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Abstract 

With the paradigm shift in personal communications favouring wireless over 

wired, the demand for efficient, low-cost, and compact antennas is booming. 

The proliferation of mobile electronic devices (laptops and tablets, fitness 

trackers, ‘smart’ phones and watches), together with the desire for longer battery 

life, poses a unique challenge to antenna designers; there is an unavoidable 

trade-off between miniaturization and performance (in terms of range and 

efficiency). 

The size of an antenna is inherently linked to the wavelengths(s) of the 

electromagnetic waves that it must transmit and/or receive. Due to real-estate 

pressures, most modern antennas found in electronics are classed as electrically 

small, i.e. operating at wavelength(s) many times greater than their largest 

dimension. Theory dictates that the best possible compromise between size and 

performance is achievable when an antenna fully occupies a volume, the radius 

of which is defined by an imaginary sphere circumscribing its largest dimension. 

This Thesis demonstrates the design and optimization of low-cost, easy-to-

fabricate, electrically small antennas through the integration of novel digitated 

structures into a family of antennas known as inverted-F. The effects of these 

digitated structures are catalogued using simulated models and measured 

prototypes throughout. 

Whereas the limitations of traditional industrial processes might once have 

constrained the imaginations of antenna designers, there is now tremendous 

potential in successful exploitation of emergent manufacturing processes – such 

as additive manufacturing (or 3D printing) – to realize complex, voluminous 

antenna designs. 

This Thesis also presents pioneering measured results for three-dimensional, 

electrically small antennas fabricated using powder bed fusion additive 

manufacturing. The technology is demonstrated to be well suited for 
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prototyping, with recommendations provided for further maturation. It is hoped 

that these promising early results spur further investigation and unleash bold 

new avenues for a new class of efficient, low-cost, and compact antennas. 
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CHAPTER 1 

 

 Introduction 

Miniaturization is perhaps the defining trend in the design and manufacture of 

modern electronics. Spurred by the demand for ever higher productivity and 

mobility, the constituent parts of modern electronic devices are encouraged to 

take an ever-smaller form factor. Central processing units have traditionally 

received the most attention towards this aim, governed loosely by the well-

known Moore’s Law [1-4], though the philosophy has since been extended to 

entire systems [5]. Historically, process resolutions (fabrication) and heat 

dispersal have been the primary hurdles; the trend is so mature that limits on 

miniaturization are now believed to be set by quantum tunnelling effects present 

at the molecular level [6, 7]. Batteries and power sources have similarly 

improved leaps and bounds to keep up pace [8-10]. 

For electronics relying on wireless connectivity, small antennas are vitally 

important. In some cases, the antenna even determines the absolute limits on 

system performance [5, 11]; the miniaturization of these antennas in a similar 

vein to other electronics components is responsible for the continued 

development and deployment of ever more sophisticated wireless 

communications systems and the modern ‘information’ economy. The original 

debate over wired versus wireless networks in terms of safety, range, set-up and 

operational costs, and so forth is as valid as ever. However, the boom in personal 

computing and communication devices, together with the rise in popularity of 

‘smart’ gadgets – all linked together with the Internet of Things (IoT) – has led 

to a paradigm shift in the preference of wireless communications over wired 

[12], due in part to the desire for connectivity at all times and places. Indeed, in 

many applications, real estate is a prime commodity and wireless networks 
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employing small antennas are the only viable option; examples include personal 

communication gadgets (for the sake of portability), healthcare monitoring 

equipment (for the safety and comfort of the patient), and even military 

equipment (for ease of concealment). Novel security measures for wireless 

communications – such as directional modulation [13, 14] – address a relative 

disadvantage of wireless communications, helping to ensure the continuation of 

this trend. 

Pioneered by Hertz in 1888 and popularized by Marconi in 1901 [15, 16], an 

antenna is a device which interfaces free space electromagnetic (EM) radiation, 

specifically radio waves, with guided waves (waveguides) or electrical energy 

(circuits), and vice versa. In essence, these are conductive structures engineered 

to ‘resonate’ at a particular frequency of operation; their physical dimensions 

are consequently determined primarily by the wavelength at this operational 

frequency, related by a physical constant – the speed of light in the medium of 

operation (often free space). To take only a few examples and typical 

frequencies, the global positioning system (GPS) operates at a typical frequency 

of 1.5 GHz, 3G and 4G mobile phone systems at 800 MHz, and Wi-Fi and 

Bluetooth at 2.4 GHz; wavelengths (in free space) at these frequencies are 

approximately 20 cm, 38 cm, and 13 cm, respectively. For comparison, a typical 

‘smart’ watch has a maximum dimension of 4 cm [17]. Thus, many practical 

small antennas used in mobile (especially handheld) wireless devices are classed 

as electrically small – that is, operating at wavelengths several times larger than 

their physical size. 

Research in the field of electrically small antennas (ESA) is centred around the 

same aims which govern the miniaturization of electronics in general: improved 

performance for a fixed area/volume, and preventing performance degradation 

as the volume is shrunk. Consequently, ESAs are most often discussed in terms 

of their fundamental performance limitations; the field was popularized by a 

seminal paper authored by Harold Wheeler in 1947 titled ‘Fundamental 

Limitations of Small Antennas’ [18]. These limitations, expanded later in this 

Thesis, are low efficiency, narrow bandwidth, and a poor impedance match to 

the rest of the radiofrequency (RF) front-end [11, 19-22]. As explained later, 
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novel three-dimensional (3D) antenna designs may be employed to overcome 

some of these limitations  [11, 19-22]; structures hitherto too complex to 

fabricate with traditional processes may soon be realized with emergent 

technologies such as holographic photolithography and three dimensional (3D) 

printing [23-25]. 

1.1. Thesis Structure 

This Thesis documents research conducted by the author towards practical 

antenna design, encompassing modifications to the antenna’s structure to 

optimize performance, as well as an investigation of novel manufacturing 

techniques. 

Chapter 1 – Introduction – covers the formal definitions of ESAs, and the 

theoretical and practical limitations on the design of ESAs. This is followed by 

a literature review of popular and recent antenna designs, grouped by various 

miniaturization techniques. The chapter concludes with a review of the aims and 

motivations of this research. 

Chapter 2 – Theoretical Background for Electrically Small Antennas – 

covers the various performance metrics used throughout the document to 

analyse antennas, as well as the measurement techniques and setups used. The 

second part of the chapter provides an overview of manufacturing processes for 

antennas, from the traditional photolithography to the emergent 3D printing. 

Chapter 3 – Miniaturization using Centrally Populated Digitated Structure 

– covers the design and analysis of two novel ESAs: single resonance inverted-

F antenna (IFA), and dual resonance planar inverted-F antenna (PIFA). 

Simulation and measurement results are provided to illustrate the effects of 

miniaturization on the antenna’s performance; practical considerations for the 

accurate measurement of radiation efficiency are highlighted. 

Chapter 4 – Detailed Analysis of Centrally Populated Digitated Structure – 

provides an in-depth analysis of the novel contribution leading to miniaturized 
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antennas. An abstraction of the centrally populated digitated structure is 

introduced for the sake of simplicity, and an extensive parameter study provided 

to aid rapid design tuning of the digitated IFA. Finally, antenna performance is 

compared to some recent antennas discussed in the literature review. 

Chapter 5 – Investigation of Fabrication Techniques – covers three antenna 

types fabricated in-house as part of a concurrent investigation of fabrication 

techniques. Pioneering measured results for 3D printed metallic antennas are 

provided; the advantages and limitations of this emergent fabrication technique 

in the context of antenna fabrication are also discussed. 

Chapter 6 – Conclusions – concludes this Thesis. Limitations of the work 

undertaken are highlighted, and recommendations are made for the refinement 

of current results, as well as the exploration of related lines of research. 

The appendix – Computer Generated Holograms – provides a summary of 

the work undertaken during the early stages of this project towards the 

realization of holographic photolithography. 

1.2. Definition of Small Antennas 

In order to distinguish between the physical and electrical size of an antenna, its 

dimensions are expressed in terms of the operating wavelength (or frequency); 

generally, the largest dimension of an ESA is a small fraction (typically a tenth) 

of its operating wavelength. A precise definition is not available in the IEEE 

Standard for Definitions of Terms for Antennas [26], and thus there are more 

than one practical definitions considered by the antenna research community. A 

widely accepted definition for as ESA is one whose maximum dimension is less 

than or equal to λ/2π, referred to as a radianlength (where λ is the symbol for 

wavelength) [19, 20]. Antenna geometries abiding by this demarcation radiate 

the first order spherical modes of a small Hertzian dipole [20] – an infinitesimal 

theoretical construct which provides the basis for the analysis of more 

complicated antenna geometries. Throughout this Thesis, a popular equivalent 

formulation is used: 
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𝑘𝑎 ≤ 0.5 

   Equation 1-1 

where k is the wavenumber (equal to 2π/λ), and a is the radius of an imaginary 

sphere circumscribing the maximum dimension of the antenna, also referred to 

as the Chu sphere in acknowledgement of the seminal work on the fundamental 

limitations of ESAs carried out by Chu in 1948 [27]. This is illustrated in Figure 

1-1. If the antenna is mounted on a very large ground plane, then by default the 

Chu sphere will incorporate the ‘image’ of the antenna within the ground plane; 

the actual dimension of the ground plane need not be incorporated into the 

parameter a. However, it becomes necessary to include the entire structure in 

consideration for a if the ground plane is comparatively sized to the antenna, or 

is deliberately designed to affect the antenna’s performance (e.g. defected 

ground structures).  

 

Another commonly used definition for ESAs is 𝑘𝑎 ≤ 1, so that the radius and 

not the diameter of the antenna equals one radianlength. Such an antenna would 

 

Figure 1-1. 2D illustration of the Chu sphere, with radius a, circumscribing the 

maximum dimension of a generic antenna structure. For ka = 0.5, the enclosed 

volume equals λ3/48π2. 

radius = a

Chu 

sphere

∼
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be enclosed in a radiansphere, which represents the boundary between the near- 

and far-field radiation for a small Hertzian dipole [20, 28]. 

As such, a physically small antenna of maximum dimension 5 cm (i.e. a = 2.5 

cm) would be considered electrically small if operating at 1 GHz (ka = 0.5), but 

not if operating at 3 GHz (ka = 1.6). In general, the performance of an antenna 

will suffer as it is forced to operate in the region where it would be considered 

electrically small. 

1.3. Fundamental Limitations of Electrically 
Small Antennas 

As the electrical size of an antenna is reduced, its radiation pattern tends towards 

that of a Hertzian (very small) dipole [19, 20], and is therefore not a property 

that can be engineered towards specifications. Note that the radiation pattern of 

a Hertzian dipole is similar to that of the half-wave dipole shown in Figure 2-2 

(with maximum directivity ≈ 1.8 dBi* instead of 2.1 dBi). In fact, most 

applications requiring ESAs often tend to demand omni-directional patterns; 

handheld and body-mounted devices, for instance, may be positioned in any 

number of orientations during use. Additionally, many modern wireless devices 

are employed in environments polluted with scattered and multipath fields, 

resulting in received signals arriving from multiple directions and with varying 

polarizations. The polarization mismatch factor, P (≤1), is thus often ignored in 

the analysis of ESAs. Due to this limitation on directivity, and the non-

consideration of polarization mismatch, a good impedance match and high 

radiation efficiency are the main influences on antenna gain which can be 

engineered towards a specific target. These are often combined into a single 

metric called the Qratio, described here. 

The quality factor, Q, of an antenna can be related to its impedance match and 

fractional bandwidth (FBW): 

                                                 
* dBi is decibels over isotropic (see Chapter 2). 
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𝑄𝑎𝑛𝑡𝑒𝑛𝑛𝑎 =
(𝑉𝑆𝑊𝑅−3𝑑𝐵  −  1)

𝐹𝐵𝑊−3𝑑𝐵√𝑉𝑆𝑊𝑅−3𝑑𝐵

 

   Equation 1-2 

This relationship is explained in greater detail in Chapter 2, with Equation 1-2 

repeated as Equation 2-26. Considerable work has been carried out on the 

theoretical performance limitations of ESAs, resulting in the formulation of key 

limits on the lower bound of Q, termed Qlb. These limits can be formulated in 

terms of the electrical size and radiation efficiency of the antenna, as presented 

in Equation 1-3. A specialized figure of merit, namely the Qratio (which is simply 

the ratio of the Q of an antenna over its theoretical lower bound), is therefore a 

useful way of quantifying the performance of any ESA. It also allows for an 

easier comparison across various ESA topologies and designs. 

The earliest work on fundamental limitations of ESAs was conducted by 

Wheeler in 1947 [18], refined subsequently by Chu [27] and McLean [29], 

amongst others [30-33]; see [20] for a summary of major contributions to this 

line of research. For linearly polarized, single-mode antennas, the following 

expression for the lower bound on Q (the Chu limit) is commonly used [19]: 

𝑄𝑙𝑏−𝐶ℎ𝑢 = 𝜂𝑟 (
1

(𝑘𝑎)3
+

1

𝑘𝑎
) 

   Equation 1-3 

where ηr is the radiation efficiency of the antenna (see Chapter 2). 

The lower bound for Q is plotted in Figure 1-2 for three different values of 

radiation resistance. The corresponding limit for a circularly polarized antenna 

is approximately half of this limit [20]. The main implication is that there are 

fundamental upper limits on the radiation efficiency and/or bandwidth for a 

given size of antenna; moreover, as the electrical size of the antenna is reduced, 

the quality factor tends to increase. Considering again the imaginary Chu sphere 

illustrated in Figure 1-1, work by Wheeler and others has also indicated that for 

the same maximum dimension, an antenna fully utilizing the available volume 
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has the lowest Q compared to any other geometries within the same volume [11, 

19, 20]. In other words, the ‘best’ compromise between the occupied volume, 

bandwidth, and efficiency is realized when most of the available volume is 

utilized for the radiating structure. Much of the work mentioned focuses on 

establishing an upper limit on the bandwidth (so that the bandwidth is expressed 

as a function of the lower bound on Q), as ESAs typically exhibit very narrow 

fractional bandwidths, down to a few percent [19]. Considered in isolation, high 

radiation efficiencies (ηr ≥ 90% [19]) are possible with the use of highly efficient 

conductors and a very good impedance match at resonance, though the resulting 

bandwidth is inevitably narrow. 

 

From Equation 1-2 and Equation 1-3, an expression for Qratio can be derived: 

𝑄𝑟𝑎𝑡𝑖𝑜 =
𝑄𝑎𝑛𝑡𝑒𝑛𝑛𝑎

𝑄𝑙𝑏−𝐶ℎ𝑢
=

(𝑉𝑆𝑊𝑅−3𝑑𝐵  −  1)(𝑘𝑎)3

(𝐹𝐵𝑊−3𝑑𝐵√𝑉𝑆𝑊𝑅−3𝑑𝐵)(1 + (𝑘𝑎)2)(𝜂𝑟)
 

   Equation 1-4 

Large parts of Chapter 3 and the entirety of Chapter 4 deal with linearly 

polarized ESAs, with a single impedance resonance within the antenna’s 

fractional bandwidth. Under these conditions, the expression for Qratio given in 

 

Figure 1-2. Lower bound on Q plotted for three different values of radiation 

efficiency, (orange) 100%, (blue) 50%, (green) 5%. 
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Equation 1-4 is valid and therefore included in the discussion. However, parts 

of Chapter 3 and Chapter 5 deal with ESAs where the intent is to tune two 

resonances close together such that they fall within a single fractional bandwidth 

(as a means of further increasing bandwidth). There is still no consensus as to 

what fundamental limits apply to such antennas [19, 34], and therefore the 

parameter Qratio is not used in the discussion of such antennas. 

1.3.1. Practical Design Considerations 

It can be observed from Equation 1-2 that the Q of an antenna is inversely related 

to its fractional bandwidth, and from Equation 1-3 that the degree of 

miniaturization (note that this is the inverse of ka) is inversely related to the 

antenna’s radiation efficiency, through a lower bound for Q. It is also 

understood from Equation 1-5 (note: repeated as Equation 2-22 in Chapter 2 

where radiation efficiency is formally defined) that a high radiation resistance, 

Rrad, leads to a higher radiation efficiency. 

𝜂𝑟 =
𝑃𝑟𝑎𝑑

𝑃𝑖𝑛
=

𝑃𝑟𝑎𝑑

𝑃𝑟𝑎𝑑 + 𝑃𝑙𝑜𝑠𝑠
=

𝑅𝑟𝑎𝑑

𝑅𝑟𝑎𝑑 + 𝑅𝑙𝑜𝑠𝑠
=

𝑅𝑟𝑎𝑑

𝑅𝐴
 

   Equation 1-5 

Therefore, it is important not only to match the resistive component of an 

antenna, RA, to 50 Ω (in a typical 50 Ω system), but also to ensure that Rrad and 

not Rloss (loss resistance) is the main contributor to RA. This is particularly 

challenging since electrically small antennas tend to have a low radiation 

resistance, with a large reactive component of impedance [19]. 

From this discussion, it is clear that miniaturization is at odds with performance. 

Bandwidth and radiation efficiency are the two key properties which may be 

improved (within fundamental limitations), though there is often a trade-off 

between miniaturization and performance depending on the application at hand. 

For instance, it is a known practice to purposefully mismatch an ESA to obtain 

marginal improvements in its bandwidth [19], a practice not immediately 

obvious from the metric Qratio. Narrower bandwidth antennas are more 

susceptible to frequency detuning from nearby objects (due to narrow 
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bandwidths, a slight shift in the resonance frequency from the actual operational 

frequency could significantly increase the mismatch factor).  

Taking a broader view still, material considerations and even ease of 

manufacture all play a big part in the final structure and make up of an antenna. 

Cell phone antennas, for example, have transitioned from monopole whip 

antennas encased in radomes and strategically placed away from the main phone 

circuitry to complex configurations often printed on the same printed circuit 

board (PCB) as the rest of the electronic circuitry. It would not be a wild claim 

to make that material losses due to the dielectric of the PCB are unavoidable for 

practical modern antennas. Despite the knowledge that utilizing the full 

available volume (theoretically) generally improves antenna performance [11, 

19, 20], it might not be practical to design such an antenna where the real estate 

is simply not available for voluminous structures. There are questions over 

whether standard manufacturing techniques can be suitably adapted to the 

manufacture of such antenna structures. Solutions may be found via the use of 

novel fabrication techniques, such as 3D printing, though it is yet unclear if such 

processes can deliver to the tolerance levels expected by antenna designers all 

the way through to the end-user. 

1.4. Literature Review 

This section provides a non-exhaustive list of common miniaturization 

techniques for the design of ESAs, grouped by the type of materials, structures, 

and/or components required. Often, two or more of these techniques are 

combined for the design of practical ESAs. This is highlighted in an overview 

of recently reported ESAs, and a case study on the evolution of the IFA from a 

wire monopole. For a more extensive survey of influential ESAs, refer to [11], 

[20], and [35]. 

1.4.1. Common Miniaturization Techniques 

Miniaturizing may be viewed from two perspectives, which are often combined 

for practical antenna design. The first is to simply lower the resonance 
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frequency for an antenna of given dimensions (i.e. same physical size). Often, 

care is taken to minimize the deterioration in the performance of the antenna as 

its electrical size is reduced. Another approach is to improve the performance 

of an antenna for a given electrical size, in terms of its impedance match, 

radiation efficiency, and fractional bandwidth. (It should be noted that the 

electrical size is defined by the largest dimension and its circumscribing sphere; 

however, expansion into the 3rd dimension is not always a practical option.) 

As explained later in Chapter 2, a well matched resonant antenna has no reactive 

component in its feed point impedance, with the resistive component matched 

to that of the feed line (cable). Note that it is still possible to impedance match 

antennas where the condition of zero net reactance is not satisfied through the 

antenna geometry itself, with the use of a capacitor or inductor, as required, to 

tune the perceived feed point reactance to zero [19, 20]. These passive 

components may be integrated into the geometry of the antenna itself (for 

instance chip capacitors may be directly soldered onto tracks on a PCB), or used 

to create an external two-port (i.e. one input, one output) matching network. 

Such reactive components may theoretically be used to tune any antenna to 

resonance at a desired operational frequency, thereby resulting in an electrically 

small radiator. Practical usage of this technique, however, is limited by the range 

of frequencies over which matching is required, and the degree to which 

additional losses are introduced by the matching components [11, 19, 20]. That 

is, any gains made by an improved mismatch factor may well be negated by the 

extra losses incurred due to these matching components. The complexity of 

fabrication is also increased leading to slower throughput and increased costs. 

Wideband matching is possible with the use of negative impedance converters 

(NIC) [11, 20, 36]. These are two-port networks comprised of a combination of 

active devices (diodes) with the usual passive reactive components, and 

designed to cancel out the reactive part of an antenna’s impedance over a wide 

band of frequencies. A biasing DC voltage is required for the active 

components, thereby increasing the energy drain. Moreover, such an external 

matching network would need to be considered as part of the antenna structure, 

effectively raising the ka value of the antenna to be miniaturized. 
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An alternative technique to achieve the same tuning effect is the clever use of 

geometry, shaping the antenna structure such that equivalent inductance or 

capacitance is added to its feed point impedance. One approach to reducing the 

resonance frequency is simply to increase the total length of wire or printed 

metal tracks, or equivalently, increasing the path of current flow (e.g. with the 

use of slots and notches on a planar antenna) [11, 19, 20]. In particular, to 

increase self-inductance, structures such as meanderlines and helical coils may 

be employed [11, 19, 20]. Another way to increase self-inductance is the use of 

a parallel stub (as in an inverted-F antenna) near the feed point of the antenna 

[19, 20]. A top hat (as in the case of top loaded monopoles) may be used to 

increase the self-capacitance [11, 19, 20]. On planar topologies, this may be 

accomplished with a bend in the main radiating arm, as is the case with an 

inverted-L antenna (ILA). Such modifications to geometry can be viewed as a 

‘better’ use of the available space or volume. 

The same approach can be extended to the use of fractal geometries [37], and 

further abstracted to the use of optimization algorithms (such as the genetic 

algorithm [38]) to extract the best possible performance from a given shape or 

volume through any possible geometrical configuration [11, 19, 20]. A bowtie 

antenna is a modification on a simple dipole which results in an improvement 

in bandwidth; a less constrained current path can support more radiating modes 

[11, 20]. Similarly, two resonances forced close together, such that they share 

the same half-power fractional bandwidth, FBW−3dB (see Chapter 2), act to 

practically improve the antenna’s bandwidth [19]. 

Material loading is another technique to reduce the resonance frequency of an 

antenna for a given dimension [11, 19, 20], as seen with dielectric resonator 

antennas (DRA). For instance, the antenna may be encased in a high permittivity 

and/or permeability dielectric, resulting in a slower phase velocity for the 

current and increasing the electrical length. Once again, there is a trade-off 

between miniaturization and increased dielectric losses. 

