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Abstract 

In recent years, the demand for ultra-wideband (UWB) antennas and arrays has escalated due to their 

flexibility and high data rate capabilities. This demand is driven by bandwidth intensive applications 

such as radio telescopes, satellite communications, and advanced radar systems. Wideband antennas 

enable the incorporation of multiple steerable beams, polarizations, and frequency bands onto a single 

multifunctional aperture. 

Two of the main obstacles to truly multifunctional tightly coupled antenna arrays (TCAAs) is 

the problem of impedance mismatch at the aperture–air boundary and the need for a wideband and fully 

integrated feed network. The high cost and losses in the feed networks of TCAAs renders them 

impractical for some applications. In these cases, the low-cost and highly efficient Fabry-Perot antenna 

(FPA) provides a possible solution. 

In the first part of this thesis, we present the design, analysis, and practical implementation of a 

10x10 wideband TCAA with a very high figure of merit. The array figure of merit is a single number 

which takes into account the bandwidth, profile, polarization, scan range, and overall complexity of the 

array. An improved design of the fabricated array has a performance that approaches the fundamental 

limits of low profile arrays with a bandwidth of 5.5:1, a maximum scan range of 80o along the E-plane, 

and a profile of ~L/12. This excellent performance is enabled by a newly introduced feed network that 

is simple, inexpensive, and extremely wideband; in conjunction with a novel ultra-thin metasurface 

superstrate for wideband wide angle impedance matching.  

The usual method of enhancing the gain bandwidth of FPAs involve the use of multi-layered 

superstrate structures which increase their profile and complexity. In the second part of this thesis, we 

develop a new approach to FPA gain bandwidth enhancement. Using this new approach, a small foot 

print, wideband, and low-profile FPA empowered by a single multi-resonant metasurface superstrate is 

designed, fabricated and tested. Due to the small foot print of this FPA, it can be easily employed as an 

element in an active array setting without the introduction of grating lobes. At the same time, the number 
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of active elements will be significantly reduced compared to the dense TCAAs leading to substantial 

cost reductions. 
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Chapter 1 - Introduction 

1.1 Problem Statement 

The demand for ultra-wideband (UWB) antennas and arrays has escalated exponentially due in part to 

the increasing number of bandwidth intensive applications, the shrinking size of antenna platforms and 

the need for multifunctional antenna systems. This work introduces a new class of low-profile, UWB 

antennas, as critical components in future multifunctional systems [1], radio telescopes [2], advanced 

radar systems [3], and software defined radios [4].  

The traditional methods of UWB array design substantially limits the achievable bandwidth as 

the isolated behavior of the antenna elements differ significantly from those in the array setting [5]. In 

addition, traditional phased arrays are usually narrowband, bulky, non-conformal, difficult to scale to 

higher frequencies, and too expensive for commercial applications, which makes them impractical for 

many applications [6]. More recently, new approaches to UWB array designs have been developed 

commonly referred to as “tightly coupled antenna arrays” (TCAA) [7-10]. These arrays are compact, 

conformal and grating lobes free. A TCAA may refer to directly connected elements (connected array) 

[7, 8] or capacitively coupled elements [9, 10]. TCAAs have many desirable characteristics, however, 

several key challenges have not been fully addressed. For instance, to overcome the impedance 

mismatch at the aperture–air boundary when scanning, bulky and heavy dielectric superstrates have 

been used as wide angle impedance matching (WAIM) layers [11, 12]. Various attempts have been made 

to replace this dielectric layer with a more light-weight, thin, and low cost metasurface. However, the 

WAIM functionality achieved so far using metasurfaces has been restricted to a limited range of 

frequencies. In addition, to practically realize very large bandwidth in low profile implementations, a 

simple, compact, equally wideband, and fully integrated feed network is required, that can perform 

unbalanced-to-balanced as well as impedance transformations.  

The high cost and losses in the feed networks of TCAAs renders them impractical for some 

applications. In these cases, the highly directive Fabry-Perot antenna (FPA) [13] with a simpler 

structure, less lossy feed network, and of cheaper cost compared to antenna arrays provides a possible
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solution. Due to their numerous advantages, FPAs find many applications in areas such as satellite 

communications, electronic warfare, sensor networks, and point-point links. One major disadvantage of 

FPAs lies in their inherently narrow gain bandwidth, which poses a major challenge. Existing gain 

bandwidth improvement attempts, including the use of metasurface superstrates, has shown marginal 

success. The low profile TCAA and FPA antennas introduced in this work fully address the above 

mentioned challenges. 

1.2 Research Significance and Objectives 

As the platforms on which antennas operate continue to shrink, wideband multifunctional apertures 

employing multiple beams, polarizations, and frequency bands are needed. These apertures can 

consolidate various communication and sensing systems onto a single wideband device ensuring 

substantial reduction in size, weight, cost and power consumption [14]. A typical multifunctional 

antenna installed on a navy ship for example, can simultaneously receive GPS signals, electronic warfare 

(EW) signals, Radar signals, and land communications as shown in the generic multifunctional aperture 

in Fig. 1.1 Without multifunctional antennas, each application would require a separate antenna with 

substantial increases in cost and complexity.  

 

Fig. 1. 1. A generic multifunctional aperture showing simultaneous individual beams for GPS, EW, Radar, and 

Land communications. 
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Another emerging area of UWB array application is in the next generation of radio telescopes 

such as the square kilometre array (SKA) [2]. The SKA has two types of arrays that can be arranged 

either densely or sparsely into phased array fed (PAF) dish arrays or aperture arrays (AA).  PAFs are 

created by placing a receiver array at the focal plane of a parabolic dish whereas AAs are standalone, 

electrically dense arrays of low-gain elements, with a direct view to the sky [15]. The Commonwealth 

Scientific and Industrial Organisation (CSIRO) designed chequerboard PAF receiver [16, 17] is shown 

in Fig. 1.2 (a). PAFs generate multiple beams with a wide scan range to achieve a wide field-of-view 

(FoV) for the rapid detection of faint radio waves from space and the imaging of different areas of the 

sky simultaneously. The Australian SKA Pathfinder’s (ASKAP) FoV [18] is depicted in Fig. 1.2 (b) 

with 36 beams. Traditional Telescopes with single pixel feeds have only one beam. ASKAP and the 

Aperture tile in focus (Apertif) [19], are two of the leading PAF precursors and technology 

demonstrators of the SKA. Their operating frequencies are (0.7 – 1.8) GHz and (1 – 1.7) GHz 

respectively.  

The SKA is to be constructed in two phases. During phase-1, a sparse irregular low frequency 

AA (LFAA) [20] covering 50 MHz – 350 MHz will be built at the Murchison Radio Astronomy 

 

 Fig. 1. 2. The Australian SKA Pathfinder Radio Telescope. (a) The CSIRO designed PAF receiver placed at the 

focal plane of a parabolic dish [16]. (b) The ‘fields of view’ seen with the PAF receiver showing 36 individual 

beams [18]. Images courtesy of CSIRO. 
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Observatory site in Western Australia (SKA1-low) using 217 log-periodic antenna elements in 512 

stations. Also during phase-1, the mid to high frequency (0.35 GHz – 15.3 GHz) component of the SKA 

(SKA1-mid) [21] will be built in South Africa and Australia using dense AAs, dense PAF focal plane 

arrays, and horn cluster fed focal plane arrays. During phase-2, the more technically challenging mid 

frequency aperture array (MFAA) [22], will be built in South Africa and the SKA capabilities expanded 

further into other African countries and within Australia. An artist’s impression of the MFAA telescope 

on the African site is shown in Fig. 1.3. It is composed of planar arrays and dish arrays. The LOw 

Frequency Array (LOFAR) [23], the Murchison Widefield Array (MWA) [24], and the Electronic 

Multibeam Radio Astronomy ConcEpt (EMBRACE) [25] are currently being trialed as effective 

pathfinders for the SKA1-low and SKA1-mid aperture arrays.  

 

Fig. 1. 3. An Artist’s impression of the Mid Frequency Aperture Array (MFAA) telescope. Foreground: Planar 

arrays (0.4 GHz -1.450 GHz). Background: Dish arrays with cluster feeds or PAFs (0.35 GHz – 15.3 

GHz). Image courtesy of the SKA organisation. 
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To be able to cover the SKA1-mid frequency band from 0.35 GHz to 15.3 GHz, the operation range of 

current arrays needs to be expanded quite significantly using fewer antennas. 

The objectives of this thesis are to fully address the three challenges listed previously inorder to 

facilitate multifunctional operation. The first objective is to enhance the performance of current TCAAs 

by reducing the complexity and profile of their feed networks. The second objective is to improve their 

wide angle impedance matching characteristics with the aid of a novel wideband ultra-thin metasurface 

superstrate. The third objective is to utilize our understanding of the wideband metasurface to design a 

multi-resonant metasurface superstrate with significant improvements to the gain bandwidth and profile 

of the traditionally narrowband Fabry-Perot antenna. The low-profile tightly coupled antenna array and 

the wideband Faby-Perot antenna introduced in this work provides tangible solutions to the three 

identified research objectives.   

1.3 Literature Review 

Some of the most critical issues for practical realization of wideband, low profile arrays, with good scan 

performance and low cross polarization are outlined below. We start by giving an overview of four types 

of arrays with a variety of operational principles. The first part describes the ubiquitous Vivaldi antenna 

array and its variants.  The second part deals with another class of periodically fed wideband arrays 

using either capacitively or directly connected elements. The third part details the low profile planar 

ultra-wideband modular array (PUMA). Finally, the fourth part introduces the Fabry-Perot antenna as a 

possible alternative to the other three due to its simplicity, high efficiency, and lower cost. 

1.3.1 Flared Notch (Vivaldi) Antenna 

There have been numerous investigations into increasing antenna array bandwidth using a wide variety 

of techniques. One such technique uses the flared notch (Vivaldi) antenna [26] to achieve over a 10:1 

impedance bandwidth [27]. However, this wide bandwidth is achieved at the expense of an increased 

array profile. The bandwidth of a Vivaldi antenna is given by the relationship, B = 2*H/W [28], where 

W is the width of the antenna and H is its height. As an example, the profile of the array shown in Fig. 

1.4 is 3.9 wavelengths long at the highest frequency of operation. Furthermore, these antennas are  
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Fig. 1. 4. An 8x8 dual-polarized Vivaldi array of flared-notches [27]. The array profile is 3.9H at 9 GHz. 

 

 

Fig. 1. 5. An 8x9 dual-polarized prototype of the BAVA array [30]. Operating frequency: 1.8 GHz - 18 GHz. 
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usually heavy, are wide spread in the E-plane, and have high cross-polarization levels in the diagonal 

planes [29]. 

The modified Vivaldi (i.e. balanced antipodal Vivaldi antenna, BAVA) [30] can achieve a 10:1 

bandwidth with a /2 thick profile and has a better than -17 dB cross-polarization level across all planes 

where is the wavelength at the highest frequency of operation. Nonetheless, the BAVA shows high 

scanning voltage standing wave ratios (VSWR) across the H-plane. An 8x9 dual-polarized prototype of 

the BAVA array is shown in Fig 1.5. The above-mentioned designs are usually quite costly and difficult 

to fabricate.  

1.3.2 Tightly Coupled Antenna Arrays 

Tightly coupled antenna arrays (TCAAs) are another class of periodically fed wideband arrays with 

either directly connected [7, 8] or capacitively coupled elements [9, 10]. Their operation is based on 

Wheeler’s infinite uniform current sheet (UCS) concept [31, 32], which is an ideal case of a phased 

array with no reflecting boundary, radiating equally at all frequencies. This concept is equivalent to an 

infinite number of very small, tightly packed electric or magnetic dipoles, carrying continuous current 

over an open circuit or short circuit boundary. In this model, the current is roughly constant over the 

entire array for very short dipoles but the performance decreases sharply as the dipole length approach 

half a wavelength at the highest frequency. Figure 1.6 shows the evolution of the UCS concept for both 

electric and magnetic dipoles. The work presented in this Thesis is focused on capacitively-coupled 

arrays.  

TCAAs have been implemented in various forms using dipoles [33 – 36, 10], patches [37, 38], 

spirals [39, 40], fractal geometries [41], bowties [42 - 44], long slots [45, 46], and optical techniques 

[47, 48] to achieve wideband arrays. One major challenge in TCAAs is the design of an equally 

wideband feed network. The earlier prototypes [9] made use of bulky feed organizers and commercially 

available external 180° hybrids for cable routing, common mode (CM) suppression, and balanced  
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Fig. 1. 6. Evolution of the uniform current sheet concept 

feeding. Subsequent TCAA designs have attempted to incorporate the feed network into the array design 

in order to remove the feed organiser.The feeding mechanism of TCAAs can be broadly into two 

categories, namely, the balun based feeds, and the planar ultra-wideband modular array (PUMA) [50 - 

53] feeds. The PUMA array uses shorting posts instead of baluns to mitigate CM resonances. 

1.3.2.1 Balun based feeds 

TCAAs utilise variations of dipoles as array elements. These dipoles are balanced antennas and require 

a balanced feed structure to ensure that the current flowing on both arms of the dipoles are equal and 

opposite.  A transformer called a balun is required to connect the balanced dipole terminals to the 

unbalanced coaxial feed. Various feeding arrangements have been proposed in the literature for TCAAs 

including differential feeds [42], printed baluns [6, 28, 30, 39], and tightly coupled dipole arrays with 

integrated baluns (TCDA-IB) [10]. The desired balun should also be at least as wideband as the array 

itself and able to provide a balanced feed together with impedance transformation. 

a) Differential feed 

To prevent the occurrence of common modes due to vertically polarized currents on the dipole feed 

lines, their currents should be equal in magnitude but opposite in phase over the whole frequency band 

of interest. In addition, the feed lines must also be shielded to prevent unbalanced currents when 

scanning along the E-plane due to mutual coupling. This can be accomplished by employing twin coaxial 

lines (with their jackets soldered together) between the array and an external wideband balun to force a 

180° phase difference between the feed lines [42]. This relatively straightforward feeding arrangement 
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Fig. 1. 7. TCAA with a differential feed [42]. (a) A 4x4 prototype of the twin coaxially fed TCAA with a resistive 

frequency selective surface (FSS) for further bandwidth increase. (b) External wideband baluns connected 

to the -polarized and -polarized sections of the array. 

is shown in Fig. 1.7. However, the use of bulky external 180° hybrid baluns in conjunction with power 

dividers, leads to significant increase in the total size, weight, and cost of the array as well as fabrication 

complexities when scaling to higher frequencies. This feeding technique together with a resistive 

frequency selective surface (FSS) realized a bandwidth of 21:1 albeit at a loss of between 2-7 dB. 

Alternative feeding methods that are more conformal and integrated with the array are needed to 

overcome these drawbacks. 

Printed planar balun feeds are compact and low profile but despite this, they yield reduced 

bandwidth compared to other feeding methods. They include co-planar waveguides in conjunction with 

lumped baluns [34], ring hybrids in tandem with twin coaxial lines [6, 35], and planar microstrip baluns 

combined with ferrite beads [43]. The feed in [43] is compact but display a reduced bandwidth (2:1) and 

lower efficiency (~40%). The feeds in [6, 35] use non-symmetric dipoles (ball-and-cup) with integrated 

printed baluns and matching networks as shown in Fig. 1.8. The dipoles are modified to provide 

additional degrees of freedom to control their self-inductance, mutual capacitance with neighboring 

elements, and to cancel the ground plane inductance. These additional degrees of freedom in turn enable 

independent control of the input impedance and wave velocity. These feeds are compact, enable high 

efficiency (>93%) and wide scanning angles (>75° in E plane) but have lower bandwidth (1.6:1). 
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b) Printed planar baluns 

 

Fig. 1. 8. The unit cell of the printed ring hybrid fed TCAA (left) and the resulting 8x8 finite array (right) [6, 35]. 

In [34], a wideband commercial off the shelf (COTS) balun and printed transformer (4:1) was employed 

between the coplanar waveguide (CPW) feed and the coplanar strip (CPS) sections. However, this comes 

at a higher balun/transformer cost, limited scanning range (30° in the H-plane) and difficulty in 

integration. 

c) TCDA with integrated balun 

A new type of feed was introduced in [10] known as a Tightly Coupled Dipole Array with an Integrated 

Balun (TCDA-IB) as shown in Fig. 1.9. The TCDA-IB feed is based on the Marchand balun [49]. It 

consist of an open circuited microstrip line at right angles to a short circuited slotline.  This arrangement 

forces a differential signal along the slot. The short circuit at the end of the slotline ensures that energy 

flows only in one direction. In the TCDA-IB feed arrangement, the reactance of the balun is tuned to 

cancel that of the array, thereby acting as part of the impedance matching network. This ensures that the 

balun and TCDA achieves wider bandwidth compared to a differentially fed array.  
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Fig. 1. 9. The TCDA-IB [10]. (a) Component parts of the TCDA-IB unit cell. (b) Component parts of the TCDA-

IB prototype. 

The TCDA-IB uses a dual-balun split unit cell with a dual-offset feed to enable dual 

polarization, reduce dipole input impedance, increase compactness, minimize inter feed coupling, and 

reduce cross-polarization by eliminating common mode resonance. The feed is comprised of a three 

stage Wilkinson power divider and an integrated folded Marchand balun to provide a balanced feed 

together with impedance transformation. This feeding arrangement does not require external balancing 

circuitry; however, it requires extremely compact baluns since two baluns are required for each radiating 

element. Additionally, the integrated feed is multilayered and quite complicated. The TCDA-IB feed 

helped overcome the size, weight, and bandwidth limitation of previous feeds. They facilitated 

bandwidths up to 7.35:1. 

1.3.2.2 PUMA feeds 

Other feeding techniques have been developed that avoids baluns altogether and uses unbalanced feed 

lines and shorting posts to mitigate common mode resonances. The arrangement of the shorting posts in 

a PUMA [50] fed array together with the fabricated prototype is shown in Fig. 1.10. Bandwidths up to  
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Fig. 1. 10. PUMA array [50]. (a) Detailed view of the unbalanced fed PUMA array unit cell showing H-polarized 

and V-polarized dipole arms embedded in a dielectric medium with two plated vias (shorting posts) per 

arm. (b) The fabricated PUMA tiles sitting on an Aluminium expander fixture.  

6:1 have been obtained using this technique [51] while scanning to 45o. This feeding technique has been 

used to produce low-cost, wide scanning, and dual-offset dual polarized PUMA arrays [50 - 53]. The 

PUMA array was designed to overcome some of the limitations of the balun-based feeding methods 

while also retaining a simple, modular, tile-based assembly. The PUMA array does not require complex 

external baluns, cable organizers or other external support mechanisms to achieve wideband 

performance. However, common modes, current loops and surface waves needs to be carefully 

controlled for proper operation. 

a) Common modes, current loops, and surface waves 

One of the major issues in PUMA arrays relates to the possible common mode excitation by the feed 

structure. Common modes occur due to the net vertical current when balanced antennas are fed with 

unbalanced feeds or when unshielded balanced feeds become unbalanced during E-plane scan. The 

magnitude and direction of the currents on an unbalanced fed antenna is shown in Fig. 1.11 (a). Common 

modes can also occur when the antenna length and feed lines are approximately 1λ long [6].  
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Fig. 1. 11. Common mode and loop currents. (a) Magnitude and direction of the currents on an unbalanced fed 

antenna [52]. (b) Loop currents on a PUMA array with shorting posts [52]. 

