.630 −0.170 314.0 

8 12  4.325 4.225 4.110 −1.160 359.6  

Rogers RT/duroid 5880 (ɛr = 2.2, tanδ = 0.0009) is used as the substrate with a 

thickness of t = 1.575 mm (0.063λ0) whereas the thickness of the metal is 35 µm. 

The UC periodicity is P = 8.65 mm (0.346λ0). The central wavelength at the 

frequency f0 = 12 GHz is λ0 = 25 mm. 
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Equation (1) shows the expression of an incident wave’s electric field with arbi-

trary linear polarization on the UC [157]: 

E̅inc = Exx̅ + Eyy̅ (3.1) 

Here the incident electric field components along the orthogonal linear polariza-

tions are  Ex and Ey. The following 2 × 2 transmission matrix shows the relation 

between the input and output fields for each UC [157]:   

(
E̅x,out
E̅y,out

) = (
Txx Txy
Tyx Tyy

)(
E̅x,in
E̅y,in

) 
(3.2) 

Here, the co-polar and cross-polar transmission coefficients are Txx, Tyy and Txy, 

Tyx correspondingly. The dual-polarized operation can be expected if the off-

diagonal terms Txy, Tyx are null.  

So, the required transmission matrix T for dual-polarized operation is [157]: 

T = (
|Txx|e

j∠Txx 0

0 |Tyy|e
j∠Tyy

) 
(3.3) 

Here, the phase shifts applied to x- and y-polarized waves are ∠Txx and ∠Tyy 

respectively. 

For each of the eight UCs, the magnitude (Txx and Tyy), and the phase (∠Txx and 

∠Tyy), of the transmission coefficient for co-polarized signal components xx or 

yy, respectively, are simulated by the CST Studio suite software. To define the 

transmission behaviour between ports 1 and 2, these coefficients are used to rep-

resent the scattering parameter’s magnitude |S2,1| and phase ∠S2,1, correspond-

ingly. Furthermore, the x- and y-polarized transmission coefficients are identical 

due to the symmetry. To simulate an infinite array, UC boundary conditions are 
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applied along the x and y directions, in Floquet port configuration, as illustrated 

in Figure 3.2. The open boundaries are imposed along the z direction. For excit-

ing plane waves, the Floquet ports along the z-axis are used.    

 

Figure 3.3(a) shows the simulated results of transmission magnitude |S2,1| for the 

different UCi. The highest transmission loss is αT = 1.23 dB, found at UC6, ob-

tained at the frequency f0 = 12 GHz. Eight UCs cover the 3-bit phases required 

for co-polarized components at the frequency f0, shown in Figure 3.3(b). Fur-

thermore, investigating the performance of the UC for different incidence angles 

θ is also important for TA design. For different incidence angles θ, the transmis-

sion magnitude and phase of the co-polarized components are simulated for this 

purpose.  

 

Figure 3.2 UC simulation by assigning Floquet ports [156]. 
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(a) (b) 

For an incidence angle θ = 30°, the transmission loss αT for co-polarized com-

ponents is less than 1.9 dB illustrated in Figure 3.4(a). For co-polarized compo-

nents, the transmission phases ∠Txx and ∠Tyy at f0 = 12 GHz are shown in Figure 

3.4(b). The transmission phase obtained at θ = 30° is close to the value obtained 

at θ = 0° with a maximum simulated deviation of about △P = 20°.  

Figure 3.3 (a) Transmission magnitude |S2,1| as a function of the frequency f for co-polarized 

components; (b) Transmission phase ∠S2,1 as a function of the frequency f for co-

polarized components [156]. 
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(a) (b) 

The UCs transmit the incidence ray in the accurate direction with low transmis-

sion loss in all cases. The investigation is also carried out about the behavior of 

these UCs for cross-polarized components xy, yx. Figure 3.5 shows the trans-

mission magnitude Txy and Tyx of all UCs, as a function of the frequency f for 

the cross-polarized components. The cross-polarized transmission is remarkably 

low, peaking at Tmax = − 51 dB across all evaluated components.  

Figure 3.4 (a) Transmission magnitude |S2,1| as a function of frequency f for co-polarized 

components for θ = 30°; (b) Transmission phase ∠S2,1 as a function of frequency f 

for co-polarized components for θ = 30°[156]. 
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3.3  Equivalent Circuit Analysis of the UC 

In order to understand the operation of the UC, the ECM is developed using the 

same procedure developed in the research [158]. After that, the Advanced De-

sign System (ADS) software is used to simulate the ECM. The ADS software 

provides the simulated S parameter values which are compared with CST simu-

Figure 3.5 Transmission magnitude |S2,1| as a function of frequency f for cross-polarized com-

ponents [156]. 
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lated corresponding results. Two adjacent UCs and the ECM are shown in Figure 

3.6.  

 
(a) 

 
(b) 

The discrete components such as capacitors or inductors are used to represent 

the inductive and the capacitive behavior of the different parts of the metallic 

pattern, derived from the UC geometry. For example, inductors Lc and Lr repre-

sent the inductances of the inner circular metal portion and the outer ring, corre-

spondingly. The capacitor Cg is used to represent the gap between the metal cir-

cle and the outer ring while C1 represents the capacitance formed between the 

metallic circles of two adjacent cells. In a similar way, C0 corresponds to the 

capacitance formed between the outer metal rings of two adjacent cells. The 

Figure 3.6 (a) Top layer of two adjacent UCs and (b) ECM of a single UC [156].  
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transmission line theory is used to model the substrate. The model utilize a trans-

mission line with impedance of ZS = Z0/√ɛr  = 255 Ω, where Z0  = 377 Ω and 

ɛr = 2.2 denote is the free space characteristic impedance and the substrate’s 

relative permittivity, respectively. Z0 is the characteristic impedance of free 

space and Zs represents the substrate impedance. Capacitance and inductance 

values remain consistent across all three metal layers as all the metal layers are 

identical. For computing the circuit component values of ECM, UC6 is chosen. 

The outer radius of the metal ring, the inner radius of the metal ring, and the 

radius of the inner circle, are R1 = 4.325 mm, R2 = 4.20 mm, and R3 = 3.07 mm 

respectively for UC6, having ∠S2,1 = 270° transmission. Table 3.3 shows the cir-

cuit component values of the ECM for UC6. 

TABLE 3.3 VALUES OF CIRCUIT COMPONENTS OF UC6 ECM [156]. 

Parameter  Value Unit 

C0 0.323  pF 

Cg 0.042  pF 

C1 0.019  pF 

Lr 3.727  nH 

Lc 1.729  nH 

 

Gradient-based optimization method is used to compute these values by the ADS 

software. By tuning the values of the circuit components this optimization match 

the magnitude |S2,1|, and phase ∠S2,1 values of the scattering parameters with the 

respective simulated result obtained by the CST at the corresponding frequencies 
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f. The values of the capacitors and the inductors mainly determine the transmis-

sion phases of the UC. A comparison between CST simulation and ECM calcu-

lation regarding the magnitude and phase values of scattering parameter S2,1 of 

UC6 is illustrated in Figure 3.7. An excellent match is observed.  

  

(a) (b) 

3.4 The TA Antenna 

For this design, a maximum D size of 200 mm was considered and a focal length-

to-diameter ratio (F/D) of 0.6 was chosen. a suitable feed antenna was selected 

            

                 

  

  

 

 
  

 
 

 
  

 
  

 
  

 
 

 
  

 
 

 
  

  
 
  

  
  

 
 

   

   

Figure 3.7 Transmission magnitude |S2,1| and transmission phase ∠S2,1 of UC6 as a function 

of frequency f, obtained by CST and ECM simulation. (a) Transmission magni-

tude; (b) transmission phase [156]. 
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based on this requirement. Specifically, a 2 × 2 array antenna [159] based on 

substrate integrated waveguide (SIW) was used. Figure 3.8 shows the feed an-

tenna array. Two Rogers RT/duroid 5880 substrates (ɛr = 2.2, tanδ = 0.0009) 

form this array. The thicknesses of the first and second substrates are T1 = 0.381 

mm, and T2 = 1.575 mm, respectively.  

 

The feed antenna array has a dimension of L = 35 mm and a width of W = 35 

mm. The vias connecting both grounds have a diameter of D1 = 0.62 mm. The 

diameter of the circular slot in the first ground is D2 = 15.05 mm. Figure 3.8 

shows the dimensions of the patch. The width and length of the patch are P1 = 

Figure 3.8 Feed antenna array stack up with dimensions (P1 = 7.70 mm, P2 = 7.70 mm, P3 = 

2.75 mm, P4 = 1.44 mm, P5 = 2.18 mm, D1 = 0.62 mm, D2 = 15.05 mm, T1 = 0.381 

mm, T2 = 1.575 mm, L = 35 mm, W = 35 mm); metal portion and substrate 1 and 

2 are represented by yellow and blue colors, respectively. 
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7.7 mm, P2 = 7.7 mm respectively. The dimensions regarding lateral and corner 

slot in the patch are P3 = 2.75 mm, P4 = 1.44 mm, and P5 = 2.18 mm, respectively. 

Particularly, the SIW based 2 × 2 antenna array in [159] is selected as feed be-

cause the chosen F/D ratio and the target D size of the TA align with the −10 dB 

beamwidth which is of approximately 66°. The array operates over a BW = 

2.5 GHz frequency span from fL = 10 GHz to fH = 12.5 GHz, offering an imped-

ance bandwidth of BWz = 20.83% while delivering a maximum gain of Gf0 = 

12.93 dB at 12 GHz and Gf1 = 12.83 dB at 12.4 GHz, respectively [159]. 

By using the proposed UC, a 484 (22 × 22) element based TA is designed and 

implemented. The width of the TA is D = 22 × 8.65 mm = 190.3 mm and the 

focal distance is F = 0.6 × D = 114.18 mm are finalized as per the design ap-

proach. For beam forming and beam steering in the desired direction, the trans-

mission phase of the UC of the TA needs to be adjusted. The spatial phase delay, 

which is introduced due to the distance, dp, between the feed antenna and the 

corresponding pth UC (shown also in Figure 3.9(a)) is compensated by the phase 

adjustment of the UC. The required phase shift across the TA for optimal beam 

forming in the targeted direction, (θ0,φ0), is computed as follows. For the pth 

UC, the phase of the transmitted electric field is [160]:   

ψ(xP, yP) = −k0xPsinθ0cosφ
0
− k0yPsinθ0sinφ

0
 (3.4) 

Here k0 is the free space wavenumbers and (xP, yP) is the coordinate of the pth 

UC. By summating the phase of the incident electric field and the transmission 

phase shift of the UC, the total phase of the transmitted electric field of pth UC 

can be calculated [160]:    

ψ(xP, yP) = −k0dP + ψn(xP, yP) (3.5)  
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The distance between any surface point of TA having the coordinates (xP,yP,zP) 

and the feed point having the coordinates (xf,yf,zf) is represented by dP. The 

expression of dP is [160]: 

dP = √(xP − xf)
2 + (yP − y

f
)2 + (zp − zf)

2 
(3.6)  

Ultimately, the Equations (4) and (5) are used to calculate the required phase 

shift ψn for the generic UC of the planar TA, located at (xP,yP,zP) [161]:   

 ψn = k0(dP − (xP sin θ0 cosφ
0
+ yP sin θ0 sinφ

0
)) (3.7)  

The following expression quantifies the 3-bit phase compensation: 

ψn =

{
 
 
 
 

 
 
 
 

0°, 0° ≤ ψn < 45° 
45°, 45° ≤ ψn < 90°
90°, 90° ≤ ψn < 135°
135°, 135° ≤ ψn < 180°
180°, 180° ≤ ψn < 225°
225°, 225° ≤ ψn < 270°
270°, 270° ≤ ψn < 315°
315°, 315° ≤ ψn < 360°

  

(3.8) 

To calculate the 3-bit phase distribution of the TA for a focal distance of F = 

114.18 mm, a home-made software is used. For directing the beam in broadside 

direction (θ0,φ0) = (0°,0°), the required phase compensation is shown in Figure 

3.9(b). Different transmission phases of the UCs are indicated by the distinct 

colors in the colorimetric scale.  
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(a) (b) 

3.5 Simulation and Experimental Results  

The previously described design procedure of the TA does not consider the phase 

discretization, the feed’s primary pattern, UC’s mutual coupling or transmission 

losses. Full wave simulations with CST have been carried out to accurately as-

sess these effects. The TA is fabricated and characterized. The fabricated proto-

type and the measurement setup in the anechoic chamber is illustrated in Figure 

3.10. 