Yet another miniaturization technique is based on the exploitation of 

metamaterials – structures or materials designed with unusual physical 
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properties. For instance, high impedance surfaces (HIS) can be incorporated into 

the antenna’s ground plane to smooth out the forward radiation pattern (by 

suppressing currents on the edge of a ground plane), or reduce the profile of 

antennas mounted horizontally and in close proximity to a ground plane (by 

reinforcing the currents on the antenna rather than cancelling them out) [39]. 

Recent advances in the miniaturization of metamaterial structures [40, 41] 

(typical periodicity reduced from ~ λ/10 to λ/50) using lumped components can 

potentially lead to further reduced profile of ESAs mounted over HIS, albeit at 

the cost of reduced efficiency. Metamaterial-inspired antennas [42-44] make use 

of the resonance behaviour of the unit cells which comprise metamaterials. One 

to a few unit cells are placed in close proximity to an antenna such that coupling 

fields excite the unit cells at their designed resonance frequency. This frequency 

may be much lower than that of the antenna by itself, thereby effectively 

realizing a miniaturized antenna structure [11, 20]. Similar structures may also 

be incorporated as slots in planar antennas to accomplish radiation at a lower 

frequency to that of the antenna by itself. 

1.4.2. Recent Developments 

This section provides an overview of recent (since 2000) developments in ESA 

design; effort is made to present a wide array of design philosophies and 

miniaturization techniques. Selected references are given, with a brief summary 

of the design principle and reported performance. None of the antennas 

discussed here violate the physical limits on performance set by the lower bound 

on Q. Where possible, the figures of merit ka and radiation efficiency, at 

resonance, are reported; otherwise, the dimensions of the antenna are presented 

in terms of the operating wavelength. Bandwidth is omitted, as there are several 

possible definitions (see Chapter 2 for more on these metrics); instead, the Qratio 

(either reported, or calculated from the information provided in order to be 

consistent with the definition used in Equation 1-4) is highlighted. A brief 

review of antennas manufactured with novel fabrication techniques is also 

provided towards the end of this section. 
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A scatter plot of the Qratio versus ka for selected antennas is presented in Figure 

1-3 with individual markers annotated with the reference number in square 

brackets. The markers are grouped by references where measurements were 

fully characterized, and others where simulations and measurements were 

combined in reporting the various performance metrics. 

 

In 2007, Stuart and Tran [45] reported a multi-arm spherical ESA and 

demonstrated fabrication using planar printed elements mechanically joined 

together; a coplanar strip feed line populated with chip capacitors was used to 

match the impedance of the radiator to 50 Ω. A single resonance version of the 

antenna has a ka value of 0.54, radiation efficiency 94%, and a corresponding 

Qratio of 1.9. Bandwidth enhancement is demonstrated by increasing the number 

of arms, resulting in two closely spaced resonances. In 2010, Best and Hanna 

[46] compiled the theoretical properties of various wire-grid voluminous 

antennas. In particular, a spherical capped (top loaded for increased self-

capacitance) dipole, with a helical (for increased self-inductance) vertical 

element was shown to have a ka value of 0.26, (simulated) radiation efficiency 

of 93%, and a corresponding Qratio of 1.7. 

 
Figure 1-3. Qratio vs ka value scatter plot for selected antennas from literature 

review; (orange-diamond) antennas with measured radiation efficiency either 

reported or extractable from data provided, (blue-circle) antennas with simulated 

radiation efficiency provided. Note that for a linearly polarized ESA, the limit for 

Qratio is 1.5. 
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In 2004, Anguera et al. [47] reported a microstrip patch antenna (a ≈ 28 mm) 

miniaturized with the use of slots in the radiating patch to influence the self-

inductance and self-capacitance of the antenna. They report a reduction in ka 

from 1.20 to 0.70, with respective Qratio of 48.9 and 166.7. Over this range, the 

reported (simulated) radiation efficiency drops from 86% to 23%. Finally, a 

parasitic patch is suggested as a means to excite two closely-spaced resonances, 

improving the bandwidth and the directivity of the antenna. In 2007, Feldner et 

al. [48] reported on the miniaturization of a PIFA (a ≈ 30 mm; excluding 1.5 m2 

ground plane), accomplished with capacitive loading and switchable (using 

transistors) shorting pins. The tuneable antenna is demonstrated to cover ka 

from 0.26 to 0.29, with respective Qratio of 12.3 and 31.8 at these extremes. The 

efficiency is reported as 5.5% over the corresponding frequency range (note that 

radiation efficiency varies depending on how many switches are in the “on” 

state and contributing to insertion loss). A key attraction of this structure is that 

the PIFA is designed as housing for the battery and required switching network. 

The same year, Wong, Chang, and Lin [49] demonstrated improved shielding 

for PIFAs mounted on mobile phone PCBs with the use of shielding strips at the 

ends of the antenna to suppress fringing fields. 

In 2006, Waterhouse and Novak [50] reported a slot antenna (a ≈ 69 mm),  

miniaturized with the use of a meandered slot, impedance matched to 50 Ω using 

a co-planar waveguide (CPW) feed [51]. The antenna has a ka value of 0.62, 

reported efficiency of 75%, and a corresponding Qratio of 2.7. The antenna is 

designed to be uni-planar (all tracks on a single face of the substrate), and thus 

well-suited to existing fabrication techniques. In 2008, Hong and Sarabandi [52] 

reported a cavity-backed  composite  slot loop  antenna (a ≈ 52 mm), which 

makes use of meandering tracks and an integrated feed network to miniaturize 

a standard loop and improve its impedance match. At its operating frequency, 

the antenna has a ka of 0.51, (computed) radiation efficiency of 49%, and Qratio 

of 12.9. The authors also demonstrate that halving the height of the antenna, 

with the rest of its dimensions unchanged, has the effect of dropping the 

radiation efficiency to 30%, with a respective Qratio of 26.6. In 2005, Latif, 

Shafai, and Sharma [53] demonstrated the use of self-complementary slot 
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structures to excite multiple modes and enhance the bandwidth of miniaturized 

slot antennas. 

In 2005, Hosung et al. [54] utilized a genetic algorithm to generate high 

efficiency, arbitrarily-shaped wire antennas. They report measurements on three 

designs (aimed resonance frequency of 400 MHz), with ka values of 0.34, 0.42, 

and 0.50. The respective radiation efficiency values are 84%, 92%, and 94%, 

with the corresponding Qratio of 3.9, 2.6, and 2.5. All antennas are inherently 

3D, with no dielectric materials; hence the high values of efficiency. The 

extremely low values of Qratio are testament to the utility of optimization 

techniques in ESA design, though these come at the cost of a lack of intuitive 

understanding of the antenna’s behaviour. Further miniaturization at the 

expense of bandwidth and efficiency was demonstrated in [55], where 

computationally optimized antennas are immersed in a high permittivity 

dielectric powder. In 2004, Altshuler [56] demonstrated the improvement in 

matching for computationally optimized antennas with the placement of an 

inductive matching post near the feed point, principally similar to their 

application in IFAs. 

In 2006, Rodenbeck [57] demonstrated an ESA designed to be integrated on the 

reverse of a PCB housing control electronics and batteries. The antenna 

comprises a meanderline section fed with a capacitive strip for improved 

impedance matching. The ka value at resonance is 0.35, reported (calculated) 

efficiency 40%, and the corresponding Qratio 1.9. Measurements taken without 

the batteries provide similar results, thereby proving the antenna’s performance 

is insensitive to the presence of the batteries. In 2014, Deepak et al. [58] reported 

a compact printed antenna using a chip inductor to miniaturize the radiator, and 

a CPW feed for impedance matching. The antenna has a ka value of 0.29 at 

resonance, with efficiency reported at 70%, and a corresponding Qratio of 7.4. 

In 2010, Ghosh et al. [59] reported an easy-to-fabricate wire dipole (a ≈ 16 mm), 

loaded with loops (increasing the self-inductance) to reduce its electrical size. 

The antenna has a ka value of 1.04 at resonance, radiation efficiency 97%, and 

a corresponding Qratio of 2.7. The unloaded version of the same antenna has a 
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ka value of 1.40 and Qratio of 6.1. A counterpart loaded monopole has a ka value 

of 1.07 and a Qratio of 1.7 (due to improved bandwidth over the dipole). This 

simple technique is shown to provide considerable reduction in electrical size; 

however, the very low figures for Qratio correspond to antennas slightly over the 

widely accepted ka limit for an ESA. 

In 2013, Tang and Ziolkowski [60] reported on a metamaterial-inspired antenna 

(a ≈ 40 mm), based on the design guidelines introduced in [42, 43]. The antenna 

consists of a ground plane integrated with complementary split ring resonators, 

excited by a perpendicularly placed, miniaturized (with the use of a top hat) 

monopole. The authors highlighted the need for a sleeve balun (length 

approximately 70 mm) to minimize the impact of the leakage currents on the 

coaxial cable during measurements. The antenna (excluding balun) has a ka 

value of 0.86, (simulated) radiation efficiency of 98%, and a corresponding 

Qratio of 49. Theoretical Qratio as low as 5.2 (for ka of 0.8) has been reported for 

similar antenna designs in [61]. Preliminary results by the same group show 

improvements in the bandwidth of similar metamaterial-inspired antennas with 

the use of an integrated NIC matching network [62], though efficiency values 

were not reported (still under investigation). 

In 2010, Zhu et al. [63] reported a loaded split ring dipole antenna (a ≈ 43 mm) 

placed over the miniaturized HIS surface of [40, 41], with a combined 

antenna/metamaterial thickness at resonane of λ/44. Further modifications on 

this design were reported in [64], making the antenna tuneable with the use of 

varactor diodes. The tunable antenna is demonstrated to cover ka of 0.33 to 0.45, 

with a corresponding Qratio at the upper end of operational frequency of 3.9, and 

radiation efficiency 24% (measured radiation efficiency not reported at lower 

end of operating frequency). 

In 2010, Kim [65] reported a 3D spherical antenna (a ≈ 40 mm) where split rings 

are coupled to a centrally excited radiating element; the design approach is to 

establish a uniform current distribution over the surface of the sphere. At 

resonance, the antenna has a ka value of 0.18, with a radiation efficiency of 

73%, and a Qratio of 3.7. A planar variant using a similar design approach [66] 
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reported a Qratio of 7.5, for a ka of 1.3 and radiation efficiency 23%. In 2016, 

Madsen, Zhou, and Sievenpiper [67] presented a simplified variant of the 3D 

spherical antenna for ease of manufacture, also exhibiting dual resonances for 

bandwidth enhancement. 

In 2002, Lee et al. [68] reported on the miniaturization of a dielectric (relative 

permittivity, εr = 10) resonator antenna with a top hat. Excluding the ground 

plane, the electrical size of the radiator is reduced from 0.19𝜆 to 0.15𝜆 at the 

expense of bandwidth. A patch antenna loaded with a dielectric (εr = 10) 

resonator was reported in [69] as having a ka value of 0.62; bandwidth 

enhancements through an increase in the height of the antenna are proposed in 

[70]. 

The various contributions highlighted so far feature either antennas that have 

been designed for fabrication using traditional methods, or complex antennas 

where the primary aim has been to push the boundaries on performance versus 

miniaturization, with fabrication as an afterthought. As a specific example, the 

antenna described in [67] is an approximation of the spherical antenna described 

in  [65] for ease of fabrication; still, the authors of [67] comment on how the 

accuracy of their approximation was constrained by fabrication considerations. 

In light of such limitations (primarily the patterning and metallization of non-

planar substrates), there has been an upturn recently in the attention given to 

non-traditional fabrication techniques for the manufacture of inherently 3D 

antenna designs, such that the geometry of the antenna is not limited by 

fabrication. 

In 2010,  Anagnostou et al. [71] reported a flexible IFA (a ≈ 28 mm), realized 

by direct-write printing of metal tracks onto a paper substrate. The antenna has 

a ka value of 1.4 at resonance, with a reported efficiency of 82%. A key benefit 

of this fabrication technique is the ability to manufacture flexible antennas, 

which can be used in wearable electronics, for example. The direct-write 

process is well-suited to rapid prototyping, but is not ideal for mass fabrication 

due to the serial, time-consuming nature of the process. In 2011, Adams et al. 

[72] reported electrically small, multi-arm conformal meandered antennas, with 
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values of Qratio ranging from 1.5 to 2.5 (ka values for all antennas below 0.5) 

and maximum reported efficiency of 71%. The radiating structure was printed 

onto a glass hemisphere using conductive ink in a direct-write process. In 2013, 

Toriz-Garcia et al. [73] reported a similar structure (Qratio reported as 2.15; 

measured radiation efficiency 46%), fabricated using holographic 

photolithography, resulting in a faster fabrication process for mass manufacture. 

It should be noted that due to the hemi-spherical geometry of this antenna (low 

light intensities at the equator), the authors found it necessary to rotate the 

substrate for each of the eight total meanderline tracks to be defined. Thus, 

whilst the modified photolithographic process is much faster than the serial 

write process used in [72], there is still a serial element to fabrication. Both 

techniques are limited to ‘thin’ metal tracks, which in turn limits practical 

application to only a subset of antenna types. 

In 2012, Pfeiffer et al. [74] used direct transfer patterning to fabricate a multi-

arm helical antenna (a ≈ 20 mm) onto a hemispherical substrate, using a polymer 

stamp. The antenna has ka value of 0.23, radiation efficiency of 52%, and a 

corresponding Qratio of 2.1. The process, as with direct-write and holographic 

lithography, is suited to narrow metal tracks. The main disadvantage is that it is 

a contact process, subject to stamp wear, and is limited to simple conformal 

substrate geometries. In 2014, Kgwadi et al. [75] employed thermal transfer 

printing to fabricate a meanderline monopole antenna (a ≈ 38 mm) on a flexible 

polyester substrate. The antenna has a ka value of 0.67 with low radiation 

efficiency, primarily attributed to losses in the novel substrate material; the 

authors further outline improvements to the antenna design which increases the 

measured gain of the antenna to be more in line with counterparts fabricated 

with the more common inkjet printed techniques. The fabrication method is 

advantageous over inkjet techniques in terms of its simplicity and speed, though 

it is limited by the range (and properties) of available compatible substrates, and 

is essentially a subtractive technology which leads to greater amounts of wasted 

raw material. 

In 2013, Nassar and Weller [76] reported the use of additive manufacturing 

(AM) to fabricate a 3D cube antenna as a proof of concept. The substrate was 
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fabricated using stereolithography apparatus (SLA) [24], and subsequently 

patterned with conductive ink. In the same year, Kim [77] reported a multi-arm 

helical antenna (a ≈ 26 mm), similar to the one presented in [74], where a plastic 

support structure was fabricated using AM and subsequently coated with several 

layers of copper paint. The antenna has a ka value of 0.40, radiation efficiency 

of 80%, and a corresponding Qratio of 2.2. Both examples illustrate the benefits 

of AM as a means of rapid prototyping and initial testing of complex antenna 

geometries. The metal coating process can be improved and automated by the 

nascent Aerosol Jet technology [78, 79], which is able to spray coat metals onto 

conformal substrates. Extending the use of AM to outright ‘print’ metallic 

structures is another alternative which can lead towards the potential adoption 

of the technology for mass manufacture as well as rapid prototyping. 

1.4.3. Case Study: From Monopole to Inverted-F Antenna 

This case study looks at the evolution of an IFA from a monopole (illustrated in 

Figure 1-4), as an early example of an ESA design which combines geometrical 

shaping techniques for miniaturization and matching. 

 

A brief summary of the impedance properties of these antennas is provided here; 

full discourse can be found in many RF textbooks, such as [22]. The ILA is 

 

Figure 1-4. Illustration of three types of antennas: (left) wire monopole, (top-right) 

inverted-L antenna, and (bottom-right) inverted-F antenna. 
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realized simply by bending the monopole, with the resultant geometry 

resembling the letter ‘L’. This serves to reduce the profile (height) of the 

antenna; moreover, the horizontal section acts to increase the capacitance to 

ground. The addition of the shorted shunt stub results in an IFA (named so 

because the resultant geometry resembles the letter ‘F’); this stub acts to 

increase the inductance of the antenna (the exact value is determined primarily 

by the length and width of this stub). The resulting structure thus has increased 

self-capacitance and self-inductance, with the ability to tune these separately for 

optimization at a desired frequency. An added benefit of implementing a shunt 

stub (as shown) to increase the self-inductance is that the radiation resistance of 

the antenna structure is increased. The impedance can be tuned by the relative 

positioning of the feed with respect to the shorting pin. Note that the reduction 

in ka value is accompanied by a reduction in gain. 

The S11 (see Chapter 2; measure of how well antenna is matched to feed – lower 

is better, minima gives frequency of resonance) results are provided in Figure 

1-5. It can be seen that the IFA has a lower ka value than the monopole, and a 

better match to 50 Ω than the ILA. Metal tracks were modelled as infinitely thin, 

with a width of 1 mm and total length 25 mm (equal to λ/4 at 3 GHz). All 

configurations were modelled separately over a perfect electrical conductor 

(PEC) ground plane several times the operating wavelength. Note that in 

computing the ka value of the monopole, the parameter a equals 25.0 mm. 

However, for the ILA and IFA, a is halved to 12.5 mm, with the chosen 

configuration. (Note that for an antenna above a large ground plane, the 

parameter a is determined with the inclusion of the ‘image’ of the antenna in the 

ground plane.) 
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1.4.4. Comments 

Various miniaturization techniques were covered in the literature review, and 

their application to modern antenna design demonstrated through a host of 

recently published ESAs. It is important to note that in the design of an antenna, 

the desired application (and in turn specific design parameters such as range, 

coverage, power consumption, etc.) determine which of these techniques are 

employed. For instance, lumped reactive components can be used to easily tune 

an antenna to resonance at frequencies lower than their corresponding physical 

dimensions would dictate; however, in certain applications, the added losses 

might be undesirable, even at the cost of a more complex design process. 

Tuneable antennas using active components exemplify novel solutions to the 

bandwidth limitations of ESAs, but the added complexity to fabrication is a 

potential hindrance to low cost and high-volume production. A small antenna 

that requires a large and complex feed network would in fact be as impractical 

as a larger design; in this instance, an antenna designer might be willing to 

sacrifice performance for a less-than-optimal matching network. Even a well-

designed ESA might require imaginative metamaterials in order to keep a low 

overall profile and improved platform tolerance. 

 

Figure 1-5. Simulated S11 for (orange) monopole, (blue) ILA, and (green) IFA. The 

repective resonance frequencies (and ka values) are 2.75 GHz (1.4), 3.00 GHz 

(0.78), and 3.75 GHz (1.0). 
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The case study provided an illustrative summary of the design and evolution of 

the IFA, which is one of the more common antenna types used in modern 

electronics due to its compact size and ease of tuning [22]. The following 

chapters provide a more in-depth study of geometrical manipulation techniques 

applied to such antennas to further lower their resonant frequency and provide 

greater control over their input impedance, whilst keeping the maximum 

occupied volume constant. Such an approach is favoured over others due to the 

simplicity of design, and consequently, fabrication. Limitations are addressed 

with the use of advanced, pioneering manufacturing methods – with the 

consistent aim of ease of fabrication. 

The antenna designs presented in this Thesis were modelled and optimized 

using a specialist 3D EM simulation tool: CST Microwave Studio ® (CST 

MWS) [80]. Measurements were subsequently conducted to complement the 

simulated results, for which one or both of the time and frequency domain 

solvers were used. The time domain solver was typically used initially, with a 

hexahedral mesh, to efficiently (computationally) obtain the broadband 

frequency behaviour of the antenna under consideration. The frequency domain 

solver is typically more computationally intensive, and was employed 

subsequently, with a tetrahedral mesh, to obtain results over a narrow frequency 

range; this setup is especially apt for antennas possessing electrically small 

features and/or 3D features, according to the software’s application notes. For 

both solvers, the mesh was sequentially refined to obtain results with a suitably 

low error threshold; results from both solvers and measurements were used to 

settle on a suitable compromise between accuracy and computational intensity. 

1.5. Research Objectives 

There were two main research objectives set out for this project. 

The first, addressing antenna design, was twofold: (i) investigate and implement 

novel miniaturization techniques for planar antennas suited to traditional 

fabrication techniques, and (ii) investigate and implement techniques for 

improving the performance of the realized ESA. 
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A novel digitated structure was integrated into a compact, circular profile IFA, 

and is introduced in Chapter 3. The same principle is abstracted into a simpler 

design to provide a more intuitive understanding of the antenna’s behaviour, 

presented in Chapter 4. 

From the various techniques available for improving ESA performance, dual 

mode operation and voluminous expansion were investigated further; these are 

reported in Chapter 3 and Chapter 5, respectively. 

Following on from this, the second objective was set to investigate suitable and 

viable fabrication techniques for the voluminous, 3D antenna variants. 

Holographic photolithography was briefly considered, but additive 

manufacturing was ultimately chosen for prototyping and further investigation, 

with findings reported in Chapter 5. 

A further, overarching objective set out for this project was the fabrication and 

measurement of any antenna designs put forth for discussion, so as to improve 

confidence beyond only simulated predictions. 
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CHAPTER 2 

 

 Theoretical Background for 
Electrically Small Antennas 

This chapter starts with an overview of the performance metrics commonly used 

in the analysis of ESAs, and the measurement setup employed for each of them. 

The antenna quality factor is also introduced, to tie in with the commonly used 

Qratio metric discussed in Chapter 1. This is followed by an introduction to 

antenna fabrication techniques, with focus set on photolithography and additive 

manufacturing. 

2.1. Antenna Performance Metrics 

This section provides a primer on relevant ESA performance metrics, and 

provides a description of the measurement techniques and setups used for the 

data presented in this Thesis. 

