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Abstract 

 

By Linyu Cai 

One of the major requirements for modern wireless communications is very high 

data transmission, so antennas with simple geometry, wide operation bandwidth 

and stable high gain features are in increasing demand. In this thesis, three novel 

pseudo magneto-electric (ME) dipole antennas operating in 5G Frequency 

Range 1 (FR1) sub-6GHz and Frequency Range 2 (FR2) millimeter-wave 

(mmW) band are introduced and analyzed. Comparing with conventional ME 

dipole antennas, which always require a vertical quarter-wave cavity to generate 

the magnetic dipole resonance, the pseudo-ME dipole designs proposed in this 

thesis do not rely on the cavity to provide the complementary magnetic dipole 

mode, therefore, they have extremely simple geometry. Meanwhile, it achieved 

wide bandwidth (50.30%) and high gain (average 8.74 dBi) the in-band gain 

variation is only ± 1dB. Based on the novel cavity-less Pseudo-ME dipole 

antenna geometry, a wide axial ratio bandwidth (54.1%) circularly polarized 

pseudo-ME dipole antenna is also designed to overcome the polarization 

misalignment problem in multipath-rich wireless environments, this antenna has 

two pairs of orthogonal electric dipoles and magnetic dipoles to achieve the wide 

axial ratio bandwidth performance. Finally, an aperture-coupled printed pseudo-

ME dipole antenna is designed for operating in millimeter-wave band, it has 

32.3% of impedance bandwidth and stable high gain 7.4 ± 0.8 dBi. Especially, 

there is none typical via-hole formed cavity in the geometry, so the fabrication 

of the mmW band antenna becomes simpler.
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Impact statement 

The Fifth Generation (5G) mobile technologies bring a rapid increase in mobile 

phone traffic. Wideband band antenna becomes an initial part of meeting the 

demand of higher data rate and wider bandwidth. At the same time, due to the 

extremely limited space and complex electromagnetic environment in terminal 

products (such as a mobile phone), it is challenging to implementing a small size 

antenna. Thus, modern antennas must have simple geometry, low-profile, wide 

bandwidth and high gain. 

In this thesis, a non-cavity magneto-electric (ME) dipole antenna geometry has 

been presented. This geometry has great advantages of simple geometry, low-

profile, sufficient wide bandwidth and stable high-gain. There is no vertical-

cavity geometry to form the magnetic dipole when compared with the 

conventional ME dipole antenna. Therefore, the geometry of the non-cavity ME 

dipole antenna becomes simpler and reduce the fabrication difficulty and cost. 

In addition, the height of the antenna is only 0.15 λ0, which is 40% less than the 

conventional 0.25 λ0. The low-profile feature makes the antenna easier to be 

implemented in a limited space. 

Moreover, the fabrication of the ME dipole antenna in the millimeter wave 

(mmW) frequency bands is challenging due to the vertical cavity geometry. In 

contrast, it is easier to implement the non-cavity ME-dipole antenna into the 

mmW band. Thus, an aperture-coupled millimeter wave bands ME dipole 

antenna has been designed and verified. This compact size antenna has the 

impedance bandwidth that covered the entire 5G FR2 band and achieved an 

average 7.1 dBi in-band gain. It is suitable to be implemented into 5G terminal 

devices. 
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Circularly polarized antennas are widely used in satellite communication 

systems, navigation systems and radar systems.  A sub-6GHz wide axial ratio 

(AR) bandwidth circularly polarized ME dipole antenna has also been designed 

and verified. The proposed antenna has two orthogonal resonances with 

appropriate amplitudes and phase differences operating at relatively separated 

frequencies. Therefore, the AR bandwidth achieved 54.1% by feeding the 

proposed circularly polarized (CP) ME dipole antenna with a single coaxial 

cable. The wide AR bandwidth feature gives the antenna the ability to overcome 

polarization mismatch issue over a wide bandwidth. Implementing a circularly 

polarized antenna in the transmitter of MIMO systems improves the diversity 

gain and system throughput effectively. 
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Hair height from the ground plane to radiating layer mm 

HSubstrate height of the substrate mm 

LGround side length of the ground plane mm 

LOpen length of the transmission line at the open end mm 

LPatch length of patch mm 

Laperture length of the feeding aperture mm 
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LSub length of substate mm 

PA Supplied power W(J/s) 

Pi incident power W(J/s) 

Pr reflected power W(J/s) 

Pra radiated power W(J/s) 

R the real part of the impedance Ω 

r sphere radius m 

Ra distance to antenna center m 

RRing the radius of quarter-wave ring arc mm 

S11 Reflection coefficient at port 1 dB 

S12 Transmission coefficient from port 2 to 1 dB 

S21 Transmission coefficient from port 1 to 2 dB 

S22 Reflection coefficient at port 2 dB 

t time s 

Tsub1 the thickness of substrate 1 mm 

Tsub2 the thickness of substrate 2 mm 

WPatch width of patch mm 

WCon width of short lead mm 

WRing width of quarter-wave ring arc mm 

Waperture width of the feeding aperture mm 

WSub width of substrate mm 

X the imaginary part of the impedance Ω 
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Z0 characteristic impedance Ω 

Z11 impedance Ω 

ZL Load impedance  Ω 

Γ reflection coefficient rad 

θ elevation angle rad 

λ wavelength m 

λ0 free-space wavelength m 

λg Guided wavelength m 

φ azimuth angle rad 

ω angular frequency rad/s 
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1.Introduction 

The rapid development of modern wireless technologies creates a solid 

foundation for a gigabit or higher interconnected world [1]–[3]. The high-speed 

data transmission will significantly improve our lives, in both leisure and work, 

in the future, bringing new industries and benefitting daily lives. For example, 

modern wireless technologies allow thousands of users to access the internet 

simultaneously, watching 4k or even 8k football games or movies from smart 

mobile devices [4][5]. In the Smart-City scenario, wireless technologies create 

connections between car-to-car and car-to-infrastructure, including massive 

real-time traffic information [6]. In the telemedicine scenario, it is also possible 

to achieve a network capacity of 1 Gbps for uplink and downlink to meet the 

needs of ultrasound imaging terminals for real-time transmission of dynamic 

high-definition images [4].  

Among all the possibilities, one method to realize the significantly high data 

transmissions is increasing the spectrum utilization, i.e., space timing coding 

technology. Or increasing the spectrum bandwidth is more straightforward 

[3][4]. Therefore, as the very front-end of a wireless communication system, 

wideband and high gain antennas play a critical role to make data transmission 

possible. Wide communication bandwidth allows more data from different 

channels to be received at the same time, and high gain guarantees the stability 

of data transmission, increase the SNR, and strengthen the viability, especially 

the millimeter-wave (mm-wave) wireless communications [7]–[9]. 

According to the white books on 5th Generation wireless communication 

systems (5G) new antennas presented in [4], modern wireless technologies 

require the antennas support full-band beamforming. High-precision 

beamforming brings better Reference Signal Receive Power (RSRP) and the 
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signal-to-noise ratio (SNR) [2]. In the C-band/TDD 2.6 GHz frequency band, 

some 5G antennas already support high-precision beamforming. The Sub-3 GHz 

FDD frequency band may also be considered to support high-precision 

beamforming in the future [4]. Nowadays, the 4G services are still providing 

stable data service for users. Therefore, a collaborative design is a necessary 

attribute of 5G antennas. The coordination of radio access networks (RAN) and 

antennas in 5G networks will reach a new height. All frequency bands of the 5G 

network will support minimal site deployments. To support such a wide 

bandwidth, reconfigurable and tune-able structures are more desired due to 

adjacent channel interference and cross-talk in some applications, however, the 

geometry of the tunable device (i.e., tuning frequency or pattern by lumped 

elements, such as PIN diode, capacitor.) are usually complex [10][11]. Modern, 

and future wireless communications require antennas to have wide operating 

bandwidth and stable radiation patterns to support the full-band operation; also, 

simple geometry is necessary for easy fabrication and low-cost deployment. 

In 1954, an antenna feed design combining the complementary electric dipole 

and magnetic dipole sources was presented [12]. The antenna feed has an 

identical radiation pattern in the E- and H-planes. Therefore, it can serve as a 

good feeding mechanism for parabolic reflector. Based on this idea, after 

decades of research, magneto electric (ME) dipole antennas have evolved and 

became more and more popular in modern wireless communications. Nowadays, 

magneto-electric dipole antennas are well known for the features of wide 

impedance bandwidth, stable high gain, similar E- and H-plane radiation 

patterns, and high front-to-back ratio. However, the geometries of the 

conventional ME dipole antennas reported in the literature are still complex. It 

is relatively difficult and expensive to manufacture these ME dipole antennas 

for mass production. Moreover, it is challenging to realize a pseudo-ME dipole 

in the mm-wave band. 
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In this thesis, three pseudo magneto-electric dipole antennas of simple geometry, 

wide bandwidth and high gain are proposed to solve the problems stated above. 

A cavity-less linearly polarized (LP) Pseudo-ME dipole antenna operating in the 

C-band has been first designed, analyzed, and experimentally validated. Based 

on the novel cavity-less Pseudo-ME dipole antenna concept, implementing 

Pseudo-ME dipole into mm-wave band becomes less complex; thus, an aperture 

coupled Pseudo-ME dipole in the 5G mm-wave band is then introduced. Finally, 

the design of a wide axial ratio bandwidth circularly polarized Pseudo-ME 

dipole antenna in the S-band based on the cavity-less concept is presented. 

 

1.1  Aims 

In the thesis, we aim to design antennas which have: 

• Wide impedance bandwidth 

• High gain  

• Stable polarization 

• Simple geometry 

• Low fabrication cost 

to support modern high-performance wireless communications. 

It is essential for antennas to have wide impedance bandwidth to support the 

massive data transmission in modern wireless communications.  

On the other hand, high gain is also a critical feature required. The high antenna 

gain guarantees stable and detectable signal strength at the predicted distance 

ranges and within the system dynamic range with reduction on noise and 

interference contributions. Moreover, the gain of a wideband antenna is required 

to be stable across the whole operating bandwidth for reliable transmission and 
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reception. A stable radiation pattern across the entire operating band is also 

essential. As the antennas are required to point in a specific direction, if the 

antenna radiating direction changes with the frequency, then re-alignments are 

needed for different frequencies or channels.  

1.1.1 Research contributions 

The main contributions of this research are: 

A low-profile cavity-less pseudo magneto-electric (ME) dipole antenna is 

proposed. Conventionally, a ME dipole antenna has a quarter-wave cavity to 

facilitate the magnetic dipole mode for radiation simultaneously with electric 

dipole to achieve wide bandwidth and stable high gain. While in this thesis, a 

novel simple pseudo-ME dipole antenna without the quarter-wave cavity has 

been first demonstrated. This cavity-less design can achieve comparable 1. wide 

impedance bandwidth, 2. slightly higher gain, 3. and smaller in-band gain 

variation. Also, the overall thickness of the pseudo-ME dipole antenna becomes 

thinner and simpler for easy fabrication without the quarter-wave cavity. The 

height of the antenna is only 0.164 λ0 (λ0 is the free space wavelength), much 

less than the traditional 0.25 λ0, making it possible to implement into limited 

space. It is worth mentioning that all Pseudo-ME dipole antenna designs 

presented in this thesis have applied the cavity-less concept. 

Applying the cavity-less concept, a high gain and wide bandwidth pseudo-ME 

dipole antenna in the mm-wave band has been designed and verified. The 

proposed antenna was designed on two layers of PCB. Traditional cavity 

geometry in the mm-wave band consists of a series of via-holes for creating the 

magnetic dipole cavity, that increases the fabrication complexity. Benefit from 

the cavity-less geometry, that no via-hole in this design, which reduces the 

antenna fabrication difficulty in the mm-wave band. The proposed mm-wave 
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pseudo-ME dipole has achieved a wide 33.6% impedance bandwidth and a 7 

dBi average gain. 

A wide axial ratio (AR) bandwidth circularly polarized Pseudo-ME dipole 

antenna has also been presented. By feeding the proposed circularly polarized 

(CP) Pseudo-ME dipole antenna with a single coaxial cable, the AR bandwidth 

achieved is 54.1%. Traditional CP radiation is generated by two orthogonal 

resonances which have a 90° phase difference, and the two resonances have to 

operate in close frequencies, so the AR bandwidth is limited. The proposed 

antenna has two pairs of orthogonal resonances with appropriate amplitudes and 

phase differences operating at relatively separated frequencies, therefore, the AR 

bandwidth of the single-port CP Pseudo-ME dipole antenna increase 

dramatically. Furthermore, the antenna radiating layer is printed on a single 

dielectric layer PCB, making it easy to fabricate. 

1.1.2 Thesis overview 

This thesis has six chapters, and the thesis outline is listed as follows: 

Chapter1 gives the main objectives of this research work and poses the 

contributions of the research. 

Chapter2 reviews the relevant fundamental antenna background theory, 

including the essential antenna parameters, such as gain and bandwidth, and the 

basic radiating principle and performance of electric dipole antennas, magnetic 

dipole antennas, and magneto-electric dipole antennas. Also presents the 

evolution of the magneto-electric dipole antenna in the context of the original 

concept of combination of two complementary sources, the first magneto-

electric dipole antenna with high gain and wide bandwidth. Moreover, linearly 

polarized, and circularly polarized Pseudo-ME dipole antennas reported in the 

literature will be discussed. 
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Chapter 3 presents a low-profile cavity-less pseudo-ME dipole antenna. It 

demonstrates that the cavity-less Pseudo-ME dipole has comparable 

performance without a quarter-wave cavity. 

Chapter 4 discusses a new wide 3dB-axial ratio bandwidth circularly polarized 

pseudo-ME dipole antenna. The presented Pseudo-ME dipole antenna has two 

pairs of electric dipoles and magnetic dipoles resonances. Those two pairs of 

orthogonal resonances with proper amplitudes and phase differences provide the 

antenna with extensive 3dB-axial ratio bandwidth. 

Chapter 5 presents an aperture-coupled pseudo-ME dipole antenna operating at 

a 5G millimeter-wave band. The simple geometry of the antenna makes it easy 

to fabricate and implemented into communication systems. 

Chapter 6 concludes the proposed novel pseudo-ME dipole antennas and 

verified whether they fulfill the research targets. Corresponding future work will 

also be presented for further study. 
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2.Background Theory 

2.1 Introduction 

The essential antenna background knowledge for this research will be provided 

in this chapter. There will be a brief introduction of the electromagnetic wave in 

section 2.2 since the antenna is designed to transmit or receive it [13]. In section 

2.3, the primary antenna parameters will be introduced. In sections 2.4 to 2.6, 

the essential information of the electric dipole antennas, the magnetic dipole 

antennas, and magneto-electric dipole antennas will be highlighted. Section 2.7 

reviews several LP and CP magneto-electric dipoles antennas. 

2.2 Electromagnetic wave 

James Clerk Maxwell derived a waveform of the electric and magnetic equations. 

The equation describes the electric field (E-field) that interferes with the 

magnetic field (H-field) and vice versa [14][15]. These oscillating magnetic and 

electric fields form electromagnetic waves (EM waves). EM waves carry energy 

in the form of oscillating and orthogonal electric and magnetic fields. A medium 

is not necessary for propagation, so it can travel (radiate) in free space or vacuum. 

 

https://en.wikipedia.org/wiki/James_Clerk_Maxwell
https://en.wikipedia.org/wiki/Electromagnetic_wave_equation
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Fig. 2.1: Electromagnetic waves [1] 

Fig. 2.1 shows the electric and magnetic fields are orthogonal, and they are 

propagating along the z-axis. The electric field (�⃗⃗� ) and magnetic field (�⃗⃗� ) can be 

determined by Eq. 2.1 and Eq. 2.2 [16], respectively. Where A represents the 

amplitude and ϕx and ϕy represent the phases. 

 

 

 

2.3 Antenna Parameters 

There are serval parameters to define the performance of antennas. In this 

section, the antenna parameters used in this thesis will be explained. Firstly, the 

parameters related to defining the operating frequency of the antenna will be 

explained, including the impedance, VSWR, S11, efficiency, and bandwidth. 

Secondly, the antenna radiating performance parameters will be introduced. 

They are directivity, gain, radiation patterns, and field regions. 

2.3.1 Impedance 

The input impedance of the antenna, ZL, can be calculated by dividing the 

voltage and the current at the input port of the antenna [16]. It is a complex 

quantity and presented by Eq. 2.3, where R represents the real part of the 

�̂� 
Eq.  2.1 

�̂� 
Eq.  2.2 



Background Theory-Antenna Parameters 

35 

 

impedance, and X represents the imaginary part of the impedance. It is one of 

the most fundamental parameters since the reflection coefficient, efficiency, and 

gain are related to the input impedance.  

𝑍𝐿 = 𝑅 + 𝑗𝑋 Eq.  2.3 

For example, an antenna has an impedance of 50 Ω. Since there is no imaginary 

part in the impedance, that means the voltage and the current are in-phase. 

Likewise, assuming a complex number gives the impedance, i.e., ZL = 50 + j50 

Ω. The magnitude of the impedance could be derived by Eq. 2.4, equal to 70.71Ω.  

𝑀𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 = √𝑅2+𝑋2 Eq.  2.4 

The phase will be derived by Eq. 2.5 and equal to 45° in this case. This means 

the phase of the voltage is 45° advanced to that of current. 

 

2.3.2 Reflection coefficient 

Another essential parameter to characterize antenna performance is the 

reflection coefficient (Γ). It tells how much energy is reflected from the antenna 

due to the impedance mismatch. Moreover, there are several ways to describe 

this, such as return loss (RL), scattering parameters (S-parameter), and voltage 

standing wave ratio (VSWR). Also, an antenna operating frequency is related to 

𝑃ℎ𝑎𝑠𝑒 = 𝑡𝑎𝑛−1 (
𝑋

𝑅
) Eq.  2.5 
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the reflection coefficient to display how much impedance mismatch across the 

frequency band.  

The relation between reflection coefficient and antenna impedance is explained 

in Eq. 2.6. Z0 is the characteristic impedance of the transmission line. When Z0 

and ZL are mismatched, reflection will present, energy will be reflected rather 

than transmitting to the antenna. So, it is imperative to do the impedance match 

to avoid loss; in other words, keep the load impedance ZL of the antenna as close 

as possible to the characteristic impedance Z0 is required. Generally, the 

characteristic impedance of most antennas or a transmission line is 50 Ω.  

𝛤 =
𝑍𝐿 − 𝑍0

𝑍𝐿 + 𝑍0
 Eq.  2.6 

2.3.3 Return loss 

Return loss (RL) describes how much power loss in the signal returned in a 

transmission line or antennas. It is usually presented as a ratio in decibels (dB) 

and can be calculated by Eq. 2.7.  