Figure 3.9 (a) Ray transmission through TA; (b) phase compensation obtained at f0 = 12 GHz 

for focal distance F to diameter D ratio of 0.6 [156]. 
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The difference between simulated and measured peak gain of the feed antenna 

along with the measured aperture efficiency is highlighted in Figure 3.11. From 

the Figure 3.11, it is observed that, at f0 = 12 GHz, the measured peak gain is 

Gm0 = 21 dB, whereas the simulated realized peak gain is Gs0 = 23.35 dB. The 

measured and simulated peak gain of this TA are Gm1 = 19.97 dB and Gs1 = 22.46 

dB, respectively at f1 = 12.4 GHz. The aperture efficiency is η0 = 17% and η1 = 

13% for f0 = 12 GHz and f1 = 12.4 GHz, respectively though the maximum value 

of the aperture efficiency is ηmax = 19% found at f2 = 11.2 GHz. The 1-dB gain 

bandwidth is found to be BWg = 10.8%, ranging from fG = 11.1 GHz to f1 = 12.4 

GHz. For E and H plane, the radiation pattern at f0 = 12 GHz and f1 = 12.4 GHz, 

respectively are shown in Figure 3.12. The difference between the simulated and 

measured peak gains at f0 = 12 GHz and f1 = 12.4 GHz are △G0 = 2.35 dB and 

△G1 = 2.03 dB for both E and H plane, respectively. Due to thin air layer in 

between the substrates that have not been bonded together with prepreg, larger 

insertion loss, and other fabrication tolerances ascribe this deviation. It is also 

       
(a) (b) 

Figure 3.10  (a) Fabricated prototype with a support structure; (b) measurement setup in anechoic 

chamber [156]. 
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observed that, at f0 = 12 GHz and f1 = 12.4 GHz the measured peak side lobe 

levels are SLL0 = −20.8 dB and SLL1 = −18.5 dB, correspondingly. 

 

 

Figure 3.11 Simulated and measured maximum gain and measured aperture efficiency of TA 

antenna [156]. 
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(a) (b) 

  

(c) (d) 

Figure 3.12 Simulated and measured realized gain of TA antenna. (a) E plane at f0 = 12 GHz; (b) H 

plane at f0 = 12 GHz; (c) E plane at f1 = 12.4 GHz; (d) H plane at f1 = 12.4 GHz [156]. 
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Several simulations have been performed to evaluate the effects of the fabrica-

tion tolerances. Specifically, geometrical changes are performed in all the opti-

mized cells, by increasing of external radius values ΔR1 = 7.5 µm and a decreas-

ing of internal radius values ΔR2 = −7.5 µm results a variation of ΔGs0 = −0.5 

dB in the obtained gain in broadside direction. Besides, the position of the feed 

antenna array is also varied, i.e., along the z direction, the displacement of the 

focal distance F of the feed antenna has been changed. The maximum gain is 

reduced of Gs0 = −0.3 dB and the main beam direction tilts of about Δθ = −1°, 

for a variation of ΔF = ±4 mm. It is worth mentioning that, the substrates are 

deemed completely adherent in the design. The influence of an air-gap with a 

thickness ta = 50 µm between substrates in the unit cell has been investigated, 

since Teflon screws are used after the prototype fabrication to assemble the sub-

strate layers of TA. It is noted that, a transmission coefficient variation ΔS2,1 = 

−0.12 dB and phase shifting variation of Δϕ = 1.3° with a gain variation of ap-

proximately ΔGs0 = −0.6 dB in broadside direction is obtained. An ultraviolet 

laser writing equipment named LPKF Protolaser U3, is employed to fabricate 

the prototype as it has a scanning beam resolution of SBR = 2 µm, allowing a 

very good fabrication tolerance. The conducted investigation shows that the re-

producibility can be increased by placing a more precise mechanical positioner 

of the feed antenna and considering a prepreg sheet to assemble the substrates. 

Still, low profile TAs can experience a low aperture efficiency, as reported in 

[162],[163],[164],[165]. Furthermore, the reason for obtaining limited aperture 

efficiency can be the unmodeled fabrication imperfections. One way of improv-

ing aperture efficiency is to employ better amplitude–phase balance by reducing 

loss mechanisms through optimization strategy such as UC geometry refine-

ment. 
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Next, the performance of TA beam-steering is examined by shifting the 2 × 2 

SIW-based patch antenna array. A feed-shifting length (FSL) of 65 mm is ap-

plied to shift the feed antenna along both the positive and negative directions of 

the x-axis as shown in Figure 3.9(a). Figures 3.13 and 3.14 shows the plots of 

the farfield gain patterns at f0 = 12 GHz and f1 = 12.4 GHz, respectively for the 

feed coordinates (x,y) = (0 mm,0 mm); (x,y) = (+26 mm,0 mm); (x,y) = (+45 

mm,0 mm); (x,y) = (+65 mm,0 mm); (x,y) = (−26 mm,0 mm); (x,y) = (−45 mm,0 

mm); (x,y) = (−65 mm,0 mm). Excellent qualitative agreement is observed be-

tween the simulated and measured patterns. It is noted that, the maximum beam-

steering angle γmax = ±30° is achieved. 

 

Figure 3.13 Simulated (solid lines) and measured (dashed lines) beam-steering performance at 

f0 = 12 GHz [156].  
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But the simulated gain is slightly higher than the measured one in every case, as 

similar as observed and discussed for the broadside pointing direction previ-

ously. Likely, fabrication errors are attributed to this disagreement. For instance, 

in some UCs, the width of the circular ring is R1–R2 = 0.1 mm which requires a 

tight tolerance. The simulated scan losses are △GSSL0 = 3.9 dB and △GSSL1 = 

3.03 dB for γmax = ±30° beam steering at f0 = 12 GHz and f1 = 12.4 GHz, respec-

tively. Though the measured scan loss for γmax = ±30° steering is △GMSL0 = 4.03 

dB at f0 = 12 GHz and △GMSL1 = 2.73 dB at f1 = 12.4 GHz respectively. Further-

more, during beam steering operation, the actual position of the feed antenna in 

the experiment is slightly changed regarding the simulated one. As a result, the 

Figure 3.14 Simulated (solid lines) and measured (dashed lines) beam-steering performance at 

f0 = 12 GHz [156].  
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measured gain is found to be slightly lower than the simulated gain. Besides, 

during simulation, the air gap between the substrates is not modeled, which con-

tributes to the difference between the simulated and measured scan loss. It can 

be inferred that, the TA provides a higher gain enhancement at f0 = 12 GHz, 

compared to its performance at f1 = 12.4 GHz. Though, the latter frequency 

demonstrates superior performance in terms of scan loss (△G) with respect to 

beam steering capability. In case of measurement, the feed antenna array is only 

shifted along the x axis for beam steering operation. Due to the symmetrical na-

ture of this TA, similar results are obtained by shifting the feed antenna along 

the y axis. 

Mechanical feed displacement for beam steering works well in this work though 

it is not feasible for some applications. To overcome the limitations associated 

with mechanical feed displacement, the integration of reconfigurable elements, 

such as varactor diodes or tunable materials, within the UC architecture can be 

explored for beam steering operation. For electronic beam steering, dynamic 

phase control across the aperture is necessary. Incorporation of electronic tuna-

ble components can be a good solution. Moreover, better control of polarization, 

adaptive beam shaping, and multi-beam operation can be achieved by this evo-

lution to make the TA suitable for real-world applications.  

 

3.6 Comparison with Other Works  

Evaluation of the performance of proposed TA against previously reported 

works is done, as summarized in Table 4. The proposed TA has a thickness of ρ 

= 0.126λ0, which is lower in comparison with other works 
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[162],[163],[164],[165]. Three layers-based TA having the reduced array size of 

A = 57.9λ0
2 indicates it low profile features [162],[164],[166]. Other important 

characteristics of this proposed TA are improved robustness, compactness, and 

ease of fabrication as there is no need of an air gap between the substrates in this 

design. Another indication of compactness of this TA is the lower F/D = 0.6 

[164],[165]. Furthermore, dual linear polarized operation with 3-bit phase com-

pensation having the transmission loss less than αT = 1.3 dB is not accomplished 

in [162],[163],[166]. The maximum beam steering angle of [162],[166] is lower 

than the proposed TA as it can scan up to γmax = ±30°. In case of scan loss, this 

work shows best performance (△GMSL1 = 2.73 dB at f1 = 12.4 GHz) among the 

reference works [162],[163],[164],[165],[166]. Though, in comparison with the 

reference papers reported in Table 4, the proposed TA exhibits lowest aperture 

efficiency η except [166]. Finally, it can be said that the proposed TA achieves 

lower profile at the expense of gain G or aperture efficiency η.  

Taking all these aspects into account, the proposed TA validates several signifi-

cant merits: (i) a novel configuration based on circular metallic patterns, (ii) a 

low-profile structure while maintaining comparable performance, (iii) dual-po-

larized operation, (iv) satisfactory scan-loss performance at 12.4 GHz, (v) an 

improved beam-steering range, and (vi) ease of fabrication.  
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TABLE 3.4 COMPARISON OF PROPOSED TA WITH OTHER WORKS 

[156]. 