2.1.1. Radiation Pattern and Gain 

The radiation pattern of an antenna is a spatial representation the EM field 

generated by the antenna, as characterized by quantities such as radiation 

intensity, directivity, realized gain, etc. [22, 26]. An antenna’s radiation pattern 

may be represented either graphically or mathematically, and is typically 

described in the far-field (where the pattern shape is invariant over distance 

from antenna), along a spherical surface around its centre. Figure 2-1  and Figure 

2-2 illustrate the directivity patterns of a typical patch antenna (directional 

pattern) and a half-wave dipole antenna (omni-directional pattern), respectively. 
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3D patterns like the ones shown in Figure 2-2 are often split up into two two-

dimensional (2D) principal plane patterns. Typically, these are the E-plane 

(containing the electric field vector in the direction of maximum radiation) and 

H-plane (containing the magnetic field vector in the direction of maximum 

radiation) patterns. For the sake of convenience, the E-plane is further usually 

aligned with one of the geometrical principal planes: either azimuthal or 

 

Figure 2-1. CST MWS model and simulated radiation pattern (3D, directivity) of a 

typical circular patch antenna, designed for resonance at 3 GHz (ka = 3.7). Color 

scheme: red (max) – green – blue (min); max. directivity ≈ 7.5 dBi. 

x

y

z
θ

φ

 

Figure 2-2. CST MWS model and simulated radiation pattern (3D, directivity) of a 

typical half-wave dipole antenna, designed for resonance at 3 GHz (ka = 1.4). Color 

scheme: red (max) – green – blue (min); max. directivity ≈ 2.1 dBi. 
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elevation [22]. Figure 2-3 shows the 2D principal plane patterns in decibels (dB) 

and linear scale for a half-wave dipole antenna with the E-plane aligned with 

the geometrical x-y plane (elevation), and the H-plane aligned with the 

geometrical z-x plane (azimuth). The decibel (dB) system is employed to 

accentuate finer details when there are large variances in a quantity; it is a 

logarithmic transformation of a linear scale, depending on whether the displayed 

quantity is a power or field (voltage) ratio: 

𝑣𝑎𝑙𝑢𝑒|𝑑𝐵 = {

 10 log10(𝑣𝑎𝑙𝑢𝑒 |𝑙𝑖𝑛𝑒𝑎𝑟,   𝑝𝑜𝑤𝑒𝑟)

0
20 log10(𝑣𝑎𝑙𝑢𝑒 |𝑙𝑖𝑛𝑒𝑎𝑟,   𝑓𝑖𝑒𝑙𝑑)

 

   Equation 2-1 

 

In reality, it is rare for the E-plane and H-plane to coincide perfectly with the 

principal geometrical planes. For the sake of consistency, all subsequent 

radiation patterns provided in this Thesis are presented as 2D patterns in the 

azimuth (z-x) and elevation (x-y) planes, with magnitudes given in the dB scale; 

local coordinates are displayed with each new geometry to aid the reader. 

The directivity, D, (in a particular direction) of an antenna is defined as the 

radiation intensity of the antenna (in that direction) relative to the radiation 

 
Figure 2-3. Simulated direcitvity in (left) decibels and (right) linear scale, for the 

half-wave dipole of Figure 2-2; (orange) azimuth plane, (blue) elevation plane; 

max. directivity ≈ 2.1 dBi or 1.6 (linear). 

180°

-135°

-90°

-45°

0°

45°

90°

135°

-30

-20

-10

0

10
180°

-135°

-90°

-45°

0°

45°

90°

135°

0

0.5

1

1.5

2



Chapter 2  28 

intensity of an isotropic† source (uniformly, in all directions) radiating the same 

power [22, 26]. In other words, it reveals whether or not the antenna favours 

radiation in certain directions over others, and to what extent. Usually quoted 

for the direction where radiation intensity is maximum, it can be expressed 

mathematically as [22]: 

𝐷𝑚𝑎𝑥 =
𝑈𝑚𝑎𝑥

𝑈0
=

4𝜋𝑈𝑚𝑎𝑥

𝑃𝑟𝑎𝑑
 

   Equation 2-2 

where Umax is the maximum radiation intensity (units: W/steradian) of the 

antenna, and U0 is the radiation intensity of an isotropic source radiating the 

same power. U0 can be expressed in terms of the total power radiated, Prad, as 

[22]: 

𝑈0 =
𝑃𝑟𝑎𝑑

4𝜋
 

   Equation 2-3 

Another useful metric for characterizing the behaviour of an antenna is obtained 

by considering the antenna’s conductional and dielectric losses. The gain, G, 

(in a particular direction) of an antenna is defined as the radiation intensity of 

the antenna (in that direction) relative to the radiation intensity of an isotropic 

source radiating with the same input (accepted) power [22, 26]. Also typically 

quoted for the direction where it is maximum, gain can be expressed 

mathematically as [22]: 

𝐺𝑚𝑎𝑥 =
𝑈𝑚𝑎𝑥

𝑈𝑖
=

4𝜋𝑈𝑚𝑎𝑥

𝑃𝑖𝑛
 

   Equation 2-4 

 

                                                 
† An isotropic source is an ideal point source that radiates energy uniformly in all directions 

[22,26]; as seen in the definition of directivity, it serves as a useful reference to practical, real 

antennas. 



Chapter 2  29 

where Ui is the radiation intensity of an isotropic source radiating with the input 

(accepted) power, Pin. Ui can be expressed mathematically as: 

𝑈𝑖 =
𝑃𝑖𝑛

4𝜋
 

   Equation 2-5 

Thus, gain is similar to directivity, and takes into account the power accepted 

by the antenna rather than simply the power it radiates. Accordingly, the two 

can be related by a simple expression [22]: 

𝐺 = 𝜂𝑟𝐷 

   Equation 2-6 

where ηr (≤1) is termed the radiation efficiency of the antenna. If the losses due 

to impedance mismatch are included, a new metric called realized gain (Gr) is 

obtained. It may be expressed in terms of directivity and the impedance 

mismatch factor, M (≤1), as [22, 26]: 

𝐺𝑟 = 𝜂𝑟𝑀𝐷 

   Equation 2-7 

Gain is typically presented in the dB scale; being a power ratio, the conversion 

from linear to dB (using Equation 2-1) is: 

𝐺𝑟|𝑑𝐵 = 10 log10(𝐺𝑟) 

   Equation 2-8 

Since the ratio is defined with respect to an isotropic radiator (G = 0 dB, or 1), 

gain is often expressed as dBi (dB over isotropic).  

In a system of antennas (i.e. at least one transmitting and one receiving), the 

polarization of the radiated EM field may be considered, depending on the 

application. The polarization of an antenna is essentially the orientation of the 

E-field vector which composes the radiated EM field. For maximum power 

transfer between two antennas, they should have the same polarization [22]; 
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losses due to polarization mismatch can be reflected in the gain by adding the 

polarization mismatch factor, P (≤1), to the right-hand side of Equation 2-7. 

Figure 2-4 shows the same data as shown in Figure 2-3, in dB, but separated for 

the φ and θ components; for this example, these can also be designated the co- 

and cross- polar patterns, respectively. In practice, for linear polarization, 

magnitude in the co-polar plane is generally around 20 dB above that in the 

cross-polar plane. The relationship between the total gain, in dB, and partial 

gains in the φ and θ components, is simply [22]: 

𝐺|𝑑𝐵 = 10 log10(𝐺𝜑 + 𝐺𝜃) 

   Equation 2-9 

 

There are a few different techniques for measuring the gain of an antenna; the 

most common of these is the gain transfer method [22]. The technique uses a 

standard gain antenna (SGA) as a reference antenna, to which the gain of the 

antenna under test (AUT) is related. The gain, GSGA, and polarization (typically 

linear) of the SGA are pre-known. Figure 2-5 depicts a typical laboratory setup 

for gain measurement, with the transmit and receive antennas placed inside an 

anechoic chamber (to minimize wayward radiation and noise). A photograph of 

the laboratory setup at the University of Sheffield is shown in Figure 2-6. 

 
Figure 2-4. Simulated direcitvity in decibels for (left) φ component, and (right) θ 

component, for the half-wave dipole of Figure 2-2; (orange) azimuth plane, (blue) 

elevation plane. Note that average magnitude for φ component is at-least 100 dB 

above that for θ component. 
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With the SGA fixed as the transmit antenna, two sets of S21 measurements are 

performed on the receive antenna: once for the power received with the AUT, 

termed PAUT, and subsequently for power received with an identical SGA, 

termed PSGA. For each set of measurements, the geometrical position of the 

transmit and receive antennas is fixed, as is the input power. In a two-port vector 

 

Figure 2-5. Setup for S21 measurements using VNA. The transmit and receive 

antennas are placed inside an anechoic chamber (absorber covered room walls) and 

separated from each other by a far-field separation. 

Absorber

Vector Network Analyzer

Transmit, Tx Receive, Rx

far-field separation

1 2

 

Figure 2-6. Photograph of the laboratory room showing the control circuitry and 

anechoic chamber for S21 measurements using Agilent E5071C VNA. NSI 800F-

10 mounting arm (not visible) holds the AUT; a Rhode & Schwartz HF906 horn 

antenna is barely visible inside the chamber. 
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network analyzer (VNA) system, S21 is essentially an expression of voltage gain 

(or attenuation) [81, 82], and can be expressed in terms of the voltage at port 2, 

V2, and the incident voltage at port1, V1, (or power) as : 

𝑆21 = 20 log10 (
𝑉2

𝑉1
) = 10 log10 (

𝑃2

𝑃1
) 

   Equation 2-10 

Polarization and impedance mismatch factors are inherently present in such 

measurements. The total realized gain can then be expressed as [22]: 

𝐺𝑟|𝑑𝐵 = 𝐺𝑆𝐺𝐴|𝑑𝐵 + 10 log10 (
𝑃𝐴𝑈𝑇

𝑃𝑆𝐺𝐴
) 

   Equation 2-11 

The measurement steps undertaken are: 

1. Set the SGA‡ as the transmit antenna (port 1 of VNA) and the AUT as 

the receive antenna (port 2 of VNA) 

2. Note the S21 measurement at the frequency of interest, in dB, as Srelative 

3. Replace the AUT with an identical SGA as the receive antenna (port 2 

of VNA); frequency, input power, and separation are kept constant 

4. Note the S21 measurement, in dB, as Sreference 

5. Note the gain of the standard gain antenna, GSGA, at the frequency of 

operation  

6. The realized gain of the AUT at that frequency is then: 

𝐺𝐴𝑈𝑇|𝑑𝐵 = 𝐺𝑆𝐺𝐴|𝑑𝐵 + (𝑆𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒|𝑑𝐵 − 𝑆𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒|
𝑑𝐵

) 

   Equation 2-12 

Note from Equation 2-10 and Equation 2-11 that Srelative is the relative gain of 

the AUT over the SGA. The term Sreference is the gain of the SGA (receive) over 

the SGA (transmit), and may be thought of as a calibration term to find the 

absolute gain of the AUT by calibrating out the propagation losses. 

                                                 
‡ Note that it is not necessary to use an SGA as the transmit antenna; it was used as per laboratory 

convention. 
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For measurements where the frequencies of interest were above 1 GHz, a Rhode 

& Schwartz HF906 horn antenna [83] was used as the transmit and reference 

antenna. For frequencies below 1 GHz, no SGA was available, and the same 

measurement setup was used to obtain the radiation patterns of the AUT without 

peak gain information. 

2.1.2. Input Impedance 

Antennas being transducers, it is important to establish a metric which quantifies 

the coupling between the input signal and the radiated EM fields. Generally 

referred to as the matching of the antenna, it may be characterized by several 

metrics, including voltage standing wave ratio, return loss, and S11. All of these 

depend on the input impedance (impedance at the terminals) of the antenna; 

the antenna’s input impedance, ZA, (as a function of frequency) is typically 

written in terms of its real and imaginary components as [22]: 

𝑍𝐴 = 𝑅𝐴 + 𝑗𝑋𝐴 = (𝑅𝑟𝑎𝑑 + 𝑅𝑙𝑜𝑠𝑠) + 𝑗𝑋𝐴 

   Equation 2-13 

where Rrad is radiation resistance, Rloss is loss resistance (comprising of 

conductional and dielectric losses), RA is the total antenna resistance, and XA is 

reactance (determined primarily by the self-inductance and self-capacitance 

within the antenna structure). Denoting the characteristic impedance of the 

transmission line feeding into an antenna as ZTL (note that ZTL is treated as 50 Ω 

throughout this Thesis), its normalized input impedance, ZNA, is given by: 

𝑍𝑁𝐴 =
𝑍𝐴

𝑍𝑇𝐿
 

   Equation 2-14 

At the frequency of operation (often resonance), ZNA for an antenna should 

ideally equal 1 + 𝑗0, implying the absence of a reactive component, and with 

the resistive component of the antenna’s impedance equalling that of the 

transmission line. Resonance is defined as the frequency point(s) where the 

reactive component of impedance equals zero [22]; an antenna can be made self-
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resonant by tuning the feed point inductance, L, and capacitance, C, such that 

the total feed point reactance equals zero. This condition can be expressed 

mathematically in terms of the capacitive and inductive reactances, XC and XL 

respectively, as [19]: 

𝑐 

With the reactance tuned to zero, there is still the remaining challenge of tuning 

the feed point resistance of the antenna to 50 Ω – assuming typical usage in a 

50 Ω system. (Note that if the antenna is meant to be incorporated in a system 

with a different characteristic impedance, say 10 Ω, then its resistive component 

needs to also be 10 Ω for a good match.) 

The preceding is an ideal scenario which would result in a impedance mismatch 

factor, M, of 1; the relationship between M and impedance is given by [22]: 

𝑀 = 1 − |
𝑍𝐴 − 𝑍𝑇𝐿

𝑍𝐴 + 𝑍𝑇𝐿
|

2

= 1 − |𝛤|2 

   Equation 2-15 

where Γ is termed the voltage reflection coefficient and is the complex ratio of 

the reflected signal, Vr, to the incident signal, Vi, at a terminal [22]: 

𝛤 =
𝑉𝑟

𝑉𝑖
 

   Equation 2-16 

The reflections (illustrated in Figure 2-7) occur where a mismatch exists 

between the antenna and the transmission line; the ratio of the peak-to-minimum 

amplitude of the resulting standing wave is termed the voltage standing wave 

ratio (VSWR), which can be expressed in terms of Γ as [22]: 

𝑉𝑆𝑊𝑅 =
1 + |𝛤|

1 − |𝛤|
 

   Equation 2-17 
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A similar ratio of the incident to reflected power is termed return loss, RL, 

given in the linear scale by [11]: 

𝑅𝐿 =
𝑃𝑖

𝑃𝑟
= (

𝑉𝑖

𝑉𝑟
)

2

 

   Equation 2-18 

where Pi is the power in the incident signal, and Pr is the power in the reflected 

signal. As with directivity and gain, return loss is often presented in the decibel 

scale; using Equation 2-18 and Equation 2-1, the expression becomes: 

𝑅𝐿|𝑑𝐵 = 10 log10 (
𝑃𝑖

𝑃𝑟
) = 20 log10 (

𝑉𝑖

𝑉𝑟
) 

   Equation 2-19 

Using Equation 2-16 and Equation 2-19, return loss can therefore be represented 

as a function of Γ as: 

𝑅𝐿|𝑑𝐵 = −20 log10|𝛤| 

   Equation 2-20 

The parameter return loss can also be expressed in terms of the parameter S11, 

which is often the parameter measured using a VNA. In a two-port VNA system, 

S11 is essentially the voltage reflection coefficient, Γ [81, 82]. Thus, using 

Equation 2-20, it may be equated, in the dB scale, to the return loss and the input 

impedance of the antenna as: 

 

Figure 2-7. Illustration of incident, Vi,  and reflected, Vr, signal at the input terminals 

of an antenna connected to a transmission line. 
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𝑆11|𝑑𝐵 = 20 log10 (
𝑉𝑟

𝑉𝑖
) = −𝑅𝐿|𝑑𝐵 = 20 log10 |

𝑍𝐴 − 𝑍𝑇𝐿

𝑍𝐴 + 𝑍𝑇𝐿
| 

   Equation 2-21 

Figure 2-8 shows the Agilent E5071B VNA in the University of Sheffield 

research laboratory, which was used for all S11 measurements reported in this 

Thesis; the required steps are: 

1. Connect a transmission line cable with ZTL 50 Ω to port 1 of VNA 

2. Calibrate to the termination of the cable so that the unloaded S11 response 

is 0 dB over the entire range of frequencies 

3. Capture the S11 data; post-process as desired 

 

S11 is the parameter used throughout this Thesis to evaluate the impedance 

match of antennas presented. An S11 of 0 dB implies that all the incident power 

is reflected from the antenna; a value of −3 dB implies that half of the incident 

power is reflected, and is commonly used to mark the half-power bandwidth 

of the antenna. In other words, half of the incident power is available to the 

antenna – split in some ratio into the power that is radiated and the power that 

is absorbed as losses in the antenna. It is common to define the practical 

bandwidth of an antenna as the range of frequencies where its S11 is below −10 

dB (10% of incident power reflected, 90% available to antenna). The S11 of an 

antenna therefore tells us how well the antenna is matched at resonance, and the 

 

Figure 2-8. Photograph of the Agilent E5071B VNA used for S11 measurements, 

shown here with the accompanying calibration kit. 
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range of frequencies over which it can be expected to perform up to some pre-

defined standards. Note that other metrics might ultimately influence the 

practical bandwidth, including but not limited to gain, polarization, and/or 

efficiency. 

2.1.3. Radiation Efficiency 

The efficiency of an antenna may be characterized by its radiation or total 

efficiencies. From Equation 2-6, we observe that the radiation efficiency can be 

derived from the gain and directivity of the antenna, if both are available. 

Radiation efficiency is defined as the power radiated by an antenna, Prad, 

relative to the power accepted by the antenna, Pin, [22, 26] and may be related 

to the radiation resistance and loss resistance as : 

𝜂𝑟 =
𝑃𝑟𝑎𝑑

𝑃𝑖𝑛
=

𝑃𝑟𝑎𝑑

𝑃𝑟𝑎𝑑 + 𝑃𝑙𝑜𝑠𝑠
=

𝑅𝑟𝑎𝑑

𝑅𝑟𝑎𝑑 + 𝑅𝑙𝑜𝑠𝑠
=

𝑅𝑟𝑎𝑑

𝑅𝐴
 

   Equation 2-22 

If the losses due to impedance mismatch are considered, the realized radiation 

efficiency (or total efficiency) of the antenna is obtained, and is a useful 

practical metric for assessing the performance of an antenna in a system. 

A common measurement method employs the use of a Wheeler cap [28] to 

separate the Rrad and Rloss terms to subsequently compute the efficiency. 

Theoretically, a PEC in the shape of a sphere and the electrical size of one 

radiansphere would prevent any radiation from the antenna, whilst not 

disturbing the antenna’s near-field [84, 85]. In practice, the geometry may be 

different, for instance a cuboid, and the size is non-critical as long as radiation 

is prevented and near-fields left undisturbed [11]. 

Using the constant-loss-resistor method [86], reflectivity (or S11) measurements 

easily obtained from a VNA can be used to obtain the Rloss and RA terms required 

to compute efficiency. The technique works for resonant antennas (i.e. ideally 

no reactive component), with the key assumption that Rloss remains constant 
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with and without the Wheeler cap encasing the AUT. An equivalent circuit 

model showing only the resistive components is shown in Figure 2-9. 

 

The technique is shown to compute the efficiency to satisfactory levels and is 

commonly employed for ESA measurements; it is favoured here over other, 

more precise techniques due to comparative ease of measurement [11]. Figure 

2-10 illustrates a typical measurement setup. With the cap in place, reflecting 

all the power radiated by the AUT, Rrad equals zero, leaving only the Rloss term. 

The expression for S11(WC) becomes [86]: 

𝑆𝑊𝐶 =
𝑅𝑙𝑜𝑠𝑠 − 𝑅𝑆

𝑅𝑙𝑜𝑠𝑠 + 𝑅𝑆
 

   Equation 2-23 

A subsequent measurement in free space then yields RA. The expression for 

S11(FS) is [86]: 

𝑆𝐹𝑆 =
(𝑅𝑟𝑎𝑑 + 𝑅𝑙𝑜𝑠𝑠) − 𝑅𝑆

(𝑅𝑟𝑎𝑑 + 𝑅𝑙𝑜𝑠𝑠) + 𝑅𝑆
 

   Equation 2-24 

 

Figure 2-9. Equivelent circuit model of an antenna showing source resistance, Rs, 

and the loss and radiation resistance terms in antenna. 
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This method is used to compute radiation efficiency from measurements for all 

such data presented in this Thesis. The measurement steps undertaken are: 

1. Connect a transmission line cable with ZTL 50 Ω to port 1 of VNA 

2. Calibrate to the termination of the cable so that the S11 response is 0 dB 

over the entire range of frequencies 

3. Place the AUT inside a suitably sized Wheeler cap and note the S11 

measurement, in linear scale, as SWC 

4. Remove the Wheeler cap and note the free space S11 measurement, in 

linear scale, as SFS 

5. Manipulating Equation 2-23 and Equation 2-24 to obtain expressions for 

Rrad and Rloss, the radiation efficiency is given by: 

𝜂𝑟 = 1 −
(1 − 𝑆𝐹𝑆)(1 + 𝑆𝑊𝐶)

(1 + 𝑆𝐹𝑆)(1 − 𝑆𝑊𝐶)
 

   Equation 2-25 

 

Figure 2-10. S11 measurement setup with (left) Wheeler cap on, and (right) in free 

space. Cross-sectional view. 

Vector Network Analyzer

1

AUT

≈ λ/2π

Vector Network Analyzer

1

AUT

Wheeler cap free space



Chapter 2  40 

2.1.4. Quality Factor 

As previously mentioned, S11 is the metric most often used to define the 

bandwidth of an antenna. However, there is inherent ambiguity in any such 

definitions; it is equally common to find the bandwidth quoted in terms 

of half-power (S11 = −3 dB), 2:1 VSWR (S11 ≈ −9.5 dB), 90% accepted power 

(S11 = −10 dB), and so on. To do away with this vagueness, an alternative metric 

is often employed when analysing ESAs: the quality factor, Q. Defined as the 

ratio of reactive energy to accepted power, Q can also be related to the FBW of 

a resonant antenna [19]: 

𝑄𝑎𝑛𝑡𝑒𝑛𝑛𝑎 =
(𝑉𝑆𝑊𝑅−3𝑑𝐵  −  1)

𝐹𝐵𝑊−3𝑑𝐵√𝑉𝑆𝑊𝑅−3𝑑𝐵

 

   Equation 2-26 

where VSWR−3dB is the half-power voltage standing wave ratio (equivalent S11 

value is −3 dB), which equals approximately 5.85:1, and FBW−3dB is the half-

power fractional bandwidth about resonance. For an antenna resonant at some 

centre frequency, fc, located midway between a lower frequency, fl, and an upper 

frequency, fh, FBW is defined as [19]: 

𝐹𝐵𝑊 =
𝑓ℎ − 𝑓𝑙

𝑓𝑐
 

   Equation 2-27 

The relationship given by Equation 2-26 gives an approximation, formed under 

the assumptions that the self-resonant (or tuned) antenna exhibits a single 

impedance resonance and that the FBW is not too large [19]. ESAs exhibiting 

multiple, closely spaced resonances within their FBW might not be subject to 

this relationship – this is in fact an active topic of current research [26]. Note 

that for FBW−3dB, fh and fl are the frequency points between which the S11 is 

equal or lower than −3 dB. It is acceptable to input VSWR and FBW values for 

some other value of S11 in Equation 2-26, as long as this is done consistently, 

e.g. VSWR−6dB and FBW−6dB, or VSWR−10dB and FBW−10dB, but not VSWR−6dB 

and FBW−10dB. Using the quality factor in lieu of bandwidth allows for easier 
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comparison between various ESAs, particularly as there are fundamental 

limitations on the Q that are dependent on the antenna’s electrical size and 

radiation efficiency (see Chapter 1). 