𝑅𝐿(𝑑𝐵) = 10𝑙𝑜𝑔10

𝑃𝑖

𝑃𝑟
 Eq.  2.7 

 

where RL (dB) is the return loss in dB, Pi is the incident power, and Pr is the 

reflected power. Generally, the larger value of return loss represents the lower 

level of impedance mismatch in the network.  
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2.3.4 VSWR 

An alternative way to express the reflection of power at discontinuities is the 

voltage standing wave ratio (VSWR), which could be calculated from Eq. 2.8. 

VSWR is always a value between 1 and infinity. When VSWR equals to 1, it 

means the impedance matching is perfect. While the more extensive the VSWR 

is, the worse the impedance matching is. 

2.3.5 S-parameters 

Another parameter to evaluate the amount of power transmitted to a two-port 

network is the scattering parameters (S-parameters). Eq. 2.9 describes the 2-port 

network showed in Fig. 2.2, where a1and b1 represent the input/output power at 

port 1, and a2 and b2 represent the input/output power at port 2. V1 and V2 

represent the voltage at port 1 and port 2 and I1 and I2 represent the current at 

port 1 and port 2. 

 

Fig. 2.2: Two-port network inputs and outputs 

[
𝑏1

𝑏2
] = [

𝑆11 𝑆12

𝑆21 𝑆22
] ∙ [

𝑎1

𝑎2
] Eq.  2.9 

𝑉𝑆𝑊𝑅 =
(1 + |𝛤|)

(1 − |𝛤|)
 Eq.  2.8 
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Therefore, the reflection coefficient could also be calculated by S-parameters, 

as shown in Eq. 2.10. Generally, for a one-port antenna, S11 represents the ratio 

between the reflected and incident power.  

S11 =
𝑏1

𝑎1
|
𝑎2=0

 
Eq.  2.10 

Moreover, S11 will be the parameter to describe the reflection in this thesis. The 

operating bandwidth will be determined by the expression, 10log (|S11|) ≤ -10 

dB, which means 90% of the input power has been delivered into the antenna. 

The reflection coefficient is a measure to show how much power is fed into an 

antenna. A low reflection coefficient only means the impedance of the antenna 

is well-matched with the system characteristic impedance in the frequency band. 

However, it does not mean the power will be radiated out from the antenna. 

Other parameters, such as the gain, efficiency, and radiation patterns, must be 

considered together to define how much signal will be radiated. 

2.3.6 Fractional bandwidth 

Antennas are usually designed to operate at a specific range of frequency. 

Generally, the frequency band with S11 ≤ -10 dB is considered as the antenna 

operating frequency. Alternatively, VSWR ≤ 2 is another commonly used 

indicator that could be used to consider the operating bandwidth. Depending on 

applications, the bandwidth requirement is different. Narrow bandwidth 

antennas receive a less interfering signal from the undesired frequency, so the 

signal-to-noise ratio in the operating band remains high. A wide bandwidth 

antenna could support more channels; broadcast and television applications 

usually require a wideband antenna. The bandwidth of an antenna, BW, is 

usually expressed as a relative value to the center frequency, as shown in Eq. 

2.11 fhigh and flow represent the high and low frequency points where S11 equal to 

-10 dB and fc is the center frequency between fhigh and   flow. For example, a 
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standard microstrip patch antenna is usually considered a narrowband antenna, 

and its bandwidth is usually less than 5% [17]. However, pseudo Magneto-

electric dipole antenna has a wider bandwidth, larger than 40% generally. 

𝐵𝑊 =
𝑓ℎ𝑖𝑔ℎ − 𝑓𝑙𝑜𝑤 

𝑓𝑐
× 100% Eq.  2.11 

2.3.7 Efficiency 

In antenna theory, antenna efficiency usually means "radiation efficiency". Eq. 

2.12 defines radiation efficiency as the ratio between the gain and directivity. It 

can also be derived by dividing the total radiated power to power fed into the 

antenna in the transmission case. θ and  are the elevation angle and azimuth 

angle in the spherical coordinate system. 

In addition to the radiation efficiency, there is another quantity called "total 

efficiency". The total efficiency can be derived by dividing the total radiated 

power from the antenna to the power transmitted to the antenna terminal. Due to 

the impedance mismatch, the total efficiency is always smaller than or equal to 

the radiation efficiency. 

𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
 𝑝𝑜𝑤𝑒𝑟 𝑔𝑎𝑖𝑛 𝑖𝑛 𝑎𝑙𝑙 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 (𝜃, 𝜙)

 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛 𝑎𝑙𝑙 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 (𝜃, 𝜙)
 Eq.  2.12 

 

2.3.8 Directivity 

The antenna's directivity is a ratio between the averaged radiation power 

intensity at a particular direction and the total power radiated by the antenna 
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multiplied by a factor of 4π (4π represents the surface area of a sphere). Eq. 2.13 

defines the directivity of an antenna. On the other hand, directivity could also be 

expressed by the relation of the antenna under test (AUT) and an isotropic 

radiator, as shown in Eq. 2.14, where Pra is the total radiated power. The unit of 

directivity is dBi, which is the radiated/received power in dB compared with an 

isotropic radiator (i for isotropic). In some cases, dBd is also used, which means 

the power in dB compared with a dipole antenna (d for dipole). 

 

𝐷(𝜃, 𝜑) =
4𝜋( 𝑝𝑜𝑤𝑒𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑠𝑜𝑙𝑖𝑑 𝑎𝑛𝑔𝑙𝑒 𝑖𝑛 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝜃, 𝜙)

𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑎𝑛𝑡𝑒𝑛𝑛𝑎
 

Eq.  2.13 

 

𝐷(𝜃, 𝜑) =
𝑝𝑜𝑤𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦(𝜃, 𝜙)

𝑃𝑟𝑎

4𝜋𝑟2

 
Eq.  2.14 

 

One thing worth mentioning is, although an isotropic radiator does not exist in 

practice, it radiates equally in all directions so that the directivity of it is defined 

as 1 or 0 dBi.  
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2.3.9 Gain 

Accordingly, the gain could be defined similarly as directivity. In a lossless 

antenna (no conduction or dielectric losses), the gain equals to the directivity.  

 

It can also be defined as the ratio based on the radiation intensity in a specific 

direction to the power supplied to the input port of the antenna (PA). 

𝐺(𝜃, 𝜑) =
𝑝𝑜𝑤𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦(𝜃, 𝜙)

𝑃𝐴

4𝜋𝑟2

 Eq.  

2.16 

2.3.10 Radiation pattern 

The radiation pattern shows the electromagnetic fields angular distribution of an 

antenna. It is a three-dimensional plot and is usually represented as a function in 

a spherical coordinate system (r, θ, ). 

In practice, the radiation pattern is usually illustrated in the principal planes. For 

example, in chapters 4 and 6, the radiation patterns of proposed antennas will be 

represented as a function of elevation angle θ with the azimuth angle  equals 0° 

(in xz-plane) or 90° (in yz-plane), which is also the H-plane and E-plane of the 

proposed antennas respectively. In chapter 5, the radiation patterns of  equals 

45° and 135° will also be discussed. 

The E-field and H-field radiated from different parts of the antenna will interfere 

with each other. There will be zero radiation at some specific angles due to the 

𝐺(𝜃, 𝜑) =
4𝜋( 𝑝𝑜𝑤𝑒𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑠𝑜𝑙𝑖𝑑 𝑎𝑛𝑔𝑙𝑒 𝑖𝑛 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝜃, 𝜙)

𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑎𝑐𝑐𝑒𝑝𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑠𝑜𝑢𝑟𝑐𝑒
 

Eq.  2.15 
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field from different parts are out of phase. Likewise, the radiation will be 

strengthened at some angles because the field arrives in the far-field in phase. 

These different features of a radiation pattern are defined as nulls and lobes, and 

they can be further classified into the first null points, main lobe, side lobes, and 

back lobes [16]. 

 

Fig. 2.3: Radiation pattern in three-dimension [16] 

Fig. 2.3 shows a general radiation pattern of an antenna. The main lobe indicates 

the main radiation direction in the positive z-direction. In contrast, the back lobe 

is the beam radiating in the negative z-direction, which is approximately 180° 

opposite to the main lobe. The rest of the beams are called side lobes. A passive 

antenna does not generate extra power but may concentrate the power in the 

desired direction, which means the power radiated in the side lobes and the back 

lobes are diverted from that in the main lobe. In general, the back or side lobes 

should be minimized as they radiate at the undesired directions.  
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The antenna radiation pattern is usually presented in a 2D cut of a specific plane 

in a polar coordinate system or cartesian coordinates system. Fig. 2.4 depicts the 

radiation pattern in the cartesian coordinate system. The half-power beamwidth 

(HPBW) of the antenna is defined by the beamwidth between the two half-power 

points [16]. The power strength radiates in the direction outside the half-power 

beamwidth is always more than 3 dB lower than the maximum value in the 

antenna main lobe, so it is also called 3-dB beamwidth. First-null beamwidth 

(FNBW) could also describe the radiation pattern, which is the angular 

separation between the first two null points.  

  

Fig. 2.4: Linear plot of radiation pattern [2] 

Isotropic, omnidirectional, and directional are three types of common antenna 

radiation patterns. An isotropic radiator is an ideal radiation pattern that does not 

exist in the real world. It is usually used as a reference to define the directivity 

of an antenna. An omnidirectional patterns antenna could be applied for the 

broadcasting antenna. It is defined as "an essential non-directional pattern in 

the given plane and a directional pattern in any orthogonal plane" [16] to 

provide the communications system reliability transmit or receive the signal 

to/from unknown directions. A highly directional antenna could be used for 

point-to-point transmission since such patterns receive or transmit signals more 

efficiently in a specific direction. For example, microstrip patch antennas have 
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a directional pattern, so they are useful for cases when the locations of the 

transmitters/receivers are known. 

2.3.11 Polarization 

Another critical parameter that needs to be considered when designing or 

describing an antenna is polarization. Four types of polarizations will be 

discussed in this section: linear polarization, circular polarization, elliptical 

polarization, and dual polarization. 

Linear polarization means the electric field or magnetic field stays at a single 

fixed plane when propagating. Generally, the linearly polarized antenna could 

be suitable for line-of-sight communications. Depending on the communication 

environment, the polarization of the wave does sometimes change when 

propagating from the transmitting antenna to the receiving antenna. 
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Fig. 2.5: (a) The electric field of circular polarization. (b). Elliptical polarization [16] 

2.3.12 Field regions 

There are three regions around the antenna: reactive near-field, radiating near-

field, and far-field [16]. The field regions of the antenna as shown in Fig. 2.6. 
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Fig. 2.6: The field regions of antenna 

2.3.12.1 Reactive near-field 

In the reactive near-field, the power is stored instead of propagating [14], [16]. 

In most cases, the regions belonging to the reactive near-field can be determined 

by Eq. 2.17. Ra is the distance from the antenna, D is the major (maximum linear) 

dimension of the antenna, λ is the wavelength. 

 

𝑅𝑎 < 0.62√
𝐷3

𝜆
 Eq.  2.17 

2.3.12.2 Radiating Near-field (Fresnel Region) 

Radiating near-field is also known as the Fresnel Region.  In this region, the EM 

fields start to transit from reactive to a radiating field in this region. However, 

since they have not entirely transited, the shape of the radiation pattern still 
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varies with distance. Eq. 2.18 expresses the radiating near-field boundaries at 

distance R related to the major dimensions and wavelength. 

 

0.62√
𝐷3

𝜆
≤ 𝑅𝑎 ≤

2𝐷2

𝜆
 Eq.  2.18 

Since the reactive near-field does not radiate, and the radiation pattern of the 

antenna in the radiating near-field keeps transforming, it is usually to place the 

receiving antenna outside of these regions. 

2.3.12.3 Far-field 

In the far-field region, the electric field and the magnetic field are orthogonal, 

so the EM wave propagates as a "plane wave". The signal strength only 

decreases with R2. Eq. 2.19 represents the far-field region: 

 
𝑅𝑎 >

2𝐷2

𝜆
 Eq.  2.19 
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2.4 Electric dipole 

This thesis aims to present novel designs of high gain, wideband and simple 

structure pseudo magneto-electric dipole antennas. These Pseudo-ME dipole 

antenna features result from the cooperation of the electric dipole mode and 

magnetic dipole mode. In the next two sections, the basic features of an electric 

dipole and a magnetic dipole, including their radiation mechanism will be 

discussed. That would be helpful to understand the performance of pseudo-ME 

dipole antennas in later chapters. 

2.4.1 Half-wavelength electric dipole 

An electric dipole is one of the simplest forms of antennas. It is cost-effective 

and easy to fabricate, so it is widely used in many applications [19]. 

 

Fig. 2.7: The geometry of a half-wavelength dipole 

The half-wavelength dipole is one of the most commonly used dipoles [16]. Fig. 

2.7 shows a traditional common half-wavelength dipole antenna. It only consists 

of two metallic rods and a voltage source connecting the two metallic rods. Due 

to the rapid development of printed circuit techniques, dipoles could also be 

printed as two metal strips on the substrate [20]. Furthermore, the traditional 

dipole usually has narrow bandwidth due to the small volume [16]; it could be 

Metallic rods 

Voltage source 
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made of thick wires or wider strips for wider operating bandwidth [20][21][22]. 

The impedance of a half wave-length dipole is 73 + j42.5 Ω, for the purpose of 

good impedance matching, the length of a half-wavelength dipole is usually 

around 0.48 λ0 (λ0 is the free-space wavelength) of the operating frequency to 

achieve a 70 Ω impedance [16]. 

When a voltage source is added in the gap between the two metallic rods; the 

two open ends of the half-wave-dipole antenna could be considered as open-

circuit transmission lines. The current should be 0 A at the open ends, so if the 

total length of the antenna is about λ0/2, the current will add in-phase and has 

the maximum magnitude at the dipole center. Fig 2.8 shows the current 

distribution on the dipole, the current is flowing in the negative z-direction, and 

the most substantial current is distributed at the center of the dipole. 

 

Fig. 2.8: The current distribution along a half-wave dipole at phase equals 90° 

Since the current is flowing along the z-axis, there is a positive and negative 

charge building up in this direction, as shown in Fig. 2.9. From Fig. 2.9, the E-

field has the most substantial distribution at the two ends of the dipole. It travels 

from the left arm to the right arm in a half period, the other way back in the next 

half period. 
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Fig. 2.9: The electric field of electric dipole when phase equal to 0° 

Fig. 2.10 shows the radiation pattern of the half-wavelength dipole, the E-plane 

has an " inverted-8" shape, and the H-plane has an "o" shape, omni-directional 

[16]. 

 

Fig. 2.10: The Radiation pattern of a half-wave dipole in three dimensions 
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2.4.2 Wideband electric dipole 

As mentioned before, an electric dipole antenna is usually made of two pieces 

of cylindrical rods (or metallic strips). The rod radius or the strip width is much 

less than its length, so the impedance bandwidth of an electric dipole antenna is 

usually narrow due to the small volumes [16]. The operating bandwidth of the 

dipole can be widening by increasing the radius of the rod or the strip width, 

since more fundamental resonance can be generated. Those antennas are known 

as wideband dipoles. 

 

Fig. 2.11: VSWR of a half-wave dipole with different radius  

Fig. 2.11 presents the VSWR of a half-wave dipole with different radii. It can 

be observed that the operating bandwidth (VSWR ≤ 2) are generally around 20% 

of the dipole increased with thicker rods.  
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2.5 Magnetic dipole 

Magnetic dipoles are another type of primary antennas which have been widely 

used. Compared with electric dipoles, magnetic dipoles have a 3 dBi gain, while 

the realized gain of an electric dipole is 2.15 dBi [23]. 

A magnetic dipole antenna could be realized as a slot antenna. It has a simple 

structure. Generally, Fig. 2.12 shows a simple rectangular slot antenna, the 

length of the slot is around 0.5 λ0, and the width of the slot is usually much less 

than the length. When exciting the aperture with an appropriate field, the 

aperture will generate an omni-directional radiation pattern with linear 

polarization in the y-axis. 

 

Fig. 2.12: The radiation pattern of a half-wave dipole in three dimensions 

In Fig. 2.12, a voltage source is added across the shorted end of the slot antenna. 

The voltage source generates the electric potential difference between the slots. 

Assuming the slot has the length of λ0/2 of the operating frequency, then the two 
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ends of the slot could be considered as short-circuited. From Fig. 2.13, it can be 

observed that the electric field has the most substantial distribution in the center 

of the slot, and it becomes weaker when close to the ends of the slot. 

 

Fig. 2.13: The electric field along with the slot when phase equal to 0° 

The long edge of the slot could be considered as two short-circuited transmission 

lines, so the current has the most substantial distribution at both ends and the 

weakest distribution in the middle of the slot as shown in Fig. 2.14. 

 

 

Fig. 2.14: The current distribution along with the slot 
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The current has almost zero magnitudes in the middle of the slot antenna. 

Theoretically, the impedance is infinite in the middle of the slot antenna, while 

the voltage has zero magnitudes at the ends of the slot, then the impedance is 0 

Ω. Generally, matching a slot antenna with a 50 Ω transmission line, the 

practical feeding point is not located at the center but between the ends and the 

center of the slot. It worth to mention that the feeding locations for Pseudo-ME 

dipole antenna presented in chapter 4 to 6 in in the center of the open slot.  

Fig. 2.15 shows the radiation pattern of a magnetic dipole antenna (rectangular 

slot antenna), the E-plane has an "o" shape omni-directional pattern, and the H-

plane has an " inverted-8" shape [16]. 

 

.  

Fig. 2.15: Radiation fields of a magnetic dipole  
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2.6 Magneto-electric dipole antenna 

In sections 2.4 and 2.5, the basic radiating principle of an electric dipole antenna 

and a magnetic dipole antenna has been introduced. The radiation pattern of the 

slot antenna is identical in shape to that of a half-wave dipole except for the E- 

and H-fields are interchanged [16]. Therefore, if locating an electric dipole and 

magnetic dipole in a perpendicular position, the electric field of both antennas 

will add up. Chlavin made this discovery in 1954 [12], then Wong and Luk 

explained the detailed operating principle and presented the pseudo Magneto-

electric dipole antenna in 2008 [24]. 

