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Abstract 

Reconfigurable antennas have been a subject of rapidly increased interest during the past 

decades. This has been prompted by the increased demand on new wireless 

communications technology in both civilian and military directions. Moreover, different 

types of reconfigurations have been identified and investigated to keep up with the 

demand for new technologies. 

In this research, the possibility of designing reconfigurable Dielectric Resonator 

Antennas (DRAs) have been explored with different types of reconfigurability directions, 

especially with the increased interest in the area of DRAs during the past three decades. 

These results have been satisfactory in general. The main aim of this research is to 

experiment with different reconfigurability designs, each purpose is to achieve one type 

of reconfigurability or more. This includes, polarisation reconfigurability in Chapter 

Three, frequency agility in Chapters Four and Five, beam steering and gain agility in 

Chapter Five. Furthermore, this research main aim has been to investigate new ways to 

exploit the advantages of the semiconductor plasma in reconfigurable antennas. However, 

research’s limited resources led to reduce the efforts in this area to only one experiment, 

which is presented in Chapter Six, based on a similar design presented in Chapter Four. 

Although the results have been conflicted for the last experiment, the results shown that 

the used reconfigurability medium (AlGaN/GaN HFETs) can be benefitted better from it 

in other application. 

Two models have been introduced for polarisation reconfigurability, a hemispherical 

DRA couple with reconfigurable annular slot excitation, and a notched rectangular DRA 

with reconfigurable parasitic strip(s). Both designs shown the possibility of achieving 

LP/CP radiations.  
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In addition, rectangular DRAs that are excited with single, as well as multiple, slot have 

been studied.  Prototypes have been built and measured with reasonable agreement 

between practical and simulated results. 

Furthermore, the work has been extended to study a reconfigurable DRA linear array 

where several designs have been investigated including single and dual-slot for two and 

four-element linear arrays. The single-slot model reconfiguration resulted in the expected 

beam steering alongside the array direction.  On the other hand, both frequency tuning 

and beam steering have been achieved with the dual-slots models. 

Finally, the semiconductor plasma reconfigurable antennas have been considered with 

the investigation of AlGaN/GaN HFETs as a replacement for the well investigated and 

presented silicon SPIN diodes.  The prototype has been measure and discrepancies 

between measurements and simulations have been discussed. 

In summary, this research shown the possibility to explore more area in dielectric 

resonator antennas reconfigurability. This includes, polarisation changing, 

frequency/mode tuning, beam steering, and gain control. In addition, it has been shown 

that DRA reconfigurability can benefit in the from semiconductor technology and antenna 

miniaturisation techniques to operate at higher frequencies with excellent performance. 
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Chapter One 

Reconfigurable Antennas 

 

1.1 Introduction 

Over the last couple of decades, a wide variety of wireless data transfer and 

communications techniques have been invented and developed for both public 

civilian as well as private military applications. Each technique may, or may 

not, share the same frequency band with other techniques, hence a significant 

proportion of the required hardware infrastructure could be built in the same 

device such as mobile phones that operate various techniques including Wi-Fi, 

Bluetooth, 3G, 4G, etc. [1, 2]. This has promoted the need of antennas that can 

be used as transceiver for more than single frequency band. This could be 

achieved either by designing a multiple band antenna, which might become 

extremely complex for more than two bands or by designing a reconfigurable 

antenna. Nowadays, reconfigurable antennas draw considerable attention 

owing to the wide range of design techniques and reduced complexity. 

1.2 Definition and Classification 

Antenna reconfigurability could be defined as the ability to change the 

radiation properties, such as operating frequency, impedance, bandwidth, 

polarisation, and/or radiation patterns, by altering the antenna’s electrical or 

mechanical characteristics. Researchers prefer to design antennas by changing 

a single characteristic at a time while keeping the others unchanged [3]. 
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Antenna reconfiguration could be categorised according to its aim or means, or 

in other words according to the reconfigured characteristics or mechanism. 

1.2.1 Reconfiguration Approaches and Mechanisms 

Reconfigurable antennas could be classified according to the employed method 

to achieve the reconfigurability feature [4]. The used techniques can be 

categorised as follows: 

I. Mechanical Changes Approach: 

This is the oldest method, which has been around since the 1930s and it can 

lead to a wide range of reconfigurability in frequency, azimuth, beam width, 

etc. [4]. 

This type of reconfiguration could be implemented by changing one, or more, 

parameter of the antenna’s structure, such as the shape or size. Changing the 

length of radio aerial might be the simplest example of this type of 

reconfiguration since varying the length of a quarter wavelength dipole results 

in a different operating frequency without altering the radiation pattern or 

bandwidth. This demonstrates the possibility of changing one radiation 

parameter without any significant change to the other parameters. However, in 

most cases, it is expected that the change will be in more than one parameter. 

In addition, parameters simultaneous is not the only challenge that faces 

engineers, since actuation technique and its impact on the performance and 

interference with electromagnetism is the other issue to deal with [1, 5-7]. 

II. Reconfigurable Arrays 

It has been shown through numerous studies that several types of array 

reconfigurations can be achieved by the ON/OFF switching of selected 
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elements, or by physically altering the position of the array elements. It should 

be noted that this represents a popular method in radio telescope applications 

[4, 8, 9]. 

III. RF Switches 

This represents the most common approach to design reconfigurable antennas 

as the reconfigurability is basically an ON-OFF process that can be achieved 

using simple switches to establish a connection between two metal plates. 

These switches could be classified into two categories, semiconductor switches 

that consist of field effect transistors (FETs), or PIN diodes, and micro-

electromagnetic switches (MEMS) [10]. As their name implies, MEMSs are 

rather small mechanical switches that could be activated using electromagnetic 

force induced by introducing DC bias. MEMSs have three main types: ohmic, 

capacitive and cantilever, which can be employed depending on the contact 

type. 

MEMSs offer low insertion losses, high linearity, limited distortion, and they 

are easier to integrate compared to semiconductor switches. This is in 

conjunction with a higher frequency range to work with. However, MEMSs 

have two issues that still need to be considered during the design; first is the 

discharge sensitivity and heat, which are caused by excessive biasing and 

temperature. The second issue is due to the mechanical parts and self-actuation, 

MEMSs can handle a small amount of RF power compared with other 

semiconductor switches counterparts [11]. However, the significance of these 

limitations has been minimised recently due to the fabrication advances. 

Further, MEMS are gaining new acceptance due to the miniaturisation ability 

that helps to build on-chip MEMS systems [11, 12]. 
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IV. Varactor Diodes 

These diodes act as voltage controlled variable capacitors. Their usefulness has 

been proven in tuning the antennas operating frequency as has been 

demonstrated in earlier research studies. For example, the lower band of a 

slotted dual-band monopole antenna has been tuned in a frequency range of 1.6 

to 2.23 GHz by sweeping the varactor’s capacitance from 0.1 to 0.7 pF [13]. 

Varactor diodes have been employed in numerous research studies, where 

viable reconfiguration results have been demonstrated such as improving the 

performance of microstrip rectangular patches [14], improving the gain and 

efficiency with frequency tuning for  a high gain Partially Reflective Surface 

(PRS) antenna [15], and enhancing the S12 isolation for lower band two 4G 

designed PIFAs [16]. However, it has been shown that antenna tunability is 

limited by the capacitance tuning range of the varactor diode. In addition, the 

equivalent series resistance of the varactor diode can decrease the antenna’s 

efficiency [4]. 

V. Material Properties Changes 

The ability to change material properties such as conductivity, permittivity, 

permeability, as well as the physical shape, have received considerable 

attention in designing reconfigurable antennas [1, 4]. As an example, using 

surface PIN diodes to change the conductivity was the subject of several 

research studies during the last decade [1-4], and it is one of the main elements 

of this research and will be discussed in more details later in this chapter.  

Further, ferroelectric materials have received attention due to the relation 

between the dielectric constant and the applied electric field bias, which can be 
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summarised as [17] 

𝑛 =
𝜀(0)

𝜀(𝐸0)
    (1) 

𝑛𝑟 =
𝜀(0)−𝜀(𝐸0)

𝜀(0)
= 1 −

1

𝑛
    (2) 

where, n is the material tunability, ε(0) is the dielectric constant at zero electric field, E0 

is the applied electric field, ε(E0) is dielectric constant at the electric field presence, and 

nr is the relative tunability. On the other hand, it should be noted that the tangent loss, 

tan(δ), of these materials are not ignorable. In addition, the dielectric constant is sensitive 

to temperature variation, and with higher dielectric constant, material tunability, tangent 

loss and temperature sensitivity are higher too. This led to the consideration of an 

important factor that helps to choose an optimum design, which known as the 

Commutation Quality Factor (K) and it is quantified as 

𝐾 =
(𝑛−1)2

𝑛.𝑡𝑎𝑛𝛿(𝑈𝑚𝑖𝑛).𝑡𝑎𝑛𝛿(𝑈𝑚𝑎𝑥)
   (3) 

where Umin and Umax are the minimum and maximum applied voltages [17]. 

Ferroelectric materials have been widely used in scanning applications. One of the 

examples is a microstrip antenna with a substrate that is made of a modified 

Ba0.65Sr0.35TiO3 ceramic polymer composite. This highly tunable composite has been 

used with an applied voltage of up to 200 V resulting in a scanning margin over 30° [18]. 

A steerable dielectric resonator phased array antenna was designed in conjunction with a 

tunable loaded line phase shifter with barium strontium titanate (BST) to fabricate a 

metal-insulator-metal (MIM) varactor. A control voltage of up to 50 V has been applied, 

which resulted in a beam steering range of ±30° [19]. 



6 

 

Using similar method to ferroelectric materials, the permeability of a ferrite material will 

be affected by applied magnetic field. A rectangular microstrip antenna with a ferrite 

substrate has been tuned over nearly three octaves using an axial DC magnetic field along 

the excitation [20]. Another example is a tuned helical antenna that is based on a ten layer 

ferrite LTCC package with the antenna DC biased to be used as magnetic field excitation 

source beside its role as an antenna. This method helped in reducing the antenna size as 

well as cutting the demagnetisation effect. The antenna has the advantage of a 10% tuning 

range with an unbiased state operating frequency around 13 GHz [21]. A dielectric 

resonator quasi TE011 mode was tuned using a DC based ferrite rod placed in the centre 

of the resonator, and a 3.4% frequency tuning has been reported with a desirable quality 

factor aver tuning range [22]. 

Piezoelectric materials are usually used for reconfiguration actuation. One of these 

examples is the bonding of a piezoceramic material (PZT) with a thick metallised 

substrate to bend it inside and outside in order to steer the beam of a cylindrical shaped 

reflector [23]. Another work suggested using a PZT material for switching activation in 

tuning an inverted-F antenna from ~1.23 GHz at no actuation status down to 1.15 GHz at 

full activation [24]. A microstrip antenna circular mode has been reconfigured into RHCP 

and LHCP using two piezoelectric transducers that are connected to the antenna. The 

reconfiguration has been activated by connecting one of the transducers to the aperture 

and disconnect the other resulting in an axial ratio of less than 1 dB [25]. 

Electromagnetic-bandgap (EBG) structures provide bandgap properties of damping 

surface-waves propagation due to its metal-dielectric periodic structure [26]. It has been 

demonstrated in an earlier study that a compact size EBG based reconfigurable antenna 

is feasible [27]. In that study, a quasi-Yagi based microstrip antenna with MEMS 
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adjustable EBG cells has been designed to be used for pattern reconfiguration, which 

resulted in a 360° azimuth coverage reconfiguration in the upper half of the antenna. In 

another study, PIN diodes have been used to build active cylindrical EBG structure based 

antenna by providing active Partial Reflecting Surface (PRS) with discontinuous metallic 

strips [28], where the beam-width has been reconfigured by controlling the PINs status. 

The introduction of metamaterials that allow electromagnetic field smart control has 

opened the door for a new line of reconfigurable antennas research in particular with the 

distinctive properties of negative refractive index, phase velocity, permittivity and 

permeability. The attention has been given to the resonance frequency tuning as well as 

achieving reconfigurability in impedance bandwidth, beam steering, beam width agility, 

and pattern reconfiguration [29]. For example, metamaterial based reconfigurable PRS 

that are controlled using a varactors grid has been reported, where it has demonstrated 

that by changing the varactors, the capacitance of the metamaterial, and subsequently 

reflection and transmission coefficients, change, which shifts the centre frequency [30]. 

Antenna reconfigurability using electric properties of the liquid crystals gained a lot of 

attention since the turn of the current millennia. Permittivity in liquid crystals is tunable 

by applying DC voltage to the material. It has been reported that the permittivity of the 

material can be tune up to 30% [31, 32]. A tunable liquid crystal microstrip patch antenna 

achieved 4% frequency tuning around 5 GHz operating frequency with radiation 

efficiencies ranges from 20% with 0 V DC bias  up to 40% when 10 V DC bias was 

applied [33]. On the other hand, a folded reflecarray antenna based on liquid crystal 

substrate achieved beam steering range of ±6⁰ at operating frequency at 78 GHz, with 

gain reaching up to 29.7 dBi. In addition, it has been shown that this antenna can be 

suitable for two-dimensional beam agility under the proper DC biasing application [34].  
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1.2.2 Characteristics Reconfiguration and Mechanism Selection 

Although there is no specific method to design a reconfigurable antenna or to 

choose the most suitable technique, it is possible to assign the reconfigured 

antenna characteristics with the proper techniques. For example, while all the 

mentioned techniques are good for reconfiguring the frequency response, 

switches and material changes are the most useful to reconfigure the 

polarisation [1, 35]. 

Therefore the following three steps need to be followed [35]: 

1. Choosing the required characteristic that needs to be reconfigured as 

there are four main antenna reconfigurations characteristics, operating 

frequency, polarisation, radiation pattern, hybrid or compound 

reconfiguration. 

2. According to the antenna to be used and its type, it is possible to enclose 

the suitable techniques within the antenna 

3. From the valid techniques and the required reconfiguration, it should be 

possible to decide on the technique with the best advantages and 

minimum effects on the antenna characteristics that are not supposed to 

change as well as a marginal effect on the antenna impedance. 

A summary of the characteristics reconfiguration available in the literature can 

be itemised as [1, 35]: 

Frequency reconfigurable antennas: This type deals with frequency tuning and 

it involves two categories; continuous and switchable tuning. The first is 

achieved by a smooth change in the operating frequency, or frequency band, 

using tunable materials or components that change their status in an indiscrete 
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way. This includes varactors diodes, mechanical changes and material changes. 

On the other hand, switchable tuning is used for hopping from one operating 

frequency, or band, to another. This is mostly achieved using RF switches, 

although mechanical changes have demonstrated high reliability for switchable 

reconfigurable frequency antennas. Several examples have been discussed in 

the previous subsection such as those reported in [14] and [25], while examples 

of using RF switches will be discussed in a later section. 

Polarisation reconfigurable antennas: Polarisation is attributed to the current 

flow direction, which needs to be controlled in order to change the polarisation. 

In addition, current behaviour is related to the feed type and position, antenna’s 

structure and material [1]. Therefore, reconfiguring the polarisation could be 

achieved for circular and/or linear polarisation by altering the feed or antenna 

structure using RF switches, or material changes for cases such as microstrip 

antennas with tunable substrate [36]. 

Radiation pattern reconfigurable antennas: Radiation patterns depend on the 

current distribution. This could be shown from antennas’ basic radiation 

equation [37] 

𝐼𝐿 = 𝑄�⃗�    (4) 

where 𝐼 is the time-changing current (A/s), L is the length of the current element (m), Q 

is the charge (C), and �⃗� is time change of velocity of the charge (m/s2) [37]. 

This makes it difficult to change the radiation pattern without affecting the 

operating frequency since manipulating the current distribution needs structural 

changes [1]. Literature shows that this type of reconfiguration could be 

achieved using mechanical changes, array tuning and materials changes, such 
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as those listed in [28]. 

Compound reconfigurable antennas: This is followed to alter more than one 

characteristic of the antenna simultaneously or separately. Usually uses 

electronic control for a large number of switches such as an aperture consisting 

of electrically small patches connected by RF switches. The necessary structure 

arrangement of the ON/OFF switches should be determined, for the needed 

characteristics, with the aid of an optimisation algorithm [38]. 

1.3 Advantages and Disadvantages 

Reconfigurable antennas offer numerous advantages over their conventional 

counterparts by designing a single antenna that performs the functionality of 

multiple antennas. Although this usually provides economic benefits, these 

benefits cannot be achieved all the time, since reconfigurable antennas for 

some applications need extra costly parts and control system to achieve better 

performance, which leads to a performance versus cost optimisation dilemma 

[1]. 

Furthermore, it is possible to accomplish a smaller compact design that is 

suitable for many applications such as those used in portable devices. 

However, this depends on the type of the antenna and reconfigurability as well 

as the used device to control it. Recent studies have been reported for 

integrated reconfigurable antenna technology where multiple possibilities to 

create a number of configurations have been demonstrated for multiple cases 

[1, 39, 40]. 

Technology advances in both software and hardware also facilitate the design 

of software controlled reconfigurable antennas that are capable of 
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accommodating new wireless communications requirements for devices that 

have been introduced prior to the development of these technologies. This can 

be achieved by a straightforward update to the device software [39]. The 

advantages of reconfigurable antennas can be summarised as [41]: Multiple 

operations in a single system, which minimise the cost and volume, allows 

integration, and control mutual coupling effects. In addition, these antennas 

eliminate the need for filtering and enhance out-of-band rejection. 

Furthermore, software control provides extra capabilities to interact with 

different situations. On top of that, reconfigurable antennas are suitable for 

multi-task operations. 

On the other hand, reconfigurability needs a control element, which results in a 

complex design since a power source is generally needed to derive the control 

mechanism. This results in an additional operation cost, which in some cases 

could be considerably expensive. However, in a smaller design, this may not 

exceeds few AAA batteries. Each additional circuit and connection will affect 

the radiation, polarisation and operating frequency, and extra isolation and/or 

proper arrangement must be considered. In many cases, changing the operating 

frequency requires one matching circuit or more to keep the gain as high as 

possible. In the cases of more complex designs, this will result in a 

considerably higher cost [1]. 

Although it has been shown that reconfigurable antennas design may represent 

a real challenge, the benefits exceed the drawbacks if the proper mechanism is 

adopted and a proper design methodology is followed. 
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1.4 Reconfigurable Semiconductor Antennas 

Reconfigurable semiconductor antennas could be classified into two types: 

RF/Microwave semiconductor switches and semiconductor plasma. 

Semiconductor switches, as mentioned before, have two devices that are 

widely used to connect/disconnect metallic plates and parts; PIN diodes and 

FETs. Semiconductor plasma could be achieved by injecting high amount of 

charge carriers inside a semiconductor solid-state medium, and could be 

classified into two types depending on the carriers’ injection technique: DC 

bias injected plasma or laser illumination injected plasma [1, 4]. 

1.4.1 RF/Microwave Semiconductor Switches 

These types are widely known as solid-state switches. PIN diodes and FETs 

have some differences, which could be summarised as follows [4]: 

 ON/OFF control: PIN diode is controlled by a DC signal, and activated 

by turning ON the current source, while FETs are controlled by the gate 

voltage and must be turned ON by turning OFF the source of the control 

while keeping the drain-source voltage ON. This may lead to the need of 

some complexity in the driver circuits for PIN diodes due to the need for 

current control and protection circuit. 

 At higher RF radiation power, PIN diodes need lower DC activation 

power compared to FETs. 

 PINs are more immune to electrostatic discharge damage. 

 PINs OFF capacitance could be reduced by applying a higher reverse 

voltage, while the FETs’ OFF capacitances are much less affected by 
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reverse voltage. 

 PIN diodes have a higher switch Figure-Of-Merit (FOM) compared to 

FETs as explained in the following paragraph. On the other hand, there 

is no lower limit for the FETs, while PINs diodes have a lower operating 

frequency limit, which is generally around ten Mega Hertz. 

The FOM defines the switching cutoff frequency fc, which is nearly ten times 

the highest operating frequency limit of the switch. FOM is defined as 

following [4] 

𝑓𝑐 =
1

2𝜋𝐶𝑜𝑓𝑓𝑅𝑜𝑛
    (5) 

where, Coff is the reverse bias or OFF capacitance and Ron is the forward bias or ON 

resistance of the switch. 

A PIN diode consists of an intrinsic semiconductor wide layer (I), with two end regions 

that are heavily doped in order to create the P-type and N-type layers that can be used for 

ohmic contacts of the DC bias as shown in Figure 1.1. 

 

Figure 1.1 PIN Diode Layout [5]. 

When a forward bias is applied, the equivalent circuit of the diode is illustrated in Figure 

1.2(a), which consists of a series parasitic inductance (L) and a very low resistance (RS). 



14 

 

The value of L depends on the geometry of the diode, while the resistance value is 

inversely proportional to the applied current, and it can be in the order of few ohms or 

even a fraction of an ohm. 

The reverse bias will result in the equivalent circuit shown in Figure 1.2(b). The total 

capacitance CT consists of the parasitic capacitance CP and diode junction capacitance CJ. 

The value of the capacitance could be reduced by applying a higher reverse voltage. The 

high value reverse resistance RP results from the depletion of the I-region of charge. 

    

(a)                                                (b) 

Figure 1.2 PIN diode Equivalent Circuits, (a) Forward Bias, (b) Reverse Bias 

A field effect transistor (FET) diagram is illustrated in Figure 1.3. The FET operates by 

applying a voltage between the drain D and the source S to drive a current through the 

channel while controlling the amount of passing carriers by applying a voltage controlled 

electromagnetic field that creates a depletion region inside the channel. If the controlled 

voltage that is applied between the gate G and the source S exceeds a certain point (VP), 

the depletion region will be large enough to cut the channel and stop the current’s flow. 
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(a) 

 

(b)  

Figure 1.3 FET Configuration [10], (a) FET ON, (b) FET OFF 

1.4.2 Reconfigurable Plasma Antennas 

Recent interest in developing plasma antennas has emerged from the fact that 

plasma has good electrical conductivity (σ) range of from around 104 S/m to 

around couple of hundred thousand S/m or even more under the condition of 

existing high density of charge carriers. The ability of disappearance provides a 

higher speed of reconfiguration over other types especially the mechanically 

reconfigured antennas. Furthermore, tuning ability, size and the possibility of 

replacing metallic parts have attracted considerable attention in both civilian 

and military applications [42, 43]. 

Plasma antennas could be classified into two types; gas plasma and 
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semiconductor plasma. The second type could be categorised according to its 

activation technique, i.e. optical or a DC bias activation. Each type will be 

discussed in this Chapter, but the main focus will be on the DC bias activated 

semiconductor plasma because it is the basis of the design in the last Chapter. 

I. Gas Plasma Antenna 

The generation of plasma in a gas medium regained a noticeable research 

interest during the first decade of this century. As an alternative to metallic 

antennas with controlled conductivity, as well as the ability of instantaneous 

disappearance, gas plasma antennas have been considered for a number of 

military applications [44, 45]. 

Transmitting and receiving RF/microwave frequencies, stealth, 

reconfigurability, acting as reflectors against certain frequencies, security 

against electronic warfare, capability of using mechanical reconfigurability 

means, and noise reduction were the main proved advantages of this antenna 

type [46]. The major problem is that gas must be contained inside plastic, or 

glass, tubes, which is vulnerable to fraction. However, this can be solved using 

appropriate materials to protect the tube from excessive heating. 

Three parameters are essential in the design of plasma antennas; plasma 

frequency (ωp), reflective index (n) and plasma conductivity (σ). These 

parameters can be calculated using the following equations [47]: 

𝜔𝑝 = √
𝑛0𝑒2

𝑚𝑒𝜀0
        (6) 

𝑛2 = 𝜀𝑟 = 1 +
𝜔𝑝

2

𝜔(𝑗𝑣−𝜔)
= 1 − [

𝜔𝑝
2

𝑣2+𝜔𝑝
2 (1 + 𝑗

𝑣

𝜔
)]  (7) 
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𝜎 =
𝜀0𝜔𝑝

2

𝑣
        (8) 

where, n0 is the electron density in m-3, e is the charge density of the electron in 

C, me is the electron mass in kg, ε0 is vacuum permittivity, εr is the complex 

relative permittivity of the plasma, ω is the frequency in rad/sec, and v is the 

electron natural collision frequency in Hz. 

From equations (7) and (8) it can be noticed that the only variable is the plasma 

frequency, which is dependent on the electron density as illustrated in equation 

(6). As a result, equation (8) can be re-written as 

𝜎 =
𝜀𝑜

𝑣

𝑛𝑜𝑒2

𝑚𝑒𝜀𝑜
=

𝑛𝑜𝑒2

𝑣𝑚𝑒
        (9) 

This means that gas medium plasma antenna behaviour and characteristics can 

be reconfigured by controlling the electron density inside the medium. This can 

be achieved by changing either the applied electrical charging power or the 

applied pressure on the gas. Furthermore, it is possible to find the relation 

between carrier mobility and plasma conductivity using the following equation 

[47] 

𝜇𝑒 =
𝜎

𝑒𝑛𝑒
, or  𝜎 = 𝜇𝑒𝑒𝑛𝑒      (10) 

Several research articles have been published on the design of gas plasma 

antennas such as monopole, dipole, loop, reflector antennas and frequency 

selected surfaces (FSSs). One of the earliest designs is a plasma folded 

monopole antenna using laser guided electric discharge in the atmosphere. The 

resulting radiated/received signal power had ±1 dB variation compared to its 

Copper counterpart, with the thermal noise being the only noticeable major 
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problem [41]. Another research has investigated the design of a dipole antenna 

using two gas filled glass tubes to represent plasma columns [48]. The result of 

that research demonstrated the effects of applied power on the antenna 

effective length and the relation of the resonance frequency with plasma 

frequency and plasma effective length. In addition, the use of a circle of other 

controlled columns around the plasma dipole as either reconfigurable plasma 

cylindrical antenna, cylindrical antenna with a director, or parabolic cylindrical 

antenna has been investigated and validated in [48]. These studies also 

included a reconfigurable reflector around a monopole antenna with a pattern 

controlled using gas plasma inside fluorescent tubes that are distributed 

circularly around the monopole, and by ON/OFF switching of specific 

fluorescent tubes, the beam has been steered to 0°, 90°, and 180° directions 

with a gain of 6.7 dBi and an 87% efficiency [49]. The same idea has been 

followed by distributing 40 tubes around a monopole in a square shaped 

distribution, and 8 beam shapes of the radiation pattern have been created by 

choosing the reflecting tubes alongside the original omnidirectional radiation 

pattern of the monopole when all the tubes are OFF [50]. Furthermore, gas 

plasma has proved its usefulness in replacing metallic parts of a frequency 

selective surface (FSS) applications, with the plasma offer filtering and tuning 

capacity by changing the plasma density. This is beside the stealth ability that 

can be achieved by simply switching the system ON and OFF. Reflectivity 

scaling factor was needed to obtain current modes similar to that of a perfectly 

conducting FSS array to achieve the desired results. This work has been 

experimented on two designs; switchable band stop filter and switchable 

reflector [51]. 
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II. Optically Induced Semiconductor Plasma 

Solid-state plasma has generated a noticeable interest in the reconfigurable 

antenna research, especially with the advances in semiconductor technologies, 

which paved the way to the emergence of new flexible antenna technology. 

One of the most popular techniques to create a semiconductor plasma is to 

apply light with the proper wavelength on the semiconductor substrate. If the 

illumination power is greater than the semiconductor’s band gap, electron-hole 

pairs will be induced inside the medium leading to the creation of a plasma 

medium with sufficient carrier density [51]. 

The calculation of the relative complex permittivity demonstrates a difference 

compared to that used with the gas medium plasma. This can be attributed to 

two main reasons: Firstly, is the contributions of both electrons and holes effect 

that is included in the resulting equations (11 and 12), and secondly is the fact 

that a semiconductor crystal lattice causes high dielectric constant values due 

to its polarizability. The free carriers interact with polarizability of the crystal 

lattice of the semiconductor which leads to reducing the dielectric constant. 

This effect is a function of frequency as shown in the following equations [52] 

𝜀𝑝 = 𝜀𝑟 − ∑
𝜔𝑝𝑖

2

𝜔2+𝑣𝑖
2 (1 + 𝑗

𝑣𝑖

𝜔
)𝑖=𝑒,ℎ     (11) 

𝜔𝑝𝑖
2 =

𝑛𝑖𝑒2

𝑚𝑖
∗𝜀0

, (𝑖 = 𝑒, ℎ)      (12) 

where i=e, h refers to the electrons and holes, m* is the effective mass of 

electrons and holes, and εr is the relative permittivity of the semiconductor 

without plasma. 