2.2. Fabrication Methods 

This section provides an overview of common and incipient fabrication methods 

for the manufacture of antennas. Limitations of a conventional process 

(photolithography) are highlighted in the context of inherently 3D antenna 

structures; potential alternative fabrication methods are stated, with emphasis 

on AM methods.  

2.2.1. Photolithography 

Photolithography (optical lithography) is a popular process for the fabrication 

of integrated circuits and PCBs, including printed antennas [87]. A generic 

outline of the process is presented in Figure 2-11.  

For low throughput fabrication, as with research, the first step in a typical 

photolithography process is typically to coat the entirety of the substrate’s 

surface with metal (via thin film deposition processes such as vacuum 

deposition, or direct sputtering [88]; this may be followed by electroplating to 

increase the thickness of the metal). Often, this initial step is skipped in favour 

of purchasing metallized substrates, for instance copper clad FR4. The next step 

is proper alignment of the metallized substrate under a photomask; this may be 

either a positive or a negative mask, depending on the type of photoresist used. 

Photoresists are classed as either positive tone (soluble in a specialized 

developer solution once exposed to light) or negative tone (insoluble in 

specialized developer solution once exposed to light). Once the substrate 

material is coated with a suitable resist, it is exposed to light (depending on the 

tone of the resist, a photomask either allows or blocks light through to the area 

of interest). A specialized developer solution (again, dependent on the 

photoresist used) is then used to remove any excess resist that remains. The 

result is a substrate with defined metallic tracks and geometries as per the 

required application (e.g. see patch antenna model in Figure 2-1). 
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It is widely acknowledged that the key to a uniform (profile of) metal coating is 

good alignment between the substrate and the photomask. Often, these two need 

to be in (near) contact to minimize any diffraction of the light passing through; 

diffracted fields would result in uneven exposure and subsequently hinder the 

development of the photoresist. As such, a key limitation of traditional 

photolithography processes is their unsuitability to non-planar substrate 

topologies. 

Several solutions have been proposed to overcome this limitation [23, 89-92]. 

One is the use of conformal photomasks, designed to mate as closely as possible 

with the desired non-planar substrate; this approach is very limited in the types 

of substrates that can be accommodated, often allowing for only the simplest 

non-planar topographies. An alternative is to directly write onto a substrate 

 

Figure 2-11. Illustration of generic photolithography process steps. 
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material with conductive ink, or alternatively etch using a laser; these 

approaches are, however, limited to a low throughput due to the need to scan 

the entirety of the substrate surface in a serial manner. A popular alternative 

fabrication method, namely computer numerical control (CNC) machining, is 

similarly limited due to its approach of milling away excess metal from 

substrates. Whilst modern CNC mills may have multi-axis control, resulting in 

the capability of forming complex 3D parts, often the process results in a large 

amount of waste (when compared to additive technologies, discussed later). 

Another alternative is the use of computer generated holographic (CGH) masks 

[23], which allow localized focusing of the optical wave fronts penetrating the 

mask. Figure 2-12 illustrates the behaviour of light which has been propagated 

through a conventional and a CGH photomask. Holography, in simple terms, is 

the process of storing/extracting 3D data in/from a 2D format, using the 

principle of interference of (coherent) optical wave fronts [93]. The combination 

of holography and photolithography, therefore, allows for the patterning of 3D 

substrates. 

 

2.2.2. Additive Manufacture 

Additive manufacture, also commonly known as 3D printing, is an umbrella 

term given to a range of processes where raw materials are joined up layer by 

layer to form objects [24, 94-96]; a distinction is made versus formative (desired 

object shape acquired through application of pressure to raw materials, for 

instance forging, bending, casting, compaction, etc.) and subtractive (desired 

object shape acquired by selective removal of material, for instance milling, 

drilling, etching, etc.) manufacturing processes [97]. 

 

Figure 2-12. Illustration of the light propagated through a (left) conventional and 

(right) CGH photomask. As the distance away from the mask is increased, light 

passing through a traditional photomask diffracts, leading to a softening of the 

intensity at any particular desired location. CGH masks may be engineered such 

that there are multiple, distinct, locallized focal points across the projection area. 
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The numerous technologies classified under AM may be grouped by the raw 

materials used (polymers and/or metals), the raw material delivery system 

(powder bed, wire feed, etc.), and the heat source (laser, electron beam), among 

others; a complete overview of the different technologies may be found in [24]. 

Through liaison with the Mercury Centre [98] in the University of Sheffield, 

powder bed fusion (PBF) processes were trialled to fabricate 3D antenna 

geometries. These are one of the earliest commercialized AM processes, and 

continue to be one of the most popular [24]. Compared to other AM techniques, 

its main advantages are low cost (due in part to its popularity and widespread 

adoption), and versatility (supports all types of raw materials); the main 

disadvantages (comparatively) are higher power consumption and lower build 

volumes. 

Figure 2-13 gives a generic illustration of a PBF-AM printer. Pre-processing 

involves the conversion of a computer-aided design (CAD) model to a 

stereolithography (STL) file, which describes the meshed surface of the object 

or part. The STL file is subsequently loaded into an AM printer, where the 

specifics of build time, resolution, temperature may be adjusted. A rake or a 

roller is used to distribute powder from the cartridges onto the work area, 

creating a thin (typically 100 µm) layer of powder. The heat source is then 

guided to deliver energy to the surface of the powder bed, melting§ and/or 

sintering the powder into the desired shape. A new layer of powder is 

subsequently deposited onto a lowered powder bed, melted, and the process 

repeated to realize the 3D solid object or part. Surrounding powder remains 

loose and is often reclaimed to be used towards a future build. 

                                                 
§ Note that in practice, various fusion processes take place simultaneously, as detailed in [24]. 
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There are two main sub-categories of PBF-AM: selective laser melting (SLM) 

and selective electron beam melting (SEBM), named for the type of heat source 

used.  Lasers are typically rated between 100 to 400 W, and the electron beam 

up to 7 kW. The difference in heat source leads to some inherent differences in 

the printing process. In an SLM printer, the chamber is typically filled with inert 

gas in order to minimize oxidation and degradation of the powdered material. A 

pressurized vacuum environment is necessary in the SEBM printer, otherwise 

the bombarded electrons would interact with atoms in the gas and thus get 

deflected. The electron beam can also be moved a lot faster than the laser, 

leading to shorter build times. Energy delivered by the electron beam is, 

however, more diffuse than a laser, leading to a greater area affected by the heat. 

Consequently, the minimum feature size, resolution, and surface-finish of the 

SEBM process are typically worse off compared to SLM. 

In both processes, the powder in the build platform is maintained at an elevated 

temperature, typically just below its melting point and/or glass transition 

temperature; the build platform itself may be heated with the help of resistive 

heaters. For SLM, this elevated temperature allows for lowering the power 

rating of the laser, and prevents faults that might arise due to non-uniform 

thermal expansion and contraction. In the SEBM process, the powder is further 

heated to slightly sinter the particles prior to bombardment from the electron 

beam. This is done primarily to increase conductivity throughout the powder, to 

allow the negatively charged electrons to swiftly affect the desired object region. 

 

Figure 2-13. Illustration of generic PBF-AM printer.  
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This eliminates the need for any sacrificial support structures under overhanging 

features, which are sometimes required in SLM printers. 

Of the available printers, two were suitable for metallic printing. These were the 

laser based Renishaw AM250 [99] and electron beam based Arcam A2 [100]. 

Plastic support structures were outsourced and printed on machines supplied by 

EOS [101] and MakerBot [102].  
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CHAPTER 3 

 

 Miniaturization using 
Centrally Populated 
Digitated Structure 

In this chapter, a novel contribution to small antenna design is introduced – the 

centrally populated digitated structure. The first section compares a 

traditional, rectangular IFA (RIFA) with a miniaturized circular IFA (CIFA), 

which forms the basis of the antenna profile used throughout this Thesis. This 

is followed by the analysis of Inverted-F and planar inverted-F antennas 

miniaturized with this technique. 

3.1. From a Traditional Inverted-F to a 
Compact, Circular, Inverted-F Antenna 

As previously discussed, practical designs of ESAs must incorporate ways to 

miniaturize an antenna (i.e. lower the resonance frequency for fixed overall 

dimensions), ensure that conductive and dielectric losses are minimized (reduce 

Rloss), and improve the impedance match at resonance (minimize XA and increase 

Rrad to 50 Ω). The printed IFA was chosen for further investigation, primarily 

due to the ease of manufacture with traditional photolithography techniques, and 

in part due to its ubiquity in electronic devices. This section compares a typical, 

traditional IFA to a compact, circular profile IFA, which is subsequently 

miniaturized and optimized.  
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3.1.1. Traditional inverted-F antenna design 

A traditional RIFA is designed for resonance at 2 GHz; the CAD model consists 

of copper (conductivity, σ = 5.8E+7 Sm-1) metallization and lossy FR4 (εr = 4.3, 

and loss tangent, tanδ = 0.025) as the substrate. Note that copper and FR4 are 

modelled as 35 μm and 0.8 mm thick respectively throughout, unless otherwise 

stated. Figure 3-1 shows the front and back of the CAD model. The radius of 

the maximum circumscribing sphere, a, is 30 mm. A solder pad is the only 

metallization on the back of the antenna; a discrete port is used here to model 

the antenna feed. At the point of self-resonance, the antenna has a ka value of 

1.26. Note that the total length of the radiating arm and the side length of the 

ground plane are approximately equal. The 2 GHz operating frequency was 

chosen for practical reasons; antennas operating at higher frequencies would be 

too small to easily fabricate or measure, whereas antennas operating at lower 

frequencies could not be measured for gain using the HF906 standard gain 

antenna (minimum operating frequency 1 GHz) available.  

  

3.1.2. Circular inverted-F antenna design 

A compact, circular IFA (CIFA) is realized by truncating the long ground plane 

found in traditional designs, and by bending the radiating arm of the antenna in 

along a circular arc. The dimensions are chosen so as to achieve self-resonance 

 

Figure 3-1. (left) Front and (right) back view of traditional RIFA designed for 

resonance at 2 GHz. All dimensions are given in mm. Via locations labelled with 

red dots. 
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close to 2 GHz. Note that in order to achieve resonance near 2 GHz, the length 

of the curved radiating arm needs to be approximately equal to that of the 

radiating arm of the RIFA. Figure 3-2 shows the front and back of the CAD 

model; the dimension, a, also the radius of the antenna, is 12 mm. The simulated 

antenna is resonant at 2.15 GHz. 

 

3.1.3. Equivalent circuit 

Figure 3-3 shows the equivalent circuit model of the antennas discussed above. 

The capacitance, C, models the open circuit between the horizontal arm of the 

antenna and the ground plane; the inductance, L, models the loop created 

between the vertical length of the radiating arm and the short circuit at the 

feeding point. The real part of the antenna’s impedance is modelled by the 

resistor, R. The overall dimensions of the antenna (specifically the length of the 

radiating arm) determine its resonant frequency; the location of the feed point 

can be tailored to alter C and L so as to achieve a purely resistive value of the 

input impedance.  

 

 

Figure 3-2. (left) Front and (right) back view of compact CIFA designed for 

resonance near 2 GHz. All dimensions are given in mm. Via locations labelled with 

red dots. 
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Figure 3-3. Equivalent circuit model for the RIFA and CIFA. 
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3.1.4. Performance comparison 

The fabricated antennas are shown in Figure 3-4. The RIFA and CIFA were 

both measured to be resonant at 2.10 GHz. In order to examine the effects of the 

reduced ground plane and miniaturization, the measured realized gain patterns 

are presented in Figure 3-5 (RIFA, φ component), Figure 3-6 (RIFA, θ 

component), Figure 3-7 (CIFA, φ component), and Figure 3-8 (CIFA, θ 

component), as computed using the gain transfer method. Simulation results are 

also provided for comparison. It can be seen that the principal polarization of 

both antennas is in the vertical plane (φ component); measured gain for the φ 

component is on average slightly over 10 dB higher than for the θ component. 

Table 3-1 summarizes the average forward measured gain (±90°) for the two 

antennas. 

 

 

Figure 3-4. Photograph of the fabricated RIFA & CIFA. 
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Figure 3-5. Realized gain (dBi) for the RIFA at 2.10 GHz; (–––) measured, (– –) 

simulated; (orange) azimuth plane, (blue) elevation plane. φ component only. 
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Figure 3-6. Realized gain (dBi) for the RIFA at 2.10 GHz; (–––) measured, (– –) 

simulated; (light-orange) azimuth plane, (light-blue) elevation plane. θ component 

only. 
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Figure 3-7. Realized gain (dBi) for the CIFA at 2.10 GHz; (–––) measured, (– –) 

simulated; (orange) azimuth plane, (blue) elevation plane. φ component only. 
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Figure 3-8. Realized gain (dBi) for the CIFA at 2.10 GHz; (–––) measured, (– –) 

simulated; (light-orange) azimuth plane, (light-blue) elevation plane. θ component 

only. 
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The combined average forward measured gain (±90°) for the φ component is 

−0.97 dBi and −5.22 dBi for the RIFA and CIFA, respectively. In other words, 

there is a reduction of approximately 4 dBi in the average forward gain, which 

comes with a reduction in the respective ka values from 1.32 to 0.53 (using 

measured resonance at 2.10 GHz). For comparison, a recently published CPW-

fed inverted-F antenna achieved a peak gain of 1.4 dBi at its centre frequency 

of 2.045 GHz, with a respective ka value of 1.67 [103]. 

This 4 dBi reduction in gain can alternatively be linked to a reduction in ground 

plane area from about 0.04λ2 to 0.01λ2. Whilst not strictly equivalent, a study on 

the effects of ground plane sizes of the closely related planar inverted-F antenna 

has demonstrated a steady decrease in gain (~ 4.7 dBi to ~ 1.2 dBi; a reduction 

of about 3.5 dBi) as the ground plane size was reduced from 2.8λ2 to 0.16λ2, 

with no further decrease as the size was reduced from 0.16λ2 to 0.04λ2 [104]. It 

should be noted that the precise effects of ground plane on the antenna 

performance are complex and are dependent, along with the ground plane size, 

on the relative placement of the antenna with respect to the ground plane [105]. 

To further investigate the performance of the antennas, the radiation efficiency 

is computed using the constant-loss-resistor Wheeler cap method. Results are 

Table 3-1. Summary of average forward measured gain (±90°) for the RIFA and 

CIFA. All values are presented in dBi. 

 RIFA CIFA 

 
φ 

component  

θ 

component 

φ 

component 

θ 

component 

Measured 

azimuth plane 
-0.30 -12.65 -4.17 -14.15 

Simulated 

azimuth plane 
0.38 -15.08 -3.49 -24.74 

Measured 

elevation plane 
-1.64 -12.12 -6.26 -16.58 

Simulated 

elevation plane 
-2.31 -43.97 -4.92 -45.18 
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shown in Figure 3-9. Measurements were taken with the antennas parallel 

(straight connector) and perpendicular (right-angle connector) to the ground 

plane of the Wheeler cap. This was done to ensure precision in the 

measurements; a high discrepancy would indicate that either the antenna is not 

positioned centrally or the cap is too small and causing too much interference 

to the near field (a more detailed study on the accuracy and precision of radiation 

efficiency measurements can be found in Chapter 4). At their measured resonant 

frequency of 2.10 GHz, the RIFA has a maximum radiation efficiency of 88% 

and the CIFA of 49% (averaged); note that measurement precision is about ±10 

percentage points. Hence, going by measured results, we see a drop of 

approximately 39 percentage points in the radiation efficiency as we move from 

a traditional IFA design to one that is more compact. For the sake of 

completeness, at their respective simulated resonant frequencies, the RIFA 

(2.00 GHz) had a simulated radiation efficiency of 92%, while for the CIFA 

(2.15 GHz) it was 60%.  

 

 

Figure 3-9. Measured radiation efficiency for (orange) CIFA, and (blue) RIFA;  

(–––) straight connector (– –) right-angle connector. Plotted for ±10 MHz about 

resonance frequency. 
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3.2. 2.45 GHz Electrically Small Inverted-F 
Antenna 

Based on the CIFA design presented above, the addition of a centrally populated 

digitated structure was proposed. This structure would raise the self-inductance 

and self-capacitance of the antenna, allowing for more precise impedance 

matching and the added benefit of further reducing the resonant frequency of 

the antenna. 

3.2.1. Antenna Design – Mini-SMP Connector 

An antenna based on this compact design, operating at a desired frequency of 

2.4 GHz, was designed and optimized in CST MWS. The antenna was simulated 

with copper metallization on a 0.8 mm thick lossy FR4 substrate (εr = 4.3, 

tanδ = 0.025). For resonance at 2.4 GHz, the optimized design has a total 

diameter of 18 mm. Maintaining the same overall dimensions for a CIFA 

resulted in it resonating at 2.8 GHz. Figure 3-10 shows the front view of this 

circular, digitated IFA design (CDIFAmSMP), along with the equivalent 

CIFAmSMP design having the same overall dimension. The antennas are fed from 

the bottom of the substrate, and the excitation of the radiating arm achieved 

using through-vias, as shown in Figure 3-10. The digits increase capacitance to 

the ground plane, as well as introducing several inductive loops to increase the 

antenna’s self-inductance. 

 

 

Figure 3-10. Front views of the (left) CDIFAmSMP and (right) equivalent CIFAmSMP. 

All dimensions are given in mm. Via locations labelled with red dots. 
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The small physical size of the antenna necessitated the use of a mini-SMP 

(mSMP) connector; to allow for measurements, a custom mSMP–SMA adaptor 

was fashioned, as calibration kits for the VNA were only available with SMA 

type connections. A photograph of the fabricated CDIFAmSMP is shown in 

Figure 3-11. The adaptor shown is 4.5 cm long, and for simulations of the 

antenna with feed structure, is modelled as a coaxial cable of the same length. 

 

3.2.2. Results and Discussion – Mini-SMP Connector  

Figure 3-12 compares the measured S11 of the CDIFAmSMP with simulated 

results. At the measured resonant frequency of 2.36 GHz, the measured 

impedance of the antenna is 49.1 – j1.6 (Figure 3-13). The corresponding ka 

value for the antenna only is 0.44, and the FBW−3dB equals 10%. Simulation 

results are provided for the antenna only model, as well as the model containing 

a length of coaxial cable. Of note is the additional loss incurred due to the feed 

cable, which has an effect on the magnitude of the return loss, widening the 

FBW−3dB; these effects are well documented and something antenna designers 

need to be aware of when working with ESAs [11, 106]. For the sake of 

completeness, simulation results for the antenna-only model of CIFAmSMP are 

also included in Figure 3-12.  

 

Figure 3-11. Photograph of the fabricated CDIFAmSMP mounted on a custom-made 

mSMP–SMA adaptor. 
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The radiation efficiency of the CDIFAmSMP was computed using the constant-

loss-resistor Wheeler cap measurement method [86] (as described in Chapter 2), 

using an aluminium box of side length 10 cm; the results are plotted in Figure 

3-14. Once again, simulation results are provided for the antenna only model, 

as well as the antenna with feed cable. At resonance, the measured radiation 

efficiency for the CDIFAmSMP is 70%, though it should be noted that there is a 

 

Figure 3-12. S11 results for the CDIFAmSMP; (orange) measured, (blue) simulated; 

(– –) antenna with feed structure, (···) antenna-only simulation; (grey) CIFAmSMP 

antenna-only simulation. 
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Figure 3-13. Measured input impedance of the CDIFAmSMP; (orange) resistance, R, 

and (blue) reactance, jX. Plotted for ±10 MHz around the resonant frequency. 
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~30 percentage point difference between simulations with and without the feed 

cable. Thus, the mSMP-SMA adaptor used here contributes significantly to the 

results obtained from efficiency measurements. 

 

The Qratio, as computed using Equation 1-4, is 2.1 for this antenna, using the ka 

value of 0.44 (antenna only). However, since the feed structure cannot be 

calibrated out of measurements and significantly alters the measured radiation 

efficiency of the antenna, a more accurate Qratio would incorporate the feed 

structure to get the overall radius, a, of an imaginary circumscribing sphere. 

Under this stipulation, the ka value of the antenna becomes 1.2, with a 

corresponding Qratio of 22. 

Figure 3-15 shows the measured realized gain in decibels for this antenna, 

computed using the gain transfer method. Simulation results are provided for 

the antenna with feed structure (4.5 cm long coaxial cable). The small physical 

size of the antenna makes it difficult to measure the gain with precision; here, 

the partial gain from φ and θ components is combined to get the absolute total. 

It can be seen that for the azimuth plane, the measured and simulated gain values 

have a reasonable agreement; however, the same cannot be said for the elevation 

 

Figure 3-14. Radiation efficiency of the CDIFAmSMP; (orange) measured, (blue) 

simulated; (– –) antenna with feed structure simulation, (···) antenna-only 

simulation. Plotted for ±10 MHz around resonance frequency. 
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plane. The measured average forward (±90°) realized gain of the CDIFAmSMP is 

−5.8 dBi; for simulated results, this value is −1.2 dBi. 

 

3.2.3. Antenna Design – SMP Connector 

To address the effects of the antenna feed structure on its Qratio, a second, 

identical** antenna was designed and fabricated, with a different connection 

terminus. As there were no pre-built adaptors available in the market with 

mSMP–SMA connections, and the small physical size of the antenna barred the 

use of a regular sized SMA connector, a compromise was reached with the use 

of SMP connectors, for which a Molex series 73386 SMP-SMA adaptor (length 

16.5 mm) was available to purchase. It can be conjectured that calibration errors 

would be minimized since calibration can be performed up to the adaptor (which 

is shorter in length than the custom-made mSMP-SMA adaptor), and that the 

adaptor itself contributes less to any deviation in the antenna’s performance. 

Consequently, only the solder pad on the reverse of the antenna is modelled 

where the effects of the feed structure are considered; the dimensions of this 

metallized structure are the same as those provided for the digitated structure in 

                                                 
** The front metallization of this antenna was identical to the previously discussed antenna; the 

only difference between the two is the size of the contact pad on the reverse of the substrate. 

 

Figure 3-15. Realized gain (dBi) for the CDIFAmSMP at resonance; (–––) measured, 

(– –) simulated (antenna with feed structure); (orange) azimuth plane, (blue) 

elevation plane. Combined absolute gain (φ and θ components). 
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Figure 3-10; a photograph of the antenna and the SMP-SMA adaptor is shown 

in Figure 3-16. 

 

3.2.4. Results and Discussion – SMP Connector 

The measured S11 for the CDIFASMP is presented in Figure 3-17. Simulated 

results for the CDIFASMP (including solder pad), as well as the previously 

presented simulation results for the CDIFAmSMP (i.e. antenna-only), are also 

included. The measured antenna, resonant at 2.33 GHz, has a frequency shift of 

3% from the optimized design, and a FBW−3dB of 15% (wider bandwidth as a 

result of increased losses).  At this frequency, the CDIFA has a ka value of 0.44 

considering only the antenna, and 0.59 if the Molex SMP-SMA adaptor is 

included to obtain the parameter a. 