 

Fig. 2.16: E-plane radiation pattern of combined electric dipole and magnetic dipole [24] 

Fig. 2.16 shows the combination of the radiation patterns of a pair of 

complementary sources. the collocated electric dipole and magnetic dipole 

operating at the same frequency. The radiating power will be added in the 

broadside direction while the total power is suppressed in the backside [24]. As 

a result, this combination makes the antenna has similar ‘cardio’ shape radiation 

patterns in E- and H-plane. Moreover, if the operating frequency of two 

complementary sources has a slight difference, wide operating bandwidth and 

stable high gain could be obtained. 
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In the next chapter, the detailed literature review of magneto-electric dipole 

antenna will be presented.  
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2.7  Literature Review 

Magneto-electric (ME) dipole antennas are well-known for the advantages of 

high gain and wide bandwidth. These features are resulted when the electric 

dipole mode and the magnetic dipole mode operating at slightly different 

frequencies. Furthermore, the ground plane reflecting the backward radiation 

will provide higher antenna gain and a higher front-to-back ratio. In this chapter, 

the origin design, the evolution of ME dipole antennas, and various state-of-the-

art designs of ME dipole antennas will be discussed. 

In 1954, Chlavin [12] presented the original conception of combining an electric 

dipole and magnetic dipole. By exciting these two complementary sources 

simultaneously, Chlavin produced an antenna feed with equal radiation patterns 

in E- and H-plane [12]. In 2008, Wong and Luk [24] introduced a wideband 

unidirectional antenna composed of a shorted bowtie patch antenna and electric 

dipole, which has a 60% impedance bandwidth. It consists of a horizontal planar 

dipole (electric dipole) and a vertical quarter-wave slot cavity (magnetic dipole). 

The two complementary dipoles radiate at the adjacent frequency bands to 

provide the wide impedance bandwidth, stable and high gain, and similar 

radiation patterns in both E- and H-planes across the operating frequency band. 

Since antennas with the low-profile feature are in high demand, Ge [19] 

presented a low-profile ME dipole with folded-cavity geometry. It has an 

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

band; most importantly, the height of the Pseudo-ME dipole is reduced to 0.169 

λ0. It makes it possible to be implemented into limited space.  

Given the features mentioned above, a series of ME dipole designs has been 

reported after. A microstrip line fed ME dipole, which stacks an electric dipole 

on top of a shorted bowtie patch is reported [25]. It has 60% impedance 

bandwidth (VSWR ≤ 2). A beamwidth reconfigurable ME dipole fed by a Γ-

shaped probe has been presented [24]. The reported antenna supports dynamic 
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beamwidth reconfigurability in H-plane by controlling the pin diodes conduction 

state, which connects the strip and the grating reflector [26]. To reduce the 

antenna's profile, a microstrip line fed pseudo Magneto-electric dipole antenna, 

consisting of a horizontal planar dipole and a vertically oriented folded shorted 

slot cavity pair is reported [26][19]. Dual-band ME dipole antennas have been 

designed to support multi-band applications [27][21][28]. By implementing 

different feeding methods, ME dipoles with different polarization have also been 

reported, such as dual-polarization [29][30][31][32][33] or circular polarization 

[34][35][36][37]. 

2.7.1 Linear polarization ME dipole antennas 

2.7.1.1 An antenna feed with equal E- & H-planes 

Fig. 2.17 (a) shows the combination of two complementary-sources suggested 

by Chlavin [12]. Fig. 2.17 (b) shows the physical antenna feed of an electric 

dipole, and an open-end waveguide is combined with equal amplitude. When 

the two sources are located at the same position or very close together, a 

symmetrical radiation pattern in the E- and the H- plane will be obtained. So, it 

achieves a circular beam cross-section which can be used to optimize the 

efficiency of illumination of a circular aperture, for example, a circular parabolic 

dish antenna. Furthermore, the combination of back radiation will become zero, 

theoretically resulting in a 'cardio' shape radiation pattern. This feed has been 

used to illuminate a 20-inch parabolic dish antenna with the result that the E- 

and H-planes have equal beamwidth, and the side lobes are 30 dB down from 

the main lobe.  
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Fig. 2.17: (a). Electric and magnetic field distribution for two complementary dipoles (b). Test 

feed [12] 

2.7.1.2 Wideband shorted bowtie patch antenna with dipole 

Slot antennas are widely used for wireless communications since they can 

achieve wide impedance bandwidth [38]–[42]. A directional radiation pattern 

can be produced by adding a ground plate as a reflector underneath the radiating 

slot [24]. Inspired by the previous two complementary sources design, in 2008 

Wong and Luk presented an antenna that consists of bowtie patches and an 

electric dipole with a directional radiation pattern [24]. In Fig. 2.18, two 

symmetrical triangle shape patches formed a bowtie antenna; the bowtie antenna 

could be considering a slot antenna with an open-end. Furthermore, a dipole 

consists of two parametric strips is introduced. This combination gives the 
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antenna an excellent front-to-back ratio and similar radiation patterns in E- and 

H-planes. The impedance bandwidth of the antenna is 63%. The maximum gain 

achieved is 7 dBi and a moderate 2 dB gain variation in the frequency band. 

 

Fig. 2.18: 3D and side view of the bowtie patch antenna with dipole [24] 
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2.7.1.3 A low-profile ME dipole antenna  

After 2010, modern wireless communications, such as 3G technology, Wi-Fi, 

and LTE, introduced new requirements into antenna front-end designs. Due to 

the great demand for higher data transmission speed and miniaturization of 

mobile devices. The antennas are required to have (i). high gain to compensate 

for the free space pass loss. (ii). wide bandwidth, so it can be used to cover more 

channels in the required band. (iii). low-profile features so that they can 

integrated easily into various device structures [19][33][43].  

A low-profile wideband unidirectional antenna is shown in Fig. 2.19. The ME 

dipole comprises a pair of horizontal patches; the two horizontal patches work 

as a wideband electric dipole [44]. A pair of vertical folded short patches 

compose a quarter-wave cavity; such cavity provides a magnetic dipole mode 

antenna. A DC grounded coaxial cable is used to feed the ME dipole antenna. 

Like the previous design introduced in section 2.7.1.2, a rectangular cavity 

ground plane is used as a reflector to provide high gain and reduce the back-lobe 

radiation. Although the height of the antenna is less than 0.25 λ0, benefit from 

the vertical oriented folded short patches, the height of this antenna is only 0.169 

λ0, and this low-profile antenna also obtained wide impedance bandwidth of 45.6% 

of VSWR ≤ 1.5.  

Generally, the ground plane reflector should be set at a quarter wavelength 

(wavelength at the center frequency of interest) away from the radiation layer to 

achieve a relatively equal reflection at both low and high-frequency bands. The 

ground plane provides roughly 3 dB more gain to the antenna.  
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Fig. 2.19: Geometry of the low-profile E dipole (a) 3D view (b). side view [44] 

 

 

 

 

 

2.7.1.4 60 GHz Plated Through Hole Printed ME Dipole Antenna 
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Fig. 2.20: 3-D view and side view of the 60-GHz printed ME dipole antenna [45] 

In 2012. Kung Bo Ng published a 60 GHz ME dipole antenna designed by a 

plated through hole printed technique with the use of a microwave substrate 

(Rogers 5880, εr = 2.2, thickness H = 0.787 mm) [45]. Fig. 2.20 shows 3-D view 

and side view of the 60-GHz printed ME dipole antenna. It is excited by a T-

shaped coupled strip feed, a GSG transmission line structure is formed since the 

feeding pin is in parallel with two shorting pins on its two sides. A W-type 

connector (from Anritsu: W1-103F) is located underneath the ground plane. This 

printed ME dipole antenna has 33% impedance band width of S11 < -15 dB from 

50 to 70 GHz and an average 7.5 dBi gain. 

2.7.1.5 Comparison 

The two complementary source antenna feed origin design, the first designed 

ME dipole antenna, and a low-profile pseudo-ME dipole antenna have been 

introduced in the previous sections. Some more designs of linear polarization 

ME dipole antenna designed have been published. Especially, our previous work 

of a pseudo-ME dipole antenna has achieved a comparable wide bandwidth and 
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a higher average gain and smaller in band gain variation. The antenna 

specifications have been listed in Table 2.1 for comparison.  

Table 2.1: Comparison with state-of-art ME dipole antennas 

 
Center 

Frequenc

y (GHz) 

Bandwidt

h 

(VSWR≤2

) 

Gain(dBi

) 

Height 

(λ0) 

Quarter-

wave 

Cavity 

No. of 

Feed 

Points 

[19] 2.4 52.60% 6.7 ± 2.2 0.169 

λ0 

Yes 1 

[46] 1.48 92.00% 5.2 ± 2.5 0.250 

λ0 

Yes 2 

[30] 1.44 68.00% 6.3 ± 3.3 0.240 

λ0 

Yes 2 

[45] 61.25 44.90%  0.230 

λ0 

YES 1 

[47] Work 

in Chapter 

4 

 

2.34 41.00% 8.8 ± 0.9 0.164 

λ0 
None 1 
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2.7.2 Circularly polarized magneto-electric dipole antennas 

Circularly polarized antennas have been widely used in satellite communications 

[35][48]. It does not require polarization alignments between satellite and 

ground station antennas, which provide the communications systems more 

stability. However, for a single feed circularly polarized antenna, the axial ratio 

bandwidth is usually narrow, typically less than 10% [49][50]. Due to the 

wideband feature of ME dipole, a few antenna designs based on the ME dipole 

antenna have obtained wider impedance bandwidth and AR bandwidth [35], 

[51]–[53]. A dielectric-based mm-wave band ME dipole antenna achieves a 

wide impedance bandwidth of 56.7% for VSWR ≤ 2 and 41% of 3-dB AR 

bandwidth; however, with a gain variation of ± 2.6 dB in the operating frequency 

band [54]. An aperture coupled CP ME dipole antenna array fed by a low-loss 

gap waveguide also achieved 14.5% of AR bandwidth [36]. In this section, two 

highlighted CP ME dipole antennas would be introduced. 

2.7.2.1 Crossed dipole loaded with ME dipole.  

In 2015, Xuat and Park proposed a circularly polarized antenna with a 27% of 

3-dB axial ratio bandwidth and a comprehensive 3-dB AR beamwidth of 165° 

[35]. The antenna combined a crossed dipole with an ME dipole antenna, as 

shown in Fig. 2.21. The circularly polarized radiation is achieved by exciting the 

pair of crossed dipole antennas which double quarter-wavelength rings feeding 

the two crossed dipoles with equal amplitude and 90° phase difference. 

Moreover, a four-patch ME dipole antenna is coupled-fed by a pair of crossed-

dipoles, the crossed dipole provides the two fundamental resonances, within the 

introduce of the ME dipole, extra resonance has been generated. Therefore, the 

impedance bandwidth has been increased to 59.8%, and axial ratio bandwidth 

has also increased to 26.5%. 
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Fig. 2.21: The geometry of the crossed dipole loaded with Pseudo-ME dipole [35] 
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Generally, a CP antenna usually has two resonances operate at close frequencies. 

In this study, the presence of ME dipole geometry provides the antenna with 

another two resonances at closed frequency so that yield an extra AR center 

point. Therefore, either the impedance bandwidth or the AR bandwidth extends. 

In addition, A metallic cavity is used as a reflector in the bottom of the antenna. 

2.7.2.2 A 60-GHz Aperture-Coupled Pseudo-ME dipole Antenna 

Array 

Recently, investigation of 60 GHz antenna technology has attracted significant 

attention [55][56]. High-gain characteristics become critical to antennas 

operating at 60 GHz, since it is necessary to compensate for the high oxygen 

absorption in the propagation medium and channel [57][58]. On the other hand, 

circularly polarized wave can provide more promising channel performance, 

especially in the presence of obstacles and reflectors.  

 

(a) 
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(b) 

Fig. 2.22: Geometry of the SIW-fed CP aperture coupled Pseudo-ME dipole [34] 

Li and Luk have presented a SIW-fed aperture-coupled ME dipole antenna that 

operates at 60 GHz band with circular polarization [34]. The impedance 

bandwidth of the antenna is 28%, and the AR bandwidth is 28.8%. The gain is 

7.7 ± 1.4 dBi over the frequency band.  The geometry of the antenna is shown 

in Fig. 2.22. The antenna is fed by an aperture located on the top layer of a 

substrate integrated waveguide (SIW) in Substrate 2. The radiating structures 

are implemented in the top substrate, consisting of vertical metallic pins and four 

horizontal patches. The two pair horizontal patches form two electric dipoles, 

while slots between the patches realize the magnetic dipoles. The feeding slot 

between the radiating and feeding layers excited the electric dipole vertical and 

the magnetic dipole simultaneously. To generate the CP radiation, or in other 

words, activate the parallel electric dipole, and the vertical magnetic dipole with 

a 90° phase difference, an additional metallic strip is added to connect two 
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patches at the diagonal direction. Thus, the input power from the slot could be 

coupled to excite the orthogonal ME dipole. 

2.7.2.3 A comparison of reported CP Pseudo-ME dipole antennas  

 Table 2.2: Comparison of reported CP Pseudo-ME dipole antennas 

 

Two designs of circularly polarized Pseudo-ME dipole antennas have been 

highlighted in sections 2.7.2.1 and 2.7.2.2. There are more CP ME dipole 

antennas can be found in the literature; Table 2.2 provides a detailed comparison 

among these antennas in impedance bandwidth, AR bandwidth, gain, feeding 

method, footprint, height, and cavity. 

2.7.3 Concluding remarks 

Pseudo-ME dipole antennas have been developed after decades of research. 

Generally, since the antenna has wide bandwidth and high-gain features, it is 

widely used for many modern wireless applications. Furthermore, as the 

antenna's geometry is not complicated, it could play a useful role in mm-wave 

 
Fcen 

(GHz) 

BW 

(S11≤10dB) 

3-dB 

AR BW 

Gain 

(dBi) 

footprint 

(λo
2) 

Height

(λo) 

Quarter

-wave 

Cavity 

No. of 

Feed 

Points 

[34] 60.5 28.8% 25.9% 7.7 ± 1.4 1 x 1 0.31 None 1 

[35] 1.1 59.7% 26.8% 8 ± 0.5 0.64 x 0.64 0.17 Yes 1 

[59] 1.3 57.0% 51.8% 9.6 ± 0.4 π x 0.72 0.2 None 2 

[60] 2.5 57.6% 39% 9.4 ± 1.4 π x 0.522 0.26 Yes 2 

[61] 2.6 50.2 % 27% 6.2 ± 0.6 0.48 x 0.48 0.26 None 1 

Antenna 

in 

Chapter 5 

4 70.4% 54.1% 8.7 ± 0.9 1 x 1 0.22  None 1 
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applications. It could also be loaded with other antennas to achieve better 

performance.   

However, the reported Pseudo-ME dipole antenna geometry is still complicated, 

especially the Pseudo-ME dipole antennas for circular polarization, which 

makes it challenging to fabricate. Moreover, the vertical-cavity geometry of 

Pseudo-ME dipole antenna makes it difficult to implement into the mm-wave 

band. In the next chapter, a novel Pseudo-ME dipole without the quarter-wave 

cavity will be presented and analyzed. 
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3. A Simple-geometry Low-profile 

Cavity-less Pseudo Magneto-

electric dipole Antenna  

3.1 Introduction 

Chapter 2.7 has introduced the operating principle of the magneto-electric dipole 

antennas and other previous designs. To our best knowledge, all the magneto-

electric dipole antennas reported so far have the same feature: a vertical quarter-

wave slot cavity created by a pair of conductor walls is utilized to generate the 

magnetic dipole mode. The fabrication of such vertical walls in the millimeter-

wave frequency bands may be challenging. However, our recent study reveals 

that even without the quarter-wave vertical slot cavity, it is still possible to 

generate the magnetic dipole mode by directly activating the slot formed by the 

gap between the two horizontal rectangular patches with a coaxial cable.  

In this chapter, a simple coaxial-fed pseudo magneto-electric dipole antenna is 

designed and experimentally evaluated. The pseudo magneto-electric dipole 

antenna presented in this chapter achieves a considerable bandwidth by utilizing 

the single combined electric and magnetic modes to provide more stable and 

higher gain across the passband. The simulations were performed by using CST 

Microwave Studio [18]. Prototype antennas have also been fabricated to verify 

the antenna performances.  

3.2 Antenna geometry 

Fig. 3.1 shows the geometry of the proposed antenna, and Table 3.1 gives the 

detailed physical and electrical dimensions. The antenna consists of two 
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horizontal rectangular patches; a coaxial cable serves as the feedline and a square 

ground plane. 

The first attempt aims to design the pseudo-ME dipole antenna operating at S-

band (center frequency at 2.5 GHz) to verify the feasibility. A polystyrene foam 

board with a thickness of 1.5 mm is used to support the two horizontal patches. 

The dielectric constant of the polystyrene foam board is 1.004 [62], which is 

very close to that of air. Thus, the effect on the antenna performance from the 

foam could be neglected. 

Since the two horizontal patches on the radiating layer form a half-wavelength 

electric dipole, the length of each patch is 30 mm (0.25 λ0) so that the electric 

dipole operates at around 2.5 GHz.  Due to the existence of the ground plane, 

the fringing field of the electric dipole extends the electric length of it, so it 

operates lower than 2.5 GHz, this issue will be further discussed in the 

parametric study.  

A narrow gap separates the two horizontal patches. Such gap forms an open-

ended slot antenna geometry and operates as the magnetic dipole. The gap 

between the two patches (Gap) is 2 mm. The magnetic dipole should operate at 

a close frequency to the electric dipole to ensure the Pseudo-ME dipole has high 

gain and wide bandwidth. Thus, the patch width is set at 60 mm so that the 

magnetic dipole could also operate at a similar frequency. The size of each patch 

is 30 mm × 60 mm (LPatch × WPatch).   

A semi-rigid coaxial cable (RG402, 50 Ω, ∅ 3.58 mm) positioned at the center 

of the ground plane, is utilized to excite the pseudo magneto-electric dipole 

antenna. The length of the semi-rigid cable was first set as the quarter-

wavelength of 2.5 GHz (30 mm) so that the ground plane could provide gain 

improvement in the operating band. In the meantime, the antenna with a low-

profile feature has the advantage in limited space. Therefore, after performing 
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the parametric study of the antenna, it has been found out that the length of semi-

rigid cable can be reduced to 21 mm (0.164 λ0) and remains a high gain 

performance.  

As shown in Fig. 3.1, on the top end of the semi-rigid cable, the inner and outer 

conductors are connected to the middle of the edges of the two horizontal 

patches, respectively. The bottom end is connected to a SMA connector under 

the ground plane. It is worth mentioning that the semi-rigid cable outer 

conductor is also connected to the ground plane. With such a connection, the 

geometry of the proposed antenna is no longer balanced. Furthermore, the 

ground plane play an important role of isolating the unexpected radiation from 

the coaxial cable, and the measured results show that the affection the radiation 

from the cable is minimum since they matched well with the simulated results 

well. Therefore, like the other Pseudo-ME dipole antennas reported in the 

literature, a balun is not necessary.  