Earlier studies demonstrate that achievable carrier density of 1017 to 1018 
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carrier/cm3 is sufficient to get a semi-metallic response from the substrate [53, 

54]. Several designs were evaluated at microwave and Terahertz frequencies. 

Silicon and other semiconductor compounds have been investigated both 

theoretically and practically to create reconfigurable antennas. For example, a 

slot-coupled microstrip patch antenna has been designed to be reconfigured by 

optically induced plasma in the semiconductor substrate at the end tip of the 

feeding stub. This is to change the amplitude of the radiation pattern, which has 

been dropped by ~20 dB by increasing the concentration of the carriers from 0 

to 4.5×1018 carriers/m3. The technique was used to control an array of patch 

antennas [51]. Beam steering in the range of ±15° has been achieved for a 

millimetre-wave antenna using photo-induced plasma gratings (PIPG) in a 

Silicon plate. The aperture, which is fed using tunnel-coupled dielectric 

waveguide, has been induced with plasma using a light pumping through 

various photo masks to create both linear and elliptic polarisations [55]. An 

investigation of using Indium Antimonide in building THz range dimer 

antennas proved that with the plasmonic resonance there is an improvement in 

the field enhancement factor by 100-1000 times. This depends on choosing the 

proper dimensions of the rods and the gap. Furthermore, the carriers’ 

concentration photo-tuning ability allows choosing an enhancement factor for 

an optimised application [54]. 

A conductivity of 16000 S/m, is possible to be achieved for a Silicon wafer 

with carriers density of 1018 carrier/cm3, µe= 800 cm2/V.s (maximum), µh=200 

cm2/V.s, and e=1e.V= 1.60217657 C [56, 57]. Although this conductivity is 

incomparable with Copper’s conductivity (5.96×107 S/m), it is sufficient for 

most of the RF and Microwave applications. 
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III. Semiconductor Plasma Antennas Using Surface PIN Diodes 

The ability of inducing carriers in a semiconductor using DC biasing means it 

is possible to eliminate the need of a light source, which results in a simpler 

design. The main element in this type is the Surface P-I-N diode, or basically 

an S-PIN diode. These lateral devices were designed to allow a sufficient 

carrier density, which provides semi-metallic components that can be activated 

using a DC control [58]. Numerous designs have been reported during the last 

decade that demonstrated the viability of using S-PIN diodes as plasma 

channels providing a good control on the desired radiation pattern and 

frequency.  

The S-PIN diode is a basic element that acts as a Plasma Island when a 

sufficient DC power is applied. It specifies the shape of the antenna’s radiating 

and non-radiating regions. Silicon is the preferred semiconductor material in 

fabricating these diodes due to a number of parameters such as a low forward 

biasing resistance. In addition, the high resistive Silicon wafer allows higher 

carriers lifetime. Furthermore, multilayer structures are used that provides 

lower RF loses. This is in conjunction with a large size fabrication available at 

a minimised cost, widely available fabrication technology as well as excellent 

mechanical and thermal properties in comparison with other semiconductor 

materials. At the same time, implementing SPIN diodes using other popular 

semiconductor materials such as GaAs is usually associated with difficulties 

and restrictions such as a difficult and expensive interconnection in conjunction 

with a lower electron mobility that causes limitations in some designs [59]. 

The SPIN diode that is illustrated in Figure 1.4 is similar to a regular PIN diode 

with an intrinsic channel between N and P regions that have a 2×1016 electrons 
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and holes density per cm3 at the metal contacts’ ends [60]. 

 

Figure 1.4 SPIN Diode Device Diagram 

The diode length (w) is determined by the carrier diffusion length, which is 

equal the square of the multiplication of carrier lifetime (~5µs for Si) and a 

diffusion constant (estimated about 35cm2/s for Si). This means that a diode of 

100-200 µm length is capable of providing a carrier density of 1018 carrier/cm3 

in the case of 2-3 skin depth layer thickness, which depends on the frequency 

range. Extending the length to several hundreds of micrometres will allow 

carrier concentration in the range of 1016-1017 carrier/cm3, which is useful in 

many applications. Choosing the width of the diode is also important because 

of the losses in carrier density due to the side walls reflection and absorbing 

[58]. In order to minimise this effect, the width of the diode must be not less 

than 100µm. The intrinsic layer is based on a highly resistive silicon substrate 

and separated from it by a thin oxide layer. The metal contacts dimensions 

should be minimised as much as possible, i.e. shorter than 0.1w, so that the 

device can totally disappears at the ‘OFF’ state. It is also useful to cover the top 

of the diode with a moisture protection material such as phosphorus-doped 

silica glass (PSG) [61]. Lateral trenches are used to separate the adjacent 

diodes for electrical isolation. 
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Unlike the bulky RF switches, the SPIN diodes are dynamically defined 

switches that are implemented on the surface of a dielectric substrate using an 

uncomplicated available technology, which allows high resolution definition of 

antennas. Further, SPIN diodes are designed to achieve specific conductivity 

characteristics, which leads to its main drawback of dimensional and, hence, 

operating range limitation, while RF switches, such as conventional PIN 

diodes, depend on several parameters such as isolation, switching time, and the 

breakdown voltage. This also suggests that RF switches may have different 

shapes rather than rectangular, e.g. cylindrical, while the SPIN diodes are 

mainly lateral devices. Nonetheless, the advantages of the SPIN diodes allow 

them to replace RF switches in many applications, especially where circuit 

integration required. 

IV. Previous Designs for Reconfigurable Antennas Using SPIN Diodes 

The first published papers on employing SPIN diodes for the reconfigurable 

antennas designs have reported monopole, dipole, and x-y grid that has been 

used for several designs and eventually was used as binary holographic antenna 

as described later in this section [58, 62-64]. 

Other designs that will be discussed in this section include a reconfigurable 

leaky wave microstrip antenna design [65], and waveguides with 

reconfigurable slots [2, 59, 61, 66, 67]. 

A reconfigurable monopole with four sections, which is illustrated in Figure 

1.5, has been reported in [64]. The first section is a metal wire with a length of 

10.8 mm, while the other three sections have equal lengths of 5.5 mm and 

consist of SPIN diodes that are connected in series with each other. Each diode 
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is 0.5 mm long. The experiment has been carried out by turning ‘OFF’ all 

active elements, then by turning ‘ON’ the first one, first two, and all the three 

SPIN diodes, respectively. This results in shifting down the operating 

frequency as a result of increasing the overall monopole length. The operating 

frequencies for each case are 3.25 GHz, 2GHz, 1.6 GHz, and 1.5 GHz 

respectively. It has been noted that the physical length of the antenna in each 

case is less than quarter the wavelength by a range of ~ 1:2. This is owing to 

the effects of the dielectric substrate, which reduces the effective wavelength as 

expected. 

 

Figure 1.5 Reconfigurable Monopole [58] 

The same article proposed a cross dipole design with five sections in each leg 

as illustrated in Figure 1.6. This allows the antenna to operate in a frequency 

range of 2-20 GHz. This experimental has been conducted using two different 

lengths for the SPIN diodes; 200 µm and 140 µm. The antenna response has 

been improved by 4 dB using the smaller dimensions, which proves the 

calculations of the best SPIN diodes length. 
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Figure 1.6 Reconfigurable Cross Dipole [58] 

Figure 1.7 illustrates a general view of an x-y grid reconfigurable antenna [60], which 

includes from bottom to the top: DC bias and control circuit board, feeding pins for the 

diodes passing through dielectric holder, and SPIN diodes silicon wafer that is covered 

by a dielectric composite to allow proper propagation with feeding dipole on the top. 

 

Figure 1.7 x-y Grid Block Diagram [60] 

Figures 1.8(a) and (b) show simplified distributions of the (250×250) µm2 diodes with 

the purpose of demonstrating the creation of reconfigurable dipole and loop antennas. 
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Figure 1.8 x-y Grid Diagram and Configuration 

Figure 1.9 demonstrates how to use the grid to represent a binary holographic antenna, 

where the white and black regions represent ‘ON’ and ‘OFF’ SPIN diodes respectively 

[60]. 

 

Figure 1.9 Reconfigurable Holographic Antenna [60] 

A reconfigurable leaky-wave microstrip antenna has been reposed in [65]. As 

(a) x-y grid as dipole antenna (b) x-y grid as loop antenna 
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illustrated in Figure 1.10, a metallic sheet with a width of ‘W’ and a length of 

‘L’ that is fed through a strip line on a 350 µm thick highly resistive silicon 

substrate. The substrate is positioned on a reflective metallic reflector. 

Choosing L=2.5λ, has demonstrated that by activating the series of SPIN 

diodes, the width of the microstrip antenna can be expanded, which leads to a 

beam angle steering. Also, this can result in changing the cut-off frequency. 

 

Figure 1.10 Reconfigurable Microstrip Antenna [65] 

A couple of designs have been reported for a rectangular waveguide with a reconfigurable 

aperture [67]. In the first, a series of inclined slots have been placed on the narrow wall 

of the waveguide as illustrated in Figure 1.11. Each slot contains two SPIN diodes that 

are connected to a metallic connector, which covers almost half the reconfigurable slot 

aperture area. Three combinations have been suggested to introduce a variable distance 

between the leaky slots by switching the SPINs ‘ON’ and ‘OFF’ periodically, the one to 

switch OFF initially is the first diode of each five ‘OPEN SLOT’ and turn the other four 

ON ‘CLOSED SLOTS’. This will create a 1 OFF-4 ON-1 OFF combination (or simply 
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1-4ON-1). Using the same idea, 1-6ON-1 and 1-8ON-1 combinations have been created. 

This design is useful in reconfiguring the radiation pattern for a fixed frequency or 

changing the operating frequency for a fixed radiation direction, although this 

demonstrates reconfigurability in discrete steps. 

 

Figure 1.11 Reconfigurable Aperture Waveguide [67] 

The second model used two approaches as shown in Figure 1.12. The first employs four 

single slots, while the second employs four pairs with shift between the paired slots. 

Similar to the first model, the slots were placed on the narrow side of the waveguide. In 

both cases with opening on a slot/pair (SPIN OFF) and activating other slots closed 

(SPINs ON). This results in changing the frequency bandwidth for an operating frequency 

of 36.5 GHz. The results also demonstrate high losses in the activated slots which, 

theoretically should not radiate. The best radiation has been achieved when the slot closest 

to the source is ‘OPEN’. 

The use of SPIN diodes also demonstrates compatibility for sub-THz frequencies as well 

as mm-wave frequencies. By using the second model with four single slots array, this 

design has been investigated at frequency of ~ 360 GHz. The results stated that at this 

range of frequencies, the plasma conductivity must be at least in the order of hundreds 

Siemens per meter, which is much higher than that required for frequency range of tens 
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of Giga Hertz, to be considered as metallic like regions [59]. 

 

(a) Waveguide General View 

 

(b) Single Slot Array Top View 

 

(c) Shifted Paired Slots Array Top View 

Figure 1.12 Reconfigurable Aperture Waveguide [66] 
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1.5 Fabrication Challenges 

The choice of the best available material for the SPIN diodes fabrication represents a clear 

challenge. As explained earlier, the most suitable material for plasma antenna is Silicon 

owing to the high carrier life time, large size, low cost, good mechanical and thermal 

properties and the availability of high quality technology. On the other hand, it has been 

reported that other materials such as GaAs crystalline has been studied theoretically [59, 

66], where a considerable manufacturing difficulty has been demonstrated due to the 

connection requirements as well as the high MMIC cost for in the used range of 

frequencies. This is in conjunction with a relatively high cost due to low carrier life time, 

which limits the size of the device. 

It should be noted that the dimensions’ limitation represents a key challenge for using a 

semiconductor plasma to create high frequency antennas. The thickness of the silicon 

SPIN diode required to create enough carriers for plasma is around 2-3 times the skin 

depth, which ranges between 35µm and 50µm. Furthermore, the length of the I-region is 

100-200 µm to obtain the required 1018 carrier/cm3. However, if the length is in the order 

of several hundreds of microns, then carrier density in the order of 1017 carrier/cm3
 can 

be obtained, which is sufficient for many applications. The same requirements apply for 

other semiconductor compounds such as GaAs that require even shorter dimensions, 

hence it is suitable for limited size applications [66]. 

The manufacturing process involves creating the SPIN on a high resistive silicon substrate 

and separate it by a thin layer of isolator such as SiO2 to ensure that carriers are isolated 

from the substrate bulk and confined to the active layer. 

Using Silicon overcomes most of the fabrications difficulties, while using other materials 

requires more complex processes and fabrications, which increases the fabrication cost. 
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In this research, AlGaN/GaN Heterostructure Field Effect Transistor (HFET) has been 

proposed and used to convey plasma islands instead of SPIN diodes. This is mainly 

because of budget limits and the availability of the materials and manufacturing facilities 

inside the university. 

The structure of HFET is as shown in Figure 1.13, where it can be noticed that the HFET 

has three terminals, source, drain and gate, with the same control mechanism, i.e. it is 

similar to the traditional FET. This type consists of a thin AlxGax-1N layer, which has a 

wide band gap, thicker GaN and a substrate that is usually made of a sapphire [68].  A 

two dimensional electron gas (2DEG) sheet will be created around AlGaN/GaN 

connection. Studies have shown that in the thin volume of the confined sheet, carriers’ 

density could be in the order of a single digit multiplied by 1012 per cm2. While the volume 

density is variable, in some areas it exceeds 1020 per cm3
 [69, 70]. These numbers are 

promising for a device that confines a strong plasma islands. On the other hand, it will be 

very tricky to describe it as the ideal choice for solid state plasma applications, due to a 

rather small size, which limits the skin depth due to the thin plasma region. 

 

Figure 1.13 HFET Layout 
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1.6 Integration of Reconfigurable Antennas 

Advancements in technology have allowed integration in all areas of communications, 

and reconfigurable antennas are not an exception. The MEMS are promising in this area 

due to the ease of integration with low power requirements, low loss and distortion 

factors [13]. This have been demonstrated in numerous papers over the last decade, such 

as an 8×8 pixel patch antenna, which, can alter the operation of the antenna in multiple 

ways [71], and an active phase shifter (APS) based on two 1-bit MEMS to control 

vector sum method through two low noise amplifiers. These two MEMS cooperate with 

Wilkinson power divider to provide a (0°/180°) shift each, which allows a 360° shift. 

These components have been implemented using the SiGe process [72]. 

Furthermore, it has been demonstrated that SPIN diodes offer considerable benefits as 

discussed in the previous section. Simple silicon integration techniques provided 

excellent results [1, 2, 58]. 

The recent advances in the integration of reconfigurable antennas and new requirements 

of new applications such as multiple input multiple output (MIMO) channels and 

cognitive radios have introduced the software controlled reconfigurable antennas, using 

techniques such as FPGA and microcontrollers [72]. 

1.7 Harmonics Generation Due to Active Devices  

Active semiconductor devices used to control antennas reconfigurability and in active 

integrated antennas (AIA), such as PIN and varactor diodes, are non-linear devices, which 

causes to generate harmonics for the fundamental operating frequencies[73]. The non-

linearity of these devices cannot be ignored for various reasons since this can generate 

high harmonics distortion, notable radiation at harmonics frequencies, and notable gain 

reduction. Furthermore, multi-input multi-output (MIMO) systems can have a serious 



33 

 

case of harmonics intermodulation, especially when different ports operate at different 

frequencies [74, 75]. 

A couple of articles has been published discussing the issue of modes harmonics 

generations in active antennas and how to deal with it in mode generation and its 

harmonics in active integrated antennas (AIA) such as patch microstrip antennas and 

dielectric resonator antennas. It has been suggested that a shorting pin alongside a slot 

loaded antenna to reduce the return losses of the second and third harmonics by 6.7 dB 

and 17.7 dB respectively in a patch antenna [76]. A miniaturised microstrip-fed slot 

antenna has been achieved with great suppression rate for the second and third 

harmonics [77]. The second harmonic in a slot-coupled rectangular DRA by inserting 

extra two slots parallel to the feeding aperture. It has been shown, with careful 

calculations, it is achievable to tune the second harmonic for this configuration without 

having a major effect on the impedance characteristics of the resonance mode 

fundamental frequency [78]. 

Harmonics generated due to active elements non-linearity have been theoretically and 

practically with the aim to reduce its effects. A frequency-tunable microstrip line-fed 

printed antenna has been designed with varactor diodes as active frequency tuning 

elements. The second and third harmonics have been reduced by mismatching the antenna 

impedance at the harmonics frequencies [75]. A reconfigurable fractal dipole antenna has 

been design with open circuit stub to eliminate higher order harmonics generated due to 

the use of three pairs PIN diodes. In addition, DC blockers and DC lines also contributed 

to the elimination of suppression of the harmonics where the second order harmonic has 

been totally eliminated [79]. Other methods to eliminate harmonics, such as turning OFF 

PIN diodes with reverse DC bias instead of just turning the bias OFF, since the RF power 

can cause the generation of the harmonics within the diode. In addition, reducing mutual 
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coupling and inserting harmonics traps can be useful in harmonics suppression, especially 

in the case of intermodulation in MIMO systems [80]. 

1.8 Thesis Outline 

In this research, the main focus has been to investigate the possibilities of reconfiguring 

dielectric resonator antennas using semiconductor switches. Hence, the research goal is 

to deliver new contributions in this field. This has been achieved by modifying 

conventional dielectric resonator antennas and to study the possibility of establishing a 

reliable reconfigurable dielectric resonator antenna theoretically and practically. Thus, 

this work can be divided into the following: 

1. Chapter One: This chapter has established the theory of the reconfigurable 

antennas in addition to adequate amount of literature review. 

2. Chapter Two: The theory of dielectric resonator antennas and its analysis will be 

introduced, along with some mathematical analysis. In addition, several shapes 

and excitation techniques will be discussed. Furthermore, an introduction to 

reconfigurable DRA designs will be reviewed. Finally, the theory of antenna 

arrays and DRA arrays will be discussed. 

3. Chapter Three: Two designs are introduced in this chapter for antenna polarisation 

reconfigurability. Both designs have shown reasonable and encouraging results. 

4. Chapter Four: Frequency agility and mode reconfiguration have been studied in 

this chapter. All designs based on microstripline-fed reconfigurable-slots coupled 

dielectric resonator antenna. The reconfigurable slots turning ON/OFF contribute 

to the changes in the DRA field excitement process, which in turn change the 

operating TE mode. 

5. Chapter Five: Reconfigurable DRA arrays based on the designs introduced in 
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Chapter Four have been studied and analysed. Although the results were below 

overall satisfaction, the concept has been proven, and with a better-chosen design, 

these results can be improved. 

6. Chapter Six: A reconfigurable semiconductor plasma dielectric resonator antenna 

has been studied based on chapter four first design. The semiconductor plasma 

medium has been switched from silicon SPIN diode to AlGaN/GaN HFET, which 

resulted in conflicted results, since the device proven to work properly, however, 

it proven unsuitable the chosen application due to its complexity and its frequency 

operating range. 

7. Chapter Seven: Thesis summary will be introduced in the final chapter with brief 

discussion. In addition, few suggestions for future work will discussed. 

1.9 Summary 

Although the use of reconfigurable antennas dates back to the first half of the last 

century, the subject had evolved dramatically over the last two decades due to the 

unprecedented advances in modern digital communications. 

The techniques used in antenna reconfiguration were defined and classified into two 

systems. The first was according to the used technique, which ranged from mechanical 

changes and array rearrangement to electrically controlled RF switches and varactor 

diodes, in addition to material changes approach. The second classification was 

according to the antennas’ reconfigured property, which includes frequency, 

polarisation, radiation pattern, and hybrid reconfiguration. 

Since this work is focused on semiconductor plasma reconfigurable antennas, this topic 

received more attention compared other types, taking into consideration, and compare, 
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the performance with respect to its counterparts in both semiconductor RF switches and 

gas plasma antennas. 

The employed techniques in semiconductor plasma have been reviewed, and the use of 

AlGaN/GaN HFET as an alternate to silicon-over-isolator (SOI) SPIN diodes has been 

discussed briefly, as it will be discussed in more details in a later Chapter. 

The introduction of integration techniques in reconfigurable antenna systems had shown 

its advantages, and how more promising designs could be achieved that utilise the 

capability of a dedicated software control. This approach allows the creation of a new 

generation of highly adaptable, large scale controlled reconfigurable antenna elements. 

This facilitates employing the existing reconfigurable antennas in new communications 

techniques using only software updates that are uploaded to system controllers such as 

FPGAs and microcontrollers.  
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Chapter Two 

Dielectric Resonator Antennas 

2.1 Introduction 

In 1939, the first paper was published to prove that various shape dielectrics could be 

used as high frequency resonators, with the mathematical calculations for the values of 

the resonance frequencies and dielectric losses [1]. Since then, dielectric resonators have 

been employed in communications systems over the first half of the twentieth century. 

However, they have been used mainly as energy storage units in microwave circuits with 

the dielectrics used have high dielectric constants and high unloaded Q-factor [2]. This 

energy storage appears due to electromagnetic waves induced inside a dielectric will be 

reflected from the walls back and forth. The interaction between these reflected waves 

results in the stored energy in the form of a standing wave [3]. 

In the early 1980s, the interest in these dielectric components has been shifted towards 

using them as radiating antenna elements in their own right. One of the main reasons 

behind this growing interest is the rapid increase in the used frequency range. This forces 

the antenna engineers to face the dilemma of low efficiency metallic antennas at high 

frequencies such as the millimetre wave range. In contrast, the main source of power 

losses in dielectric resonators is due to imperfect dielectric properties [4]. The increased 

interest has been demonstrated by the huge influx of published papers and patents in this 

area. It has been reported that more than 800 papers and numerous patents have been 

published by the end of the first decade of the 21st century in conjunction with two books 

that are already heavily cited in this literature [5]. Further, by the end of 2015, searching 



48 

 

the exact phrase “Dielectric Resonator Antenna” at IEEE XPLORE 

(http://ieeexplore.ieee.org/) alone returned 1140 publications. 

2.2 DRA Characteristics 

Dielectric resonator antennas offer major properties that provide a considerable design 

flexibility [4]. Firstly, the dielectric size is related to the free-space wavelength, λ0, by a 

factor of 𝜆0 √𝜀𝑟⁄ , where εr is the material’s dielectric constant. As a result, smaller 

dielectric dimensions are needed due to the decrease in wavelength. Further, the size can 

be reduced further using a material with a higher permittivity. In addition, the Q-factor is 

a function of the dielectric aspect ratio, which gives the designers more options. On top 

of that, there many materials types with low loss characteristics that allow the design of 

efficient antennas. Additionally, wide range of operating frequencies is possible owing to 

availability of a comprehensive range of dielectric constants. 

Finally, several modes could be excited in the same antennas which provide several 

radiations patterns at different frequencies. These modes are mainly labelled as the 

transverse electric (TE) and transverse magnetic (TM) and associated with an axis that 

refers to the direction in which the electric or magnetic component vanish respectively 

[2]. The mode with the lowest resonance frequency usually called the dominant mode [4]. 

These characteristics provide a wide range of options to choose from in the design of 

efficient antennas. However, this can also add some complexity to the design, and 

fabrication might be somewhat expensive depending on the material type and the 

excitation requirements. This is mostly related to complex DRA geometries as will be 

discussed later in this Chapter as well as the high precision in the dimensions that are 

required in some applications. 

http://ieeexplore.ieee.org/
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2.3 Shapes and Modes 

There are several dielectric resonator geometries that have been studied in the literature 

as illustrated in Figure 1. The most commonly used dielectric resonator antennas shapes 

are: hemispherical, cylindrical and rectangular. Some other special shaped dielectric 

resonators have also been studied for antenna characteristics improvements. Some of 

these shapes are illustrated in Figure 2.1 d to r [2, 4]. 

 

Figure 2.1 Various Dielectric Resonators Shapes [2, 4] 
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2.3.1 Standard Dielectric Resonators Shapes and Their Modes 

i. Hemispherical DRA: 

In 1967, a study has been published on the electromagnetic resonance of a spherical 

dielectric [6]. Investigations of the changes in the resonance frequency and Q-factor with 

dielectric constants in the range of 1-100 has been presented alongside calculations for 

both the stored and radiated energies as well as classifications for the TE and TM modes. 

Following that paper, more articles have been published that are focused on the design of 

hemispherical dielectric resonator antennas [4]. 

The hemispherical dielectric resonator shown in Figure 2.2 offers two degrees of freedom 

in the design; radius (a) and dielectric constant εr. There are two types of modes for this 

shape, transverse electric (TE) and transverse magnetic (TM) filed modes. The 

fundamental mode for the TE mode is TE111, which is equivalent to a short horizontal 

magnetic dipole, while TM101 is the fundamental TM mode which is equivalent to a short 

electric monopole, with radiation patterns shown in Figure 2 (b) [2, 4]. From this figure, 

it can be noticed that the radiation patterns of the TE111 mode is similar to the of the 

assumed short horizontal magnetic dipole, taking in consideration the effect of the ground 

plane on the radiation shape. The same can be stated about the relation of the radiation 

pattern of TM101 mode and to that of a short electric monopole. 
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(a) 

 

(b) 

Figure 2.2 Hemispherical DRA (a) Diagram and (b) Basic modes with the H-field at 

φ=0° (x-z plane) on the Left and the E-field at φ=90° (y-z plane) on the Right. 

The resonance frequency for TE111 mode could be calculated from the characteristics 

equation [4] 

Radiation pattern of the TM101 mode 

Radiation pattern of the TE111 mode 
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𝐽1 2⁄ (√𝜀𝑟𝑘0𝑎)

𝐽2 3⁄ (√𝜀𝑟𝑘0𝑎)
=

𝐻1 2⁄
(2)

(𝑘0𝑎)

√𝜀𝑟𝐻1 2⁄
(2)

(𝑘0𝑎)
      (2.1) 

in which Ju(x) is the first-order Bessel function, Hv
(2)(x) is the second-order Hankel 

function, and (a) is the radius of the dielectric. The wave number, k0, is a complex value, 

and by solving the transcendental equation (2.1) for k0, the resonance frequency f can be 

determined as [4] 

𝑓 =
4.3317 𝑅𝑒(𝑘0𝑎)

𝑎𝑐𝑚
       (2.2) 

The Q-factor of this mode is given by [4] 

𝑄 =
𝑅𝑒(𝑘0𝑎)

2𝐼𝑚(𝑘0𝑎)
       (2.3) 

A simplified method for designing a hemispherical dielectric resonator antenna has been 

derived using the following equations [4] 

𝑅𝑒(𝑘𝑜𝑎) = 2.8316𝜀𝑟
−0.47829     (2.4) 

𝑄 = 0.08 + 0.796𝜀𝑟 + 0.0122𝜀𝑟
2 − 3×10−5𝜀𝑟

3  (2.5) 

An alternative design approach is to use the graph shown in Figure 2.3 to obtain both 

Re(k0a) and Q-factor. It is also possible to calculate the bandwidth if the maximum 

acceptable voltage standing wave ratio s is available as following [4] 

𝐵𝑊 =
∆𝑓

𝑓0
=

𝑠−1

√𝑠𝑄
       (2.6) 

Following identical approach equations (2.2) and (2.3) can be used to obtain the resonance 

frequency and Q-factor for the TM101 mode by solving the following transcendental 

equation for ko [4] 

1

√𝜀𝑟𝑘0𝑎
−

𝐽1 2⁄ (√𝜀𝑟𝑘0𝑎)

𝐽2 3⁄ (√𝜀𝑟𝑘0𝑎)
= √𝜀𝑟

𝑘0𝑎
− √𝜀𝑟

𝐻1 2⁄
(2)

(𝑘0𝑎)

𝐻1 2⁄
(2)

(𝑘0𝑎)
     (2.7) 
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Again, simplifications were provided using simplified equations as [4] 

𝑅𝑒(𝑘𝑜𝑎) = 4.47226𝜀𝑟
−0.505       (2.8) 

for εr≤20 

𝑄 = 0.723 + 0.932𝜀𝑟 − 0.0956𝜀𝑟
2 − 0.00403𝜀𝑟

3 − 5×10−5𝜀𝑟
4  (2.9) 

for εr>20 

𝑄 = 2.621 − 0.574𝜀𝑟 + 0.08212𝜀𝑟
2 + 2.59×10−4𝜀𝑟

3   (2.10) 

As a result, the graph can be obtained for design simplification as shown in Figure 2.4. 

 

 

Figure 2.3 TE111 Design Graph [4] 
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Figure 2.4 TM101 Design Graph [4] 

ii. Cylindrical DRA: 

Until the 1980s, cylindrical dielectrics were used mainly in microwave circuit 

applications. However, an article has been published in 1983 that is focused on the 

investigation of the modes and radiation properties of the cylindrical dielectric resonator 

antenna [6]. 