 

Figure 3-16. Photograph of two fabricated CDIFASMP and Molex series 73386 

SMP–SMA adaptor.  
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The radiation efficiency of the CDIFASMP was computed using the constant-

loss-resistor Wheeler cap method, using a Wheeler cap box of side length 10 

cm. The measured results are compared with simulations for the antenna with 

SMP solder pad in Figure 3-18; at resonance, the maximum measured radiation 

efficiency is 39%. In order to assess the effects of the orientation of the Wheeler 

cap with respect to the antenna, measurements were taken for two orientations 

of the Wheeler cap boxes (placed in parallel and diamond alignments, with 

respect to the ground plate below, see Figure 4-9); there was an average 

difference of 3 percentage points between the two readings. Furthermore, it can 

be seen that there is good agreement between measured and simulated results; 

as in fact there is between the two different simulation models. 

 

Figure 3-17. S11 results for the CDIFASMP; (orange) measured, (blue) simulated;  

(– –) antenna with SMP solder pad simulation, (···) antenna-only simulation.  
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Subsequently, using Equation 1-4, and substituting the ka value of 0.59 (SMP-

SMA adaptor included), the Qratio for the CDIFA is computed to be 5.0 

(excluding the adaptor yields a ka value of 0.44 with corresponding Qratio of 

2.4). 

Figure 3-19 shows the measured realized gain in decibels for this antenna, 

computed using the gain transfer method. The small physical size of the antenna 

made it difficult to measure the gain with precision; thus, the partial gain from 

φ and θ components is combined to get the absolute total (see Chapter 2). 

Simulation results provided here include the solder pad on the reverse of the 

antenna. The measured average forward gain of the CDIFASMP is −8.2 dBi; for 

simulated results, this value is −5.0 dBi. Overall, there is slightly better 

agreement between measurements and simulations, as compared to the gain of 

the CDIFAmSMP provided in Figure 3-15. 

 

Figure 3-18. Radiation efficiency for the CDIFASMP; (orange) measured, (blue) 

simulated; (–––) measurement with Wheeler cap box in parallel alignment, (– · –) 

measurement with Wheeler cap box in diamond alignment; (···) simulation for 

antenna with SMP solder pad, (– –) simulation for antenna-only. Plotted for ±10 

MHz around resonance frequency. 
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3.2.5. Comments 

An ESA, based on the compact CIFA introduced in the previous section, 

designed to resonate at 2.4 GHz, was modelled and optimized using CST MWS. 

To further reduce the electrical size of the compact antenna design, it was 

populated with a novel digit-like structure. This structure is demonstrated to 

increase the self-inductance and self-capacitance of the antenna, and allows for 

finer tuning to get impedance match close to 50 Ω. Due to the small physical 

size of the antenna, the use of an mSMP-SMA adaptor was necessitated, though 

this impeded the precise measurements of realized gain. At its measured 

resonance frequency of 2.36, the CDIFAmSMP has a ka value of 1.2 (including 

4.5 cm custom-made adaptor), ηr of 70%, FBW−3dB of 10%, and a corresponding 

Qratio of 22. 

In order to avoid such a large feed structure, a similar antenna was fabricated 

using an SMP connector, for which a Molex series 73386 SMP-SMA adaptor 

was procured (length 16.5 mm). Measurements for the CDIFASMP revealed a 

resonant frequency of 2.33 GHz, with a ka value of 0.59 (including adaptor), ηr 

of 39%, FBW−3dB of 15%, and a corresponding Qratio of 5. 

 

Figure 3-19. Realized gain (dBi) for the CDIFAmSMP at resonance; (–––) measured, 

(– –) simulated (antenna with solder pad); (orange) azimuth plane, (blue) elevation 

plane. Combined absolute gain (φ and θ components). 
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Gain pattern measurements were conducted for both the CDIFAmSMP and 

CDIFASMP, with neither exhibiting satisfactory agreement with respective 

simulations. The difference between simulations and measurements can be 

explained by a combination of the following: antenna not level with standard 

horn, antenna phase centre not coinciding with centre of rotation of mount, 

energy loss in soldered feed connectors, tolerance of substrate material 

properties (specifically losses), energy loss due to mSMP-SMA feed structure 

or SMP-SMA adaptor. Suggestions for improved measurement results are 

provided later as recommendations for future work. 

3.3. 530 MHz Dual Resonance Electrically 
Small Planar Inverted-F Antenna 

Bandwidth enhancement for ESAs was investigated with the use of two closely 

spaced resonances. Using a similar profile as the CDIFA, along with the 

addition of a ground plane on the reverse of the substrate, the antenna can be 

fed, as depicted in Figure 3-20, to support two current paths along the edges of 

the top metallization. Subsequently, resonances corresponding to the current 

paths may be engineered such that they fall close enough together to increase 

the effective bandwidth of the antenna. The resulting structure resembles a 

variant of the inverted-F antenna – the planar inverted-F antenna. The effects of 

a centrally populated digitated structure integrated within this new compact 

PIFA were investigated as a means to facilitate miniaturization. 
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3.3.1. Antenna Design 

The circular, digitated, planar inverted-F antenna (CDPIFA) is derived from the 

CDIFA of the previous section. Fabrication considerations are the main reason 

for the different layout of the digits. Having shorter digits on either side of 

copper tracks allows for fewer support structures when building the antenna 

using AM (see Chapter 5). The layout is also prefered for holographic 

lithography where the negative space between metallizations can be projected 

using a computer generated holographic mask; the present structure was found 

to optimize faster and with a better contrast ratio when compared to the style of 

digits discussed previously. 

Figure 3-21 shows the front view of this CDPIFA; the back is completely 

metallized and forms the ground plane of this type of antenna. For comparison, 

and to facilitate discussion of the optimized design, two variations of a simpler, 

circular PIFA design are also included (not to scale). These are termed CPIFA1A 

 

Figure 3-20. Illustration of the current paths on an (top) IFA and (bottom) PIFA. 

The ground plane acts to reflect the EM waves born of these currents, and create 

the so-called ‘image antenna’. 
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and CPIFA2A, as they have one and two radiating arms respectively. For all 

antennas, the dimension a, also the radius, equals 25 mm. Figure 3-22 shows 

fabricated prototypes for the CDPIFA and the CPIFA2A. 

 

 

 

Figure 3-21. Front views of the (top) CDPIFA, (bottom-left) CPIFA2A, and (bottom-

right) CPIFA1A. Red and Cyan dots designate position of feed point and shorting 

pin, respectively. Note that maximum overall dimension of all simulated and 

fabricated models is 50 mm. 
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Figure 3-22. Photographs of the fabricated (left) CDPIFA and (right) CPIFA2A. 
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3.3.2. Results and Discussion 

Figure 3-23 shows the simulated S11 characteristics for the three antennas; where 

the parameters of the CDPIFA are as follows: ang_f = 30°, ang_s = 10°, ang_t 

= 20°, and l_gap = 0.50 mm. As illustrated, ang_f is the angle in degrees as 

measured from the line of azimuth of the antenna to the feed point, ang_s is a 

similar angle, but measured up to the shorting pin, ang_t is the angle measured 

up to the midway between the feed point and shorting point (when both are 

rotated in tandem with relative positions fixed), and finally l_gap is the distance 

in millimetres between the top and bottom digits. For simplicity, all other 

parameters of the digitated structure are kept constant. 

Comparing the plots for CPIFA1A and CPIFA2A, it is evident that dual resonance 

behaviour is established with the addition of a second radiating arm to the 

antenna. Moreover, the S11 plot for the CDPIFA exhibits two resonances close 

together around 540 MHz (with resonances evident at 530 MHz and 550 MHz). 

In an application where impedance matching is the primary marker for 

bandwidth, such a profile for return loss exhibits a much wider bandwidth than 

either of the two resonances of the CPIFA2A. Furthermore, the resonances are 

themselves lower down the frequency scale due to the miniaturization effects 

manifested by the centrally populated digits. 
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Here, a detailed review of the optimization process for the CDPIFA is presented, 

using the parameters highlighted in Figure 3-21, in order to examine the 

antenna’s return loss behaviour. Parametric results for ang_f, ang_s, ang_t, and 

l_gap are provided in Figure 3-24, Figure 3-25, Figure 3-26, and Figure 3-27, 

respectively. 

Varying the relative position of the shorting pin to the feed point – either by 

varying ang_f or ang_s results in changing the inductive loop formed in the 

PIFA. Varying the gap between the digits in l_gap results in changing the added 

capacitance. These parameters can therefore be altered to fine-tune the 

impedance match of the CDPIFA. Moreover, varying the parameter ang_t has 

the effect of changing the relative lengths of the available current paths, which 

in turn determines the frequency of resonance for the antenna. This parameter 

can therefore be tuned to bring the two resonances close together. 

 

Figure 3-23. Simulated S11 for (orange) CDPIFA, (blue) CPIFA2A, and (green) 

CPIFA1A. 
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Figure 3-24. Simulated S11 for CDPIFA, parameterised ang_f. Legend shown to the 

right, units are degrees (°). Original parameter combination shown in orange. 
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Figure 3-25. Simulated S11 for CDPIFA, parameterised ang_s. Legend shown to the 

right, units are degrees (°). Original parameter combination shown in orange. 
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Figure 3-28 and Figure 3-29 compare the measured S11 characteristics of the 

fabricated prototypes shown in Figure 3-22 with simulations. Evidently, 

measured and simulated results are in good agreement. The slightly lower 

resonances observed for the measured results may be attributed to a slightly 

higher relative permittivity of substrate, and/or slight changes in the application 

 

Figure 3-26. Simulated S11 for CDPIFA, parameterised ang_t. Legend shown to the 

right, units are degrees (°). Original parameter combination shown in orange. 
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Figure 3-27. Simulated S11 for CDPIFA, parameterised l_gap. Legend shown to the 

right, units are mm. Original parameter combination shown in orange. 

-18

-15

-12

-9

-6

-3

0

400 500 600 700

S
1

1
(d

B
)

Frequency (MHz)

l_gap = 0.50

l_gap = 0.75

l_gap = 1.25

l_gap = 1.75

l_gap = 2.25



Chapter 3  71 

of the shorting pins and feed connectors in the prototypes versus the simulated 

models. Measurements show that the CDPIFA is resonant at 506 and 544 MHz, 

with a FBW−3dB of 13%. For S11 below −3 dB, the antenna’s ka value lies 

between 0.26 and 0.29. 

 

 

 

Figure 3-28. S11 results for CDPIFA; (orange) measured, (blue) simulated. 
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Figure 3-29. S11 results for CPIFA2A; (orange) measured, (blue) simulated. 
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Measurements were taken in the anechoic chamber for the radiation patterns of 

these two antennas. Note that the available standard gain antenna, the HF906, 

does not operate at frequencies below 1 GHz; thus, a non-standard Yagi-Uda 

was used as the transmit antenna. As a result, peak normalized patterns are 

provided. The results are presented in Figure 3-30 and Figure 3-31 for the 

CDPIFA and CPIFA2A, respectively. As expected from ESAs, the radiation 

patterns generally depict low directivity.  

 

 

Figure 3-30. Peak normalized radiation pattern (dBi) for the CDPIFA; (top) 1st 

resonance, (bottom) 2nd resonance; (left) φ component, (right) θ component; (–––) 

measured, (– –) simulated; (orange) azimuth plane, (blue) elevation plane. 
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It can be seen that for either antenna, the θ component is dominant in the first 

resonance, and the φ component is dominant in the second. This behaviour can 

be seen more clearly in Figure 3-32 and Figure 3-33 for the for the CDPIFA and 

CPIFA2A, respectively, where the mean simulated gain is plotted as a function 

of frequency. The mean simulated gain for these antennas, with φ and θ 

components combined, is given in Table 3-2. 

 

Figure 3-31. Peak normalized radiation pattern (dBi) for the CPIFA2A; (top) 1st 

resonance, (bottom) 2nd resonance; (left) φ component, (right) θ component; (–––) 

measured, (– –) simulated; (orange) azimuth plane, (blue) elevation plane. 
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Figure 3-32. Mean* simulated gain for the CDPIFA as a function of frequency; 

(purple) φ component, (green) θ component, (red-dashed) combined total. 

* mean gain computed from the absolute values over entire range of φ and θ.  
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Figure 3-33. Mean* simulated gain for the CPIFA2A as a function of frequency; 

(purple) φ component, (green) θ component, (red-dashed) combined total. 

* mean gain computed from the absolute values over entire range of φ and θ.  
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3.3.3. Comments 

The CDPIFA presented and analysed here may be termed an orthogonal-mode, 

dual-resonance antenna, i.e. two modes of resonance which are orthogonally 

polarized. Thus, it can be utilised to transmit/receive two separate signals at 

either resonance, or the same signal with polarization-insensitivity (for example 

in applications where circular polarization is tolerated or even purposely 

utilized). Improvements to the bandwidth (as determined from the return loss) 

are possible by optimizing the structure such that the two resonances operate 

close together, which is an advantage over the IFA counterparts. A high 

miniaturization factor is achieved, with ka value between 0.26 and 0.29 over the 

antennas FBW−3dB of 13%. However, the CDPIFA is a very inefficient antenna, 

greatly susceptible to losses in the substrate. This would limit practical 

application to only low-bitrate applications, for example, a signalling system on 

‘smart’ streetlamps, or IoT enabled devices which have a low on-off time ratio. 

Whilst substrate losses can be reduced with the use of more expensive, low-loss 

substrates than FR4, this would also deteriorate the match of the antenna at 

impedance; further optimization of the antenna design is needed to raise the 

radiation resistance at its terminals. Note that the parameter Qratio is not directly 

Table 3-2. Comparison of simulated mean gain and radiation efficiency for the 

CDPIFA and CPIFA2A. 

 CDPIFA CPIFA2A 

 
1st 

resonance 

2nd 

resonance 

1st 

resonance 

2nd 

resonance 

Simulated Resonance 

Frequency (MHz) 
529 561 572 692 

Measured Resonance 

Frequency (MHz) 
506 544 560 674 

Mean* simulated gain 

(dBi) 
-18.4 -16.8 -17.4 -13.5 

Simulated Radiation 

efficiency (%) 
1.6 2.4 2.1 5.3 

* mean gain computed from the absolute values over entire range of φ and θ. 
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applicable to antennas exhibiting two resonances close together, as there is not 

yet a consensus within the antenna community regarding whether the 

relationships between Q and bandwidth hold for such behaviour [19]. 

3.4. Summary 

This chapter introduced the novel, centrally populated digitated structure, 

applied to inverted-F and planar inverted-F antennas. This added structure may 

be intuitively likened to additional self-inductance and self-capacitance, a claim 

which is explored in greater detail in the following chapter. 

First, a traditional, rectangular, IFA was compared to a compact, circular IFA. 

Results show that a reduction in ka of 1.32 to 0.53 is achievable at the expense 

of realized gain (which drops from 0.97 dBi to −5.22 dBi). A drop in the 

radiation efficiency is also observed, with measured values of 88% and 49% for 

the RIFA and CIFA, respectively. 

Next, the digitated structure was introduced, and the resulting antenna is termed 

CDIFASMP. Designed for resonance at 2.4 GHz (measured resonance at 

2.33 GHz), the antenna has a ka value of 0.44 (considering only the antenna), 

or 0.59 (taking into account the length of the SMP-SMA adaptor used for 

measurements). At this frequency, the radiating metallization has a maximum 

dimension of 13.6 mm (approximately a tenth of the operational wavelength). 

The small physical size of the antenna hampered precise gain and pattern 

measurements, though a reasonable similarity between simulations and 

measurements can be observed. An alternative metric, in the form of radiation 

efficiency was subsequently computed using the constant-loss-resistor Wheeler 

cap method, and found to be 39%. Using the measured FBW−3dB of 15%, and 

substituting these values into Equation 1-4, the Qratio of this antenna is calculated 

to be 5.0. 

Finally, a planar derivative of the same design, and optimized for dual-

resonance behaviour is presented, termed the CDPIFA. A parameter study is 

reported, focusing on optimizing the resonance frequency of two distinct bands 
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of operation, with one each belonging to a horizontally and vertically polarized 

mode. This CDPIFA is shown to be extremely electrically small, with the lowest 

ka value at 0.26. However, in its current configuration, the antenna is highly 

lossy, and thereby only suited to a limited range of applications. 



Chapter 3  78 

(This page intentionally left blank.) 

  



Chapter 4  79 

CHAPTER 4 

 

 Detailed Analysis of 
Centrally Populated 
Digitated Structure 

In this chapter, an abstraction of the digitated structure is presented. As 

described earlier, the digitated structure adds inductance and capacitance to the 

antenna. To offer a more intuitive explanation for this behaviour, it can be 

hypothesized that a single vertical and horizontal digit each can replace our 

more complex digitated structure, at the expense of less precise control over the 

input impedance. 

4.1. The Simplified Digitated Structure 

4.1.1. Circular Digitated Inverted-F Antenna Design 

Figure 4-1 shows the front and back of the CAD model of the compact CIFA 

with an integrated abstracted digitated structure, termed here the circular, 

digitated, inverted-F antenna LC (CDIFALC); the LC term in subscript is 

inspired from the symbols for inductance and capacitance. As previously 

reported, this additional digitated structure adds inductance and capacitance to 

the antenna, which allows for frequency tuning, keeping the overall dimensions 

of the antenna constant. For this circular, planar antenna, the dimension a is also 

the radius, and equals 12 mm.  
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Note that the overall dimensions of this antenna are kept identical to the CIFA 

from Chapter 3 to allow for direct comparison; in fact, the principle of 

miniaturization expanded upon here may be applied at any frequency, within 

reason (i.e. substrate effects might vary too much at very high frequencies), as 

shown later in this chapter. 

4.1.2. Equivalent Circuit 

Figure 4-2 shows the equivalent circuit model of the CDIFALC. An additional 

series inductor, LV, and a parallel capacitor, CH, are added to the circuit shown 

in Figure 3-3 to model the effects of the digitated structure. This implies that 

additional capacitance and inductance can be introduced without altering the 

overall dimensions of the antenna, or even the relative lengths of the radiating 

arm and inductive loop shortening the arm to the ground plane. The remainder 

of this chapter details the effects on the antenna’s performance of effectively 

varying these LV and CH components. 

 

 

Figure 4-1. (left) Front and (right) back view of compact CDIFALC, showing the 

dimensions p and q which fully describe the simplified digitated structure. All 

dimensions are given in mm. Via locations labelled with red dots. 
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Figure 4-2. Equivalent circuit model for the CDIFALC. Addition of digitated 

structure increases the self-inductance and self-capacitance of the antenna. 
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4.2. Simulated Parametric Study 

A parametric study was conducted using CST MWS, varying p and q, as labelled 

in Figure 4-1. For this study, the dimension p was varied between 0.25 and 

2.25 mm at uniform intervals of 0.25 mm, and the dimension q was varied 

between 3 and 15 mm at uniform intervals of 2 mm. For these dimensions, the 

total range of frequencies covered is 1.2 to 2.0 GHz. Data from simulations was 

subsequently interpolated (using quadratic polynomial interpolation in 

MATLAB) to create a denser mesh. 

Figure 4-3 shows a contour plot of the simulated resonance frequency overlaid 

on a 7 by 9 grid corresponding to the values of p and q. To a first-degree 

approximation, a smaller value of p corresponds to increased total inductance 

and capacitance (and hence a lower resonant frequency), whereas a larger value 

of q corresponds to increased capacitance (and thus a lower resonant frequency). 

Note that changes to p and q, by altering the current paths in the half-loops 

formed, also impact the self-inductance of the antenna. Results shown in Figure 

4-3 agree well with the stated first-degree approximation.  

 

 

Figure 4-3. Simulated resonance frequency of CDIFA for varying dimensions of p 

and q in mm. 
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Figure 4-4, Figure 4-5, and Figure 4-6 show similar plots for the simulated ka 

values, radiation efficiency, and realized gain, respectively.  

 

Since the overall dimension, and thus the dimension a, are constant, only the 

wavenumber k is affected by change in resonance frequency. This is reflected 

in the contours for ka being near-identical to those of resonant frequency. Figure 

4-4 and Figure 4-5 reaffirm a key trade-off in ESA design, that ka is proportional 

to efficiency, so that a lower ka results in a lower radiation efficiency. 

Note that for the parameter combination of p = 2.25 mm and q = 3 mm, the ka 

of the antenna is 0.50, radiation efficiency 58.0%, and mean gain −3.90 dBi, at 

a resonance frequency of 2.0 GHz. The lowest ka is achieved when p = 0.25 mm 

and q = 15 mm, and is 0.30 with the corresponding radiation efficiency 7.0%, 

and mean gain −12.90 dBi, at a resonance frequency of 1.2 GHz.  

 

Figure 4-4. Simulated ka of CDIFA for varying dimensions of p and q in mm. 
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These results show clearly the relationship between the dimensions of the 

centrally populated digits and the effects on antenna resonance due to the added 

 

Figure 4-5. Simulated radiation efficiency of CDIFA for varying dimensions of p 

and q in mm. 

 

Figure 4-6. Simulated mean* realized gain of CDIFA for varying dimensions of p 

and q in mm. 

* mean gain computed from the absolute values over entire range of φ and θ. 
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inductance and capacitance (as described at the top of this section), as well as 

the key trade-offs involved (i.e. miniaturization versus efficiency) The ensuing 

‘design matrix’ allows the antenna designer to quickly estimate an ESA based 

on which of miniaturization or efficiency is more important for the desired 

design targets, as is demonstrated towards the end of this chapter. 

4.3. Comparison with Measurements 

In order to verify the simulation results presented, nine variations of the 

CDIFALC were fabricated on an FR4 substrate. A photograph of these antennas 

is shown in Figure 4-7.  

 

 

Figure 4-7. Photograph of the various fabricated CDIFALC (top; left to right) 

CDIFAL1C1, CDIFAL1C2, CDIFAL1C3; (middle; left to right) CDIFAL2C1, CDIFAL2C2, 

CDIFAL2C3; (bottom; left to right) CDIFAL3C1, CDIFAL3C2, CDIFAL3C3. 
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Measurements were taken for S11, efficiency and realized gain. SMP-SMA 

adaptors were fashioned with ferrite sleeves covering semi-rigid coaxial cable. 

It was determined from measurements that the ferrite core covering helped 

eliminate leakage current on the surface of the semi-rigid cable, as seen from 

the convergence of simulations and measurements provided later in this section. 

4.3.1. S11 and Fractional Bandwidth 

Table 4-1 lists the parameter combinations used for the various CDIFALC, and 

compares their measured and simulated resonance frequencies. The FBW−3dB 

for the antennas is given in Figure 4-8.  

 

Table 4-1. Parameter combinations and resonant frequencies of the fabricated 

CDIFALC. 