Ref. [162] [163] [164]    [165] [166] This Work 

Frequency f (GHz) 27.5 10 12 15 12.5 12 12.4 

No. of layers 2 3 5 3 3 3 3 

Thickness ρ (λ0) 0.18 0.133 0.582 0.165 0.083 0.126 0.13 

Array size A (λ0
2) 86.06 16.0 64.0 38.48 90.9 57.9 62.35 

Gain G (dB) 24.2 19.3 23.0 23.06 22.7 21.0 19.97 

Scan range γmax (de-

gree) 

±27 +60 ±35 ±30 ±21 ±30 ±30 

Scan loss △G (dB) 3.7 4.15 3.0 3.6 2.7 4.03 2.73 

F/D 0.50 0.60 0.78 0.75 0.59 0.60 0.60 

Polarization DLP£ SCP$ Ins* 
DLP£ &  

DCP$ 
SLP£    DLP£ DLP£ 

Side Lobe Level 

SLL (dB) 
−18.4 −17.7 −15.0 −35.0 −15.0 −20.8 −18.5 

Phase states 240° 180° 360° 360° 360° 360° 360° 

Air gap Yes No No Yes No No No 

Aperture Efficiency 

η (%) 
24.5 40.2 34.64 42.3 15.2 17.0 13.0 

Ins* = Insensitive, DLP£ = Dual linear polarized, DCP$ = Dual circular polarized, SCP$= Single 

circular polarized. SLP£ = Single linear polarized.  
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3.7 Conclusion  

In this chapter, a low profile, dual-polarized 3-bit TA is proposed, simulated, 

and tested. This TA supports dual-polarized operation and offers a compact de-

sign with a low profile (0.126λ0). Besides, efficient beam steering up to ±30° 

with minimal scan loss makes it demanding. The 1 dB gain bandwidth of BWg 

= 10.8% (11.1–12.4 GHz), and a measured peak side lobe level of SLL1 = −20.8 

dB at f0 = 12 GHz is also observed. Moreover, at f0 = 12 GHz and f1 = 12.4 GHz, 

a measured scan loss of △GMSL0 = 4.03 dB and △GMSL1 = 2.73 dB is achieved 

respectively. The aperture efficiency and measured gain at f0 = 12 GHz are Gm0 

= 21 dB and η0 = 17% respectively. However, at f2 = 11.2 GHz, the maximum 

aperture efficiency ηmax = 19% is observed. Considering all these characteristics, 

it can be concluded that, this proposed TA is suitable for Ku-band satellite ap-

plications. 
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4 Metasurface based antennas 

The use of advanced metasurface-based radiating structures is necessary to fulfil 

the growing demand for high-performance, compact, and directive antennas in 

modern wireless and millimeter-wave systems. The design and performance 

analysis of three metasurface-inspired antennas is presented in this chapter. To 

enhance gain, bandwidth, radiation characteristics, and structural compactness 

these metasurface based antennas are developed. Firstly, a Fabry–Perot resona-

tor antenna based on a Partially Reflective Surface (PRS) operating in the 7–9.5 

GHz band is designed. Through constructive cavity resonance high gain is 

achieved by this antenna. Secondly, a Magneto-Electric (ME) dipole antenna 

integrated with Electromagnetic Band Gap (EBG) structure functioning in the 

24–40 GHz range is designed to reduce side-lobe levels significantly by sup-

pressing surface waves through metasurface. Thirdly, a ME dipole antenna op-

erating at 24–30 GHz based on Artificial Magnetic Conductor (AMC) is pre-

sented. The profile of this antenna is minimized by employing a metasurface 

ground plane while maintaining radiation efficiency. In summary, the strategical 

utilization of engineered metasurfaces across microwave and millimeter-wave 

frequency bands for improving gain, radiation control, and compactness is 

demonstrated by these three designs. 

4.1 PRS based Fabry Pérot Antenna  

Due to the expansion of wireless communication systems and services such as 

Internet of Things and wearable devices, the demand for cost-effective, compact, 

and lightweight antennas is rapidly increasing. For this reason, conductive inkjet 

printing is considered as an effective and viable technique for the fabrication of 

antennas [167], [168]. The accurate placement of conductive inks into prede-
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fined patterns, additive manufacturing capability and economic efficiency are 

the key benefits of this method [167], [168]. For the construction of conventional 

antenna, like in [168], [169], [170], conductive inkjet printing has been success-

fully utilized though the investigation related to its use for frequency selective 

surface- or metamaterial-based antennas is not conducted. Due to high directiv-

ity, and low-profile features, the Fabry–Pérot resonator antennas (FPRAs) have 

gained significant attention among various structures in the past decade [171]. 

By leveraging multiple in-phase reflections between a total reflector and a PRS, 

the broadside directivity of a simple radiator placed in the cavity can be increased 

[172]. The reflective properties, both magnitude and phase, of the PRS is related 

to this improvement [172]. Different strategies can be considered to design the 

latter one. For this purpose, 2-D metalized (printed) frequency selective surfaces 

(FSSs) [171], [173], non-metalized (unprinted) all-dielectric slabs [174], [175], 

and 3-D electromagnetic bandgap structures [176] can be utilized.  

In the first part of this chapter, a novel FPRA is proposed with an unconventional 

fabrication technique. Specifically, this work employs a V-slot loaded patch an-

tenna as a feed. This patch is fabricated through inkjet printing on two ultrathin 

PET substrates. One substrate is allocated to contain the radiating patch where 

the other one is for the ground plane. For phase manipulation, this works utilizes 

a double-layer based PRS. Two closely spaced PRSs form the structure, where 

each layer contains two single-sided ultrathin PET layers. To improve the PRS 

reflection phase response φ, a PETG layer is placed in between these two layers. 

A double-layer PRS with a tailored reflection phase response as a function of 

frequency is demonstrated for the first time. 3-D-printed PETG layers along with 

inkjet-printed PET layers is utilized for the design of the PRS. The operating 

frequency range of the optimized FPRA is 7.0 GHz to 9.5 GHz. A good agree-
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ment between the simulation and the experimental results is observed which val-

idates the concept of applying inkjet printing method for fabricating complex 

antenna having comparable performance in the examined frequency range 

achieved through conventional fabrication methods.  

4.1.1 Design and simulation of the FPRA 

Two main goals govern the design of the PRS unit cell:  

i) achieving a suitable magnitude of the reflection coefficient ρ, and  

ii) ensuring the desired phase response φI.   

For obtaining good improvement of the directivity this is important. In a fre-

quency band around the PRS resonance frequency, a positive phase gradient can 

be achieved because the associated positive phase gradient becomes more pro-

nounced and steeper when the resonance strength raises [177]. It is worth to 

mention that the strong resonance is undesirable because the reflection coeffi-

cient magnitude ρ would be too low to obtain a good directivity even if the res-

onance condition may be satisfied. The sketch of the proposed FPRA consists of 

a double-layer PRS and a V-slot loaded patch is illustrated in Figure 4.1(a), 

whereas the sketch of the unit cell and the top layer of the V-slot loaded patch 

are reported in Figure 4.1(b) and Figure 4.1(c) [178].  
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Figure 4.1 (a) Sketch of the FPRA, composed of a feed antenna, i.e., V-slot loaded patch 

with ground plane and radiating layer, and a double-layer PRS [178]; (b) sketch 

of the unit cell of a single layer of the double-layer PRS, composed of a square 

patch, a square aperture, both printed on two Novele IJ-220 substrates and an 

embedded all-dielectric PETG substrate [178]; and (c) sketch of the V-slot of 

the feed antenna [178].   

Two PRSs, namely PRS1 and PRS2, ordered going upwards along the z-axis, 

represent the double-layer PRS in this design. Three sublayers compose each 

layer: a thicker PETG substrate, which sandwiched between two ultrathin PET 

substrates with a mesoporous coating, i.e., Novele1 IJ-220. A complimentary 
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FSS is constituted by depositing the conductive ink on Novele IJ-220 substrates 

with a printed periodic array of square patches (capacitive element) on one side 

and square apertures (inductive element) on the other side [177], [179], [180]. 

Thus, the antenna operation is contributed by both PRS1 and PRS2 through a 

resonance ignition. To further control and optimize the PRS reflection phase φ, 

the 3-D-printed PETG inside the two single-sided Novele IJ-220 substrates is 

introduced. The equivalent circuit of the double-layer PRS is illustrated in Figure 

4.2 [181]. 

 

Figure 4.2 Equivalent circuit of the proposed double-layer PRS [178]. 

 

CST Microwave Studio Suite software is utilized to optimize the unit cell of the 

double-layer PRS through full-wave electromagnetic simulations in the fre-

quency domain. In the four walls of the unit cell periodic boundary conditions 

are applied. The operating band of this proposed antenna started from about 7 

GHz and ended about 9.5 GHz. In this frequency range , the phase gradient must 

be positive. Deembedding for the Floquet ports is taken into account to ensure 

accurate reflection phase evaluation, with the phase referenced at the square ap-
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erture of PRS1. The height of the employed PET-based substrate Novele IJ-220 

is hNOV = 0.14 mm. The dielectric constant of this substrate is εr = 2.95, and loss 

tangent is tan δ = 0.025 [182]. PETG is characterized with dielectric constant εr 

= 2.85, and loss tangent tan δ = 0.025 [183].  For the design optimization, the 

following parameters have been considered: lengths of the square apertures (a1, 

and a2, ordered going upwards along z-axis); length of the unit cell (Lcell, equal 

for the two PRSs); lengths of square patches (b1, and b2, ordered going upwards 

along z-axis); distance between PRS1 and PRS2 (h1), and PETG thickness (hPETG, 

equal for the two PRSs). The optimized dimensions of the PRS are: a1 = 8.6 mm, 

a2 = 7.7 mm, b1 = 8.8 mm, b2 = 9.2 mm, hPETG = 1.2 mm, hPRS = 1.48 mm, h1 = 

2.52 mm, Lcell = 11.2 mm. For incidence angle θ = 0◦ (solid line) and θ = 20◦ 

(dashed line), the simulated reflection coefficient magnitude ρ and phase φ of 

the double-layer PRS is shown in Figure 4.3. For a cavity height hcav = 19.70 mm 

which is  equal to half wavelength at the frequency f = 7.6 GHz, the ideal reflec-

tion phase φI is also showed. It is noted that the FPRA can resonate with high 

directivity DFPRA also in case of angled incidence as the reflection amplitude 

coefficient is higher than 0.5 and a positive phase slope of PRS reflection coef-

ficient is observed. To understand how the structure leads to a reflection phase 

with a positive slope as a function of the frequency, the equivalent circuit anal-

ysis has also been performed on the double-layer PRS. For an excellent agree-

ment with the full wave unit cell simulations, the following values are employed: 

Z = 377 Ω, Z1 = 219.5 Ω, Z2 = 223.3 Ω, Csa1 = 0.055 pF, Cp1 = 0.1 pF, Lsa1 = 

1.97 nH, Lp1 = 0.31 nH, Csa2 = 0.019 pF, Cp2 = 0.074 pF, Lsa2 = 2.76 nH, Lp2 = 

0.4 nH, Cm = 0.039 pF, Lm = 4 nH. Based on this PRS, a practical finite-size 

antenna is developed.  
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Figure  4.3 Reflection magnitude ρ and reflection phase φ of the double-layer PRS via: (i) CST 

Microwave Studio full-wave unit cell simulation, for incidence angle θ = 0◦ (solid 

line) and θ = 20◦ (dashed line); (ii) equivalent circuit model (dash-dotted line). Ideal 

reflection phase for an FPRA with cavity height hc = 19.7 mm (dotted line) [178]. 