The cylindrical DRA shown in Figure 2.5 has three design parameters; height (h), radius 

(a), and a dielectric constant εr. With two dimensions to consider, the aspect ratio, a/h, 

offers an extra advantage for this type over the hemispherical counterpart. This is evident 

by allowing flexibility to manipulate the dimensions in order to obtain the same resonance 

frequency with different size, and Q-factor, which provides a more suitable choice for 

different requirements [4]. There are three basic modes to be considered for a cylindrical 
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DRA; transverse electric TE, transverse magnetic TM and hybrid HE. The three lowest 

order modes are TE01δ, TM01δ and HE11δ [Error! Reference source not found.4]. 

 

Figure 2.5 Cylindrical DRA Diagram 

Unlike the hemispherical DRA, exact resonance frequency for a cylindrical DRA cannot 

be calculated. This related to the complex mathematical modelling and analysis due to 

the shape’s edges of the geometry [7]. Therefore, an approximation model has been 

introduced in which an open-circuit boundary condition has been assumed, where both of 

the circular faces are assumed as magnetic walls, i.e. Hz=0. Additionally, the tangential 

electric and magnetic fields inside the geometry that are perpendicular to those two faces 

have been assumed to be continuous. By considering resonator boundaries as isotropic, 

and assuming that all the radiated fields vanish at an infinite distance [8, 9]. These 

assumptions have provided a highly accurate approximation for both low and high 

dielectric constants [4]. 

Due to the geometry’s two dimensions, equation (2.2) should be rewritten as [4] 

𝑓 =
4.3317 𝑅𝑒(𝑘0𝑎)

ℎ(𝑎/ℎ)
       (2.11) 

where h is the height of the cylinder. For the TE01δ mode 
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𝑘0𝑎 =
2.237

√𝜀𝑟+1
{1 + 0.2123

𝑎

ℎ
− 0.00898 (

𝑎

ℎ
)

2

}  (2.12) 

𝑄 = 0.078192𝜀𝑟
1.27 {1 + 17.31 (

ℎ

𝑎
) − 21.57 (

ℎ

𝑎
)

2
+ 1.86 (

ℎ

𝑎
)

3
−

1.98 (
ℎ

𝑎
)

4

}        (2.13) 

and for the TM01δ mode 

𝑘0 =
√3.832+(

𝜋𝑎

2ℎ
)

2

√𝜀𝑟+2
       (2.14) 

𝑄 = 0.008721𝜀𝑟
0.888413𝑒0.0397475𝜀𝑟 {1 − (0.3 − 0.2

𝑎

ℎ
) (

38−𝜀𝑟

28
)} 

   

× {9.498186
𝑎

ℎ
+ 2058 (

𝑎

ℎ
)

4.322261
𝑒

−3.50099(
𝑎

ℎ
)
}  (2.15) 

For the HE11δ mode [4] 

𝑘0𝑎 =
6.324

√𝜀𝑟+2
{0.27 + 0.36

𝑎

2ℎ
+ 0.02 (

𝑎

2ℎ
)

2

}   (2.16) 

𝑄 = 0.01007𝜀𝑟
1.3 𝑎

ℎ
{1 + 100𝑒

−2.05(
𝑎

2ℎ
−

1

80
(

𝑎

ℎ
)

2
)
}  (2.17) 

The six equations (2.12-2.17) returns high accuracy results, but for a/h>>1 and a/h<<1, 

the results accuracy drop considerably [4]. 

It is also possible to use graphs to achieve solutions in a similar way to that used in 

designing hemispherical resonators. These graphs are shown in Figures 2.6-2.8 for TE01δ, 

TM01δ and HE11δ modes respectively [4]. 
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(a) k0a 

 

(b) Q-factor 

Figure 2.6 TE01δ Design Graph [4] 
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(a) k0a 

 

(b) Q-factor 

Figure 2.7 TM01δ Design Graph [4] 

 



59 

 

 

(a) k0a 

 

(b) Q-factor 

Figure 2.8 HE11δ Design Graph [4] 
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iii. Rectangular DRA: 

In the first half of the 1960s, couple of studies have been published that are focused on 

the analysis of rectangular dielectric resonators, especially with high dielectric constants 

[9, 10]. 

 

Figure 2.9 Rectangular DRA Diagram 

Figure 2.9 illustrates the layout of the rectangular resonator. In addition to the dielectric 

constant εr, this configuration has three variables; width w, height h, and depth d. This 

allows extra step of design flexibility compared the cylindrical counterpart that offers the 

two ratios, w/h and w/d [4]. On the other hand, mathematical modelling and analysis of 

the RDRA are more complicated due to the increased number of edges in the geometry. 

A popular method to analyse a rectangular DRA is known as the dielectric waveguide 

model [2]. In this method, the top and side faces are considered as magnetic walls, while 

the lower face can be considered as a perfect electric wall since the resonator is usually 

placed on a conductive ground plane. In addition, it is possible to analyse a dielectric 

block with a height of b=2h to replace the ground plane effects, and with all six perfect 

magnetic walls, the same analogy used with the cylindrical dielectric could be applied to 
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calculate the generated TE and TM modes, but since TM modes were never practically 

excited, its existence is questionable, and only TE modes are usually excited [11]. 

The resonator can radiate TE modes in a similar way to a short magnetic dipole located 

along one of the three axes, generating TEx, TEy, or TEz modes, with resonance 

frequencies that are dependent on the three dimensions and dielectric constant. For the 

case when w > d > b, the lowest resonance mode will be TEx
δ11. The resonance frequency 

f0 could be obtained by solving the transcendental equation [4] 

𝑘𝑥𝑡𝑎𝑛(𝑘𝑥𝑑 2⁄ ) = √(𝜀𝑟 − 1)𝑘0
2 − 𝑘𝑥

2   (2.18) 

where  

𝑘0 =
2𝜋

𝜆0
=

2𝜋𝑓0

𝑐
, 𝑘𝑥 =

𝜋

𝑑
 , 𝑘𝑦 =

𝜋

𝑤
, 𝑘𝑧 =

𝜋

𝑏
   (2.19) 

and 

𝑘𝑥
2 + 𝑘𝑥

2 + 𝑘𝑥
2 = 𝜀𝑟  𝑘0

2     (2.20) 

It can be proved that the resonance frequency for any mode may be derived from equation 

(2.20) as [3, 4] 

𝑓𝑙𝑛𝑚 =
𝑐

2𝜋√𝜀𝜇
√(

𝑚𝜋

𝑤
)

2
+ (

𝑛𝜋

𝑤𝑏
)

2
+ (

𝑙𝜋

𝑑
)

2
  (2.21) 

in which l, m, n are positive integers. 

For a TEx
δmn mode, the l term was discarded, and the fraction of a half-cycle of the field 

variation along the z direction (δ) can be calculated as 

𝛿 =
𝑘𝑥

𝜋 𝑑⁄
       (2.22) 
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When w > d and w > b, the fields inside the resonator can be obtained using the dielectric 

waveguide model as [4] 

𝐻𝑥 =
(𝑘𝑦

2+𝑘𝑧
2)

𝑗𝜔𝜇0
cos (𝑘𝑥𝑥)cos (𝑘𝑦𝑦)cos (𝑘𝑧𝑧)  (2.23) 

𝐻𝑦 =
(𝑘𝑦𝑘𝑥)

𝑗𝜔𝜇0
sin (𝑘𝑥𝑥)sin (𝑘𝑦𝑦)cos (𝑘𝑧𝑧)  (2.24) 

𝐻𝑧 =
(𝑘𝑧𝑘𝑥)

𝑗𝜔𝜇0
sin (𝑘𝑥𝑥)cos (𝑘𝑦𝑦)sin (𝑘𝑧𝑧)  (2.25) 

𝐸𝑥 = 0       (2.26) 

𝐸𝑦 = 𝑘𝑧 cos(𝑘𝑥𝑥) cos(𝑘𝑦𝑦) sin (𝑘𝑧𝑧)  (2.27) 

𝐸𝑦 = −𝑘𝑦 cos(𝑘𝑥𝑥) sin(𝑘𝑦𝑦) cos (𝑘𝑧𝑧)  (2.28) 

By assuming magnetic walls that are parallel to the z-axis, it can be shown that 

𝑘𝑦 =
𝑚𝜋

𝑤
, 𝑘𝑦 =

𝑚𝜋

𝑤
      (2.29) 

The E-field distribution for a number of TEx
δmn modes inside the dielectric are illustrated 

in Figure 2.10.  Furthermore, the effect of the ground plane evident through the absence 

of even values of m. 

It should be noted that the above analysis can be employed for the TEy and TEz modes. 

In fact, many articles use the TEz mode as a basis for the analysis [1-3]. 
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Figure 2.10 Electric Field Distribution of few Rectangular DRA Modes 

From the analysis presented above, design calculation equations have been derived that 

can be utilized to generate design graphs as illustrated in Figure 11 Error! Reference 

source not found.[4]. By defining a normalised frequency F as 

𝐹 =
2𝜋𝑤𝑓0√𝜀𝑟

𝑐
       (2.30) 

where c is the speed of light in vacuum (3×108 m/s). Rearranging equation (2.30), and 

assuming the reference scale units for w and f0 are in cm and GHz respectively, then the 

following expression can be achieved 

𝑓0 𝐺𝐻𝑧 =
15𝐹

𝑤𝑐𝑚𝜋√𝜀𝑟
       (2.31) 

The solution for F can be obtained by solving the dielectric resonator transcendental 

equation using curve fitting approximation that results in the following equations, or by 

using the derived graph in Figure 2.11-a [4]. 

𝐹 = 𝑎0 + 𝑎1(𝑤/𝑏) + 𝑎2(𝑤/𝑏)2    (2.32-a) 

𝑎0 = 2.57 − 0.8(𝑑 𝑏⁄ ) + 0.42(𝑑 𝑏⁄ )2 − 0.05(𝑑 𝑏⁄ )3 (2.32-b) 

𝑎1 = 2.71(𝑑 𝑏⁄ )−0.282      (2.32-c) 
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𝑎2 = 0.16        (2.32-d) 

The Q-factor can be calculated as 

𝑄 =
2𝜔𝑊𝑒

𝑃𝑟𝑎𝑑
        (2.33) 

where ω is the angular frequency (2πf0), We are the stored energy, and Prad is the radiated 

power, where 

𝑊𝑒 =
𝜀0𝜀𝑟𝑤𝑏𝑑𝐴2

32
(1 +

𝑠𝑖𝑛(𝑘𝑥𝑑)

𝑘𝑥𝑑
) (𝑘𝑦

2 + 𝑘𝑧
2)   (2.34) 

in which A is a constant related to the field amplitudes, and 

𝑃𝑟𝑎𝑑 = 10𝑘0
4|𝑝𝑚|2      (2.35) 

where the magnetic diploe moment pm is 

𝑝𝑚 =
−𝑗𝜔8𝜀0(𝜀𝑟−1)𝐴

𝑘𝑥𝑘𝑦𝑘𝑧
sin(𝑘𝑥𝑑 2⁄ )x̂    (2.36) 

The solution for the Q-factor can be simplified using the graphs derived from equations 

(2.33-2.36) as presented in Figures 2.11 (b-i) for the normalised Q-factor (Qe), which can 

be calculated from [4] 

𝑄𝑒 =
𝑄

𝜀𝑟
3 2⁄         (2.37) 



65 

 

 
(a) Normalised Frequency 

 

 

 

(b) Q-Factor for w=0.5b 

Figure 2.11 Rectangular DRA Design Graph [4] 
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(c) Q-Factor for w=b 

 

 

(d) Q-Factor for w=1.5b 

Figure 2.11 Continued 
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(e) Q-Factor for w=2b 

 

 

(f) Q-Factor for w=2.5b 

Figure 2.11 Continued 
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(g) Q-Factor for w=3b 

 

 

(h) Q-Factor for w=3.5b 

Figure 2.11 Continued 
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2.3.2 More Complex DRA Geometries 

Most of the non-standard shaped DRAs are derived either from their standard 

counterparts or represent hybrid geometries. Therefore, these configurations can be 

categorized into five types; modified hemispherical, modified cylindrical, modified 

rectangular, hybrid, and other shaped dielectric resonators [4]. 

i. Hemispherical Based DRA Geometries: 

A multilayer hemispherical dielectric resonator has been suggested to overcome the 

design parameters limitations and to improve impedance bandwidth as well as radiation 

characteristics [2, 4]. This can be achieved by creating a central hemispherical air gap 

inside the resonator and above the ground plane to double the impedance bandwidth as 

reported in [12]. The hemispherical air gap can be replaced by a dielectric counterpart to 

achieve alternative results. It has been reported that a multilayer, or coated, dielectric 

resonator impedance offers a wider bandwidth. These results have been attributed to the 

fact there is a discontinuity between the two adjacent materials that leads to a reduction 

in the reflected power at the resonator–air interface [2]. This also provides an increase in 

the impedance bandwidth [2]. 

A half-hemispherical dielectric resonator has been investigated in [13]. In that study, a 

bisected dielectric with a narrow gap separation has been probe-fed to generate a 

monopole-like radiation. This resulted in a 35% impedance bandwidth with a 5 dBi gain 

and a radiation efficiency of ~99% [13]. 

ii. Cylindrical Based DRA Geometries: 

The half-split cylindrical DRA shown in Figure 2.3-g has been proposed originally to 

generate the TE01δ mode with a relatively low Q-factor in order to increase the impedance 
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bandwidth. A minimum bandwidth of 6% been achieved, and a 10% bandwidth has been 

reported [14, 15]. An alternative study suggested the use of a multilayer half-split 

cylindrical that is rested on one of the sides and probe fed to achieve a measured 

impedance bandwidth of 84% [16]. 

A cylindrical ring dielectric resonator as illustrated in Figure 2.3-d has been introduced 

to generate the TM01δ mode. This geometry, which radiates similar to an electric 

monopole, has been proved to be useful for compact antenna applications with a dielectric 

height of 0.1λ, and a reduced Q-factor [17]. 

Other DR configurations have been derived from the cylindrical and cylindrical ring 

resonators [4]. These include sectored cylindrical and cylindrical ring DRAs [2, 4], as 

well as an elliptical DRA [18]. These DRA geometries are shown in Figure 2.3 h-j, 

respectively. 

iii. Rectangular Based DRA Geometries: 

Figure 2.3-n illustrates a notched rectangular DRA that offers the same advantages as 

those of the hollow hemispherical DRA [4]. It has been reported that introducing the 

airgap can provide an impedance bandwidth enhancement by a factor of ~3 times that of 

a solid RDRA [19]. This configuration will be discussed in more details in the next 

Chapter. 

Furthermore, a circular polarisation radiation has been generated by chopping two 

opposite corners of a rectangular DRA creating what is known as the chamfered DRA 

[20]. Another method to generate the circular polarisation is to employ a cross DRA that 

generates two TE111 mode fields with quadrant phase difference [21]. 
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iv. Alternative DRA Geometries: 

Other geometries have been studied and analysed in literature, such as triangular, 

tetrahedral DRAs [22], as well as several shapes of stepped DRA such as staircase, 

stepped rectangular, and stepped cylindrical DRAs [5]. 

v. Hybrid Configurations: 

These geometries can be created by merging different dielectric DRA shapes and other 

antenna types. The purpose behind these designs is to enhance the impedance bandwidth 

or combining the operations of two antennas in a single system. Examples for these 

antennas include DRA-loaded monopole [23], and microstrip patch-cylindrical DRA 

[24]. 

2.3 DRA Coupling 

Determining the proper coupling mechanism between the input signal and the dielectric 

resonator is as important as the DRA dielectric constant and dimensions. The overall 

radiation characteristics depend on the proper feed choice to achieve an optimum 

coupling efficiency and hence generating the required mode and radiation pattern. There 

are several common techniques for feeding the dielectric resonator antennas. These are; 

aperture coupling, probe, microstripline, coplanar, and dielectric image guide coupling 

[2, 4, 5]. A brief description of each type is given in the following sections, with more 

focus on the aperture and probe coupling because of their inclusion in this research. In 

addition, a brief discussion about the conformal strips will be included in the probe 

coupling section. 
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2.3.1 Aperture Coupling 

This excitation approach is based on using a microstrip-fed slot antenna that is loaded 

with a DRA. The DRA permittivity should be higher than that of the substrate. There are 

numerous slot shapes that can be employed to excite the DRA such as rectangular, 

annular, cross-shaped, and C-shaped slots [21]. Resonance frequency and impedance 

bandwidth are functions of the permittivity and the DRA aspect ratio [21]. Few techniques 

have been proposed to excite a DRA through slots, the most commonly used two are 

microstrip lines [25] and a coaxial cable [26]. 

Rectangular slots are commonly used in conjunction with the stripline and they can be 

either narrow or wide according to their width to length ratio. The main difference 

between those two types is the bandwidth. Further, it is important to choose the correct 

substrate with the right parameters such as the loss tangent (tan δ) and relative permittivity 

(εr). Loss tangent defined as “metric of the quantity of electric energy that is converted to 

heat by a dielectric” [27], and it is mathematically defined as 

tan(𝛿) =
𝜀𝑟

′′

𝜀𝑟
′ =

𝜎

𝜔𝜀
      (2.38) 

where εr″ and εr′ are the imaginary and real dielectric constants respectively, σ is the 

conductivity, ω is the angular frequency and ε is the dielectric constant [28]. 

As for the microstripline-fed rectangular-slot DRA shown in Figure 2.12, it is the most 

common technique for aperture coupling. The antenna is usually fed by a microstrip line 

with an open circuit termination due to fabrication easiness and design freedom [4]. By 

mounting the dielectric upon the slot, the latter behaves as a magnetic dipole activating 

the transverse electromagnetic mode that is suitable inside the dielectric resonator [29]. 

In this case, the microstripline guide signal to the DRA through the aperture which 
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behaves as the magnetic dipole which radiate through the dielectric resonator. This 

magnetic dipole, which is parallel to the dipole’s longest direction as shown in Figure 

2.12 (b), cause, for example, the excitement of the TEδ11 for the rectangular DRA if placed 

under the centre of the DRA by permitting a strong coupling of the magnetic field for the 

DRA [4]. The microstripline has the benefit of impedance matching freedom which is not 

available in other slot feeding techniques such as probe feeding. The technique requires 

only to extend the length of the microstripline by λg/4 beyond the slot and terminate it as 

an open-circuit stub [4]. 

The coupling in this type is typically lower than desired, and it can be improved by 

employing the techniques that are used for slot antenna. These include the use of matching 

network, shifting the feed from the off the slot centre, increase the stub more than λ/4 

which increase the reactivity in the input impedance, and inclining the strip line angle 

with respect to the slot, or shift the DRA so that it is located off the slot centre [4, 29]. 

The steps for designing microstrip line fed slot coupled RDRA are explained in Chapter 

4. 

The annular slots proved to be useful in improving the DRA impedance bandwidth in 

comparison to rectangular slots [30]. This type of aperture can support the generation of 

both linear and circular polarisation. The linear polarisation can be achieved by simply 

using a single feed with a regular annular slot [30], while the circular polarisation can be 

excited either by adding another feed in quadrant with the first one [30], or by shorting 

the slot at a specific point [26, 31], or using perturbed annular slots [32]. 
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(a) 

 

(b) 

Figure 2.12 Microstripline-Fed Rectangular Slot DRA (a) Antenna Diagram, and (b) 

Field Distribution inside the Slot 

2.3.2 Probe Coupling 

The probes can be considered an equivalent to vertical electric current that generates 

magnetic field around it [4].  A coaxial probe can be placed inside a pre-drilled gap in the 

DRA that is connected at the lower end to an SMA connector [7, 33]. Alternatively, 

E-Field Magnetic Dipole 
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excitation can be achieved by placing the probe in an adjoined position to the dielectric 

surface [34].  Another approach is to use an adhesive backed flat metallic strip that can 

be mounted on planar and curved DRA surfaces [35].  A microstrip line can also be used 

to feed the flat strip [36].  The use of the flat strip line excitation has the advantage of 

enhanced flexibility of controlling bandwidth enhancement compared to a coaxial probe 

excitation  [4]. Also, embedded probes require drilling a solid dielectric, which is usually 

associated with air gaps that alter the DRA characteristics [37]. 

A maximum coupling efficiency can be achieved by placing the probe, or strip, in a 

location with a strong electric field of the desired mode that is parallel to the probe, or 

strip axis [4]. 

Conformal strip coupling was first suggested to solve the poor coupling between the strip 

feed and the hemispherical DRA due to the surface curvature. This technique improved 

the matching as well as the radiation pattern [38]. Since then several applications have 

been reported based on conformal strips such as achieving a circular polarisation radiation 

from a hemispherical DRA using dual strips [39], and a square using a conformal spiral 

excite a singly-fed circularly polarised hemispherical DRA [40]. 

2.3.3 Microstrip Line Coupling 

In this type of excitation, the ground plane is situated below the substrate. The microstrip 

line can be used for DRA excitation either by direct coupling where the line is terminated 

under the resonator in a location that is chosen to achieve optimum impedance matching 

[41]. Alternatively, side coupling can be chosen in which the strip line cross the substrate 

that is separated from the resonator by a specific distance, which is calculated to achieve 

an optimum coupling efficiency [4]. The second type is popular with DRA arrays, due to 

simplicity and low coupling requirements, especially for high dielectric constant 
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resonators [4]. 

2.3.4 Coplanar Coupling 

There are three types of coplanar coupling, the first and simplest is the open-circuit 

coplanar waveguide, which behaves like the direct open-circuit microstrip line. This 

approach is used for direct coupling. The second type is the stub-loaded lines, and the 

third type is the coplanar loops. The latter two techniques are used to improve impedance 

matching [4]. 

2.3.5 Dielectric Image Guide Coupling 

This technique is similar to the side microstrip line coupling with both the dielectric guide 

and the dielectric resonator placed on a metallic ground plane. This technique eliminates 

the conductor losses of the metallic strip line and proved to be useful for exciting series 

fed DRA array, even with dielectric constants lower than that coupled with the microstrip 

line technique [4]. 

2.4 Reconfigurable Dielectric Resonator Antennas 

In line with other antenna types, the configurability of DRAs has been demonstrated in 

numerous research studies where different approaches have been considered to 

reconfigure the characteristics of various DRA types. These approaches are focused on 

controlling the characteristics by either changing the feed/coupling characteristics, 

dielectric properties, or the relative position for coupling with respect to the dielectric 

resonator. A surge in the reconfigurable antenna research topic has been expanded to 

include DRAs. For example, Ferrite resonator antennas (FRA) have been used for 

frequency tuning and linear/circular polarisation reconfiguration [42, 43]. The FRA is a 
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dielectric resonator antenna that uses a dielectric ferrite material. The frequency of an 

FRA can be tuned by introducing a DC controlled magnetic field to change the 

permeability of the dielectric. For a rectangular FRA, equation (2.31) needs to be altered 

to accommodate the changes in μ to [4] 

𝑘𝑥𝑡𝑎𝑛(𝑘𝑥𝑑 2⁄ ) = √𝜇𝑒𝑓𝑓(𝜀𝑟 − 1)𝑘0
2 − 𝑘𝑥

2   (2.39) 

in which, 

𝑘𝑥 = √𝜇𝑒𝑓𝑓𝜀𝑟𝑘0
2 − 𝑘𝑦

2 − 𝑘𝑧
2     (2.40) 

and the effective permeability 

𝜇𝑒𝑓𝑓 = 𝜇 ± 𝜅       (2.41) 

where κ is the coupling coefficient, which depends on the magnetisation of the ferrite 

with respect to the feed axis, i.e. parallel or perpendicular, and it is inversely proportional 

to the frequency. The ± sign indicates the possibility to increase or decrease the frequency, 

and it depends on the direction of magnetisation [4, 42]. 

It is also possible to use FRA magnetisation to reconfigure the polarisation from linear to 

circular. For example, a cylindrical resonator made out of ferrite material has been excited 

by a rectangular slot to generate the HE11δ mode along the slot’s longest axis, which 

excites a linear polarisation at the absence of the magnetic bias, in which the FRA acts as 

a regular DRA. However, by applying the magnetic bias in a perpendicular direction to 

the slot’s equivalent magnetic dipole, the field of the original linear polarisation is 

reduced while the perpendicular field is boosted, which generates a circular polarisation 
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[43]. 

Furthermore, it has been reported that it is possible to use two switchable probes to feed 

a cylindrical DRA with a 90° phase separation in order to generate a linear polarisation 

by switching ON one of the probes, or a circular polarisation by switching ON both, of 

them. In addition, the antenna radiation can be turned OFF if both probes are switched 

OFF [44]. 

Another technique has been introduced for the frequency tuning of a disk loaded 

cylindrical and ring DRAs by changing the size of the metal disk. The study demonstrated 

that the operating frequency increases with the reduction of the disk size and vice versa 

[45]. 

In addition, beam steering has been achieved using multiple probes around a cylindrical 

DRA. The main beam has been steered to different directions by activating one, or more, 

probe(s) with equal, or different, powers [46]. Several configurations have been derived 

from this technique in later studies to achieve the same goal [47-49]. A similar approach 

has been employed for a hollow cylindrical DRA with four switchable probes that are 

located inside the airgap [50]. 

An alternative steering technique that is based on mechanical means has been introduced 

using a cylindrical DRA that is surrounded by a DRA ring that consists of two pars. The 

smaller part has a dielectric constant equal to that of the cylindrical DRA, while the large 

part has a considerably higher dielectric constant. By rotating the ring, and hence 

changing the angle of the lower permittivity component, the main beam can be steered to 

a different direction [51]. 

Rectangular DRA frequency tuning has been proposed by loading one of the DRA sides 
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with a metallic wall that is connected to the ground plane by three active elements; PIN 

diodes for discrete values, or varactor diodes for continuous tuning. Initially, an 

experimental work has been conducted using metallic tabs to represent the PIN diodes, 

which demonstrated the practicality of the idea [52].  An additional work has been 

presented by metallically loading two opposite DRA sides, which showed that the only 

drawback was gain losses due to the active elements resistive characteristics. However, 

these can be reduced by increasing the bias current. Additionally, using PIN diodes as 

well as varactor diodes allows more flexibility in the tuning process [53]. 

The use of liquids in DRAs is not unusual, as it has been reported that the DRA frequency 

can be tuned by changing water level inside a cylindrical container with a feeding probe 

inside [46, 51]. By changing water level, basically, the height of the DRA changes and 

hence the resonant frequency. A varactor diode can be connected to the probe for 

electronic impedance matching [54]. 

Using slugs controlled airgaps under the DRA, and below the substrate, has proved to 

affect the mode’s capacitive coupling, which leads to change the operating frequency. By 

pushing these metallic slugs inside or outside, the operating frequency will be reduced or 

increased, respectively [55]. A cylindrical DRA that is excited by an annular slot has been 

proposed to excite the HEM21(1+δ) mode with a reconfigurable steerable pattern using eight 

switches to control the main beam direction by turning ON one PIN diode only [56]. 

An example that has been mentioned in the first chapter was that of a dielectric resonator 

phased array with a pattern reconfigurability that has been achieved by tuning the phase 

shifters using MIM varactors. By tuning the feed, the phase shift results in steering the 

main beam by a range of ±30° [57]. 
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2.5 Dielectric Resonator Antenna Arrays 

Few reconfigurable dielectric resonator antenna arrays have been studied and presented 

some encouraging results. Hence this research will study a couple of models in this area. 