AUT p (mm) q (mm) 

Resonant 

frequency 

(GHz) 

Simulated 

Resonant 

frequency 

(GHz) 

Measured 

CDIFAL1C1 2.25 3.0 2.00 1.94 

CDIFAL1C2 2.25 9.0 1.93 1.88 

CDIFAL1C3 2.25 15.0 1.78 1.72 

CDIFAL2C1 1.25 3.0 1.88 1.81 

CDIFAL2C2 1.25 9.0 1.74 1.68 

CDIFAL2C3 1.25 15.0 1.45 1.39 

CDIFAL3C1 0.25 3.0 1.73 1.66 

CDIFAL3C2 0.25 9.0 1.54 1.49 

CDIFAL3C3 0.25 15.0 1.20 1.16 
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As with simulations, it is observed that an increase in the length of either the 

vertical or the horizontal digit results in a lower resonant frequency. On average, 

there is a 3.5% frequency shift in the measured resonant frequency compared to 

simulated results. As the frequency is consistently shifted down, it is likely an 

effect of the material properties of the substrate deviating, within tolerance, 

from the quoted value, εr = 4.3. Finally, it can be observed that the FBW−3dB is 

reduced as the resonance frequency is lowered, implying an increased Q. 

4.3.2. Radiation Efficiency Computation using Wheeler Cap 

Radiation efficiency was computed using the constant-loss-resistor Wheeler cap 

method. Different sized Wheeler caps were used depending on the resonant 

frequency of the AUT, since it is a requirement of the calculation method that 

the inner walls of the cap are at-least a diameter (or side length) of λ/π at the 

frequency of interest. Measurements were taken for two orientations of the 

Wheeler cap boxes (placed in diamond and parallel alignments, with respect to 

the ground plate below). Figure 4-9 shows two different Wheeler cap boxes in 

these alignments.  

 

Figure 4-8. Range of frequencies where measured S11 ≤ −3 dB for the various 

CDIFALC as listed in Table 4-1. Corresponding FBW−3dB is marked as percentage. 
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Efficiency measurements were repeated under various test setups to determine 

the precision of the computed results; results are presented here for the 

CDIFAL1C1. Figure 4-10 displays the various adaptors used. 

 

First, the CDIFAL1C1 was placed using a straight terminated SMP-SMA adaptor 

of length 4 cm (tolerance ±0.4 cm), with the semi-rigid coaxial cable covered in 

ferrite sleeves. Measurements were taken for the antenna placed in a 5 cm side 

 

Figure 4-9. Photographs of Wheeler cap measurement setup, (left) side length 10 

cm in diamond alignment, (right) side length 5 cm in parallel alignment. 

 

Figure 4-10. Different adaptors used to feed antennas for efficiency measurements: 

i) 4 cm bare, ii) 4 cm covered, iii) 4 cm covered, iv) 8 cm bare, v) 8 cm covered. 

i)

ii)

iii)

iv)

v)



Chapter 4  88 

length box placed in two different alignments (diamond and parallel). The 

antenna was resonant at 1.94 GHz; results are presented in Figure 4-11. It can 

be seen that the orientation of the Wheeler cap box has negligible effect on the 

computed radiation efficiency, indicating that the cap is able to adequately 

reflect the radiated fields originating from the antenna. A maximum error of 2 

percentage points was obtained using similar measurements conducted for the 

other antennas. 

 

Next, measurements for the CDIFAL1C1 were repeated, placing the Wheeler cap 

box in parallel alignment with the ground plate, using three different SMP-SMA 

adaptors – all with ferrite sleeves covering the length of the coaxial cable. Two 

short adaptors of cable length 4 cm and one long adaptor of cable length 8 cm 

are used. A box of side length 5 cm was used for the two shorter adaptors, whilst 

a box of side length 10 cm was required to accommodate the larger adaptor. For 

all three adaptors, the antenna was resonant at 1.94 GHz; results are presented 

in Figure 4-12. The computed radiation efficiency at resonance is 56%, 54%, 

and 47%, respectively (maximum difference 9 percentage points); similar 

measurements were repeated for other antennas with the maximum error 

standing at 10 percentage points. 

 

Figure 4-11. Measured radiation efficiency for the CDIFAL1C1, using 4 cm adaptor; 

(orange) box parallel aligned, (blue) box diamond aligned. Plotted for ±10 MHz 

around resonance frequency. 
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Next, measurements for the CDIFAL1C1 were repeated using a 4 cm and 8 cm 

adaptor, both without the ferrite sleeve covering. The resonance frequency of 

the antenna was 1.97 GHz and 1.92 GHz, respectively; results are presented in 

Figure 4-13, along with the results computed using a 4 cm ferrite covered 

adaptor for comparison. The computed value of radiation efficiency is 88% and 

82% for the 4 cm and 8 cm bare adaptors, respectively. 

Figure 4-14 shows the simulated radiation efficiency and corresponding 

resonance frequency for the CDIFAL1C1 using a bare coaxial cable to model the 

adaptors without ferrite sleeves; the variation in efficiency and resonant 

frequency over cable length is obvious. It can be seen that for a cable length of 

4 cm, radiation efficiency is 84% (at corresponding resonance frequency of 1.95 

GHz), and for a cable length of 8 cm, radiation efficiency is 70% (at 

corresponding resonance frequency of 2.00 GHz). Moreover, using a coaxial 

cable of length 0.2 cm, the simulated radiation efficiency is 51%, at a 

corresponding resonance frequency of 2 GHz – this result is much closer to 

computed efficiency values computed with SMP-SMA adaptors where the 

coaxial cable is covered with ferrite sleeves, and indeed close to simulated 

results where only the solder pad is modelled on the reverse of the antenna. 

 

Figure 4-12. Measured radiation efficiency for the CDIFAL1C1; (orange) 4 cm 

adaptor, (blue) other 4 cm adaptor, (green) 8 cm adaptor. Plotted for ±10 MHz 

around resonance frequency. 
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Finally, measurements for the CDIFAL1C1 were repeated using a 4 cm SMP-

SMA adaptor (with coaxial cable covered in ferrite sleeves), where the SMP 

connector had a right-angle termination. This would establish measurement 

 

Figure 4-13. Measured radiation efficiency for the CDIFAL1C1; (blue) 4 cm adaptor 

without ferrite sleeves, (green) 8 cm adaptor without ferrite sleeves; (orange) (===) 

4 cm adaptor with ferrite sleeves. Plotted for ±10 MHz around resonance frequency. 
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Figure 4-14. (orange-square) Simulated radiation efficiency, and (blue-circle) 

simulated resonance frequency for the CDIFAL1C1, for varying lengths of coaxial 

cable (cm); simulation is carried out using bare coaxial cable only to model the 

adaptor – no ferrite sleeves are modelled. 
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precision dependent on the orientation of the AUT. The antenna was resonant 

at 1.94 GHz; radiation efficiency results are presented in Figure 4-15, along with 

those for the 4 cm straight SMP-SMA adaptor. It can be seen that radiation 

efficiency computed using the right-angle terminated adaptor is 54% (deviation 

of 2 percentage points from straight terminated adaptor). Similar measurements 

for other antennas revealed a maximum error of 6 percentage points between 

the efficiency values computed for straight and right-angle terminated adaptors. 

 

With a characterization of the precision for these efficiency measurements, 

results were computed for the nine CDIFALC, using the 4 cm straight terminated 

SMP-SMA adaptor (with semi-rigid coaxial cable covered in ferrite sleeves), 

and with the Wheeler cap placed parallel to the ground plate. Results are listed 

in Table 4-2. These results, together with the FBW−3dB results from Figure 4-8, 

were substituted into Equation 1-4 to obtain the Qratio of the antennas. Table 4-3 

lists the Qratio for each antenna, together with its Q and the corresponding lower 

limit. The Qratio for the antennas discussed here ranges from 3.5 to 11.2; as with 

the discussion of simulation results above, the bandwidth and efficiency of the 

antennas is reduced along with a reduction in their ka values. 

 

Figure 4-15. Measured radiation efficiency for the CDIFAL1C1; (orange) 4 cm 

straight terminated adaptor, (blue) 4 cm right-angle terminated adaptor. Plotted for 

±10 MHz around resonance frequency. 
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4.3.3. Realized Gain and Radiation Patterns 

Lastly, results from gain measurements are presented for three selected 

antennas, namely the, CDIFAL1C1 (Figure 4-17: φ component; Figure 4-18: θ 

Table 4-2. Radiation efficiency, ηr (%) of various AUTs at resonance. 

AUT Simulated ηr Measured ηr 

CDIFAL1C1 58 56 

CDIFAL1C2 53 53 

CDIFAL1C3 40 34 

CDIFAL2C1 50 49 

CDIFAL2C2 38 38 

CDIFAL2C3 16 15 

CDIFAL3C1 37 35 

CDIFAL3C2 22 21 

CDIFAL3C3 07 07 

 

Table 4-3. Q, Qlb and Qratio of various AUTs at resonance. 

AUT Q Qlb-Chu Qratio 

CDIFAL1C1 20.8 6.0 3.5 

CDIFAL1C2 21.2 6.1 3.5 

CDIFAL1C3 23.5 5.0 4.7 

CDIFAL2C1 21.6 6.3 3.4 

CDIFAL2C2 23.6 5.9 4.0 

CDIFAL2C3 28.9 3.9 7.3 

CDIFAL3C1 24.6 5.7 4.3 

CDIFAL3C2 27.6 4.6 6.1 

CDIFAL3C3 34.4 3.1 11.2 
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component), CDIFAL2C2 (Figure 4-19: φ component; Figure 4-20: θ 

component), and CDIFAL3C3 (Figure 4-21: φ component; Figure 4-22: θ 

component). The measurements were carried out in an anechoic chamber using 

NSI 800F-10 measurement setup with an Agilent E5071B network analyzer; 

Figure 4-16 shows an AUT mounted in the chamber. The gain was computed 

using the gain transfer method with a Rhode & Schwartz HF906 horn antenna 

as the reference. 

 

Measured and simulated results show good agreement, especially in the φ 

component; however, measured results for the θ component are consistently 

higher than simulated predictions. This is in part due to the sensitivity of the 

measurement setup, and in part due to the amplified effects of artefacts in the 

measurement of these physically and electrically small antennas. Note in 

particular the undulating pattern for the CDIFAL3C3, where external effects are 

felt the strongest due to a very small ka value of 0.29. Polarization is typically 

not an important consideration for ESAs, due mainly to the nature of 

applications they are commonly found in, though detailed polarization 

measurements can be identified as an area of continued research. 

 

Figure 4-16. Photograph of AUT mounted on NSI 800F-10 Z-arm inside anechoic 

chamber. 



Chapter 4  94 

 

 

 

Figure 4-17. Realized gain (dBi) for the CDIFAL1C1 at 1.94 GHz; (–––) measured, 

(– –) simulated; (orange) azimuth plane, (blue) elevation plane. φ component only. 
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Figure 4-18. Realized gain (dBi) for the CDIFAL1C1 at 1.94 GHz; (–––) measured, 

(– –) simulated; (light-orange) azimuth plane, (light-blue) elevation plane. θ 

component only. 
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Figure 4-19. Realized gain (dBi) for the CDIFAL2C2 at 1.68 GHz; (–––) measured, 

(– –) simulated; (orange) azimuth plane, (blue) elevation plane. φ component only. 
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Figure 4-20. Realized gain (dBi) for the CDIFAL2C2 at 1.68 GHz; (–––) measured, 

(– –) simulated; (light-orange) azimuth plane, (light-blue) elevation plane. θ 

component only. 
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From the gain patterns, it can be seen that the primary polarization lies in the φ 

component; the combined average forward measured gain (±90°) for the φ 

component is −6.32 dBi, −5.99 dBi, and −10.08 dBi for the CDIFAL1C1, 

CDIFAL2C2, and CDIFAL3C3, respectively. (Note that there is a more pronounced 

 

Figure 4-21. Realized gain (dBi) for the CDIFAL3C3 at 1.16 GHz; (–––) measured, 

(– –) simulated; (orange) azimuth plane, (blue) elevation plane. φ component only. 
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Figure 4-22. Realized gain (dBi) for the CDIFAL3C3 at 1.16 GHz; (–––) measured, 

(– –) simulated; (light-orange) azimuth plane, (light-blue) elevation plane. θ 

component only. 
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dip in measured gain in the elevation plane for the CDIFAL1C1 around 90° 

relative to the CDIFAL2C2, which is likely due to increased measurement 

artefacts; hence the lower combined average value). Table 4-4 summarizes the 

average forward measured gain (±90°) for these antennas, for each of φ and θ 

components. 

 

4.4. Antenna Synthesis Examples 

Having established the corroboration of simulation results with measurements, 

the results of the parametric study can be utilized to obtain a good first estimate 

for ESAs based on the centrally populated digit design principle, without the 

need for time and resource intensive computational modelling. Depending on 

which of miniaturization or efficiency is the primary goal, the contour plots in 

Figure 4-4 (ka vs p and q) and Figure 4-5 (ηr vs p and q) can be used to pick out 

the necessary dimensions of the central digits, without altering the proportions 

of any other parameters in the antenna geometry. The contour plot shown in 

Figure 4-3 can subsequently be used to obtain a suitable scaling factor for the 

synthesized antenna model. 

Table 4-4. Summary of average forward measured gain (±90°) for the CDIFAL1C1, 

CDIFAL2C2, and CDIFAL3C3. All values are presented in dBi. 

 CDIFAL1C1 CDIFAL2C2 CDIFAL3C3 

 φ θ φ θ φ θ 

Measured 

azimuth 

plane 

-5.79 -13.06 -5.91 -14.17 -11.45 -16.59 

Simulated 

azimuth 

plane 

-3.00 -25.25 -4.70 -27.47 -11.87 -34.66 

Measured 

elevation 

plane 

-6.85 -14.09 -6.07 -13.94 -8.70 -13.14 

Simulated 

elevation 

plane 

-4.48 -46.14 -5.93 -49.05 -12.03 -51.93 
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To illustrate this design guideline, ESAs based on the geometry of the CDIFALC 

are synthesized for operation at 433 MHz (extreme miniaturization), 2.4 GHz 

(maximum efficiency), and 5.9 GHz (at least 40% efficiency). Simulated results 

for S11 and radiation efficiency are provided in Figure 4-23. 

To synthesize an ESA operating at 433 MHz, and with the lowest ka, we pick 

out the values of 0.25 mm and 15 mm for p and q respectively, using Figure 4-4, 

as these dimensions correspond to the highest degree of miniaturization. Then, 

using Figure 4-3, we can see that this antenna would resonate around 1.2 GHz. 

Thus, for operation at 433 MHz, the entire antenna is scaled by a factor of 2.8.  

To synthesize an ESA operating at 2.4 GHz, and with the highest radiation 

efficiency, we pick out the values of 2.25 mm and 3 mm for p and q respectively, 

using Figure 4-5, as these dimensions correspond to the highest efficiency. 

Then, using Figure 4-3, we can see that this antenna would resonate around 2.0 

GHz. Thus, for operation at 2.4 GHz, the entire antenna is scaled by a factor of 

0.83. 

A number of possible combinations of p and q may be employed to synthesize 

an ESA operating at 5.9 GHz with radiation efficiency at least 40%. Assuming 

that miniaturization is a secondary aim, we pick out the values of 1.5 mm and 9 

mm for p and q respectively, using Figure 4-5, which correspond to 

approximately 40% efficiency. Again, using Figure 4-3, we can see that the 

resonance frequency of the antenna is approximately 1.8 GHz. Thus, for 

operation at 5.9 GHz, the entire antenna is scaled by a factor of 0.30. 
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4.5. Comparison with selected ESAs from 
Literature 

Figure 4-24 shows a scatter plot of Qratio versus ka for the CDIFASMP (presented 

in Chapter 3), and nine variants of the CDIFALC (presented in Chapter 4), along 

with selected antennas from the literature review. (For a similar plot with data 

points for antennas from the literature review labelled with their respective 

reference numbers, see Figure 1-3.) In these terms, it can be seen that the single 

resonance antennas presented in this Thesis are comparable to various other 

published antennas (which include planar as well as 3D variants). There is a 

general trend of increasing Qratio as ka diminishes, which highlights the 

difficulty in sustaining comparable performance in ESAs as their electrical size 

is reduced. In the figure presented, the only antenna to buck this trend with 

measured results is the perfectly spherical 3D wire-grid antenna by Kim [65].  

 

 

Figure 4-23. Simulated (top) radiation efficiency and (bottom) S11 for the (blue) 

CDIFA433MHz, (orange) CDIFA2.4GHz, and (green) CDIFA5.9GHz. 
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From the previous discourse, it is clearly established that measured results for 

radiation efficiency line up well with simulation results where only the back 

panel is modelled, implying that the SMP-SMA adaptor cables do not need to 

be incorporated when computing the ka and subsequently the Qratio for these 

antennas. However, it should be noted that the measured results present an 

exaggerated FBW, as compared to simulations (computed values show that 

simulated FBW-3dB ranges between 50 – 60 % of the measured values, as seen 

in Figure 4-25). A likely cause for this increased measured bandwidth is that 

while the modified adaptors supress leakage current and thus wayward 

radiation, they add some loss to the antenna.  

 
Figure 4-24. Qratio vs ka value scatter plot for CDIFASMP (yellow-square) and 

CDIFALC (green-triangle), with selected antennas from literature review for 

comparison (c.f. Figure 1-3).  
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Computations taking into account this narrower bandwidth would thus result in 

a more accurate depiction of the antenna’s Q. Subsequently, Qratio values are 

computed using the simulation results for bandwidth and efficiency, and plotted 

in Figure 4-26. As expected, ka values are approximately the same as before, 

with an increase in the computed Qratio. Note that the data point for the 

CDIFASMP (Chapter 3) incorporates the overall dimension of the antenna 

(including the commercially available adaptor used) as well as the increased 

bandwidth. 

As recommended in the future work section in Chapter 6, the data presented 

here may be refined with opto-electric measurement equipment so that only the 

antenna itself is the device under test. Additionally, similar antennas may be 

designed at a lower resonance frequency to facilitate the use of regular SMA 

connectors, such that the calibrated frame of reference for VNA measurements 

is moved closer to the actual antenna structure. 

 

 
Figure 4-25. (–––) Measured and (– –) simulated S11 results for the CDIFAL1C1 

(orange), CDIFAL2C2 (blue), CDIFAL3C3 (green). 
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4.6. Summary 

This chapter reviewed in detail a new design approach to the optimization of 

electrically small antennas. The novel, centrally populated digitated structure 

introduced in the previous chapter is abstracted to a simpler structure consisting 

of a single vertical and horizontal digit, modelled as an additional series inductor 

and parallel capacitor added to the equivalent circuit of a traditional IFA. 

A thorough parametric study of the resultant CDIFALC confirms that the key 

optimization parameters can be distilled to the lengths of the two digits, which 

act as added self-capacitance and self-inductance. The results of the parameter 

study produced a ‘design matrix’, which allows the antenna designer to swiftly 

decide on the geometrical proportions depending on which of miniaturization 

or efficiency is the desired goal at a particular frequency of operation. Thus, a 

good first estimate for the digitated IFA can be obtained without the need for 

complex computational simulations.  

As pointed out earlier, further efficiency and bandwidth gains can be made using 

volumetric designs [11, 19, 20]. However, the low profile of planar antennas 

 
Figure 4-26. Qratio vs ka value scatter plot for CDIFALC computed using (green-

triangle) measured and (red-triangle) simulated FBW-3dB and ηr, with selected 

antennas from literature review for comparison (c.f. Figure 1-3). 
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translates to high versatility, with narrowband ESAs (such as those discussed in 

this chapter) employed in low data rate applications – from the ever-popular 

‘smart’ consumer electronics to telemetry uses in industries such as 

telecommunications, defence, and healthcare. 

Measurement accuracy for the results presented in this section was improved 

over previous sections with the use of custom made SMP-SMA adaptors that 

comprise a semi-rigid coaxial interconnect surrounded with ferrite loops to 

suppress leakage currents. To further alienate the unwanted effects of current-

carrying conductors in the vicinity of the antennas, optical interconnects may be 

used (explained in Chapter 6). Finally, a natural continuation of the research 

presented thus far, which has focused on antenna design, would be to extend the 

design methodology to other types of antennas, such as loops, slots, etc. 
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CHAPTER 5 

 

 Investigation of Fabrication 
Techniques 

This chapter discusses three types of antennas which were fabricated in-house 

as part of an investigation into the prototyping and measurement of inherently 

3D antenna designs. For a background on the fabrication processes discussed 

here, see Chapter 2. 

The first antenna presented is a planar meanderline antenna, fabricated using 

photolithography on a glass substrate. The exercise was conducted primarily as 

a pre-cursor to holographic photolithography, which was later supplanted with 

a greater focus on AM fabrication processes. This was due, in part, to unforeseen 

limitations in equipment and personnel during the course of the research, but 

primarily due to the opportunity of pioneering measured results for metallic 3D 

printed antennas using AM. As such, the next antenna presented is a dome 

antenna, based on the design proposed in [72], modified for dual-band 

behaviour, and fabricated by ‘damascening’ [107] conductive ink onto a 3D 

printed substrate. The substrate is a hemisphere printed out of ABS plastic, with 

indented grooves in place of a conductive radiating structure; these grooves 

were later filled in with conductive silver paint. 

The practical experience gained from these two early ventures was carried 

forward into the design, fabrication, and measurement of the planar antennas 

presented in preceding chapters as well as the metallic 3D printed antennas 

presented in the last section of this chapter. These were fabricated using SEBM 

PBF-AM, which is one of the few AM technologies able to directly print metals 

[24, 94-96]. Spherical, part-spherical, and flat variants of the same conductor 
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profile were fabricated to corroborate simulation predictions; measured results 

for matching, radiation efficiency, and gain are presented. The metallic 

conductors are printed from a titanium alloy, and rested on top of a hollow 

plastic substrate printed out of nylon with very thin walls, acting primarily as 

support for the metallized structure. 

5.1. Meanderline Antenna 

As previously mentioned, introducing bends to the radiating arm of a monopole 

to achieve a meanderline geometry is useful in reducing the overall electrical 

size of the antenna. For the printed monopole variation as discussed here, the 

absence of a large ground plane is advantageous in integrated applications 

where the availability of space is limited. 

5.1.1. Antenna Optimization 

A compact, planar meanderline antenna (MLA) was designed on a 1.2 mm thick 

glass substrate (εr = 4.8, tanδ = 0.0054) for resonance at 2.45 GHz, with largest 

dimension equal to 0.31λ. (The antenna design is based on an MLA on an FR4 

dielectric substrate [108].) Glass was chosen as the substrate material since it 

can be subjected to processes such as vacuum deposition and withstand 

chemical etchants, and may be blown into spherical shapes for experimentation 

with holographic photolithography. Figure 5-1 shows the front schematic of the 

antenna. The radiating element consists of seven half-turns expanding outwards, 

progressing along the y-axis, and is fed by a tapered microstrip line; a partial 

ground plane covers the reverse of the substrate. 