The unequal currents on the dipole feed arms due to the unbalanced 50 Ω feed, leads to common 

mode resonance between the mid and high end of the band. The positioning of the shorting posts shown 

in Fig. 1.11 (b) is used to push the common mode resonance outside the operational band [50]. However, 

the shorting vias forms two circulating current loops, which alter the low-frequency behavior of the 

array. To obtain more bandwidth, the shorting vias should be placed closer to the feed lines. This reduces 

the circumference of the small “driving loop” and increases the circumference of the large “resonant 

loop” which controls the low-frequency behavior. Alternatively, the shorting post on the grounded arm 

could be removed to increase the resonant loop size and move the common mode resonance, fcm, above 

the operating band, and the loop resonance, floop, below the operating band [52].  

 PUMA arrays are embedded in thick PTFE dielectric substrates for mechanical support, 

impedance matching and for simplicity of the dipole arms [53]. This PTFE substrate can trap surface 

waves which can lead to scan blindness. Perforations on the thick antenna substrate are necessary to 

reduce its effective permittivity and to help control the amount of surface waves as illustrated in Fig. 

1.12.  

PUMAv1[50] use a novel unbalanced direct feeding scheme with carefully grounded dipole 

arms, effectively mitigating in-band common-mode resonances but deteriorating low-end performance. 
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Fig. 1. 12. PUMA feed showing perforations on substrate [52]. 

Subsequent PUMA arrays have been developed [51, 53] to extend their performance to higher 

frequencies. However, these arrays require the addition of a backplane matching network and blind vias, 

which increases their complexity and give rise to high cross-polarization levels. PUMAv3 [51, 53] 

shown in Fig. 1.13, improves low frequency operation by utilizing capacitively coupled shorting vias in 

a frequency-selective manner at frequencies afflicted by common-mode resonances. A single shorting 

via is positioned at the location where the four dipole arms meet and capacitively couples to them, 

effectively shorting them out near the common-mode frequency, 𝑓𝑐𝑚. This arrangement acts as a high-

pass filter for the frequency-selective common-mode mitigation and enhances low-frequency inter-

element capacitance. Fig. 1.14 shows a comparison between PUMAv1 and PUMAv3 with and without 

shorting vias. 

 

Fig. 1. 13. PUMAv3 [51, 53] with diamond-shaped dipoles and capacitively coupled shorting vias. 
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Fig. 1. 14. Comparison between PUMAv1 and PUMAv3 with and without shorting vias [53]. 

1.3.2.3 Wide angle impedance matching 

Another major challenge in TCAA design is the difficulty in compensating for the increased scan loss 

due to the impedance mismatch at the aperture–air interface. This scan loss is caused by the variations 

in the array’s active impedance that arise from changes in the mutual coupling between the radiating 

elements as the scan angle and frequency change [54]. To address this problem, wide angle impedance 

matching (WAIM) superstrates have been employed. Several WAIM schemes have been introduced and 

used over the years. The earliest techniques involved using thin high-dielectric-constant superstrates in 

front of an array aperture [11] (see Fig. 1.15) or dielectric slabs adjacent to the array aperture [55, 56]. 

The above WAIM schemes either improve scanning in one plane at the expense of the others [11], or 

increase the overall weight of the array and the chance of array blindness [55, 56]. These WAIM 

techniques were also limited to single frequency or narrow bandwidth operations. 

To improve the bandwidth of WAIM structures, multi-layered metamaterial [57, 58] structures 

and dielectrics [9] have been used. Unfortunately, the overall volume and weight of the array is also 

increased. To enable wide angle scanning without increasing the volume and weight of antenna arrays, 

metasurfaces (MS) have been employed. The anisotropic MS-WAIM in [59] provided an improved 

match for an array of open-ended circular waveguides to free space over several angles. 
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Fig. 1. 15. A waveguide array with a thin high-dielectric-constant WAIM superstrate in front of the array aperture 

[11]. 

However, only the scanning results for the H-plane were presented; the associated E-plane and D-plane 

(diagonal plane of a radiating aperture) results were not reported. Moreover, wide angle scanning over 

a narrow bandwidth was the focus of the design, which was achieved over a 3.3% bandwidth. The works 

reported in [11, 59] were extended in [60]. The dielectric slab was replaced with an ultra-thin MS 

composed of subwavelength split-ring resonators (SRRs) as shown in Fig. 1.16, for an improved scan 

in the H and D-planes. Simulation results showed that wide angle scanning was achieved over a 20% 

impedance bandwidth. While there has been some advancement on WAIM metasurfaces, most of the 

past work has been focused on wide angle scanning over narrow bandwidths [59, 60]. 
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Fig. 1. 16. MS-WAIM composed of 5x5 subwavelength split-ring resonators per unit cell of the antenna array 

[60]. 

1.3.3 Fabry-Perot Antenna 

Despite the many appealing features of wideband TCAAs, they can be quite costly and the complexity 

of their feed networks renders them impractical for some applications. A fitting alternative is the highly 

directive Fabry-Perot antenna (FPA) [13] with a simpler structure, less lossy feed network, and of 

cheaper cost. In this section, we present a brief survey of existing FPAs including their challenges and 

the variety of methodologies devised to improve their performance. 

Recent enhancement of FPA performance has concentrated on profile reduction, [61 - 63], scan 

extension, [63 - 66], and bandwidth enhancement [67 - 81]. The majority of the research effort has been 

concentrated on different methods of enhancing the gain bandwidth (GBW). In the early days, the 

achievable bandwidth was extremely narrow and usually < 3% [67, 68]. Over the years, bandwidth has 

steadily increased by adopting three main techniques, namely, array feed source [69 - 72], phase 

correcting structures (PCS) [73 - 77], and positive reflection phase structures [78 - 81]. 

The use of an array instead of a single antenna to excite the Fabry-Perot cavity has been shown 

to improve both the directivity and GBW [69 - 72]. In [71], a 3 dB GBW of 17% and a maximum 

directivity of 23 dB is obtained using a multisource fed FPA with a double-layer frequency selective 
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surface (FSS) superstrate. The multi-feed system allows relatively large array spacings (larger than a 

wavelength) without obtaining high sidelobe levels. The sidelobe levels are spatially filtered by the FPA 

due to the interlaced radiating aperture as shown on the right hand side of Fig. 1.17. However, due to 

the requirements of a feed network, some of the inherent qualities of a FPA such as simplicity and 

radiation efficiency are compromised.  

PCSs have been constructed using tapered-size elements [73, 74], dielectrics with a permittivity 

gradient in the transverse direction [75, 77] and shaped ground planes [76]. They provide a uniform 

phase distribution at the antenna aperture, which can lead to bandwidth enhancement. Phase correction 

is achieved either by gradually changing the size of the elements, the superstrate permittivity, or the 

cavity height (by changing the shape of the ground plane) to compensate for the difference in path 

lengths of the fields arriving at the aperture. In [74], a near zero index (NZI) metasurface (MS) 

 

Fig. 1. 17. FPA spatial filtering due to interlaced radiating apertures (right) as opposed to independently radiating 

apertures (left) [71]. 
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Fig. 1. 18. A typical phase correcting superstrate structure with a permittivity gradient from the centre to the edges 

[77]. 

made up of tapered-size square-ring unit cells is used to increase the 3-dB GBW and directivity of a 

FPA to 20.3% and 17.9 dBi respectively. The permittivity gradient PCSs have shown much 

improvement in directivity-bandwidth products (DBWP). The FPA shown in Fig. 1.18 [77] has a 3-dB 

directivity bandwidth (DBW) of 52.9% and a peak directivity of 16.4 dBi was demonstrated. However, 

the total antenna profile is 1.01C, where C is the free space wavelength at the central frequency. 

Various methods have been devised to make the reflection phase of the partially reflective 

surface (PRS) increase linearly with frequency as this has been shown to maximize the GBW [78]. Some 

of these methods include using multi-layered metasurface superstrates with sub-wavelength cavities 

[79], single-layer double-sided complementary [80] and dipole-type [82] FSSs, and multi-layered 

dielectric superstrates [80]. An FPA in [79] with a three layer metamaterial superstrate and a total height 

of 0.68C achieved a 3-dB bandwidth of 10.7% and a directivity of 16.9 dBi. With the aid of the 

Metamaterial superstrates, the profile of the antenna is kept low even though it uses multiple layers as  
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Fig. 1. 19. Multi-layered Metamaterial superstrate FPA. (a) Perspective view of antenna. (b) Top and bottom unit 

cells of superstrates. (c) Back and front view of ground plane with the microstrip line and slots [79].  

shown in Fig. 1.19. The bandwidth though, is still quite narrow.  In [80], a 3-dB GBW of 28%, with a 

peak gain of 13.8 dBi in the X-band was also achieved. 
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1.4 Thesis Organization and Main Contributions  

The contents of this Thesis are organized as follows. Chapter 1, presents the background and 

significance of the research problem and the intended objectives. A detailed literature review on tightly 

coupled antenna arrays (TCAA) and Fabry-Perot antennas (FPA) is presented highlighting the current 

problems and existing solutions.  

Chapter 2 present the design, analysis, and practical realization of a novel ultra-thin metasurface 

(MS) based wide angle impedance matching (WAIM) layer that can achieve both wideband operation 

and wide angle scanning. The wideband operation of the single sided (SS) MS-WAIM is obtained by 

incorporating tight coupling within and between the multi-resonant elements. The SS MS-WAIM 

effectively addresses the problem of scan loss in antenna arrays by utilizing tightly-coupled unequal arm 

Jerusalem cross (TC-UAJC) elements. The SS MS-WAIM is designed for an effective permeability 

value near zero over a wide bandwidth (eff ≈ 0). As a result, it is able to transform the cylindrical waves 

from the array into plane waves with minimal phase variation to enable wide angle scanning. This 

waveform transformation also help to lower the array profile since all the energy is concentrated in the 

forward direction. The metasurface is integrated with a lumped port fed TCAA to validate its feasibility. 

The detailed design process of the TCAA is left for Chapter 3. It is shown that the metasurface-array 

combination provides improved scanning along the E (72o), H (80o), and D (79o) planes over a 6:1 

impedance bandwidth without the need for bulky dielectrics or multi-layered structures, resulting in a 

light-weight antenna system with reduced profiles. The major contributions in this Chapter are: 

1. The development of an ultra-thin SS MS-WAIM superstrate that reduces the profile and 

weight of antenna arrays. 

2. The development of a SS MS-WAIM that operates over a very wide bandwidth. 

3. The development of a SS MS-WAIM that can facilitate very wide scanning angles across 

all planes. 

Chapter 3 develops the theory and operating principles of the component parts of the TCAA. In 

addition, an improved version of the SS MS-WAIM first introduced in chapter 2 is developed. Detailed 
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array analysis and design guidelines are presented for several thicknesses of the double sided (DS) MS-

WAIM. A fully characterized 10 x 10 TCAA prototype with a very high figure of merit is presented that 

validates the design concepts and simulation methodology employed in this work. An improved design 

of the fabricated array has a performance that approaches the fundamental limits of low profile arrays 

with a bandwidth of 5.5:1, a maximum scan range of 80o along the E-plane, and a profile of ~L/12, 

where L is the wavelength at the lowest frequency of operation. This excellent performance is enabled 

by a newly introduced feed network that is simple, inexpensive, and extremely wideband; in conjunction 

with the novel MS-WAIMs. The new wideband, low-profile feed network is composed of meandered 

impedance transformer and balun sections. The feed is designed based on Klopfenstein tapered 

microstrip lines. It can provide more than 6:1 impedance bandwidth while maintaining a high level of 

current balance. An array figure of merit (PA) was also calculated for several TCAA designs, to make 

comparisons with similar designs in the literature. The figure of merit values of the four designs 

presented in Chapter 3 are reproduced in Fig. 1.20 below, shown in bold grey, green, orange, and red. 

The figure of merit value of the optimum design, PA = 5.49, is highest reported to date. 

The major contributions in this Chapter are: 

1. The development of an improved version of the SS MS-WAIM superstrate introduced in 

Chapter 2. 

2. The introduction of a new feed network that is simple, inexpensive, and extremely 

wideband, constructed from Klopfenstein tapered microstrip lines. 

3. The design, fabrication and testing of a fully characterized 10 x 10 TCAA prototype with a 

very high figure of merit. 

4. Development of two optimized TCAA designs with the highest array figures of merit to 

date. 
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Fig. 1. 20. Performance comparison of wideband PEC-backed antenna arrays using the array figure of merit (PA) 

versus electrical thickness (k0h) plot. This figure is reproduced here courtesy of the work done in [108] 

with the addition of some recently reported works. The fabricated array and the working design that was 

used to establish the design guidelines are shown in bold grey and bold green respectively. The improved 

designs are shown in bold orange and bold red. The circles represent broadside performance and the 

crosses represent scanning performance along the E or H planes.  

 

Chapter 4 presents an alternative solution to TCAAs in the form of a wideband, low-profile, 

Fabry-Perot antenna (FPA) empowered by a novel multi-resonant metasurface (MS) superstrate. Unlike 

the usual method of bandwidth extension using multiple superstrate layers, this new approach uses a 

single multi-resonant superstrate to create multiple resonances satisfying the resonance condition. This 

ensures substantial bandwidth extension without further increase in height. The superstrate consists of 

a patch-type and an aperture-type MS (PMS and AMS) placed on the top and bottom surfaces, of a 

dielectric. The PMS behaves like a low-pass filter and the AMS acts like a conventional partially 
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reflective surface with a high-pass filter response. In addition, by inserting varied thicknesses of 

dielectric slabs within the cavity, the 1-dB or 3-dB gain bandwidths can be enhanced while reducing the 

antenna height. Using this new method, two antennas are designed, fabricated and measured with an 

aperture efficiency of 64%. The 3-dB gain bandwidths of the two designs are > 40%. Because of the 

small foot print of the antenna, it is suitable for space limited applications or as an element in a sparse 

antenna array for further increases in directivity. At the same time, the number of active elements will 

be significantly reduced compared to the dense TCAAs leading to substantial cost reductions. 

The major contributions in this Chapter are: 

1. The development of a novel multi-resonant metasurface (MS) superstrate that can facilitate 

wide bandwidth, low profile FPAs.  

2. Presentation of a viable cost effective alternative to dense dipole arrays 

Finally, in Chapter 5 is presented the conclusions, recommendations and future work. 
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Section I - Tightly Coupled Antenna 

Arrays 
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Chapter 2 – Ultra-thin Metasurface for Wide 

Bandwidth, Wide Angle Impedance Matching 

2.1 Chapter Introduction 

This Chapter will present the design, analysis, and practical realization of one of the major components 

in ultra-wideband antenna array design; namely, a wideband metasurface (MS) based wide angle 

impedance matching (WAIM) layer. MSs are planar, two-dimensional equivalents of metamaterials 

(MTM). MTMs are engineered materials composed of sub-wavelength unit cells with unique properties 

that may not usually be available in nature [84 – 88]. Modification of the MTM geometry can be used 

to tune its electric and or magnetic response thereby producing tailored values of permittivity or 

permeability. The resulting modification of the effective material properties may also affect the MTM’s 

transmission, reflection, absorption, and coupling capabilities [89]. Due to the thickness and weight 

requirement of MTMs, MSs are usually preferred. Metasurfaces also planar, easier to fabricate, and 

weigh much less than 3-D MTM structures. They are also less lossy due to their reduced size [90]. Some 

applications of MSs include: absorbers [91 – 93], radar cross section reduction surfaces [94], wave front 

shapers [95], and wide angle impedance matching layers [59, 60]. WAIMs are usually employed to 

minimize the amount of scan loss in phased array antennas.  

In this Chapter, we propose a new ultra-thin single side (SS) MS-WAIM that can achieve both 

wideband operation and wide angle scanning. The SS MS-WAIM is composed of tightly-coupled 

unequal arm Jerusalem cross (TC-UAJC) elements. The TC-UAJC is an evolved version of the 

Jerusalem cross [96]. The wide bandwidth is obtained by taking advantage of the tight coupling within 

and between the multi-resonant elements. The band of operation is located much lower than the SS MS-

WAIM’s resonance frequency to avoid the associated highly dispersive and lossy regions [59]. These 

losses are due to the total power absorbed by the SS MS-WAIM near its resonance frequency. At 

frequencies near its resonance, the field concentration per unit cell in the metallic layers of the structure 

is increased, which in turn leads to an increase in the resistive heating [97]. This SS MS-WAIM is fairly  
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2.2 Metasurface WAIM Design 

2.2.1 Unit Cell Structure and Operation 

 

 

Fig. 2. 1. Top view of the SS MS-WAIM unit cell geometry. The optimized unit cell dimensions for the SS MS-

WAIM are: w = 0.2 mm, Hsub = 0.254 mm, g1= 1.5 mm, g2 = 0.1 mm, L1 = 4.8 mm, L2 = 3.0 mm, L3 = 

0.35 mm, L4 = 0.4 mm, L5 = 0.15 mm, L6 = 0.3 mm, and r1 = 1.0 mm. 

insensitive to the changing phases of the signals incident upon it over a wide bandwidth. As a result, it 

is able to maintain its performance for scanning angles of up to 70o from the normal to the SS MS-

WAIM for both transverse magnetic (TM) and transverse electric (TE) polarized incident waves. The 

metasurface is integrated with a tightly coupled antenna array to validate its feasibility. It is shown that 

the metasurface-array combination provides improved scanning along the E (72o), H (80o), and D (79o) 

planes over a 6:1 impedance bandwidth without the need for bulky dielectrics or multi-layered 

structures, resulting in a light-weight antenna system with reduced profiles. The unit cell configuration 

of the SS MS-WAIM is depicted in Fig. 2.1. The metallic pieces (in yellow) are etched on the top surface 

of a dielectric substrate. The TC-UAJC element consists of two orthogonal, bent-arm capacitively-

loaded-strips. They are tuned for the desired operating frequencies. These arm segments provide 

inductance; the gaps between the extremities of its bent arms provide capacitance.  
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 In order to minimize the variation of the array active reflection coefficients at wider scan angles, 

the SS MS-WAIM introduces a capacitive reactance below its resonance frequency point to counteract 

the effects of the array’s inductively reactive ground plane. The SS MS-WAIM serves as a wideband 

impedance transformer between the array aperture and free space. To ensure a low loss SS MS-WAIM, 

its operational bandwidth is located way below its resonance frequency. 