In order to increase the bandwidth of the primary radiator, a V-slot is introduced 

in the pin-fed optimized rectangular patch antenna [184]. The values of the fol-

lowing parameters show the optimized dimensions: d1 = 1.15 mm, d2 = 1.65 mm, 

dslot = 6.45 mm, α = 5◦, wslot = 1.15 mm, wp = 18.7 mm, lp = 13.5 mm, lslot = 9.7 

mm. At the center frequency, the array size of the PRS is approximately 2.2 λ0 

× 2.2 λ0 × 0.70 λ0 i.e., 78.4 mm × 78.4 mm. For the ground the same dimensions 

are chosen. The optimized distance between the ground and the patch is hs = 3.3 
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mm while the cavity height is hc = 19.7 mm. The simulated input reflection co-

efficient |S11| along with the realized gain G for the antenna with (w/) PRS 

(dashed line) and without (w/o) PRS (solid line) is reported in Figure 4.4. Due 

to the Fabry–Pérot resonance, an improvement of the realized gain G is obtained 

while maintaining almost entirely the bandwidth of the primary radiator.  

 

Figure  4.4 Simulated input reflection coefficient |S11| and realized gain G of the antenna w/o 

PRS (solid line) and w/ 7 × 7 PRS array size (dashed line) [178]. 

 

4.1.2 Fabrication and characterization of the FPRA 

The pattern has printed on the Novele IJ-220 substrate using the conductive 

inkjet Metalon JS-B25P through an inkjet printer EPSON Ecotank ET-M1170. 

The thickness of PETG is freely optimized as it is obtained via 3-D printing. 
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Metalon JS-B25P with silver content of 25 wt% is used as the conductive ink. 

The gluing of the SMA connector is achieved by applying MG Chemicals 8331S 

silver-filled conductive epoxy, followed by thermal curing at 65 °C for 2 hours. 

For printing the PETG at 100% infill density, a low-cost Creality K1C 3-D 

printer, based on fused deposition modelling is used. A nozzle with a 0.2 mm 

diameter is utilized as spacer. Figure 4.5 depicts pictures of the fabricated pro-

totype: (a) the V-slot loaded patch antenna (Top layer); (b) Dino-Lite Digital 

Microscope assisted image; (c) an illustration of square apertures as a periodic 

array of PRS2; (d) an illustration of square patches as a periodic array of PRS2; 

(e) the complete prototype of the proposed FPRA during characterization in the 

anechoic chamber.  
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Figure 4.5 (a) Picture of the fabricated V-slot loaded patch via conductive inkjet printing 

[178]. (b) Microscope image of the fabricated V-slot loaded patch via conduc-

tive inkjet printing with an enlargement [178]. (c) Enlargement of the periodic 

array of square apertures, bottom layer of PRS2 [178]. (d) Enlargement of the 

periodic array of square patches, top layer of PRS2 [178]. (e) Mounted FPRA 

with V-slot loaded patch and double-layer PRS in the anechoic chamber [178].      

In comparison with the cost of conventional materials and fabricating technolo-

gies, the overall cost for the FPRA fabrication is very low as it costs only a few 

percent of the expense of traditional techniques. Presently, the cost incurred of 

is: i) around 5.0 $ attributed to the needed volume of conductive ink; ii) nearly 

1.0 $ for the PETG substrates and mechanical support; iii) about 0.5 $ for a single 

ultrathin PET sheet. The total weight of the proposed FPRA is 52 g  which in-

cludes the weight of the SMA connector also. The Agilent Technologies 

N5224A PNA Network Analyzer is used to measure the scattering parameter S11 
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of the antenna w/o and w/ the PRS conditions. The anechoic chamber StarLab 

SATIMO is used to accomplish the radiation performance measurement of the 

antenna w/o and w/ the PRS. The comparison between the simulated (solid line) 

and measured (dashed line) input reflection coefficient |S11| of the antenna w/o 

PRS (black line) and w/ PRS (red line) conditions is reported in Figure 4.6(a).   

 

 

Figure 4.6 (a) Simulated (solid line) and measured (dashed line) input reflection coeffi-

cient |S11| of the antenna w/o PRS (black line) and w/ PRS (red line) [178] and 

(b) simulated (solid line) and measured (circle markers) realized gain G and 

total efficiency η of the antenna w/o PRS (black) and w/ PRS (red) [178].  

Apart from a slight shift towards higher frequency, a good agreement between 

simulation and measurement result is observed. For exhibiting a good degree of 

repeatability, a set of ten FPRAs has been constructed. The connector gluing 
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may have an effect on the frequency shift. Simulation result show that variations 

in the dielectric constant have minimal influence on the input reflection coeffi-

cient of the patch antenna, as the thickness of the PET substrates is very thin. 

From the measured result, it can be noted that the impedance bandwidth of the 

FPRA’s spans from 7.0 GHz to 9.6 GHz. The measured (circle markers) and the 

simulated (solid line) realized gain G along with total efficiency η of the antenna 

w/o PRS (black) and w/ PRS (red) conditions are illustrated in Figure 4.6(b). At 

the frequency f = 8.2 GHz, a high measured gain of GM = 13.2 dBi is provided 

by the FPRA. Within the impedance bandwidth of the FPRA, the measured 3 dB 

gain bandwidth of the FPRA is BWG = 24.5%. Moreover, the aperture efficiency 

in measurement is noted 35.3% approximately. The simulated and measured ra-

diation patterns of the antenna with PRS for both the H-plane, and the E-plane 

at the frequency f = 8 GHz are illustrated in Figure 4.7. The measured radiation 

pattern of this proposed antenna indicates about its capability of transmitting 

single broadside main lobe with acceptable cross polar discrimination and low 

side lobe level.   
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4.1.3 Performance comparison with literature  

Some probable reasons responsible for small variations between the simulation 

and measurement result are as follows: i) the inaccurate fabrication process, con-

sidering the precision of the inkjet printing, ii) the position mitch match of the 

SMA pin in simulation and in practical prototype, iii) misalignment of the four 

PET layers in the PRS, iv) tilting of the patch top layer slightly, v) conductive 

glue utilization in order to solder the connector, etc. However, the flexibility 

offered by the fabrication process is more important than the minor performance 

reduction in some applications. The comparison between the proposed FPRA to 

 

Figure 4.7 Simulated and measured normalized radiation patterns at the frequency f = 8 

GHz of the antenna with PRS: (a) H-plane [12] and (b) E-plane [178].   
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other printed circuit board (PCB) technology based FPRAs is shown in Table 

4.1. The gain and impedance performance are similar with the FPRAs in [177], 

[185], and [186]. The proposed one exhibits a lower profile compared with the 

FPRAs in [172], [173], [181], and [187]. Table 4.2 provides the comparison be-

tween the proposed FPRA to other conductive inkjet printed antennas. The pro-

posed antenna exhibits a lower planar size in comparison to [167] and free from 

complex feeding network also. The wideband performance is obtained with 

higher gain with reference to [168], and [188].  

 

TABLE 4.1 PROPOSED FPRA COMPARED TO LITERATURE FPRAS 

[178]. 

Ref. no.  Size (W×L×H) 
Imped. 

BW(%) 

3-dB 

BW(%) 

Max 

Gain 

(dBi) 

Aperture 

Efficiency 

(%) 

[172]   1.5λ0×1.5 λ0×1.7 λ0 > 30 21.7 18.2 58.4 

[173]   3.9 λ0×3.9 λ0×1.7 λ0 15.1 15.0 20.0 53.1 

[177] 2.4 λ0×2.4 λ0×0.66 λ0 37.0 32.3 14.0 31.9 

[181] 2.3 λ0×2.3 λ0×1.34 λ0 31.7 25.8 15.0 47.6 

[185] 3.7 λ0×3.7 λ0×0.76 λ0 10.9 10.9 16.3 25.4 

[186] 2.2 λ0×2.2 λ0×0.54 λ0 25.1 33.5 13.9 40.4 

[187]   3.0 λ0×3.6 λ0×1.3 λ0 20.4 12.2 15.6 26.8 

This work 2.2 λ0×2.2 λ0×0.70 λ0 31.3 24.7 13.2  36.2 
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TABLE 4.2 PROPOSED FPRA COMPARED TO LITERATURE INKJET 

PRINTED ANTENNAS [178]. 

Ref. no.  Size (W×L×H) 
Imped. 

BW(%) 

3-dB 

BW(%) 

Max 

Gain 

(dBi) 

Aperture 

Efficiency 

(%)* 

[167]  2.5 λ0×2.5 λ0×0.05 λ0  7.5 7.5 16.7 59.6 

[168]   1.6 λ0×1.9 λ0× N.A. 133.0 > 90 7.8 7.0 

[188] 1.3 λ0×1.2 λ0×0.01 λ0 > 34 > 42 8.5 36.1 

[189] 1.0 λ0×1.0 λ0×0.04 λ0 11.6 12.0 9.2 54.6 

This work 2.2 λ0×2.2 λ0×0.70 λ0 31.3 24.7 13.2 36.2  

* The aperture efficiency is evaluated at the frequency corresponding to the max gain. 

The proposed antenna shows better performance in terms of both bandwidth and 

gain than the antenna reported in [189]. 

4.1.4 Summary 

This work proposes low cost lightweight PRS based high gain Fabry-Pérot an-

tenna. A hybrid fabrication technique consisting of both inkjet printing and 3D 

printing is considered for constructing the prototype. Particularly, the primary 

radiator and the PRS consists of printed array of square patches and apertures, 

were obtained by depositing conductive ink on single layer mesoporous coated 

ultra-thin PET substrates. Though, fused deposition modelling 3D printing is 

used for obtaining the dielectric PETG layers required for the PRS, and the spac-

ers. A maximum measured gain of GM = 13.2 dBi is obtained at f = 8.2 GHz 

which maintains a good agreement with the simulated result. In measurement, 

the impedance bandwidth and the 3 dB gain bandwidth of BW% = 31.3 % and 

BWG = 24.5% found respectively. The 3 dB gain bandwidth resides within the 

impedance bandwidth range. The promising result indicates the potential for re-
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alizing complex antenna though low-cost and fast prototyping techniques utili-

zation. Study of conformal Fabry-Pérot cavities, flexible metasurfaces and an-

tenna of unconventional shape difficult to fabricate through traditional tech-

niques can be good directions of future research.  

 

 

4.2 EBG based wideband Millimeter wave antenna  

Recently, huge rise in global data traffic has been observed, reaching an annual 

growth rate of approximately 79% [190]. Fifth-generation (5G) mobile commu-

nication systems are anticipated to provide an efficient solution to address the 

resulting network congestion [191]. To achieve available bandwidth, the 5G 

standard for licensed usage of the 28 and 39 GHz frequency bands are introduced 

by the Federal Communications Commission (FCC) [191]. Hence, millimeter 

wave (mm-wave) antenna having wideband response covering both 28 GHz and 

39 GHz is utterly popular. To compensate the air propagation loss at mm-wave 

frequencies a satisfactory high gain performance is another critical requirement 

for this kind of antenna. Specifically, stable radiation pattern and a constant gain 

over the entire bandwidth are necessary. At mm-wave frequencies, the employ-

ment of simple patch antennas is shown by some research [192],[193], though 

highest 30% impedance bandwidth is provided by the multilayered patch 

[194],[195].  