The square aluminum ground plane on the bottom of the antenna is also utilized 

to reflect the negative z-directed radiation to provide a unidirectional radiation 

pattern and a higher front-to-back ratio. The size of the ground plane is set up to 

120 mm2 (λ0
2) to ensure maximum reflection.  

Table 3.1: Dimensions of the cavity-less Pseudo-ME dipole antenna 

 

Parameter LPatch WPatch Gap 

Value (mm) 30 (0.234 λ0) 60 (0.468 λ0) 2 (0.008 λ0) 

Parameter HAir h LGround 

Value (mm) 21 (0.164 λ0) 1.5 (0.011 λ0) 120 (1 λ0) 
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Fig. 3.1: The geometry of the cavity-less Pseudo-ME dipole antenna. 
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3.3 Operation principle 

Magneto-electric dipole antennas usually have the features of high gain and wide 

bandwidth. Such advantages come from the condition that the electric dipole and 

the magnetic dipole are excited simultaneously with the same signal amplitude 

and phase. Besides, the ground plane on the bottom side of patches creates a 

strong reflection, which helps the antenna to achieve even higher gain and 

reduce the back-lobe level. 

In Fig. 3.2 and Fig. 3.3, the electric field, and the magnetic field distributions of 

the proposed antenna at the center frequency at a different time of a cycle have 

been presented, with T being the period of one cycle. For the electric dipole 

mode, at time t = 0 and T/2, the electric field on the horizontal patches’ travels 

in the positive and negative y-direction relatively. Therefore, the electric dipole 

is mainly excited at those moments. While t = T/4 and 3T/4, the magnetic field 

flows in positive and negative x-direction, respectively, and it has the most 

substantial distribution along the long edges of the gap. At these moments, the 

magnetic dipole is excited. 
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(a)                                                             (b) 

     

(c)                                                       (d) 

                                         

Fig. 3.2: E-field of electric dipole mode. yz plane cut (a). t = 0; (b). t = T/2; xy plane cut (c). t 

= T/2; (d). t = T/2 
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(a)                                                         (b) 

     

(c)                                              (d) 

                                  

Fig. 3.3: H-field of magnetic dipole mode. xz plane cut. (a) t = T/4; (b) t = T/4; xy plane cut (c) 

t = 3T/4; (d) t = 3T/4  
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3.4 Parametric study 

A parametric study is presented in this section to investigate the influence of 

each parameter. Firstly, since the two horizontal patches on the radiating layer 

provide the two fundamental resonances (electric dipole mode and magnetic 

dipole mode), the length of the two patches (LPatch) and the open-ended slot 

length between patches (WPatch) will be studied. Secondly, the ground plane is 

employed as the reflector of the antenna. It gives the proposed antenna a 

unidirectional radiation pattern and increases the front-to-back ratio as well. The 

separation (HAir) between the ground plane and radiating layer and the square 

ground plane (LGround) will be analyzed. The rest of the parameters remains the 

same values in Table 3.1 when each parameter is studied.  

3.4.1 LPatch 

The two horizontal patches on the radiating layer produce the two fundamental 

resonances of the proposed antenna. Although the electric dipole and magnetic 

dipole have almost the same physical size, the electric dipole effective length 

has been elongated by the fringing field (as explained in section 3.4.2.). 

Therefore, the electric dipole mode operates at a relatively lower frequency. Fig. 

3.4 shows the influence of LPatch on Z11. The first and second resonant modes 

have been significantly affected by tuning the patch length, which means the 

electric dipole mode mainly dominates the low-frequency band resonance.  

Fig. 3.5 shows the influence on gain and the S11 of the proposed antenna against 

different LPatch. (The dotted line is for S11 and the sloid line are for gain, and the 

following S11 and gain plot followed the same rule.) By tuning LPatch longer, the 

operating band shifts to a low-frequency band since the first and second modes 

have been affected. Simultaneously, the gain at the low-frequency band is 

slightly increased and extended while the high-frequency band decreased 

slightly. These observations further evidence the electric dipole mode dominates 

antenna performance in the low frequency band. 
1st 

2nd 

3rd 
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Fig. 3.4: Z11 of the cavity-less Pseudo-ME dipole antenna at different patch length (LPatch) 

 

1st mode          3rd mode 

     2nd mode       
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Fig. 3.5: Gain and S11 of the cavity-less Pseudo-ME dipole antenna at different patch length 

(LPatch) 

3.4.2 WPatch 

Fig. 3.6 shows the influence of WPatch on Z11. The second and the third modes of 

antenna have been noticeably affected by tuning the patch width, which means 

the magnetic dipole mode mainly dominates the high-frequency band resonance. 

By extending the length of WPatch, the second and the third modes move to a 

lower frequency. 

Fig. 3.7 depicts how the gain and the S11 of the proposed antenna change with 

different WPatch. With shorter WPatch, the low end of S11 and gain remain the same, 

while the high end of S11 extends, and the gain also has a significant increase at 

high frequency. As discussed in 3.4.1, the second resonant mode is also 

controlled by LPatch, which means primary operating mode of the proposed 

antenna (the second mode), is composed of both electric and magnetic dipole 

modes. 
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Fig. 3.6: Z11 of the cavity-less Pseudo-ME dipole antenna at different patch width (WPatch) 

 



A Simple-geometry Low-profile Cavity-less Pseudo Magneto-electric dipole Antenna-

Parametric study 

82 

 

Fig. 3.7: Gain and S11 of the cavity-less Pseudo-ME dipole antenna at different patch width 

(WPatch) 

3.4.3 HAir 

In the next two sections, the influence of the ground plane on the antenna will 

be studied. The ground plane is roughly set at a quarter wavelength away from 

the radiating layer, providing the proposed antenna with a unidirectional 

radiation pattern and reducing the back lobe strength.  

HAir represents the separation between the radiating layer and the ground plane. 

Fig. 3.8 gives the influence of HAir on Z11 of the proposed antenna. As explained 

before, the ground plane is employed as a reflector so that the signal strength has 

the maximum enhancement at the height of 0.25 λ0 theoretically. Therefore, the 

three antenna modes show the corresponding reaction by tuning HAir: when 

tunning HAir shorter, all antenna resonances shift to a higher frequency band. 

From Fig. 3.9, it can be found that the impedance bandwidth remains wide but 

shift to a higher frequency with shorter HAir. Likewise, the gain in the high-

frequency band (Frequency roughly higher than 2.5 GHz) enhanced with shorter 

HAir. 
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Fig. 3.8: Z11 of the cavity-less Pseudo-ME dipole antenna at a different height (HAir) 

Generally, a quarter-wavelength separation from the ground plane gives the 

most balanced gain enhancement in the whole operating band, so usually, 0.25 

λ0 is a reasonable distance to set the separation for wide bandwidth and a 

balanced high gain. However, the low-profile feature becomes more attractive 

since it allows the antenna to be implemented into limited space, although the 

bandwidth might be sacrificed. To study how low-profile could the antenna be 

while the bandwidth is still maintained in an acceptable range, Table 3.2 shows 

the bandwidth and the in-band gain variation of the proposed antenna with 

different HAir as a reference. Even at the height value of 18 mm (0.15 λ0), the 

bandwidth still more than 40%. Therefore, depending on the applications, the 

cavity-less Pseudo-ME dipole height can be reduced to lower than 0.25 λ0 for 

obtaining the low-profile feature. 
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Fig. 3.9: Gain and S11 of the cavity-less Pseudo-ME dipole antenna at a different height (HAir) 

Table 3.2: Impedance bandwidth with the different height (HAir) 

HAir (mm) 15 18 21 24 

Bandwidth 34.2% 41.8% 47.5% 51.0% 

Gain Variation (dB) 1.0 1.0 1.0 1.0 

 

The plane also affects field distributions. Unlike a conventional electric dipole, 

in which the electric field always oscillates between the two arms, in the 

proposed antenna, the electric field also oscillates between the two far edges of 

two horizontal patches and the ground plane, as shown in Fig. 3.2 (a) and (c). 

This fringing field affects the operating frequency indirectly. Thus, in Fig. 4.11, 

all the three modes of the antenna are sensitive to the changing HAir. It can also 

be observed that the impedance bandwidth of the proposed antenna will increase 

with increase HAir, but the maximum gain will be reduced and suffered from 

more variation with the bandwidth. 
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3.4.4 LGround 

The ground plane reflects the wave in the back-lobe direction to the main bore-

sight direction. Although an infinite ground plane can increase the radiation 

element gain of a dipole antenna, theoretically 3 dB more gain will be achieved 

if the antenna is omnidirectional, it is not feasible to achieve so. To achieve the 

best balance between the ground plane size and the increased gain, the ground 

plane size needs to be sufficiently bigger than the radiating elements. Otherwise, 

the gain will be reduced by 1.5 dB if the ground plane is smaller than 0.5 λ0
2 

than the infinite ground plane case [63]. In Fig. 3.11, the simulated S11 and gain 

with different ground plane sizes have been depicted. The ground plane sizes 

have been set up as 50 mm (0.42 λ0), 90 mm (0.75 λ0), 130 mm (1.09 λ0), and 

170 mm (1.42 λ0). It can be noticed that neither S11 nor gain shows the right 

consistency until LGround is more than 90 mm. However, when LGround is less than 

or equal to 50 mm (roughly smaller than 0.4 λ0), the ground plane cannot 

perform as a good reflector in the low-frequency band. Since the wavelength is 

longer, the electric field of the electric dipole will travel to the bottom side of 

the ground plane rather than the top side. Thus, the gain decreases. And in Fig. 

3.10, The main resonant mode of the antenna shifted and caused the influence 

on the bandwidth and gain when LGround is less than 50 mm. In these cases, the 

proposed Pseudo-ME dipole antenna operates more like a conventional 

wideband dipole. 
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Fig. 3.10: Z11 of the cavity-less Pseudo-ME dipole antenna at the different ground size (LGround) 

 

Fig. 3.11: Gain and S11 of the cavity-less Pseudo-ME dipole with different ground size (LGround) 
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Fig. 3.12 and Fig. 3.13 shows the radiation patterns at E- and H-plane of the 

proposed antenna with different LGround to further understand why the gain 

decreases with an insufficient ground plane size. The back lobe of the antenna 

increased significantly with a smaller ground plane. When LGround equal to 50 

mm, the front-to-back ratio decreased to 3 dB. When the LGround is larger than 

130 mm (1.09 λ0), both planes generally have the front-to-back ratio larger than 

18 dB. The increased back lobe proves that the ground plane cannot operate as 

a perfect reflector when the size is less than λ0. 

 

Fig. 3.12: E plane Radiation patterns of cavity-less Pseudo-ME dipole antenna with the 

different ground size (LGround) 
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Fig. 3.13: H plane radiation patterns of cavity-less Pseudo-ME dipole antenna with the 

different ground size (LGround) 

 

3.4.5 Parametric study summary 

Parameters that determine the primary performance of the antenna have been 

studied in the last four sections. To design the cavity-less Pseudo-ME dipole 

antenna at the required frequency and obtain reasonable gain and impedance 

bandwidth: Firstly, LPatch and WPatch should be set up to around 0.25 λ0 and 0.5 

λ0 respectively, so that the electric dipole and the magnetic dipole could operate 

at the close frequency band. Due to the fringing field effect, the electric dipole 

will operate at a lower frequency than the magnetic dipole. Secondly, a ground 

plane with a size of at least λ0
2 needs to be put 0.25 λ0 away from the radiating 

patches for a 3 dB gain enhancement. Based on the applications, the height of 
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the antenna could be reduced to 0.15 λ0 and still obtain a wide impedance 

bandwidth of around 40%. 

Based on the parametric study done so far, a series of figures of impedance 

bandwidth (S11 ≤ -10dB) and average gain (the average of the maximum and 

minimum gain in-band) related to each parameter is shown in Fig. 3.14. These 

data could be used as a reference for designing the cavity-less pseudo-ME dipole 

antenna in S-band or similar frequency bands. 

(a) (b) 
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(c) 

 

(d) 

 

Fig. 3.14: Average gain and impedance bandwidth with different (a). LPatch. (b). WPatch. (c). HAir 

(d). LGround. 
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3.5 Simulation and experimental results 

A prototype antenna, as shown in Fig. 3.15, has been fabricated to verify the 

performances of the proposed design. A semi-rigid cable is used to realize the 

coaxial cable modeled in the simulation. The two horizontal patches are made 

of thin adhesive copper foil. The measured S11 was obtained using a vector 

network analyzer (model number: R&S®ZN-Z229), and the antenna gain, and 

radiation patterns were measured in the UCL anechoic chamber. It worth 

mentioning that the measured results of the antenna proposed in chapters 5 and 

6 are obtained in the same condition. 

 

Fig. 3.15: The photography of fabricated cavity-less Pseudo-ME dipole prototype  

The simulated results of the antenna show a comparable wide impedance 

bandwidth of 52.96% (S11 ≤ -10 dB) from 1.86 GHz to 3.2 GHz, and a stable 

and higher realized gain from 8.20 to 10.01 dBi (± 0.91 dB variation), center at 

2.37 GHz as depicted in Fig. 3.16. The maximum gain has increased by around 

9.4% when compared with that of the highest reported. Simultaneously, the gain 

variation in the proposed antenna passband is much lower than that of those 

Pseudo-ME dipole antennas reported in the literature. The radiation mechanism 

and the effects of the antenna critical parameters are also explained with the 

assistance of the parametric study presented. 
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3.5.1 S11, realized gain and efficiency. 

The measured S11 and the realized gain results are shown in Fig. 3.16. It can be 

observed that the discrepancy between the measured and simulated results is 

minimum. The measured impedance bandwidth (S11 ≤ -10 dB) is 50.30% from 

1.86 GHz to 3.11 GHz (2.66% narrower than the simulated result). The 

prototype antenna has a stable measured gain of 8.74 ± 1 dBi (average gain is 

6.59% higher than the simulated result), across the operating frequency band. 

Due to the antenna effective aperture become relatively larger at higher 

frequency, the maximum measured gain achieved is 9.74 dBi at 2.80 GHz. Fig. 

3.17 shows the radiation and total efficiency of the proposed antenna, which are 

higher than 99% and 89% respectively in the operating band. 

 

 

 

 

Fig. 3.16: Simulated and measured gain and S11 of cavity-less ME dipole 
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Fig. 3.17: Simulated radiation and total efficiency of the proposed cavity-less ME dipole 

3.5.2 Radiation Patterns  

The simulated radiation pattern in 3D has been shown in Fig. 3.18, which 

depicted the proposed pseudo-ME dipole antenna has high gain and similar 

pattern in E- and H-plane. The simulated and measured 2D radiation patterns at 

different frequency points have been presented in Fig. 3.19. The main E-plane 

is in the y-direction, and H-plane is in the x-direction. The antenna is linearly 

polarized with about -18 dB cross-polarization level. It should be mentioned that 

the simulated results of the cross-polarization are not shown in the figures for 

clarity since they are deficient (less than -80 dBi). The low cross-polarization in 

the simulations can be explained by the assumptions of the perfectly 

symmetrical structure and precise excitation point in the simulation model. The 

ideally symmetrical excitation of the wide electric dipole and magnetic dipole 

will not excite any cross-polarization. However, it is very difficult to achieve in 

the fabrication, mainly when soldering the coaxial cable to the excitation points 

on the two horizontal patches' sides in the practical case. The electric dipole and 
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magnetic dipole are orthogonally located, so the polarization effects are minimal. 

The measured and simulated co-polarization radiation patterns match well, 

particularly in the main beam (-45°< θ < 45°).  Within the operating bandwidth 

from 1.8 GHz to 2.8 GHz, the antenna has stable unidirectional radiation patterns 

in both E- and H- planes.  

 

Fig. 3.18: Simulated radiation patterns of the proposed antenna in 3D 

E-Plane                                                 H-Plane 
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(a)                                                       (b) 

 

(c)                                                 (d) 

 

(e)                                              (f) 

 

Fig. 3.19: Simulated and measured radiation patterns at (a) 1.8 GHz E-plane (b) 1.8 GHz H-

plane, (c) 2.3 GHz E-plane, (d) 2.3 GHz H-plane, (e) 2.8 GHz E-plane, (f) 2.8 GHz H-plane 

Table 3.3 summarizes the 3-dB beamwidth and front-to-back ratios at different 

frequency points. ∆1 represents the 3-dB beamwidth difference across frequency 

at each plane, and ∆2 represents the 3-dB beamwidth difference between E- and 

H-planes. ∆1 for the two planes has a similar value of 10.3° and 12°, which means 

the proposed antenna has stable radiating performance at different frequencies. 

The proposed antenna also has very similar E-plane and H-plane radiation 
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patterns, as ∆2 is always lower than 11°. Besides, the 3-dB beamwidth in the E-

plane is always smaller than that of the H-plane. The observation can explain 

that the fringing field has elongated the sufficient length of the electric dipole 

and created a larger radiation aperture, as shown in Fig. 4.3 (a) and (c). Therefore, 

the directivity in the E-plane is higher.  

Table 3.3: 3-dB beamwidth and the front-to-back ratio of the cavity-less Pseudo-ME dipole 

antenna 

3-dB beamwidth (°) 1.8 GHz 2.3 GHz 2.8 GHz |∆1| 

E-plane 61.8 56.8 51.5 10.3 

H-plane 72.2 67.8 60.2 12 

|∆2|  10.4 11.0 8.7  

Front-to-back 

ratio(dB) 

18.4 19.1 19.2  
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3.6 Concluding remarks 

In this chapter, a cavity-less pseudo magneto-electric dipole antenna has been 

designed and its feasibility has been proven. The measured results demonstrate 

that the cavity-less magneto-electric antenna has a comparable performance than 

the conventional cavity base ME antenna. It has a bandwidth of 50.30% and a 

stable realized gain from 9.1 ± 0.91 dBi. Especially, low-profile feature could be 

achieved by adjusting the height of the antenna. 

The cavity-less pseudo-ME dipole makes the geometry simpler, reduces the 

complexity and the cost of fabrication. This concept will be implemented in the 

next two chapters to design a circularly polarized antenna (chapter 4) and a 

millimeter-wave band antenna (chapter 5). 
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4.Crossed-dipole Feed Circularly 

Polarized Pseudo Magneto-electric 

dipole Antenna 

4.1 Introduction 

Antennas with circular polarization (CP) radiation features have several 

advantages over linearly polarized (LP) antennas. CP antennas have improved 

immunity to: (i). Polarization miss-match losses [64][65]. Radio signals are 

absorbed or reflected depending on the material they contact. If the polarization 

of the reflected incoming signal does not lie in a specific plane, the signal 

strength of LP antenna received will be weakened or even lost. While CP 

antennas can receive the signal from any plane perpendicular to the propagation 

direction almost equally. (ii). Multipath interference. Multipath means the 

receiving antenna received the signal from two or more paths at nearly the same 

time. CP antennas provide a guarantee for the stability of wireless connection 

systems and deal with various communication problems. Due to these features, 

circularly polarized antennas are commonly used in the scenario in which signals 

come from an uncertain direction, such as global navigation satellite systems 

(GNSS) and satellite communications [35][48][66].  