The TC-UAJC element presented here uses three main techniques to achieve optimal 

transmission and minimal reflection over a wide bandwidth below its resonance frequencies. Firstly, 

tightly coupled elements are used to increase their inter-element capacitance. It should be noted that 

smaller inter-element spacing produces large bandwidths but can lower the resonance frequency if the 

resulting capacitance is excessive [98, 99]. The smaller inter element spacing combined with the 

subwavelength nature of the SS MS-WAIM elements allows field propagation to neighbouring elements 

and the elimination of impedance variations to give rise to large bandwidths [96]. In the extreme case 

when the elements are very small and tightly packed, the current distribution across the SS MS-WAIM 

approaches the Wheeler uniform current sheet concept [32]. The reduction in resonance frequency 

comes as a result of the well-known relationship, 𝜔 = 1/√𝐿𝐶. Secondly, the horizontal and vertical 

arms of the TC-UAJC element are tightly coupled to each other for increased intra-element capacitance 

and thin traces are used for increased inductance, thereby enabling both compactness and an inherently 

wideband element [100]. Thirdly, the constituent parts of the element provide closely spaced multiple 

resonances [101] which combine to produce a wide bandwidth.  

2.2.2 Metasurface Design and Analysis 

The proposed SS MS-WAIM is designed and optimized using the commercially available ANSYS High 

Frequency Structure Simulator, ANSYS-HFSS [102]. A SS MS-WAIM was simulated and an initial 

optimization was carried out to obtain the optimum transmission and reflection values. A prototype of 

the optimized SS MS-WAIM was fabricated based on these optimized values and was tested to verify 

its operation. The effective medium parameters of the SS MS-WAIM were also extracted from the S-

parameters using MATLAB [103] and the method described in [104]. To demonstrate the SS MS-  
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Fig. 2. 2. Top view of the unit cell. (a) The TM00 floquet mode fields. (b) The TE00 Floquet mode fields at the face 

of the top Floquet port. 

WAIM capability across a wide frequency range, it is then integrated with a tightly coupled antenna 

array (TCAA) in an HFSS model for a final optimization. The antenna array consists of a set of tightly 

coupled dipole antennas [9] with less than 0.4 l spacing between them. 

2.2.2.1 Single sided metasurface 

The single sided SS MS-WAIM was modeled using master-slave periodic boundary conditions in the x 

and y directions of the unit cell of Fig. 2.1. The periodic boundaries enforce a linearly progressive phase 

shift between the master and slave boundary pairs with uniform amplitude to enable beam scanning in 

the required directions. Two Floquet ports were used to illuminate both sides of the SS MS-WAIM, one 

located at the top face and the other at the bottom face of the model’s air box. The length of the air box 

was chosen to ensure that all higher order modes other than the two propagating zeroth-order Floquet 

modes experience at least 70 dB of attenuation. 

The copper-cladded Rogers RT/DuroidTM 5880 substrate with a relative dielectric constant of 

2.2 and a height of Hsub = 0.254 mm was selected. The TC-UAJC element was etched on the 17 mm 

thick copper sheet on its upper surface. The HFSS solution frequency was selected to be 20 GHz for a 

(0.5 – 20) GHz frequency sweep. The maximum scan volume was  = 70o. To minimize the simulation 

time and the amount of discretization, the metals in the HFSS model were taken to be perfect electric 
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conductors (PECs). The zeroth-order Floquet modes, TM00 and TE00, were used for scanning in the y-z 

and x-z planes respectively as shown in Fig. 2.2. The electric field of the TM00 Floquet mode is parallel 

to the plane of incidence (along the y-direction) and the electric field of the TE00 Floquet mode is 

perpendicular to the plane of incidence (along the x-direction).  

To determine the orientation of an antenna with respect to the TC-UAJC element, the surface 

current distribution on the element is studied. The resulting surface current densities on the element for 

the corresponding TE and TM reflection (i.e., |S11|⟶0) and transmission (i.e., |S21|⟶0) resonances for  

 

Fig. 2. 3. The surface current densities on the TC-UAJC element for normal incidence showing circulating current 

loops. (a) TM reflection resonance at 15.8 GHz. (b) TE reflection resonance at 19.5 GHz. (c) TE 

transmission resonance at 19.7 GHz. 

 

Fig. 2. 4. Magnitudes of the S-parameters for normal incidence. (a) TE and TM excitations of the TC-UAJC 

element. (b) An expanded view showing the first TM reflection resonance at 15.8 GHz and the first TE 

reflection resonance at 19.5 GHz. A TE transmission resonance can also be seen at 19.7 GHz. 
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normal incidence are shown in Fig. 2.3. For the TE reflection and transmission resonance cases, the 

element is only weakly excited. For the TM reflection resonance case on the other hand, the element is 

strongly excited with opposite sense circulating current loops. The circulating surface currents flow in 

equal and opposite directions in adjacent regions of the SS MS-WAIM indicating that the magnetic 

fields created cancel out each other leaving no net magnetic response. Current flow is maximum along 

the y-direction suggesting that the optimum radiator and SS MS-WAIM coupling is achieved when a 

radiator’s E-plane is aligned with the y-axis of the SS MS-WAIM. 

For a MS to act as an efficient wideband WAIM, it must be able to fulfil certain basic criteria. 

Firstly, the intended operational frequencies of the antenna array should be considerably lower than the 

resonance frequencies of the MS to avoid the highly dispersive and lossy regions [59]. Secondly, it 

should have little effect on the phases of the signals incident upon it during scan across the whole band 

of interest in order to facilitate the same output response. Thirdly, it should be thin and light weight to 

help reduce the volume and profile of the antenna array. 

 In Fig. 2.4, we show with the simulated scattering parameters (S-parameters) at broadside, that 

the reflection resonance frequencies of the MS are above 15.8 GHz, which is much higher than the 

intended operational frequencies of the antenna array (below 5.0 GHz). The return loss for both the TE 

and TM polarizations is greater than 20 dB across the frequency band of interest and, hence, the insertion 

loss is virtually zero. Due to the unequal lengths of the two arms of the TC-UAJC element, they exhibit 

slightly different reflection resonance frequencies when illuminated by the TM and TE incident waves. 

Each resonance frequency is directly proportional to the unwound length, L, of the TC-UAJC element 

[105]. The first reflection resonance occurs at 15.8 GHz for the TM excitation when the electric field is 

along the longer arm; the second one occurs at 19.5 GHz for the TE excitation when it is along the 

shorter arm.  

 The transmission phase variation with frequency for the TM polarized incident fields for various 

angles of incidence is shown in Fig. 2.5. The phase varies by only 3 for a 0 - 70 change in the incident 

angle. This small change in phase implies that the MS will hardly alter the phase of electromagnetic  
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Fig. 2. 5. Transmission phase variation with frequency for the TM polarized incident fields for various angles of 

incidence.  

waves traversing it [91]. The resulting SS MS-WAIM is very thin and light weight. It is only 0.254 mm 

thick. 

2.2.2.2 Design parameter studies 

One of the major goals was to make the reflection magnitude and transmission phase across the 

frequency band of interest as small as possible without having an adverse impact on the bandwidth of 

the SS MS-WAIM. Consequently, several of the design parameters were studied to determine the values 

that produced the minimum reflection magnitude and transmission phase. It was found that the 

parameters g1, g2, r1, and Hsub have the most impact on the SS MS-WAIM performance. 

The effects of g1 on the reflection magnitude and transmission phase values are shown in Figs. 

2. 6 (a) and 2.6 (e), respectively. Increasing g1 reduces both the reflection magnitude and transmission 

phase values. However, further increase beyond 1 mm has negligible impact.  

The effects of g2 are shown in Figs. 2.6 (b) and 2.6 (f). Decreasing g2 gives decreasing values 

for both the magnitude and phase. The value of g2 is limited by manufacturing tolerances so it has been 

confined to a minimum value of 0.1 mm.  The parameters g1 and g2 control the amount of intra-element  
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Fig. 2. 6. The effects of various SS MS-WAIM design parameters on the reflection magnitude (a – d) and 

transmission phase (e – h) as functions of the excitation frequency for the TM incidence case. (a) and (e) g1. (b) 

and (f)  g2. (c) and (g) r1. (d) and (h) Hsub. 
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Fig. 2. 7. Extracted parameters of the SS MS-WAIM for the TM excitation. (a) Effective impedance. (b) Effective 

permittivity and effective permeability at the frequencies of interest and (c) across the whole band 

showing TM resonance at 15.8 GHz. 

coupling. Smaller values of g2 indicate a tighter coupling between the horizontal and vertical arms of 

the TC-UAJC resulting in a large coupling capacitance. When this coupling capacitance is combined 

with the high loop inductance produced by the thin traces of the structure, the element bandwidth is 

enhanced. 

Figs. 2.6 (c) and 2.6 (g) show the effects of r1. Decreasing r1 gives decreasing values for both 

the magnitude and phase. The minimum value of r1 has been restricted to 1 mm for ease of fabrication. 

The resonance frequency of the unit cell is essentially determined by r1. Smaller values of r1 lead to 

smaller elements with correspondingly higher resonance frequencies, creating a wider separation 

between the frequency band of interest and the element resonance frequency. The result from this wide 

separation is a smaller transmission phase variation with respect to the scan angle.  The inter-element 

coupling is controlled by the values of r1.  
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The effects of Hsub are shown in Figs. 2.6 (d) and 2.6 (h). Decreasing Hsub gives decreasing 

values for both the magnitude and phase of the S-parameters. Thinner substrates, i.e., smaller Hsub, 

ensure higher transmission and minimal reflection of the incident signal. From all of these reflection 

magnitude and transmission phase plots given in Fig. 2.6, the optimum values are: g1 = 1.5 mm, g2 = 

0.1 mm, r1= 1.0 mm and Hsub = 0.254 mm. 

2.2.2.3 Parameter extraction  

To further characterize the SS MS-WAIM’s response, it is of interest to determine its effective material 

and wave parameters. Various techniques have been proposed for retrieving the effective parameters of 

metamaterials and metasurfaces. One of those techniques, based on the Kramers-Kronig relationship 

[106, 107], makes use of the simulated or measured S-parameters. A version of this technique, described 

in [104], is used to extract the effective wave impedance Zeff, the effective dielectric constant eff, and 

the effective permeability eff of our SS MS-WAIM from its simulated S-parameters.  

For normal plane wave incidence on a homogeneous slab, the wave impedance and the 

refractive index are related to the S-parameters as follows: 

𝑆11 =
𝑅01(1 − 𝑒𝑖2𝑁𝑒𝑓𝑓𝑘0𝑑𝑒𝑓𝑓)

1 − 𝑅01
2 𝑒𝑖2𝑁𝑒𝑓𝑓𝑘0𝑑𝑒𝑓𝑓

                                                                                      (2.1) 

𝑆21 =
(1 − 𝑅01

2 )𝑒𝑖2𝑁𝑒𝑓𝑓𝑘0𝑑𝑒𝑓𝑓)

1 − 𝑅01
2 𝑒𝑖2𝑁𝑒𝑓𝑓𝑘0𝑑𝑒𝑓𝑓

                                                                                    (2.2) 

where R01 = (Zeff - 1)/(Zeff  + 1), Zeff () is the complex wave impedance, Neff () = neff () + ikeff () is the 

complex refractive index, keff () is the extinction coefficient, deff is the effective thickness (for 

metamaterials with symmetrical geometry in the direction of propagation, the effective thickness is the 

sum of the length of the unit cells it contains), k0 is the free space wave number, and  is the angular 

frequency. Substituting R01 into (2.1) and (2.2) we arrive at,  

𝑍𝑒𝑓𝑓 = ±√
(1 + 𝑆11)2 − 𝑆21

2

(1 − 𝑆11)2 − 𝑆21
2                                                                                         (2.3) 
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𝑒𝑖2𝑁𝑒𝑓𝑓𝑘0𝑑𝑒𝑓𝑓 =
𝑆11

1 − 𝑆11𝑅01
= 𝑋 ± 𝑗√1 − 𝑋2                                                            (2.4) 

where 𝑋 =
1

2𝑆21(1−𝑆11
2 +𝑆21

2 )
. For passive materials, the signs of (2.3) and (2.4) are determined by 

imposing the conditions, Re (Zeff) ≥ 0 & Im (Neff) ≥ 0. From the above expressions, 

𝑁𝑒𝑓𝑓 =
1

𝑘0𝑑𝑒𝑓𝑓
{𝐼𝑚[ln(𝑒𝑖2𝑁𝑒𝑓𝑓𝑘0𝑑𝑒𝑓𝑓)] + 2𝑚𝜋 − 𝑖𝑅𝑒[ln(𝑒𝑖2𝑁𝑒𝑓𝑓𝑘0𝑑𝑒𝑓𝑓)]}      (2.5) 

[𝑁𝑒𝑓𝑓 = 𝑛𝑒𝑓𝑓 + 𝑘𝑒𝑓𝑓] 

𝑛𝑒𝑓𝑓 =
1

𝑘0𝑑𝑒𝑓𝑓
{𝐼𝑚[ln(𝑒𝑖2𝑁𝑒𝑓𝑓𝑘0𝑑𝑒𝑓𝑓)] + 2𝑚𝜋} = 𝑛𝑒𝑓𝑓

0 +
2𝑚𝜋

𝑘0𝑑𝑒𝑓𝑓
                    (2.6) 

𝑘𝑒𝑓𝑓 = −
𝑅𝑒[ln(𝑒𝑖2𝑁𝑒𝑓𝑓𝑘0𝑑𝑒𝑓𝑓)]

𝑘0𝑑𝑒𝑓𝑓
                                                                                  (2.7) 

where m is an integer denoting the branch index and 𝑛𝑒𝑓𝑓
0  is the refractive index corresponding to the 

principal branch of the logarithmic function (m = 0). The imaginary part of the complex refractive index 

is not affected by the branches of the logarithmic function. Therefore, it can be calculated from (2.7) 

without ambiguity. The calculation of the real part of the refractive index involves the evaluation of a 

complex multi-valued logarithmic function.  This uncertainty is referred as the branching problem. To 

remove this ambiguity, the Kramers-Kronig relation can be applied to estimate the real part of the 

complex refractive index using: 

𝑛𝐾𝐾(𝜔′) = 1 +
2

𝜋
Ρ ∫

𝜔𝑘𝑒𝑓𝑓(𝜔)

𝜔2 − 𝜔′2

∞

0

𝑑𝜔                                                                       (2.8) 

where Ρ denotes the principal value of the improper integral. The integral to infinity implies that the S-

parameters must be known for the entire frequency range. Since this is usually not possible, a truncation 

is required to provide an approximation of the refractive index. To obtain more accurate results, the 

simulation or measurement should be carried out over a very wide frequency range well above and 

below the resonance frequencies.  

Equation (2.8) can be evaluated numerically. Substituting the result obtained from (2.8) into 

(2.6) the branch number can be obtained. 
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𝑚 = 𝑅𝑜𝑢𝑛𝑑[(𝑛𝐾𝐾 − 𝑛𝑒𝑓𝑓
0 )

𝑘0𝑑𝑒𝑓𝑓

2𝜋
]                                                                            (2.9) 

Inserting this value of m into (2.5), the exact value of the complex refractive index can be obtained by 

selecting those branches of the logarithmic function which are closest to those predicted by the Kramers-

Kronig relation. The effective magnetic permeability and effective electric permittivity, which 

determines the macroscopic behaviour of the metasurface, can then be calculated from the relations,  

𝜇𝑒𝑓𝑓 = 𝑁𝑒𝑓𝑓𝑍𝑒𝑓𝑓                                                                                                    (2.10) 

𝜀𝑒𝑓𝑓 =
𝑁𝑒𝑓𝑓

𝑍𝑒𝑓𝑓
                                                                                                                   (2.11) 

During the extraction process, the SS MS-WAIM was assumed to be homogeneous with an 

effective thickness equal to that of the substrate upon which the TC-UAJC element resides. 

Homogenization is justified due to the sub-wavelength nature of the SS MS-WAIM inclusions. Owing 

to the SS MS-WAIM’s very thin nature in the direction of propagation, the extraction process was 

expected to proceed smoothly. Moreover, its thinness led to virtually the same results relative to each 

port of the unit cell. In order to obtain more complete extraction results, the SS MS-WAIM was 

simulated up to 30 GHz for the TM excitation, well above its TM reflection resonance frequency of 15.8 

GHz. The extracted wave and medium parameters are shown in Fig. 2.7.  

Referring to the frequency range of interest, (0 – 5) GHz, the extracted parameters reveal the 

following. The effective wave impedance Zeff shows that the SS MS-WAIM itself is not matched to free 

space. As will be demonstrated with its integration with the driven array, it acts as a low loss impedance 

matching facilitator between the array and free space. The composite antenna and SS MS-WAIM system 

are found to be well matched to free space over a wide bandwidth. 

The extracted value of the effective permeability eff is equal to one; i.e., the SS MS-WAIM acts 

as a purely electric surface with no bianisotropic behaviour. The value of eff changes by less than 4%, 

8.545 – 8.882, over the entire frequency range of interest. These results further illustrate that by working 

well below the resonances, the lossy regions of the SS MS-WAIM are avoided.  
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2.2.2.4 Measurements  

To verify the simulation results, a 4040 unit cell SS MS-WAIM was fabricated and measured in an 

anechoic chamber. The test setup was in both reflection and transmission modes. As shown in Fig. 2.8 

(a), the reflection mode included two horn antennas for transmit and receive on the same side of the SS 

MS-WAIM. An expanded view of the fabricated SS MS-WAIM is also given in Fig. 2.8 (b). The 

simulated and measured transmission and reflection results for the SS MS-WAIM are shown in Fig. 2.9. 

It is noted that the measurements were carried out only up to 18.0 GHz again to due to the chamber 

limitations. Consequently, only the TM reflection resonance at 15.8 GHz could be verified 

experimentally. The simulated results show very good scanning up to 70o with acceptable transmission 

and reflection losses for both the TE and TM excitations. Measurements were carried out for broadside 

and for 30o incidence; those results show good agreement with the simulated results. For the reflection 

measurements, the simulated and measured results agree very well except below 3.0 GHz. These 

discrepancies have been determined to be mainly a consequence of the limited functional frequency 

range of the absorbers available in the anechoic chamber. The transmission measurements on the other 

hand, agree well with the simulated results across the whole measured band. 

 

Fig. 2. 8.  Measurement setup. (a) The reflection measurement and (b) an expanded view of the SS MS-WAIM 

under test. 
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Fig. 2. 9.  Simulated and measured transmission and reflection results for the SS MS-WAIM. (a) Return loss - TE 

incidence. (b) Return loss - TM incidence. (c) Insertion loss - TE incidence. (d) Insertion loss - TM 

incidence. 