2.5.1 Antenna Arrays Theory 

Antennas arrays overcome the limitations that are imposed by a single element such as 

gain enhancement and beam steering  [58].  A proper arrangement of the array elements 

can increase the antenna efficiency and improve the radiation characteristics in 

comparison to a single antenna [59].  In addition, for antennas that are affected by the 

aperture size, such as reflector dishes and radio telescopes, antenna arrays have the same 

advantages of a single large antenna of high sensitivity and gain.  As a result, it is possible 

to replace one large antenna with an array of small elements.  In addition, by calculating 

the right weight ratio and phase separating each consecutive elements, the interference 

can be minimised and the main beam direction can be controlled [59].  The radiated power 

of an array is a complex summation of those from the individual elements., This 

summation can be either additive or subversive depending on the distribution of the 

elements and the angle of the radiated field [58, 60]. Therefore, the equation for the total 

radiated field must consider the individual elements distribution in the given 

configuration, the relative excitation weight for each element, the phase difference and 

the relative distance between each two consecutive elements with respect to the 

wavelength, as well as the elements’ radiation patterns [58-60].  The literature offers an 

extensive mathematical analysis for the arrays far field radiation pattern. However, in this 

research, only the final analysis resultant equations are presented. Considering the array 

of N identical elements as illustrated in Figure 2.13, the total radiated field is the product 

of  a single element radiation pattern by the Array Factor (AF), or in other words [4, 58, 

60] 
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𝐴𝑃 = 20 log(𝐸𝑃. 𝐴𝐹)      (2.39) 

 

   

Figure 2.13 Antenna Arrays Configurations 

where AP is the total radiated field pattern, EP is the single element’s radiation field and 

AF can be calculated as [4, 58, 60] 

𝐴𝐹 = ∑ 𝑨𝒏𝑒𝑗Ψ𝑛𝑁
𝑛=1       (2.40) 

Ψ𝑛 = 𝑘0𝑥𝑛 sin 𝜃 cos 𝜑 + 𝑘0𝑦𝑛 sin 𝜃 sin 𝜑   (2.41) 

In the above equation, k0 is the free-space wave number, xn and yn are the Cartesian co-

ordinates of the nth element, and An is the complex voltage excitation defined as 

𝑨𝒏 = 𝐴𝑛𝑒𝑗𝛽𝑛        (2.42) 
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in which An and βn are the excitation’s amplitude and phase, respectively.  As mentioned 

earlier, numerous array configurations have been studied and reported in the literature 

that can be classified as linear, planar and conformal as well as three dimensional [4, 58]. 

On the other hand, planar configurations can be rectangular, triangular, and circular [4, 

58].  In this chapter, the main focus will be on reconfigurable linear arrays that are popular 

owing to their simplicity [58], with, usually, identical elements that can be distributed 

with either a uniformly or nonuniformly [61]. The uniform arrays involve equally spaced 

elements either uniform or nonuniform amplitude excitation[61].  In the case of uniformly 

excited arrays, the main beam direction is either normal or parallel to the array axis for 

broadside or endfire radiations, respectively [58, 61]. 

For a linear array, the array factor can be simplified assuming An = A0, βn = β, and the 

elements’ separation distance is d. Therefore, the normalised array factor can be 

expressed as [4, 58] 

𝐴𝐹 = 1 + 𝑒𝑗(𝑘𝑑 cos 𝜃+𝛽) + 𝑒𝑗2(𝑘𝑑 cos 𝜃+𝛽) + ⋯ + 𝑒𝑗(𝑁−1)(𝑘𝑑 cos 𝜃+𝛽)
 (2.43) 

𝐴𝐹 = ∑ 𝑒𝑗(𝑛−1)𝜓𝑁
𝑛=1         (2.44) 

where, 

𝜓 = 𝑘0𝑑 sin 𝜃0 + 𝛽        (2.45) 

𝜃0 = sin−1 (
−𝛽

𝑘0𝑑
)         (2.46) 

Multiplying equation (2.43) by ejψ gives 

(𝐴𝐹)𝑒𝑗𝜓 = 𝑒𝑗𝜓 + 𝑒𝑗2𝜓 + 𝑒𝑗3𝜓 + ⋯ + 𝑒𝑗𝑁𝜓     (2.47) 

 Subtracting (2.44) from (2.47) provides 
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𝐴𝐹 =
(𝑒𝑗𝑁𝜓−1)

(𝑒𝑗𝜓−1)
= 𝑒𝑗(𝑁−1)𝜓/2 [

𝑒
𝑗(

𝑁
2

)𝜓
−𝑒

−𝑗(
𝑁
2

)𝜓

𝑒
𝑗(

1
2

)𝜓
−𝑒

−𝑗(
1
2

)𝜓
]    (2.48) 

Hence, 

𝐴𝐹 = 𝑒𝑗(𝑁−1)𝜓/2 [
sin(𝑁ψ 2⁄ )

sin(ψ 2⁄ )
]      (2.49) 

Considering that the reference point is in the centre of the array, 

𝐴𝐹 = [
sin(𝑁ψ 2⁄ )

sin(ψ 2⁄ )
]        (2.50) 

From the above equations, it is possible to determine the mainlobe direction, beam-width, 

nulls, and the side-lobes’ direction [61]. 

Nonuniform amplitude excitation can be used to change specific characteristics such as 

the main-lobe direction, beamwidth, and side-lobes. However, equations (2.45-46, 2.50) 

are not valid for this case, and the polynomial equations (2.40-42) must be considered 

[61]. 

Amplitude uniformity can be obtained by splitting the power equally at the feeding 

network junctions. Power division is determined by the branched transmission lines 

characteristics impedances ratio [4].  Assuming the input line characteristics impedance 

is Zo1, and Zo2, Zo3 for the branches of a two-element feed network as shown in Figure 

2.14.  For a lossless junction, the input powers   P1, P2, and P3, are given by [4] 

𝑃2 𝑃3⁄ = 𝑍𝑜3 𝑍𝑜2⁄       (2.51) 

𝑃1 = 𝑃2 + 𝑃3       (2.52) 

Impedance matching must be considered to achieve a maximum power transfer, which 

can be achieved when [4] 
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𝑍𝑜1 = 𝑍02 ∥ 𝑍03      (2.53) 

 

 

Figure 2.14 Power-Splitter Junction [4] 

Non-uniform arrays can have either variable separation distances or different phases that 

is also known as progressive phasing [61]. The first study related to the non-uniformly 

spaced elements has been published back in 1960, where it has been shown that they 

outperform the uniform counterpart due to the degree of freedom over the uniformly 

spaced array, which allows some design manipulation to improve the radiation 

characteristics [62].  Then, numerous studies have been published suggesting specific 

syntheses to achieve the required radiation patterns [61].  As mentioned earlier,  the shift 

in the excitation phase determines the main-lobe direction, hence using non-uniform 

phase shifting offers an extra degree of freedom in the array design albeit at the expense 

of an increased complexity [61]. Figure 2.15 presents the passive phase delay technique 

that can be employed to achieve the excitation phase shift for both series and parallel 

feeding networks [4]. For example, two elements array radiation pattern is controlled by 

the elements spacing d as well as each elements’ excitation phase, Φ1 and Φ2, i.e. for a  

series excitation [4] 
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𝑑+2𝑝

𝜆𝑔
=

Φ2−Φ1

2𝜋
      (2.54) 

and for a parallel excitation 

𝑑−2𝑝

𝜆𝑔
=

Φ2−Φ1

2𝜋
      (2.55) 

 

 

Figure 2.15 Series (Left) and Parallel (Right) Passive Delay Networks [4] 

There are two techniques to feed an array; series and parallel feeds. In the first, the 

network is usually smaller due to the reduced number of required junctions as well as the 

shorter transmission line length.  On the other hand, in a parallel feed, all elements are 

usually fed using identical line sections, which leads to an identical phase shift that can 

provide a wider impedance bandwidth due to the reduced chances of impedance mismatch 

[4].  In linear arrays, the usual radiation pattern is narrow in the array direction and wide 

in the perpendicular direction, which is called the fan-shaped radiation pattern [5]. This 

fact is essential for choosing of the coupled plane, i.e. E-field or H-field coupling, the 

proper excitation technique, as well as the spacing between successive elements. 

Due to the small DRA element’s size, the spacing between successive elements is usually 

small in terms of the wavelength. This may increase the mutual coupling, which can 
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complicate the design process as each element radiates to the adjacent elements and hence 

distort the originally expected radiation characteristics [2, 4].  Mutual coupling depends 

on a number of factors such as the chosen elements’  characteristics, relative spacing and 

the feeding network structure [2, 4].  It is important to take mutual coupling effects into 

consideration since its presence leads to undesirable effects on the radiation pattern 

sidelobes levels as well as the beam-width [4]. 

2.5.2 DRA Arrays 

DRA arrays can be arranged linearly to change the required radiation pattern properties 

or to generate a CP wave using linearly polarised elements [2].  In this section, the focus 

is on linear arrays since this Chapter is dedicated to the design of reconfigurable linear 

DRA arrays. 

2.5.2.1 Linear DRA Arrays 

These arrays share similar theoretical concepts of other array types with respect to serial 

and parallel feeding as well as amplitude and phase excitation [2, 4]. Therefore, numerous 

designs for linear DRA arrays have been investigated and implemented [2, 4, 5].  As 

mentioned earlier, the first DRA array research has been published back in 1981 [63].  A 

series of DR elements have been suggested as suitable array candidates by exciting them 

using either a dielectric waveguide or an image guide. This investigation proved that the 

design and implementation of a high gain DRA arrays are possible and low cost arrays 

are achievable for large scale manufacturing [63].  Since then, other designs have been 

proposed that are based on using parallel microstrip line feeding slot-coupled DRAs as a 

feasible linear array [5].  Several examples can be traced in the literature such as a 4-

element parallel fed rectangular DRA array designed for low-side lobes applications [64].  

In addition,  a 2-element parallel fed cylindrical DRA array has been reported in which a 

couple of configurations have been investigated; the H-field array and E-field array where 
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the array direction is parallel to the named plane direction of the field of interest [65].  

Other types of parallel excited arrays include a probe fed DRA array have been proposed, 

such as 2-element and 4-element disk parallel probe fed DRA arrays with a microstrip 

line network to feed the probes [34, 66].  Furthermore, several configurations have been 

accomplished for serially fed DRA arrays employing various excitation techniques 

including microstrip line, dielectric image guide, and microstrip branchline [2, 4]. 

The earliest design described previously used EM coupling serial dielectric image guide 

feeding for a 12-element DRA array [63].  EM coupling serial feeding has been achieved 

with the aid of a microstrip line feeding, which showed good radiation characteristics as 

well as manufacturing advantage of a printable design [67].  In addition, a waveguide has 

been investigated for the EM coupling, in a 30-element linear DRA array based on 

composite right/left transmission line [68]. 

Direct microstripline serial feeding has also been used for an 8-pair of rectangular DRAs 

where the pairing technique has been proposed to overcome the narrow band issue related 

to the microstrip line series feeding [69].  Microstrip branch line feeding is a multilayer 

hybrid feeding system that allows to harness the advantages of both series and parallel 

microstrip line array feeding. This has been demonstrated in a multi-segment DRA, 

MSDRA, array case, where an array of a 10 MSDRA elements has achieved a 15.4 dBi 

X-band gain, with an efficiency of 66% and a 3-dB gain bandwidth of 17% [70]. The 

designs to be investigated this Chapter are parallel microstrip line fed-aperture DRA 

arrays. 

2.5.2.2 Planar DRA Arrays 

This is a research topic that is yet to be expanded and explored with the need to implement 

more designs. This is a result of the analysis, design and fabrication complexity of planar 
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arrays generally, and the DRAs planar arrays specifically. However, the available 

literature offers promising results [4, 5] as this kind of arrays offer a narrow beamwidth 

in conjunction with a high gain in both planes that provides what is known as a pencil-

beam pattern, which provides a narrow beamwidth useful for end-to-end communications 

application [5]. On the other hand, with a proper arrangement of elements and/or feed, 

either a linear or circular polarisation can be generated [2, 4, 5]. 

Planar DRA arrays with linear polarisation have been achieved in couple of 

configurations such as a 2×2 element probe-fed cylindrical DRA array [71].  In addition, 

another 2×2 element cylindrical DRA array with a microstrip line aperture coupling has 

been reported, where it has been demonstrated that both planes beamwidths have reduced 

from 75° to 54° and 148° to 49° for H-plane and E-plane, respectively.  Further, the 

front/back ratio increased by 50% from 14 dBi to 21 dBi [72].  Additionally, another 2×2 

element microstrip line aperture-fed rectangular DRA array has been reported in which 

an impedance matching bandwidth of 18% has been achieved for the array compared to 

10% for a single element, with a gain reaches 11.3 dBi at 7.35 GHz [73]. 

On the other hand, couple of methods have been employed to achieve circular polarisation 

using planar DRA arrays. The first method is based on using a properly arranged 

circularly polarised cylindrical DRA elements such as a 2×2 array that has been feed using 

branched microstrip line aperture-coupling [74]. This array achieved a 19% impedance 

matching bandwidth and 16% AR bandwidth compared to 9% and 5.6% for a single CP 

element, and 8% and 4.5% for a CP array consist of LP elements, respectively. 

Alternatively, CP DRA array can be designed using a sequential rotation feed for linearly 

polarised elements to generate a circularly polarised wave [74, 75]. This technique 

requires the feeding of each element with calculated amplitudes and phases.  As a result, 

a proper feed network needs to be designed that takes into consideration the physically 
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small available space [4]. However, the available literature involves other techniques to 

generate circular polarisation with large gain and wide axial ratio bandwidth [2, 4, 5]. 

5.3.3 Reconfigurable DRA Arrays 

There is a limited number of research publications in this topic.  However, this research 

area has been touched recently and started to draw more interest.  One of the earliest 

examples is an investigation of using a digital phase shifter to electronically steer the 

mainlobe direction of a Multi-Segment DRA (MSDRA) phased planar array that consists 

of 16 array columns of 20 MSDRA elements [76].  The design employed sixteen digital 

shifters, 4-bit each, combined with low noise amplifiers within the feed network. This 

allows an engineer to control each column phase shift to change the main beam direction 

[4, 5, 76]. Another beam steered DRA phased array has been previously mentioned in this 

chapter and the previous chapter, with the feed network loaded with MIM varactors. 

These varactors can be electronically controlled phase shifters to tune the feed, resulting 

in steering the mainlobe by a range of ±30° [57]. 

A back-to-back Yagi-Uda five element DRA array has been suggested with beam steering 

achieved by changing the excitation phase of one of the used two feeds [77].  The array 

consists of three reflector DRA elements, one in the centre called the common reflector, 

and two at both ends of the array called parasitic reflectors.  Each of the other two DRAs 

are sandwiched between the common reflector and one of the parasitic reflectors, and 

each is separated from these reflectors by distances of SR and SD, respectively. The latter 

two are fed and called the driven elements. This array achieved 19% impedance matching 

bandwidth and 16% AR bandwidth compared to 9% and 5.6% for a single CP element, 

and 8% and 4.5% for a CP array consisted of LP elements, respectively. Changing the 

excitation phase for one element only provide a mainbeam steering by up to 67° with a 

gain of 10 dBi [77]. 
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Two designs have been proposed for a 2-element reconfigurable pattern DRA array for 

multi-input multi-output (MIMO) applications. The first design suggests allocating each 

DRA on one of two ground planes that are perpendicular to each other.  In the second 

design, both elements have been allocated on the same ground plane.  Both designs 

activate three modes in each element using RF switches to change the excitation port. The 

first two ports excite the TEx and TEy modes, while the third excites a monopole mode. 

By controlling each element mode separately, nine different patterns have been achieved 

using this technique [78, 79]. 

A sequential rotation fed planar DRA array design has been proposed as a reconfigurable 

polarisation planar array.  The 2×2 microstrip aperture coupled cylindrical DRA array 

had each element linearly excited with a ±90° phase difference from its neighbouring 

elements. This results in two elements that excite the horizontal LP, while the other two 

excite a vertical LP.  Excitation arrangements for all the elements lead to both LHCP and 

RHCP radiation depending on the sequence of phase difference, with axial ratio reaching 

less than 0.1 dB [80].  Another study has proposed a two slot-fed nonidentical DRA array, 

with a reconfigurable quad section wideband Wilkinson power divider and reconfigurable 

stub length. PIN diodes have been suggested to be used to control the impedance of the 

power divider and stub length, providing a discrete frequency tuning capability in the 

range as low as ~1.2 GHz up to ~5.3 GHz [81]. 
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2.6 Summary 

It has been demonstrated that employing dielectric geometries as a means to excite 

resonating electromagnetic modes in antennas provide enormous advantages in 

communication systems. This includes low losses, miniaturised antenna sizes, low costs, 

and other advantages that overwhelmingly surpass the minor disadvantages. 

This chapter has presented the operation concept of basic DRA geometries such as 

hemispherical, cylindrical as well as rectangular.  In addition, a literature review has been 

conducted that cover some of the key publications in this research topic.  The most 

popular DRA excitation approaches have been reviewed.  In addition, the potential 

advantages of using more complex DRA geometries have been reviewed.  Furthermore, 

a special attention has been given to the topic of reconfigurable DRAs and the key papers 

in this line have been reviewed. 

The theory of antenna arrays has been covered sufficiently, and the DRA linear planar 

arrays have been discussed as a background for the work presented in Chapter Five. In 

addition, the past research in the area of reconfigurable DRA arrays have been presented. 

In the following chapters, novel reconfigurable DRA designs will be presented. This 

includes two structures for polarisation reconfiguration in Chapter Three, mode switching 

design in Chapter Four, Reconfigurable DRA array in Chapter Five, and a study for the 

ability to use semiconductor plasma in mode switching in Chapter Six.  
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Chapter Three 

Polarisation Reconfigurable Dielectric Resonator 

Antennas 

3.1 Introduction 

As mentioned in Chapter one, the radiated wave’s polarisation depends on the antenna’s 

current flow direction [1]. Additionally, it has been mentioned in Chapter 2 that most of 

the dielectric resonator geometries can be excited to generate both linear and/or circular 

polarisations. In this chapter, two antenna configurations are studied to be the base for the 

proposed polarisation reconfiguration techniques to be proposed. Furthermore, a 

prototype of the second antenna has been built and measured to validate the theoretical 

results. 

3.2 Polarisation 

A traveling plane wave can be classified as either linearly, elliptically, or circularly 

polarised [2]. In the case of a linear polarisation, the electric field oscillates in a 

perpendicular axis to that of the travelling wave. For example, Figure 3.1 illustrates a 

wave travelling in the z-axis direction, with an E-field component that oscillates along the 

y-axis. The electric field can be x or y directed. 

 

Figure 3.1 Linear Polarisation Along the y-Axis 
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The elliptical polarisation radiation is illustrated in Figure 3.2, where it can be noticed 

that the wave oscillates around the travelling axis in an elliptic path.  As a result, there 

will be two electric field components that can be expressed as [2]: 

𝐸𝑥 = 𝐸1𝑠𝑖𝑛(𝜔𝑡 − 𝛽𝑧)      (3.1) 

𝐸𝑦 = 𝐸2𝑠𝑖𝑛(𝜔𝑡 − 𝛽𝑧 + 𝛿)     (3.2) 

where E1 and E2 refer to the amplitudes of the x and y components, respectively, and δ is 

the time-phase angle between these two components. This result in the following vector 

field equation [2] 

𝑬 = �̂�𝐸1𝑠𝑖𝑛(𝜔𝑡 − 𝛽𝑧) + �̂�𝑬𝟐 sin(𝜔𝑡 − 𝛽𝑧 + 𝛿)  (3.3) 

 

Figure 3.2 Elliptical Polarisation 

The axial ratio, AR, defines the relationship between the major and semi-major axes, or 

between OA and OB as shown in Figure 3.2, and can be calculated as [2] 
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It should be noted that AR ranges from 1 to infinity, which corresponds to pure circular 

and linear polarisations, respectively. It should be noted that these are special cases of the 

elliptical polarisation.  For example, there is only one electric field component when AR 

reaches infinity, which corresponds to the linear polarisation case.  On the other hand, 

when AR=1, both ellipse axes have the same amplitude, which corresponds to a pure 

circular polarisation radiation [2] in which E1= E2, and δ= ±90°. 

The other important characteristics of the elliptical/ circular polarisation is the rotation 

direction. For instance, if the rotation is in a clockwise direction, the polarisation is 

classified as a right hand circular polarization (RHCP). On the other hand, left hand 

circular polarisation (LHCP) radiation is accomplished for the counter clockwise rotation 

[3]. 

3.3 Reconfigurable Circular Polarisation using Hemispherical 

DRA 

Figure 3.3 illustrates a configuration of an annular-fed hemispherical DRA that can be 

used to generate linearly polarised electric field radiation. However, it can be manipulated 

to generate a circular radiation polarisation by exciting the DRA using an annular slot that 

is short circuited at an angle of 90° from the feed point [4].  Following a CP DRA design 

of [4], a modification is proposed to achieve the polarisation reconfigurability by creating 

the desired short-circuit on the slot using a forward biased PIN diode.  Furthermore, an 

additional PIN diode has been added at an angular distance of 180° from the first 

counterpart. This configuration results in four possible scenarios; both PIN diodes are 

OFF, two cases in which one PIN diode is OFF and the other is ON, and a final case in 

which both PIN diodes are ON, or forwarded biased. In principle, the first case is 

equivalent to that of a normal annular slot coupled linearly polarised DRA, with the 
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expectation of some ignorable distortion from the insertion of the PIN diodes materials. 

Similarly, linear polarisation is expected from the last case in which both diodes are 

switched ON. However, the real reconfigurability is expected when only one PIN diode 

is switched ON, where a circular polarisation is generated. In this case the polarization 

sense can be switched from left to right handed depending on which diode is activated. 

Further, the diodes will be identified as right and left hand diodes, i.e. RD and LD, 

respectively. This is based on their position with respect to the feed point. In this model, 

the circuit equivalent of the PIN diode has been used to represent both of the OFF and 

ON diodes’ states. The parameters have been chosen as those of the BAR50-02V PIN 

diode data sheet Shown in Appendix B [5]. 

It should be noted that the employed design parameters are based on those given in [4]; 

DRA radius of a=12.5 mm, dielectric constant of εr = 9.6, slot radius and width of b = 

7.37 mm and w= 1.14 mm, respectively, and a backing cavity radius of c = 25 mm. The 

backing cavity, which is a hemispherical shell, is used to eliminate the backside radiation, 

and its size must be chosen carefully to avoid affecting the resonance impedance 

bandwidth [6, 7]. The fundamental TE111 mode has been excited, and according to 

equations (2.2) and (2.4), the expected resonance frequency is 3.68 GHz. Figure 3.4 

shows the field distribution inside the DRA for the x-z, y-z, and x-y planes determined 

using CST Microwave Studio. Field distributions are as to be expected for the TE111 

mode, where the hemispherical DRA is behaving like a horizontal magnetic dipole, 

considering that the imaginary dipole is laying alongside the x-axis. 
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(a) 

 

(b) 

Figure 3.3 Shorted Annular Slot Fed Hemispherical DRA with a Backing Cavity (a) 

Antenna Diagram [4] and (b) Slot Area with the Proposed PIN Diodes Locations 
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(a) y-z plane E-field distribution 

 

 

(b) x-z plane H-field distribution 

 

(c) x-y plane H-field distribution 

Figure 3.4 Field distribution in the Hemispherical DRA at 3.9 GHz 
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Using CST Microwave Studio 2015, the antenna has been simulated at the absence of any 

diodes, and a resonance frequency for the TE111 mode has been achieved at 3.93 GHz 

compared to a theoretical figure of 3.66 GHz. As illustrated in Figure 3.5, the fundamental 

mode has been excited with an impedance matching bandwidth of 9.45% that has been 

achieved in conjunction with an axial ratio of more than 40 dB, which corresponds to the 

expected linearly polarised radiation. The E-plane and H-plane radiation patterns are 

shown in Figure 3.6, which radiation pattern are similar to the broadside patterns expected 

from TE111 mode. It should be noted that two equivalent models have been used to 

represent the diodes; the first is based on employing metallic strips to short circuit the 

slot, i.e. the ON state, while a PIN diode equivalent circuit has been used in the second 

model.   In addition, four cases need to be considered in the first model; two when both 

of the diodes are in the same state, ON or OFF, at the same time, and two when the diodes 

are in different states, i.e. one is ON and the other is OFF. 

 

Figure 3.5 Reflection Coefficient for the Annular Slot-Fed Hemispherical DRA 
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Figure 3.6 Far Field Radiation Pattern for the Annular Slot-Fed Hemispherical DRA 

(Eθ) 

The reflection coefficients for the four cases are illustrated in Figure 3.7, where it can be 

observed that a resonance frequency of ~3.8 GHz has been achieved that corresponds to 

the excitation of the fundamental TE111 mode. The shift from the 3.93 GHz to 3.8 GHz is 

likely to be associated with the used material to model the PIN diodes in the simulations, 

where a perfect electric conductor (PEC) was used instead of copper in the original 

design, and hence affecting the current and field distributions. On the other hand, case 

four, in which both diodes are ON, shows another active bandwidth around a centre 

frequency of 2.78 GHz with a rather narrow impedance matching bandwidth of ~1%. This 

band probably exists due to an impedance condition that can be related to the annular slot 

natural frequency or the backing cavity resonance effect, since the operating frequency is 

approximately 25% less than the dominant mode frequency [7].  In addition, Figure 3.8 

illustrates the axial ratio for the second and third cases over a frequency range of 3.3-4 

GHz, where it can be noticed that a 3dB AR bandwidth of 1.7% has been achieved with 

an AR minimum point at 3.57 GHz. Furthermore, Figures 3.9 and 3.10 illustrate 

comparisons between the ER and EL components for both LHCP and RHCP at 3.57 GHz. 
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From these results, it can be noticed that EL is larger than ER when the RD is switched 

ON, which corresponds to the case of LHCP radiation, and the opposite is true as 

illustrated in Figure 3.10. Table 3.1 presents a comparison between the four cases in terms 

of resonance frequency, bandwidth, polarisation, and minimum axial ratio. 

 

Figure 3.7 Reflection Coefficient (dB) vs Frequency for Reconfigurable Annular Slot-

Fed Hemispherical DRA - Model 1 

 

Figure 3.8 Axial Ratio for a Reconfigurable Annular Slot-Fed Hemispherical DRA - 

Model 1 
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Table 3.1 Comparison for the Four Cases for a Reconfigurable Annular Slot-Fed 

Hemispherical DRA - Model 1 

Properties \ Cases Diodes OFF Diodes ON RD ON LD ON 

Central Frequency (GHz) 3.9 3.82 3.625 3.625 

Impedance Bandwidth % 9.04 7.46 17.1 17.1 

Polarisation LP LP LHCP RHCP 

Lowest Axial Ratio (dB) N/A N/A 2.72 2.72 

Lowest Axial Ratio Frequency (GHz) N/A N/A 3.57 3.57 

Axial Ratio Bandwidth % N/A N/A 1.7 1.7 
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Figure 3.9 EL vs ER (dB) at 3.57 

GHz for LHCP, φ=0°-Model 1 (Eθ) 

Figure 3.10 EL vs ER (dB) at 3.57 

GHz for RHCP, φ=0°- Model 1 (Eθ) 
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Using the second equivalent circuit model which is shown in Figure 1.2, the ON state 

parameters have been chosen as RON = 10 Ω, and L = 1 nH, while the corresponding OFF 

state parameters are ROFF = 5 kΩ, COFF = 0.15 pF, and L = 1 nH [5].  The reflection 

coefficients for the four cases are shown in Figure 3.11, which are similar to those 

presented in Figure 3.8 using model 1.  However, using the diodes equivalent circuits 

have provided an additional resonance frequency point at ~1.1GHz, which can be 

attributed to impedance matching and the annular slot and/or the backing cavity natural 

resonance frequencies as mentioned earlier. Actually, the multi-resonances can be useful 

for implementing dual band antenna, since two resonances have considerably wide 

bandwidths. Figure 3.12 presents the axial ratio for the RD ON and LD ON cases, where 

it can be noticed that a minimum AR of 3.42 dB has been achieved at 3.24 GHz, which 

indicates an unsatisfactory circular polarisation. In order to address this point, a revised 

design is suggested in which the slot dimensions have been changed to b = 7.5 mm and 

w = 1.2 mm in order to improve the CP bandwidth. The reflection coefficients for the four 

cases are illustrated in Figure 3.13 where it can be noticed that an improved impedance 

bandwidths has been achieved except for the case where both diodes are OFF. The axial 

ratios for the second and third cases are presented in Figure 3.14 over a frequency range 

of 3.15-3.3 GHz, where it can be noticed that an AR bandwidth of ~1.38% has been 

achieved with a minimum AR point at 3.22 GHz. It should be noted that this is less than 

the 1.7% achieved in the metallic short model case which can be attributed to the 

imperfect non-pure resistive impedance characteristics of the PIN diode. Figures 3.15 and 

3.16 show the comparison between ER and EL for both LHCP and RHCP at 3.22 GHz. A 

summary of this model data is presented in Table 3.2. 
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Figure 3.11 Reflection Coefficient (dB) for Reconfigurable Annular Slot-Fed 

Hemispherical DRA - Model 2 

 

Figure 3.12 Axial Ratio (dB) for Reconfigurable Annular Slot-Fed Hemispherical DRA 

- Model 2 
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Figure 3.13 Reflection Coefficient (dB) vs Frequency for Reconfigurable Annular Slot-

Fed Hemispherical DRA with Revised Dimensions- Model 2 

 

Figure 3.14 Axial Ratio (dB) for Reconfigurable Annular Slot-Fed Hemispherical DRA 

with Revised Dimensions - Model 2 
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Table 3.2 Comparison for the Four Cases for the Four Cases for Reconfigurable 

Annular Slot-Fed Hemispherical DRA - Model 2 

Properties \ Cases Diodes OFF Diodes ON RD ON LD ON 

Central Frequency (GHz) 3.91 3.835 3.87 3.87 

Impedance Bandwidth % 6.86 9.6 20.25 20.2 

Polarisation LP LP LHCP RHCP 

Lowest Axial Ratio (dB) N/A N/A 1.384 1.386 

Lowest Axial Ratio Frequency (GHz) N/A N/A 3.22 3.22 

Axial Ratio Bandwidth % N/A N/A 1.43 1.4 

 

As mentioned earlier, there are two linear polarisation cases that exist when both diodes 

are switched ON or OFF at the same time. When both diodes are OFF then a full annular 

slot is achieved. On the other hand, when both diodes are ON, there are two half slots; the 

first is driven and the second is parasitic. As a result, different results are achieved 
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Figure 3.15 EL vs ER (dB) at 3.22 

GHz for LHCP, φ=0°-Model 2 (Eθ) 

Figure 3.16 EL vs ER (dB) at 3.22 

GHz for RHCP, φ=0°-Model 2 (Eθ) 
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between the two LP antenna configurations. However, good impedance matching 

bandwidth has been attained in both cases, with frequency tuning taking place due to the 

aforementioned change in the feed. 