Circular polarization is generated by two closely separated orthogonal 

resonances with equal magnitude and 90° phase difference. To provide a 

wideband dual-feed for achieving CP radiation, Wilkinson power divider 

[48][59][67], microstrip line to double slot line transmission [60], or T-junction 

power divider [68][69] are the most common feeding methods. However, these 

complex geometries increase the difficulty of fabrication and can introduce 

further losses into the system. Moreover, the usable impedance and AR 
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bandwidth of a single feed are usually narrow. Typically, the values are lower 

than 10% [70][71]. 

In chapter 4, a simple geometry wide bandwidth cavity-less pseudo-ME dipole 

antenna has been designed and verified. This single-fed antenna has a wide 

bandwidth, which inspired us to develop this geometry with CP characteristics. 

In this chapter, a novel cavity-less crossed-dipole fed pseudo magneto-electric 

dipole antenna with circular polarization will be presented. The 4-patch Pseudo-

ME dipole is fed by a crossed-dipole feeding network. It has two pairs of electric 

dipole modes and magnetic dipole modes that cooperate to generate wideband 

CP radiation. The proposed single-fed CP pseudo-ME dipole antenna has a wide 

impedance bandwidth (S11 < -10dB) of 70.4% from 2.46 to 5.10 GHz, a stable 

high gain of 8.7 ± 0.9 dBi in the operating band and achieves a maximum gain 

of 9.6 dBi at 3.27 GHz. Most importantly, by implementing the two pairs of 

orthogonal resonances, this antenna has two CP center points, the CP radiation 

bandwidth for AR ≤ 3 dB is 43.5% from 2.87 GHz to 5.0 GHz.  

4.2 Antenna Geometry 

Fig. 4.1 shows the geometry of the proposed antenna. Like the cavity-less LP 

Pseudo-ME dipole antenna discussed in chapter 4, the CP ME antenna also 

consists of mainly three parts. i. The radiating layer on the top of the antenna. It 

has four square horizontal patches A, B, C, D printed on the substrate (Rogers 

RT5880LZ, εr = 2.0, tan δ = 0.0021 @ 10 GHz)). Patches A, B are on the top 

side, while patches C, D are on the other side of the radiating layer. ii. A semi-

rigid coaxial cable with a crossed-dipole feeding network geometry relays the 

input port signal to the four patches with proper magnitude and phase differences. 

iii. A square metallic ground plane at the bottom of the antenna. It also serves as 

a reflector to the backward radiation to provide a unidirectional radiation pattern 

and higher front-to-back ratio.  
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Fig. 4.1: The geometry of the crossed-dipole feed circularly polarized ME dipole 

Fig. 4.2 (a) and (b) show the metallic patterns of radiating elements on the top 

and bottom sides in detail. A, B, C, D are four square patches and have the same 

dimensions of side length LPatch. Patches A and B are connected to the inner 

conductor of the semi-rigid coaxial cable, and Patches C and D are connected to 

the outer conductor. The four patches form two electric and two magnetic 

dipoles, which provide four fundamental resonances. A crossed-dipole feeding 

network with two short and two long leads (the long lead is also called quarter-

wave ring in this thesis) is located at the center of the substrate. Moreover, the 

length of two long leads of the crossed dipole is roughly 0.25 λg, which 

introduces the 90° phase difference between patches A and B, and patches C and 

D, for CP radiation.  
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(a). Topside of the radiating layer  

 
(b). The bottom side of the radiating layer 

Fig. 4.2: (a). Patches A and B are connected to the outer conductor of the semi-rigid cable (b). 

Patches C and D are connected to the outer conductor of the semi-rigid cable 

Table 4.1 provides detailed dimensions of the proposed CP Pseudo-ME dipole 

antenna. The substrate chosen for the radiating layer is Rogers 5880LZ with a 

thickness of 1.27 mm. Since the four horizontal patches are operating as half-

wave electric dipoles and magnetic dipoles, each square patch has a length (LPatch) 

Short lead 

Long lead 
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which was first set to around a quarter wavelength. Although the radiating 

elements look like as rhombic patches rather than square patches in the operation, 

the simulation shows that it is closer to a quarter wavelength, not √2 of the 

quarter wavelength. The final optimized value is 18.5mm (0.233 λg), and the 

separation WGap between each patch is 2.1 (0.026 λg).  

The crossed-dipole geometry aims to create the 90° phase difference between 

the orthogonal resonances. Thus, the long lead (quarter-wave ring) of the crossed 

dipole should have the length around a quarter wavelength, the final optimized 

radius of the long lead RRing is 5.2mm (0.064 λg), so the length of the long lead 

LRing can be calculated based on RRing, which is roughly 18.5mm (0.23 λg). 

Moreover, the crossed-dipole geometry also plays a critical role in dividing 

equal power to four patches to achieve circular polarization. The width of the 

long lead WRing and the short lead WCon is set as 1.5mm (0.019 λg) and 5.2mm 

(0.065 λg) to achieve the best impedance matching and equal magnitude of four 

resonances.  

Finally, like the previous LP Pseudo-ME dipole in chapter 4, the ground plane 

should be set 0.25 λg away from the radiating layer to obtain the best gain 

enhancement. The final value of HAir is 17.7mm (0.223 λg). Furthermore, the 

length of the sides of the flat ground plane reflector should be set at λ0 to provide 

a balanced gain enhancement in the whole operating band, LGround is set as 

120mm (1.070λ0 or 1.513 λg).  
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Table 4.1: Dimensions of the proposed CP Pseudo-ME dipole antenna 

 

4.3 Operation Principle 

Conventionally, circular polarization is generated from a pair of orthogonal 

resonance, and they need to have equal magnitude and 90° phase difference. The 

two resonances usually operate at slightly different frequencies to obtain wider 

axial ratio bandwidth. The center of the two operating frequencies is called AR 

center frequency in the thesis, and the axial ratio should have the minimum value 

at the AR center frequency.  

Benefit from the 4-patch pseudo-ME dipole geometry, the proposed antenna has 

two pairs of 45° angularly separated electric dipoles and magnetic dipoles as 

shown in Fig. 4.3. The two electric dipoles operate at the lower frequency band. 

In contrast, the two magnetic dipoles operate at a higher frequency band. That 

results in two AR center frequency points (electric dipoles contribute to the 

lower AR center point; magnetic dipoles contribute to the higher AR center 

point). An impressive AR bandwidth for a single-fed CP antenna is obtained. 

Fig. 4.3 shows two pairs of rhombic electric dipoles located on the radiating 

layer orthogonal diagonals. Patches A and C are operated as the two arms of the 

Electric Dipole 1, and they are fed by the two short leads of the crossed-dipole 

feeding network. While Patches B and D are employed as the two arms of the 

Electric Dipole 2, and the two long leads feed them. Due to the quarter 

HSubstrate HAir LPatch WGap RRing 

1.27 (0.016 λg) 

(0.016λo) 

17.7 (0.223 λg) 

(0.221λo) 

18.5 (0.233 λg) 

(0.233λo), 

(0.233λo), 

(0.233λo), 

(0.231λo) 

 

2.1 (0.026 λg) 

(0.026λo) 

5.2 (0.064 λg) 

LRing WRing WCon LGround  

18.5 (0.23 λg) 1.5 (0.019 λg) 5.2 (0.065 λg) 120 (1.5 λg)  
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wavelength arc geometry, the signal traveled to Electric Dipole 2 is 90° delayed. 

Thus, the low-frequency band CP could be generated.   

The two straight open slots, formed by the gaps between the patches, are 

radiating as magnetic dipole antennas on the radiating layer. As shown in Fig. 

5.3, Magnetic Dipole 1 located in the x-axis is orthogonal to Magnetic Dipole 2 

in the y-axis. Benefit from the crossed-dipole feeding network as well; a 90° 

phase difference is achieved between the two magnetic dipoles. So, CP at the 

high-frequency band could be generated.   

From Fig. 4.3, the length of the electric dipoles is longer than that of magnetic 

dipoles since they radiated on the diagonal. Therefore, circular polarization 

result from electric dipoles happens at a lower frequency. The magnetic dipoles 

dominate the circular polarization in a high-frequency band. By combining the 

resonances, wideband characteristics in impedance bandwidth and 3-dB AR 

bandwidth are achieved.  

 

Fig. 4.3: The four fundamental mode of the crossed-dipole feed CP pseudo-ME dipole antenna 
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4.3.1 Electric dipole mode  

To better understand how the circular polarization is generated. Fig. 4.4 

illustrates the electric fields at a different time (t) in one period of oscillation (T) 

of the proposed CP antenna at the low-frequency band CP center point (3.5 GHz). 

When time t equals 1/8T and 5/8T, the electric field has the most vital 

distribution on the Patches B and D along the diagonal. At this moment, Electric 

Dipole 2 is mainly excited. When time equals 3/8T and 7/8T, the electric field 

has the most substantial distribution on the Patches A and C along the other 

diagonal direction, so Electric Dipole 1 is excited. 

Electric Dipole 2                                         Electric Dipole 1 

     

(a). t= 1/8T                                                   (b).  t=3/8 T 

      

(c). t= 5/8 T                                                     (d). t=7/8 T 

Fig. 4.4: The electric field of the two electric dipoles at different times.  
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4.3.2 Magnetic dipole mode 

When the electric dipoles radiate, the open-slots between patches also radiate 

with proper magnitude and phase to generate the circular polarization in the high 

frequency band. Fig. 4.5 depicts the electric field at a different time (t) in the 

period of oscillation (T) of the proposed CP antenna at the high-frequency band 

CP center point (4.1 GHz). When time equals 0 and 1/2T, the electric field has 

the most substantial distribution along with the slot in the x-axis, which means 

Magnetic Dipole 1 is excited. When time equals 1/4T and 3/4T, the electric field 

has the most substantial distribution on the slot in the y-axis. Thus, Magnetic 

Dipole 2 is excited.  

Magnetic Dipole 1                                         Magnetic Dipole 2 

  

(a). t = 0                                                 (b). t = 1/4T 

  



Crossed-dipole Feed Circularly Polarized Pseudo Magneto-electric dipole Antenna-Operation 

Principle 

107 

 

(c). t = 1/2T                                            (d). t = 3/4T                                              

Fig. 4.5: The electric field of the two magnetic dipoles at different time.  

4.3.3 Radiation principle summery 

In sections 5.3.1 and 5.3.2, the electric field distribution of the electric dipoles 

and the magnetic dipoles have been analyzed, respectively. To sum up the 

radiating principle stated so far, Fig. 4.6 illustrate the main E-field and H-field 

distribution at different times. It demonstrates that the proposed CP Pseudo-ME 

dipole antenna has two pairs of electric dipole modes and magnetic dipole modes 

with a right-hand circular polarization.  

 

Fig. 4.6: The rotation of fields at different times. 

In the meantime, to better understand the rotation of the electromagnetic wave 

from the proposed antenna, Fig. 4.7 and Fig. 4.8 plot the z-axis component 

distribution of E-field and H-field at different times. These two groups of figures 

demonstrate the CP Pseudo-ME dipole with right-hand polarization intuitively. 
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E-field distribution 

 

t=T/8 

 

t=3/8 T 

 

 

t=5/8 T 

 

t=7/8 T 

Fig. 4.7: E-field z-axis components distribution at different time 

H-field distribution 
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t=0 

 

t=T/4 

 

 

t=T/2 

 

t=3/4 T 

Fig. 4.8: H-field z-axis components distribution at different time 

The left-hand polarization could be achieved by applying the crossed dipole 

feeding network in the opposite direction, the pattern of the radiation elements 

is shown in Fig. 4.9. Feeding Patch B and D by the short lead of the crossed 

dipole and feeding the Patch A and C by the long lead, then the left-hand 

polarization will be achieved. 
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Fig. 4.9: Top view of left-hand polarization CP Pseudo-ME dipole antenna 

E-field distribution 

 

t=T/8 

 

t=3/8 T 

 

A 

B C

D 
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t=5/8 T 

 

t=7/8 T 

Fig. 4.10: E-field z-axis components distribution at different time 

H-field distribution 

 

t=0 

 

t=T/4 
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t=T/2 t=3/4 T 

Fig. 4.11: H-field z-axis components distribution at different time 

4.4 Parametric Study 

A series of parametric studies will be discussed in this section to understand 

further the proposed circularly polarized pseudo-ME dipole antenna operation 

principle. Firstly, the four horizontal patches on the radiating layer play a key 

role in generating the fundamental resonances, providing a stable and high gain 

across the operating frequency. So, the length of each patch (LPatch) is studied 

first. Secondly, the crossed-dipole feeding network makes the antenna possible 

to have a stable circular polarization and wide 3-dB AR bandwidth. Besides, it 

is also essential for wideband impedance matching. So, the width of the short 

leads (WCon) and width of the long leads (WRing), and radius of the arc (RRing) are 

investigated. Thirdly, like the ground plane of the LP pseudo-ME dipole 

proposed n Chapter 4. The height between radiating layer and the ground plane 

(HAir) and the length of square the ground plane (LGround) has also been 

investigated to study the influence on gain and bandwidth. Finally, in the last 

part of this study, a metallic cavity geometry will replace the planner ground 

plane. It provides the proposed antenna with a more unidirectional radiation 

pattern and a higher front-to-back ratio [35]. The height of the cavity vertical 

wall (HWall) will be studied. 

The parametric study will analyze the performance of the antenna by studying 

S11, the real and imaginary parts of Z11, the realized gain, and the axial ratio. The 

other parameters remain the same as those values in table 5.1 when each 

parameter is studied. 
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4.4.1 LPatch 

The four horizontal patches on the radiating layer are the main radiating 

elements that produce the four fundamental resonances, so the size of patches 

determine the frequencies of four resonances.  

Fig. 4.13 depicts the real and imaginary parts of the impedance with different 

LPatch. Since the resonant frequency of either a half-wavelength electric dipole 

or a magnetic dipole is determined by its length, when tuning the LPatch longer, 

all four modes move to a lower frequency band (ref to section 5.4.1 for the four 

modes of the antenna). Although the resonant frequency changes with LPatch 

varying from 15.5 mm to 20 mm (19.5 λg to 25.2 λg), the value of impedance is 

generally not affected significantly except the fourth mode, so the bandwidth is 

still wide generally while the high-frequency band is affected relevant more. 

This can be confirmed by the S11 shown in Fig. 4.12. By tuning LPatch, the 

operating frequency of the proposed antenna shifts accordingly, but the 

impedance bandwidth remains wide close to 60%.  
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Fig. 4.12: Simulated Z11 and gain of the proposed CP pseudo-ME dipole antenna with different 

LPatch 
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Fig. 4.13: Simulated S11 of the proposed CP Pseudo-ME dipole antenna with different LPatch 

Fig. 4.14 shows how gain and the axial ratio change with different LPatch. By 

tuning LPatch larger, the gain at the high-frequency band drops since the 

resonance frequency moves. Moreover, due to the impedance changes of the 

fourth mode, and the RRing becomes relatively shorter with a longer LPatch, the 

amplitude/phase balance of the high-frequency-band CP cannot be maintained, 

the gain and AR performance at high frequency are deteriorated.  
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Fig. 4.14: Simulated gain and the axial ratio of the proposed CP Pseudo-ME dipole antenna 

with different LPatch 

4.4.2 WCon 

The feeding network is the critical part that transfers the balanced signal from 

the coaxial cable to each patch and the open-slots. It plays an essential role in 

creating the 90° phase difference and allocates equal power for the four 

horizontal patches to generate circular polarization. The signal will be spilt into 

four paths and travel to each patch after the feed network geometry. Thus, the 

width of each lead becomes a critical value that affects the impedance matching.  

WCon represents the width of the short lead. Fig. 4.15 and Fig. 4.16 show the 

influence of WCon on S11 and Z11. Generally, the wider WCon is, the wider S11 

bandwidth will achieve. As it can be observed from the Z11 profile, larger values 

of WCon will make both real parts and the imaginary part of the antenna balanced 

and close to 50 + j0 Ω. In this parameter study, 5.2 mm (0.065 λg) is almost the 
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maximum width that can be achieved, as it is limited by the space available. It 

must mention in this specific case, wider WCon brings a properly balanced 

impedance. However, in other cases of implementing crossed-dipole geometry 

as a feeding method, the value chosen guide may be different. 

Fig. 4.17 shows that by tuning WCon from 3.7mm (0.046 λg) to 5.2 mm (0.066 

λg), the gain and axial ratio are not affected significantly while only the high-

frequency band gain slightly increased. The axial ratio remains low in the 

investigated range of WCon, and the AR profile shows that WCon is related to the 

balance between low-frequency and high-frequency band CP. To sum up the 

analysis state so far, when set up the value of short lead WCon: firstly, the width 

should be as comprehensive as possible since a wide impedance bandwidth is 

desired. Secondly, according to the axial ratio to choose the value of WCon for 

the antenna for a balanced circular polarization. 

 

Fig. 4.15: Simulated S11 of the proposed CP Pseudo-ME dipole antenna with different WCon 
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Fig. 4.16: Simulated Z11 of the proposed CP Pseudo-ME dipole antenna with different WCon 

 

Fig. 4.17: Simulated gain and the axial ratio of the proposed CP Pseudo-ME dipole antenna 

with different WCon 
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4.4.3 WRing 

WRing represents the width of the long lead (quarter-wavelength ring). Fig. 4.18 

and Fig. 4.19 show the influence of WRing on S11 and Z11, respectively. It can be 

observed from the Z11 profile. WRing affects the real part of the second and fourth 

modes and the imaginary part of the first and the third mode of the antenna. 

Generally, a wider WRing means wide bandwidth in the investigation range, and 

1.5 mm is almost the maximum width that can be achieved.  

In Fig. 4.20, WRing is tuned from 0.6 mm (0.008 λg) to 1.5 mm (0.019 λg); the 

gain remains high except in the high frequency since the impedance matching 

worsens when WRing is narrow. Because WRing affects the second and fourth 

modes of the proposed antenna, both circular polarizations could be affected. 

Relatively narrow WRing separates while wide WRing concentrates the two AR 

center points.  