2.2.2.5 Metasurface integrated with a TCAA 

In order to demonstrate the scanning advantages of including a SS MS-WAIM with a driving antenna 

array, an infinite TCAA was simulated with both an infinite dielectric-WAIM [59, 60] and then with an 

infinite version of the TC-UAJC based MS-WAIM. The infinite nature of the geometries allowed us to 

simulate a unit cell of the corresponding finite TCAA-WAIM system. While this choice neglected some 

minor edge effects, it captures the essence of the performance of the realistic structure given the large 

extent of the fabricated SS MS-WAIM sample.  The TCAA is a wideband array and, hence, was selected 

to test appropriately the wideband performance of the SS MS-WAIM. To analyze the reference 

dielectric-WAIM, it was placed directly above the antenna array with the optimized parameters: the 

relative permittivity r = 2.5 and thickness of dielectric slab hdi = 12.0 mm.  
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Fig. 2.10 (a) shows a side view of one unit cell of the TCAA integrated with the SS MS-WAIM 

structure. The TCAA is made up of an infinite dipole array with overlapping arms and fed with lumped 

ports. It is oriented vertically along the y-z plane with arms printed on opposite sides of a thin printed 

circuit board (PCB) substrate. The blue colored arm of the dipole is on the top layer of the substrate and 

the orange colored arm is on its bottom layer. The purple region, indicated by y3, represents the amount 

of overlap with the arms of the adjacent elements. The arms were assumed to be perfect electric 

conductors (to significantly reduce the computational overhead) mounted on a Rogers RT/Duroid 6010 

substrate with a dielectric constant of 10.2 and a thickness of 0.254 mm. Each element was driven with 

a lumped port whose active input impedance was (170 – j38) . Fig. 2.10 (b) shows the top view of the 

SS MS-WAIM which is made up of a 55 array of the TC-UAJC elements within the TCAA unit cell. 

The dimensions of the SS MS-WAIM were adjusted to account for the interactions between it and the 

antenna. The new optimized dimensions were: r1 = 1.59 mm, g1 = 0.9774 mm, g2 = 0.2384 mm, L2 = 

4.4568 mm. All other dimensions remained the same.  

 

 

Fig. 2. 10.  TCAA integrated with the SS MS-WAIM. (a) Side view of a unit cell with horizontally oriented dipole 

arms printed on opposite sides of the PCB. Blue = top layer, orange = bottom layer, purple = overlap with 

adjacent elements. (b) Expanded top view of the modified SS MS-WAIM within one unit cell. The 

dimensions of the various parameters of the TCAA-WAIM unit cell are: z1 = y1 = 4.0 mm, y2 = 8.0 mm, 

y3 = 1.0 mm, hair = 6.76 mm, hgnd = 28.25 mm, h = 1.016 mm, and dx = dy = 24.0 mm. (c) Perspective 

view of the unit cell. 
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The scanning abilities of the SS MS-WAIM and dielectric-WAIM systems are compared in Fig. 

2.11 across the E, H, and D (diagonal) planes over a wide bandwidth. The dashed lines represent the 

dielectric-WAIM results and the solid lines represent the SS MS-WAIM results. At broadside, the 

simulated performance characteristics of the TCAA integrated with the dielectric- and MS- WAIMs are 

virtually identical. However, the SS MS-WAIM system has the added advantage of more degrees of 

freedom with the potential to provide a better impedance match to the assumed 50- source. Across the 

E-Plane, both the MS- and dielectric- WAIMs can scan to 60o, however, the SS MS-WAIM can do so 

with a lower VSWR at wider scan angles. Across the H- and D-Planes, the two systems have very similar 

performance with the dielectric-WAIM system being slightly better over the lower frequency band while 

the SS MS-WAIM performs better over the higher frequency band. Nevertheless, both the dielectric- 

and MS- based WAIM systems scan well out to 70o across their D-planes.  Moreover, it can be observed 

that the SS MS-WAIM system covers a wider bandwidth for all scan angles. The array and SS MS-

WAIM combination (37.264 mm) is also of a lower profile compared to the dielectric-WAIM and array 

combination (42.25mm). 

The transmittance values of the MS- and dielectric- WAIMs for all scan angles across the E, H, 

and D planes are compared in Fig. 2.12 at 4.0 GHz. It is interesting to find that the SS MS-WAIM 

outperforms the dielectric-WAIM across both the E and D planes and performs the same as the 

dielectric-WAIM in the H plane.  Previous works on single layer WAIMs based purely on the 

modification of the free space region above the array aperture are overwhelmingly carried out at a single 

frequency of operation. Therefore, to make a direct comparison to them, we compare in Table 2.1 the 

performance of the SS MS-WAIM at 4.0 GHz to those reported in two key works in this area. The work 

in [59] only presents scanning across the H-plane for two designs. One scans up to 55o and another scans 

between 40o and 80o. It is shown here that the SS MS-WAIM achieves wider scanning in both the E and 

H planes in comparison to the results reported in both [59] and [60]. Moreover, it falls only 2o short of 

the D-plane scan in [60].  
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Fig. 2. 11.  Scanning of the SS MS-WAIM (solid lines) and dielectric-WAIM (dashed lines) systems. (a) E-plane. 

(b) H-plane and (c) D-plane.  

 

Fig. 2. 12.  Comparison of the MS- (solid lines) and dielectric- WAIM (dashed lines) across the E, H, and D planes 

at a minimum of 80% transmittance (equivalent to VSWR < 3) at 4.0 GHz. 
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TABLE 2. 1 - Maximum Scan Range at a Single Frequency 

 Previous work This work 

 [59] [60] Dielectric-

WAIM 

SS MS-

WAIM 

E-Plane N/A 45o 64o 72o 

H-Plane 55o 65o 80o
 80o 

D-Plane N/A 81o 72o 79o 

 

2.3 Chapter Conclusion 

A wideband SS MS-WAIM layer has been systematically designed and its characteristics were 

experimentally validated. Its effective material parameters were extracted to show the constancy of  

and  over the desired, very wide operational band of frequencies. The optimized SS MS-WAIM was 

used as a superstrate over a TCAA of simple printed dipoles to reduce the impedance mismatch of the 

system to its source when the array is scanning. It was shown that the SS MS-WAIM provides improved 

scanning along the E and D planes over its wide bandwidth without the use of bulky isotropic dielectrics 

or multi-layered structures. Furthermore, it maintained the scanning performance in the H plane. An 

improved doule sided (DS) MS-WAIM and TCAA prototype integrated with a realistic feed network 

will be reported in Chapter 3. 
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Chapter 3 – Tightly Coupled Antenna Array with 

a High Figure of Merit 

3.1 Chapter Introduction 

Following on from Chapter 2 where we presented a novel solution to the wide angle impedance matching 

(WAIM) problem using a single sided metasurface (SS-MS) superstrate; in this Chapter, we present an 

improved version of that superstrate using a double sided (DS) metasurface (MS) WAIM layer. The DS 

MS-WAIM, used to improve the scan performance over a wide bandwidth, is composed of tightly-

coupled unequal arm Jerusalem cross (TC-UAJC) elements printed on its two sides. Interestingly, the 

DS MS-WAIM also improves the cross-polarization levels as the scan angle increases. In addition, we 

report a new wideband, low-profile feed network, composed of meandered impedance transformer and 

balun sections. The feed is designed based on Klopfenstein tapered microstrip lines. It can provide more 

than 6:1 impedance bandwidth while maintaining a high level of current balance. The new superstrate 

and feed structure represent the key components of a multifunctional tightly coupled antenna array 

(TCAA) with a very high figure of merit reported herein.  

Detailed array analysis and design guidelines are presented for several thicknesses of the DS 

MS-WAIM. A fully characterized 10 x 10 array prototype is presented that validates the design concepts 

and simulation methodology employed in this work. The array profile is only 0.088L, where L is the 

wavelength at the lowest frequency of operation. The optimum array design can scan to 80o along the 

E-plane and 55o along the H-plane, with an active VSWR ≤ 3.1. The broadside impedance bandwidth is 

5.5:1 (0.77 – 4.20) GHz. The improved scan performance was obtained by optimizing the array 

dimensions for both broadside and at the widest scan angles.  An array figure of merit (PA) [108] was 

calculated for several TCAA designs, to make comparisons with similar designs in the literature. The 

figure of merit value of the optimum design, PA = 5.49, is highest reported to date.  

This Chapter is organized as follows. Section II gives the theory of operation of TCAAs. Section 

III is devoted to the tightly coupled antenna array unit cell design that incorporates the feed network and 

metasurface superstrate. The radiation performance of the computed finite array and manufactured 
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prototype are presented in Section IV. Sections V gives a set of design guidelines for improved array 

design. Section VI present the discussion and implications of our results. Finally, in Section VII, our 

Chapter conclusions are presented. 

3.2 Background Theory of TCAAs 

Tightly coupled antenna arrays (TCAAs) [7 - 10] are periodically fed wideband arrays, which sample 

the incoming wave front at less than the Nyquist rate by keeping the element spacing less than λH/2, 

where H is the wavelength at the highest frequency of operation. At lower frequencies, the array is over 

sampled resulting in the effective aperture (Aeff) remaining roughly constant with frequency. Their 

operation is based on Wheeler’s infinite uniform current sheet (UCS) concept [31, 32], which is an ideal 

case of a phased array with no reflecting boundary, radiating equally at all frequencies. This concept is 

equivalent to an infinite number of very small, tightly packed electric or magnetic dipoles, carrying 

continuous current over an open circuit or short circuit boundary. However, as the dipole lengths 

approach half a wavelength at the highest frequency, the array performance decrease sharply.  

Most practical arrays require a ground plane backing, which causes their input impedance to 

change drastically, thus limiting their bandwidth. The change in input impedance is manifest such that 

at low frequencies, the array’s radiation resistance tend towards zero (short circuited) and its reactance 

becomes mostly inductive. The increased array inductance at low frequencies due to the presence of the 

ground plane, was addressed by Dr Ben Munk [9], through the use of capacitively coupled array 

elements. The additional coupling capacitance at the tips of the dipoles perform several other functions. 

It facilitates resonance of the short dipoles given their very low inductance values. It helps to equalize 

the currents at the feed points of the dipoles to those along the rest of their lengths across a wide 

frequency range for a constant radiation resistance [31]. In addition, the capacitive loading at the tips of 

the dipoles make them behave as much longer elements. The controlled mutual coupling introduced by 

the additional capacitance allows field propagation to neighbouring elements and the elimination of 

impedance variations to give rise to large bandwidths in low profile implementations.  
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Fig. 3. 1. Tightly Coupled Antenna Array (TCAA). (a) Top view of an infinite TCAA above a conducting ground 

plane. The overlapping arms of adjacent dipoles are printed on opposite sides of a dielectric substrate. A 

unit cell with dimensions dx and dy is shown in the middle of the figure. (b) Equivalent circuit of the 

TCAA [109] with a MS-WAIM superstrate. (c) Front view of the infinite TCAA with detailed view of 

the vertically oriented dipoles, the MS-WAIM superstrate, and the ground plane. 

 



 

66 

 

To gain further insight into the working mechanisms of the TCAA, a quasi-analytic approach is 

employed with the help of an equivalent circuit model together with the extracted scattering parameters 

of the metasurface. This approach can fairly accurately predict tha active scan impedance of the array 

and hence its active reflection coefficient and active voltage standing wave ratio. 

The top and side views of an infinite TCAA above a PEC ground plane is shown in Figs. 3.1 (a) 

and 3.1 (c) respectively. The equivalent circuit [109] of a single-polarized version of this array is shown 

in Fig. 3.1 (b). In this equivalent circuit model, the dipole is represented by an inductance, Ld, and a 

coupling capacitace with neighbouring elements, Cc. The intervening layers between the ground plane, 

the dipole array, and the MS-WAM are represented by transmission line sections which may or may not 

be free space. For a well sampled array where only the fundamental TE and TM Floquet modes are 

propagating, the admittances in each layer [110] are given by, 

𝑌00
𝑇𝐸 =

𝑘𝑧00

𝜔𝜇0𝜇𝑟
                                                                                                           (3.1) 

𝑌00
𝑇𝑀 =

𝜔𝜀0𝜀𝑟

𝑘𝑧00
                                                                                                           (3.2) 

Where 𝑘𝑧00 is the propagation constant in the z direction for each layer and is defines as: 

𝑘𝑧00 = 𝑘0√𝜇𝑟𝜀𝑟cos (𝑆𝑖𝑛−1(
𝑠𝑖𝑛𝜃

√𝜇𝑟𝜀𝑟
)), (𝑘0 is the free space wavenumber, 𝜇𝑟 is the relative or effective 

permeability of a given layer, 𝜀𝑟 is the relative or effective permittivity of a given layer,  is the angular 

frequency, and 𝜃 is the scan angle).  

The impedances of each layer when scanning along the E-plane (= 90o, TM polarized, along 

y-z direction) and H-plane (= 0o, TE polarized, along x-z direction) are given by [31], 

𝑍𝑟
𝐸 =

𝑑𝑦

𝑑𝑥

1

𝑌00
𝑇𝑀 = 𝜂0√

𝜇𝑟

𝜀𝑟

𝑑𝑦

𝑑𝑥
cos (𝑆𝑖𝑛−1 (

𝑠𝑖𝑛𝜃

√𝜇𝑟𝜀𝑟
))                                          (3.3) 

𝑍𝑟
𝐻 =

𝑑𝑦

𝑑𝑥

1

𝑌00
𝑇𝐸 = 𝜂0√

𝜇𝑟

𝜀𝑟

𝑑𝑦

𝑑𝑥

1

cos (𝑆𝑖𝑛−1(
𝑠𝑖𝑛𝜃

√𝜇𝑟𝜀𝑟
))

                                              (3.4) 
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where 0 is the intrinsic impedance of free space, dx and dy are the unit cell dimensions along the x- and 

y-axis. In the case of the MS-WAIM, the effective parameters values extracted as was described in 

Chapter 2 will have to be used in place of the relative ones. 

The active or scan impedance of the infinite periodic TCAA backed by a PEC ground plane, Za, 

is the input impedance of each antenna element in the array, when all other elements are similarly excited 

[111].  Za is given by, 

𝑍𝑎 =
2𝜂0

𝜋2

𝑎2

𝑑𝑥𝑑𝑥
∑ ∑ 𝐹𝑚

2𝐺𝑛
2𝐻𝑚𝑛(1 − 𝑒−2𝑗𝑘𝑚𝑛ℎ𝑔𝑛𝑑

∞

𝑛=−∞

∞

𝑚=−∞

)                            (3.5) 

where 

𝐹𝑚 =
2sin (

𝑘𝑥𝑚𝑏
2 )

𝑘𝑥𝑚𝑏
                                                                                                  (3.6) 

𝐺𝑛 =
cos (

𝑘𝑦𝑛𝑎
2 )

1 − (
𝑘𝑦𝑛𝑎

𝜋 )2

                                                                                                  (3.7) 

𝐻𝑚𝑛 =
1 − (

𝑘𝑦𝑛

𝑘0
)

2

𝑘𝑚𝑛/𝑘0

                                                                                                    (3.8) 

and 

𝑘𝑥𝑚 = 𝑘𝑥0 +
𝜆𝑚

𝑑𝑥
= 𝑘0𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜑 +

𝑘0𝜆𝑚

𝑑𝑥
                                                        (3.9) 

𝑘𝑦𝑛 = 𝑘𝑦0 +
𝜆𝑛

𝑑𝑦
= 𝑘0𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜑 +

𝑘0𝜆𝑛

𝑑𝑦
                                                        (3.10) 

𝑘𝑚𝑛 = 𝑘0√1 − (
𝑘𝑥𝑚

𝑘0
)

2

− (
𝑘𝑦𝑛

𝑘0
)

2

                                                                  (3.11) 

a = length of the dipole, b = width of the dipole,  is the free space wavelength, k0 is the free space wave 

number, and kx0, ky0, kz0, are the propagation constants in the x,  y, and z directions. 

When considering higher order TE and TM Floquet modes (mn), the active impedance seen 

from the dipole layer looking into the free-space impedance (0) shunted MS superstrate can be written 

as follows [60, 111], 
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𝑍𝑎−𝑀𝑆 =
2𝜂0

𝜋2

𝑎2

𝑑𝑥𝑑𝑥
∑ ∑ 𝐹𝑚

2𝐺𝑛
2 (𝐻𝑚𝑛

𝑇𝐸
𝜂𝑚𝑛

𝑇𝐸

𝑘0
𝛾𝑚𝑛

𝑇𝐸 + 𝐻𝑚𝑛
𝑇𝑀

𝜂𝑚𝑛
𝑇𝑀

𝑘0
𝛾𝑚𝑛

𝑇𝑀)      (3.12)

∞

𝑛=−∞

∞

𝑚=−∞

 

where 

𝜂𝑚𝑛
𝑇𝐸 =

𝑘0
2

𝑘𝑚𝑛
                                                                                                                    (3.13) 

𝜂𝑚𝑛
𝑇𝑀 = 𝑘𝑚𝑛                                                                                                                     (3.14) 

𝛾𝑚𝑛
𝑇𝐸/𝑇𝑀

= (1 + Γ𝑀𝑆,𝑚𝑛
𝑇𝐸/𝑇𝑀

𝑒−2𝑗𝑘𝑚𝑛ℎ𝑎𝑖𝑟) ×
1 + Γ𝑔𝑒−2𝑗𝑘𝑚𝑛ℎ𝑔𝑛𝑑

1 − Γ𝑀𝑆,𝑚𝑛
𝑇𝐸/𝑇𝑀

Γ𝑔𝑒−2𝑗𝑘𝑚𝑛(ℎ𝑔𝑛𝑑+ℎ𝑎𝑖𝑟)
    (3.15) 

and g is the reflection coefficient of the ground plane (= -1), 𝜂𝑚𝑛
𝑇𝐸/𝑇𝑀

 are the TE and TM Floquet 

impedances, and 𝛾𝑚𝑛
𝑇𝐸/𝑇𝑀

 are compensation terms due to reflections from nearby interfaces. 

The effective impedance of the MS, ZMS, can be extracted from its S-parameters via full wave 

simulations as was described in Chapter 2. A number of higher order Floquet modes should be included 

in the effective impedance extraction process in order to obtain accurate results. This would account for 

the additional modes excited on the MS when it is inserted into the antenna array unit cell. These 

additional modes are due to the MSs near field interactions with the antenna array. Having obtained the 

effective impedance and the reflection coefficient of the MS, the active impedance of the array, Za-MS, 

can be obtained from (3.12). Alternatively, and more accurately, Za-MS can be obtained via full wave 

simulations from which can be derived the active reflection coefficient and the active voltage standing 

wave ratios (VSWR), as detailed in the following sections. 

3.3 Tightly Coupled Antenna Array Design 

In this section, the design for the constituent parts of the TCAA shown in Fig. 3.2 will be discussed. A 

unit cell design of an overlapped dipole antenna in an infinite array setting with a 170  lumped port 

feed is first presented. This is followed by the design of a double sided MS-WAIM and the extraction 

of its constituent parameters. Next, the design of a realistic wideband balun to feed the array is presented. 