On the other two cases, turning only one PIN diode ON will affect the slot’s current flow 

direction, which changes the circular polarisation sense. For example, a right hand 

circular polarisation radiation can be achieved by tuning the left-hand side diode ON, and 

vice versa. The reflection coefficient results of the CP cases demonstrate improvement in 

the impedance bandwidth over that of the LP cases. The presented results of this section 

demonstrate the possibility of a achieving a hemispherical DRA with a reconfigurable 

polarization. 

3.4 Reconfigurable Polarisation Dual CP Bands Notched 

Rectangular DRA 

Inserting an air gap in the DRA is a well-known approach to create what is known as a 

notched DRA [8]. The main advantage of such a DRA is the improvement in the 

impedance matching bandwidth over the solid counterpart. This is a result of decreasing 

the effective permittivity of the DRA owing to the introduction of the airgap [8], which 

has been demonstrated for a hollow hemispherical DRA as well as a ring DRA [9].  

Increasing the airgap dimensions with respect to the total DRA size reduces the stored 

energy and hence the Q-factor. In addition, creating a hole in the DRA increases the 

resonance frequency by a factor that depends on the air gap size [9].  Furthermore, it has 

been demonstrated that a properly positioned parasitic strip with proper dimensions 

provides circular polarisation radiation [10]. The same technique has been proposed in a 

recent study in Sheffield [11], which represents the basis of the reconfigurable notched 

rectangular DRA design presented in this section. 
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Figure 3.17 illustrates the proposed configuration with the optimized dimensions shown 

in Figure 3.17 (b). Using the same dimensions of a rigid RDRA, the TEδ11 mode has been 

excited at 3.1 GHz. On the other hand, it is expected that inserting the air gap will result 

in a higher resonance frequency for the TE111 mode due to the reduction in the effective 

permittivity, which is calculated using the CST Studio Eigen Mode Solver as 3.4 GHz for 

the TE111 mode in comparison with 2.81 GHz for Rigid RDRA. The shift from the 

resonance of the calculated modes in the measured antenna is always expected due to the 

design impedance matching. The reflection coefficients are illustrated in Figure 3.18 for 

the solid and hollow DRA, which demonstrate an improvement in the impedance 

bandwidth of the notched RDRA due to the decrease in the Q-factor, with a slight 

increment in the central frequency. Table 3.3 presents numerical data that compares the 

performance of the antennas.  Figure 3.19 presents the far-field radiation pattern for both 

rigid RDRA and notched RDRA at 3.1 GHz 3.43 GHz, respectively.  It can be noticed 

that the radiation patterns are similar to each other owing to the excitation of the 

fundamental mode in both cases.  In addition, the two antennas offer respective gains of 

4.18 and 4.52 dBi, respectively. 

It is a well-known fact that a CP radiation can be achieved by placing a parasitic strip on 

one of the DRA surfaces.  The position and size of the parasitic strip should be optimized 

in order to excite two orthogonal nearly-degenerate modes that are needed for circular 

polarisation. Therefore, a hallow DRA with a parasitic strip will be considered next.  The 

simulated reflection coefficient for the notched rectangular DRA with, and without, the 

parasitic strip is presented in Figure 3.20, where it can be noticed that an impedance 

bandwidth of 26.56% has been achieved by adding a parasitic strip to the configuration 

with a resonance frequency at 4.06 GHz.  The TE111 and TE121 modes have been excited 

as a result of adding the parasitic strip with respective resonance frequencies of 4.03 and 



117 

 

5.07 GHz. The axial ratio is illustrated in Figure 3.21, where it can be observed that there 

are two AR minimal frequency points at 4.03 and 5.07 GHz that correspond to the 

excitation of the TE111 and TE121 modes. The 3dB AR bandwidth of the first and second 

bands are 6.1% and 0.97%, respectively.  The radiation patterns at the two AR minimal 

frequency points are illustrated in Figure 3.22, where it can be noticed that the first and 

second CP bands have provided RHCP and LHCP, respectively, with corresponding gains 

of 5.25 and 4.94 dBi. The TE111 mode field distribution is presented in Figure 3.23 at a 

frequency of 4.07 GHz. 

 

(a) 

 

(b) 
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(c) 

Figure 3.17 Notched Rectangular DRA with Parasitic Strip (a) General View, (b) 

Dimensions with Front and Side Views, and (c) Side View for Reconfigurable Parasitic 

Strip with PIN Diode.

 

Figure 3.18 Simulation Results for Reflection Coefficients for Rigid vs Notched RDRA 

Table 3.3 Rigid vs Notched RDRA 

Properties \ Cases Rigid RDRA Notched RDRA 

Central Frequency (GHz) 3.1 3.43 

Impedance Bandwidth % 10.9 21.3 

Radiation Efficiency 97.4 98.2 
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(a) Rigid RDRA at 3.1 GHz    (b) Notched RDRA at 3.43 GHz 

Figure 3.19 Far-Field Radiation Patterns for Rigid vs Notched RDRA 

 

Figure 3.20 Reflection Coefficients for a Notched DRA with and without Parasitic Strip 
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Figure 3.21 Axial Ratio for Parasitic Strip Case 

 

  

(a) 4.03 GHz     (b) 5.07 GHz 

Figure 3.22 Radiation Patterns for Frequencies at which Axial Ratios are Minimal 
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(a) yz Plane 

 

(b) xz Plane 

 

(c) xy Plane 

Figure 3.23 E-field Distribution in the Notched RDRA at 4.03 GHz 
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It should be noted that if there is a gap between the ground plane and the parasitic strip, 

then the effect of the latter will be negligible, which results in a loss of the circular 

polarisation. This has been proven by measurements as it will be shown in the next 

section. Using the last remark, it is possible to propose a DRA with a reconfigurable 

polarisation by replacing a short segment length at the bottom of the parasitic strip by a 

PIN diode to connect/ disconnect the strip from the ground plane in order to switch 

between LP and CP the polarisations.  Furthermore, it is possible to use two 

reconfigurable parasitic strips that are located on opposite DRA sides to generate three 

polarisation types; LP, LHCP, and RHCP. 

For the first case of a notched RDRA with a reconfigurable parasitic strip, the PIN model 

used in the previous section has been employed.  Figure 3.24 (a) illustrates the reflection 

coefficient for both PIN OFF and ON states, which shows good similarity to the results 

of Figure 3.20. In addition, Figure 3.24 (b) shows the axial ratio for the PIN ON state, 

which is similar to that of Figure 3.21, but with different values. 

Figure 3.24 (a) shows considerable similarity with the results of Figure 3.20, with the 

resonance frequency for the PIN OFF case at 3.45 GHz and a 21.25% impedance 

bandwidth compared to 3.43 GHz and 21.3% in the case of the notched RDRA without a 

parasitic strip. The small shift in the resonance frequency and the impedance bandwidth 

is due to the presence of the parasitic strip that is disconnected from the ground plane. On 

the other hand, the main change in the PIN OFF case compared to the case of total absence 

of parasitic strip is in the resonance frequency that has been changed from 4.07 GHz to 

3.95 GHz However, the impedance matching bandwidths is almost the same in both case, 

e.g. 26.56% compared to 27.14%. This proves that the PIN diode has minimal effect on 

the impedance characteristics. Nevertheless, the simulations demonstrate more noticeable 

effect on the CP bands bandwidth, with the first mode AR bandwidth reduced from 6.1% 
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to 3.87% with the same centre frequency at the same 4.07 GHz, and the second CP band 

has been completely lost. To solve this issue, the length of the parasitic strip has been 

changed, and it has been noticed that reducing the length to 8 mm increases the impedance 

bandwidth up to 34.29% with a centre frequency of 3.83 GHz.  The new parasitic strip 

length provides a first AR minima at 4.32 GHz with a CP bandwidth of ~5% and a second 

CP bandwidth of 4% around a centre frequency of 5.26 GHz.  This has been achieved 

with negligible changes in the reflection coefficients of the PIN OFF case, which assert 

the concluded fact of the minimal effect of a parasitic strip that is disconnected from the 

ground plane. Figure 3.25 shows the results for the revised design. 

For the second case of a notched RDRA with two reconfigurable parasitic strips, the 

reflection coefficients are presented in Figure 3.26 (a) for the two cases when both diodes 

are either OFF or ON at the same time, and another two cases with only one diode is ON. 

These results demonstrate a change from the single parasitic strip case, where it is evident 

that there is an increase in the impedance bandwidth from 11.85% in the all OFF linear 

polarisation case to 30.54% for the two CP polarization cases.  In addition, the results 

demonstrate the absence of the impedance matching bandwidth for the LP case when all 

the PIN diodes are ON, which can be explained using the superposition theory in electric 

circuit analogy, where both parasitic strips that are placed on opposite sides of the DRA 

are producing the same effects on the radiation but in opposite directions, which means that 

these strips are cancelling the effects of each other. 

Figure 3.26 (b) illustrates three 3dB AR bands, with centre frequencies at 3.67 GHz, 4.51 

GHz, and 5.6 GHz and CP bandwidths of 5.13%, 2.54%, and 1.27%, respectively. For 

the LD ON case the respective polarisations of the three bands are RHCP, LHCP, and 

RHCP. The reduction in the second CP bandwidth and the creation of the third CP 

bandwidth shows the effect of using multiple parasitic strips, even though not attached to 
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the ground plane. In addition, the third CP bandwidth does not share frequency range with 

any impedance matching bandwidth. Figure 3.27 illustrates the ER and EL radiation 

patterns for case for the three bands in the RD ON, which have the exact same values for 

the LD ON case, but with reversed directions. The respective gains for the three 

frequencies are 3.95 dBi, 2.29 dBi, and -4.99 dBi with radiation efficiencies of 84.25%, 

66.1%, and 47.92%, respectively. 

The radiation efficiencies and the gains for both the second and third CP bandwidths have 

been reduced due to impedance matching, since the both CP bandwidth with a centre 

frequencies at 4.51 GHz and 5.6 GHz do not lay within any impedance matching 

frequency band, hence, it should be ignored. In addition, both radiation patterns at these 

frequencies have main lobe directed away from φ=0°, θ=90° point, producing an elliptical 

polarisation with high axial ratios at their respective main lobe direction angles. This 

results in obtaining single CP band dielectric resonator antenna, which less than what is 

expected. Nonetheless, this design still allows generating both RHCP and LHCP. 
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(a) 

 

(b) 

Figure 3.24 Simulation Results for Notched RDRA with Reconfigurable Parasitic Strip 

(a) Reflection Coefficients with and without Parasitic Strip and (b) Axial Ratio for PIN 

ON Case 
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(a) 

 

(b) 

Figure 3.25 Simulation Results for Notched RDRA with Revised Length for the 

Reconfigurable Parasitic Strip (a) Reflection Coefficients with and without Parasitic 

Strip and (b) Axial Ratio for PIN ON Case 
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(a) 

 

(b) 

Figure 3.26 Simulation Results for Notched RDRA with Two Reconfigurable Parasitic 

Strip (a) Reflection Coefficients and (b) Axial Ratios 
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(a) 3.67 GHz     (b) 4.51 GHz 

 

 

(c) 5.6 GHz 

Figure 3.27 EL vs ER for the Three CP Bands (Eθ) 
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3.4.1 Measured Results: 

A prototype of the notched DRA has been manufactured by T-Ceram using Alumina with 

a dielectric constant of 9.8 as illustrated in Figure 3.28 (a). It should be noted that the 

DRA has been fabricated with a precision of 5%.  Adhesive backed Copper tape has been 

employed to create both of the fed and parasitic strips that have been placed on two of the 

DRA faces as shown in Figure 3.28 (b).  The DRA has been placed on a 30×30 cm2 

Aluminum ground plane with a thickness of 1.5 mm.  It is well known that placing the 

DRA on the metallic ground plane is usually associated with air gaps that alter the DRA 

performance.  However, the effects of these gaps have been be minimized using a double 

side adhesive backed copper tape to attach the DRA to the ground plane as proposed in 

[7].   The DRA has been fed using an SMA connector that is connected in one end to the 

fed strip and in the other to the Agilent Technologies’ E5071B vector network analyzer 

thorough a 50 Ω coaxial cable. The calibration has been carried out using the Agilent’s 

85052D calibration kit. 

Figure 3.29 (a) illustrates the reflection coefficients for the notched RDRA with and 

without the parasitic strip, where it can be noticed that a wider bandwidth has been 

achieved at the presence of the parasitic strip owing to the excitation of a second DRA 

mode.  Comparison between the simulated and measured return losses is illustrated in 

Figure 3.29 (b), where it can be noticed that a close agreement has been achieved between 

the two set of results with discrepancies that can be attributed to experimental and 

fabricates tolerances as well as due to using a finite ground plane. For example, the 

resonance frequency at the absence of the parasitic strip has been measured as ~3.7 GHz 

compared to a simulated counterpart of 3.43 GHz. Furthermore, the measured impedance 

bandwidth is ~15% compared to a simulated bandwidth of ~11%.  On the other hand, the 

measured and simulated resonance frequencies for a DRA with a parasitic strip are 3.95 
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and 4.05 GHz, respectively, with respective impedance bandwidths of ~29.7% and 28%.  

Two AR bands have been achieved with this prototype, the first at 4.5 GHz and the second 

at 5.5 GHz, with bandwidths of 8% and 1.2% respectively, compared to the simulated 

data of 4.03 GHz and 5.07 GHz for the AR bands central frequencies in conjunction with 

AR bandwidths of 6.1% and 1% respectively. It can be noticed from these results the 

there is a difference of ~10% between the measured and simulated AR minimal point 

frequencies.  In addition, the measured AR band width of the first band is considerably 

wider than the simulated counterpart.  These discrepancies can be attributed to a number 

of reason such as a small geometrical difference in the prototype compared to the 

simulated DRA as well as the sensitivity of these frequency points to the parasitic strip 

length that has been cut manually.  Furthermore, the prototype has been manufactured 

using Alumina, with a 5% tolerance in the dielectric constants that can affect the final 

results. The measured and simulated EL and ER patterns are illustrated in Fig. 3.29 (f) 

where with closed agreement for both AR bands, and small differences owing to the 

aforementioned reasons. 
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(a) 

 

 

(b) 

 

Figure 3.28 Notched RDRA (a) General View, (b) View over the Dielectric Resonator 

Antenna Showing Strip Feed and Parasitic Strip 
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(a) Measured Reflection Coefficients 

 

(b) Measured vs Simulated Reflection Coefficients for Notched RDRA with Parasitic 

Strip 

Figure 3.29 Measured and Simulated Results for Notched RDRA with and without 

Parasitic Strip 
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(c) Normalised Radiation Pattern at 3.9 GHz with Comparison to the Simulated 

Normalised Pattern 

Figure 3.29 Continued 
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(d) Measured Axial Ratio 

 

(e) Measured vs Simulated Axial Ratio  

Figure 3.29 Continued 
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(f) ER vs EL Normalised Measured at 4.5 GHz (Top Left) vs Simulated at 4.03 GHz 

(Top Right) and Measured at 5.5 GHz (Bottom Left) vs Simulated at 5.07 GHz (Bottom 

Right) 

Figure 3.29 Continued 
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3.5 Conclusion 

In this chapter, the possibility of obtaining an antenna with a polarisation 

reconfigurability has been demonstrated using conventional DRA. Two designs have 

been considered, the first is focused on using an annular slot-fed hemispherical DRA. The 

slot incorporates two PIN diodes that have been located at angles of ±90° with respect to 

the feed point.  In theory, four cases can be achieved from this configuration that have 

been confirmed through CST simulations. These include two linear polarisation cases 

when both PINs are either ON or OFF at the same time. In addition, two circular 

polarisation cases of RHCP and LHCP can be achieved by turning ON either the left or 

right PIN diode, respectively, with the expected AR bandwidth of 1.4% in both cases. 

The second design is based on using a notched RDRA with a parasitic, where it has been 

demonstrated that disconnecting the parasitic strip from the ground plane provides results 

identical to those for a configuration without a parasitic strip. This has paved the way to 

the design of a dual band CP antenna with a reconfigurable polarisation using two 

parasitic strips that are placed on two opposite DRA sides. As a result, two reconfigurably 

polarised antenna designs have been proposed on this basis. The first design utilizes a 

single parasitic strip with a PIN diode to control the contact between the strip and the 

ground plane, while the second is utilizes two parasitic strips on opposite sides of the 

DRA that are connected to the ground plane using PIN diodes. While the first will 

provides a single case of either LHCP or RHCP for each band, the second design 

facilitates controlling the polarisation sense by activating one parasitic strip at a time. A 

prototype of a conventional notched DRA has been built and measured with a single 

parasitic strip. Reasonable agreement has been achieved between measured and simulated 

data with the possibility of achieving a dual circular polarisation bands.  
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Chapter Four 

Frequency/Mode Reconfigurable Dielectric Resonator 

Antennas 

4.1 Introduction 

It is well-known that changing the relative location of the antenna feed changes the 

radiation characteristics, and eventually the resonance frequency and bandwidth as this 

may change the excited mode [1]. This concept has been utilized originally for impedance 

tuning and matching, and hence frequency tuning [2].  In principle, this can be employed 

to reconfigure an aperture-coupled DRA that is excited using multiple slots with a single 

slot active at a time. Furthermore, DRA modes have different resonance frequencies, and 

hence, it is expected that this technique will lead to reconfiguring the operating resonance 

mode. 

4.2 Modes Generation in a Rectangular DRA Using Feed-

Aperture Shifting 

As has been described in Chapter 2, the common aperture-fed RDRA consists of a 

microstripline beneath a thin dielectric substrate that is covered by a slotted metallic 

ground plane with a rectangular DRA positioned above the slot.  The latter is positioned 

at the centre of the lower DRA face, as illustrated in Figure 4.1. The resonance 

frequencies for each RDRA mode can be calculated as [1-3] 

𝑓𝑙𝑚𝑛 =
𝑐

2√𝜀𝑟

√
𝑙2

𝑑2
+

𝑚2

𝑤2
+

𝑛2

𝑏2
   (4.1) 
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where c is the speed of light, εr is the DRA dielectric constant, b=2h, d, w and h are the 

DRA dimensions, l, m, and n are constants related to the order of a particular TE 

resonance mode. 

As discussed in Chapter two, for a slot coupled RDRA, the slot acts as a horizontal short 

magnetic dipole, and for a slot parallel to the x-axis, it is expected that the activated modes 

are TEδnm, where δ is the fraction of the field’s half cycle variation that is calculated as δ 

= kx/(π/d), and the dominant field components are Hx, Ey, Ez [2]. 

The RDRA dimensions have been chosen as d = 8 mm, w = 12 mm, and h = 5.5 mm, with 

a dielectric constant of εr = 20 [1].  The used substrate is FR-4, with εr = 4.3, and with an 

area of 10×10 cm2 as well as a 1.6 mm thickness. This differs from the original design, 

where the substrate has a dielectric constant εr = 3.38 and 0.5 mm thickness. This change 

has been brought by materials availability. In addition, the slot length and the stub length 

had been changed in the new design due to substrate change [1].  In the aforementioned 

design, two slot positions have been investigated, central with respect to the DRA lower 

face, and offset position from the centre of the DRA. The offset led to pushing up the 

impedance matching bandwidth from a centre frequency of ~5 GHz to ~6.4 GHz [1]. This 

frequency shift is considered to be useful for TE mode tuning, due to the fact that both 

frequencies are operating different modes. 

Using equation (4.1), the expected resonance frequencies for the TEδ11, TEδ21, and TEδ31 

modes are 4.1 GHz, 6.4 GHz, and 8.9 GHz, respectively.  CST Microwave Studio® Eigen 

Solver has also been used to calculate the modes’ resonance frequencies by assuming 

magnetic walls boundary conditions on all the RDRA sides except the lower face where 

an electric wall has been assumed to take account of the ground plane presence. The Eigen 

mode solver has provided resonance frequencies of 4.1 GHz, 6.36 GHz, and 8.9 GHz, 
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respectively, which shows extremely low error margin between the two calculation 

methods. 

According to simulations, an 8 mm long and 1 mm wide slot should be suitable for 

efficient coupling of the DRA to the feeding microstrip line that is located at the centre 

of the substrate and has a 1.2 mm width as well as a 5-mm stub length.  The configuration 

has been simulated using CST Microwave Studio® in order to study the effects of shifting 

the slot alongside the microstrip line feed.  Two cases have been considered; first when 

the stub length is constant with respect to the slot point of view, and second when the feed 

line length is constant from the RDRA point of view, i.e. the total length of the microstrip 

line including the stub is constant. Figures 4.2 and 4.3 illustrate the reflection coefficients 

of both cases for various slot positions that are determined by a shifting range of P = -4 

to P = +4 mm, where P is the shift of the slot from the RDRA centre, respectively. These 

results clearly demonstrate the effects of different slot locations on the operating 

frequency and impedance bandwidth, which is expected as a different DRA mode is 

excited in each case. Additionally, the results illustrate the possibility of designing a 

reconfigurable DRA. 

Since impedance matching bandwidths central frequencies are not always near the DRA 

resonance frequencies, the TE modes have been checked in some of these frequencies to 

specify the active resonance modes. Figure 4.4 illustrates few of H-fields at the ground 

plane level, where it can be noticed that when P=0 mm, there are two resonance 

frequencies, the first at 4.4 GHz, which corresponds to the TEδ11 mode. However, despite 

the fact that the second of 6.45 GHz is close to that of the TEδ21 mode, the H-field 

distribution shows similar characteristics to the TEδ11 field distribution. This is can be 

attributed to the fact that in TEδ21, Hx=0 at x=0, but since slot is located at x=0, this cannot 

be feasible, hence this mode cannot be excited when the slot is at the DRA centre. On the 
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other hand, this resonance can be caused by the slot’s self-resonance. On the other hand, 

when P=-1 mm there are three impedance matching bandwidths, 4.4 GHz, 6.4 GHz, and 

7.3 GHz. While the field distribution at 4.4 GHz shows the expected TEδ11 mode modal 

field. The field distribution of the 6.4 GHz frequency band illustrates the general shape 

of the TEδ21 mode. In addition, the third band lay between TEδ21 and TEδ31 modes 

resonance frequencies, hence the H-field distribution at 7.3 GHz is similar to that of the 

TEδ21 mode. However, this resonance can be cause by slot’s self-resonance. 

In the next two sections, two designs are proposed; the first involves a single central slot 

with only two operations, antenna ON and antenna OFF, and the second incorporates dual 

slots with only one of the active, i.e. feed the RDRA, at a time.  Prototypes of these design 

have been built and measured. In addition, a triple slots-fed RDRA has been investigated. 

 

 

(a) General View 

Figure 4.1 Antenna Diagram 
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(b) DRA Area Top View and 

 

 

(c) DRA Area Top View Illustrating the Slot at Position P≠0 

Figure 4.1 Continued 
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(a) 

 

(b) 

 

Figure 4.2 Effect of Shifting the Slot Position (P) with Respect to the DRA Centre with 

a Constant Stub Length (a) P=±1 mm, (b) P=±2 mm, (c) P=±3 mm, and (d) P=±4 mm 
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(c) 

 

 

(d) 

Figure 4.2 Continued  
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(a) 

 

 

(b) 

 

Figure 4.3 Effect of Shifting the Slot Position (P) with Respect to the DRA Centre with 

a Constant Total Microstrip Line Length (a) P=±1 mm, (b) P=±2 mm, (c) P=±3 mm, 

and (d) P=±4 mm 
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(c) 

 

 

(d) 

 

Figure 4.3 Continued 
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(a) TEδ11 at 4.4 GHz (Left) and TEδ21 at 6.45 GHz (Right) 

 

   

(b) TEδ11 at 4.4 GHz (Left), TEδ21 at 6.4 GHz (Centre), and 7.3 GHz (Right) 

 

Figure 4.4 Effect of Shifting the Slot Position (P) with Respect to the DRA centre on H-

Field distributions for (a) P = 0 mm, and (b) P = -1 mm 
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4.3 Reconfigurable Single Slot-Fed RDRA 

In this model, the RDRA reconfigurability concept is demonstrated by turning the antenna 

radiation ON/OFF through controlling the slot in which a PIN diode is inserted. Turning 

the diode ON will electrically short circuit the slot, which results in a negligible electric 

field inside it. However, it is expected that the PIN diode material, the needed gap to 

accommodate the diode, and the DC bias will affect the impedance bandwidth, resonance 

frequency, as well as the radiation pattern. 

Figure 4.3 presents the rectangular DRA design in addition to a picture of the built 

prototype. Since the relative location of the input feed affects the input impedance, the 

off-centre microstripline feed has been employed in order to improve the impedance 

bandwidth [4]. The employed dimensions are: Ground plane and substrate area of 10×10 

cm2, substrate thickness of 1.6 mm, 8 mm long and 1 mm wide feeding slot. The RDRA 

is made of E-20 compound provided by T-Ceram with εr = 20 [5], and dimensions of 

12×8×5.5 mm3 with an error tolerance of ±5%.  The microstripline width has been chosen 

as 1.2 mm.  It has been noticed throughout CST simulations that the impedance bandwidth 

can be improved using a 5-mm stub as well as a 2.4 mm shift in the microstrip line 

position from the slot centre.  In addition, a BAR50-02V PIN diode has been employed, 

and its parameters have been used to represent the diode’s equivalent circuit in the 

simulations [6].  The ground plane has been divided into two equal halves, from the 

middle alongside the slot, in order to create the required isolation to connect the DC 

biasing. The gap between the two ground plane halves must be kept as small as possible, 

typically < 0.3mm, in order to minimize any disturbance to the antenna characteristics.  

Furthermore, two capacitors have been added on both sides of the gap to directly connect 

these two halves from the RF/Microwave perspective and minimize the gap effect while 

the DC bias isolation is maintained.  The capacitors have been chosen as 1 μF each, and 
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it has been proven via simulations and measurements that these capacitors are useful to 

decrease the effects of the gaps when the ratio of gap to slot width increases, but less 

important when this ratio decreases.  It has been noticed that a centrally located diode has 

a minimum impact on the DRA characteristics when the slot is fed by an off-center strip 

line.  This is expected to some extent as the diode needs to be placed at the point of a 

maximum coupling between the slot and the off-centre feeding strip. Therefore, an 

additional diode has been incorporated inside the slot and placed above the feeding strip 

as shown in Figure 4.3 (a). The DC feed consists of two 1.5 V batteries that are connected 

in series, a variable resistor, and two inductors serving as RF chocks to eliminate the flow 

of the microwave signal’s current through the DC biasing circuity and hence effectively 

disconnect the DC lines from the antenna as shown in Figure 4.3 (b). The variable resistor 

has been fixed at 10 Ω to drive a 200 mA current that is needed to turn both diodes ON 

in order to short circuit the slot. 

As mentioned in the previous Chapter, air gaps between the DRA and the ground plane 

have been minimised using adhesive backed double sided copper tape [7, 8].  In addition, 

a cling film layer has been used to hold the DRA firmly to the ground plane, which further 

reduces the potential air gaps.  The reflection coefficients are illustrated in Figure 4.4 

where the absence of a DRA excited mode can be noticed at frequencies lower than 7 

GHz when the PIN diode is ON.  However, this statement is no longer valid at higher 

frequencies due to the limitation of the PIN diode frequency range which has a maximum 

of 6 GHz according to the manufacturer’s data sheet [6].  On the other hand, when the 

diode is in the OFF state, the respective measured and simulated impedance bandwidths 

are 12.46% and 11.3% with corresponding resonance frequencies of 6.1 GHz and 6 GHz. 

