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Abstract

The bandwidth enhancement of two-port single radiator patch antennas for wireless com-

munications is studied through single resonance and frequency tunability using the injec-

tion matching technique. The approach uses the variations of the relative amplitude γ

and phase shift φ between the two coherent excitation signals at port two of the antenna

to modulate the terminal impedances at the two ports, which simultaneously matches the

two ports of the antenna to the 50 Ω coherent sources. Particular focus is paid to the

active modulation of the electrical length of the patch antenna to enhance the bandwidth

of an electrically small antenna.

Wide bandwidth greater than 64% is attained from the two-port proximity-fed patch

antenna with approximately stable omnidirectional H-plane radiation patterns, radiation

efficiency higher than 99% and total efficiency higher than 89% across the antenna pass-

band through excitation of two characteristic modes of the antenna with γ = 1 and

φ = 180° applied to the antenna. Also, the fractional bandwidths of 67% and 19% with

radiation efficiency higher than 98% and total efficiency higher than 84% across the an-

tenna passband are attained from a patch antenna through a non-progressive frequency

tuning of the antenna modes with γ = 1 and φ = 180°, and γ = 1 and φ = 0°, respectively.

It is further shown that other γ and φ combinations apart from γ = 1 and φ = 180° or
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γ = 1 and φ = 0° can only affect the matching of the attained differential or common

mode resonances.

Besides, an electrically small operation with electrical length ka = 0.81, radiation and

total efficiencies of 93%, and a −10 dB fractional bandwidth of 2.7% at a 1.423 Gigahertz

(GHz) centre frequency has been attained on a patch antenna which is incorporated

with a slow-wave structure, through the application of the injection matching technique.

It is further shown that the use of lumped elements for tuning the two-port injection

matched antennas to an electrically small frequency of operation is not feasible because

of the narrowband matching behaviour of the lumped elements, which causes significant

variations in the applied γ and φ.

Also, the reciprocity analysis of the two-port injection matched antennas shows that

the same feeding network arrangement used by the antenna in transmit mode can be fed

by an injection matched antenna in the receive mode. Besides, the two-port injection

matched antennas can work reciprocally with any other antenna with similar radiation

characteristics.

The high bandwidths attained by the two-port injection matched antennas are at-

tributed to the excitation of the multiple characteristic modes of the antenna through the

application of the injection matching technique. However, all these features are attained

at the expense of complex driving circuitry, which is not always advantageous to realise.
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Chapter 1

Introduction

1.1 Background

The antenna is an essential component of the wireless system for transforming energy

between electrical and electromagnetic energy. Apart from other antenna parameters [1],

antenna bandwidth is necessary for capacity enhancements of the wireless system [2].

However, the need for antenna bandwidth is driven by technological advancements.

In the earliest analogue wireless systems such as the first generation (1G) of mobile

networks, which used a purely Frequency Division Multiple Access (FDMA) technique [3],

the antenna bandwidth of around 15 to 25 Megahertz (MHz) was sufficient to meet the

capacity requirements in the access layer for voice communications. For example, in some

International Telecommunications Union (ITU) Region 1 countries, such as the United

Kingdom (UK), the deployment of Total Access Communication System (TACS) network,

which supported between 600 to 1,320 equally spaced 25 kilohertz (kHz) radio channels

in the 900 MHz band allowed each of the end-user terminals integrated with a 25 MHz

bandwidth antenna to access the network services from any of the authorised mobile
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network operators (MNOs) [3]. While the desired capacity was attained, portability of

the user equipment was another critical requirement. However, the two conditions were

easily met as the desired low antenna bandwidth simplified the antenna design [4].

The increase in capacity needs, being influenced by the introduction of multimedia

services such as text, data, video streaming and video on demand, caused the 1G wireless

systems to progressively evolve towards the second generation (2G), third generation (3G)

and fourth generation (4G) of mobile networks [5]. This evolution caused a progressive

rise in the need for large antenna bandwidths, except the 2G systems which use the same

radio frequency (RF) spectrum that was allocated for 1G systems, to meet the capac-

ity requirements [6]. Other techniques such as advanced modulation schemes, advanced

access techniques, and multiple antenna technology, which utilises multiple radiator mul-

tiport (MRMP) configuration, were introduced in the 3G and 4G systems to enhance

the capacity requirements, which also complicated the antenna designs [5]. The high

mutual coupling effects and bulkiness presented by the MRMP antennas in 3G and 4G

systems, such as High Speed Packet Access (HSPA), Long Term Evolution (LTE) and

LTE - Advanced (LTE-A), are the main challenges [7–9]. Also, the introduction of carrier

aggregation by the Third Generation Partnership Project (3GPP) release 10 influenced

the need for realising multiband antennas and even ultra-wideband antennas [10, 11].