A possible approach to meet these requirements is the use of a magneto-electric 

(ME) dipole antenna, which offers wide bandwidth characteristics [70] and can 
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be realized through substrate-integrated waveguide (SIW) techniques [80] or 

3D-printed waveguide technology [196]. Due to the cutoff frequency character-

istics, the bandwidth of the SIW feed based ME dipole antenna is generally not 

greater than 35% [197].  However, ME dipole antenna based on low temperature 

cofired ceramic (LTCC) technology proposed in [198] provides an impedance 

bandwidth over 45% [198], though in comparison with the printed circuit board 

(PCB) based antenna, this technology is not preferable for the high fabrication 

cost. ME dipole antenna based on the gap waveguide (GWG) based feed is pro-

posed in [82],[199], as GWG is effective due to low loss and high efficiency 

features [200]. Though, for mm-wave antenna designs, the fabrication process 

of GWG is complicated as it relies on fully metallic configuration. In [201], a 

ME dipole antenna array based on microstrip line feed is proposed. A reduced 

impedance bandwidth of 16.7% is provided by this antenna array though it is 

based on a very simple fabrication technology. This research presents a high-

performance based ME dipole antenna based on microstrip line feed. For achiev-

ing large bandwidth and low side lobe level (SLL), this multi-stacked aperture 

coupled antenna is integrated with an electromagnetic bandgap (EBG) structure. 

A simulated -10 dB impedance bandwidth of BW = 45.8% (25.1-40 GHz) and 

high radiation efficiency η > 0.91 over the gain bandwidth is provided by the 

proposed mm-wave ME dipole antenna. The design employs a multilayer PCB 

platform for low-cost fabrication and easy integration with printed electronics. 

4.2.1 Antenna Structure 

The antenna stack up is illustrated in Figure 4.8. Four dielectric substrates and 

a bondply layer form this proposed antenna. Rogers RT/Duroid 5880 (єs = 2.2, 

tanδs = 0.0009) is the material of all the substrates whereas the bondply is made 

of Rogers 4450F (єb = 3.52, tanδb = 0.004).  
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The ME dipole is excited through an aperture couple feeding method. Several 

elliptical and one rectangular slots are created in the lower metal layer of the 

substrate 1 and the ground plane. Additionally, below substrate 3, one EBG 

structure is placed. The antenna has an overall height of h = 0.25 λL, where the 

wavelength λL = 11.95 mm corresponds to the frequency fL = 25.1 GHz.  In order 

to maximize the gain and to enlarge the bandwidth, a number of simulations 

were performed by changing the following parameters: width of the rectangular 

slot (Ws), length of the rectangular slot (Ls), minor axis width parameter of the 

elliptical slot (R1) and major axis width parameter of the elliptical slot (C). Table 

4.3 listed the optimized values obtained for producing the best result in terms of 

gain and bandwidth.  

 

Figure 4.8 Sketch of the antenna stack up [202].  
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TABLE 4.3  OPTIMIZED DIMENSION [202]. 

Parameter 
Value 

  (mm) 
Parameter 

Value 

  (mm) 
Parameter 

Value 

  (mm) 
Parameter 

Value 

  (mm)  

T1 1.575 L 7.50 DL 2.00 WS 5.20 

T2 0.10 L1 3.50 W 7.50 DW 5.20 

T3 0.254 LS 0.60 W1 0.55 M 1.10 

T4 0.127 R1 0.80 W2 0.27 D 0.40 

T5 0.787 C 1.30 W3 2.30 S 0.20 

4.2.2 Electromagnetic bandgap (EBG) structure 

Figure 4.9(a) shows the enlarged structure of the metasurface which works as an 

EBG structure here. The length of the rectangular patch is M =1.1 mm and the 

spacing between two adjacent patches is S = 0.2 mm. The thickness of the sub-

strate that contains the metasurface is T5 = 0.787 mm. To analyze the behavior 

of this EBG, a Floquet port is assigned with proper boundary conditions for unit 

cell simulation of this metasurface shown in Figure 4.9(b).  
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The main aim of this simulation is to retrieve the dispersion curve for finding the 

bandgap of this structure. For this purpose, the phase shift of the normalized 

wave vector is swept along the high-symmetry points of the first Brillouin zone: 

Γ representing zero phase shift, X corresponding to a phase shift of 𝜋 along one 

lattice direction, and M representing (𝜋, 𝜋) along both directions.  The eigenfre-

quencies of the unit cell are calculated by varying the phase from Γ → X → M 

→ Γ. The electromagnetic bandgap frequency range is defined where  no prop-

agation modes appear. From the dispersion diagram shown in Figure 4.10, the 

bandgap of this structure obtained is 29.5 GHz to 39.5 GHz.    

 

 

(a) (b) 

Figure 4.9 (a) Detailed view of the EBG. (M =1.1 mm, S = 0.2 mm, T5 = 0.787 mm),                    

(b) Floquet port excitation for unit cell simulation.    

https://onlinelibrary.wiley.com/doi/10.1155/2013/507158#fig-0003
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4.2.3 Performance of the antenna structure 

For both with and without elliptical slots conditions, the simulated scattering 

parameter S11 vs. frequency f curve is shown in Figure 4.11(a). A widening of 

 

Figure 4.10 Dispersion diagram of the EBG.   

Bandgap:  29.5 - 39.5 GHz 
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the simulated bandwidth is obtained for the optimized elliptical slots in metal 

planes. It is noted that several 5G NR bands are covered by the simulated frac-

tional impedance bandwidth BW = 45.8% (25.1-40 GHz). The simulated 3 dB 

gain bandwidth and radiation efficiency as a function of frequency f are plotted 

in Figure 4.11(b). The highest simulated realized gain is RGmax = 8.20 dB noted 

at the frequency fm = 34 GHz whereas the simulated fractional 3 dB gain band-

width is BWg = 42.4%. The radiation efficiency is η > 0.91 over the 3 dB gain 

bandwidth.  

 

The simulated radiation pattern for the three frequencies f1 = 29 GHz, fm = 34 

GHz and f2 = 39 GHz are depicted in Figures 4.12,4.13 and 4.14, respectively. It 

is worth to mention that, the simulated SLL in every case is reduced by the EBG 

structure through suppressing surface wave propagation. In particular, the simu-

lated side lobe level at the frequency f2= 39 GHz, with and without EBG struc-

  

(a) (b) 

Figure 4.11 (a)  Simulated S11 vs. frequency f [202]. (b) Simulated realized gain RGmax and 

simulated radiation efficiency η vs. frequency f [202].  
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ture is SLLW/ = -15.4 dB and SLLW/O = - 6.6 dB, respectively.  

  

(a) (b) 

Figure 4.12 Simulated realized gain RG vs. θ for f1 = 29 GHz. (a)  XOZ plane [202] and (b)  

YOZ plane [202]. 

  

(a) (b) 

Figure 4.13 Simulated realized gain RG vs. θ for fm = 34 GHz. (a)  XOZ plane [202] and (b)  

YOZ plane [202]. 
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For all the frequencies, f the maximum gain is pointed in the boresight direc-

tion and the realized gain RG patterns are symmetrical. 

4.2.4 Comparison with other works 

A comparison of the proposed antenna’s performance is made with other 5G 

mm-wave designs previously published. Table 4.4 shows the comparison. The 

proposed antenna demonstrates a simulated -10 dB impedance bandwidth, BW 

which is marginally narrower than [203] but larger than [204],[205],[206]. 

Though, the proposed antenna outperforms those reported in [203], [204], [205], 

[206] regarding the simulated peak gain Gmax. In case of simulated 3 dB gain 

bandwidth, BWg, of the proposed antenna also provides higher gain than those 

reported in [204],[205],[206].    

  

(a) (b) 

Figure 4.14 Simulated realized gain RG vs. θ for f2 = 39 GHz. (a)  XOZ plane [202] and (b)  

YOZ plane [202].  
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TABLE 4.4  COMPARISON WITH RELATED WORKS [202]. 

Reference 

Simulated -10 dB 

Impedance 

Bandwidth, BW (%) 

(GHz-GHz)  

Simulated Peak 

Gain, Gmax (dB) 

Simulated 3 dB 

Gain Bandwidth, 

BWg (%) 

(GHz-GHz) 

 

[203] 
47% 

(24.6–39.7) 
5 

42.4% 

(26-40) 

[204] 
40% 

(25.8–38.8) 
6.12 

40% 

(25.8–38.8) 

[205] 
14.6% 

(25.6–29.4) 
1 

26.8% 

(25-28.5) 

[206] 
26.9% 

(20-26.2) 
2.6 

26.9% 

(20-26.2) 

This work 
45.8% 

(25.1–40) 
8.2 

42.4% 

(26-40) 

4.2.5 Summary  

The proposed antenna exhibits a simulated impedance bandwidth of BW = 

45.8% with a simulated fractional 3 dB gain bandwidth BWg = 42.4% by ex-

ploiting elliptical slots in different metal planes of the stack up. Low SLL and a 

simulated radiation efficiency η > 0.91 over the gain bandwidth indicates that 

this antenna is appropriate for mm-wave applications.    
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4.3 AMC based magneto electric dipole antenna  

For mobile devices, several studies have been done on different 5G mm-wave 

antennas, particularly those operating in the FR2 band [207]. At mm-wave 

bands, patch and slot antennas have gone through an extensive advancement 

over the last decade [208],[209],[210],[211]. These antennas support only 10% 

impedance bandwidth though designs are simple. Several studies show various 

techniques for improving impedance bandwidth. For example, in [212], air cav-

ity is used to enhance the impedance matching, as it suppresses the surface wave 

and directs energy toward the boresight direction. An impedance bandwidth of 

15.3% and a 3 dB gain bandwidth of 16.1% are supported by this air cavity 

backed patch antenna array [212]. In addition, mm-wave antennas based on sub-

strate-integrated waveguides (SIW) [213] and substrate-integrated coaxial lines 

(SICL) [214] have also been studied. Despite providing reduced loss, SIW and 

SICL designs are not feasible for portable 5G devices due to the structural com-

plexity.  

Considering the broadband operation, high gain, and stable radiation pattern, 

magneto-electric (ME) dipole antennas [70],[172] are widely investigated now-

adays [215]. This antenna is advantageous because of symmetrical E- and H-

plane radiation patterns and low back radiation. Traditionally, feeding of ME 

dipole antennas is typically achieved using probe, transmission line, and aperture 

excitation methods [216]. In case of probe excitation, the position and structure 

of the probe can be modified to optimize antenna performance and to control the 

excitation waveform [217]. This approach suffers from manufacturing difficul-

ties results from the need for complex probe structures. On the other hand, the 

transmission line feed based antennas provide high gain [218], but reducing their 

size is not easy when dealing with large-scale complex configuration. Alterna-
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tively, by using slots etched in the ground plane, the aperture excitation method 

can exhibit multiple resonance modes. This method is considered simple among 

these three methods, due to easier fabrication feature [219].  