 

Fig. 4.18: Simulated S11 of the proposed CP Pseudo-ME dipole antenna with different WRing 
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Fig. 4.19: Simulated Z11 of the proposed CP Pseudo-ME dipole antenna with different WRing 

 

Fig. 4.20: Simulated gain and the axial ratio of the proposed CP Pseudo-ME dipole antenna 

with different WRing 
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To sum up the analysis state related to the crossed-dipole feeding network: when 

setting up the available value of WCon or WRing for this CP Pseudo-ME dipole 

antenna, it is always good to keep a large value so that the antenna will have a 

wide impedance bandwidth. More importantly, the WCon or WRing affects the 

axial ratio more significantly than the impedance bandwidth. The final 

optimized value should be carefully set up according to the axial ratio, as wide 

AR bandwidth is the priority of this CP antenna.  

4.4.4 RRing 

RRing represents the radius of the quarter-wavelength arc (from center to the 

middle of the arc). The signal from coaxial cable travels longer to the patch B 

and D due to the quarter arc. Thus, the length of the quarter-wavelength arc is 

the key to create the 90° phase difference, and it is the most critical parameter 

for generating circular polarization. Fig. 4.21 and Fig. 4.22 show the influence 

of RRing on S11 and Z11, respectively. It can be observed that the changes of RRing 

affects all four modes of the antenna. Shorter RRing makes the impedance match 

better at high-frequency band, and wide bandwidth will be achieved.  

Fig. 4.23 shows when RRing varies from 4.9 mm to 5.5 mm. The gain remains 

high; only the gain in the highest frequency decreased slightly since the 

impedance does not match well. RRing is related to the phase difference between 

orthogonal resonances, so the two circularly polarized frequency points could 

be affected. A shorter RRing brings the two AR center frequency points closer 

and results in a narrower AR bandwidth. Simultaneously, a desirable value of 

RRing will arrange the two AR center points to be properly separated so that a 

wide axial ratio bandwidth can be achieved. 
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Fig. 4.21: Simulated S11 of the proposed CP Pseudo-ME dipole antenna with different RRing 

 

Fig. 4.22: Simulated Z11 of the proposed CP Pseudo-ME dipole antenna with different RRing 
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Fig. 4.23: Simulated gain and the axial ratio of the proposed CP Pseudo-ME dipole antenna 

with different RRing 

According to the parametric studies in WCon, WRing, RRing, their effect on gain of 

the proposed antenna is not significant; only the gain in the high frequency band 

drops slightly because of the impedance mismatch. Good impedance matching 

could be achieved by adjusting the value of WCon and WRing. Generally, a wider 

WCon makes the impedance match better in the whole frequency band. While 

then, according to the parametric study data, tuning WRing, RRing with suitable 

values, a wide and balanced AR bandwidth could be obtained. 

4.4.5 HAir 

In the next two sections, the influence of the ground plane on the antenna will 

be studied. Like the ground plane of the cavity-less Pseudo-ME dipole proposed 

in chapter 4, the ground plane of this CP Pseudo-ME dipole antenna is also 

employed as a reflector.  
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HAir represents the height between the radiating layer to the ground plane. Fig. 

4.24 and Fig. 4.25 show the influence of HAir on S11 and Z11 of the proposed 

antenna. By tuning HAir from 14 mm (0.177 λg) to 23 mm (0.290 λg), all four 

modes of the antenna are shifted due to the effective length of the patches and 

slots change accordingly. In contrast, since the value of Z11 remains relatively 

stable and close to 50 + j0 Ω, the impedance bandwidth remains wide.  

 

Fig. 4.24: Simulated S11 of the proposed CP Pseudo-ME dipole antenna with different HAir 
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Fig. 4.25: Simulated Z11 of the proposed CP Pseudo-ME dipole antenna with different HAir 

Fig. 4.26 depicts how gain and AR change with different HAir. Generally, the 

gain at the high-frequency band is affected more when comparing the low-

frequency when HAir is increased. As explained in the radiating principle in 

section5.3, the resonance at low frequency band is contributed by the electric 

dipoles while the magnetic dipole modes contribute the resonance at high-

frequency band. When set the ground plane more than a quarter wavelength 

away from the radiating layer, this difference is relatively more impactful at 

higher frequencies since the wavelength is shorter, so that the gain drops more 

in higher frequency. When focusing on the axial ratio, by tuning the height close 

to a quarter-wavelength (20 mm (0.252 λg)), the gain becomes flatter in the 

operating frequency band, so a better balance gain stability and the widest AR 

bandwidth could be obtained. 
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Fig. 4.26: Simulated gain and the axial ratio of the proposed CP Pseudo-ME dipole antenna 

with different HAir 

4.4.6 LGround 

LGround represents the length of the square ground plane. Fig. 4.27 and Fig. 4.28 

depict the influence of LGround on S11 and Z11, respectively. Theoretically, a 

square ground plane with a size equal or larger size than λ0
2 will give better gain 

enhancement. To study how the size of the ground plane affects the proposed 

antenna performance. The value of LGround has been set from 40 mm (0.504 λg) 

(same size of the radiating layer) to 100 mm (1.261 λ0) for investigation. Fig. 

5.35 shows that Z11 is barely affected by the length of the square ground, 

excepted at 40 mm since it is only about half wavelength of the low-frequency 

band. The impedance bandwidth also gets narrower at the low-frequency band. 
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Fig. 4.27: Simulated S11 of the proposed CP Pseudo-ME dipole antenna with different LGround 

 

Fig. 4.28: Simulated Z11 of the proposed CP Pseudo-ME dipole antenna with different LGround 
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Fig. 4.29 shows the gain and AR with different values of LGround. Likewise, since 

the ground plane does not affect the impedance matching significantly, the 

proposed axial ratio of the antenna is slightly affected when LGround is varying 

from 60 mm to 100 mm. However, the gain of the antenna is affected 

significantly by the ground plane size. In the investigation range, the gain 

increase with a larger size of the ground plane. When the size increased to 100 

mm, the average gain will stay around 8.7 dBi in the operating frequency band. 

 

Fig. 4.29: Simulated gain and the axial ratio of the proposed CP Pseudo-ME dipole antenna 

with different LGround 

4.4.7 Parametric study summary 

Six critical parameters of the cavity-less crossed-dipole fed circularly polarized 

Pseudo-ME dipole antenna have been studied in the previous sections. To design 

the antenna operating at the proper frequency band for specific applications, the 

size of four patches needs to be first determined by setting up the proper value 
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of LPatch (roughly a quarter-wavelength). Secondly, to obtain a wide and 

balanced axial ratio bandwidth, the long lead RRing of the crossed-dipole 

geometry should be set around a quarter wavelength so that a 90° phase 

difference will be achieved between the orthogonal resonances. Thirdly, the 

width of the short lead WCon and long lead WRing of the crossed-dipole geometry 

should be set as wide as possible in the limited space since that will give the 

proposed antenna a flat impedance across the frequency. Wide impedance 

bandwidth and balanced axial ratio bandwidth will be achieved. Finally, a 

ground plane with a size of about λg
2 should be located at a quarter-wavelength 

under the radiating layer. A balanced gain enhancement will be achieved in the 

operating band, and a high and stable gain will be obtained. 

The Fig. 4.30 give the average gain, impedance bandwidth, and axial ratio 

bandwidth of the proposed antenna with different values of each parameter. 

These data could be useful as a reference for designing the proposed wideband 

cavity-less CP Pseudo-ME dipole antenna at S-band or similar frequency bands. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

 

(f) 



Crossed-dipole Feed Circularly Polarized Pseudo Magneto-electric dipole Antenna-Parametric 

Study 

131 

 

 

(g) 

 

Fig. 4.30: Average gain, impedance bandwidth and AR bandwidth with different (a). WRing. 

(b). WCon. (c). RRing. (d). LPatch. (e) LGround. (f) HWall. (g). HAir. 
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4.5 Simulated and Measured Results 

Antenna prototypes were fabricated and measured to verify the performance. Fig. 

4.31 is the photo of the fabricated cavity-less CP Pseudo-ME dipole antenna 

prototype. Fig. 4.32 shows the detailed top side and the bottom side metallic 

pattern of the radiating layer. It could be noticed that the only difference between 

them is a round aperture on the bottom layer, which is for connecting the outer 

conductor of the semi-rigid cable and being isolated from the inner conductor. 

Two prototypes were fabricated for the gain and radiation pattern measurement. 

 

 

Fig. 4.31: The fabricated CP Pseudo-ME dipole antenna 
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(a) 

 

(b) 

Fig. 4.32: (a) Top side of the radiating layer (b) the bottom side of the radiating layer of the 

fabricated radiating layer 

4.5.1 S11 & Z11  

 

Fig. 4.33: S11 of the CP Pseudo-ME dipole antennas under test 
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Firstly, the S11 of the two CP Pseudo-ME dipole antenna prototypes were 

confirmed. Since the gain measurement will be reliable if the two antennas under 

test are similar (better if two S11 are the same), the simulated and measured S11 

of both fabricated antennas are shown in Fig. 4.33. The simulated results show 

the CP antenna has a wide impedance bandwidth (S11 < -10 dB) of 69.8% from 

2.46 GHz to 5.10 GHz, and both fabricated antennas have S11 match reasonably 

well with the simulated results.  

 

Fig. 4.34: Z11 of the CP Pseudo-ME dipole antennas under test 

Section 5.3 states the circular polarization is generated from four resonances. To 

verify the four fundamental resonances of the proposed antenna, Fig. 4.34 gives 

the simulated real and imaginary parts of impedance. It shows the antenna has 

four modes in the operating band, since the two electric dipoles are operating at 

in diagonals, so they operate at 2.8 GHz, 3.6 GHz, and the two magnetic dipoles 

are operating at 4.2 GHz, and 5 GHz. 

E-dipole 2 

E-dipole 1 
M-dipole 2

 

 E-dipole 1 

M-dipole 1

 

 E-dipole 1 
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Since the two electric dipoles are operating at the diagonal directions, which is 

slightly longer than the magnetic dipoles. Thus, two electric dipoles operate at 

the lower frequency (2.8 GHz and 3.6 GHz), and magnetic dipoles operate at the 

high-frequency band (4.2 GHz and 5 GHz). In the parametric study section 

following, this statement will be further verified. 

4.5.2 Gain, Axial Ratio and Efficiency 

Fig. 4.35 depicts the gain and the axial ratios of the proposed antenna. The 

measured and simulated results of gain matched well; the measured axial ratio 

shows very similar trend but generally 1.5 dB better than the simulated result. 

In the impedance frequency band from 2.46 GHz to 5.10 GHz, the proposed CP 

pseudo-ME dipole antennas have a stable high gain of 8.7 ± 0.9 dBi, and the 

maximum gain is 9.6 dBi at 3.27 GHz. The radiation efficiency and total 

efficiency are shown in Fig. 4.36, which are higher than 99% and 90% 

respectively. 

 

Fig. 4.35: Simulated and measured gain and the axial ratio of the CP ME dipole 
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Fig. 4.36: Simulated radiation and total efficiency of the CP ME dipole 

The axial ratio results show two CP center frequency points. According to the 

radiating principle explained in section 5.3. The pair of electric dipoles operating 

at the diagonal directions generates the low-frequency band CP center frequency 

point at 3.50 GHz (measured AR = 0.53 dB). The pair of magnetic dipoles 

operating at the x-, y-axis directions generate the high -frequency band CP center 

frequency point, which is at 4.60 GHz (measured AR = 1.2 dB). The measured 

result demonstrated that the proposed antenna has a wide CP radiation 

bandwidth for AR ≤ 3 dB of 54.1% from 2.87 GHz to 5.00 GHz. Although, there 

is discrepancy between the measured and simulated AR, the measured result has 

similar trend showing two pair of CP are generated by the antenna.    

4.5.3 Radiation Patterns 

To further verify the stability of the circular polarization, the simulated radiation 

patterns of the four principal planes will be discussed. Benefits from the two 

pairs of orthogonal electric dipoles and magnetic dipoles, the proposed Pseudo-
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ME dipole antenna offers symmetrical CP radiation patterns in all four principal 

planes over the AR bandwidth. 

Fig. 4.37 shows the radiation pattern of the pseudo-CP-ME dipole antenna in 3D. 

which demonstrate the antenna has high gain, low-backward radiation, and very 

similar E- and H-plane radiation pattern. 

 

Fig. 4.37: Simulated radiation patterns at 4 GHz in 3D 

Fig. 4.38 shows the simulated radiation patterns of ϕ = 0°, 45°, 90°, 135° at the 

lowest frequency (3.2 GHz), center frequency (4 GHz) and highest frequency 

(4.8 GHz) of the AR bandwidth. 

From each figure in Fig. 4.38, the radiation patterns of each principal plane show 

high consistency over the AR bandwidth. Moreover, when comparing the 

patterns of different planes, they also show a high similarity. The front-to-back 

ratio is always larger than 20 dB of different planes over the frequency. Table 

5.2 tabulates the measured results of 3-dB beamwidth of radiation patterns, and 
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table 5.3 gives the simulated results for comparison. The measured results have 

acceptable consistency with the simulated results.  

(a) (b) 

(c) (d) 

Fig. 4.38: Simulated radiation patterns at 3.2 GHz, 4 GHz, and 4.8 GHz when (a) ϕ=0°, (b) 

ϕ=45°, (c) ϕ=90°, (a) ϕ=135°. 

Like the analysis in Chapter 4, parameters |∆1| |∆2| are also introduced for 

comparing the radiation patterns of different planes and frequencies. |∆1| means 

the beamwidth differences across the frequency at each plane, and |∆2| represents 

the beamwidth differences in different planes at each frequency. In general, the 
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3-dB beamwidth in the angular range between 66.5° to 77.5°. |∆1| shows good 

consistency at each plane with a small variation between 9.2° to 12.1°, which 

means the proposed CP ME antenna has a similar 3-dB beamwidth of the four 

principal planes over the frequency.  

Moreover, as mentioned in section 5.3 radiating principle, the low-frequency 

band mainly results from the electric dipoles while the high-frequency band CP 

results from the magnetic dipoles. Therefore, CP should have the most average 

distribution at the center frequency (4 GHz), and that explains |∆2| has the 

minimum value of 1.8° at the center frequency.  

Table 4.2:Measured 3-dB beamwidth results 

3-dB beamwidth 3.2 GHz 4 GHz 4.8 GHz |∆1| (°) 

ϕ = 0° 65.5 70.3 74.7 9.2 

ϕ = 45° 63.7 68.5 75.8 12.1 

ϕ = 90° 66.0 69.9 76.8 10.8 

ϕ = 135° 68.0 69.0 77.5 9.5 

|∆2|(°) 4.3 1.8 2.8  

 

Table 4.3: Simulated 3-dB beamwidth results 

3-dB beamwidth  3.2 GHz 4 GHz 4.8 GHz |∆1| (°) 

Phi=0° 59.1 67.9 67.3 8.8 

Phi=45° 59.9 65.1 67.8 7.9 

Phi=90° 63.2 64.3 69.0 5.8 

Phi=135° 63.0 62.9 76.3 13.3 

|∆2|(°) 4.1 5 9  
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Conventionally, the beamwidth of a wideband antenna decreases at the high-

frequency band due to the antenna aperture becoming relatively electrically 

larger when frequency increases. However, for this CP Pseudo-ME dipole 

antenna, the beamwidth seems to increase with frequency. The reason to explain 

the circumstance is that: magnetic dipoles dominate the high-frequency band, 

and the aperture for the magnetic dipole is determined by the side length while 

not the diagonal of the radiating layer. Therefore, the aperture of the antenna at 

the high-frequency band is not relevant increased, so the beamwidth at the high-

frequency band do not decrease. 

4.5.3.1 Radiation Pattern (ϕ = 0°) 

The measured radiation pattern and simulated results of four principal planes: ϕ 

= 0°, 45°, 90°, and 135° are shown in Fig. 4.39 to Fig. 4.42. Each figure contains 

three frequencies: 3.2 GHz, 4 GHz, and 4.8 GHz, which covered the low, middle, 

and high frequency in full AR band. Generally, the measured results matched 

the simulated results well, especially the pattern between -90° to 90°. Although 

the pattern between -180° to -90° and 90° to 180° have some discrepancy, it is 

still in an acceptable range. 
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(a) 

 

(b)  

 

(c) 

Fig. 4.39: Simulated and measured radiation patterns of ϕ = 0°. (a) 3.2 GHz (b).4 GHz (c).4.8 

GHz 
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(a) 

 

(b)  

  

(c) 

 

Fig. 4.40: Simulated and measured radiation patterns of ϕ = 45°. (a) 3.2 GHz (b).4 GHz (c).4.8 

GHz 
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(a) 

 

(b)  

 

(c) 

 

Fig. 4.41: Simulated and measured radiation patterns of ϕ = 90°. (a) 3.2 GHz (b).4 GHz (c).4.8 

GHz 
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(a) 

 

(b)  

 

(c) 

Fig. 4.42: Simulated and measured radiation patterns of ϕ = 135°. (a) 3.2 GHz (b).4 GHz (c).4.8 

GHz 
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4.6 Metallic cavity 

For further understanding the performance of the flat ground plane, a metallic 

cavity is used to replace the ground plane and used as a reflector of the antenna 

for comparison. By implementing this type of reflector, the advantage is the 

footprint of the antenna can be kept minimum with improved directivity, so the 

antenna could be fit into limited space and produce a more unidirectional 

radiation pattern, and higher gain and front-to-back ratio [72][73]. 

In this design, the rest of the antenna is kept the same as the value presented in 

table 5.1. Fig. 4.43 shows the geometry of this improved design. 

 

Fig. 4.43: The geometry of the CP Pseudo-ME dipole antenna with the metallic cavity 

In this section, the influence of the cavity vertical wall (HWall) on the antenna 

performance will be studied. The LGround is set as 80 mm, which is about one 

free-space wavelength at the center frequency of the antenna. 
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Fig. 4.44 and Fig. 4.45 depict the influence of HWall on S11 and Z11, respectively. 

Like the previous observation on the ground plane. With an 80 mm × 80 mm 

(λ0
2) ground plane, the proposed antenna's impedance is affected slightly when 

compared to that of LGround = 100 mm, the impedance bandwidth remains wide.  

While with a higher HWall, the part of the electric field travels relatively shorter 

distance and then been reflected by the vertical wall, so gain of the proposed 

antenna in the high-frequency band increased dramatically. Furthermore, since 

the cavity geometry did not change the antenna's four fundamental modes, so it 

can be observed that the two AR center frequencies do not shift as shown in Fig. 

4.46.  

 

Fig. 4.44: Simulated S11 of the proposed antenna with different HWall 
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Fig. 4.45: Simulated Z11 of the proposed antenna with different HWall 

  

Fig. 4.46: Simulated gain and the axial ratio of the proposed antenna with different HWall 
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Fig. 4.47 to Fig. 4.50 shows the radiation pattern of the proposed CP Pseudo-

ME dipole antenna with different HWall when ϕ=0°, 45°, 90°, and 135°. Within 

the increase value of the HWall, the 3-dB beamwidth at each plane get narrower. 