Besides, the introduction of secondary systems, such as Bluetooth, global position-

ing satellite (GPS) transceivers, and Wireless Fidelity (Wi-Fi) systems in mobile phones

opened new challenges in antenna designs. As these services are operating in different

frequency bands (2.4 Gigahertz (GHz) for Bluetooth, 2.4 and 5.8 GHz for Wi-Fi, and L-

band for GPS), the need for multiband, ultra-wideband or multiple antennas is unavoid-

able. Though multiple antennas have been widely adopted to address this requirement,
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multiband or ultra-wideband antennas are cost-effective and enhance user equipment’s

miniaturisation.

The new technological advancements, such as the fifth generation (5G) and forthcom-

ing sixth generation (6G) systems, take the antenna bandwidth challenge in a new sphere.

The capacity needs are so high to foster multimedia services, which include the Internet

of Things (IoT). Though advanced modulation schemes, advanced access techniques and

multiple antenna technologies such as massive multiple input multiple output (mMIMO)

are still employed, a prominent radio spectrum has been allocated by ITU for the gig

capacity. For example, the 5G operation in the Sub-6 GHz band (600 MHz to 6 GHz)

requires antennas with large bandwidth to cover the whole band or at least part of the

band, such as the Sub-6 GHz low-band or Sub-6 GHz high-band (2.3 to 4.7 GHz) depend-

ing on the operational mode. To have an antenna covering such massive bandwidths is

challenging.

Microstrip patch antennas are proposed in this thesis for addressing the bandwidth

requirements of the 5G wireless systems and other dynamically shared services in the Sub-

6 GHz high-band because of their planar geometry, being lightweight, easy and inexpensive

to fabricate [1]. Though the realisable bandwidths on patch antennas under conventional

feeding techniques are limited to around 13% [1], mechanisms are devised in this thesis to

achieve high operational bandwidths to cater for the bandwidth requirements of the 5G

wireless systems in the Sub-6 GHz high-band. The realised antennas use a single radiator,

being excited through two ports forming single radiator multiport (SRMP) patch antennas

with the advantage of utilising either of the ports for signal transmission and reception

because of the high correlation between the two ports. Features of the MRMP antennas,

such as direction of arrival (DoA) estimation [12], diversity transmission and reception,
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and electronic beam steering [13], which are not part of this investigation, can also be

attained through an SRMP patch antenna.

1.2 Objectives and hypothesis

Two-port SRMP patch antennas have been investigated in [14–16] using the injection

matching technique. However, the high bandwidth attained in [16] is also attributed to

the lateral displacement of the feed lines from the magnetic symmetry line of the patch,

which distorts the antenna cross-polar patterns [17]. The theory for the reflection coef-

ficients, transmission coefficients and the matching efficiency for the two-port injection

matched antennas has not been provided [14–16]. Also, the systematic design and val-

idation procedures and the receive mode operation for the two-port injection matched

antennas are yet to be characterised. Besides, the wideband, frequency tunability and

electrically small operations have not been distinguished from each other in how they can

be attained by an injection matched antenna. These knowledge gaps need to be filled to

establish a complete characterisation of the injection matched antennas.

This thesis uses the injection matching technique to investigate bandwidth enhance-

ment of two-port single radiator microstrip patch antennas through single resonance and

frequency tunability. Particular focus is paid on bandwidth improvement for electrically

small patch antennas. Besides, the theoretical and experimental characterisation of the re-

flection and transmission coefficients, efficiency (radiation, matching and total efficiency),

radiation patterns, and the receive mode operation for the two-port injection matched

antennas are explored. The main objectives of this study can be summarised as,
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(1) Investigating the bandwidth enhancement of patch antennas through single reso-

nance and frequency tunability using the injection matching technique.