Another important design consideration of ME dipole antenna is the profile 

height. Generally, in case of ME dipole antenna, a distance of 0.25λr (λr is the 

medium wavelength of the center frequency, fc) is maintained between the radi-

ating element and the reflector [12]. This theory results in a high profile ME 

dipole antenna limiting its aptness for certain applications. Some authors employ 

bending metal wall [220] or load medium [221] to overcome this problem. Nev-

ertheless, these methods are not suited for PCB based ME dipole antenna. On 

the other hand, the antenna's profile height can be reduced through replacing the 

ground plane by the metasurface (MS) structure [222] as required phase reflec-

tion can be provided by it if designed properly [223]. Hence, to construct a low-

profile ME dipole antenna the usage of the MS structure can help.   

A MS loaded aperture feeding based ME dipole antenna having high perfor-

mance is presented in this research. A bandwidth of BWi = 6 GHz (24-30 GHz) 

is supported by this proposed antenna. This antenna is appropriate for actual ap-

plication in 5G mm-wave bands because of stable radiation pattern and a radia-

tion efficiency η > 0.94 over the bandwidth.  

4.3.1 Antenna structure 

The antenna stack up is illustrated in Figure 4.15 (a) whereas Figure 4.15 (b) 

shows the detailed view of the feed structure. Three substrates and a bondply 

layer form this proposed antenna. F4BME220 (єs = 2.2, tanδs = 0.0014) mate-

rial is considered for the substrate 1, 2 and 3. Rogers 4450 (єb = 3.7, tanδb = 

0.004) material is chosen for the bondply layer. 
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 For a wavelength λc = 11 mm, corresponding to the central frequency, fc = 27 

GHz, the overall dimension of this antenna is 0.9×0.9×0.21λc
3. By changing the 

value of parameters, several simulations were performed to get optimized values. 

Parameters listed in Table I shows the optimized values.  

 

 

  

 

 

(a) 

 

(b) 

Figure 4.15 (a) Sketch of the antenna stack up [18], (b) detailed view of the feedline [224].   



    Metasurface based antennas  105 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 4.5 OPTIMIZED DIMENSION [224]. 

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm) 

T1 1.00 L1 3.50 W 10.00 

T2 1.00 L2 0.74 W1 0.20 

T3 0.10 L3 0.20 W2 0.60 

T4 0.127 SL 4.00 W3 2.40 

L 10.00 SW 0.40 S 0.15 

A 0.83  D 0.40   

 

4.3.2  Artificial Magnetic Conductor (AMC)  

The MS designed in this antenna works as an artificial magnetic conductor 

(AMC). The detailed view of the MS is shown in Figure 4.16 (a). To achieve 

slant (+45o) polarization, the feedline and MS are placed at an angle of α = +45o 

in the XOY plane. The MS consists of a patch array layer on the top of the sub-

strate 2 and a ground layer. The size of the single square patch is MW = 1.05 

mm, and the gap between two adjacent patches is MS = 0.19 mm. The MS is 

fragmented into unit cell to simulate so that the characteristics of this MS can be 

revealed. Floquet port is assigned to excite the unit cell shown in Figure 4.16 (b).   
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The characteristic of this MS is shown in Figure 4.17. In particular, Figure 4.17 

(a) demonstrates the magnitude of the reflection coefficient |S11| vs. the fre-

quency, f curve. A high value of reflection coefficient |S11| close to 1 is observed 

from fL = 24 to fH = 30 GHz. The phase of reflection coefficient ∠S11 vs. the 

frequency, f is illustrated in Figure 4.17 (b). It is evident that the phase of reflec-

tion coefficient ∠S11 varies from +90o to -90o throughout the band ranging from 

fL = 24 to fH = 30 GHz. It can be noted that this MS provides an in-phase reflec-

tion in the target band with a high reflection magnitude. Hence, this MS can be 

treated as AMC. The incorporation of AMC structure enables in phase reflection 

without maintaining the conventional height (λc/4 = 2.78 mm for the center fre-

quency, fc = 27 GHz) of the magnetic dipole causes an overall profile reduction 

of 28%.   

  

(a) (b) 

Figure 4.16 (a) Detailed view of the AMC. (MW =1.05 mm, MS = 0.19 mm, G = 2.40 mm),                  

(b) Floquet port excitation for unit cell simulation.    
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4.3.3  Performance of the antenna structure 

The simulated reflection coefficient S11 and the simulated radiation efficiency η 

as a function of frequency f are shown in Figure 4.18(a). The antenna exhibits a 

−10 dB impedance bandwidth of BWi = 6 GHz (24–30 GHz) with a simulated 

radiation efficiency, η greater than 0.94 across the operating band. The simulated 

realized gain RG versus the frequency f is demonstrated in Figure 4.18 (b). The 

peak realized gain, RGmax reaches 8.2 dB at fm = 29 GHz. The realized gain RG 

curve demonstrates that, the simulated fractional 2 dB gain bandwidth is BWge 

= 22.2% (24-30 GHz). The radiation pattern for fL = 24 GHz, fc = 27 GHz and fH 

= 30 GHz is depicted in Figure 4.19(a),(b),(c), respectively.      

  

(a) (b) 

Figure 4.17 Reflection Coefficient S11  vs. Frequency f. (a) Magnitude and (b) Phase. 
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(a) (b) 

Figure 4.18 (a) Simulated reflection coefficient S11 and radiation efficiency η vs. frequency 

f [224]; (b) Simulated realized gain RGmax vs. frequency f [224].   
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It is worth noting that, throughout the band, a stable radiation pattern is observed. 

  

(a) (b) 

 
(c) 

Figure 4.19 Simulated realized gain G vs. θ for (a) fL = 24 GHz [224]; (b) fc = 27 GHz [224]; 

and (c) fH = 30 GHz [224].  
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The main beam constantly directs to the boresight direction in case of all pat-

terns. Moreover, the realized gain (RG) patterns show a high degree of sym-

metry. For all the frequencies, f, the YOZ plane radiation pattern shows approx-

imate identity to the XOZ plane radiation pattern.  A simulated half power beam-

width of HPBW ≥ 63.2o  is found in every case.  At fL= 24 GHz, fc = 27 GHz and 

fH = 30 GHz, the simulated side lobe levels are SLL1 = - 12.5 dB, SLLc = - 9.3 

dB and SLL2 = - 10.8 dB respectively.     

 

4.3.4 Comparison with other works 

In terms of simulated impedance bandwidth (-10dB), BW and simulated peak 

gain, Gmax ,the proposed antenna is compared with other related works presented 

in Table 4.6. In comparison with the works reported in the Table 4.6, the pro-

posed antenna exhibits a highest simulated peak gain, Gmax = 8.2 dB and a high-

est simulated fractional impedance bandwidth, BWge = 22.2% [212],[225],[226], 

[227],[228]. In case of simulated fractional impedance bandwidth, BW, the an-

tenna of [226] is comparable with the proposed one but it has a lower  simulated 

peak gain, Gmax . Also, reference [212] shows similar simulated peak gain, Gmax 

though it shows inferior performance in terms of simulated fractional impedance 

bandwidth, BWi.  By considering the promising results, it can be said that this 

antenna has effective potential to function as an ideal candidate in 5G wireless 

communication.   
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TABLE 4.6  COMPARISON WITH RELATED WORKS [224]. 

Reference 
Center Frequency,  

fc (GHz) 

Simulated −10 dB 

Impedance 

Bandwidth, 

BWe (%)  

(GHz-GHz) 

Simulated Peak 

Gain, Gmax (dB)  

[212] 60 
10.7% 

(57.2 - 63.7) 
8 

[225] 28 
10.2% 

(26.73 - 29.6) 
6.48 

[226] 27 
20% 

(24.2 - 29.5) 
6.6 

[227] 60 
17.3% 

(55.3 - 65.7) 
7.4 

[228] 38 
18% 

(35.4 - 43.1) 
7.8 

This work 27 
22.2% 

(24 - 30) 
8.2 

4.3.5 Summary  

For 5G mm-wave applications, a MS based slant (+45o) polarized ME dipole 

antenna is proposed in this research. This antenna supports a simulated imped-

ance bandwidth of BWi = 6 GHz (24-30 GHz) which completely overlaps with  

2 dB realized gain bandwidth, BWge = 22.2% (24-30 GHz). Moreover, the sim-

ulated maximum realized gain, RGmax = 8.2 dB and the simulated radiation effi-

ciency over the impedance bandwidth η > 0.94 enhance the demand of this pro-

posed antenna. The suitability of this proposed antenna for 5G NR band appli-

cations is proved from all these features.    
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4.4 Conclusion   

In microwave and mm-wave frequencies, the effectiveness of metasurface-based 

techniques in improving antenna bandwidth, structural compactness, gain and 

radiation characteristics is exploited in this chapter. The first part of this chapter 

shows the feasibility of low-cost fabrication of a PRS-based Fabry–Pérot an-

tenna using unconventional materials while achieving wide gain bandwidth in 

the 7–9.5 GHz band and high gain (GM = 13.2 dBi). The second part of this 

chapter demonstrates the usage of EBG in ME dipole antenna for suppressing 

unwanted surface modes to perfectly shape the radiation pattern while maintain-

ing  a wide impedance bandwidth of BW = 15 GHz and high radiation efficiency 

η > 0.91. The final part of this chapter shows how the integration of AMC in the 

ME dipole antenna successfully results high gain with retaining high bandwidth 

and high radiation efficiency in 5G mm-wave bands. It can be concluded that to 

realize high-gain, wideband, low-profile, and radiation-efficient antenna sys-

tems strategical design of engineered metasurfaces such as PRS, EBG, and AMC 

can be beneficial.
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5 Wideband aperture coupled 

multi stacked antenna array 

Widespread frequency coverage, along with strong polarization purity and high 

efficiency is often required for antennas used in modern RF systems. These chal-

lenges can be addressed by using wideband aperture-coupled multi-stacked an-

tennas. By using stacked resonators, these antennas increase bandwidth. Moreo-

ver, by using aperture-based feeding, they can also improve isolation. This chap-

ter presents the Ph.D. research related to aperture coupled multi stacked dual 

linear polarized antenna for satellite application.       

5.1 Introduction 

A Ku-band 2 × 2 stacked patch array is presented in this chapter for dual-polar-

ized SOTM applications. Operation on terrestrial vehicles is the prime target of 

this antenna. Beam steering can be achieved mechanically by this antenna as the 

relative motion with respect to the satellite is sufficiently slow. Consequently, 

there is no requirement of implementing complex and expensive electronic scan-

ning architectures [229]. The operating frequency band of this array is [10.7–

14.5] GHz. This range covers both the Ku band uplink ([13.75–14.5] GHz) and 

downlink ([10.7–12.75] GHz) bands. A modular stacked-patch configuration 

forms the radiating structure. It is fabricated using low-loss dielectric substrates 

with standard-thickness. To ensure wide impedance bandwidth and robust im-
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pedance matching, geometrical optimization has been performed. Sensitivity to 

manufacturing tolerances and operating conditions is thereby reduced. 