Table 5-1 lists the optimized parameter values for resonance at 2.45 GHz. The 

total track length of the radiating section is 69 mm, fitted inside an area of size 

9.6 mm by 36 mm. A gentle taper is used to better match the impedance of the 

feed line to that of the radiating section. Considering the total size of the 

antenna, the parameter a equals 23 mm; at its simulated resonance frequency of 

2.43 GHz, its ka value is 1.2. The antenna is thus on the border of being 

categorized as an ESA. 



Chapter 5  107 

 

  

A parametric study on the labelled parameters was undertaken to determine the 

effects on antenna performance. Key parameters which affect the resonance 

frequency of the antenna are hground, strack, iloop, and wloop; parametric results for 

varying values are provided in Figure 5-2, Figure 5-3, Figure 5-4, and Figure 

Table 5-1. Parameter list for optimized MLA. 

Parameter Code Value (mm) 

Width of substrate - 25.4 

Height of substrate - 38.1 

Height of ground plane hground 25.0 

Length of taper ltaper 21.0 

Width of taper at termination wtaper 0.50 

Width of radiator track wtrack 1.00 

Separation between turns strack 0.80 

Increment per half turn of loop iloop 0.25 

Total width of loop wloop 9.50 

Length of final section - 4.00 

 

 

Figure 5-1. Front view of MLA model, (yellow) metal, (teal) substrate; ground 

plane extents are shown with a patterned fill. 
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5-5, respectively. The performance characteristics of the MLA are a function of 

the antenna’s current distribution as well as the induced current distribution on 

the finite ground plane; thus the size of the ground plane can be varied to achieve 

the best possible match at the desired frequency. Other parameters which affect 

the resonance frequency vary the overall length of the conductor. The width of 

the taper at the feed point and where it meets the radiating structure can be 

appropriately adjusted to achieve the best impedance match. The width of the 

tracks in the radiating section, keeping all other parameters constant, does not 

have a significant effect on the resonance frequency, but affects the input 

impedance of the radiating structure. 

 

 

Figure 5-2. Simulated S11 for MLA, parameterised hground. Legend shown to the 

right, units are mm. Original parameter combination shown in orange. 
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Figure 5-3. Simulated S11 for MLA, parameterised strack. Legend shown to the right, 

units are mm. Original parameter combination shown in orange. 
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Figure 5-4. Simulated S11 for MLA, parameterised iloop. Legend shown to the right, 

units are mm. Original parameter combination shown in orange. 

-20

-15

-10

-5

0

1.5 2.0 2.5 3.0 3.5

S
1

1
(d

B
)

Frequency (GHz)

i_loop = 0.25

i_loop = 0.00

i_loop = 0.50



Chapter 5  110 

 

5.1.2. Fabrication 

The optimized MLA design was fabricated in-house using the photolithographic 

fabrication process. For this initial antenna fabrication, a simple negative mask 

was used instead of a CGH, as the substrate is planar. A 2 μm coating of Fuji 

Photo Film Co. Ltd BPRS200 photoresist was subsequently applied and treated 

via exposure to ultraviolet light passed through a negative mask displayed on an 

acetate film. After developing the resist, a seed layer (approximately 200 nm 

thick in total) of titanium followed by gold was deposited using thermal 

evaporation. Subsequently, after etching away excess photoresist (and metal) 

using solvents, a copper layer approximately 3-5 μm thick was electroplated 

onto this seed metal layer; note that skin depth of copper at 2.4 GHz is 1.3 μm. 

The ground plane was fashioned using adhesive copper tape on the reverse of 

the substrate. Despite accounting for diffraction effects, actual patterned track 

widths were approximately 35% thinner than intended; this was due to low 

intensity of light projected at the edges of the defined tracks. Figure 5-6 shows 

a photograph of the antenna mounted on a standard SMA connector.  

 

Figure 5-5. Simulated S11 for MLA, parameterised wloop. Legend shown to the right, 

units are mm. Original parameter combination shown in orange. 
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5.1.3. Results and Discussion 

Figure 5-7 compares the measured S11 characteristics of the fabricated antenna 

with simulated results for optimized parameters, and for all track widths reduced 

by 35%. The reduction of the track widths also results in an increase in the 

separation between horizontal sections, and therefore meaningfully alters the 

antenna performance. Faults in the tracks, especially in the feed line taper are 

evident (see Figure 5-6), and are due to improper adhesion of metal on glass; 

this is likely due to human errors during the fabrication process, for instance the 

introduction of dust on the substrate. Another potential source of error is a sub-

optimal soldered connection between the SMA connector and the antenna. As a 

result, the S11 response of the measured MLA is seen to have an abnormal level 

of perturbations. At its resonance frequency of 2.2 GHz, the antenna has a ka 

value of 1.1; corresponding FBW−3dB and FBW−6dB values are 27% and 13%, 

respectively. Note that for the measured S11 response shown in Figure 5-7, the 

half-power cut-off is not a reliable measure of fractional bandwidth, whereas 

the quarter-power cut-off (FBW−6dB) is more in line with simulation (also 

approximately 13%). 

 

Figure 5-6. Photograph of the manufactured MLA, mounted on an SMA connector 

(solder not yet applied). 
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Figure 5-8 shows the measured realized gain in decibels for this antenna, 

computed using the gain transfer method. Measured results are only available 

for the dominant φ component; simulated results are presented for both φ (co-

polar) and θ (cross-polar) components, and show a difference of more than 20 

dB between the two. Measured results for the azimuth plane agree very well 

with simulations; in the elevation plane, measured gain is lopsided which is 

likely due to the phase centre of the antenna not aligning perfectly with the 

centre of rotation of the antenna mount. The average forward gain (±90°) for the 

φ component of the MLA is −0.1 dBi (simulation), and −1.8 dBi (measurement). 

 

Figure 5-7. S11 results for the MLA; (orange) measured, (blue) simulated; (– –) 

simulation with optimized parameters, (···) simulation with all track widths 

reduced by 35%. 
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5.1.4. Comments 

A compact (ka = 1.2) planar meanderline monopole antenna, based on the 

design presented in [108], was fabricated in-house using the standard 

photolithography technique. The meanderline structure allows for 

miniaturization by extending the overall track length, as well as adding self-

impedance to the radiating structure; a tapered microstrip line is used to feed 

this radiating structure and match it to a 50 Ω feed. A parameter study on the 

simulated model is provided to offer insight into the optimization of the antenna 

design. 

Light intensity at track edges was lower than expected, resulting in thinner track 

widths than intended from the optimized simulation model and leading to a shift 

in the resonance frequency of the antenna. Moreover, due to some imperfections 

in the tracks and solder build up near the feed connector, the return loss curve 

for the antenna shows more perturbations than expected from simulation. There 

is good agreement between the measured and simulated gain of the antenna, 

with the radiation pattern resembling that of a dipole antenna. 

 

Figure 5-8. Realized gain (dBi) for the MLA at 2.2 GHz; (–––) measured φ 

component, (– –) simulated φ component, (···) simulated θ component; (orange) 

azimuth plane, (blue) elevation plane. 
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5.2. Modified Dome Antenna 

Based on a previously published antenna design [72, 109], a rapid prototype of 

a meanderline hemispherical dome antenna (MHDA) was fabricated on 3D 

printed plastic (ABS) and damascened with conductive silver paste to overlay 

metal tracks. The work is a precursor to the following section where the 

digitated antenna designs discussed earlier are voluminously expanded and 

fabricated using 3D printing techniques. 

Figure 5-9 shows the CST MWS models of two such antennas. As before, the 

elevation plane is the geometrical x-y plane, while the azimuth plane is the 

geometrical z-x plane. Both consist of conformal meanderlines on a 

hemispherical ABS substrate (εr ≈ 3, tanδ = 0.009) of radius 40 mm. The 

antennas are placed on a square FR4 substrate (εr = 4.3, 

tanδ = 0.025) of area 16 cm2, with a coaxial feed inserted in the centre for 

excitation. The MHDAA consists of eight identical arms (each with a total length 

of 425 mm) for even current distribution on the surface of the sphere, and fed 

by microstrip feed lines for improved impedance matching. Designed for 

closely spaced dual-resonance behaviour, the MHDAB consists of two sets of 

four arms each; the longer arms have a length of 520 mm (and are fed by 

meandering microstrips), whilst the shorter arms have a length of 260 mm (and 

are fed by straight microstrips). 

Note that the different geometries were put in place to investigate the effects of 

a relative phase delay between the two sets of meanderlines. However, this line 

of inquiry was placed out of the scope of the project due to an increased focus 

on planar antenna design and the fabrication of the digitated inverted-F based 

antennas, as these offered an increased potential for novel research. 
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Figure 5-10 shows a photograph of the MHDAA mounted in an anechoic 

chamber for testing. It can be seen that there are some defects present in the 

metal tracks; this is due the presence of unavoidable print defects from the 

MakerBot printer used. Moreover, there are splotches of silver epoxy where the 

meanderlines meet the microstrip feed lines; this was caused by the epoxy 

melting when solder was applied. Return loss characteristics for the two 

fabricated antennas are presented along with simulated results in Figure 5-11 

and Figure 5-12. 

 

 

Figure 5-9. CST MWS 3D model of (left) MHDAA and (right) MHDAB; grey tracks 

are metallizations (PEC). 
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Figure 5-10. Photograph of 3D dome antenna, MHDAA, mounted in ancheoic 

chamber for radiation pattern measurements. 
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Measured results for the MHDAA show that the antenna is resonant at the 

expected frequency, but that the match is much worse than predicted from 

simulations. This is primarily due to the sub-optimal connection between the 

microstrip feed lines and the radiating arms. Similarly, for the MHDAB, it can 

be seen that whilst the antenna has two distinct measured resonances, the actual 

resonance values do not line up well with simulations. The two resonances from 

the long and short arms, which were lined up close together to increase 

bandwidth at the low frequency point are seen to separate in measurements, 

implying that fabricated tracks are not continuous (i.e. shorter current paths); 

similar defects along the meanderlines can be seen for the antenna shown in 

Figure 5-10. The marked deviation of measured results from simulation 

predictions confirmed expectations of poor performance from these antennas 

due to various setbacks in the fabrication process, in particular the metal tracks 

and connections.  

 

 

Figure 5-11. S11 for (orange) MHDAA; (–––) measured and (– –) simulated. 
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The radiation pattern of the fabricated antennas was measured using a non-

standard Yagi-Uda as the transmit antenna. Therefore, only the peak normalized 

radiation patterns are provided. 

The MHDAA was measured at its resonance frequency of 670 MHz, and is 

shown compared to the pattern at its simulated resonance frequency of 655 MHz 

in Figure 5-13. The main polarization is along the θ component. Measurements 

and simulations line up well in the azimuth plane, except for a dip around ±110° 

present in simulation but absent from measurements; the measured pattern in 

the elevation plane is consistently larger than the simulation counterpart. This 

deviation is most likely a result of misalignment: the results are in line with the 

antenna being placed lower than its phase centre. 

 

Figure 5-12. S11 for (blue) MHDAB; (–––) measured and (– –) simulated. Simulated 

curve for (green) MHDAB with straight microstrips is also included. 
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The MHDAB was measured twice at its resonances of 520 MHz and 710 MHz, 

which are both compared with the pattern at the deeper resonance point at 

665 MHz (in reality, two resonances close together), in Figure 5-14 and Figure 

5-15, respectively. The resulting plots exhibit the same trends as those reviewed 

for Figure 5-13: main polarization is along the θ component, measurements are 

slightly more symmetric compared to simulations in the azimuth plane, and 

measurements are steadily higher than simulations in the elevation plane due to 

the antenna being placed lower than its phase centre. 

 

 
Figure 5-13. Peak normalized radiation pattern (dBi) for the MHDAA; (left) θ 

component, (right) φ component; (–––) measured, (– –) simulated; (orange) 

azimuth plane, (blue) elevation plane. Cross-polar at least 15 dB below co-polar.  
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Figure 5-14. Peak normalized radiation pattern (dBi) for the MHDAB, measured at 

520 MHz; (left) θ component, (right) φ component; (–––) measured, (– –) 

simulated; (orange) azimuth plane, (blue) elevation plane. Cross-polar at least 15 

dB below co-polar. 
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Though the fabricated antennas did not perform as desired, due to a number of 

issues in the fabrication process, the endeavour provided useful insight into the 

skills and tools required to extract and process CAD models into 3D printable 

files, and the subsequent pre-processing and post-processing involved in the 

printing process. The practical skills gained were carried forward into the 

fabrication and measurement of voluminous variants of the CDPIFA introduced 

in Chapter 3. 

5.3. Additive Manufactured Planar 
Inverted-F Antennas 

Based on the CDPIFA covered in Chapter 3, inherently 3D antennas were 

modelled and subsequently fabricated using powder bed fusion additive 

manufacture, PBF-AM. This section counts towards a practical validation of 

small antenna theory, which states that the performance of such an antenna (in 

terms of bandwidth and efficiency) can be improved by occupying more of the 

Chu sphere around the largest dimension of the antenna [11, 19, 20]. 

Simulated results for radiation efficiency are presented for the PIFA as it is 

voluminously extended into the 3rd dimension. The results are validated with 

three PBF-AM fabricated antennas: flat, part-spherical (~66% fill-factor), and 

 
Figure 5-15. Peak normalized radiation pattern (dBi) for the MHDAB, measured at 

710 MHz; (left) θ component, (right) φ component; (–––) measured, (– –) 

simulated; (orange) azimuth plane, (blue) elevation plane. Cross-polar at least 10 

dB below co-polar. 
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full-spherical (~100% fill-factor). Radiation pattern measurements are also 

provided for the full-spherical variation, and resemble those of the various small 

antennas discussed thus far. Finally, we compare the effectiveness of the two 

different heat sources for the fabrication of complex geometries (as necessitated 

by the centrally populated digitated structure), and assess the viability of PBF-

AM, in its current state, as a possible fabrication method for inherently 3D 

antennas.  

Due to the novelty of PBF-AM applied to RF applications, it was not possible 

to obtain accurate or reliable EM properties for the constituent raw materials, 

i.e. the powdered forms of metal and plastic used. Whilst the mechanical 

properties (and changes therein during the printing process) of the various raw 

materials used in AM have been extensively studied due to the proliferation of 

3D printed parts in structural and mechanical applications, EM properties are 

not as well known. Indeed, one the key challenges identified in any review of 

AM technology is the need for better understanding of material properties [110-

113]. 

Therefore, in the absence of such information from manufacturers, and without 

reliable research databases on such material properties, their EM properties 

were approximated in CST MWS using materials closely resembling these and 

already included in the software’s material library. The antennas are modelled 

with a hollow substrate with εr of 1.2, arrived at through iterative simulations, 

and tanδ of 0.06 (comparable to FR4), and a metal based on the properties of 

copper, but with reduced conductivity (σ = 5.8E5 Sm-1).  

5.3.1. Voluminous Expansion of PIFAs 

Figure 5-16 shows cross-sectional CAD model views of three PIFAs, 

increasingly occupying the full volume of an imaginary sphere; in each case, 

the width of the antennas is 30 mm. Simulated results for the resonance 

frequency and efficiency as a function of the parameter h (as described in Figure 

5-16) are provided in Figure 5-17 and Figure 5-18, respectively. 
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As with the CDPIFA, simulations reveal that the antennas exhibit two closely 

spaced resonances. It can be seen from Figure 5-17 that the 2nd resonance varies 

more as a function of the voluminous expansion, h, as compared to the 1st 

resonance, with the general trend that the respective frequencies at resonance 

reduce as h increases, since the currents have a longer effective length on a more 

curved surface. The corresponding radiation efficiency at resonance also 

exhibits a general trend, where the efficiency increases as h is increased and the 

antenna occupies more and more of the Chu sphere. Over the two resonances, 

the mean radiation efficiency of the flat antenna is 9.5%; for the full-spherical 

antenna, this is increased to 53%. 

Establishing an overall trend for this particular antenna geometry, at the 

dimensions specified, a unit (1 mm) change in height h results in an increase in 

radiation efficiency of 1.6 percentage points. Thus, where viable (subject to 

availability of space), the antenna can be made more efficient in order to reduce 

power consumption. The resonance frequencies can be subsequently tuned 

depending on the required application as per the design guidelines provided in 

the parametric study in Chapter 3. 

 
Figure 5-16. Cross-sectional view of CAD models simulated in CST MWS, for 

progressively greater voluminous expansion. 

h = 2 mm h = 20 mm h = 30 mm
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5.3.2. Fabrication 

PBF-AM processes comprise the layered, sequential build-up of 3D parts or 

structures. This is achieved by decomposing the 3D part into a stack of 2D cross-

sectional layers. A thin layer of powder (ranging from ~10 to ~100 µm) is 

 

Figure 5-17. Simulated resonance frequency of (orange) 1st and (blue) 2nd 

resonances as a function of h. Fabricated antennas are annotated. 
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Figure 5-18. Simulated radiation efficiency of (orange) 1st and (blue) 2nd resonances 

as a function of h. Fabricated antennas are annotated.  
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deposited onto a printing bed and a suitable heat source subsequently used to 

melt the cross-sectional layers, one at a time [24]. Two predominant 

technologies are SLM and SEBM, with laser and electron beam as the respective 

heat sources. In general, slower build times allow for a more robust structure 

and a more homogeneous deposition of material throughout the thickness of the 

structure; faster build times are (potentially) approachable as the machine 

operators gain more confidence in the process timelines required for optimal 

build quality. 

The SLM process was trialed first, on a Renishaw AM250 printer [99], as it 

typically provides higher resolution than SEBM and can yield parts with a 

smoother surface finish. A key disadvantage, however, is that SLM is much less 

capable of manufacturing overhanging features such as the centrally populated 

digits on these antennas. Usually, this limitation is overcome with the use of 

sacrificial support structures, analogous to the use of scaffolding in building 

construction. Whilst these support structures were intentionally melted in such 

a fashion as to reduce their structural integrity, the force needed to remove these 

damaged the digits beyond an acceptable degree. Some of the clipped support 

structures also left small stubs between two digits which presented an issue in 

terms of regulating the current paths on the antenna. A photograph of an antenna 

part fabricated with SLM is shown in Figure 5-19, where the partly-removed 

support structures can be clearly seen. The support structures which are on the 

outside of the surface can easily be buffed away; however, removal of those 

behind the digits resulted in distortion of the structure. 

With the issue of the support structures proving too problematic, the SEBM 

process was used instead, on an Arcam A2 printer [100]. The process is better 

suited to the current antenna geometry as the metal powder is pre-sintered before 

further processing by the SEBM heat source, removing the need for support 

structures. A photograph of an antenna part fabricated with SEBM is shown in 

Figure 5-20. Evidently, the surface finish and resolution are much worse than 

the laser processed counterpart. This is due to the use of coarser powder layers 

with the SEBM process (40-105 µm compared to 15-45 µm for the laser 
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process), and the comparatively larger area affected at any one time by the 

electron beam compared to a heating laser. 

 

 

The antenna radiator and ground plane were fabricated separately using a 

Titanium alloy, Ti-6Al-4V (σ ≈ 105 Sm-1). Hollow plastic substrates fabricated 

from the plastic nylon12 were used to provide support. Copper tape was then 

used to short the top metallization to the ground plane, and to provide contact 

 

Figure 5-19. Photograph of antenna part (material: titanium alloy) fabricated using 

SLM PBF-AM.  

 

Figure 5-20. Photograph of antenna part (material: titanium alloy) fabricated using 

SEBM PBF-AM. 
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pads for soldering SMA connectors. Photographs of two fabricated prototypes 

are shown in Figure 5-21. 

 

In total, for this project, four iterations of fabrication were performed; each 

iteration sought to improve build quality, specifically the surface finish. The 

build process for the four SEBM fabricated antennas presented in this chapter 

is described as follows: 

▪ The Arcam A2 printer was run under a vacuum of about 0.0001 mbar; a 

slight amount of helium was inserted into the chamber to help dissipate 

the charge induced into the powder bed by the electron beam 

▪ All parts were built on a stainless-steel plate, which was heated to 730 °C 

by the electron beam before any powder was deposited 

▪ For each layer of powder deposited (50 µm thick), the beam was first 

defocused and scanned across the layer at a high speed (30 ms-1) with 

2.3 kW power, for around 15 seconds, to sinter the powder 

▪ Each part area was subsequently melted using a focused beam with a 

back and forth raster pattern at a speed of around 0.35 ms-1 with 300 W 

power 

 

Figure 5-21. Photograph of two SEBM PBF-AM fabricated antenna prototypes, 

shown assembled; (left) full-spherical, (right) flat.  
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▪ Thereafter, successive powder layers were deposited and the previous 

sintering and melting steps repeated until the antenna parts were fully 

realized 

Eighteen antenna parts (radiator and ground plane separate, i.e. total of nine 

antennas) were printed, with a total printing time of 2 hours and 24 minutes. The 

entire printing process, including post-processing, was completed within 4 

hours. Of the total nine antennas, three each were flat, part-spherical, and full-

spherical. Some parts were damaged or lost in postprocessing, where 

pressurized air was used to separate the final melted parts from sintered powder 

blocks, due to inexperience; some others were rendered unusable at the 

assembly stage due to the application of excessive mechanical force. 

5.3.3. Results and Discussion 

As pointed out earlier, due to the uncertainties in material properties, 

measurements were carried out for return loss and efficiency, and the results 

used in a feedback loop to more accurately reflect the construction of the 

simulation models in CST MWS. As such, it is not possible at this stage to 

compare these AM fabricated antennas to antennas fabricated using 

conventional techniques.  

Return loss measurements for the antennas were performed using a VNA. The 

radiation efficiency was subsequently computed with measurements taken with 

the antennas enclosed in a Wheeler cap box, using the constant-loss-resistor 

method (see Chapter 2, [86]). Due to low measurement precision, only the 

efficiencies for the second resonance were computed, since the absolute figures 

are higher and therefore negative/invalid results unlikely. Two sets of 

measurements provided for the full-spherical antenna serve to illustrate 

measurement precision. 

Figure 5-22, Figure 5-23, Figure 5-24, and Figure 5-25 compare the measured 

and simulated S11 parameter for the flat, part-spherical and two full-spherical 

prototypes, respectively. Simulated efficiency at resonance and measured 

efficiency for 20 MHz bandwidth about the resonance frequency are also 
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displayed. As for the agreement between measurements and simulations, it can 

be said that only a general trend is visible, with a considerable and noticeable 

departure in the exact values for resonance frequencies, bandwidths, and 

efficiencies. These differences may be attributed to the host of difficulties 

discussed above in the manufacture and accurate simulation of the antennas. 

Nevertheless, with the quality of samples currently available and the state of 

knowledge about material properties, an adequate first impression is evident in 

the trends observed in simulations and measurements: namely the lowering of 

the second resonance frequency as the parameter h is increased, and a 

subsequent increase in the radiation efficiency.  