(2) Developing a rigorous theory for the two-port injection matched antennas to char-

acterise the reflection and transmission coefficients, antenna efficiency (radiation,

matching and total efficiency) and radiation patterns.

(3) Performing the reciprocity analysis of the two-port injection matched antennas to

verify an intuitive arrangement of the feeding network around the antenna to be fed

by an injection matched antenna in the receive mode.

(4) Formulating the design methodology for the two-port injection matched patch an-

tennas, including the placement of the feed lines.

(5) Formulating the validation procedure for the two-port injection matched antennas

to experimentally characterise the total active reflection coefficient (TARC) and

radiation patterns for the antennas.

(6) Carrying out an investigation to distinguish between wideband, frequency tunabil-

ity and electrically small operations attained by the two-port injection matched

antennas.

It is assumed that modulating the relative amplitude and phase shift between the

two excitation signals that are simultaneously applied to a two-port patch antenna will

actively modulate the driving terminal impedances of the antenna. This action will alter

the surface current distribution on the antenna to change the frequency of operation

and radiation patterns. Also, the bandwidth enhancement of the patch antenna can be

attained through the same action. However, the attainability of these features requires
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integrating active devices such as the amplifier in the antenna driving circuitry. Though

the realised antenna is reciprocal, a rigorous reciprocity analysis is needed to establish

how the driving circuitry (feeding network) around the antenna can be arranged to be

fed by a multiport antenna in the receive mode. However, the realisation of the driving

circuitry for the two-port injection matched antennas lies outside the scope of this study.

1.3 Thesis organisation

The thesis is organised into eight chapters as shown in Figure 1.1. Chapter 2 reviews the

various techniques for the implementation of SRMP antennas to achieve wide bandwidth

on microstrip patch antennas through single resonance, multiple bands operation, or fre-

quency tunability. The chapter synthesises the valuable concepts that can be merged with

the idea of this thesis to enhance the bandwidth of multiport patch antennas.

Chapters 3 to 7 are the main contributions of this thesis. In Chapter 3, the theory that

characterises the two-port injection matched antennas to operate in both the transmitting

and receiving modes is outlined. Special attention is paid to the reciprocity analysis of

the two-port injection matched antennas to verify an intuitive arrangement of the feeding

network around the antenna to be fed by an injection matched antenna in the receive

mode.

Chapter 4 establishes the design and validation procedures for the two-port injection

matched antennas. Also, the theory of characteristic modes is linked with the injection

matching technique to determine the position for the placement of the feed lines on the

two-port injection matched antennas. Besides, the design and validation procedures are

applied to realise and test a two-port injection matched antenna.
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Figure 1.1. Organisation of the thesis chapters.
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Particular focus on applying the injection matching technique to achieve wide band-

width, frequency tunability, and electrically small operation is paid in Chapter 5, 6 and

7. In these chapters, the three operating modes are distinguished from each other in

how they can be attained from an injection matched antenna. Other feeding techniques,

such as feeding on the opposite corners of the patch and the use of four feed lines, are

also discussed in Chapter 5 and 6 to investigate bandwidth enhancements on the patch

antenna.

Chapter 8 summarises the main contributions of this thesis, identifies the gaps which

are not addressed by this thesis, and suggests future work to be done to improve the

study.
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Chapter 2

Review of multiport antennas

2.1 Background

In recent years, SRMP antennas [13, 18] are widely being investigated for use in diversity

transmission and reception, and in electronic beam steering [13] because of their compact

size [12] and low mutual coupling between the multiple ports, though at the expense of

low gain and low spectrum efficiency [12], compared to the MRMP antennas [7, 8, 19].

Despite the attractive features of the SRMP antennas, the use of such antennas in higher

data rate applications is limited by their operational bandwidth [2].