It is obvious when ϕ=0° and 90° (the principal plane of the magnetic dipoles), 

which explains the gain increase more at high-frequency band.  

 

Fig. 4.47: Radiation pattern of the CP Pseudo-ME dipole antenna with different HWall when 

ϕ=0° 
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Fig. 4.48: Radiation pattern of the CP Pseudo-ME dipole antenna with different HWall when 

ϕ=45° 
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Fig. 4.49: Radiation pattern of the CP Pseudo-ME dipole antenna with different HWall when 

ϕ=90° 

 

Fig. 4.50: Radiation pattern of the CP Pseudo-ME dipole antenna with different HWall when 

ϕ=135° 

 

 

 

Fig. 4.51 shows the impedance, AR bandwidth and the average gain in-band 

increased with different HWall. Compared with a flat rectangular ground plane 

reflector, the cavity reflector design archives slightly wider bandwidth and 

higher average gain. Most importantly, it helps reduce the aperture size of the 

antenna which make it easier to fit into limited space. 
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Fig. 4.51: Average gain, impedance bandwidth and axial ratio bandwidth with different HWall 
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4.7 Concluding remarks 

In this chapter, a wideband circularly polarized pseudo magneto-electric dipole 

antenna has been presented. The proposed antenna has a wide impedance 

bandwidth of 69.8% from 2.46 GHz to 5.10 GHz, an average gain of 8.7 dBi and 

the variation in-band is only ± 0.9 dBi. Most importantly, with a λ0
2 ground plane, 

the axial ratio bandwidth achieves 54.1% from 2.87 GHz to 5.00 GHz, which is 

around twice of the most of state-of art CP antenna. Moreover, Inheriting the 

advantages of the cavity-less pseudo-ME dipole antenna, the circularly polarized 

antenna also has simple geometry. In addition, a smaller size cavity geometry 

could be used as a reflector to replace the conventional flat ground plane for 

reducing the footprint of the antenna.  
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5.Millimeter-wave aperture-coupled 

magneto-electric dipole 

The 5th Generation (5G) mobile network provides gigabytes of data per second 

in millimeter-wave bands. In millimeter wave band, it is easier to obtain wider 

spectrum for higher data rate. In the meantime, millimeter-wave antenna design 

and fabrication present the following challenges: (i). Gain: antennas with high-

gain characteristics are critical to wireless applications in the millimeter-wave 

frequency bands, which could compensate for high free space path loss. (ii). 

Bandwidth: antennas with the wideband feature are also essential to cover the 

required wide operating bands. (iii). Geometry: the physical size of millimeter-

wave antennas is usually small due to the short wavelength. Therefore, it is 

desirable to have simple antenna geometries to respond to the challenges in 

fabrication. (iv). Collaborative design [4], the large transmission line loss in 

high-frequency circuit cannot be ignored, therefore, the antenna and the chip 

should be located as close as possible. The antenna and the RF front-end should 

be integrated; solutions like antenna-on-chip (AoC) and antenna-in-package 

(AiP) are proposed to reduce signal loss under high-frequency [55][74][75].  

According to the challenges mentioned above, several studies on Pseudo-ME 

dipole antenna in the millimeter-wave band have been demonstrated. A 60-GHz 

plated-through-hole printed Pseudo-ME dipole antenna with impedance 

bandwidth of 33% (S11 < -15 dB) and stable gain of 7.5 dBi has been reported in 

[45]. Via holes, fabricated by using plated through-hole technology, are used to 



Millimeter-wave aperture-coupled magneto-electric dipole-Concluding remarks 

155 

 

construct a vertical cavity. An 18-element slotted leaky-wave antenna (LWA) 

array with electric dipoles was proposed [76]. By applying the Pseudo-ME 

dipole antenna concept with an electric dipole introduced to each slot of the 

LWA, the antenna array could operate at a wide impedance bandwidth, and the 

in-band gain variation has been suppressed from 5.9 dB to 3 dB. 

These previously reported PCB-based millimeter-wave band ME dipoles usually 

require a quarter-wave vertical-cavity to generate the magnetic dipole mode. 

Moreover, the cavity structures in the millimeter-wave band are usually 

fabricated by a series of via holes [45]; these small size structures increase the 

fabrication difficulty and bring more uncertainty. The experience of designing 

the Pseudo-ME dipole without the quarter-wave cavity have been discussed in 

Chapters 4 and 5. Therefore, the cavity-less geometry has been further applied 

to the millimeter-wave band antenna present in this chapter.  
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5.1 Model A: coaxial-fed mmW Pseudo-ME dipole  

To verify the feasibility of implementing the cavity-less geometry in the 

millimeter-wave band, Model A, a linearly polarized Pseudo-ME dipole antenna, 

has been designed by reducing the geometry proportionally to up-shift the 

operating frequency to the 5G millimeter-wave band between 22 GHz and 30.5 

GHz.  

5.1.1 Antenna geometry 

Fig. 6.1 depicts the geometry of Model A, which is designed on a single-layer 

PCB like the antennas design in Chapter 4. Based on the accuracy of 

conventional photolithographic PCB fabrication techniques in the author’s lab 

is about ± 0.05 mm, which is 5% of the free space wavelength at 30 GHz, 

furthermore, the frequency shift cause by the fabrication inaccuracy will be even 

more in dielectric substrate. this fabrication error cannot be ignored for a 

millimeter-wave band antenna. Therefore, a low dielectric constant substrate 

Rogers RT5880LZ (εr = 2.0, tan δ = 0.0021 @ 10 GHz) is chosen as the substrate, 

to reduce the frequency shift caused by fabrication error. it worth to mention that 

the low dielectric constant substrate is not compulsory; other materials, such as 

polystyrene foam board, could also be used depending on the fabrication 

accuracy. 

On top of the antenna, there are two printed horizontal rectangular patches. On 

the bottom side of the antenna, an SMK coaxial connecter is used to feed the 

antenna. A short coaxial cable is inserted in-between the SMK connecter and the 

horizontal patches. The inner and outer conductors of the coaxial cable are 

connected to two patches, respectively. The inner conductor is connected with 

one horizontal patch directly.  
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Fig. 5.1: Geometry of Model A  

Coaxial cable 
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5.1.2 Simulated results 

Fig. 6.2 and 6.3 depict the gain, S11, and the radiation patterns at E-plane and H-

plane, respectively. In the first attempt, Model A has demonstrated the 

possibility of the proposed concept. Fig. 6.2 shows a wide impedance bandwidth 

(S11 ≤ -10 dB) of 10 GHz (32.7%) from 22 GHz to 32 GHz and a relatively high 

gain of 6.6 ± 1.6 dBi in the operating band.  

 

Fig. 5.2: Simulated gain and S11 of Model A 
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(a). E-plane radiation pattern 

 

(b). H-plane radiation patterns 

Fig. 5.3: Radiation patterns at center frequency 22 GHz, 26.3 GHz, and 30.6 GHz 

Both the radiation patterns at E-plane and H-plane show the appropriate 

consistency in the low, center, and high-frequency bands. The front-to-back ratio 

is generally larger than 20 dB. Due to the coaxial connector feeding the two 
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horizontal patches in the x-axis, H-plane has more symmetrical patterns than the 

E-plane. Also, due to the size of the antenna is optimized at the center frequency 

(i.e., the length and width of the patch are around quarter and half wavelength at 

center frequency), the size of the antenna is relatively larger at high-frequency 

band, the side lobe of E- and H-plane at 32 GHz are slightly higher than low 

frequency.  

Generally, the simulation achieved the expected results. The width of the gap 

between the horizontal patches is 0.5 mm. It is not easy to implement such a 

coaxial connection in the millimeter-wave pseudo-ME dipole antenna. In [45], 

A W-type connector (from Anritsu: W1-103F) used to connect a T-shaped 

coupled strip, a GSG transmission line structure is formed to feed the antenna.  

However, considering the fabrication complexity and the material cost, the 

aperture-coupled feeding method will be introduced to solve the feeding 

problem, and this design will be presented in the next section. 
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5.2  Model B: aperture-coupled mmW ME dipole 

The aperture-coupled feeding method is another way to feed the patches (the 

electric dipole) and the gap between the patches (the magnetic dipole). As shown 

in Fig. 6.4, Model B is designed on two substrates with different materials using 

the aperture-coupled technique as the feeding method. Like Model A, there is 

no quarter-wave vertical-cavity serving as the magnetic dipole in this design. In 

contrast, the magnetic dipole is formed by the gap between the two horizontal 

patches. This design makes the geometry of the mmW Pseudo-ME dipole 

antenna simple to be fabricated. Simulated results show that the proposed 

Pseudo-ME dipole has impedance bandwidth (S11 ≤ -10 dB) of 33.6% from 22.8 

GHz to 32 GHz and a stable high gain of 7.1 ± 1 dBi across the operating 

frequency band. 

5.2.1 Antenna Geometry 

The antenna geometry and detailed dimensions are presented in Fig. 6.4 and 

table 6.1, respectively. (It must mention that the guided electrical length of each 

parameter in the first row is calculated based on the Substrate 1 and the guided 

electrical length of each parameter in the second row is calculated based on the 

Substrate 2). The proposed antenna is designed on two pieces of the dielectric 

substrate with different materials. On the bottom layer (Substrate 1: Rogers 

TMM4, εr = 4.5, tanδ = 0.002 @ 10 GHz), the antenna was fed by a microstrip 

line through a slot aperture on the ground plane. The two copper patches served 

as the radiating elements are realized on the top layer (Substrate 2: Rogers 

RT5880LZ, εr = 2.0, tanδ = 0.0021 @ 10 GHz). The feeding layer is designed 

to be thinner (0.508 mm) and of a higher value of dielectric constant, the 

advantage of the two-layer design is: high dielectric constant and thin substrate 

help to reduce the amount of spurious radiation so that yield a better transmission 

efficiency in the feedline; in comparison, the upper radiating layer is thicker 

(1.27 mm) and with lower dielectric constant to achieve better radiation 

efficiency. 
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Fig. 5.4: The geometry of the aperture-coupled millimeter-wave Pseudo-ME dipole 

antenna. 

Table 5.1: Dimensions of Model B 

 

  

Parameter LPatch WPatch g WAperture WAperture TSub1 

Value (mm) 2.1(0.262λg) 4.1(0.513λg) 0.5(0.513λg) 6.5(0.813λg) 0.6(0.075λg) 0.508(0.064λg) 

Parameter Lopen Wf LSub WSub TSub2  

Value (mm) 1.6(0.308λg) 1.2(0.231λg) 16(3.080λg) 10(1.923λg) 1.27(0.244λg)  

feeding aperture (WAperture × LAperture) 

 radiating patch (WPatch × LPatch) 
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5.2.2 Operating principle 

In the proposed Pseudo-ME dipole antenna, the two horizontal patches, in the y-

axis direction, form a wide electric dipole antenna. In comparison, the narrow 

gap between the two patches forms a magnetic dipole antenna in the x-direction. 

Meanwhile, the separation between radiating elements and the ground plane is 

1.27 mm (0.244 λg at the center frequency). The ground plane reflects the signal 

and increases the gain and front-to-back ratio of the proposed antenna. 

In contrast to the previously reported high frequency planar Pseudo-ME dipole 

antennas [34][45], which require an array of via-hole to create the specific cavity 

to excite the magnetic dipole mode, a much simple design, which can be easily 

fabricated, is proposed in this design. The magnetic dipole mode of the proposed 

antenna, in the form of open-end slot between two horizontal patches, is 

activated through the aperture on the ground plane of the bottom layer. The 

antenna has a comparable wide impedance bandwidth and stable high gain. 

Fig. 5.5 shows the electric field distribution of the proposed antenna at different 

times in period T, explaining how the magnetic dipole and the electric dipole 

cooperatively radiate. As shown in Fig. 5.5 (a) and (b), when t = 0 or T/2, the 

electric field has the most substantial distribution along the gap between the two 

horizontal patches. Hence, the magnetic dipole is excited at these moments. 

While t = T/4 or 3T/4 as shown in (c) and (d), the electric field has significant 

distribution at the end of the horizontal patches. Therefore, the electric dipole is 

operating. 
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 (a)  (c)  

 

 

  

 

 (b) (d)  

 Fig. 5.5: E-field of the proposed antenna at center frequency 27.2 GHz (a) t = 0; (b) t = T/2 in xy plane; 

(c) t = T/4, (d) t = 3T/4 in yz-plane 
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5.2.3 Prototype fabrication 

There are two main challenges of fabrication Model B: (i). The accuracy of the 

PCB fabrication equipment in UCL is around 0.1 mm. The discrepancy will 

cause a considerable effect on the antenna operating at the millimeter-wave band. 

(ii). The Pseudo-ME dipole antenna Model B consists of two PCB layers; the 

accurate alignment of the two-layer PCB is another challenge. 

To respond to the first challenge mentioned above. Nine antennas of slightly 

different dimensions have been fabricated, aligned, glued, the width of the 

gapand cut. Fig. 5.6 (a) & (b) have shown the antenna prototype. As shown in 

Fig. 6.6 (a), since antenna transmission layer and radiating layer are on two 

separated PCB, extra markers (triangle shape with a via hole placed at the corner) 

are introduced to increase the alignment accuracy to respond to the alignment 

challenge. 

  

                       (a)                                             (b) 

Fig. 5.6: (a) The bottom layer and the top layer of the prototype, (b) the prototype. 

However, the performance of this prototype does not match well with the 

simulation in the first integration. Fig. 5.6 (b) shows that the SMK connecter is 

too close to the patches. In this case, the radiation pattern of the antenna will be 

significantly affected. To minimize the impact on the radiation pattern, the 

transmission line is extended to avoid the interference from the connector. 

Side  

view 

Bottom  

view 

SMK 

connector 

Top  

view 
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Another way is to use microstrip-gap-waveguide feeding method to concentrate 

the signal in the desired transmission area [77][78]. 

In the second iteration, some changes have been made in fabrication to achieve 

better measurement results: (i). replace the 10 × 10 mm2 bottom substrates with 

a larger 16 × 10 mm2 substrate. In this case, the length of the microstrip line has 

been extended to about 1 λg, so there is more separation between radiating 

patches and the SMK connector. (ii). the bottom transmission line layer was 

fabricated first to compare and confirm its performance with the simulated result. 

And then, stick the top layer and measure the assembled mmW Pseudo-ME 

dipole antenna.  

 

 

Fig. 5.7: The bottom layer of the millimeter-wave Pseudo-ME dipole (second attempt) 
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Fig. 5.8: Comparison of measured and simulated S11 of the bottom layer millimeter-wave 

Pseudo-ME dipole  

Fig. 5.7 shows the bottom layer of the fabricated antenna. The SMK connecter 

is soldered with it robustly. Fig. 5.8 depicts the comparison between simulated 

and measured results of S11 of the bottom layer of the Model B. The measured 

result shows a lower S11 at high frequency band, shows a similar trend as the 

simulated results.  

As a popular feeding technique, the aperture coupled feeding method has been 

widely used for feeding patch antenna for extending bandwidth [79]–[81]. The 

real part and the imaginary part of the bottom layer are shown in Fig. 5.9 for 

analysis and verify whether the aperture contributes to the antenna gain 

performance. The Z11 profile shows the aperture has two modes in the interested 

frequency band, one is at 26.6 GHz, and another is at 31 GHz. In an aperture-

coupled feed antenna, a common way to control the coupling is by adjusting the 

size of the aperture [81]. However, since the aperture in the antenna also 

contributes to the gain in center and high-frequency band (as shown in Fig. 5.10), 

its size could not be adjusted independently. In this research, the aperture on the 

ground plane (slot) is set slightly larger than the open-end slot on the radiating 
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layer for transferring the signal as much as it can. More details about study of 

the slot size will discussed in the parametric study section later. 

 

Fig. 5.9: Simulated Z11 of the bottom layer millimeter-wave Pseudo-ME dipole  

 

Fig. 5.10: Simulated gain of the transmitting layer 
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5.2.4 Parametric Study 

A series of parametric studies will be discussed in this section to understand the 

proposed antenna operation principles further. The bottom layer is responsible 

for feeding the signal to the radiating elements, the width of the microstrip 

transmission line, Wf, is fixed at 1.2 mm to guarantee the input impedance at the 

port is 50 Ω, so Wf will not be studied. The two horizontal patches on the top of 

the substrate play a key role in generating the stable high gain beam over the 

frequency. So, the width (WPatch), the length (LPatch) of the patch, and the gap 

between them (g) are studied first. After that, the size of the feed aperture 

(WAperture and LAperture will be discussed). Finally, the length of the open end of 

the microstrip feed line from the center of feed aperture (LOpen) is investigated 

since the LOpen significantly affects the impedance matching. The rest of the 

parameters remain the value in table 6.2 when each parameter is investigated. 

5.2.4.1 WPatch 

WPatch represents the width of the patch, and it is also the parameter that 

determines the resonant frequency of magnetic dipole mode. Fig. 5.11 shows the 

influence of WPatch on gain and S11 of the proposed antenna. By slightly tuning 

WPatch down, the 1-dB gain bandwidth extends towards high frequency. S11 has 

followed accordingly. The impedance bandwidth of S11 < -10 dB has also 

extended towards the higher frequency.  

Fig. 5.12 depicts the real part and imaginary part of the impedance of the 

proposed antenna. Like the design in Chapter 4, it can be observed that the 

second and the third mode of the antenna are sensitive to magnetic dipole mode 

which determined by WPatch. The third mode shifts to a higher frequency with a 

shorter WPatch. The first and second modes impedance is also changed, but the 

resonant frequency does not change a lot. The Z11 profile concludes the magnetic 

dipole is mainly operating at the high-frequency band.  
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Fig. 5.11: Simulated S11 and gain of the mmW Pseudo-ME dipole antenna with different WPatch 

  

Fig. 5.12: Simulated Z11 of the mmW Pseudo-ME dipole antenna with different WPatch 

1st mode       2nd mode      3rd mode 
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5.2.4.2 LPatch 

LPatch represents the length of the horizontal patches, which is the parameter that 

controls the resonant frequency of the electric dipole mode. Fig. 6.17 shows the 

influence of LPatch on the gain and S11 and gain. Relatively longer LPatch shifts 

the operating band to lower frequency and slightly increases the gain in the low-

frequency band integrally.  

Fig. 6.18 shows that the resonant frequency of the first mode changes with 

different LPatch. The frequency of the second and third modes remain similar, but 

the impedance of them changed the antenna significantly, which could also 

explain the worse impedance match in the S11 profile with a longer LPatch.  