It should be expected that the DRA TEδ11 mode has been excited at these frequencies 

since it lays between the TEδ11 mode and TEδ21 mode resonance frequencies, along with 
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a central slot coupling the DRA, which prevents an even order mode from being excited, 

otherwise, this resonance can be expected to be slot’s resonance. In addition, the 

measured results include a rather narrow impedance bandwidth at a frequency of 4.25 

GHz with an impedance bandwidth around 1.1%. This frequency is near the TEδ11 mode 

resonance frequency, which can lead to the conclusion of a weakly excited TEδ11 mode. 

The results demonstrate a reasonable agreement between simulations and measurements 

with some differences that may be expected when the DRA is associated an airgap in the 

aperture coupling area that accommodates the diode [1, 7]. The simulated and measured 

radiation patterns for the cases of open and shorted slots are shown in Figure 4.5. The 

comparison shows gain modulations of ~8.1 dBi at 5.99 GHz and ~6.5 dBi at 6.12 GHz 

for simulations and measurements, respectively. The general shapes of both radiation 

patterns are similar, but the main beam directions at θ=38 at 5.99 GHz and θ=55° 6.12 

GHz for the simulated and measured results, respectively. The main difference between 

the measured and simulated radiation patterns is the higher measured back radiation, 

which can be attributed to the prototype imperfections and measurements error. Figure 

4.6 illustrates the simulated E-field and H-Field distribution inside the DRA at 5.99 GHz. 

Both distributions show the general characteristics of TEδ11 mode, although not ideal, 

since this operating frequency is near the TEδ21 mode resonance frequency. Finally, Table 

4.1 compares the simulated and measured data with respect to the central operating 

frequency, impedance bandwidth, gain, and gain modulation. 
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(a) 

Figure 4.3 Reconfigurable Aperture Coupled RDRA (a) Antenna Diagram and DRA 

Area, (b) DC Control Diagram, (c) Built Antenna Prototype Top View and (d) Bottom 

View of the Feed 
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(b) 
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Figure 4.3 Continued 
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(d) 

Figure 4.3 Continued 

 

 

(a) Measured Results 

Figure 4.4 Reflection coefficients of a single slot fed RDRA with a PIN diode 
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(b) PIN diodes OFF Case Measured vs Simulated 

 

 

(c) PIN diodes ON Case Measured vs Simulated 

Figure 4.4 Continued 
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(a) Normalised Simulated at 5.99 GHz 

   

(b) Normalised Measured at 6.12 GHz 

Figure 4.5 Radiation patterns of a single slot fed RDRA with a PIN diode Normalised 

with Respect to Maximum Radiated Power in any Given Direction, for both Co-polar 

(φ=90⁰) and Cross-polar (φ=90⁰) 

 

-20

-15

-10

-5

0

PIN OFF Phi=90 Normalised

PIN OFF Phi=0 Normalised

-20

-15

-10

-5

0

PIN ON Phi=90 Normalised

PIN ON Phi=0 Normalised

-20

-15

-10

-5

0

PIN Diodes OFF Normalised at Phi=90

PIN Diodes OFF Normalised at Phi=0

-20

-15

-10

-5

0

PIN Diodes ON Normalised at Phi=90

PIN Diodes ON Normalised at Phi=0



157 

 

 

 

Figure 4.6 H-Field Distribution Top View at x-y plane (Top) and Side View y-z plane 

(Bottom) inside the DRA at 5.99 GHz 

Table 4.1 Simulated and Measured Results Comparison 

Comparison 
Measured Simulated 

Central Frequency (GHz) 6.12 5.91 

Impedance Bandwidth % 12.25 11.3 

Gain at Central Frequency (dB) 3.6 5.35 

Gain Modulation (dB) 6.5 8.6 
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4.4 Reconfigurable Multi-Slot-Fed RDRA 

Using the principles discussed in section 4.1, two novel configurations are proposed; dual, 

and triple-slot fed DRAs as shown in Figures 4.7 and 4.11, respectively.  In these two 

configurations, all the slots are shorted except one at a time that is left open to excite the 

DRA, i.e. only a single slot at a time operates as a coupling feed-aperture. It is expected 

that switching the feeding aperture will change the impedance characteristics of the 

antenna in a similar way to that shown in the example of section 4.1.  However, since 

these short circuits are achieved using PIN diodes that cover the slots partially and they 

are not as good as a perfect electric conductor, it is expected that there will be some 

coupling with the short-circuited slots. In addition, an undesired interference is introduced 

due to the uncovered area of the shorted slots, which impacts the antenna radiation 

characteristics. 

4.4.1 Reconfigurable Dual-Slot Coupled RDRA 

Figure 4.7 illustrates the proposed DRA as well as a picture of the built prototype where 

ground plane and substrate area of 15×15 cm2 have been used.  The thickness of the FR-

4 substrate is 0.8 mm, and each slot has a length and width of 16 mm and 1.2 mm, 

respectively. The first slot has been denoted as Slot-0 since it is positioned at the DRA 

centre, while the second slot has been denoted as Slot+6, since it is shifted 6 mm from 

the DRA centre.  The microstripline width is 1.2 mm, and using CST optimization, it has 

been observed that the optimum stub length for both configurations need to be chosen as 

11 mm from the first slot position. 

The RDRA dimensions have been chosen as 24×16×11 mm3, and it has been fabricated 

using the same T-Ceram’s E-20 compound employed in the previous prototype [5]. It 

should be noted that the prototype incorporates a 1 mm width and depth tunnel that is 
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located in the DRA lower side to accommodate the PIN diodes, which are positioned on 

the top of the substrate.  This technique has been used to minimize the slot’s field 

disturbance owing to inserting the diodes inside the substrate.  Furthermore, the original 

DRA size has been doubled in order to simplify fabrication and increasing the physical 

separation between the two slots. According to the simulated results, introducing the 

narrow tunnel has shifted the resonance frequencies of the TEδ11, TEδ21, and TEδ31 modes 

by only ~1%, and hence its effects on the performance are marginal.  Furthermore, 

doubling the DRA dimensions reduces the resonance frequencies by a factor of two, 

which is expected for the same dielectric constant.  As a result, the simulated resonance 

frequencies using CST Eigen Mode Solver have been reduced to 2.08 GHz, 3.22 GHz, 

4.5 GHz and 4.78 GHz for the TEδ11, TEδ21, TEδ31 and TEδ13 modes, respectively. 

Once more, a BAR50-02V PIN diode has been employed, and its parameters have been 

used to represents the equivalent circuit in the simulations [6].  The ground plane has been 

partitioned d into three sections alongside the slots in a similar way to that used in the 

previous design, with two capacitors placed across each of the 0.2 mm gaps to minimize 

the effects on the RF/Microwave connection.  In addition, three inductors have been used 

as RF chocks to separate the DC lines from the antenna with respect to the RF/Microwave 

frequency signal.  A couple of inductors have been employed to connect the two positive 

DC lines with their respective parts of the ground plane and the third connects the negative 

DC ground to the middle part of the ground plane as shown in Figure 4.7 (b) as well as in 

the antenna picture of Figure 4.7 (c). 

The effects of the parasitic inactive slot have been studied using CST Microwave Studio 

simulations.  Figure 4.8 compares the results of a single slot fed DRA with the case the 

of a dual-slot fed DRA for both of the Slot-0 and Slot+6 cases when only a single slot is 

active at a time. In both cases, there are changes such as a lower central frequency in the 
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Slot-0 case, and a wider impedance bandwidth in the Slot+6 case. The effects on the 

reflection coefficients are expected due to the change in the impedance characteristics 

and field distribution as a result of the parasitic slot presence. It should be noted that the 

off-center stripline feed that has been used with the single slot prototype has been 

abandoned due to the difficulty of arranging a shift that can service improvement in both 

cases, or at least provide enhancement in one case without negatively effecting the other 

case. 

The experimental and simulated reflection coefficients are presented in Figure 4.9 with 

reasonable agreement and some differences that can be attributed to experimental and 

fabrication tolerances as well as the accuracy of the employed diodes’ equivalent circuits.  

For example, resonance frequencies of 3.06 GHz for Slot-0 (TEδ21) and 3.8 GHz for 

Slot+6 (TEδ21) with impedance bandwidths of 32.6% and 19.8% have been measured, 

respectively. These results are comparable to the simulated data of 3.2 GHz (TEδ21), 4.7 

GHz (TEδ31), 32.6% and 25%, respectively. These results show better agreement in the in 

Slot-0 case compared to that of Slot+6. The simulated data has a wider bandwidth, by 

almost 25%. In addition, the measured results central frequency is 3.8 GHz, while the 

simulated results have a minimum point at ~3.9 GHz. Moreover, the TEδ13 has not been 

excited in the measured results at 4.7 GHz, a narrow impedance matching bandwidth 

exists at~ 5.1 GHz.  It can be concluded that the measured results have suffered from the 

imperfection of prototype assembling as well as the minor differences between the 

simulated model and measured prototype. 
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(a) 

 

(b) 

Figure 4.7 Reconfigurable Two Slots Aperture Coupled RDRA (a) Antenna Diagram, 

(b) DRA Area Diagram, (c) DC Control Diagram, (d) Built Antenna Prototype Top 

View and (e) Closer View Pointing the Feeding Slots, and (f) Bottom View of the Feed 
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(c) 

 

(d) 

Figure 4.7 Continued 
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(e) 

 

 

(f) 

Figure 4.7 Continued 
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The resonance frequencies indicate that when Slot-0 is active, the TEδ11 mode is excited, 

while the TEδ31 mode is excited when Slot+6 is activated. However, the measured S11 

when Slot-0 is active includes a second band that operates in the TEδ31 mode region, 

where the measured band has a central frequency of 4.2 GHz with impedance bandwidth 

of 11.5%, compared to simulated results of 4.4 GHz and 4%. The same criterion appears 

for Slot+6 case, a second band with central frequency at 5.1 GHz and 2.74% bandwidth 

has been measured. This band operates at TEδ13 mode region, which is the same as the 

simulated band that is centered at 4.7 GHz. This can be expected to be due to the small 

differences between the simulated and built prototypes that merged both bands of the 

theoretical results, while they are separated in the measured results due to the shift in the 

central frequency.  Figure 4.10 presents the far-field radiation patterns, where the 

simulated results show the effects of the parasitic slot on the mainlobe direction, 

especially in the Slot-0 case.  The H-plane pattern indicates a negative bore-sight gain, 

which may be due to shift in the main beam to 38° as can be noticed in the E-plane pattern, 

with a gain of 1.36 dBi.  In the Slot+6 case, the H-plane field return a satisfactory gain of 

4.5 dBi gain at θ = 0°, and a maximum of 5.5 dBi at θ = ±22° with a wide beamwidth of 

88.5°.  However, the E-plane radiation pattern still shows some distortion due to presence 

of the parasitic slot.  This has been proved by comparing the far field pattern of a dual-

slot fed DRA to that of for a single slot-fed DRA at the same frequencies illustrated in 

Figures 4.10 (a) and (b), with the single slot located at the same position of the activated 

slot of in the dual-slot configuration.  Comparing these results show that in the Slot-0 case 

at 3.06 GHz the E-plane patterns are almost identical with symmetrical main beams at 

θ=±35° in the single slot case compared to asymmetry of ~3.6 dBi in the dual-slot case.  

Furthermore, similar effects can be noticed for the case when Slot+6 is activated and the 

patterns are monitored at 3.8 GHz. The measured radiation patterns for Slot-0 at 3.06 
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GHz has a shift of 47° in the E-plane main beam direction and for Slot+6 a shift of 48° in 

the opposite direction to that of the Slot-0 case. These results show a close similarity to 

the simulated data for the E-plane radiation patterns, i.e. φ=90°, however there are 

noticeable differences in the H-plane patterns that may be attributed to prototype 

unperfected building and measurements errors. Figure 4.11 compares between the 

simulated and measured radiation patterns. 

Figure 4.12 illustrates H-field distributions for both cases at their respective simulated 

central frequencies.  The results illustrate the expected distribution for both the TEδ11 and 

TEδ21 modes, respectively, accompanied with some distortion to the resultant distribution 

when compared to the H-field distribution for the same slots but without a parasitic slot. 

From the Slot-0 case at 3.06 GHz H-field, it can be compared to that of the same DRA 

without a parasitic slot.  Comparing the Slot-0 case at 3.06 GHz, it to a single slot case at 

the same frequency, it can be noticed that in the single slot case there is a single peak at 

the centre compared to a shifted peak in the, which demonstrates the effects of the 

parasitic slot.  Finally, Table 4.2 illustrates a comparison between the measured and 

simulated central operating frequencies, impedance bandwidths and gains. In both case, 

there is a close agreement between the impedance bandwidths, and a slight shift in the 

central frequencies for the slot-0 case. The gains are recorded using the main beam of the 

pattern. 

Table 4.2 Simulated and Measured Results Comparison 

Comparison 
Slot-0 Slot+6 

Simulated Measured Simulated Measured 

Central Frequency (GHz) 3.2 3.06 4.667 3.8 

Impedance Bandwidth % 32.58 32.6 25.1 19.76 

Gain 1.36 3.9 5.49 5.3 
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(a) Slot-0 

 

(b) Slot+6 

Figure 4.8 Reflection Coefficients for Aperture Coupled DRA with and without a 

Parasitic Slot 
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(a) Measured Results  

 

(b) Slot-0 is Active and Slot+6 is Shorted 

Figure 4.9 Measured and simulated reflection coefficients of a dual-slot fed RDRA 

-35

-30

-25

-20

-15

-10

-5

0

0 1 2 3 4 5 6

Slot-0 Measured Slot+6 Measured Frequency (GHz)

-35

-30

-25

-20

-15

-10

-5

0

0 1 2 3 4 5 6

Slot-0 Measured Slot-0 Simulated Frequency (GHz)



168 

 

 

(c) Slot+6 is Active and Slot-0 is Shorted 

Figure 4.9 Continued 
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 (a) Normalised Simulated Radiation Patterns at 3.06 GHz for Slot-0 (left) and 3.8 GHz 

for Slot+6 (right) 

  

(b) Normalised Simulated Radiation Patterns for the Single Slot Case located at Slot-0 

position (left) and at 3.8 GHz for the position Slot+6 (right) 

Figure 4.10 Simulated Radiation Patterns for a Dual-Slot Fed RDRA vs Single Slot Fed 

RDRA Case 
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 (a) Normalised Simulated Radiation Patterns at 3.06 GHz for Slot-0 (left) and 3.8 GHz 

for Slot+6 (right) 

  

(b) Normalised Measured Radiation Patterns for Patterns for 3.06 GHz for Slot-0 (left) 

and 3.8 GHz for Slot+6 (right) 

Figure 4.11 Radiation Patterns of a Dual-Slot Fed RDRA Simulated vs Measured 
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(a) 

   

(b) 

Figure 4.12 H-Field Distribution Above the Tunnel Air Gap Level (a) for Slot-0 at 3.06 

GHz for 2-Slots case (Left) and Single Slot Case (Right), and (b) for Slot+6 at 3.8 GHz 

for 2-Slots case (Left) and Single Slot Case (Left) 
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4.4.2 Reconfigurable Triple-Slot Fed RDRA 

This is a more complicated configuration as it is a challenging task to keep the same 

feeding dimensions for the three slots without compromising the impedance matching 

bandwidth for each case.  In addition, distortion due to the exposed areas from the 

parasitic slots deteriorates the interference efficiency.  This means, if the DRA used in the 

single slot case to be used in the triple-slot configuration, the overall exposed area of the 

two inactive slots is 16 mm2 compared to a lower DRA face area of 96 mm2.  Furthermore, 

considering the 8 mm2 area of the active slot as well as the area of the imperfect 

conducting PIN diodes the shielded ground plane area is reduced by ~20% compared to 

the single slot case.  However, this limitation can be minimized by using a larger DRA 

dimensions, which results in the excitation of higher order modes. In addition, it has been 

noticed that the antenna reconfiguration response can be improved by reducing the ground 

plane gaps to 0.1 mm. 

The proposed final design is illustrated in Figure 4.13, which consists of three slots, Slot-

0 at the centre of the DRA, Slot-6 shifted 6 mm closer to the feed point, and Slot+6 that 

is shifted 6 mm towards the other DRA end. The size of all the slots is 1.2×16 mm2, with 

a PIN diode at the centre of each slot.  Once more, 0.1 mm wide gaps that are parallel to 

the slots have been incorporated to support the diodes’ DC biasing.  The microstrip line 

has a width of w = 1.2 mm, and a stub length of s = 14 mm. 

Using CST Studio simulation, the reflection coefficients are illustrated in Figure 4.14, in 

which Slot-0 and Slot-6 excite the TEδ11 mode and Slot+6 excites the TEδ21 mode.  

Furthermore, Slot-6 excites two additional modes; TEδ31 and TEδ13 that have respective 

resonance frequencies of 4.51 GHz and 4.78 GHz.  Slot-0 coupling results illustrates two 

main bands; the first has a central frequency at ~3 GHz and the second at 4.48 GHz, with 
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respective impedance bandwidths of 10.8 % and 11.9 %.  The first band is associated with 

the TEδ11 mode, while the second can be associated with the TEδ21 mode, although the H-

field distribution for the second case shows some deformation due to the two parasitic 

slots and the proximity to the TEδ31 and TEδ13 modes resonance frequencies. The 

distortion pattern has been noticed also in all the frequencies around this band in the other 

slots excitation cases.  In addition, another band exists at a central frequency of 6.23 GHz 

and field distribution of TEδ41 mode. The last two cases show that it is possible to generate 

even TE modes with centre slot excitation when parasitic slots are presented. However, 

these generated modes will always suffer from deformation due to the same parasitic 

slots. 

When the DRA is excited using Slot-6, an impedance bandwidth of 5.8% has been 

achieved with a centre frequency of ~2.5 GHz that corresponds to the TEδ11 mode. 

However, the field distribution shows some distortion in the centre field peak.  In addition, 

a second impedance matching bandwidth of 7.1% is achieved with a centre frequency of 

4.4 GHz that corresponds to the TEδ31 mode, but also with some distortion in the modal 

field distribution. Finally, exciting the DRA using Slot+6 provides an impedance 

bandwidth of ~12% at a centre frequency at 4.1 GHz, which is close to that of the TEδ21 

mode, and a second narrow bandwidth of 2% around 5.7 GHz, which indicates the 

excitation of the higher order TEδ23 mode.  Figure 4.15 illustrate the radiation pattern at 

the central frequency of each case.  It can be noticed that in some cases the radiation 

pattern returns a negative gain in the H-plane (Phi=0), but the E-plane (Phi=90) returns a 

higher gain with a shifted main beam to 64°. This is a result of the effect of the parasitic 

slots, which act as weak feeding due to the imperfect PIN diodes isolation.  In addition, a 

stronger back-lobes can be observed that can be attributed to the exposed DRA sections 

owing to the presence of two partially short circuited slots in each case. Figure 4.16 
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illustrates the H-field distributions at the central frequencies for every band discussed in 

this section. The field distributions agree with the defined modes.  In addition, these 

results show the disturbances in fields’ distribution which causes the distortion in the E-

plane radiation patterns. 

 

(a) General View 

 

(b) DRA and Slots Area 

Figure 4.13 Reconfigurable Three Slots Coupled RDRA 
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(a) Reflection Coefficients with parasitic Slots 

 

(b) Reflection Coefficients without parasitic Slots 

Figure 4.14 Reflection Coefficients for the Reconfigurable Three Slots Coupled RDRA 

Compared to Single Slot Fed RDRA with the Same Position of the Active Slot 
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(a) 

 

  

(b) 

Figure 4.15 Simulated Radiation Patterns for Reconfigurable Three Slots Coupled 

RDRA for (a) Slot-0 at 3 GHz (Left) and 4.48 GHz (Right), (b) Slot-6 at 2.5 GHz (Left) 

and 4.4 GHz (Right), and (c) Slot+6 at 4.4 GHz (Left) and 5.7 GHz (Right) 
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(c) 

Figure 4.15 Continued 

 

(a) H-Field Distribution for Slot-0 at 3.0 GHz (TEδ11) 

 

(b) H-Field Distribution for Slot-0 at 4.48 GHz (TEδ21) 

Figure 4.16 Expected H-Field Distributions 
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(c) H-Field Distribution for Slot-6 at 2.5 GHz (TEδ11) 

 

 

 

(d) H-Field Distribution parallel to xy plane (Above) and yz plane (Below) for Slot-6 at 

4.43 GHz (TEδ13) 

Figure 4.16 Continued 
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(c) H-Field Distribution for Slot+6 at 4.1 GHz (TEδ21) 

 

 

(d) H-Field Distribution parallel to xy plane (Above) and yz plane (Below) for Slot+6 at 

5.7 GHz (TEδ23) 

Figure 4.16 Continued 
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4.5 Conclusions 

In this chapter, the possibility of controlling the operation band and the excited TE mode of 

the RDRA has been investigated.  The first step was to implement a simple switch ON/OFF 

DRA antenna by using a PIN diode to open / short the coupling slot aperture. While the concept 

was proven, a few issues have been raised during the building and measurements process. The 

first is the insertion of the PIN diode inside the substrate, which adds an airgap to the 

configuration in addition to the distortion of the waves and current inside the slot. The second 

issue is concerned with the achieved impedance bandwidth, especially the offset microstrip 

line feed. During the measurements, it has been noticed that using a PIN diode placed at the 

slot’s centre is insufficient for the total elimination of the active band.  Therefore, another PIN 

diode has been added, hence, an additional drilled hole with further field disturbance.  The 

third issue is concerned with the use of the correct PIN diode type.  According to the data 

sheets, the used device works properly up to 6 GHz [6], and although two PIN diodes have 

successfully been eliminated, the bands at a frequency of more than 6.5 GHz require an extra 

DC current supply to be provided. 

In order to avoid the problems occurred during the first model testing, a physically larger 

DRA has been employed for the multiple-slot DRA configurations with every dimension 

doubled to halve the operating frequency.  In addition, a shallow notch has been created 

at the DRA bottom side to accommodate the PIN diodes, hence avoiding any disturbances 

to the substrate and the slot area. These solutions proved to improve the expected results 

and performance. On the other hand, using a multiple aperture coupling technique with a 

single active slot leads to the issue of unideal shortening of the passive slots and the 

uncovered areas that affect the DRA-ground plane side interference and, hence, the 

antenna efficiency.  Furthermore, it has been observed that the more apertures used, the 

more difficult it becomes to control all the slots using a single feed.  Finally, despite all 
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the issues that faced the research in this direction, it is safe to say that this technique is 

viable, and can lead to excellent results of a frequency reconfigurable dielectric resonator 

antenna, with the measured results demonstrate reasonable agreement with simulations.  
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Chapter Five 

DRA Linear Arrays Reconfigurability 

5.1 Introduction 

Dielectric resonator antenna arrays have been reported as early as 1981 [1]. Since then, 

numerous  studies have been published in this topic including research on linear arrays to 

enhance the radiation pattern and gain, or arrays arranged to generate circular polarisation 

[2, 3]. In this Chapter, the focus is to study the linear arrays’ reconfigurability, and the 

challenges that accompany the design process, especially with managing the impedance 

matching and bandwidth as well as radiation pattern. It is expected that the most affected 

characteristic is the radiation pattern in terms of the beam width and main lobe direction. 

However, owing to mutual coupling, a shift in the operation frequency is expected. 

5.2 Reconfigurable DRA Arrays Designs 

In line with other array types, the DRA array radiation depends on the parameters 

mentioned earlier in this chapter.  A couple of configurations will be investigated in this 

chapter; two and four element parallel fed DRA arrays.  In both cases, the elements are 

uniformly excited when all of them are activated and uniformly spaced in the case of a 

four-element array. The investigated designs are based on those presented in Chapter 4. 

This includes the single slot and dual slots configurations. 

5.2.1 Two Elements Array 

Figure 5.1 (a) illustrates a two-element parallel array of microstrip line slot–fed DRAs.  

As explained earlier, each element is fed through a switchable rectangular slot aperture, 

and each slot is switchable separately. This configuration provides four operation 
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scenarios; a standard array of two active elements, two cases with only one element is 

active, and finally a case when the two antennas are switched off, which can be excluded 

but included for comparison purposes.  These cases will be denoted as: 2-DRA Array, 

Left DRA, Right DRA, Array-OFF. 

In theory, the 2-DRA Array case can be classified as a uniform 2-element DRA array.  

On the other hand, Left DRA and Right DRA cases can be analysed firstly by assuming 

the turned OFF element to act as a totally non-radiating parasitic dielectric element.  

Secondly, the switched OFF element is excited with a finite amplitude but with a uniform 

phase since in real cases the PIN diodes mostly operate as attenuators i.e. A1≠A2≠0, 

alongside the assumption of ignorable mutual coupling.  Finally, mutual coupling is to be 

considered for a more accurate array factor and total radiation pattern estimation. 

The dimensions of each element are based on the design of the reconfigurable single slot 

fed RDRA investigated in Chapter 4, i.e. 12×8×5.5 mm3, with εr = 20. Each element is 

coupled with a centrally located rectangular slot aperture of 8 mm length and 1 mm.  The 

used FR-4 substrate has a thickness of 1.6 mm and an area of 15×15 cm2.  The microstrip 

line is 2.4 mm wide and connected to the RF source from one end and divided into two 

1.2 mm branches as shown in Figure 5.1 (a) with each branch centrally feed a single DRA 

element using a stub length of s = 7 mm.  In order to accommodate the DC supply for 

both PIN diodes, two gaps have been inserted in the ground plane as illustrated in Figure 

5.4 (a). A separation distance of λg/2 has been use in order to minimise the mutual 

coupling  [2]. 

An initial design has been proposed with separation distance of 17 mm. A conventional 

2-DRA array has been simulated first and then compared with a reconfigurable model 

that contains both ground plane DC gaps and PIN diodes equivalent models. The resulted 
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comparison shown a major change in reflection coefficients and reduction in the gains at 

the assumed central frequency at 4.3 GHz as shown in Figure 5.1 (b-c). This can be 

associated with the effect of both the PIN diodes and the parasitic gaps [4]. Hence, it has 

been suggested to change the separation distance to accommodate the these effects. CST 

Microwave Studio have been used to find the required dimensions for an efficient design 

to reach better reconfiguration properties with good radiation efficiency. This change will 

affect the remaining three reconfigurable designs. 

A parameter sweep has been carried out using CST Microwave Studio to improve the 

total efficiency and gain, and the results suggest an optimum separation distance of ~30 

mm, with a central frequency of 5.63 GHz.  However, the best total efficiency has been 

around 5.7 GHz. This is different from the initial suggested operating frequency of 4.3 

GHz. Figure 5.1 (d) presents the simulated reflection coefficients for the four cases, where 

it can be observed that the fully operational 2-DRA array offers the best performance with 

a central frequency at 5.6 GHz and impedance bandwidth of 11.6% compared to a single 

DRA operating frequency and bandwidth of 5.64 GHz, 8%, respectively.  It should be 

noted that the central frequency of 5.6 GHz corresponds to that of the TEδ11 resonance 

mode.  On the other hand, the Left DRA and Right DRA cases offer a slightly lower 

impedance matching bandwidth of 8.8%in conjunction with a marginal shift in the central 

frequency to 5.73 GHz. Finally, the Array-OFF case shows almost no impedance 

bandwidth as expected, with a low total efficiency and gain.  Figure 5.1 (e) shows the H-

plane radiation patterns for the four cases at 5.7 GHz. These results demonstrate that the 

antenna can be used as a basic reconfigurable beam direction antenna since the beam is 

steered in the active element direction, with a beam steering range of ±15°.  Although this 

range is small, it can be useful for minor direction tuning applications.  In addition, since 

this design is only preliminary, further optimisation can lead to a wider steering angle.  
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While the 2-DRA Array offers a broadside gain of 4.83 dBi, activating a single 

DRAprovides a steered beam with a gain of 3.14 dBi at 5.7 GHz.  However, the maximum 

gain is 3.94 dBi at θ=53° and φ=250°,290°, which is a steering of ±20 away from φ=270° 

plane. This is can be attributed to the presence of the PIN diode in the deactivated element 

that is far from an ideal short circuit and also affect the excitation phase, which results in 

a nonuniform excitation in both amplitude and phase. In addition, it is expcted that the 

impedance balance from the feed point is affected, which alters  the current disribution. 