 

 

Figure 5-22. S11 results for PBF-AM flat CDPIFA; (orange) measured, (blue) 

simulated. Radiation efficiency at respective resonance frequencies, for the 2nd 

resonance; (purple) measured, (green) simulated.  
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Figure 5-23. S11 results for PBF-AM part-spherical CDPIFA; (orange) measured, 

(blue) simulated. Radiation efficiency at respective resonance frequencies, for the 

2nd resonance; (purple) measured, (green) simulated.  

0

20

40

60

80

-18

-12

-6

0

1.2 1.4 1.6 1.8 2.0

R
ad

ia
ti

o
n

 E
ff

ic
ie

n
cy

 (
%

)

S
1

1
(d

B
)

Frequency (GHz)

 

Figure 5-24. S11 results for PBF-AM full-spherical CDPIFA, sample A; (orange) 

measured, (blue) simulated. Radiation efficiency at respective resonance 

frequencies, for the 2nd resonance; (purple) measured, (green) simulated. 
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Key results for the 2nd resonance of each antenna are summarized in Table 5-2. 

Note that the parameter Qratio is not directly applicable to antennas exhibiting 

two resonances close together, as there is not yet a consensus in the antenna 

community for whether the relationships between Q and bandwidth hold for 

such behaviour [19]. 

 

 

Figure 5-25. S11 results for PBF-AM full-spherical CDPIFA, sample B; (orange) 

measured, (blue) simulated. Radiation efficiency at respective resonance 

frequencies, for the 2nd resonance; (purple) measured, (green) simulated.  
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Table 5-2. Simulated and measured resonant frequency and radiation efficiency at 

2nd resonance for PBF-AM fabricated CDPIFAs. 

 Flat 
Part-

spherical 

Full-

spherical 

(sample A) 

Full-

spherical 

(sample B) 

Simulated 

frequency (GHz) 
1.93 1.79 1.65 - 

Measured 

frequency (GHz) 
1.84 1.83 1.73 1.68 

Simulated 

efficiency (%) 
14 56 68 - 

Measured 

efficiency (%) 
11 59 76 60 
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Lastly, the realized gain for the fully-spherical CDPIFA was measured in an 

anechoic chamber, as described in Chapter 2. Due to the particular feed location 

for this antenna, partial power gains were measured with respect to vertical and 

horizontal polarizations, and the gain transfer method (see Chapter 2) used 

subsequently to compute the total realized gain. Figure 5-26 and Figure 5-27 

plot the results for azimuth and elevation planes respectively, measured at 1.7 

GHz. As observed with previous ESA gain measurements, there is a large 

degree of undulation in the radiation patterns; in particular, there are some 

artefacts due to the setup (antenna holder) in the azimuth plane towards the rear 

of the antenna. There is, however, good agreement between the two measured 

patterns, with a total average difference of 1.7 dB.  

 

  

Figure 5-26. Realized gain (dBi) for the full-spherical ESA at 1.7 GHz; (orange) 

measured – sample A, (green) measured – sample B, (blue) simulated; azimuth 

plane. Combined absolute gain (φ and θ components). 
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5.3.4. Comments 

A novel application of the PBF-AM technique to the fabrication of three-

dimensional antenna designs is reported. Limitations included a lack of 

information regarding the EM properties of raw materials (and how these evolve 

as the powdered raw material is sintered into solid geometries), as well as the 

necessitated application of copper tape as contact pads for SMA connectors. 

Despite these limitations, general trends observed during simulations, i.e. the 

behaviour of the resonance frequency and the antenna’s radiation efficiency as 

a function of voluminous expansion, are corroborated with measurements. Two 

samples of a fully three-dimensional, spherical antenna have a measured 

radiation efficiency of 76% and 60% (average 68%); contrasted to the efficiency 

for a flat counterpart, which is computed as 11%, there is an increase of 57 

percentage points. Further research is required to improve confidence in the 

absolute values obtained. 

The obvious drawback with voluminous expansion is the increase in the 

antenna’s profile (height), which might limit its practical application. This can 

  

Figure 5-27. Realized gain (dBi) for the full-spherical ESA at 1.7 GHz. (orange) 

measured – sample A, (green) measured – sample B, (blue) simulated; elevation 

plane. Combined absolute gain (φ and θ components). 
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be partly addressed by a variation in antenna design where the rear metallization 

(ground plane) is kept flat as the top radiator is voluminously expanded. Such a 

structure, with a flat ground plane, would be better suited to the majority of 

applications where traditional, planar antennas are currently installed since the 

antenna can simply be placed on top of an existing metallized surface. However, 

due in part to less accurate reproductions of currents on the surface of the new 

hemispherical antennas, a sacrifice in the radiation efficiency is to be expected. 

Figure 5-28 and Figure 5-29 plot the simulated resonance frequency and 

efficiency as a function of the parameter h for these hemispherical variations 

(note that for diameter 30 mm, maximum value of h for full-hemisphere is 

16 mm instead of 30 mm for full-sphere). The trends in resonance frequency 

and radiation efficiency follow those previously established in Figure 5-17 and 

Figure 5-18. Over the two resonances, the mean radiation efficiency of the flat 

antenna is 9.5%; for the full-hemispherical antenna, this is increased to 40.5%. 

 

 

Figure 5-28. Simulated resonance frequency of (orange) 1st and (blue) 2nd 

resonances as a function of h. Extremes are annotated. 
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Establishing an overall trend for this particular antenna geometry, at the 

dimensions specified, a unit (1 mm) change in height h results in an increase in 

radiation efficiency of 2.2 percentage points. Thus, whilst the maximum 

(averaged over first two resonances) efficiency available for a full-

hemispherical geometry, at 40.5%, is over 10 percentage points lower than the 

maximum achievable for a full-spherical geometry, the gain in efficiency per 

unit of height increased is improved. 

Finally, there is room yet for improvement in the surface finish achieved using 

SEBM. Figure 5-30 shows a photograph of an unused antenna part fabricated 

with an Arcam A2 printer after iterative optimization of the build process. A 

noticeable improvement can be seen over the components used in measurements 

(c.f. Figure 5-20); however, at the time of writing, these improvements could 

not be carried onto 3D counterparts. Lastly, the use of copper powder as the raw 

material, which is the subject of current research at the Sheffield Mercury 

Centre, would further improve the robustness and packaging of fabricated 

antennas. 

 

Figure 5-29. Simulated radiation efficiency of (orange) 1st and (blue) 2nd resonances 

as a function of h. Extremes are annotated. 
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5.4. Summary 

This chapter provided three varieties of ESAs fabricated in-house using 

photolithography and additive printing. The primary motivations were to obtain 

an understanding of these processes, and to assess the readiness of emergent 

techniques for rapid prototyping and mass manufacture of non-traditional 

antenna geometries. 

The first antenna is a planar MLA, where the front metallization is achieved 

using a standard lithography process. This exercise was planned as a precursor 

to the patterning of non-planar substrates with the use of holographic 

photolithography; this line of research could not be concluded due to unplanned 

limitations with support personnel and equipment, and was supplanted with a 

greater focus on AM fabrication techniques. Track widths on the fabricated 

antenna were thinner than desired, resulting from variance in light intensity 

across the profile of the tracks. This highlights a key challenge in non-contact 

lithography: small imprecisions in misalignment can lead to considerable 

 

Figure 5-30. Photograph of unused antenna part fabricated using SEBM PBF-AM, 

illustrating the improvement to surface finish through process optimization (c.f. 

Figure 5-20).  
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changes in final patterned tracks. In a similar vein, such ‘misalignments’ would 

be unavoidable for the case of non-planar substrates, where light projected 

through standard photolithographic masks diffracts as it exits the mask. This is 

a limitation directly overcome by holographic photolithography where 

specialist masks are engineered in such a way that emergent light beams can be 

locally focused as per the topography of the substrate. Still, the process is unable 

to accommodate inherently 3D structures without the use of complex optics to 

illuminate areas of a substrate which would lie under a shadow when illuminated 

directly from above. 

Next, the focus was shifted to the use of AM techniques. At first, two variants 

of a dome antenna were fabricated; the substrates were 3D printed with ABS 

plastic, and metal tracks subsequently defined by damascening conductive silver 

paint onto the substrate. Due to unavoidable print defects in the indented 

grooves, the fabricated tracks had poor definition; moreover, the integrity of 

connections between the meanderlines and feed lines was compromised during 

soldering. As a result, measurements and simulations were not closely aligned. 

Finally, the suitability of PBF-AM to directly fabricate metallic prototypes was 

investigated. Through this technique, it was possible to fabricate variants of the 

CDPIFAs discussed in Chapter 3 with varying heights (or volume). 

Measurements show an increase in the radiation efficiency with an increase in 

volume; this trend is corroborated with simulations. As the height of the antenna 

is increased, the measured radiation efficiencies for a flat, part-spherical, and 

full-spherical are 11%, 59%, and 68% (averaged between two samples), 

respectively. However, a key limitation in the confidence of the actual 

efficiency values is a lack of knowledge of the material properties, and how 

these change as the powdered form of raw materials is sintered and melted to 

form solid structures.  

It can be argued that the techniques used to realize holographic 

photolithography may be incorporated into existing industrial processes (of 

photolithography). As such, this technique may be better suited in the near term 

as a means of fabricating inherently 3D antenna designs (note that underlying 
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features would still require careful attention; thus, monolithic fabrication would 

still not be possible). On the other hand, this past decade has seen exponential 

growth in the availability and sophistication of AM techniques, prompting 

further research into the fabrication of RF components. As material properties 

are better understood and the printing process optimized for electronics (and 

especially RF components), PBF-AM is poised to be uniquely suitable for both 

rapid prototyping and mass fabrication of antennas. 

It is hoped that results presented here catalyze further research into 3D printed 

RF components, to drive further maturation of the technology. Possible next 

steps are detailed investigation of the material properties under flux, the use of 

higher conductivity metals, and continued improvements in the surface finish 

and integrity of printed structures. With better understanding of material 

properties, reliability analyses would be an immediate next step. Ultimately, 

future research can investigate the suitability of AM for mass manufacture of 

RF parts. 
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CHAPTER 6 

 

 Conclusions 

The aim of this Thesis was to investigate the miniaturization and optimization 

of antennas, with considerations for fabrication. Like the many modern antennas 

found in mobile electronic devices, an antenna is classed as electrically small if 

it operates at a wavelength(s) many times its physical size. More specifically, 

taking the radius of the smallest sphere (termed the Chu sphere) that would 

completely encapsulate a particular antenna as a, an antenna is classed as 

electrically small if the product of the wavenumber k (= 2π/λ) and the parameter 

a is less than or equal to 0.5 (also acceptable is ka ≤ 1.0). These values represent 

an imaginary spherical boundary containing the first order radiation modes, and 

the demarcation between near and far fields of a Hertzian antenna, respectively. 

Furthermore, it is widely accepted that as the electrical size of an antenna is 

reduced, its performance (in terms of gain, efficiency, and bandwidth) 

deteriorates. Generally, the radiation resistance decreases, while the reactive 

component of its impedance increases, leading to a poor match with the feed 

line or network. The following is a summary of the contributions of this Thesis. 

An extensive literature review was presented, covering a range of 

miniaturization techniques applied to antennas. The relative advantages and 

disadvantages were discussed, and geometrical shaping was identified as a 

miniaturization technique which could be intuitively applied and would result 

in an antenna that would be simple to fabricate with traditional techniques. To 

these ends, a novel, digitated structure was integrated into an IFA to reduce its 

electrical size by increasing the antenna’s self-inductance and self-capacitance. 

The presence of a large number of tuneable parameters means that the antenna 

is well suited for computational optimization algorithms, in order to determine 

the best possible impedance match at a desired frequency. Additionally, the 
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digitated structure can be abstracted into a simpler, two-element design, which 

is more suitable for gaining an intuitive understanding. In terms of ease of 

manufacture, the uni-planar CDIFA is well suited to traditional fabrication 

techniques, such as photolithography and machine etching. Through vias are 

employed to feed the antenna, which is a standard process in PCB manufacture. 

The absence of lumped reactive components (i.e. chip capacitors or inductors) 

further simplifies the fabrication process, lowering manufacturing costs. 

Furthermore, the antennas are very low profile, capable of integration directly 

into the main PCB of an electronic device. The compact profile of the antenna 

is especially suited to handheld mobile devices such as ‘smart’ watches, as 

proposed in [114]. 

Bandwidth enhancement was investigated through a variant of the IFA, with the 

new structure closely resembling a PIFA. Termed the CDPIFA, the front 

metallization of this antenna is similar to that of the CDIFA; the back is 

completely metallized, and therefore does not require any extra processing for 

etching techniques. A shorting pin between the radiator and ground sections is 

realized with copper tape, though it can be replaced by through vias in future 

iterations for increased stability. This antenna structure offers two paths (in 

opposing directions) for current flow, the respective lengths of which can be 

altered to tune two resonances (with orthogonal polarity) close together. Due 

mainly to losses in the substrate, these antennas were found to be very low 

efficiency, though the extended bandwidth makes them tolerant to 

environmental effects (such as detuning). With their low efficiency, the 

antennas are more suited to receive than transmit applications where the signal-

to-noise ratio (SNR) of the incoming signal is often the main limiter in terms of 

system performance [22]. 

It is widely accepted that the ‘best’ compromise between miniaturization and 

performance is achieved when an ESA makes full use of the Chu sphere as 

determined by its maximum dimension. From the perspective of planar printed 

antennas, this implies an increase in height, and a spherical shape. Additive 

manufacturing was employed to fabricate variants of the CDPIFA with different 

heights, i.e. different fill factors with respect to the Chu sphere. Whilst the 

material properties of raw materials used in PBF-AM are not yet fully 
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characterized, measured results follow theoretical expectations of an increase in 

the radiation efficiency as the antenna is made more voluminous. 

A planar MLA and a 3D dome antenna with meanderlines were also prototyped 

using traditional photolithography and additive printing (and subsequent 

metallization with conductive ink), respectively, to develop an intimate 

understanding of these fabrication processes alongside research into antenna 

miniaturization. Research into the investigation of computer generated 

holograms for holographic lithography was subsequently pivoted in favour of 

the investigation of the suitability and readiness of AM to prototype ESAs, 

primarily due to the opportunity for pioneering measured results of metallic 3D 

printed antennas. The PBF-AM process employed for the fabrication of 3D 

CDPIFAs is one of the few AM technologies able to directly print metals. As 

the process gains further sophistication, it could emerge as a viable option for 

the mass manufacture of monolithic, inherently 3D antennas. 

6.1. Recommendations for Future Work 

This section provides recommendations for the refinement of the results and 

ideas presented in the Thesis, and offers some clues for further research work 

which can be built on the current work. 

6.1.1. Antenna Design 

The design methodology employed for antenna miniaturization was based on 

geometrical shaping, mainly due to the subsequent ease of manufacture using 

traditional methods; this was achieved with the use of a centrally populated 

digitated structure in variants of IFAs. A natural extension of the work would 

be to investigate the effects of similar structures on other antenna types, such as 

loop or slot, and to produce simple predictive models for a first estimate of 

antenna performance based on only a few parameters. 

Furthermore, having established the usefulness of PBF-AM in rapid prototyping 

and potential for mass manufacture, the antenna design stage may be revisited 

with added freedoms in terms of inherently 3D designs. For instance, layered 
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conducting structures may be incorporated in a conformal configuration to 

further miniaturize multi-element antenna structures; one example is passive 

directive elements on patch or Yagi-Uda type antennas, another is underhanging 

capacitive ‘top hats’. The technique is particularly suited to the fabrication of 

all-metal, space-filling, wire-type antenna structures generated using 

computational algorithms. As printing speeds are increased, PBF-AM can be 

integrated more closely into the design process, offering a quick first estimate 

of the measured performance of antenna structures designed in CAD and 

simulation software such as CST MWS. 

6.1.2. Antenna Measurements 

A range of different antennas were measured and their results presented in the 

course of the discussion thus far. It can be observed that the radiation patterns 

obtained for antennas with ka greater than 1 are far better defined than those 

whose ka value is less than 1 (i.e. ESAs). Part of the low resolution and precision 

of these measurements is the difficulty in correct alignment of the (also) 

physically small antenna structures, which can be improved with careful design 

of the support apparatus around the AUT. 

The use of a copper-clad coaxial feed cable further contributed to any 

imprecisions and inaccuracies in the measured results, and made straightforward 

simulation of the antenna structures difficult. This is understood to be primarily 

due to leakage currents forming on the feed cable and contributing to the EM 

fields radiated by the antenna itself. These unwanted effects may be eliminated 

with the use of an optical fibre cable instead of the traditional coaxial cables, 

together with some type of opto-electric field sensors and RF-optical 

transducers [11]. Efforts were made to employ such a measurement setup at the 

National Physical Laboratory (NPL) [115, 116], but were ultimately set aside 

due to financial constraints. This sort of setup might appear more cost-effective 

for potential future work where measurement accuracy is of greater concern. 
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6.1.3. Additive Manufacture and Material Characterization 

It was emphasized that PBF-AM is currently limited only to prototyping of 

antennas, due to the dearth of knowledge regarding the EM properties of raw 

materials used. This has been identified as a key challenge in the development 

of AM in general [110-113], with future progress poised to extend the 

application of AM to general mass manufacture. In particular, unknown changes 

to material properties during the fabrication process limit the usefulness of raw 

material properties. However, existing measurement techniques can be 

employed to approximate the electrical permittivity and loss tangent of 

dielectrics (e.g. coaxial probe and free-space methods for powders, and 

transmission line method for 3D printed solids) [117, 118], as well as the 

electrical conductivity of metals [119, 120] fabricated using AM. As process 

tolerances are better understood and formalized, such methods can be used to 

create a database of the properties of various AM fabricated materials. 

It was also demonstrated that there is room for improvement in the quality (in 

terms of resolution and surface finish) of parts that can presently be produced. 

Further optimization of the printing process, together with the use of materials 

traditionally employed for electronics (e.g. copper) can lead to improvements in 

the quality of antenna parts realized with the current state of art. (The liaising 

Mercury Centre recently started its investigation of copper as a raw material for 

AM processes.) 

Lack of flexibility in AM parts is currently a major limitation for the technique 

compared to processes such as conformal direct-write printing or direct transfer 

patterning. Recently though, the concept of four dimensional (4D) printed metal 

has been publicized [121, 122], whereby flexible, shape-altering metallic 

structures can be realized using enhanced AM techniques; typically, the material 

properties are a function of potential external stimuli such as temperature or 

pressure. Such advances have the potential to significantly hasten the 

proliferation of AM in antenna research and development. 
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6.2. Concluding Remarks 

Through this report, I have presented findings on an intuitive design 

methodology covering the integration of digitated structures in inverted-F and 

related antennas, and produced pioneering measured results for voluminous 

(3D) metallic antennas fabricated with PBF-AM. 

A ‘design matrix’ was produced, linking key parameters of a simplified 

digitated structure to antenna miniaturization and efficiency; its use as a means 

for antenna designers to obtain rapid first estimates over a range of frequencies 

without the use of costly computational simulations was also demonstrated. 

Several prototypes were fabricated as well, using traditional processes, and 

shown to compare well with published antennas from literature. Indeed, there is 

scope yet for further formalization of parametric characterization approach, 

either in terms of more performance metrics, or a more detailed equivalent 

circuit model. While practical challenges endure in the measurement of 

electrically small antennas such as those discussed, I remain sanguine that these 

will not hold hostage future practical research, and hopeful that the 

measurement procedures detailed here would be of aid in such undertakings. 

Pilot investigations into PBF-AM fabricated antennas have demonstrated that 

the technology is ready for prototyping purposes, justifying further investigation 

of this and related AM technologies for RF components. I am optimistic that 

these findings will be of aid to future researchers, and that this collaborative 

venture will embolden an appetite for further concerted interdisciplinary 

teamwork. 
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Appendix – Computer 
Generated Holograms 

This appendix provides an executive summary of the work done in the early 

stages of this project towards the realization of computer generated holograms 

(CGH). CGH are photolithographic masks synthesized using computational 

iterative algorithms, and may be manifested either digitally or physically. 

Popularized by Gabor in 1948, the concept of holography is centred on 

recording the interference pattern as an object is illuminated with a light source 

and the resulting wave-front intersected with a reference wave-front (the 

original illumination beam). The CGH mask stores these interference patterns; 

upon illumination by a suitable coherent light source, a virtual recreation of the 

original information is possible. The following sections give a brief overview 

of the laboratory setup, CGH algorithm, and the resulting CGH mask and 

captured optical field; lastly, some resources for further reading are listed. 

Laboratory Setup 

The laboratory setup used for the exposure stage in holographic lithography is 

shown in Figure A-1. 

 

The optical source is a 110 mW rated laser (wavelength: 405 nm); the laser beam 

is subsequently expanded and collimated to be able to cover the entire area – 

 

Figure A-1. Laboratory setup for holographic photolithography; exposure stage. 
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roughly 133 mm2 (1920 by 1080 array of 8 μm2 pixels) – of the spatial line 

modulator (digital projector) where the CGH is displayed. The desired image is 

projected a distance z cm from the CGH, where the antenna substrate is placed 

(metallized and covered with photoresist). In order to characterize the projected 

image, a specialized camera was placed in lieu of actual substrates, at the 

appropriate distance(s) away from the CGH. 

Iterative Algorithm 

The algorithm is initiated by creating a seed image based on the desired image 

to be propagated onto the observation plane. The seed image consists of an 

amplitude term closely resembling the desired image and a randomly generated 

phase component. 

The resultant complex field is propagated to the far-field holographic plane 

using a transfer function, based on the angular spectrum propagation of optical 

fields. At the hologram plane, the phase information is retained, but amplitude 

is replaced by random values, or unity. 

The new resultant field is subsequently propagated back to the image plane 

using an inverse transfer function. At this stage, the amplitude is compared to 

that of the desired image; if the error is above a certain threshold value, one of 

two alternating constraints is applied. 

In the first case, phase information is retained and the amplitude replaced with 

the desired image amplitude. The resultant field replaces the original seed 

image, and the algorithm is repeated. In the second case, the phase information 

is combined with the phase of the original seed image, and the amplitude 

replaced with the desired image amplitude. The resultant field replaces the 

original seed image, and the algorithm is repeated. It was found experimentally 

that the alternating of constraints reduced stagnation in error reduction between 

the desired and propagated image amplitudes. 

Once the error is acceptably low, the algorithm is terminated, and the phase 

information obtained at the holographic plane is saved as the CGH mask, after 
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some post-processing to make is suitable for display on the spatial line 

modulator. 

Photographed Results 

Figure A-2 shows a CGH designed to project an image 25 cm away; a 

photograph of the projected image is shown in Figure A-3. 

 

 

 

Figure A-2. 1920 by 1080 pixel CGH loaded onto SLM, designed to focus light on 

a single plane, 25 cm away. The CGH is designed to project the ‘negative’ of a 

digitated structure, intended to pattern antennas.  

 

Figure A-3. Photographed image of light projected through CGH shown in Figure 

A-3. Laser operated at 110 mW; exposure time 120 seconds; minimum linewidth 

approximately 100 μm. 
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