Finally, following the introduction of a balun in the array, methods are devised to suppress the CM 

currents that arise, to improve the range of scanning angles in the elevation plane, and to reduce the 

levels of cross-polarization for the designs presented. 
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3.3.1 Lumped Port Fed Unit Cell Design  

An expanded view of the lumped port fed dipole is shown in Fig. 3.2 (b). In the preliminary simulations, 

the TCAA unit cell contained an overlapped dipole antenna fed with a 170  lumped port impedance 

placed at a distance of hgnd = 28.2473 mm above a PEC ground plane. The dipole is oriented vertically 

along the y-z plane with its arms printed on opposite sides of a RT/DuroidTM 6010 substrate with a  

 

Fig. 3. 2. TCAA unit cell. (a) Perspective view of the balun fed TCAA unit cell with a DS MS-WAIM superstrate, 

shorting pins and a perforated feed substrate. The feed and dipole were designed on a Rogers 

RT/DuroidTM 6010 substrate with a thickness, t = 1.016 mm and relative dielectric constant, εr = 10.2. 

(b) Expanded view of the lumped port fed dipole. (c) Electric fields along the y-z plane for the lumped 

port fed unit cell. 
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thickness, t = 1.016 mm and relative dielectric constant, εr = 10.2. The period of the unit cell is dx = dy= 

24 mm. The infinite array is created using Floquet mode analysis plus master-slave periodic boundary 

conditions along the x and y directions. To achieve a wideband impedance match for the dipole array, 

the feed flared section, y1 (= 4 mm), the length of the dipole arms, y2 (= 8 mm), the capacitive coupling 

between adjacent elements, y3 (= 1 mm), the arm widths, 2z1 (= 4 mm), and the width of the lumped 

port, 2z2 (= 0.12 mm) were all tuned. The dipole antenna is covered with a 5 x 5 array of the DS MS-

WAIM at a height of hair = 6.761 mm. The overall height of the array from the ground plane to the top 

of the MS is 37.2623 mm.  

The impedance bandwidth of the lumped port fed infinite dipole array at broadside for VSWR 

≤ 2 is 6.23:1 (0.79 GHz – 4.92 GHz), which  will be discussed in the next sub-section. 

3.3.2 Double Sided MS-WAIM Design 

The proposed double sided metasurface (DS-MS) unit cell is depicted in Fig. 3.3. It is composed of 

tightly-coupled unequal arm Jerusalem cross (TC-UAJC) elements printed on the two sides of a Rogers 

5880 substrate. The bottom element is rotated 90o relative to the element at the top to ensure uniform 

performance when excited along the ± z directions.  Due to the symmetrical nature of the DS MS-

WAIM, it will give a more consistent performance when scanning along the various planes. The 

effective medium parameters of the DS MS-WAIM were extracted from its reflected and transmitted 

signals using the method described in [104]. These extracted parameters are shown in Fig. 3.4. It is seen 

that eff is zero and eff has a constant value of 8.6 within the frequency range of interest (0 to 5.0 GHz). 

A mu zero material has a zero index of refraction. According to Snell’s law, the angle of refraction from 

this type of material is zero degrees irrespective of the angle of incidence within the material. As a result, 

the DS-MS is able to transform the cylindrical waves from the array into plane waves with minimal 

phase variation to enable wide angle scanning. This waveform transformation can also help to lower the 

array profile since all the energy is concentrated in the forward direction. This phenomenon is 

demonstrated in Fig. 3.2 (c). 
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The DS MS-WAIM also introduce a capacitive reactance to counteract the effects of the array’s 

inductively reactive ground plane thereby minimizing the variation of the array’s active reflection 

coefficients at wider scan angles. The solid red curve in Fig. 3.5. Shows the effectiveness of the DS MS-

WAIM as a wideband (6.23:1) impedance matching layer. Without the DS MS-WAIM, the array is 

highly unmatched across most of the band as indicated by the dotted blue curve. 

When the MS structure is integrated with the TCAA, its dimensions were adjusted to 

compensate for the near field interactions. The final optimized MS dimensions were: r1 = 1.59 mm, g1 

= 0.9774 mm, g2 = 0.2384 mm, and L2 = 4.4568 mm with the other dimensions as shown under Fig. 3.3.   

 

Fig. 3. 3. DS-MS unit cell geometry. (a) Top view. (b) Perspective view. The DS-MS unit cell dimensions in 

millimeters are: w = 0.2, tsup = 0.254, g1= 1.5, g2 = 0.1, L1 = 4.8, L2 = 3.0, L3 = 0.35, L4 = 0.4, L5 = 0.15, 

L6 = 0.3, and r1 = 1.0. The substrate is Rogers RT/DuroidTM 5880 with r = 2.2 and tan = 0.0009. The 

direction of propagation of the exciting wave is along the z-axis. 
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Fig. 3. 4. The extracted eff and eff for the DS-MS. 

 

Fig. 3. 5. Active VSWR of the infinite dipole array at broadside. The solid-red curve represents the lumped port 

fed array with the DS MS-WAIM superstrate. A 6.23:1 impedance bandwidth (0.79 GHz – 4.92 GHz) is 

obtained (solid-red curve). The dotted-blue curve represents the lumped port fed array with no superstrate. 

The dashed-black curve represents the balun fed array with the DS MS-WAIM superstrate but without 

any shorting pins.  
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3.3.3 Balun Design 

To cover the inherent wide bandwidth of the TCAA, an equally wideband feed network is required. The 

proposed feed network consists of an impedance transformer and a balun (B), both of which were 

constructed from Klopfenstein [112] tapered microstrip lines. The characteristic impedance variation 

with distance along the taper is given as: 

ln 𝑍(𝑧) =
1

2
ln (𝑍0𝑍𝐿) +

Γ0

cosh 𝐴
𝐴2𝜙 (

2𝑧

𝐿
− 1, 𝐴)    𝑓𝑜𝑟 0 ≤ 𝑧 ≤ 𝐿                 (3.16) 

Where: 

𝜙(𝑥, 𝐴) = −𝜙(−𝑥, 𝐴) = ∫
𝐼1(𝐴√1 − 𝑦2)

𝐴√1 − 𝑦2

𝑥

0

𝑑𝑦   𝑓𝑜𝑟 |𝑥| ≤ 1 

and 𝐼1(𝑥) is the modified Bessel function. The resulting reflection coefficient of the taper is given as: 

Γ(𝜃) = Γ0𝑒−𝑗𝛽𝐿
𝑐𝑜𝑠√(𝛽𝐿)2 − 𝐴2

cosh 𝐴
𝑓𝑜𝑟 𝛽𝐿 ≥ 𝐴                                                    (3.17) 

and  

Γ(𝜃) = Γ0𝑒−𝑗𝛽𝐿
𝑐𝑜𝑠√𝐴2 − (𝛽𝐿)2

cosh 𝐴
𝑓𝑜𝑟 𝛽𝐿 < 𝐴                                                    (3.18) 

In equations (3.16) - (3.18), Γ0 is the reflection coefficient at zero frequency and it is given as: 

Γ0 =
𝑍𝐿 − 𝑍0

𝑍𝐿 + 𝑍0
≃

1

2
ln (

𝑍𝐿

𝑍0
) 

From (3.17), the maximum ripple in the passband (𝛽𝐿 ≥ 𝐴) is given as:  

Γ𝑚 =
Γ0

cosh 𝐴
                                                                                                                 (3.19) 

The minimum length of taper for a given Γ𝑚 in the passband can be calculated from equation (3.19). 

Equations (3.16) – (3.14) were evaluated using MATLAB [103] to obtain the impedance and reflection 

coefficient variation with distance along the taper. The closed form synthesis equations given in [113] 
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were then used to calculate the physical dimensions of the taper width for all the impedance values, 

given the dielectric constant and substrate height. The resulting dimensions were then imported into the 

commercially available software, ANSYS High Frequency Structure Simulator, ANSYS-HFSS [102], 

to model and optimize the design. The feed network was designed on the same RT/DuroidTM 6010 

substrate as the TCAA and for a lower cut off frequency of 0.5 GHz. The high dielectric constant value 

of the substrate is necessary to realise a compact and simple design. The high dielectric constant reduces 

the height of the balun so that it can fit within the small space available between the low profile antenna 

array and its ground plane.  

The straight impedance transformer (ST) was designed for an input impedance of 50  on one 

end and an impedance of 92.4  on the output. The lattercorresponds to a line width of 0.16 mm on the 

microstrip lines, which in turn gives an impedance of 150  on the parallel strip lines. 

 

Fig. 3. 6.  Top view of the meandered impedance transformer (MT) and balun (B). The optimized balun dimensions 

are: Win = 0.9279 mm, Wout = 0.16 mm Wgp1 = dy = 22.0 mm, Wgp2 = 2.1048 mm, Wadd = 2.0 mm, LMT = 

15.8417 mm, and LB = 25.2413 mm. 
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Fig. 3. 7.  Magnitude of the reflection coefficient of the meandered transformer and balun (MT and B), balun (B), 

straight transformer and balun (ST and B), and straight transformer (ST). 

The lower 150  impedance was chosen instead of an initial lumped port impedance of 170 

since the corresponding line width would be too narrow to be manufactured accurately. The length of 

this transformer, LST, was found to be 50.5368 mm. To reduce the profile of the array, the transformer 

was meandered using the optimum miter formulation [114]. During this design, it was discovered that 

using the optimum mitre bends, resulted in extremely thin bends. To overcome this problem, both the 

inner and outer corners of the bends were mitered by equal amounts which gave rise to bends with more 

surface area. These mitered bends are shown as solid black in Fig. 3.6. Also shown in Fig. 3.6 is an 

additional solid black rectangular pad of length Wadd = 2 mm at the commencement of the trace. This 

pad was added to act as a connection point of the SMA connector, which was included in the simulation 

to produce realistic results.  The meandered version of the ST is indicated by the LMT section in Fig. 3.6. 

To produce a balanced feed for the TCAA, the ground plane at the 92.4  port of the unbalanced 

transformer was gradually tapered to a balanced parallel strip of equal width with the top trace. The 

width of the top trace of the balun, Wout, remained uniform along its length. The balun section of the 

-13 
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feed structure is indicated by LB in Fig. 3.6. The full and tapered sections of the ground plane are shown 

in green in Fig. 3.6.  

The simulated magnitude of the reflection coefficient of the meandered transformer and balun 

(MT and B), balun (B), straight transformer and balun (ST and B), and straight transformer (ST) are 

shown in Fig. 3.7. The reflection coefficient for all four cases are < -13 dB from 0.5 GHz to 4.5 GHz. 

We can see that in the “MT and B” cases, the high frequency performance deteriorates compared to the 

“ST and B” cases. This is due to increased reflections at the bends. Nevertheless, the “MT and B” 

performance is < -13 dB within the frequency range of interest. 

To find out the current balance on the feed structure, the ratio of the surface currents along a 

line for the top and bottom conductors was computed using HFSS. It can be seen from Fig. 3.8 that the 

currents on the last (5 – 10) mm sections of the B, MT and B, ST and B are practically identical indicating 

a high level of current balance within those sections.  

 

Fig. 3. 8.  Magnitude of the line current balance along the axis of the balun (B), meandered transformer and balun 

(MT and B), and straight transformer and balun (ST and B). The portions of the traces within the ovals is 

where the line currents on the top and bottom conductors are practically identical.  

LMT + LB 

LST + LB 

 

 

 

LB 
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These portions of the traces are enclosed within the solid-blue, dotted-red, and dashed-black ovals 

respectively. 

3.3.4 Balun Fed Unit Cell Design 

A detailed view within the TCAA unit cell incorporating a meandered wideband balun is shown in Fig. 

3.2 (a). The E-plane is along the y-z direction and the H-plane is along the x-z direction. 

Following the successful design of the MS, the lumped port fed antenna array, and the wideband 

balun, the next step was to integrate all the parts and perform an overall optimization. Several 

adjustments were made to bring the whole antenna inside the unit cell into balance. A variable length of 

transmission line, Ladd, of equal width was added to the tips of the top and bottom conductors of the 

balun. This additional length of line was used to equalize the antenna input impedance to the 

characteristic impedance of the balun.  

3.3.4.1 Common mode suppression 

Although the stand-alone balun was well matched, when placed in the array setting, the strong 

mutualcoupling between adjacent units causes the feed to be unbalanced. These unbalanced currents led 

to an induced common-mode resonance around mid-band (see dashed curve in Fig. 3.5) as was reported 

in [52] and a reduction in the achievable bandwidth. To eliminate these CM currents, the first step was 

to reduce the array unit cell size by reducing y1 from 6 mm to 5 mm. The inner radius of the MS unit 

cell, r1, was also reduced from 1.59 mm to 1.4 mm to fit into the new array unit cell. In the consequent 

step, a shorting pin to ground was also introduced on the excited arm of the dipole. Finally, cuts were 

made on the thin substrate on either side of the balun to reduce the amount of coupling and the possibility 

of surface waves.  

With the addition of the shorting pins, the CM resonance moved higher up in frequency but not 

entirely out of band. A parametric study was carried out on Ladd, and the dipole overlap, y3. The result of 

this study is displayed in Fig 8. In Fig. 3.9 (a), when Ladd is reduced from 4.0 mm to 0 mm (y3 = 1.0 mm), 

the CM resonance is moved almost entirely out of band, but the low frequency behavior of the array 

deteriorates.  
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Fig. 3. 9. Parametric study on the CM resolution process for the infinite array. (a) The additional length of 

transmission line, Ladd. (b) The dipole overlap, y3. A 5.58:1 broadside impedance bandwidth (0.77 GHz 

– 4.3 GHz) was obtained. 

The shorting pin creates a resonance loop with the driven arm of the dipole and the array ground plane. 

By reducing the value of Ladd, the CM resonance is shifted to higher values and eventually out of band. 

This method has the added benefit of reducing the array height by 4 mm whilst ensuring a CM-resonance 

free array. To improve the low frequency behavior of the array, the optimum value of Ladd = 0 mm found 

from the previous step was utilized. The value of y3 was then varied from 0.5 mm to 2.0 mm and the 

result is displayed in Fig. 3.9 (b). For y3 = 0.5 mm, the low frequency behavior was restored, and the 

infinite array was matched over a slightly reduced impedance bandwidth of 5.58:1 (0.77 GHz – 4.3 

GHz) compared to the lumped port fed design.  

3.3.4.2 Common mode resonance free design 

In the previous case, Ladd was decreased to 0 mm to match the array and reduce the array profile in the 

process. To further reduce the array profile and to provide more flexibility in matching the array over 

wider scan angles, the balun was redesigned as was described earlier but with a reduced height of 
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22.7145 mm. The impedance transformer section remained unaltered. This balun is henceforth referred 

to as the shorter balun (SB) throughout this Thesis. The rest of the antenna dimensions are given in 

Table 3.1. With Ladd = 2 mm and hair = 5mm, scans of up to 70o along the E-plane and 55o along the H-

plane were obtained over a maximum VSWR value of 3.15 as shown in Fig. 3.10 (a). The broadside 

impedance bandwidth is 5.5:1. The co- and cross-polarization discrimination is > 20 dB across the whole 

band as can be seen in Fig. 3.10 (b). In this work, Ludwig’s third definition of cross-polarization [115] 

is utilized. 

When scanning to wider angles, we need to find the effect on the cross-polarization levels. In 

Fig. 3.11 (a), we see that the E- plane cross-polarization levels around fmid and fH improves as the scan 

angle increases. Around fL, the increase in the cross-polarization levels while scanning from broadside 

to 70o is only 3 dB. The parameters fL, fmid, and fH refers to the low frequency, mid frequency, and high 

frequency regions of the band respectively.  

 

Fig. 3. 10. The infinite array performance using the DS-MS (0.254 mm thick) superstrate and the shorter balun 

feed. (a) Scanning ability. (b) Co- and cross-polarized realized gains. 
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(a) 

 

(b) 
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(c) 

 

Fig. 3. 11. The Co- and cross-polarization variation with frequency for various scan angles of the infinite array 

using the DS-MS (0.254 mm thick) superstrate and the shorter balun feed. (a) E-plane scan. (b) H-plane 

scan.(c) D-plane scan. 

The H-plane cross-polarization levels shown in Fig. 3.11 (b), improves across the whole band 

for the lower scan angles and across the fH region for all other angles. Around fL and fmid, the cross-

polarization levels are either comparable to or better than those at broadside. The D-plane cross-

polarization levels shown in Fig. 3.11 (c), are virtually unchanged around the fH region and slightly 

worsens around the fL and fmid regions for the wider scan angles. These are rather significant results as 

they indicate that this array can scan to wider angles without worrying about increasing cross-

polarization levels. This phenomenon can be attributed to the DS MS-WAIM whose transmission phase 

variation with frequency for the TM polarized incident fields improves with increasing incidence angles 

[116]. 
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TABLE 3. 1 - Unit Cell Dimensions (mm) 

tsup Ladd hair LB wout y1 y2 y3 r1 

0.254 2.0 5.0 22.71 0.16 5.0 6.0 0.5 1.4 

0.508 2.5 4.7 22.71 0.16 5.0 6.0 0.5 1.4 

 z1 wsp ws whole hhole tgnd dx dy 

0.254/0.508 2.0 0.5 2.0 6.0 3.0 2.0 22.0 22.0 

 

TABLE 3. 2 - Array Performance 

tsup (mm) Array height (mm) E-scan H-scan Range (GHz) Bandwidth 

0.254 31.97            70o 55o 0.80-4.38 5.48:1 

0.508 32.42            50o 55o 0.79-4.32 5.47:1 

*Array height = LB + Ladd + hair + tsup + z1. 

 

The DS MS-WAIM discussed earlier is only 0.254 mm thick. This thickness was found to be 

too thin to hold its shape firmly above the array when constructed. A second array with a DS MS-WAIM 

thickness of 0.508 mm was designed with Ladd = 2.5 mm, hair = 4.7 mm, and an overall array height of 

32.4225 mm as shown in table 3.1. The performance comparison of the two arrays is given in table 3.2. 

The two arrays were found to have the same broadside impedance bandwidth but the second array was 

about 0.45 mm taller. It was discovered later that this small increase in height led to a reduction in the 

E-plane scan. As a proof of concept, the 0.508 mm MS was used during fabrication instead of the 0.254 

mm one to minimise difficulties during assembly and measurement. 

3.4 Results of Fabricated Array 

A 10 x 10 prototype of the fabricated array utilizing the 0.508 mm DS MS-WAIM is depicted in Fig. 

3.12. The elements along the first, second, ninth, and tenth columns were terminated by 50  loads to 

reduce the array edge effects. Only the edge elements along the E-plane were terminated given that the 

amount of mutual coupling is strongest along this plane and thus have a bigger impact on the edge 

effects. The active area of the array is the inner 6 x 10 elements. The electrical performance of this array 

was evaluated in terms of its matching and radiation characteristics.  