Excitation of the array is achieved through a set of cross-shaped slots. The num-

ber of orthogonal slots defines the number of radiating elements in the array. The 

central ground plane having slot etched on it placed between two dielectric lay-

ers. Two compact, low-cost orthogonal microstrip dividers mounted on the ex-

ternal surfaces of these layers are used for exciting the slots as the intended ap-

plication does not demand the rapid beam steering. For uniform power distribu-

tion and wideband impedance matching for each polarization, a multi-stage cor-

porate-feed network is employed. Broadband T-junctions and cascaded quarter-

wave transformers are used to design the feed network.  

Excellent agreement between measured and simulated results is demonstrated 

through the experimental validation of the prototype, which confirms the pro-

posed design’s effectiveness. The antenna exhibits high resilience to fabrication 

tolerances in accordance with the design goals. To achieve this goal, neither 

high-precision manufacturing is employed nor expensive components are used. 

Considering the overall cost-effectiveness and manufacturability of the system, 

all layers are implemented using standard printed circuit board (PCB) technol-

ogy.  

The organisation of this chapter is as follows. Subsequent to this Introduction, 

the design architecture, the simulation setup, and the methodology adopted are 

described in Section 5.2. Sections 5.3, 5.4 demonstrate the simulated and meas-

ured results, respectively. Lastly, the key findings are reviewed, and future work 

direction is indicated in Section 5.5. 
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5.2 Antenna design 

The sketch of the proposed 2 × 2 stacked patch array is presented in Figure 5.1. 

To prevent the occurrence of grating lobes at the highest frequency of the oper-

ating frequency range (d ≈ 0.8λmin), the inter-element spacing has been carefully 

set to d = 16.5 mm. The stacked architecture consists of four different PCBs and 

M4 nylon screws are used to ensure appropriate space between the layers. The 

confinement of the electromagnetic field within the dielectric substrates is min-

imized by the air gaps. Hence, the antenna’s overall performance is enhanced in 

accordance with the principles outlined in [230],[231],[232] in terms of imped-

ance bandwidth, gain, and radiation efficiency. The spacing between PCB 1 and 

PCB 2, and  between PCB 2 and PCB 3, has been set to hair1= hair2= 1.5 mm 

shown in Figure 5.2. Nylon screws help to held PCBs 3 and 4 together which are 

stacked on top of each other. As listed in Table 5.1, the spacing between the 

bottom metal layer acting as a reflector and the PCB 4 has been set to hair3= 8 

mm. The stacked PCBs and metal plate of the antenna are grouped by function, 

i.e. radiation, feeding, and reflection—to effectively explain the proposed de-

sign. 
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Figure 5.1 Geometry of the stacked patch antenna array [233]. 

 

 

Figure 5.2 Side view of the antenna array stack-up. The structure consists of 4 PCBs and a 

metal plate, spaced by means of nylon spacers [233].  
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TABLE 5.1 STACK-UP DIMENSIONS [233].  

Parameter Value (mm) Parameter Value (mm) 

hsub1 0.508 hair1 1.5 

hsub2 0.508 hair2 1.5 

hsub3 0.252 hair3 8 

hsub4 0.252 W1,2 37 

W3,R 52      

 

The stacked antenna consists of  PCBs 1 and 2 which host the patches shown in 

Figure 5.2. These two PCB layers are based on low-loss Rogers RT/duroid 5880 

substrates (ϵr = 2.2, tanδ = 9 × 10-4), with a standard thickness of  

 hsub1 = hsub2 =  0.508 mm. Each radiating element has these two substrates, 

and three square patches. On the top and bottom faces of PCB 1, The first two 

patches of lengths Lpatch1 and Lpatch2, have been realized, respectively as shown 

in Figure 5.3. While the top face of PCB 2 contains the third patch having the 

length of Lpatch3. Table 2 listed the patches size. The coupling between the 

stacked antenna elements is enhanced by the presence of two patches on PCB 1. 

As a result, without increasing the manufacturing complexity, the overall perfor-

mance is improved.     
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Figure 5.3 Hosting radiation patches PCBs. With reference to Figure 5.2, 

(left) PCB 1 and (right) PCB 2 [233]. 

 

The feeding system is hosted by the PCBs 3 and 4, shown in Figure 5.2. Three 

metal layers and two Rogers RT/duroid 5880 dielectric slabs having a thickness 

of hsub3 =  hsub4 = 0.252 mm formed it. To accommodate the space needed for 

the coaxial connector, these PCBs are designed larger than the previous PCBs 

intentionally. Excitation of the array is achieved via four cross-shaped slots, 

which are etched in the central metal layer positioned between the two PCBs, 

each slot energises the corresponding radiating element. Figure 5.4 shows the 

feeding networks, where two orthogonal power dividers are designed in mi-

crostrip technology and realized on the external metals of the PCBs to excite 

these coupling slots.  

By appropriately feeding the input ports of each feeding network, this configu-

ration enables electronically reconfigurable dual polarization. Each linear polar-
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ization is achieved by stimulating the associated arm of the cross slot using a 

pair of parallel fork-shaped microstrip lines. Figure 5.4 illustrates that the corre-

sponding  arms are extended beyond the slot center by the lengths lstub1,2, form-

ing inductive stubs. To improve the impedance matching of the corresponding 

feeding network, the length of these stubs is set carefully. Figure 5.5 highlights 

that, T-shaped junctions composed of cascaded quarter-wave transformers based 

corporate feeding network is employed to achieve the high-impedance matching 

and broadband operation as these are the requirement of the design. Figure 5.5 

illustrates the strategy of impedance matching. By connecting the quarter wave 

transformer stages consecutively and eliminating additional matched transmis-

sion line sections of length L between adjacent impedance transformation steps, 

an improved broadband matching near the design frequency f0 is achieved. Table 

5.2 reports the dimensions of the feeding network elements.  

A metal plane is located at the bottom of the antenna stack-up, is working as a 

reflector, as shown in Figure 5.2. Suppression of the backward radiation gener-

ated by the aperture-coupled feeding mechanism, specifically the slots etched in 

the ground plane is critical. The reflector is placed in this design for this function.   

 



    Wideband aperture coupled multi stacked antenna array  120 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Feeding network: exploded view (top) and quoted layout 

(bottom). It consists of a ground plane embedded in the PCBs on 

which two orthogonal microstrip lines have been realized, one for 

each polarization, to properly excite the cross shaped slot etched in 

the ground plane [233].  
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Figure 5.5 The configuration with continuous impedance transformation steps, without 

matched equivalent transmission line sections (L = 0), improves the broadband 

impedance matching level [233]. 
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TABLE 5.2 PATCH AND FEEDING NETWORK DIMENSIONS [233].  

Parameter Value (mm) Parameter Value (mm) 

Lpatch1 5.75 lstub1 1.8 

Lpatch2 6.7 lstub2 1.95 

Lpatch3 6.6 ltr 4.5 

LSF 7.25 Wtr 0.43 

WSF  1.5 W50 0.72 

darm 4.5   W100 0.21 

5.3 Simulation results  

Ansys Electronics Desktop software is used for optimizing and validating the 

proposed design through full wave simulation. The simulated results are shown 

in Figures 5.6 and 5.7, indicate that the antenna maintains good impedance 

matching, with both |S11| and |S22| consistently lower than −14.7 dB within the 

entire operating bandwidth of this research. Furthermore, high inter-port isola-

tion is observed, with averaging better than |S21|avg = 35 dB across the operating 

band and the minimum value of |S21|min = −22 dB. Though, it is noted that, the 

highest |S₂₁| level is observed at f1 = 13.67 GHz, which is located just beyond 

the intended Ku-band SOTM uplink operating range. Across the frequency band, 

the broadside gain spans G1 = 13 dB to G2 = 14.5 dB.  Also, at all reference 

frequencies, the radiated field for both port’s excitation demonstrates a cross-

polar discrimination greater than XPDth = 20 dB. The results demonstrate proper 

reflector performance as it confirms the broadside gain level higher than the 

backscattering levels by 19 dB.  
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Figure 5.6 Simulated S-parameters of the proposed array [233]. 

 

As highlighted earlier, the antenna ensures reliable performance under varying 

environmental or operational conditions and also dimensional deviations in-

duced by fabrication tolerances. The air gap heights between the substrates are 

specifically prone to low fabrication accuracy among all the geometric parame-

ters. A careful investigation has performed to identify the impact of air gaps de-

viation from the optimal design configuration.  
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Figure 5.7 Simulated gain patterns on the H-planes at port 1 (top row) and port 2 (bottom 

row) [233]. 

One probable reason of these deviations can be the manufacturing tolerances of 

Nylon spacers, which lack the tight precision of dielectric substrates. Also, inac-

curacies during assembly and to external operating conditions such as thermal 

effects can contribute to these discrepancies. Due to Nylon’s high thermal ex-

pansion (~100 ppm/°C), it may induce significant structural variations from the 

intended design, especially if the antenna operates over −40 °C to +55 °C which 

is the standard SOTM operational temperature range. A sensitivity analysis has 
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been carried out on the air gap heights to evaluate the impact of such variations. 

The maximum relative deviation of 15% is considered from the nominal value. 

Figure 5.8 depicts the result analysis.  

 

Figure 5.8 S-parameter tolerance analysis with respect to variations in air gap thickness of 

±15% with respect to the nominal [233]. 

 

It is noted from Figure 5.8 that, the antenna maintains proper operation across 

the targeted frequency band even in the worst-case scenarios, when all spacer 

lengths are increased of 15%. Though a slight degradation of performance is 

observed in terms of impedance matching, but the mutual coupling between 

ports remains almost unaffected due to the design of the feeding system.  

5.4 Fabrication and measurements 

An LPKF Protolaser U3 is used to manufacture and subsequently characterize 

the proposed array. The fabricated protype is shown in Figure 5.9. Two metal 
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pads have been obtained on PCB 3 to guarantee proper electrical contact between 

the feeding coaxial shield and the ground plane of the array. 

A capacitive coupling between the antenna ground and the coaxial shield is pro-

vided by these pads. Though, the frequency response of the previously optimized 

antenna is affected due to the addition of these metal pads. In particular, the im-

pedance-matching characteristic is changed. It is worth to mention that usage of 

metal pads is necessary to maintain good electrical contact when SMA connect-

ors are used that do not have  through-hole flanges. However, the addition of 

these metal pads becomes unnecessary during usage of SMA connectors with 

mounting screws as proper contact is already ensured by the screws that fasten 

the connector to the substrate. The measurements carried out on the prototype 

exhibit good consistency with the results obtained from full-wave simulations of 

the array including the metallic pads. The full-wave simulated results of the array 

 

Figure 5.9 Simulated (left) and fabricated (right) stacked patch array [233]. 
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where the metallic pads are considered show a good consistency with the meas-

ured result obtained from the prototype.  

 

Figure 5.10 Comparison of measured and simulated S-parameters. The 

graphs show good agreement between the experimental and predicted results 

[233]. 