According to the parametric study so far, the operating frequency and impedance 

bandwidth could be achieved by tuning the values of WPatch and LPatch. Generally, 

WPatch determines the higher end of the impedance bandwidth while LPatch 

determines the lower end. WPatch and LPatch value need to be set properly to make 

the proposed antenna wide bandwidth and stable high gain over the frequency. 

For wide impedance bandwidth, the rules should be followed when setting LPatch 

and WPatch: the resonant frequencies of the electric dipole mode and the magnetic 

dipole mode are supposed to be properly separate. When these two frequencies 

are too close, a good impedance match S11 smaller than -20 dB or even -30dB 

will be achieved in the band, but the bandwidth will be sacrificed. When these 

two frequencies are too far, the impedance bandwidth will be divided into two 

separate bands.  
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Fig. 5.13: Simulated S11 and gain of the mmW Pseudo-ME dipole antenna with different LPatch 

 

Fig. 5.14: Simulated Z11 of the proposed mmW Pseudo-ME dipole antenna with different LPatch 
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5.2.4.3 g 

The gap, g, represents the separation between the two horizontal patches. Fig. 

6.19 shows the gain and S11 profiles with different g. From the S11 profile, it can 

be observed that the low-frequency band of the proposed antenna gets narrower 

significantly with an increased g. On the other hand, the gain remains steady at 

the higher frequency band while slightly increases in the lower frequency band, 

as the impedance bandwidth drops with a relatively narrower gap. This 

observation could be explained from the Z11 profile. 

Fig. 6.20 shows the Z11with different g. Relative narrower g makes the first mode 

pop up into the Z11 profile, making the electric dipole operating at the low-

frequency band. In contrast, when g is larger than 0.5 mm (WAperture is 0.6 mm), 

or in other words, when g is larger than WAperture, the electric dipole cannot 

resonant properly anymore. Therefore, the impedance bandwidth gets narrow 

and the gain drops in the low-frequency band. 
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Fig. 5.15: Simulated S11 and gain of the proposed mmW Pseudo-ME dipole antenna with 

different g 

 

Fig. 5.16: Simulated Z11 of the proposed mmW Pseudo-ME dipole antenna with different g 

In the previous sections, parameters related to the radiating layer have been 

studied. In the rest part of the parametric studies, parameters related to the feed 

layer will be discussed.  

5.2.4.4 LAperture  

The bottom layer is in charge of feeding the signal from the input port of the 

antenna to the radiating layer. The microstrip transmission line width is set as 

1.2 mm for a line impedance of around 50 Ω. Fig. 6.21 and Fig. 6.22 depict the 

S11, gain and Z11 with different length of the aperture, LAperture. Generally, all 

three modes of the antenna are sensitive to this parameter, and the changed 

impedance results in a huge difference in impedance bandwidth. Narrow LAperture 

brings a complete impedance mismatch with gain decrease, while wide LAperture 
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separates the resonance into two bands. According to the S11 and Z11 profiles, 

also the parametric study of g, the LAperture is better to set slightly wider than g. 

 

Fig. 5.17: Simulated S11 and gain of the mmW Pseudo-ME dipole antenna with different 

LAperture 
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Fig. 5.18: Simulated Z11 of the proposed mmW Pseudo-ME dipole antenna with different 

LAperture 

Since the aperture on the ground plane also radiates (in high-frequency band, 

reference to Fig. 6.9 and Fig. 6.10), the aperture size could be a significant 

parameter related to the back-lobe level of the antenna. Thus, for LAperture and 

WAperture, the radiation patterns are also given for analysis. 

Fig. 6.23 to 6.25 show the radiation pattern with different LAperture at the low 

(228.GHz) center (27.2 GHz) and high (31.6 GHz) frequency points. The results 

demonstrate that the length of the aperture affects the radiation at the high-

frequency band more significantly at the center and low frequency (which is also 

a shred of evidence that the aperture on the ground plane is a part of radiating 

elements). Narrow LAperture increases the back lobe level in a high-frequency 

band. 
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Fig. 5.19: E-plane radiation pattern at 27.5 GHz with different LAperture 
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Fig. 5.20: E-plane radiation pattern at 27.5 GHz with different LAperture 

   

Fig. 5.21: E-plane radiation pattern of at 31.5 GHz with different LAperture 

5.2.4.5 WAperture 

Since the aperture radiate, the length of the aperture decides the resonant 

frequency of it. It can be observed from Fig. 6.26; longer WAperture affects the 

second and the third modes of the antenna and moves them to lower frequency. 

WAperture is finally optimized for the best impedance match at 6.1 mm (2 mm 

longer than WPatch) for the widest impedance bandwidth and stable high gain at 

desired frequency band. 
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Fig. 5.22: Simulated S11 and gain of the mmW Pseudo-ME dipole antenna with different 

WAperture 
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Fig. 5.23: Simulated Z11 of the proposed mmW Pseudo-ME dipole antenna with different 

WAperture 

More importantly, from the radiation patterns Fig. 6.28 to 6.30 below, the back 

lobe level increase with WAperture. This influence is moderate in the center 

frequency band, while in the high-frequency band, the increased back lobe level 

result from longer WAperture cannot be ignored. Considering impedance 

bandwidth and back lobe level, an aperture of 0.6 × 6.1 mm2 is decided as the 

finally optimized size. 

 

Fig. 5.24：E-plane radiation pattern of at 22.8 GHz with different WAperture 
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Fig. 5.25: E-plane radiation pattern of at 27.5 GHz with different WAperture 

 

Fig. 5.26: E-plane radiation pattern of at 31.5 GHz with different WAperture 



Model B: aperture-coupled mmW ME dipole-Parametric Study 

182 

 

5.2.4.6 LOpen 

LOpen represents the dimension between the middle of the aperture to the open-

end of the microstrip line. Theoretically, LOpen is supposed to around a quarter-

guided wavelength at center-frequency to achieve a balanced impedance match 

in the whole impedance band. Fig. 5.27 shows the influence of the LOpen on gain 

and S11 over the frequency band. For LOpen changing from 1.2 mm to 1.8 mm 

(0.22 λg to 0.33 λg in the Substrate 2), the antenna impedance matching is 

affected significantly. When LOpen equal to 1.6 mm (0.29 λg), the proposed 

antenna has the widest impedance bandwidth. The gain remains high and stable 

over the frequency band as the impedance matching well. 

 

Fig. 5.27: Simulated S11 and gain of the mmW Pseudo-ME dipole antenna with different LOpen 
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Fig. 5.28: Simulated Z11 of the mmW Pseudo-ME dipole antenna with different LOpen 

5.2.5 Parametric study summary 

Six significant parameters have been studied in the last section. To ensure the 

antenna operating at the desired frequency with wide bandwidth and high gain. 

Firstly, WPatch, LPatch, and g should be set since they are the parameters to control 

the two horizontal patches, which providing the antenna two main resonances. 

Secondly, the slot in the ground plane should be kept slightly larger than the gap 

between the two horizontal patches to ensure the feeding layer signal could be 

passed to the radiating layer efficiently. Thirdly, the open end of the microstrip 

line LOpen should be set around a quarter-guided-wavelength at the center 

frequency to achieve good impedance matching. 

Figures of the gain and impedance bandwidth with different values of each 

parameter are given for reference design of the aperture-coupled Pseudo-ME 

dipole antenna in the millimeter-wave band or similar band. 
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(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

 

Fig. 5.29: Average gain and impedance bandwidth with different (a). WPatch. (b). LPatch. (c). 

LAperture. (d). g. (e). WAperture. (f). LOpen. 
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5.2.1 Measurement Results 

 

Fig. 5.30: Final prototype antenna under test in the anechoic chamber 

After confirming that the bottom layer performs as expected, the radiating layer 

was added to measure the overall antenna performance. Fig. 5.30 shows the 

assembled proposed antenna prototype under the measurement in the anechoic 

chamber. Fig. 5.31 gives the simulated and measured gain and S11.  
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Fig. 5.31: Simulated Gain and S11 of the proposed antenna. 

 

Fig. 5.32: Simulated radiation and total efficiency of the CP ME dipole 
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The measured and simulated gain shows a good degree of consistency. For the 

S11 profile, although the measured and simulated results are not matched as good 

as the gain profile at the low frequency band, they still show a similar trend, and 

the operating bandwidth is highly agreed. It has a simulated impedance (S11 < -

10 dB) of 32.3 % from 22.8 GHz to 31.6 GHz (centered at 27.2 GHz) and a 

measured impedance bandwidth of 33.6 % from 22.8 GHz to 32 GHz (centered 

at 27.4 GHz). Moreover, the measured gain is 7.4 ± 0.8 dBi over the frequency 

band. The maximum measured gain of the antenna is around 8.2 dBi at 30.9 GHz.  

Wide bandwidth is a critical feature of the Pseudo-ME dipole antenna. The 

radiation patterns at different frequencies of the Pseudo-ME dipole antenna are 

expected to be consistent. Fig. 5.33 (a) shows the simulated E-plane radiation 

patterns at low (21.6 GHz), center (27.4 GHz), and high (32 GHz) frequency 

points. Due to the microstrip line aperture-coupled feeding method, there is a 

higher back lobe level in the E-plane radiation patterns when compare to the 

design in Chapter 4. Moreover, due to the slot (or magnetic dipole mode) and 

the aperture radiating operate at higher frequency band, the back lobe level gets 

even higher in the high-frequency (32 GHz) band. Thus, the 3-dB beamwidth at 

the E-plane was reduced at the high-frequency band while the back-lobe 

increases. The variation (|∆1|) of the 3-dB beamwidth during the operating band 

of the E-plane is 36.5°. 

The measured results of the E-plane radiation pattern are shown in Fig. 5.33 (b), 

(c), (d). Generally, the measured results of low and center frequency bands are 

very close to the simulated radiation patterns. However, the measured result only 

shows a similar trend at the high-frequency (32 GHz) band; In addition to the 

asymmetric geometry of the antenna in the E-plane, that could result from the 

SMK connector and measurement conditions in the anechoic chamber. When 

measuring the back lobe, the turntable that fixes the antenna prototype might 

block some of the signals to reduce the back lobe level, and it can be observed 
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that the measured back lobe of other frequencies points is generally lower than 

-10 dB. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 5.33: E-plane radiation patterns of the proposed mmW antenna at different frequencies 

Since the physical coaxial cable used to feed the antenna is in the E-plane, the 

affection from the cable distorted the E-plane radiation pattern more than the H-

plane. Therefore, the simulated back-lobes in the H-plane at different 

frequencies are always less than -20 dB, as shown in Fig. 6.14. (a), and the 

radiation patterns show good consistency over the frequency band. Therefore, 
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the variation among the H-plane 3-dB beamwidth |∆1| at different frequencies is 

less than 4.3°. The measured results presented in Fig. 6.14 (b), (c), (d) also show 

a good match with the simulated results, mostly when -90° < θ < 90°. In the 

angular range 90°< θ < 120°, the measured radiation pattern shows a moderate 

drop when comparing the simulated results at all frequencies.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 5.34: H-plane radiation patterns of the proposed mmW antenna at different frequencies. 

The detailed 3-dB beamwidth at different frequencies and the variations are 

shown in table 6.2. |∆2| is also given for observing the difference between E- and 

H-plane of different frequencies. The proposed antenna has very similar E-and 
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H-plane patterns at low-frequency band, the difference |∆2| is only 1°, while with 

the increased frequency, |∆2| becomes larger due to the increased back lobe level. 

Table 5.2: 3-dB beamwidth of mmwW Pseudo-ME dipole atenna in E- & H-planes 

3-dB beamwidth (°) 22.8 GHz 27.2 GHz 31.6 GHz |∆1| 

E-plane (Phi=0°) 80.1 63.6 43.6 36.5 

H-plane (Phi=90°) 79.1 74.8 75.5 4.3 

|∆2| 1 11.2 31.9  
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5.3 Conclusive remarks 

A millimeter-wave low-profile cavity-less pseudo magneto-electric dipole 

antenna has been designed and verified. The antenna is designed on a two-layer 

PCB to reduce losses in the substrate. By implementing the aperture-coupled 

feeding method, there are no via-holes in the design. The geometry is simple, 

and it is easy to fabricate.  
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6.Conclusions 

6.1 Proposed novel Pseudo-ME dipole antennas 

In this research thesis, three novel Pseudo-ME dipole antennas have been 

designed, manufactured, and verified to answer modern wireless 

communications requirements. Generally, all the proposed antennas have wide 

impedance bandwidth and stable high gain in the operating bandwidth. 

All the conventional Pseudo-ME dipole antenna has a quarter-wave cavity to 

produce the magnetic dipole mode. The vertical-cavity increased the complexity 

of manufacture of the cost; on the other hand, it also makes it challenge to be 

implemented into the millimeter-wave band. To solve this problem, a low-

profile simple geometry Pseudo-ME dipole antenna without quarter-cavity has 

been introduced in Chapter 4. The magnetic dipole mode of the antenna is 

generated by activating the slot between two patches. Therefore, there is no 

vertical structure in the complete design except the feed line; the whole geometry 

of the Pseudo-ME dipole antenna becomes extremely straightforward. The 

measured results prove the feasibility of the design. The measured impedance 

bandwidth (S11 < -10 dB) is 50.30% from 1.86 GHz to 3.11 GHz, and a stable 

high gain of 8.74 ± 1 dBi. 

Polarization miss-match loss happens when the transmit/receive antennas do not 

align properly, bringing unnecessary signal losses in the communication systems. 

Circularly polarized antennas show the advantage of solving the problem. 

Therefore, a circularly polarized Pseudo-ME dipole antenna has been designed 

and verified. Usually, the circular polarization of a CP antenna is generated by 

two orthogonal resonances with equal amplitude and 90 phase differences. 

While the proposed one has two pairs of orthogonal resonances so that the 

antenna has a wide axial ratio bandwidth of 54.1% from 2.87 GHz to 5 GHz, 
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antennas have a stable high gain of 8.7 ± 0.9 dBi. Likewise, the CP Pseudo-ME 

dipole antenna geometry is also simple; the radiating layer that generates the 

circular polarization is built on a single layer PCB. 

The cavity-less LP Pseudo-ME dipole antenna shows good performance in 

bandwidth, stable high gain. However, due to the coaxial feeding method, there 

is a limitation to realize this geometry into the millimeter-wave band since the 

coaxial cable is relatively larger, and it is hard to manufacture in practice. While 

a coaxial feed mmW Pseudo-ME dipole antenna has still been designed and 

simulated, and the simulated results prove the feasibility of the antenna in theory. 

More importantly, an aperture coupled Pseudo-ME dipole antenna in mmW 

band has been designed, manufactured, and verified. It is built on a two-layer 

PCB, the bottom layer operating as the transmission layer and the top layer 

operating as the radiation layer, it has a bandwidth (S11 ≤ -10 dB) of 33.6% from 

22.8 GHz to 32 GHz. 

Moreover, the measured gain is 7 ± 1 dBi over the frequency band. Generally, 

the compact size, wide impedance, and high gain features make it possible to be 

implemented into 5G mmW band. On the other hand, due to the microstrip line 

feeding method, the antenna back lobe is relevant larger when compared with 

the coaxial feeding method, especially in the high-frequency band, and this issue 

needs to be solved in the future.   
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6.2 Fulfilling the research aims 

The aims and requirements have been proposed in the first chapter of this 

research thesis, in this section, the completeness of these aims will be discussed. 

• Wide bandwidth: All proposed designs in this thesis have wide bandwidth 

larger than 33.6%.  

• High and stable gain: all proposed antennas have an average gain higher 

than 7dBi, and the in-band gain variation is less than 1 dBi. 

• Stable polarization: In this thesis, |∆1| has been used for observing the 

beamwidth difference over the wide impedance bandwidth, the maximum 

|∆1| for coaxial feed Pseudo-ME dipole antenna in this thesis is 13.3°. Due 

to the microstrip line feeding method, the beamwidth of mmW Pseudo-

ME dipole antenna decrease due to the high back lobe. 

• Simple geometry: all proposed antenna has simple and straightforward 

geometry, there is a cavity-less structure in the proposed antenna, the 

radiation layer of all proposed antenna could be easily fabricated by print 

circuit technology. 

• Low cost: The simple geometry, generally without significant challenging 

aspects in antenna fabrication, and the material used to fabricate could be 

easily found.  

 

  



Conclusions-Future work  

196 

 

6.3 Future work 

Modern and future wireless communications have the trend of utilizing a broader 

spectrum to achieve massive data transmission. In this thesis, three novel pseudo 

magneto-electric dipole antennas have been presented; all of them meet the 

requirements of modern wireless communications.  

At the current stage, 5G sub-6 GHz has already serviced our daily life, and the 

millimeter-wave band will be significantly developed in the later phase. The 

millimeter-wave band will realize high-speed data transmission with large 

bandwidth and use extremely dense spatial multiplexing to increase capacity. As 

mentioned in chapter 1, antenna arrays (for massive MIMO) will be used on the 

base station side. Beamforming technology is introduced in 5G to meet the needs 

of large capacity and high speed; the mobile devices can receive superimposed 

electromagnetic waves with enhanced signal strength. Therefore, the array 

design of the linearly polarized cavity-less Pseudo-ME dipole antenna and the 

millimeter-wave band aperture-coupled antenna worth researching in the future. 

For the CP Pseudo-ME dipole antenna proposed in Chapter 4, a flat ground plane 

is employed as the reflector to provide antenna high gain and front-to-back ratio. 

In the last part of this chapter, a cavity shape reflector has been used to replace 

the flat ground plane for comparison. However, the comparison only includes 

the S11, gain, and axial ratio bandwidth due to the time limitation. According to 

a published research paper [72][73], the cavity shape reflector may significantly 

increase the 3-dB AR beamwidth significantly, and this potential feature would 

help satellite communications. Therefore, in future work, more work related to 

the cavity shape reflector needs to be studied. 

In 2030, 6G networks are expected to create a world with everything connected 

and provide wireless connections with multi-terabytes per second and full-

dimensional coverage [82]. Comparing with 5G, 6G reduce communications 
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latency from milliseconds (ms) to microseconds (μs), supporting super-high-

definition (SHD) videos and enhance 5G vertical applications, such as the 

Massive Internet of Things (IoT) and fully autonomous vehicles. To realize the 

multi-terabytes data transmission, very-large-scale antenna arrays (SM-MIMO) 

[83] or OAM multiplexing [84] could be applied to increase the system capacity 

since many parallel data streams could be multiplexing on the same channel. In 

future work, antennas proposed in this thesis could be used as good basic 

antennas for implementing in SM-MIMO or OAM multiplexing. 
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