3.4.1 Antenna Construction 

The built array prototype and its constituent parts are shown in Fig. 3.12.  
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Fig. 3. 12. Constituent parts of antenna prototype. (a) Top view of fully assembled array showing DS MS-WAIM 

and polystyrene foam. (b) Bottom view of fully assembled array with 50  terminations and the wooden 

planks used for mounting. (c) A sample antenna card containing 10 tightly coupled antennas attached to 

a strip of the inner portion of the aluminum ground plane. 

The top and bottom of the fully assembled array is shown in Figs. 3.12 (a) and 12 (b) respectively. A 

block of expanded polystyrene foam (r = 1.03) was inserted into the array to help hold the antenna 

cards upright and to provide a platform upon which the MS can rest. The MS was held in place by the 

foam platform and nine precisely cut plastic screws. Strips of copper tape was also used at the top of the 

array ground plane to enable soldering of the shorting pins from the dipole to the aluminium ground 

plane. 
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Below the array ground plane, ninety-degree copper brackets were manufactured and attached 

to the underside of the array to keep the antenna cards upright. One leg of the bracket was attached to 

the bottom surface of the array ground plane with metal screws while the other leg is attached to the 

ground plane portion of the antenna cards with copper tape and solder. Two long wooden planks, 40 mm 

wide, were attached to the bottom side of the array ground plane to act as the mounting points during 

testing.  

The array aluminium ground plane is made up of an inner portion that is 2 mm thick and an 

outer cage that is 4 mm thick. The inner ground plane dimension is 264 mm x 264 mm. It was cut into 

strips to allow for the insertion of the antenna cards. Each of the ten antenna cards contains ten tightly 

coupled antenna elements attached to a strip of the inner ground plane as shown in Fig. 3.12 (c). A 2 

mm deep by 22 mm wide portion was machined off on the inside perimeter of the outer ground plane to 

allow the inner ground plane to sit flush with the outer ground plane. The outer ground plane dimension 

is 352 mm x 352 mm. 

3.4.2 Active Matching Characteristics 

The active reflection coefficient of the built array was calculated from the measured coupling 

coefficients between the element in row 5 and column 5 (element 5, 5) and every other element in the 

array. Measurements were carried out using a Keysight Technologies N5225A PNA. During each 

measurement period, the 98 non-active elements were terminated with 50  loads. The active reflection 

coefficient for element i, scanning in the (𝜃𝑜, 𝜑𝑜) direction can be estimated using [28]: 

Γ𝑎(𝜃𝑜, 𝜑𝑜) = ∑ 𝑆𝑛𝑖|𝑎𝑛|𝑒−𝑗𝑘𝑜(𝑥𝑑𝑥𝑠𝑖𝑛𝜃𝑜𝑐𝑜𝑠𝜑𝑜+𝑦𝑑𝑦𝑠𝑖𝑛𝜃𝑜𝑠𝑖𝑛𝜑𝑜) 

𝑁

𝑛=1

                         (3.20) 

 

where  𝑆𝑛𝑖 is the measured complex coupling coefficients between element i and the other elements of 

the array, |𝑎𝑛| is the magnitude of the excitation of the radiating element, N is the total number of  



 

85 

 

 

 

Fig. 3. 13. The broadside active VSWR of the simulated infinite array, the simulated 10x10 finite array with 60 

active elements, and the measured results obtained from the measured coupling coefficients.  

elements, 𝑘𝑜 is the free space wave number, x and y are the element numbers, and 𝑑𝑥 and 𝑑𝑦 are the 

element spacings along the x- and y-directions respectively. 

The active VSWR was deduced from the active reflection coefficient for broadside and for 

scanning in the E, H, and D (diagonal) planes. The broadside active VSWR of the simulated infinite 

array, the simulated 10x10 finite array with 60 active elements, and the measured results obtained from 

the measured coupling coefficients are displayed in Fig. 3.13. There is a high degree of correlation 

between the three results across the band from 0.80 GHz – 4.38 GHz. The resonance around 4.4 GHz in 

the infinite array is less pronounced in the finite array and measured results. There are some ripples on 

the measured results due to diffraction along the array edges and the finite ground plane. The low 

frequency behavior of the simulated and measured finite arrays show reduced matching due to the small 

number of active elements. Better matching can be obtained by using a larger sized array but with 

significantly higher computational overheads.  
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Fig. 3. 14. The scanning active VSWR of the simulated infinite array across all three planes. Scan results shown 

are for 50o along the E-plane, 55o along the H-plane and 65o along the D-plane. 

 

Fig. 3. 15. The scanning active VSWR obtained from the measured coupling coefficients across all three planes. 

Scan results shown are for 50o along the E-plane, 55o along the H-plane and 65o along the D-plane. 
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The simulated and measured scanning ability of the array is shown in Figs. 3.14 and 3.15 

respectively. The plots for the measured results were obtained by using (3.20) above. The measured and 

simulated results agree well with each other for scan angles of up to 50o along the E-plane, 55o along 

the H-plane and 65o along the D-plane all under a VSWR value of 3.2. The array edge effects discussed 

earlier is manifest more pronouncedly along the E-plane during scan as an increase in the VSWR around 

mid-band. 

3.4.3 Radiation Characteristics 

The radiation characteristics of the array in terms of the broadside peak gains, embedded element 

patterns (pattern of element 5, 5 when all other elements are terminated with 50  loads), and finite 

array gain patterns are presented in this section. 

3.4.3.1 Peak gains 

The broadside peak gains were calculated using the following equation: 

Realized Gain = 4NA(1-||2)/2                                                                    (3.21) 

Where N is the total number of elements, A is the area of the unit cell,  is the active (all elements 

excited) or passive (one element excited and the rest terminated in their input impedance) reflection 

coefficient, and  is the wavelength. 

The ideal broadside peak gain is obtained when the reflection coefficient is assumed to be zero. 

Referring to Fig. 3.16, the broadside peak gains for the simulated infinite array and the measured results 

(obtained from the measured active reflection coefficient) agree very closely to the ideal gain when 

N=100. The result for the simulated finite array with 60 excited elements also tracks very closely to the 

ideal case when N = 60. 

The passive reflection coefficient, 5, 5, was also measured from which the broadside peak gain 

was calculated. This gain is compared to the measured gain in the anechoic chamber using a standard 

gain antenna (gain comparison method). The results obtained from the gain comparison method includes 

all the mismatch and radiation losses unlike the reflection coefficient method which only contain the  



 

88 

 

 

 

Fig. 3. 16. Measured (obtained from the measured active reflection coefficient) and simulated broadside peak gains 

of the whole array. The finite array simulation is for 60 active elements with the first two and last two 

columns of the array terminated in 50  loads. 

 

Fig. 3. 17. Measured (obtained from the measured passive reflection coefficient and from the gain comparison 

method) and ideal broadside peak gains of element 5, 5 with all other elements terminated in 50  loads. 
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mismatch losses. The results of these measurements are shown in Fig. 3.17 together with the ideal case. 

The worst-case deviation from the ideal curve is within 2.5 dB which occurs at 1.8 GHz for the reflection 

coefficient method and at 2.5 GHz and 2.9 GHz for the gain comparison method. These discrepancies 

are attributed to the small array size and the lack of absorbing material around the cables below the array 

ground. The copper tape used to hold the antenna cards upright and to enable soldering onto the 

aluminum ground plane also causes resistive losses resulting in higher than expected gains at certain 

frequencies. For the rest of the frequency points, there is a high degree of agreement. 

3.4.3.2 Embedded element patterns 

The embedded element patterns of element 5, 5 were measured in an anechoic chamber and the results 

compared with simulations. The element patters at 4.1 GHz across the E, H, and D-planes is shown in 

Fig. 3.18. The simulated and measured results track very well with each other. The small amount of 

discrepancies is mainly attributed to fabrication imperfections, the small size of the array and ground 

plane, edge effects, and reflections from the feed cables. 

 

 

 

(a) 
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Fig. 3. 18. Embedded element patterns at 4.1 GHz. (a) E-plane. (b) H-plane. (c) D-plane. 

3.4.3.3 Finite array patterns 

The scanning ability of the array across the E, H, and D-planes, at 4.1GHz are displayed in Fig. 3.19. 

During E and H-plane scans, the cross-polarization levels improves with scan as was noted in the infinite 

array simulations. The difference between the co- and cross-polarization levels is > 21 dB for the E and  

(b) 

 

(c) 

 



 

91 

 

 

 

 

Fig. 3. 19. Finite array gain patterns at 4.1 GHz. The patterns are symmetric for both positive and negative scans 

but only the positive scans are shown for clarity. The cross polarizations are shown using the green curves. 

(a) E-plane. (b) H-plane. (c) D-plane. 

(a) 

 

(b) 

 

(c) 
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H-planes, and > 15 dB for the D-plane. The peak broadside gain is 17.42 dB. The maximum scan loss 

varies from 1.93 dB along the E-plane to 3.3 dB along the H-plane for a maximum scan angle of 55o. 

The patterns in the negative scan direction are a mirror image of those in the positive direction. For 

clarity, only the positive scan patterns are shown. 

In order to demonstrate the widest scan range of the 0.254 mm thick DS MS-WAIM design, its 

E-plane gain pattern for 70o scan is simulated. The edge elements along the E-plane were also terminated 

in this case in order to obtain a wideband impedance match. The resulting narrower array size causes 

the beam to spread which leads to an increase in the beam-pointing error for wider scan angles. This 

behavior corresponds to the fact that the beam pointing error will increase as the array size decreases 

[117]. To improve the wide angle beam pointing accuracy, the array size was increased from 10x10 

elements to 17x17 elements. The consequent beam scanning results for the different array sizes are 

displayed in Fig. 3.20. It can be seen that the 17x17 array element system provides the desired beam 

pointing accuracy at 70o. 

 

Fig. 3. 20. Simulated E-plane gain patterns pointing at 70o for the 0.254 mm thick DS MS-WAIM design at 

4.1GHz. The beam pointing accuracy is shown to improve as the array size is increased from 10x10 to 

17x17 elements. The cross polarizations are shown using the green curves. 
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3.5 Guidelines for Improved Array Design 

To further investigate the reasons for the reduction in the E-plane scan of the array prototype described 

above, a detailed parameter study was carried out on Ladd, hair, and y3. This parameter study also serve 

as guidelines for designing arrays with the widest scan angles whilst maintaining a wide impedance 

bandwidth.  

The parameter study results are presented in Fig. 3.21. The nominal parameter values were: tsup= 

0.254 mm, Ladd = 2 mm, hair = 5 mm, and y3 = 0.5 mm. In Fig. 3.21 (a), as tsup is increased, the VSWR 

around fL and fmid improves slightly while that around fH deteriorates more pronouncedly. The direction 

of the solid arrows in Fig. 3.21 show the change in VSWR relative to changes in the nominal parameter 

values. From the scanning VSWR plots shown earlier, we can deduce that as the scan angle increases, 

the E-plane and H-plane scan-deteriorates more pronouncedly around fH and fL respectively. This 

indicates that, increasing the superstrate thickness will reduce the range of the E-plane scan and slightly 

improve the H-plane scan if no other parameters are adjusted. To improve the E-plane scan, Ladd, hair, 

and y3 needed to be modified. Ladd was increased while noting that the VSWR at fL will decrease while 

that at fmid and fH will increase as indicated in Fig. 3.21 (b). Both hair and y3 should also be reduced as 

the results in Fig. 3.21 (c) and 21 (d) show. A compromise is required between the need to reduce the 

VSWR at fH and the corresponding increase around fmid that arises because of the modification of Ladd, 

hair, and y3. 

From the study above, it can be clearly seen that the fabricated design was not optimum. To 

obtain the optimum bandwidth and scan range for the double sided (DS) 0.508 mm thick superstrate 

design, hair was reduced from 4.7 mm to 4.25 mm in order to equalize its overall array height to that of 

the 0.254 mm design. By also changing the dipole overlap, y3, to 0.6 mm, the scan range was extended 

to 75o along the E-plane while maintaining the H-plane at 55o over a 5.75:1 (0.75 GHz – 4.31 GHz) 

broadside impedance bandwidth as shown in Fig. 3.22 (a). The polarization purity is > 20 dB across the 

band as can be seen from Fig. 3.22 (b). Increasing the MS thickness improves the scan range and  



 

94 

 

 

Fig. 3. 21. Parametric study on the effects of (a) tsup, (b) Ladd, (c) hair, and (d) y3 on the active VSWR. The direction 

of the green arrows show the change in VSWR relative to changes in the nominal parameter values. 

 

Fig. 3. 22. Optimum design-1 (0.508 mm) performance. (a) Scanning ability (b) Co- and cross-polarized realized 

gains. 

(a) 

 

(b) 
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bandwidth provided the array height and capacitive coupling is optimized to the appropriate values. 

However, it is worth noting that making the MS too thick increases the chance of scan blindness and the 

likelihood of trapped waves within it. 

A second optimized array with a 2.032 mm thick single sided metasurface (SS-MS) WAIM was 

also designed. The E-plane scan range was extended to 80o while the H-plane scan, co-, and cross-

polarized realized gains remains almost unchanged as shown in Fig. 3.23.  

The dimensions and performance parameters of the two optimized arrays are shown in Tables 

3.3 and 3.4 respectively. These improved designs were obtained by following the design guidelines 

listed previously and optimizing the array for both broadside and at the widest scan angles. The DS-MS 

can achieve similar performance to the SS-MS using a thinner superstrate and a lower profile array, 

albeit at a huge computational burden. These designs were obtained after the initial prototype had 

already being built and experimentally validated. Due to cost and time constraints, these optimum 

designs were not built given that the prototype had already validated the design concepts.  

 

Fig. 3. 23. Optimum design-2 (2.032 mm) performance. (a) Scanning ability (b) Co- and cross-polarized realized 

gains. 
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TABLE 3. 3 - Unit Cell Dimensions of Optimum Designs (mm) 

tsup Ladd hair LB wout y1 y2 y3 r1 

0.508 2.5 4.25 22.71 0.1551 5.0 6.0 0.6 1.4 

2.032 3.5 3.6 22.71 0.1551 5.0 6.0 0.5 1.4 

 z1 wsp ws whole hhole tgnd dx dy 

0.508/2.032 2.0 0.5 2.0 6.0 3.0 2.0 22.0 22.0 

 

TABLE 3. 4 - Array Performance of Optimum Designs 

tsup (mm) Array height (mm) E-scan H-scan Range (GHz) Bandwidth 

0.508 31.97 75o 55o 0.75-4.31 5.75:1 

2.032 33.85 80o 55o 0.77-4.20 5.46:1 
*Array height = LB + Ladd + hair + tsup + z1. 

 

3.6 Discussion 

To quantify the implication of our work in terms of fundamental limits and in comparison to other 

wideband PEC-backed antenna arrays, the array figure of merit [108] is utilised. The array figure of 

merit is a single number which takes into account the bandwidth, scan range, and total efficiency, for a 

given array height. The total efficiency is a combination of the radiation and mismatch efficiencies. 

According to [108], the definition of the array figure of merit depends on whether the array is lossy or 

if it has negligible losses. For arrays with negligible losses: 

PA = Blog(1/max)/cosmax                                                                                (7) 

Where B = (max – min)/(maxmin), max is the maximum scan angle, max is the worst-case reflection 

coefficient, and log is the natural logarithm. For lossy arrays: 

PA = B|log(1-min)|/2cosmax                                                                            (8) 

Where min is the minimum of the total efficiency. The total efficiency of the array with the 0.254 mm 

and the 0.508 mm (fabricated prototype) superstrates are displayed in Fig. 3.24. The total efficiency 

values are shown for broadside and for the widest scan angles. The broadside total efficiency is > 78 % 

for both designs. For the 0.254 mm design, the total efficiency is > 62 % for scan angles up to 70o. For 

the 0.508 mm design on the other hand, the total efficiency is > 70 % for scan angles up to 55o.  

Equation (8) was used to calculate the figure of merit and the electrical thickness, k0h, where k0 

is the free space wave number and h is the array height measured from the array ground plane to the top  
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Fig. 3. 24. The total efficiency of the array with the 0.254 mm and the 0.508 mm (fabricated prototype) superstrates. 

Total efficiency values are shown for broadside and for the widest scan angles.  

 

TABLE 3. 5 - Computed PA and k0h values 

tsup (mm)  fmin (GHz) fmax (GHz) B min max (o) PA k0h 

0.254 mm 
At broadside 0.80 4.38 1.91 0.80 0 1.54 1.33 

At max 0.79 4.63 2.01 0.62 70 2.84 1.36 

0.508 mm 
At broadside 0.79 4.32 1.91 0.78 0 1.45 1.31 

At max 0.76 4.36 1.98 0.7 55 2.08 1.29 

0.508 mm (optimum-1) At broadside 0.75 4.31 1.98 0.82 0 1.70 1.27 

At max 0.79 4.63 2.01 0.62 75 3.75 1.36 

2.032 mm (optimum-2) At broadside 0.77 4.20 1.91 0.85 0 1.81 1.27 

At max 1.05 4.34 1.54 0.71 80 5.49 1.51 
 

of the array at the centre frequency 0 = (lowhigh). The calculated results for the 0.254 mm and 0.508 

mm (fabricated prototype) designs are shown in table 3.5 and plotted in Fig. 3.25 in bold green and grey 

respectively. The circles represent broadside performance and the crosses represent scanning 

performance along the E or H planes. 
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Fig. 3. 25. Performance comparison of wideband PEC-backed antenna arrays using the array figure of merit (PA) 

versus electrical thickness (k0h) plot. This figure is reproduced here courtesy of the work done in [108] 

with the addition of some recently reported works. The fabricated array and the working design that was 

used to establish the design guidelines are shown in bold grey and bold green respectively. The improved 

designs are shown in bold orange and bold red. The circles represent broadside performance and the 

crosses represent scanning performance along the E or H planes.  

The efficiencies and the figures of merit for the two optimum designs were also obtained. The 

efficiency plot of optimum design-1 (0.508 mm) is shown in Fig. 3.26. Its radiation efficiency is > 87 % 

for all scan angles across the band and its total efficiency is > 80 % at broadside and > 62 % for 75o scan 

along the E-plane. The array figure of merit for this design is also calculated and displayed in table 3.5 

and plotted in Fig. 3.25 in bold orange.  

The total efficiency for broadside and for 80o scan along the E-plane for optimum design-2 

(2.032 mm) is given in Fig. 3.27. Its radiation efficiency is > 90 % for all scan angles across the band  
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Fig. 3. 26. Simulated total and radiation efficiencies of optimum design-1 (0.508 mm) at broadside and at 75o scan.  

 

 

Fig. 3. 27. Simulated total and radiation efficiencies of optimum design-2 (2.032 mm) at broadside and at 80o scan.  
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and its total efficiency is > 80 % at broadside and > 70 % for 80o scan along the E-plane. The array 

figure of merit for this design is also calculated and displayed in table 3.5 and plotted in Fig. 3.25 in 

bold red. From Fig. 3.25, it can be clearly seen that the performance of the optimum arrays presented in 

this chapter has the highest PA values compared to other similar designs in the literature.  In addition, 

they approach the fundamental limit of arrays with constant polarisation. 