Moreover, the effect of the mutual coupling radiation can effect radiation 

patterncharacteristics. On the other hand, the Aray-OFF case shows a low gain of -0.9 

dBi, with the main lobe direction at 0°. 

Table 5.1 presents a summary of the radiation characteristics for the considered array 

configurations when each DRA element is fed using a single slot.  It should be noticed 

that the low total efficiencies are due to the fact this design has been considered as an 

initial design to prove the concept, and it must not be considered as a final design for 

practical considerations. The total efficiency can be improved by applying changing to 

the microstrip line. This criterion is a reoccurring fact in the following designs. 
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(a) 

 

(b) 

Figure 5.1 Reconfigurable Single Slot Fed 2-DRA Array (a) Antenna Diagram (Top 

View), (b) Reflection Coefficients for the initial design, and (c) Radiation Patterns for 

the initial design at 4.3 GHz, (d) Reflection Coefficients the final design, and (e) 

Radiation Patterns at 5.6 GHz 
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(c) 

 

(d) 

Figure 5.1 Continued 
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(e) 

Figure 5.1 Continued 
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Table 5.1 Reconfigurable Single Slot Fed 2-DRA Array Characteristics with Radiation 

Pattern Characteristics at 5.7 GHz 

Characteristics 2-DRA Array Right DRA Left DRA Array-OFF 

Operating Frequency 5.61 5.73 5.73 5.73 

Impedance Bandwidth % 11.6 8.8 8.8 2.5 

Angular Beamwidth at φ=0° 50.9° 51.8° 51.8°   53° 

Main Beam Direction at 

φ=0° 

0° 15° -15°   0° 

Total Efficiency % 57.7 52.1 52.1 32.6 

Maximum Gain (dBi) 4.83 3.94 3.94 -0.91 

Maximum Gain (dBi) (θ, φ) 51°, 270° 52°, 290° 52°, 250°  0°, 0° 

 

Next, the dual-slot coupled DRA suggested in Chapter 4 is employed in the two-element 

array as shown in Figure 5.2 (a).  In theory, this configuration offer 16 possible scenarios.  

However, since each element will be fed by a single slot, two cases are excluded. 

Analysing these combinations can be more sophisticated compared to the previous 

prototype, since the extra parasitic slots make the perfect short circuit a less valid 

assumption.  On top of that, it is fair to expect that the mutual coupling will be effected 

by these parasitic slots.  Figure 5.2 (b) presents a range of reflection coefficients for the 

valid cases.  Each case has been denoted according to the active slots with respect to their 

activated elements, with R and L denote the right and left DRAs, respectively, (0) for the 

central slot, (6) for the off-centre slot6, and n for the non-activated DRA. For example, 

R0L0 represents the case when both right and left DRAs are excited with their respective 

Slot-0, R6L0 refers to the case when the right DRA is excited using Slot+6 and the left 

DRA is fed using Slot-0, and RnL6 denote the case when both slots of the right DRA are 
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shorted while the left DRA is excited using Slot-6. Since only a single slot is to be 

activated, 8 combinations are to be examined for beam steering purposes. 

Based on the original design presented in Chapter 4, a CST Microwave Studio model has 

been built for the proposed 2-DRA array. The DRA dimensions are 24×16×11 mm3, with 

a 1 mm wide half cylindrical air tunnel in the centre of the lower face along the longest 

dimension. Dual identical slots are used with each DRA with the dimensions of 16×1.2 

mm2.  The feed network consists of a 2.4 mm wide microstrip line that has been divided 

equally into two parallel 1.2 mm with branches each feed one DRA, with a stub of 11 mm 

beyond the DRA centre. The separation between the array elements has been chosen as 

55 mm, which corresponds to 0.59 λ0, 0.66 λ0, and 0.90 λ0, at 3.2 GHz, 3.6 GHz, and 4.9 

GHz, respectively. This compare to the modes’ resonance frequencies of 3.2 GHz, 3.8 

GHz, and 4.7 GHz established in the model in Chapter 4. The increase in the separation 

distance is because of the doubling of the DRA dimensions, hence the decrease in the TE 

modes resonance frequency, thus the increase of the wavelength. Using the above 

dimensions, the eight cases listed in Table 5.2 have been simulated. Figure 5.2 (b) 

illustrates the reflection coefficients where it can be observed that three active bands stood 

out in the eight cases; the first is over a range of 3.0-3.3 GHz with an impedance matching 

bandwidth of 10 to 11.8%.  It should be noted that the 3.2 GHz operating frequency 

corresponds to that of the TEδ21 resonance mode. The second is around 3.6 GHz, with 

impedance matching bandwidth around 6%, which is again in line with that of the TEδ21 

mode field distribution characteristics.  The third band has a shifted central frequency 

from 4.82-4.95 GHz, with a narrow impedance matching bandwidth of ~5%, which is in 

line with the TEδ13 resonance mode. Compared to the single DRA, it can be observed that 

the gain and efficiency have been studied and the results at 3.2 GHz demonstrate 

maximum gains of 5.3-6.7 dBi, with a main beam direction shifted by 42°-44° from the 
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z-axis in the opposite direction to Slot+6, but with low efficiency around 55-60%, which 

is due to the fact that the design is less optimised for operating at this frequency.  The 

radiation pattern at 3.6 GHz has a gain 4.3-4.8 dBi, with same maximum diversion 

direction at an angle range of θ=51°-54°.   However, in his case the total efficiency rise 

to more than 90%.  In the previous two frequencies, the radiation pattern does not steer 

more than ±2° from the z-axis in the φ=0° plane. On the other hand, provide more degree 

of steering in both θ and φ directions, as it can be noticed from Figure 5.2 (c-f) and Table 

5.2.  However, the gain range is low as 2.2-2.9 dBi, with a moderate total efficiency 

around 70%. 

From the previous description and the listed results in Figure 5.5 and Table 5.2, it is clear 

that there is not too much space for reconfiguration for both the two bands, except for 

some minor band tuning and gain control. However, the third band shows a higher central 

frequency tuning, where the shift in the band is clear, and the beam steering agility is 

acceptable.  Therefore, it offers a good prospect for design improvements in terms of 

central frequency tuning and beam steering agility.  This can be improved by considering 

the spacing between the elements with respect to 4.9 GHz. 

  



193 

 

 

(a) 

 

(b) 

Figure 5.2 2-Slot 2-DRA Parallel Fed Array (a) Antenna Diagram, (b) Reflection 

Coefficients, and (c-e) Simulated Radiation Patterns at φ=0° (Left) and at φ=90° (Right) 

for 3.2 GHz, 3.6 GHz, and 4.9 GHz, Respectively, and Beam Steering at φ=0° at 4.9 

GHz for (f) (Bottom) 
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(c) 

 

  

(d) 

Figure 5.2 Continued 
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(e) 

 

(f) 

Figure 5.2 Continued 
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Table 5.2 Radiation properties of the array configuration of Figure 5.5(a) 

 

*NG = Negative Gain 
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5.4.2 Four Elements DRA Array 

In this array, each element is excited using a single slot as shown in Figure 5.3 (a). There 

are 16 expected cases, hence a binary denotation has been used to represent each case, 

where “1” represents a radiating element and “0” is a switched OFF element, with the 

most and least significant bits represent the most left and right DRAs, respectively.  For 

example, the symbol “1000” means only first element is ON, while “0101” means the 

second and fourth elements are ON and the rest are OFF.  Ideally, the design of a single 

slot 2-DRA array can be extended to a single slot 4-DRA array. However, adding extra 

elements means additional mutual coupling and extra parasitic elements.  In addition, 

more PIN diodes are needed which means additional DC gaps need to be introduced in 

the ground plane.  These parameters are expected to affect the array radiation 

characteristics, which means a revised design is needed. In addition, the size of the ground 

plane has been enlarged to 20×15 cm2. 

CST Microwave Studio has been used to simulate an initial design, then parameter 

sweeping has been initialised to decide the best combination of the elements separation 

distance (d) and microstrip lines stub length (s) for multi-band reconfiguration. The same 

DRAs and slots dimensions of the previous section have been used. The feed network 

consists of a 4.8 mm wide microstrip line that has been equally divided into two parallel 

2.4 mm strips, which are subsequently divided into two branches each, with a final four 

parallel branches width of 1.2 mm and a stub length of 6 mm from the Slot-0 centre. The 

separation between two adjacent elements is 25 mm, which equals to 0.467λ0 at 5.6 GHz, 

to achieve a better balance for the impedance matching bandwidth and the beam steering 

agility. The separation distance is different from the two elements array is due to increase 

in the number of the elements, hence the increase in the mutual coupling, which requires 

changes in the separation distance. 
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The reflection coefficients for the 16 cases are illustrated in Figure 5.3 (b).  Since there 

are cases with the reversed activation order with respect to another case, such as 0101 and 

1010, these cases have the same reflection coefficients, hence only 10 data plots are 

required.  In all cases, there are three main impedance matching bands; a narrow band at 

~ 3.8 GHz, a slightly wider band at ~4.5 GHz, and a third wide band that ranges from 

~5.3 to 6 GHz.  The first band has a low total efficiency with a negative gains and with a 

lower centre frequency compared to the dominant TEδ11 mode resonance frequency (4.1 

GHz), it can be expected that this band occurred due to the equivalent circuit network of 

the antenna has the required values to have impedance matching from the RF input point 

of view, or due to the slot’ self-resonance, which as a length of 8 mm which is 

approximately equals to (λ0/εr
0.5)/2 at 3.8 GHz.  On the other hand, the second has a higher 

total efficiency of ~70 %, but with a broadside gain of -4 dBi, and a back-lobe gain of 2 

dBi. This may have occurred due to the fact this design focused on the matching at 5.6 

GHz rather than 4.5 GHz in line with both the single DRA and the 2-elements DRA 

models which have resonance frequencies around 5.6 GHz, which led to deteriorating 

mutual coupling. On the other hand, the third band, which has the field distribution 

characteristics of TEδ11 resonance mode, has an acceptable total efficiency at 5.6 GHz 

with a maximum gains range of 6.1 dBi for the full array, case 1111, to ~4 dBi in some 

single activated cases. However, in the φ=0° plane, the maximum gain is ranging from 

4.8 dBi to negative values in the same cases, since the pattern at φ=90°has two higher 

gain points shifted away from the z-axis. In addition, the total efficiencies deteriorate 

along with the decrease of the activated elements number. 

Table A.1 presents a comparison for few of the array radiation characteristics for the 16 

cases at 5.6 GHz, since in all cases this frequency range offers highest gain and total 

efficiencies.  In the table, each case has been subject to a validity test, where in the case 
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of a very low total efficiency, the row is shown in a grey background.  Figure 5.3 (c) 

presents the beam agility in the φ=0° plane, i.e. the H-plane.  It can be noticed from this 

Figure, and from the Table, that there is a narrow main-lobe steering in the range of ±10°. 

On the other hand, Figure 5.3 (d) shows the effect of the number of the active elements 

on the array gain by observing the radiation pattern from the φ=90° plane, i.e. the E-plane.  

In addition, there is a reconfigurability in the angular beam-width range of 26.2° up to 

41.3°. Moreover, Table 5.3 shows that the maximum of the radiation patterns are not in 

the broadside direction. However, this is independent of the beam steering and it is due 

to the fact that the wide beam at φ=90° has two or three maximum gain points with one 

of the side points slightly higher than the other on the other side of the graph and both are 

higher than the one along the z-axis due to the increase in the number of elements and the 

effect of the ground plane gaps. 
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(a) 

 

(b) 

Figure 5.3 Single-Slot 4-DRA Parallel Fed Array (a) Antenna Diagram, (b) Reflection 

Coefficients, (c) φ=90° Plane Radiation Patterns Showing Beam Steering Agility at 5.6 

GHz and (d) Radiation Patterns at 5.6 GHz at φ=90° Plane. 
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(b) Continued 

Figure 5.3 Continued 
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Figure 5.3 Continued 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

-25 -15 -5 5 15 25

0111 1110 1111

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

-25 -15 -5 5 15 25

1011 1101 1111



203 

 

 

 

 

(c) Continued 

Figure 5.3 Continue 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

-25 -15 -5 5 15 25

0101 1010 1111

0

1

2

3

4

5

-25 -15 -5 5 15 25

0111 1011 1101 1110



204 

 

 

 

 

(c) Continued 

Figure 5.3 Continue 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

-25 -15 -5 5 15 25

0011 1100 1111

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

-25 -15 -5 5 15 25

0110 1001 1111



205 

 

 

 

 

(c) Continued 

Figure 5.3 Continue 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

-25 -15 -5 5 15 25

0011 0101 0110 1001 1010 1100

-9

-6

-3

0

3

6

-25 -15 -5 5 15 25

0000 0001 0010 0100 1000 1111



206 

 

  

(d) 

Figure 5.3 Continue  

 

The same procedure followed for a dual-slot two elements array can be applied for the 

four elements array.  For each DRA element, there are 3 cases Slot-0 (0), Slot+6 (6), and 

inactive (n).  This means that there are 34, 81, cases.  However, using the earlier mentioned 

mirror reversibility concept, only 45 cases need to be examined.  Figure 5.4 (a) illustrates 

the array diagram, where it can be noticed that with the increase of the reconfigurable 

apertures, there is a notable increase in the ground plane DC biasing gaps.  In addition to 

the effect on the antenna characteristics, there is an extra need for a DC control circuity. 

This can increase the effects on the antenna performance considerably if no extra attention 

is given. Moreover, capacitances that have been used in earlier designs were eliminated 
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from this model to avoid the extensive use of extra passive elements, which can add extra 

distortion to the array system characteristics.  The DRA elements and slot dimensions are 

the same as those used earlier.  For simplicity, the four DRAs, denoted from right to left 

as DRA R, DRA RC, DRA LC, and DRA L. CST Microwave Studio has been used to 

optimise the design for multiband reconfigurability alongside beam steering agility. The 

final model has each branch terminated with an 11 mm stub from the Slot-0 centre, and 

the distance between two adjacent elements centres is 44 mm. This change in the spacing 

has been introduced to accommodate the increase in the number of DRA elements, slots, 

and the round plane gaps. 

Figure 5.4 (b) illustrates the reflection coefficients, where it can be noticed that four main 

impedance matching bands are obtained. The first is around a central frequency of 2.8 

GHz which corresponds to the TEδ11 mode, with a bandwidth ranges from ~4to 10%. The 

second band extends from 3 to 3.45 GHz, which corresponds to the TEδ21 mode. This 

band is diminished in some cases, or it can be wide enough to be connected to the first 

band producing an even wider impedance matching bandwidth of 20-26%. The third band 

is around a centre frequency of ~4.2 GHz which corresponds to TEδ21 mode, and it is a 

narrow band of less than 3% so that it can be diminished too in some cases. The last case 

is around a centre frequency of 4.6 GHz, which corresponds to TEδ31 mode, with a narrow 

impedance matching bandwidth range from 2.9-3.5%. Table A.2 compares the radiation 

characteristics for all possible sequences, with the mirrored sequences followed by the 

(*) sign to indicate a reverse φ=0° plane beam direction. It can be noticed that the best 

total efficiencies and gains are normally obtained by activating as much elements as 

possible, especially with Slot-0 activation.  In addition, a narrow beam steering range of 

±9° has been obtained in the φ=0° plane. However, in this case the beam steering can be 

more into (φ, θ) as shown in Table A.3. 
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Table A.3 lists the beam-widths at the φ= 0° and φ=90° plane, and the maximum gain and 

beam (φ, θ) direction at 2.8, 3.4, 4.2, and 4.6 GHz. Each frequency corresponds one of 

the described four bands above. in addition, the table shows the range of beam-widths at 

both of the φ= 0°and φ=90°plane, which decreases with the increase of the operating 

frequency alongside the increase in gain as it should be expected from higher order modes 

[5].  However, in most cases, the gain at 4.2 GHz is higher than the one associated to 4.6 

GHz, which can be expected to due to either the different levels of mutual coupling at the 

different frequencies [2, 6], or due to the fact that at higher TE modes the magnetic fields 

can overlap, which causes distortion to the radiated field and possible reduction in the 

gain [5].  In addition, these sequences allow beam steering in the two-dimensional space, 

with some patterns are narrower and more directional than others. This allows a more 

steering freedom for applications that require antennas with more accuracy in 

transmission/receiving directions especially for the narrow beam-width applications. 

The four cases of reconfiguration can be summarised as following: 

 Band 2.8 GHz: There is some change in the beam-width at φ=0° from 33° up to 

51.6°, and less obvious change in the beam-width at φ=90°, unless all DRAs have 

their (Slot-0) shorted, which leads to reduce the beam-width from a range of wide 

beam-width of 117°-141° to an average beam-width around 70° with the main 

beam shifted away from z-axis.  In addition, the gain ranges from around 5.8-2.3 

dBi with at least one active (Slot-0), and a low range around 2-1.45 dBi in case of 

shorted Slot-0.  The first case can be useful for gain control, which can be used to 

control the radiating range since the beam-width allows small maneuvering for 

beam steering, even though with the fact there is Right/Left beam steering at the 

φ=0° plane.  The efficiencies are dependent on the number of active slots in 

particular the central slot, Slot-0, for each DRA. The range of total efficiencies 
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can usually span from 50-85%, however, it reaches 95% for (0066) and (6600) 

sequences, and 98% for (6666) sequence. 

 Band 3.2 GHz: Beside the θ= ~±40° Right/Left beam reconfiguration, there a 

marginal beam steering in this directional beam case.  However, the gain can be 

reconfigured in the range 5.2-2.7 dBi, which can be useful for range control cases. 

 Band 4.2 GHz: There are marginal changes in the beam-width and maximum gain.  

The only change is the maximum gain direction at θ, which gives a beam steering 

of Right/Left 51°-56°. The efficiencies have a wide span from around 99% to 

lower than 50%. 

 Band 4.6 GHz: In this case, the Right/Left steering is in the range of θ=±4°to 6°, 

which does not allow too much steering with a beam-width around 22°-24°.  

However, this frequency has a beam steering capability range around φ=221°-

320°, with beam-width averages of 22.2° and 37.5° in the φ=0° and φ=90° planes, 

respectively.  In addition, the φ=90° plane pattern has a side-lobe beam around 

60° away from the main-lobe with a gain peak of ~ 0.5-1 dBi lower that the 

maximum gain. The total radiation for this frequency range is usually lower than 

other three cases, where the overall total efficiencies are in the range of 50-55%. 

Although the results demonstrate low gains and total efficiencies, the overall concept has 

been proven. The main issues that have to be dealt with in the future to improve the array’s 

performance are the elements’ spacing, mutual coupling, parasitic slots, and the ground 

plane’s DC control gaps. The first two issue need distance between the elements to be 

optimised to agree as much as possible for the four frequencies.  For example, the spacing 

in this model is 44 mm, which corresponds to 0.41λ0, 0.47λ0, 0.62λ0, and 0.67λ0 for 2.8 

GHz, 3.2 GHz, 4.2 GHz, and 4.6 GHz, respectively. The parasitic slots need special 

consideration to minimize their impact on both the efficiency, and radiation pattern. 
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However, their effects on the beam steering can be turn into useful applications with 

further planning and optimisation. The last issue is the ground plane gaps, which can be 

minimized by reducing the gaps size depending on the available fabrication technology.  

Figure 5.4 (c) compares the radiation patterns for several sequence cases for the four 

frequencies. These cases illustrate the main radiation characteristics cases that are 

summarised in Table A.3. 

 

(a) 

Figure 5.4 2-Slots 4-DRA Reconfigurable Array (a) Array Diagram Top View, (b) 

Reflection Coefficients, and (c) Selected Radiation Patterns at φ= 0° (Left), and φ=90° 

(Right) 
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(b)  

Figure 5.4 Continued 
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(b)  

Figure 5.4 Continued 
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(b) Continued 

 

  

(c) 

Figure 5.4 Continued 
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Figure 5.4 Continued 

5.5 Summary 
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Four elements DRA arrays have been considered based on the 2-elements models, with 

some changes to accommodate the additional mutual coupling due to the increase in the 

number of radiating elements.  In addition, with more elements, a narrower pattern has 

been obtained in the H-plane, with the single slot case beam steering reduced from ±12° 

to ±10°. However, the dual-slots four elements DRA array offered a good prospect in 

both frequency reconfiguring as well as two-dimensional beam steering on a range of 

frequency bands. 

The frequency agility can be observed from comparison of the four active bands, where 

the first and fourth bands are constantly active with all the array activation arrangements, 

while the other two can be turned ON/OFF by selecting the appropriate activation 

sequence. In addition, each band has some degree of impedance bandwidth 

reconfigurability. Hence, it is possible to exploit this option in the future to design a 

multiband reconfigurable antenna array. 

This chapter study has been limited to simulating linear arrays with up to four elements 

and up to double-slot feeding.  A three-slot model was initially investigated as an ideal 

model without ground planes gaps and with ideal short circuits instead of the PIN diodes 

circuit model, which initially had promising results. However, due to the addition of the 

latter two, the model proved to be somewhat complex and with some difficulty to obtain 

good results without further investment of time, which was not available.  Therefore, this 

topic has been omitted from this study. Nevertheless, some of the obtained results shown 

a possibility for further investigation and improve the results.  The overall results shown 

that there is an opportunity for improvement in the investigated models. Although, some 

results have been below satisfactory in terms of both gain and total efficiency, that was 

related to the fact that this research is focused on proving the concept rather than obtaining 

desirable final results.  In addition, future investigation can extend to study arrays with 
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more elements, series and branch-line feeding techniques, reconfigurable planar arrays, 

and the improvement of the two-dimensional beam steering. 
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Chapter Six 

Reconfigurable Semiconductor Plasma Antenna 

6.1 Introduction 

The original aim of this research is to investigate and build an antenna that employs an 

active semiconductor device, which injects sufficient charge carriers to create a 

semiconductor plasma to substitute metallic patches when necessary, and remove it be 

simply eliminating the charge carriers’ supply. This technique was supposed to be used 

with the prototypes investigated in Chapter 3-5, where classical PIN diodes have been 

employed to prove the reconfiguration concept.   

Owing to the fabrication cost and complexity, the Plasma Island has been created using 

an AlGaN/GaN HFET block rather than the silicon-based SPIN diodes described in 

Chapter One.  The substrate containing the AlGaN/GaN HFET has been manufactured 

with the help of Prof Peter Houston and Dr. Kean Boon Lee in the Semiconductor 

Materials and Devices group at the University of Sheffield.  Since the subjects of both 

silicon SPIN diodes and AlGaN/GaN HFET have been discussed in details in Chapter 

One, this chapter is focused on comparison between the two devices, design, and results. 

6.2 Silicon SPIN Diodes vs AlGaN/GaN HFETs 

As explained in Chapter one,  semiconductor Plasma Island is based on  injecting 

sufficient number of charge carriers that provide a conducting area of plasma causing the 

semiconductor to behave in a semi-metallic condition for an RF signal [1].  It has been 

shown in multiple studies and investigations that silicon is a favourite choice to establish 

a reliable area charge carrier for plasma islands due to its prolonged carriers’ lifetime 
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compared to other semiconductor materials.  This is in conjunction with a suitable size 

for antenna applications, low cost, adequate mechanical and thermal properties and the 

well-established high-quality technology [1, 2].  On the other hand, materials such as 

GaAs require more complex manufacturing alongside higher cost, with limited smaller 

size and carriers’ lifetime [2]. These factors have been decisive for the introduction of 

silicon SPIN diode to design reconfigurable antennas [3, 4].  However, some materials 

such as AlGaN/GaN can convey higher charge carriers density than silicon.  For example, 

a silicon SPIN diode offers a carriers density as high as 1018 per cm3, which decreases 

with longer SPIN diodes [1]. On the other hand,  AlGaN/GaN HFET can convey charge 

carrier’s density over 1020 carriers per cm3 [5, 6].  However, SPIN diodes require only 

terminal connections at both long ends of the diode, while HFETs require three terminals, 

one must be at the centre. This gives silicon SPIN diodes an extra advantage over the 

AlGaN/GaN HFETs, where these extra connections mean that some of the reconfigurable 

surface is covered by metal components.  This reduces the reconfigurable area, which is 

already smaller than that of the silicon SPIN diodes counterpart. In addition, these 

connections in the narrow area of the HFET can cause an increase in the capacitive 

reaction in the reconfigurable area. This means, for a specific area, that the required 

number of AlGaN/GaN HFETs is greater than that for silicon SPIN diodes.  Therefore, 

more connection complexity is introduced and higher capacitive reactions are expected 

in conjunction with a lower reconfigurable area. However,  bulky counterparts such as 

MESFET and PHEMT have shown that these capacitances are too small to cause major 

change in the final result [7].  Nevertheless, in principle, AlGaN/GaN HFETs can be used 

as reconfiguration unit devices for some reconfigurable limited antenna application that 

need to be tolerant to the expected capacitive effects.  In addition, as antennas are getting 

smaller and more miniaturised, AlGaN/GaN HFETs can be more acceptable as 
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semiconductor plasma device, due to the low power consumption of the HFETs that are, 

unlike  other FETs, are voltage controlled devices, while SPIN diodes are current 

controlled devices [7]. 

6.3 Slot-Fed HFET Reconfigurable DRA 

Figure 6.1 (a-e) illustrates the antenna block diagram and photographs. The RDRA is 

identical to the one used in Section 4.3, i.e. with dimensions of 12×8×5.5 mm3 and εr = 

20.  The DRA is based on a circular Sapphire substrate which has a dielectric constant 

~9.4, with 2” diameter (~5 cm). The thickness of the wafer is ~0.35 mm.  The DRA has 

been fed using a 0.7×8 mm2 slot with a 1.2 mm wide microstripline that has 9 mm stub.  

A block of 3 AlGaN/GaN HFETs has been fabricated in the middle of the slot to control 

the operation. The limit in the wafer’s size is related to the availability of the material 

alongside the antenna total cost.  On the other hand, the limit on the number of fabricated 

HFETs has limited the total supplied current, and hence its heat dissipation, which affects 

the performance of the Sapphire wafer that has small heat capacity. However, these limits 

are expected to affect both the gain for the substrate size, and slot shortening capability 

for the number of the HFETs. The total width of the HFETs block is ~0.1 mm. A 30×30 

mm2 gold ground plane has been printed on the top of the substrate with three 30 μm DC 

control gaps for the HFETs three terminals; Drain, Source, and Gate. The rest of the 

substrate has been covered with a copper tape to increase the ground plane area. 

Figure 6.2 illustrates the DC characteristics of the fabricated HFETs.  Hence, both the 

Gate and the Drain have been connected to 6 V DC sources (4×1.5 V AAA Batteries) 

through a series variable resistances and inductances as shown in Figure 6.5 (a). In 

addition, inductances have been inserted to act as RF chocks. The Drain current at VGS = 

0 V is 17 mA.  The simulated reflection coefficient is present in Figure 6.3 (a), from 
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which it can be noticed that turning the HFETs ON cause to kill the impedance matching 

bandwidth around 4.56 GHz. Figure 6.3 (b) illustrates the simulated radiation pattern for 

HFETs OFF case with 5.77 dBi gain and 80% radiation efficiency. This band operates 

near the TEδ11 resonance mode frequency of 4.1 GHz. On the other hand, turning the 

HFETs ON results in a reduced gain reduced of ~ -2 dBi with a radiation efficiency of 

less than 1%.  

 The measured reflection coefficient is illustrated in Figure 6.3(c) with considerable 

differences compare to the expected simulated results. There are four biasing cases: VDD 

and VGG are OFF (Both OFF), VDD is ON and VGG is OFF, VDD OFF and VGG ON, and 

Both VDD and VGG are ON (Both ON). Except for the last case, the three first cases shown 

almost identical reflection coefficients, even with change of the Drain current in the 

second case. Therefore, only the “Both OFF” case is considered.  An impedance matching 

bandwidth has been measured at a centre frequency of 4.1 GHz and a 16.7% bandwidth, 

which corresponds to the TEδ11 DRA resonance mode.  On the other hand, it can be 

noticed that the “Both ON" case provided a different type of reconfigurability, where 

instead of eliminating the main band, two bands have been activated. The first at a centre 

frequency of 3.1 GHz and 26.7% impedance matching bandwidth, and the second at 4.51 

GHz with a 4.9% bandwidth. It can be concluded from these results that although the 

inserted charges are not sufficient to short out the slot, they caused a change in the field 

distribution inside the slot, hence changing the antenna response. In addition, a narrow 

impedance matching bandwidth of ~ 2% exists at 7 GHz for the HFETs OFF, which 

nearly vanishes for the HFETs ON state with a bandwidth of less than 1%. 