Like the simulated scattering parameters, the measured ones also confirm that 

the array covers the whole required frequency band, as shown in Figure 5.10. 

Figure 5.11 depicts the measurement set up of the anechoic chamber for evalu-

ating the radiating performance of the fabricated prototype. As a reference cali-

brated antenna, a HF907 horn has been adopted. The measured data align with 

the simulations with a minor deviation in case of cross polar discrimination i.e. 

the difference between the co polar and cross polar levels relative to expectations 

as reported in Figure 5.12.  
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Figure 5.11 Experimental setup adopted for the prototype measurement [233]. 
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Figure 5.12 Comparison between measured and simulated gain patterns on the H-planes at port 

1 (top row) and port 2 (bottom row) [233]. 

 

5.5 Discussion  

The design objectives defined for the target SOTM application is perfectly 

achieved by the proposed antenna. It has some features like excellent port-to-

port isolation, high XPD, and stable impedance matching across the entire oper-
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ating band and it supports electronically reconfigurable polarization architecture 

also. The proposed simple and modular structure achieves these performances 

while maintaining strong robustness against process tolerances and different op-

erational conditions, reduced manufacturing cost and low fabrication complexity 

simultaneously. The reliability of the design is further confirmed by the close 

agreement between simulated and measured results, regardless of manufacturing 

the prototype without industry standard as strict tolerance control is not main-

tained. The comparison among the proposed array and other representative an-

tennas operating in the X and Ku bands, suitable for similar applications is pre-

sented in Table 5.3 to highlight the achieved performance. The comparison is 

meaningful in terms of both electromagnetic performance and implementation 

complexity as the operating frequencies of reference antennas are comparable. 

Although multiple patch antennas at similar frequencies have been reported, in-

cluding stacked configurations [234],[235],[236],[237], none of them achieved 

all key SOTM requirement unlike the proposed antenna which makes it distinct.  

Electronically switchable dual polarization feature is not present in compact ar-

rays reported in the literature, and in one research like [234] depends on even 

mechanical tilting for broadside radiation realization. Furthermore, adequate 

bandwidth to cover simultaneously both uplink and downlink bands is lacking 

in several reported designs, whereas some design rely on oversized single ele-

ment which is inappropriate due to its adverse effect on radiation pattern i.e. 

generation of grating-lobe. In comparison with previously reported dual-polar-

ized stacked patch antennas operating at lower frequencies (around 2.4 GHz) 

[230],[232], this proposed antenna array realizes similar mechanical simplicity 

and modularity though it operates at higher frequency band. A simplified mate-

rial stack is implemented where only two standard dielectric substrate thick-

nesses with uniform air gaps are used which eradicates the necessity of utilizing 
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foam layer. Moreover, the presence of a third radiating patch enables further 

performance optimization of the antenna. The realized 2 × 2 dual-polarized array 

outperforms other comparable designs as it provides input reflection coefficients 

below −15 dB over the operating band while maintaining interport isolation 

more than 35 dB. Additionally, the extension from the individual element to 2 × 

2 array does not alter the outstanding performance in terms of impedance match-

ing, isolation and radiation characteristics due to the presence of a compact cor-

porate-feed network. In order to maximize the impedance matching, the feeding 

network design method follows the previously outlined transformation princi-

ples while preserving both symmetry and easiness of layout scalability. In com-

parison with more complex architectures such as [238], superior electromagnetic 

behaviour and optimization efficiency are achieved by this array regardless of 

its simplicity.   

 

Lastly, for the stacked architecture, preference is given to nylon screws over 

foam layers or metallic rings. The reason behind this choice is to eliminate the 

adhesives utilization, commonly seen in architecture based on the latter alterna-

tives, which can degrade under dynamic motion or vibrational conditions. Fur-

thermore, the most cost effective and versatile solution among these three is the 

screw-based architecture. Also, this configuration facilitates precise control over 

inter-layer distances, permitting correction of small deviation introduced from 

fabrication tolerances or operating conditions. Overall, this antenna maintains 

low manufacturing complexity and cost having features of wide impedance 

bandwidth, high polarization purity, and strong port isolation.  
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TABLE 5.3 COMPARISON WITH LITERATURE [233].   

Ref. 
Antenna 

type 

FBW(%)  

(fc GHz) 

Iso. 

(dB) 
Pol. 

XPR 

(dB) 

Gain 

(dBi) 

Dim. (mm3)  

(λc
3) 

Fab. 

 Compl. 

[234] 4 × 4 1SPA 
33.3 

(10.50) 
// 2SL NA 20* 

   125 × 125 × 3.5 

(4.38 × 4.38 × 0.12) 
Low  

[235] 1 × 16 
1SPA 

20.57 

(16.72) 
// 2SL NA 19 

     181 × 15 × 3.3 

(10.1 × 0.84 × 0.18) 
Low 

[236] Patch  

Antenna  

40 

(15.05) 
// 2SL 25 19 

20 × 32 × 1.5 

(1 × 1.6 × 0.075) 
Low 

[237] DGS Patch 

Antenna 

58.72 

(11.75) 
// 2SL 16 5 

     60 × 60 × 3 

(2.35 × 2.35 × 0.12) 
Low 

[238] 
2 ×2 1SPA 

27 

(13.75) 
31 3DL 34 NA 

NA × NA × 9.3 

(NA × NA × 0.43) 
Low 

[239] 4 × 4  

Waveguide 

32 

(12.50) 
21.7 

3DL 
25 21 

92 × 92 × 45 

(3.83 × 3.83 × 1.88) 
High 

[240] Cavity  

Antenna 

40 

(10.00) 
23 

3DL 
20 5.8 

1.32× 1.32 × 11.7 

(0.44 × 0.44 × 0.39) 
4Med. 

[241] Slot  

Antenna 

20 

(10.00) 
28 

3DL 
22 5.3 

   44.1 × 44.1 × 3.9 

(1.47 × 1.47 × 0.13) 
4Med. 

[242] 6 × 6 Slot 

Array 

30 

(12.85) 
33 

3DL 
28 23 

120 × 120 × 21.1 

(5.14 × 5.14 × 0.9) 
High 

This 

Work 

2 × 2 1SPA 

 

41 

(13.00) 
22** 

3DL 
20 14 

54 × 54 × 12.5 

(2.34 × 2.34 × 0.54) 
Low  

1SPA = Stacked Patch Array. 2SL = Single linear. 3DL= Dual linear.4Med.=Medium. * Pointing 

direction 20◦. **Average isolation in the actual bands of interest for SOTM is > 35 dB.    
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Circular polarization can also be accomplished due to the symmetric layout of 

the radiating elements and the identical impedance matching at both ports. An 

axial ratio below 1.25 dB across the band can be attained by properly phasing 

the two input ports. These characteristics highlight the polarization flexibility of 

this design and prove it a cost-effective and strong candidate for SOTM applica-

tions as it provides either similar or better performance than other architectures 

having more structural complexity. 

5.6 Conclusion  

A stacked 2 × 2 patch array having dual polarized operation is deigned, fabri-

cated and characterized for satellite-on-the-move (SOTM) application. It covers 

both uplink and downlink SATCOM bands as it operates over the [10.7 - 14.5] 

GHz frequency range. A combination of robust performance with structural sim-

plicity is presented by the proposed architecture. The close agreement between 

the full wave simulations with experimental measurements proves its effective-

ness in mobile satellite communication systems for dual-polarized and high-per-

formance operation.  
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Conclusions 

In this Ph.D. thesis, novel antenna systems have been designed, fabricated, and 

experimentally characterized for microwave communication applications, in-

cluding IoT, satellite-on-the-move, and 5G. The following points highlight the 

summarized results and important aspects related to planar transmitarray an-

tenna: 

• The design presents a dual polarized, high gain, beam steering low pro-

file transmitarrays for next generation wireless communication net-

works.   

• Multiple phase-compensating layers based planar transmitarray antenna 

has been designed which exhibits high gain (Gm0 = 21 dB) and has the 

capability of beam steering up to ±30° at Ku band. 

• Experimental results confirm the accuracy of simulated results, in partic-

ular, low side lobe level SLL1 = −20.8 dB based radiation pattern is ob-

served. Also, low scan loss of △GMSL1 = 2.73 dB proves its feasibility in 

beam steering application.  

• Low transmission loss and 3-bit phase compensation are ensured with 

compact architecture (thickness, ρ = 0.126λ0), providing a rational choice 

to traditional transmitarray.   

 

The key aspects of low cost based Fabry–Pérot cavity antenna are: 

• A PRS based Fabry–Pérot cavity antenna has been fabricated using a hy-

brid fabrication technique consisting of both inkjet printing and 3D print-

ing technology for low-cost production.  
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• Coherent with simulated result, a maximum gain of ~13.2 dBi and a 3 

dB gain bandwidth of 24.5% are measured due to the constructive inter-

ference within the cavity. 

The key points of EBG and AMC structures based wideband magneto-electric 

dipole antennas are: 

• The EBG based ME dipole antenna achieves wide impedance bandwidth 

of BW = 42.4% with a maximum gain of Gmax = 8.2 dB.  

• A metasurface (AMC) based slant-polarized ME dipole provides 2 dB 

realized gain bandwidth of BWge = 22.2% (24-30 GHz) and a radiation 

efficiency of η > 0.94 over the impedance bandwidth.  

• Integration of EBG causes a reduction of side-lobe levels through sup-

pressing unwanted surface modes.   

• Incorporation of the AMC structures enables in phase reflection while 

maintaining a comparatively lower height of the magnetic dipole results 

a reduction of the overall profile.  

The main features related to wideband patch arrays for SOTM applications in-

clude: 

• A stacked 2 × 2 patch array having dual polarized operation is designed 

for satellite-on-the-move systems, having a high fractional bandwidth of 

FBW = 41%  [10.7 GHz - 14.5 GHz] with an isolation, |S2,1| more than 

35 dB between two ports.     

• Low profile architecture and low fabrication complexity makes this an-

tenna array demanding. 
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• High gain of G = 14dBi and cross polar ratio of XPR = 20 dB ensures its 

suitability in next-generation wireless communication technologies.  

Though robust frameworks have been established for transmitarray, Fabry-Pérot 

cavity, ME dipole, and wideband patch array antenna in this thesis, several prom-

ising options remain for extending the performance and versatility of these sys-

tems. For example, integration of electronic components in the transmitarray for 

enabling dynamic beam steering, frequency tuning, and polarization control can 

be a potential future research direction. Furthermore, for beam steering applica-

tions, investigating the feasibility of applying amplitude taper methods in the 

design process of the transmitarray can be fruitful for further reduction of the 

side lobe level.  In case of Fabry-Pérot cavities, conformal architecture, flexible 

metasurfaces, and antennas of unconventional shape, difficult to fabricate 

through traditional techniques, can be explored.  The developed ME dipole an-

tennas can be extended to design phased array antenna for beam steering appli-

cation. Also, for controlling the polarization of the developed wideband patch 

array, which is crucial for SATCOM applications, the incorporation of electronic 

circuitry can be performed through proper phasing in both ports.  

The obtained results have been published in international journals and presented 

at national and international conferences, as listed in the next paragraph.
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