3.7 Chapter Conclusion  

This Chapter presents a wideband antenna array with an integrated low-profile balun. The balun is 

simple and compact facilitating an overall array height of just 0.088 L. For the optimum SS-MS design, 

a bandwidth of 5.5:1 was achieved while scanning to 80o in the E-plane and 55o in the H-plane for an 

active VSWR value of 3.1. In addition, the fact that the balun and dipoles are printed on the same 

substrate, ensures simplicity in construction and cost reduction. Due to the unique ability of the MS-

WAIM to improve the impedance matching as the scan angle increases, the resulting cross-polarization 

levels decreases instead of increasing as is usually the case. A 10 x 10 array prototype was fabricated 

and tested. The measured and simulated results agree quite well. A set of design guidelines were 

established for designing arrays with the highest figures of merit that approach the fundamental limits. 

Further improvements to the array can be achieved by extending the H-plane scan range, increasing the 

array size for better radiation and matching characteristics, implementing a dual polarization setup, and 

using a stripline or substrate integrated waveguide (SIW) feed to reduce unwanted feed coupling. This 

wideband, wide scanning, array with an integrated low profile feed can serve as a multifunctional phased 

array for various radar, communication, and sensing applications.  
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Section II – Fabry-Perot Antennas 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

102 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

103 

 

Chapter 4 – Wideband Multi-resonant Fabry-

Perot Antenna 

4.1 Chapter Introduction 

In the previous Chapters, we presented the design and fabrication details of the component parts of a 

wideband tightly coupled antenna array (TCAA). However, these antennas can be quite costly and the 

complexity of their feed networks renders them impractical for some applications. In this chapter, we 

present an alternative solution in the form of a wideband, low-cost, low-profile, and highly efficient 

Fabry-Perot antenna (FPA) empowered by a novel multi-resonant metasurface (MS) superstrate. FPAs 

are highly directive with simpler, less lossy, and cheaper feed networks compared to antenna arrays and 

reflector antennas for example [124, 125]. On the other hand, the FPA is inherently narrow band and 

existing gain bandwidth improvement attempts has shown marginal success. 

A typical FPA consists of a superstrate placed about half a wavelength above a metallic ground 

plane with a low directivity antenna used to excite the resonant cavity created. The superstrate of a FPA, 

whether single or multi-layered, is mostly created from uniform dielectric slabs or some type of 2-D or 

3-D partially reflective surface (PRS) [126 - 129]. The metallic ground plane can also be replaced by an 

artificial magnetic conductor (AMC) to reduce the antenna profile. The high directivity of the FPA at 

boresight is due to the constructive addition of the direct signals from the source antenna and those from 

the multiple reflections between the partially reflective superstrate and the ground plane [125, 130]. The 

modes within the cavity are propagating in the broadside direction and evanescent in the transverse 

direction, thus eliminating the need for reflective sidewalls [131]. Other alternative names of these 

antennas that indicate the mechanism of operation include 2-D leaky wave antennas, resonant cavity 

antennas, and electromagnetic band gap (EBG) resonator antennas. Due to their numerous advantages, 

FPAs find many applications in areas such as satellite communications, electronic warfare, sensor 

networks, and point-point- links. Although the directivity of FPA can be very high, the gain bandwidth 

(GBW) can be quite narrow due to the inverse relationship between the two [132], which poses a 

limitation on their applicability.  
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In this Chapter, a new method is reported that enhances the 1-dB and 3-dB GBWs of FPAs. 

Unlike the usual method of bandwidth extension using multiple superstrate layers, this new approach 

uses a single multi-resonant superstrate to create multiple resonances satisfying the resonance condition. 

This ensures substantial bandwidth extension without further increase in height. The superstrate consists 

of a patch-type and an aperture-type MS (PMS and AMS) placed on the top and bottom surfaces, 

respectively, of a Rogers 5880 dielectric. The metasurface elements are tightly coupled to each other 

which facilitates a uniform current distribution on the aperture leading to wideband operation and high 

aperture efficiency. This is another implementation of Wheeler’s uniform current sheet concept as 

discussed more extensively in Chapters 1 – 3. The PMS behaves like a low-pass filter with nearly 0o 

reflection phase. The AMS acts like a conventional PRS with a high-pass filter response [133, 134]. In 

addition, by inserting varied thicknesses of dielectric slabs within the cavity, the 1-dB or 3-dB GBWs 

can be enhanced while reducing the antenna height. 

Using this new method, two antennas are designed, fabricated and measured. For both designs, 

the total antenna size is 2.1C x 2.1C x 0.66C at the central frequency (11.8 GHz) and the aperture 

efficiency at the peak gain is 64%. The aperture size for the stated efficiency is 1.7C x 1.7C. The first 

design had a measured 1-dB GBW of 24% and a 3-dB GBW of 42% with a peak gain of 13.4 dBi. The 

second design had a measured 3-dB GBW of 40% with a peak gain of 14.3 dBi. Because of the small 

foot print of the antenna, it is suitable for space limited applications or as an element in a sparse antenna 

array for further increases in directivity. At the same time, the number of active elements will be 

significantly reduced compared to the dense TCAAs leading to substantial cost reductions. 

This Chapter is organized as follows. Section 4.2 describes the operating principles of the multi-

resonant MS by parametric analysis and the equivalent circuit method. A truncated version of the FPA 

is designed in section 4.3 and experimentally validated in section 4.4. Finally, our conclusions are 

presented in Section 4.5. 
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4.2 Background Theory of FPAs 

The operation of the FPA can be explained in terms of ray optics as first highlighted in [13]. In this 

model, it is assumed that the structure is infinite, there is no higher order mode couplings, and no 

diffraction along its edges. A single cavity FPA with a frequency selective surface (FSS) otherwise 

known as a partially reflective surface (PRS) superstrate, about half a wavelength above a PEC ground 

plane is shown in Fig. 4.1. The cavity is excited by a single waveguide antenna. 

 

 

 Fig. 4. 1. A ray optics representation of a single cavity FPA.  

The excited electromagnetic (EM) waves will be reflected multiple times between the partially reflective 

superstrate and the PEC ground plane with decreasing amplitudes. The EM waves will eventually 

emerge out of the partially reflective superstrate but with a certain phase shift, increasing in integer 

multiples of 2 due to the differences in path length. Maximum power is obtained at the cavity 

resonance where the EM waves will add up in phase satisfying the phase condition given in (4.1):  

𝜙𝑅 =
4𝜋𝑓ℎ

𝑐
− 𝜙𝐺 + 2𝑁𝜋                                                                                       (4.1) 

where 𝜑𝑅  ,  𝜑𝐺  are the reflection phase of the FSS and ground plane respectively, ℎ is the resonance 

height, 𝑐 is the speed of light, 𝑓 is the resonance frequency, and 𝑁 = 0, 1, 2, …. According to (4.1), to 

• No diffraction along edges 

• No higher order mode coupling 
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increase the GBW of FPAs, the reflection phase response of the FSS at the cavity resonance should be 

positive and increase linearly with frequency [78].   

For an infinitely large superstrate, the maximum directivity improvement of the FPA with 

respect to the source antenna can be estimated using its reflection magnitude, |R| [127], 

𝐷 =
1 + |Γ𝑅|

1 − |Γ𝑅|
= 𝐷𝑓 − 𝐷0,                                                                                       (4.2) 

where Df and D0 are the directivities of the FPA and source antennas respectively. From (4.2), it can be 

deduced that the maximum directivity is obtained when the FSS is highly reflective (0.5 < |R| < 0.9) 

and placed at the resonant height. Because of the inverse relationship between directivity and GBW 

[132], the reflection magnitude cannot be made too high otherwise the resulting antenna will be 

extremely narrowband.  

The electric field intensity in the far field can be obtained by adding all the partial rays and the 

results is given by:  

𝐸 = ∑ 𝑓(𝜃)𝐸0𝑅𝑛√1 − 𝑅2𝑒𝑗𝜑𝑛

∞

𝑛=0

                                                                        (4.3) 

where 𝑓(𝜃) is the radiation pattern of the source, 𝑅𝑛√1 − 𝑅2 is the amplitudes of the transmitted signals, 

and 𝜑𝑛 represent the phases of the transmitted signals.  

4.3 Multi-resonant Superstrate Design 

In this section, a new type of multi-resonant superstrate is introduced for wideband low-profile FPAs 

[124]. The superstrate consists of a PMS and an AMS placed on the top and bottom surfaces of a 

dielectric, in this case Rogers 5880. The PMS behaves like a low-pass filter with nearly 0o reflection 

phase. The AMS acts like a conventional PRS with a high-pass filter response [133, 134]. This multi-

resonant superstrate is expected to significantly enhance the bandwidth of the traditionally narrowband 

FPA without resorting to multi-layered superstrates. To realize the wide bandwidth performance, the 

resonances should be designed to match each other to achieve identical and positive reflection phases 
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which increase linearly with frequency, in concordance with the phase condition [125] given in (4.1). 

The magnitude of the resonances should also remain fairly constant with frequency [127]. 

 

 

Fig. 4. 2. The multi-resonant superstrate unit cell. (a) Perspective view with the top side showing the patch-type 

MS (PMS) and the bottom side showing the aperture-type MS (AMS). Dimensions are given in 

millimeters for resonance at 10 GHz. w = 0.2, tsup = 1.5748, g1= 1.2, g2 = 0.3, g3 = 0.3, L1 = 0.9, L2 = 

0.4, L3 = 0.5, L4 = 0.3, Lx = Ly = 4.8, r1 = 1.0, and d1 = 1.2. (b) Top view with dimensions L5 = 2.4, L6 

= 2.8, L7 = 3.4, and L8 = 3.8. The substrate is Rogers RT/DuroidTM 5880 with r = 2.2 and tan = 0.0009.  

(a) 

 

(b) 
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The detailed dimensions of the superstrate for a 10 GHz resonance are shown in Fig. 4.2. The 

difference in dimensions between the patch and aperture layers is mainly in the gap openings (g1 and 

g3) and the inner radii (r1 and d1). The width of the traces and slots in the two layers are the same. The 

basic structure of the MS element was first introduced in [116].  In the following sections, a detailed 

parametric study is carried out to fully characterize the superstrate structure and then its equivalent 

circuit is analyzed with the aid of a Smith chart. In the following sub-sections, we shall refer to the 

geometry shown in Fig. 4.2.  

4.3.1 Superstrate Unit Cell Design  

Full wave simulations were carried out on the multi-resonant unit cell shown in Fig. 4.2 using the 3D 

Electromagnetic software, ANSYS-HFSS. Master-slave periodic boundary conditions and two Floquet 

ports were employed to replicate an infinite array environment. Port-1 is located on the PMS side of the 

superstrate and port-2 is located on the AMS side. The TE polarized incident wave is aligned with the 

x-axis while the TM-polarized incident wave is aligned with the y-axis. Preliminary studies involved 

carrying out optimizations on g1, g2, g3, r1, and d1 while keeping Lx = Ly = 4.8 mm and tsup = 1.5748 mm 

to obtain a positive reflection phase at 10 GHz (single-resonance). Next, parametric studies were carried 

out on the patch-size, r1 (L7), and aperture-size, d1 (L8), while keeping the other dimensions fixed. This 

was followed by studies on the effect of varying the superstrate thickness, tsup, and its permittivity value, 

r, to increase the number of resonances. 

4.3.1.1 Parametric study on patch (r1) and aperture (d1) sizes - single resonance  

For variation in the patch size, d1 was fixed at 1 mm while r1 is varied from 1 mm to 1.4 mm for both 

TE and TM polarizations. The result of this study is given in Fig. 4.3. For the TE-polarized case in Fig. 

4.3 (a), as the patch size increases, the resonance frequency decrease by about 2.5 GHz but the overall 

shapes of the curves for |S22| and the ∠S22 remains almost unchanged. For the TM-polarized case in Fig. 

4.3 (b) on the other hand, increasing the patch size reduces the resonance frequency albeit at a lower 

rate. However, both the phase and magnitude curves becomes highly distorted when r1 becomes larger 

than d1.  
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Fig. 4. 3. Dependence of substrate reflection on changing the patch size (d1 = 1 mm). (a) TE polarization. (b) TM 

polarization. 

(a) 

 

(b) 
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Fig. 4. 4. Dependence of substrate reflection on variation in the aperture size (r1 = 1 mm). (a) TE polarization. (b) 

TM polarization. 

To demonstrate the effect of changing the aperture size, we look at the case when r1 = 1 mm and 

d1 is varied from 1.0 mm to 1.4 mm. The results of this investigation are displayed in Fig. 4.4. In Fig. 

(a) 

 

(b) 
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4.4 (a), the TE-polarized case shows that increasing the aperture size reduces the resonance frequency 

by less than 1 GHz while reducing the |S22| from 0.9 to 0.7 and making the ∠S22 steeper. For the TM- 

polarized case in Fig. 4.4 (b), increasing the aperture size reduces the resonance frequency by about 2.5 

GHz while at the same time reducing |S22| from 0.5 to 0.35 and making the ∠S22 steeper. 

From the above studies, the following can be deduced. In general, the TE curves have higher 

reflection magnitudes which suggest a higher directivity FPA according to (4.2). The positive reflection 

phase region occurs over a narrower frequency band which may lead to a narrowband FPA. 

Nevertheless, by changing the patch and aperture sizes, the resonance frequencies and the reflection 

magnitudes and phases can be controlled almost independently. This flexibility can give rise to more 

tailored designs. 

For the TM curves on the other hand, the reflection magnitudes are lower which suggest a lower 

directivity FPA. Furthermore, the positive reflection phase region occurs over a wider frequency band 

which may lead to a more wideband FPA. However, it is required that the condition r1 ≤ d1 should be 

fulfilled for stable operation. In addition, changing the aperture size changes the resonance frequency, 

|S22|, and ∠S22 simultaneously by a large margin. These concurrent changes on several parameters makes 

design for a given set of requirements quite challenging. For this reason, throughout the rest of this 

Thesis, we will focus on the TE-polarized scenarios. 

4.3.1.2 Improved design - dual resonance  

A candidate design is chosen from one of the TE cases of the former designs for further investigation 

and improvement using r1 = 1.0 mm and d1 = 1.2 mm. The magnitude and phase curves for this design 

are shown in Fig. 4.5. The TM polarized case is included here only for completeness. The |S11| and 

|S22| in Fig. 4.5 (a) are equal with a value of 0.79. In Fig. 4.5 (b), the reflection phase from the PMS 

side is zero around the design frequency thus it acts as an AMC in this region. This is significant because 

it will lead to a very low profile antenna if a dual superstrate is to be employed to further increase the 

bandwidth. Looking from the AMS side, the reflection phase follows the ideal phase line quite well. 
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Fig. 4. 5. S-parameters of candidate single-resonance design. (a) Magnitude. (b) Phase. 

The multiple resonances in the superstrate can be widely separated in frequency. In order to 

bring them closer together, the superstrate thickness is increased from 62 mil (1.5748 mm) to 120 mil 

(3.048 mm) as shown in Fig. 4.6. For tsup = 3.048 mm, two resonances occur at 9.0 GHz and 14.4 GHz 

(a) 

 

(b) 
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with |S22| > 0.8 at both frequencies. The phase gradients are also identical at these two resonance 

frequencies. A more in-depth analysis of the multi-resonant behavior of the superstrate is given in part 

B of this section. The estimated directivity bandwidth (DBW) and the resonant height (calculated from 

(4.1) above) of this design is computed to be 46% and 16.16 mm respectively. If operation at lower 

frequencies is desired, the value of r can be increased to lower the resonance frequencies with minimal 

change to |S22|, and ∠S22. 

The design procedures for TE and TM polarized cases just discussed are summarized as follows: 

a)  TE-polarization 

1. Design for a given frequency (optimization on g1, g2, g3, r1, and d1). 

2. Keep d1 fixed and increase r1 to reduce f0 (|S11| and ∠S11 remains unchanged) 

3. Choose best r1 and increase d1 (minor decrease in f0. Decrease in |S11| and increase in ∠S11). 

4. Increase tsup to make multi-resonant. 

 

Fig. 4. 6. Parametric study on the substrate thickness of the candidate design. For Hsup1 = 120 mil (= 3.048 mm),  

fL1 = 9 GHz, L1 = 33.33 mm, and Lx = Ly = 0.144 L1. 
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5. Increase r to move resonances to lower frequencies if desired. 

b) TM-polarization 

1. Make sure r1 ≤  d1 

2. Design for a given frequency (optimization on g1, g2, g3, r1, and d1). 

3. Keep d1 fixed and increase r1 to reduce f0 (|S11| increases and ∠S11 also increases) 

4. Choose best r1 and increase d1 (f0 decreases, |S11| decreases, and ∠S11 increases) 

5. Follow steps 4 and 5 from TE-polarization 

4.3.2 Equivalent Circuit 

To obtain an insight into the inner workings of the superstrate, its equivalent circuit was devised as 

shown in Fig. 4.7.  The superstrate is represented by three cascaded transmission line sections terminated 

by the load impedance, Zair, where Zair is the wave impedance of free space. This can be analyzed with 

the aid of a Smith chart. The AMS, dielectric, and PMS layers are represented by the characteristic 

impedances Zams, Zd and Zpms respectively. The thickness of the AMS and PMS layers is 17 m and that 

of the dielectric is 3.048 mm.  

 

Fig. 4. 7. The superstrate equivalent circuit showing the various impedances and reflection coefficients. The 

thickness of the AMS and PMS layers, tc = 17 m. Hsup1 = 3.048 mm. 
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The reflection coefficients 0, 1, 2, and 3 at the four interfaces shown in Fig. 4.7 are plotted on the 

admittance Smith chart in Fig. 4.8. The admittance chart, normalized to Zair, is employed here because 

of the parallel nature of the various layers of the superstrate structure. 0 falls at the center of the smith 

chart as it corresponds to the reference impedance value. The loci of all the curves in Fig. 4.8 move in a 

clockwise direction as the frequency changes from 8 GHz to 16 GHz. Moving to the left of the air region 

in Fig. 4.7, the interface between the PMS layer and the dielectric, 0 is transformed to produce the 1 

curve. The 1 curve travels along the unit conductance circle and intersects the real axis at the point M1 

to produce a reflection resonance (total reflection) at 13.9 GHz. The magnitude and phase of this 

reflection resonance is shown more clearly in Fig. 4.9 (a) and 4.9 (b) respectively. Fig. 4.9 (b) shows 

that at this stage, the reflection phase is negative and decreases with frequency.  

 

Fig. 4. 8. Admittance Smith chart plot showing the locus of   at the four interfaces of the dual-resonant superstrate. 
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Fig. 4. 9. Reflection coefficient at three interfaces of the dual resonance design showing marker locations. (a) 

Magnitude. (b) Phase. 