Far-field radiation patterns have been measured, and the results have been unsatisfactory 

for the four measured frequencies. Figure 6.3 (d) illustrates the measured radiation 

patterns at both the H-plane (φ=0⁰) and E-plane (φ=90⁰). All the gains are very low in the 
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negative range in both cases where the HFETs are activated or not. However, in all case 

it can be noticed that changing the state of the HFETs change the radiation patterns and 

its gain noticeably. These unsatisfactory results can be related to several factors, such as 

the required wiring inside the slot, the range of operating frequencies, and to a minimal 

effect of the small size of the ground plane (1.4λ0 at 4.1 GHz). 

These results lead to the conclude that the HFETs can be expected to be an excellent 

candidate for antenna reconfigurability application at a much higher range of frequencies 

due to its physical characteristics such as skin depth and charge carriers’ density. 

However, these active devices are not suitable to be used for aperture coupled DRA 

reconfigurability. 

 

 

(a) 

 

Figure 6.1 Slot-Fed HFET Reconfigurable DRA (a) Top View Block diagram, (b) Side 

View Block diagram, (c) General View of the Antenna with DC Control, (d) Top View, 

and (e) Back View showing the Ground Plane through the iSem -Transparent Substrate 
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(c) 

Figure 6.1 Continued 
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(e) 

Figure 6.1 Continued 
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(c) 

Figure 6.2 AlGaN/GaN HFET (a) DC Control Circuit Block Diagram, (b) Fabrication 

Data and Zoomed Photograph*, and (c) DC Characteristics* 

* Figure 6.2 (b-c) are courtesy of Dr. Kean Boon Lee, Semiconductor Materials and 

Devices group at the University of Sheffield 

 

(a)  

Figure 6.3 Slot Fed HFET Reconfigurable RDRA (a) Simulated Reflection Coefficients, 

(b) Simulated Radiation Pattern at 4.56 GHz, (c) Measured Reflection Coefficients, and 

(d) Measured Radiation Pattern at H-Plane (φ=0°) (Left) and H-Plane (φ=90°) (Right) 
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(b) 4.56 GHz 
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Figure 6.3 Continued 
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(d) 

* ON = Antenna ON, OFF = Antenna OFF 

H = H-plane (φ=0⁰), E = E-plane (φ=90⁰) 

Figure 6.3 Continued 
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(d) Continued 

Figure 6.3 Continued 
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6.4 Conclusion 

Two Semiconductor plasma reconfigurability techniques have been discussed in this 

chapter for a slot fed RDRA. The first technique is to use the well-established SPIN 

diodes, while the second is to use HFETs.  At a first glance, the main advantage of the 

semiconductor plasma reconfigurable devices over the bulky semiconductor RF devices 

is the circuit integration ability, which allows to control the antenna accuracy during 

fabrication. This can be illustrated by comparing the built models in Chapter 4 against the 

model shown in Figure 6.1. In addition, this fabrication process offers reduced slots airgap 

under the DRA drastically, hence reducing the effect on the operating frequency and 

radiation efficiency. 

The shown mixed results, due to some uncertainty about the limited space of the HFETs 

that convey the plasma islands and its limited thickness.  The measured reflection 

coefficients show a mix of both sides of the theory.  In the case of the HFETs disconnected 

from the control voltages, two bands have been obtained at 4.1 GHz and 7 GHz. These 

two bands demonstrate different reactions to activating the HFETs voltage controls. The 

first band suffered from what is appeared as a frequency shift, while the second has been 

subjected to the expected band deterioration. This can be attributed to the lower frequency 

limit affected by the skin depth criteria [1, 2]. This limit is expected to increase with the 

decrease of the charged plasma thickness. Hence, since the plasma island inside an HFETs 

is much thinner than the one inside a SPIN diode, it is rational to expect it to increase 

much higher than the 1 GHz lower limit of a SPIN diode [1, 2]. In addition, the far-field 

results have been very poor. This mainly due to the structure of the HFETs connects that 

interfere with the role of the aperture coupling for the DRA. Hence, it has been suggested 

that the HFETs are not the best choice in this reconfiguration technique. However, the 
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overall results shown that HFETs can be used as an active semiconductor plasma medium 

in other antenna configurations. 

In summary, HFETs can be expected to outperform SPIN diodes at higher frequencies 

than the.  In addition, it is important to consider the size limit and substrate issues, which 

can be performed easily. The size limit has been introduced to deal with the current heat 

dissipation problem and its effect on the Sapphire substrate. However, since the HFETs 

are voltage controlled devices, input current can be expected to be nearly zero. In addition, 

the substrate can be replaced with a silicon one with a higher heat capacity.  Hence, HFET 

devices are expected to perform better in miniaturised integrated reconfigurable antennas 

with higher frequency range than the investigated range in this research. 
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Chapter Seven 

Summary, Conclusion and Future Work 

7.1 Summary 

The research is focused on to investigating reconfigurability of several DRA 

configurations using semiconductor RF PIN diodes switches in Chapters 3-5, and HFETs 

as semiconductror plasma devices in Chapter 6.  In general, these applied techniques 

proved to have the required reconfiguration characteristics for polarisation, 

frequency/mode tuning and beam steering. 

7.1.1 Chapter Three Summary 

Two polarisation reconfiguration approaches have been investigated. In both models; LP, 

RHCP, and LHCP radiations have been achieved. In the first configuration  a 

hemispherical DRA that is excited with a reconfigurable annular slot has been considered. 

Based on the fact that shortening the annular slot at a specific point can lead to CP, instead 

of LP, radiation, PIN diodes have been employedto short out the slot at 90° angular 

distance  from the feed point.  Furthermore, two PIN diodes on opposite sides of the slot 

have been employed to achieve LP/RHCP/LHCP reconfigurability.  An axial ratio of 1.7% 

has been achieved for the first case compared to 1.4% for the second case, at 3.57 GHz 

and 3.22 GHz, respectively. In addition, it has been shown that shortening both slot sides 

generates LP radiation, since this provides a configuration in which th DRA is excited 

with a couple of C-shaped slots. 

The second configuration has been proposeded to achieve polarisation reconfigurability 

with a dual band CP notched RDRA that incorporates a reconfigurable parasitic strip. The 

DRA is excitedusing a flat metallic strip placedon one of the rigid DRA side.  In addition, 
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a parasitic strip has been added to one of the notched sides to excite the required circular 

polaristion radiation.  It has been shown that connecting and disconnecting the parasitic 

strip to the ground plane generates CP and LP radiations, respectively.  Hence, two cases 

have been investigated. In the first a single reconfigurable parasitic strip has been used to 

gernerate the dual CP radiation,. On the other hand, simulations showed that dual 

reconfigurable parasitic strips reduce the second AR bandwidth. However, these bands 

can operate in either LP, RHCP, or LHCP, depending on the PIN diodes activation.  

Moreover, activating both PIN diodes elemenates the impedance matching bandwidth, 

since both parasitic strips have similar effect on the field distribbution inside the DRA 

albiet in opposite direction cuasing the deteroiratation of the total radiation. 

7.1.2 Chapter Four Summary 

Reconfigurable slot-fed RDAR has been investigated in Chapter 4. Firstly, a single slot-

fed reconfigurable DRA has been designed and implemented. This model proved to be 

valid as expected for the simple ON/OFF operation. However, a couple of points had to 

be addressed. The first is with respect to the insertion of the PIN diodes inside the 

substrate and its effect on the field distribution and the interface with the DRA. The 

second issue is concerned with using off-centre microstripline feed to improve the 

impedance matching in which an extra PIN diode has been added to force stronger 

shortening of the slot. Hence, it has been suggested to avoid these issues in the multi-

slots-fed DRA. In addition, a third issue has been addressed when the operating frequency 

band is around 6 GHz, which is close to the used PIN diode upper operating frequency 

limit. Hence, it is suggested to double the DRA dimensions, which halfed the resonance 

mode frequency as expected. 

The observed issues in the single slot model have been considered in both dual and triple 

slot-fed DRA designs.  The ratio of the  DRA to the  slots size is critical to the total ground 
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plane-DRA interface. Hence, in the triple slots model, the slots width has been reduced 

to improve the interface, hence, the radiation efficiency.  On the other hand, the 

introduction of non-ideally shorted parasitic slots caused some changes in the impedance 

matching bandwidths, radiation efficiency, and main beam direction. However, both 

models proved viable for mode reconfiguration as modes such as TEδ11, TEδ21, TEδ31, and 

TEδ13 have been excited.  However, the existence of the parasitic slots proved to have a 

distributive effects on the field distribution for each mode due to the interface issue. 

7.1.3 Chapter Five Summary 

Reconfigurable linear DRA arrays have been investigated in Chapter Five.  All the models  

are based on the single, and dual,-slot fed DRA configurations. Two, and four,-element 

DRA arrays have been investigated with initial elements separation of ~λ0/2 of the lower 

operating frequency with a minor change to improve efficiency and/or antenna 

reconfigrability.   A narrow beam steering of ±15° for the two-elements array and ±12° 

for the four-elements array have been achieved at ~5.7 GHz.  In addition, it has been 

noticed that more elements provide  a narrower beam-width in the array axis plane, which 

agree with theory.  In addition, due to the effects of the ground plane gaps, it has been 

obsereved that the gain has two maxima points at the φ=90° plane at θ =53° when both 

elements are coupled with active slots.  On the other hand, dual slots configuration offer 

more reconfigurability options. In addition to the promising two-dimensional beam 

steering, some frequency tuning and reconfigurability have been achieved for a couple of 

bands in a multiple impedance matching bandwidth antenna array. Three impedance 

matching bandwidths have been observed in the dual-slot two-elements DRA array at 3.2 

GHz, 3.6 GHz, and 4.9 GHz.  

Although hese models demonstrated good prospect as multi-purpose reconfigurable 

arrays, the efficiency and gain are less than satisfactory in several cases, due to the fact 



239 

 

these are preliminary investigation models, and additional time is needed to improve the 

design. This is especially true for the four-element dual-slot fed DRA array, which 

represent the most promising model with a wider range of possibilities. In addition, it can 

be expected that adding more elements can enhance the array reconfigurability choices. 

7.1.4 Chapter Six Summary 

The main object of this project is investigating a reconfigurable semiconductor plasma 

antenna using SPIN diodes to create a plasma island. However, due to budget and 

fabrication issues, an alternative has been introduced in using the GaN/AlGaN HFET 

investigated in Chapter Six. The fabricated prototype isbased on Chapter Four’s single 

slot-fed DRA design. In addition, Sapphire has been chosen instead of Silicon-On-

Insulator (SOI) for the substrate that has a diameter of ~5 cm, which equals to 0.76λ0 at a 

4.56 GHz central frequency. The use of the HFETs as a replacement to the SPIN diodes 

has partially provid the expected results. Although turning the HFET ON did not 

completely eleminate the impedance matching bandwidth, it caused some kind of 

frequency tuning for the reflection coefficients. On the other hand, the HFET ON case 

shown the expected impedance matching bandwidth vanishing of a non-ideal semi-

metallic short inside the slot. This issue is expected due to the limited size of the HFETs 

surface as well as the very thin skin depth that isinversly related to the lower operating 

frequency. In addition, far-field results have unsatisfactory with very low negative gain 

values. This points to the issue of the requied wiring of the HFETs which affects the fild 

coupling through the aperture where the HFETs exists, which make the HFETs less fit to 

be used in this particular application. Hence, it is expected that HFETs can perform better 

in higher frequencies and other antenna types. 
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7.2 Conclusion and Future Work 

In this project, two research directionshave been investigated; reconfigurable DRAs and 

reconfigurable semiconductor plasma antennas based on GaN/AlGaN HFET, in which 

both have shown promising results to some extent.  The DRA polarisation 

reconfigurability can be extended into other DRA configurations easily since the 

introduced models in this research proved excellent prospect in this direction.  In addition, 

reconfigurable slot-fed DRA  are efficient in achieving a frequency/mode change.  

However, there is a limit on the number of reconfigurable slots that can be inserted to 

feed the DRA.  Nevertheless, semiconductor plasma devices can boost this limit to some 

extent.  On the other hand, reconfigurable DRA arrays have demonstrated a good 

prospect. However, deeper investigations and more improvements are essential in order 

to achieve viabilility of these designs.  GaN/AlGaN HFET is promesing in the design and 

implementation of reconfigurable semiconductor plasma antennas . Bulky and integrated 

FETs have been used in numerous reconfigurable antenna designs. Hence, HFETs can be 

arguably compared and used in the same manner as FETs, which can be paralleled with 

SPIN and PIN diodes comparison. 

In the future, GaN/AlGaN HFET can be created using alternative substrates with a higher 

heat capacity such as silicon. In addition, the total surface area can be increased since the 

power consumed and heat dissipated due to turning these devices ON is nearly zero.  

Moreover, the size of the HFETs and the expected high-frequency limit can be 

investigated for miniaturised high-frequency reconfigurable antennas.  In addition, 

polarisation reconfigurability can be impoved to enhance the AR bandwidth by make 

some adjusments to the designs to accommodate the impedance changes due to using the 

PIN diode.  Moreover, the RF switches can be replaced by semiconductor plasma devices.  

Another protentially useful approach is to consider optically injected semiconductor 
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plasma devices for both of the configurations that have been  investigated in Chapter 

Three.  This is owing to the fact that this approach reduces the wiring noise and effect 

problem on the polarisation, especially for the parasitic strip technique, where the wires 

can affect the DRA fields. 

Likewise, semiconductor plamsa reconfigurable DRA array can be an interesting area to 

be investigated.  Available semiconductor technology can helpin building massive linear 

and planar DRA reconfigurable arrays with reconfigurable semiconductor plasma devices 

that are fabricated on a semiconductor substrate.  For example, the configurations studied 

in Chapter Five can be revised and miniturised for higher frequencies.  In addition, these 

configurations represent the basis for designing large scale reconfigurale DRA palnar 

arrays based on a semiconductor substrate,.  Such arrays can be used  for beam steering 

as well as frequency tuning. 
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Appendices 

Appendix A: Tables 

Table A.1 Radiation properties for the array configuration of Figure 5.6 (a) at 5.6 GHz 
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0000 5.36, 5.91 3.2, 4.6 NG NG 5.54 (90, 118) 35.8 

0001 5.36, 5.94 3.8, 6.1 NG NG 4.71 (89, 119) 43.9 

0010 5.36, 5.92 4.1, 6.1 NG NG 4.78 (88, 119) 41.7 

0011 5.36, 5.9 5.5, 8.4 28.7 10 4.27 (89, 121) 54.7 

0100 5.36, 5.92 4.1, 6.1 NG NG 4.78 (92, 119) 41.7 

0101 5.95 14.3 30.7 2 4.71 (89, 69) 50 

0110 5.96 14.6 41.3 3 4.16 (90. 73) 46.7 

0111 6.02 15.2 32.8 5 5.22 (87, 65) 51.1 

1000 5.36, 5.94 3.8, 6.1 NG NG 4.71 (91, 119) 43.9 

1001 5.97, 5.35 9.0, 4.7 23.4 0 4.33 (90, 70) 50.2 

1010 5.95 14.3 30.7 -2 4.71 (91, 69) 50 

1011 6.01 15.3 26.2 2 5.42 (88, 64) 52.7 

1100 5.36, 5.9 5.5, 8.4 28.7 -10 4.27 (91, 121) 54.7 

1101 6.01 15.3 26.2 -2 5.42 (92, 64) 52.7 

1110 6.02 15.2 32.8 -5 5.22 (93, 65) 51.1 

1111 6.05 15.4 28.4 0 6.08 (0, 62) 54.4 
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Table A.2 Comparison of the Antenna Array Radiation Characteristics for the Array 

Excitation Sequences at 2.8 GHz with N/G Stands for Negative Gain 

Case 

Central 

frequency 

(GHz) 

BW % 

in 

Degrees 

Angular 

beamwidth at 

φ=0°  

θ max at 

φ=0°  

Maximum 

Gain  
Efficiency %  

0000 2.77 23 34.7 0 5.76 84.9 

0006* 2.79 26.3 40.5 -5 4.63 83.1 

000n* 2.79 26 40.9 -6 4.67 82.8 

0060* 2.8 13 34.4 -6 4.64 80.0 

0066* 2.82 9.4 43.3 -4 3.73 95.5 

006n* 2.81 8.7 43.3 -8 3.89 86.6 

00n0* 2.8 10.1 34.1 -5 4.56 79.0 

00n6* 2.81 8.8 41.6 -6 3.81 84.4 

00nn* 2.82 8 43.3 -9 3.64 79.1 

0606* 2.8 6.8 40 2 3.61 73.0 

060n* 2.8 6.9 40.2 1 3.53 72.8 

0660 2.8 5.8 33.7 0 3.84 65.8 

0666* 2.82 6.2 39.5 2 2.9 82.0 

066n* 2.81 5.6 41.3 -2 2.95 71.2 

06n0* 2.81 5.7 33.1 0 3.76 63.1 

06n6* 2.82 5.3 40 0 3.06 66.4 

06nn* 2.81 4.8 41.3 -3 2.86 59.7 

0n06* 2.82 5.3 38.6 0 2.89 63.5 

0n0n* 2.81 4.6 40.7 -4 2.59 56.6 

0n66* 2.82 6 39.6 2 2.66 79.5 

0n6n* 2.82 5.4 40.7 -3 2.85 68.7 

0nn0 2.81 5.6 32.5 0 3.66 60.0 

0nn6* 2.82 5.3 22.3 0 2.89 63.5 

0nnn* 2.81 4.6 35.7 -4 2.59 56.6 

6006 2.8 7.2 48.4 0 3.12 78.2 

600n* 2.8 7.4 48.8 -1 3.14 77.8 

6066* 2.82 7.8 51.8 3 2.38 89.2 
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606n* 2.81 6.9 52.4 -4 2.67 79.1 

60n6* 2.81 7 48.7 1 2.58 76.8 

60nn* 2.81 6.3 50.9 -6 2.41 70.3 

660n* 2.82 7.9 51.6 -4 2.25 88.9 

6666 2.83 5.9 N/G N/G 1.74 98.2 

666n* 2.82 5.4 N/G N/G 1.82 88.3 

66n6* 2.83 5.3 N/G N/G 1.36 84.1 

66nn* 2.82 4.6 N/G N/G 1.24 76.7 

6n0n* 2.81 7.1 48.6 0 2.51 76.9 

6n6n* 2.82 4.8 N/G N/G 1.99 72.1 

6nn6 2.82 4.5 N/G N/G 1.83 67.0 

6nnn* 2.82 3.8 N/G N/G 1.6 59.4 

n00n* 2.8 10.4 49.5 0 3.18 77.4 

n06n* 2.81 6.9 52.9 -3 2.52 78.9 

n0nn* 2.81 6.4 51.3 -5 2.29 70.5 

n66n 2.82 4.9 N/G N/G 1.83 76.3 

n6nn* 2.82 4.1 N/G N/G 1.45 64.4 

nnnn 2.82 3.1 N/G N/G 1.3 51.0 

 

* The case has a reversed ordered activation combination  
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Table A.3 Comparison of the Antenna Array Radiation Patterns for the Array Excitation Sequences at the Four Bands with (N/G) Stands 

for Negative Gain and (N/A) Stands for Not Available within Impedance Matching Bandwidth 
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34.7 135.8 90 37 5.76 N/G 64.5 270 38 5.17 N/G 44.9 90 56 7.76 21.9 39.2 270 4 6.54 

0
0

0
6
 

40.5 138.6 98 37 4.63 N/G 64.8 271 39 2.25 N/G 45.6 88 55 7.79 22.0 36.0 314 6 6.38 

0
0

0
n
 

40.9 137.3 98 37 4.67 N/G 65.3 268 38 4.97 N/G 45.4 90 56 7.68 21.7 38.2 275 4 6.62 

0
0

6
0
 

34.4 140.4 260 34 4.64 N/G 63.6 276 39 3.73 N/G 45.3 89 55 7.78 22.2 37.5 292 4 6.66 
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0
0

6
6
 

43.3 134.8 266 34 3.73 N/G 64.9 276 41 2.95 N/G 46.7 87 54 7.66 21.5 36.6 321 6 7.53 

0
0

6
n
 

43.3 137.2 258 34 3.89 N/G 64.7 274 41 3.16 N/G 46.3 89 55 7.63 21.9 36.7 298 4 6.71 

0
0

n
0
 

34.1 140.8 260 33 4.56 N/G 64.2 274 41 

3.87 

 

 

 

 

 

N/A N/A N/A N/A N/A 22.1 39.1 270 4 6.68 

0
0

n
6
 

41.6 139.0 262 34 3.81 N/G 64.7 276 42 3.24 N/G 47.1 88 55 7.64 22.2 35.9 318 5 6.53 

0
0

n
n
 

43.3 141.0 257 34 3.64 N/G 64.7 272 42 3.56 N/A N/A N/A N/A N/A 22.0 38.1 276 3 6.75 

0
6

0
6
 

40.0 136.9 276 35 3.61 N/G 64.7 265 41 3.72 N/G 46.4 89 53 7.86 22.4 35.2 297 5 6.42 

0
6

0
n
 

40.2 137.7 275 34 3.53 N/G 65.8 261 41 3.56 N/G 46.0 91 55 7.77 22.1 36.7 252 4 6.67 
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0
6

6
0
 

33.7 127.7 270 35 3.84 N/A N/A N/A N/A N/A N/G 46.0 90 53 7.82 22.8 37.0 270 4 6.85 

0
6

6
6
 

40.1 117.2 276 36 2.90 N/A N/A N/A N/A N/A 25.7 47.5 88 52 7.82 22.1 37.3 307 5 7.74 

0
6

6
n
 

41.5 118.7 269 36 2.95 N/A N/A N/A N/A N/A N/G 47.0 90 53 7.76 22.5 36.3 274 4 6.95 

0
6

n
0
 

33.1 130.9 271 35 3.76 N/A N/A N/A N/A N/A N/G 46.2 91 55 7.67 22.3 38 249 4 6.70 

0
6

n
6
 

39.1 123.9 273 36 3.06 N/A N/A N/A N/A N/A N/G 47.8 89 53 7.65 22.5 35.7 297 5 6.52 

0
6

n
n
 

41.5 127.4 268 35 2.68 N/A N/A N/A N/A N/A N/G 47.3 91 55 7.71 22.2 37.2 253 4 6.78 

0
n

0
6
 

39.4 138.8 275 34 3.54 N/G 65.2 267 41 3.88 N/G 46.5 88 55 7.72 22.4 36.2 317 5 6.45 
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0
n

0
n
 

39.6 139.5 274 34 3.48 N/G 66.1 263 41 3.63 N/A N/A N/A N/A N/A 21.9 38.5 273 4 6.71 

0
n

6
6
 

38.4 123.5 275 35 2.66 N/A N/A N/A N/A N/A N/G 47.6 87 54 7.59 21.8 36.9 320 6 7.58 

0
n

6
n
 

40.7 124.2 268 36 2.85 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 22.1 37.0 296 4 6.80 

0
n

n
0
 

32.5 133.9 270 34 3.66 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 22.3 39.6 270 4 6.74 

0
n

n
6
 

38.5 128.3 272 35 2.89 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 22.4 36.6 313 6 6.60 

0
n

n
n
 

34.8 131.3 267 35 2.59 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 22.2 38.7 275 4 6.83 

6
0

0
6
 

48.4 141.9 270 34 3.11 N/G 65.1 270 39 5.32 N/G 46.7 90 53 7.67 23.9 33.8 270 4 5.84 
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6
0

0
n
 

48.8 141.0 90 38 3.14 N/G 65.7 267 39 5.07 N/G 46.1 92 55 7.75 22.0 35.5 225 5 6.44 

6
0

6
6
 

51.8 131.0 271 36 2.38 N/G 65.7 275 42 2.94 20.7 48.1 90 52 7.66 22.7 35.8 288 4 7.03 

6
0

6
n
 

52.3 132.1 263 35 2.67 N/G 65.5 272 42 3.15 N/G 47.5 91 53 7.72 22.2 37.4 244 4 6.45 

6
0

n
6
 

48.7 134.8 267 35 2.58 N/G 65.4 274 42 3.26 N/G 48.3 90 53 7.43 23.9 34.1 270 4 5.93 

6
0

n
n
 

51.0 137.5 261 35 2.41 N/G 65.4 271 42 3.61 N/G 47.6 93 54 7.66 22.5 35.6 226 5 6.56 

6
6

0
n
 

51.6 132.4 268 35 2.25 N/G 67.6 261 43 2.70 N/G 47.3 93 53 7.67 21.6 36.1 221 6 7.54 

6
6

6
6
 

N/G 68.8 270 37 1.74 N/A N/A N/A N/A N/A 21.4 49.9 90 50 7.69 22.0 38.8 270 4 8.16 
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6
6

6
n
 

N/G 69.9 263 37 1.82 N/A N/A N/A N/A N/A 23.9 48.7 92 51 7.77 22.0 37.0 236 5 7.83 

6
6

n
6
 

N/G 72.4 267 37 1.63 N/A N/A N/A N/A N/A 20.7 49.7 91 52 7.51 22.8 36.2 252 4 7.13 

6
6

n
n
 

N/G 77.0 261 36 1.24 N/A N/A N/A N/A N/A N/G 49.0 93 53 7.64 21.7 36.5 222 6 7.66 

6
n

0
n
 

48.6 135.7 272 35 2.51 N/G 66.8 262 43 3.03 N/G 47.7 92 54 7.52 22.1 35.6 224 5 6.54 

6
n

6
n
 

N/G 72.1 265 37 1.99 N/A N/A N/A N/A N/A 22.6 49.0 91 53 7.57 22.3 35.1 244 4 6.62 

6
n

n
6
 

N/G 76.3 270 36 1.83 N/A N/A N/A N/A N/A 21.2 50.4 90 53 7.24 24.4 34.5 270 4 6.17 

6
n

n
n
 

N/G 122.4 264 36 1.60 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 22.7 35.7 227 5 6.75 
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n
0

0
n
 

49.5 139.7 90 38 3.18 N/G 66.4 270 39 4.73 N/G 45.8 90 56 7.66 21.6 37.7 270 4 6.69 

n
0

6
n
 

52.9 133.5 264 35 2.52 N/G 67.2 277 42 2.89 N/G 46.9 89 54 7.64 21.9 35.9 293 4 6.74 

n
0

n
n
 

51.2 138.7 262 35 2.29 N/G 66.5 275 43 3.32 N/A N/A N/A N/A N/A 21.9 37.7 274 3 6.75 

n
6

6
n
 

N/G 69.8 270 37 1.83 N/A N/A N/A N/A N/A N/G 48.2 90 52 7.69 22.4 35.6 270 4 7.07 

n
6

n
n
 

N/G 74.7 270 36 1.45 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 22.0 36.3 248 4 6.90 
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Appendix B: Datasheets 

B1: Infineon-BAR50SERIES PIN Diodes 
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B2: T-Ceram E-20 Dielectric Resonators 

Dielectric resonators 

Ceramic dielectric resonators are an attractive, low cost alternative to metallic 
resonant cavities where they have the advantage of small size without reduction 
in performance. 

  

  

The discontinuity of the permittivity at the resonator surface allows a standing 

electromagnetic wave to be supported in its interior. High relative permittivity 
ceramics with high Q and controllable temperature coefficient can be 
manufactured at low cost and offer new design opportunities for microwave 

engineers. 
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Material   E-37 E-20 

Frequency Range GHz 0.9 ... 18 1.8 ... 24 

Frequency tolerances ± % 0.2 ... 1 0.2 ... 1 

Unloaded Q-factor at 10 

GHz 
Q0 > 4 800 > 5 200 

Temperature Coefficient 
TCf (ppm K-

1) 

-6/-3/0/3/6/9 (±2 

or 1) 

-6/-3/0/3/6/9 (±2 

or 1) 

Outer diammeter D (mm) 3 ... 62 (up to 120) 3 ... 62 (up to 120) 

Height h (mm) 1 ... 35 1 ... 35 

 Standard production types are cylinders with rate h/D = 0.4 
 Resonators of custom diameters, height, temperature coefficient 

and tolerances can be produced in short terms 

 Frequency tolerance limits and Q are tested for each resonator 
 Development kits with exact frequency scale are offered 

 Free samples can be requested for prototype testing 
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B3: Carrier Mobility in Silicon 

 

 
  



258 

 

B4: Electrical properties of Silicon 

Breakdown field ≈3·105V/cm 

Mobility electrons ≤1400 cm2 V-1s-1 

Mobility holes ≤450 cm2 V-1s-1 

Diffusion coefficient electrons ≤36 cm2/s 

Diffusion coefficient holes ≤12 cm2/s 

Electron thermal velocity 2.3·105m/s 

Hole thermal velocity 1.65·105m/s 

 

 