By adding the dielectric layer to the PMS layer, the 1 curve on the Smith chart is transformed into the 

2 curve and the reflection resonance point moves to M3 at a lower frequency of 11 GHz. In addition, 

2 intersects the real axis at three additional points, M2 (8.8 GHz), M4 (11.5 GHz), and M5 (15.1 GHz) 
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and the reflection phase of the 2 curve remains negative and decreases with frequency. Finally, the 

addition of the AMS layer transforms the 2 curve to the 3 curve. At the same time, point M2 is 

transformed to point M6 (9 GHz) and point M5 is transformed to point M8 (14.4 GHz) both with positive 

reflection phases and increasing with frequency as shown in Figs. 4.8 and 4.9. The reflection resonance 

point at M4 gets transformed to the point M7 (11.3 GHz). Just beyond the second resonance frequency 

at M8 as shown in Figs. 4.8 and 4.9, there is a spike due to the addition of the AMS layer. The main 

function of the AMS layer is to transform the reflection phases at M2 and M5 into positive values that 

increase with frequency.  

TABLE 4. 1 - Detailed Marker Information 

Markers Freq. 

(GHz) 

Angle 

(o) 
Mag. Z = R + jX 

() 

Y = G + jB 

(-1) 

M1 13.90 176.57 0.99 0.00 + 0.03j 1.03 - 33.62j 

M2 8.80 178.89 0.56 0.28 + 0.01j 3.58 - 0.11j 

M3 11.00 77.50 0.99 0.01 + 1.25j 0.01 - 0.80j 

M4 11.50 3.54 0.64 4.46 + 0.02j 0.22 - 0.00j 

M5 15.10 177.48 0.38 0.45 + 0.02j 2.24 - 0.09j 

M6 9.00 169.06 0.92 0.04 + 0.10j 3.69 - 8.94j 

M7 11.30 163.49 0.99 0.00 + 0.15j 0.04 - 6.89j 

M8 14.40 157.55 0.81 0.10 + 0.20j 2.11 - 3.98j 

 

Table 4.1 summarizes the magnitude and phase of the reflection coefficient at markers M1 – M8 

and their corresponding frequency, impedance, and admittance values. The same approach is used in the 

next section on a truncated version of the infinite superstrate described here to construct a wideband low 

profile FPA. 

4.4 Wideband Multi-resonant FPA Design 

Following the design and analysis of the multi-resonant superstrate unit cell above, two FPA designs 

focused on improving the 1-dB and 3-dB GBWs are presented in this section.  

4.4.1 Antenna Structure 

The proposed wideband FPA is shown in Fig. 4.10. It consists of a superstrate made up of 9 × 9 elements 

(43.2 mm × 43.2 mm) placed less than half a wavelength above a Dx × Dy  ground plane with a standard 

WR75 waveguide at its centre. This aperture size was chosen to fulfill the minimum area required for a 

directivity improvement of 13.8 dB at 9 GHz as computed from (4.2). The maximum directivity  
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Fig. 4. 10. FPA with a waveguide feed. Both the dielectric insert and the multi-resonant superstrate are made from 

Rogers RT/DuroidTM 5880 with r = 2.2 and tan = 0.0009. WR75 dimensions = 19.05 mm × 9.525 mm. 

Teflon spacer radius = 1.5 mm. 

obtainable with this aperture at the highest frequency (14.4 GHz) is 17.3 dB. This truncated aperture can 

be better illuminated with higher aperture efficiency and a reasonably good gain [127]. The total 

dimension of the antenna is 52.8 mm × 52.8 mm × 16.75 mm.  A dielectric substrate is inserted into the 

Fabry-Perot cavity to reduce the overall antenna height and for greater flexibility in tuning the directivity 

and impedance matching.Both the dielectric insert and the multi-resonant superstrate are made from 

Rogers RT/DuroidTM 5880 with r = 2.2 and tan = 0.0009. 

4.4.2 Initial FPA Designs 

In the unit cell simulations, plane wave incidence was assumed. However, in the finite FPA, oblique 

incidences also occur which necessitates the adjustment of the previously calculated DBW and resonant 

heights. The resonance frequencies are also slightly shifted in the finite case. The detailed optimized 

dimensions for the various designs are given in table 4.2. Dielectric loading was employed in order to 

reduce the cavity height. Design-1a and 1b are for the cases without and with dielectric loading of the 

cavity respectively. For these two cases, the simulation settings made use of symmetry planes along the 
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x-z and y-z planes to reduce the computational time. In addition, infinitely thin PEC sheets were assumed 

for the ground plane, PMS layer, and AMS layer. The Teflon spacers and the extra superstrate dielectric 

holding the spacers were also not included in the simulations. 

TABLE 4. 2  - FPA Dimensions (mm) 

Design Dx Dy tgnd hsup tsup 

1a – initial (No insert) 50.5 50.5 0.0 16.0 3.048 

1b – initial (with Insert) 50.5 50.5 0.0 13.7 3.048 

2a – final 1-dB (with Insert) 52.8 52.8 4.0 13.7 3.048 

2b – final 3-dB (with Insert) 52.8 52.8 4.0 13.7 3.048 

Design lsup hd td ld rs 

1a – initial (No Insert) 43.2 - - - - 

1b – initial (with Insert) 43.2 5.1 1.5748 50.5 - 

2a – final 1-dB (with Insert) 43.2 4.0 2.032 41.0 1.5 

2b – final 3-dB (with Insert) 43.2 7.4 1.5748 41.0 1.5 

ld = length of dielectric insert; lsup = length of superstrate; rs = spacer radius. 

The DBW and return loss of the dielectric loaded and unloaded FPA is shown in Fig. 4.11. 

Using the dielectric insert, the DBW variation is improved across the band albeit with a slight 

deterioration of the low frequency impedance matching. Furthermore, the FPAs height is reduced from 

16.0 mm to 13.7 mm as a result of the dielectric loading. 

 

Fig. 4. 11. Initial FPA results with and without the dielectric insert. (a) Directivity (b) Reflection coefficient. 

(a) 

 

(b) 
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4.4.3 Final FPA Designs 

We now consider two scenarios, namely design 2a which is optimized for 1-dB GBW and design 2b 

which is optimized for 3-dB GBW. The structure of both antennas is displayed in Fig. 4.10 and was 

simulated as is taking into account all material losses. Design-2a has a 2.032 mm dielectric insert at a 

height of 4.0 mm, while design-2b has a 1.5748 mm dielectric insert at a height of 7.4 mm. The DBW 

for design-2a is shown in Fig. 4.12 (a). Its 1-dB DBW is 25.44% (9.95 GHz – 12.85 GHz) and its 3-dB 

DBW is 43.60% (9.22 GHz – 14.36 GHz) with a peak gain of 13.7 dB at 11.6 GHz. For design-2b, the 

3-dB DBW as shown in Fig. 4.12 (b) is 42.80% (9.32 GHz – 14.40 GHz) with a peak gain of 14.6 dB at 

12.70 GHz. The directivity of the source antenna is also shown in Fig. 4.12 to highlight the directivity 

increase as a result of the Fabry-Perot cavity created by the superstrate. The cavity height, hsup, for both 

designs is kept constant at 13.7 mm with a good impedance match across most of the band as shown in 

Fig. 4.14.  
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Fig. 4. 12. FPA and the waveguide directivity. (a) Design-2a. (b) Design-2b. 

4.5 Measurement Results 

The two FPA designs analysed in the previous section were fabricated and measured. The fabricated 

prototype is shown in Fig. 4.13. The simulated and measured results of these two antennas are given in 

this section and their performance is compared to similar designs given in the literature. A WR75 

waveguide-to-coax transition and a straight WR75 waveguide section was used to connect the FPAs to 

the test equipment. 

  

 

 

 

 

 

 

 

 

 

(a) 
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Fig. 4. 13. FPA prototype. (a) Testing in mini-compact range. (b) Top view of fabricated antenna. 

4.5.1 Matching Performance 

The input reflection coefficient was measured using a Keysight Technologies N5225A PNA. The 

simulated and measured input reflection coefficients of the two antennas are shown in Fig. 4.14. The 

measured reflection coefficient of the waveguide with no superstrate present is also shown in Fig. 4.14 

to demonstrate the effect of the superstrate on the antenna matching. The measured and simulation 

results agree quite well with each other for both antennas remaining below -10 dB over the whole band. 

The discrepancies towards the high frequency end is attributed to the manufacturing tolerances in 

fabricating the WR75 waveguide and the positioning errors of the superstrate above the ground plane. 

4.5.2 Radiation Performance 

The radiation performance of the antennas was measured in a microwave vision group (MVG) Mini-

Compact Range. The simulated and measured realized gains for design-2a and 2b are shown in Fig. 4.15 

(a) and 15 (b) respectively. There is excellent agreement between the results for both designs although 

there is a 0.3 dB reduction in the measured peak realized gains. For design-2a, the measured 1-dB GBW 

is 24.0% (10.4 GHz – 13.2 GHz) and its 3-dB GBW is 42.1% (9.3 GHz – 14.3 GHz) with a peak gain 

 

 

(b) 
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of 13.4 dB at 11.5 GHz. For design-2b, the measured 3-dB GBW is 40.0% (9.6 GHz – 14.4 GHz) with 

a peak gain of 14.3 dB at 12.70 GHz. 

 

 

Fig. 4. 14. FPA and the waveguide reflection coefficients. (a) Design-2a. (b) Design-2b. 

(a) 

 

(b) 
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Fig. 4. 15. Simulated and measured realized gains. (a) Design-2a. (b) Design-2b. 
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Fig. 4. 16. Simulated and measured radiation patterns for design-2a. (a) 10 GHz, E-plane. (b) 12 GHz, E-plane. 

(c) 10 GHz, H-plane. (d) 12 GHz, H-plane. The simulated and measured cross-polarization patterns are 

all below -30 dB. 

 

Fig. 4. 17. Simulated and measured radiation patterns for design-2b. (a) 10 GHz, E-plane. (b) 12 GHz, E-plane. 

(c) 10 GHz, H-plane. (d) 12 GHz, H-plane. The simulated and measured cross-polarization patterns are 

all below -30 dB. 
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The simulated and measured E- and H-plane radiation patterns are shown in Fig. 4.16 for design-

2a and in Fig. 4.17 for design-2b. It can be seen that the simulated and measured patterns agree very 

well. The increase in side lobe levels for the 12 GHz patterns is attributed to the edge effects due to the 

small superstrate size and the appearance of higher order modes as the frequency increases. The 

simulated and measured E- and H-plane cross-polarizations are below -30 dB so do not appear in 

Figs.4.16 and 4.17. 

A summary of the performance metrics of the two FPAs are shown in table 4.3. Design 2a has 

a 0.9 dB lower measured peak gain and a 2% higher 3-dB measured gain bandwidth compared to design 

2b. Because of the lower peak gain of design 2a, it has a much wider 1-dB measured gain bandwidth of 

24%. 

TABLE 4. 3 - FPA Performance Parameters 

Parameters Design-2a Design-2b 

Simulated DBW 
1-dB 25.4% - 

3-dB 43.6% 42.8% 

Simulated Peak directivity 13.7 dB @ 11.6 GHz 14.6 dB @ 12.7 GHz 

Measured realized GBW 
1-dB 24.0% - 

3-dB 42.0% 40.0% 

Measured peak realized gain 13.4 dB @ 11.5 GHz 14.3 dB @ 12.7 GHz 

Aperture efficiency  64% @ 11.5 GHz 64% @ 12.7 GHz 

Aperture size  1.7 C × 1.7 C (43.2 mm × 43.2 mm) 

1.3 L × 1.3 L (43.2 mm × 43.2 mm) 

Total antenna volume, V 2.1 C × 2.1 C × 0.66 C  

1.6 L × 1.6 L × 0.5 L 

Dmax @ fH 17.3 dB 17.3 dB 

DBWP @ fC 1022.1  1234.4  

DBWP/V @ fC 359.0 433.6  

GBWP @ fC 918.9  1076.6  

GBWP/V @ fC 322.8  378.2  

fL = 9.2 GHz; fC = 11.8 GHz; fH = 14.4 GHz; DBWP (GBWP) = directivity (gain) bandwidth 

product; Dmax = maximum directivity. 

 

4.5.3 Comparison and Discussion 

To make comparisons with previous designs, an additional metric is introduced here to account for the 

volume of the antenna in addition to its directivity or gain bandwidth product (i.e. DBWP or GBWP). 

This metric is the ratio of each BWP and the volume here designated as the DBWP/V or GBWP/V. The 

DBWP/V and GBWP/V are calculated based on the largest antenna dimensions at the central frequency. 
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A high value of DBWP or GBWP is desireable. The antenna height, h, is measured from the ground 

plane to the very top of the superstrate. Considering design 2b, its GBWP/V is higher than all the 

reported designs in table 4.4 except [129]. However, in [129], three layers of superstrate were required 

to achieve the stated performance with an aperture efficiency of only 38.4% as compared to the high 

value of 64% reported in this work.  

TABLE 4. 4 – FPAs Performance Comparison 

Ref. Gmax 3dB-BW V = A*h GBWP GBWP/V Aper. eff. 

[76] 16.0 23.0 7.56*0.65 915.6 216.2 41.9 

[79] 16.3 10.7 13.54*0.68 456.4 49.4 25.1 

[80] 13.8 28.0 5.76*0.53 671.7 233.2 33.1 

[81] 14.0 27.0 5.65*1.40 678.2 85.7 35.4 

[126] 17.7 24.7 24.6*1.17 1454.4 50.53 19.0 

[129] 14.2 86.3 4.16*1.24 2269.9 439.9 38.4 

This work 14.3 40.0 4.31*0.66 1076.6 378.5 64.0 

Antenna volume, V = A*h = area * height. 

 

4.6 Chapter Conclusion 

A new method of improving the bandwidth of low profile FPAs using multi-resonant metasurface based 

superstrates has been introduced and verified in this Chapter. Two prototypes focused on improving the 

1-dB and 3-dB gain bandwidths have been designed, analyzed, fabricated and tested. The first fabricated 

prototype achieved a measured 1-dB GBW of 24.0% and a 3-dB GBW of 42.1% with a peak gain of 

13.4 dB. The second fabricated prototype achieved a measured 3-dB GBW of 40.0% with a peak gain 

of 14.3 dB. A high GBWP/V value was obtained for both designs coupled with superior aperture 

efficiency (64%) compared to similarly sized antennas in the literature. Overall the measured 

performance agrees very well with simulations. Finally, potential applications of this improved antenna 

include satellite communication where space is a premium and high directivity is desired. Because of 

the small physical footprint of the antenna, it could be used as an element in a sparse antenna array to 

further increase the directivity. 
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Chapter 5 – Conclusions and Future Work 

The objectives of this Thesis as stated in Chapter 1 are to fully address the major Challenges facing two 

kinds of antennas to enable multifunctional operation. Also in Chapter 1, the main motivation and 

significance of the work is clearly articulated. A thorough literature review is carried out on Tightly 

coupled antenna arrays (TCAA) and Fabry-Perot antennas (FPA) to identify the major obstacles to 

multifunctional antenna design and current solutions. In the first type of antenna, the so called tightly 

coupled antenna array, the two major challenges are the improvement of their wide angle impedance 

matching when scanning and the reduction of the complexity and profile of their feed networks. Both 

of these items are addressed comprehensively in Chapters 2 and 3 respectively. In the second type of 

antenna, the Fabry-Perot antenna, the biggest problem is to do with their inherently narrow gain 

bandwidth. A novel FPA bandwidth improvement method is introduced in Chapter 4.  

A wideband single sided (SS) metasurface based wide angle impedance matching (MS-WAIM) 

superstrate was designed and experimentally validated in Chapter 2 to solve the scan loss problem in 

phased array antennas and TCAAs in particular.  Its effective material parameters were extracted to 

show the near zero refractive index (NZI) behavior which led to the significant improvement in scan 

behavior. The optimized SS MS-WAIM was used as a superstrate over a TCAA of simple printed 

dipoles to reduce the impedance mismatch of the system to its source when the array is scanning whilst 

at the same time reducing the weight and profile of the antenna system.  

An improved double sided (DS) MS-WAIM superstrate and an integrated TCAA feed network 

was reported in Chapter 3. A theoretical background on the TCAA and the feed network is also provided 

to aid understanding and improve the array performance. The proposed feed network is composed of an 

impedance transformer and a balun section, both of which were constructed from Klopfenstein tapered 

microstrip lines. The Klopfeinstein equations were solved in MATLAB and the results exported to HFSS 

to taper both the ground plane and microstrip line but at differeing rates. A 10 x 10 TCAA was designed, 

fabricated, and tested making use of the new DS MS-WAIM and feed network. A set of design 

guidelines were also established for designing arrays with the highest figures of merit that approach the 
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fundamental limits. For the optimum design, a bandwidth of 5.5:1 was achieved while scanning to 80o 

along the E-plane and 55o along the H-plane for an active VSWR value of 3.1.  

In Chapter 4, a new method of improving the bandwidth of low profile FPAs using multi-

resonant metasurface based superstrates was introduced and verified. In our approach, only a single 

superstrate is required with multiple closely spaced resonances which overlap to produce a wide gain 

bandwidth. The FPA aperture is kept small so it is well illuminated by the source antenna. Due to the 

small foot print of this FPA, it can be easily employed as an element in an active array setting without 

the introduction of grating lobes. At the same time, the number of active elements will be significantly 

reduced compared to the dense TCAAs leading to substantial cost reductions. Two designed and tested 

prototypes achieved > 40% 3-dB bandwidth and 64% aperture efficiency. 

Future improvements to the TCAA can be achieved by extending the H-plane scan range, 

increasing the array size for better radiation and matching characteristics, implementing a dual 

polarization setup, and using a stripline or substrate integrated waveguide (SIW) feed to reduce 

unwanted feed coupling. Adopting a multi-layered superstrate will enhance the scanning capability even 

further. The high permittivity value of the array substrate also introduce some array guided surface 

waves as evident in the increase in the active measured VSWR in Fig. 3.15. A substrate with a lower 

permittivity value or using an all metal antenna will alleviate this problem. This wideband, wide 

scanning, array with an integrated low profile feed can serve as a multifunctional phased array for 

various radar, communication, and sensing applications.  

TCAAs are very dense arrays which means substantially higher costs. An array of the small 

footprint FPA introduced in Chapter 4 is worth exploring. The elements can be placed more than a 

wavelength apart without significant performance degradation. This can lower the number of active 

elements and in turn the cost of antenna arrays significantly.  

Some open directions for further research may include:  
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 Exploration of the effects of the high levels of coupling between elements when 

implementing simultaneous transmit and receive (STAR) systems; 

 Analogue, digital, or hybrid beam forming techniques as applied to TCAAs; 

 Interleaving a mixture of TCAAs and other conventional arrays to cover an even wider 

bandwidths; 

 Realisation of multifunctional capabilities using TCAAs; 

 The investigation of small sub-arrays, say 2x2, in TCAAs to reduce the number of 

Tx/Rx modules and hence the overall cost of the system; and 

 Further exploration of the multi-resonant superstrate in FPAs with more than two 

resonances to achieve extremely wide bandwidths. 
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