In this chapter, the various techniques for implementing SRMP antennas are outlined

to investigate the possibility of improving the bandwidth of microstrip patch antennas

through single resonance, frequency tunability, or multiband resonances. The review is

extended to look at the similarities between multiport antennas and characteristic modes

of the antenna. Particular focus is paid to the two-port antennas, which are the main

concern of this study, finishing with a review on measurement challenges for multiport

antennas.
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2.2 Single radiator multiport antennas

An SRMP antenna consists of a single radiating element and multiple ports connected

to the radiator to allow excitation of the desired feature [12]. In the literature, typical

features of power combining [20], directive patterns [21], multi-band resonances [22], and

adaptive beamforming capabilities [13] have been reported from SRMP antennas. Though

these features do not form the basis of investigations in this thesis, they are being reviewed

here to synthesize valuable concepts that can be merged with the proposed idea of this

thesis to enhance the bandwidth of multiport patch antennas.

In [20], an SRMP patch antenna for power combining applications was realised by

combining different excitation signals with different amplitudes from each of the multiple

ports inside the antenna. The amplitude of each excitation signal was attained by the

use of an amplifier positioned externally to the antenna. The idea utilises a similar

approach proposed in this thesis though it lacks some features of controlling the phases

of the excitation signals. However, there is no improvement in bandwidth by the SRMP

antenna of this configuration when compared to the corresponding single-port antenna.

The antenna dimensions are also large to support miniaturisation.

An integrated multiport driven (MPD) radiator is reported in [21]. The radiator is

formed by a ring designed similarly to a bicycle ring with spokes, where the spokes rep-

resent the grounding lines, which provide a path for routing the return currents from the

circumference of the ring to the centre of the ring as depicted in Figure 2.1a. The antenna

is excited through multiple integrated driving circuits realised from amplifiers and oscil-

lators. The desired pattern from the antenna is attained by altering the surface current

distribution on the antenna by controlling the injected currents through a mechanism
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described in [21]. The approach uses a similar feature, to the proposed antenna of this

thesis, of changing the surface current distribution on the antenna to achieve the desired

pattern. However, the challenge with this configuration lies in its complexity in realising

the driving circuitry, which requires the driving currents to be well controlled to avoid the

reflected currents from cancelling out the input signal currents. In particular, the realised

pattern is circularly polarised with a maximum directive gain of around 4.4 dBi as shown

in Figure 2.1b.

(a) (b)

Figure 2.1. (a) An integrated multiport driven antenna architecture (b) radiation pattern for
the multiport driven antenna [21].

A passive and compact SRMP multiband antenna has been proposed in [22]. The

antenna has three ports sharing the same radiator composed of two Sierpinski fractal

triangles, where the two ports are the main ports, and the third port is an auxiliary

port. Wideband operation is attained between 1 and 4 GHz at each of the two main

ports, while multiband operations are attained at the auxiliary port around 2.4, 3.4, and

5.2 GHz frequencies. The minimum port isolation is around 5 decibel (dB) as shown in

Figure 2.2. The technique used in this configuration to achieve good isolation between
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the multiple ports can be utilised in the antennas of [14, 15], which also form the basis of

investigations in this thesis.

(a) (b)

(c) (d)

Figure 2.2. (a) Front view of the multiband antenna (b) back view of the multiband antenna
(c) simulated and measured reflection coefficients (d) simulated and measured isolation between
the multiple ports [21].

Another SRMP patch antenna is reported in [13]. The antenna was excited through

four ports, which were probe fed from the ground plane below the substrate as shown in

Figure 2.3a. Good port isolation shown in Figure 2.3b was attained, which showed good

performance in beam steering, interference mitigation and DoA estimation compared to

the corresponding 2×2 MRMP antenna, according to the tests performed in [13]. However,
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the SRMP antenna is more complex to design than the corresponding MRMP antennas

because of the small spacing between the multiple ports. A similar approach in [13] can

be utilised in the proposed antennas of this thesis to achieve good port isolation and to

investigate other functionalities such as beamforming applications.

(a) (b)

Figure 2.3. (a) An SRMP antenna with w = 44.6 mm, d = 9.4 mm and h = 1.6 mm printed
on FR4 substrate with εr = 4.5 (b) Isolation between multiple ports of an SRMP antenna [13].

In [23], a modified approach to the one in [20] was used to attain power combining

inside the antenna by introducing a phase shifter at each of the multiple ports. The phase

shifters were essentially for changing the antenna polarisation by simply altering the phase

at each port to achieve power combining in different polarisation states. Though the idea

in this configuration looks similar to the proposed antennas in this thesis, the structure

is bulky because of the incorporated multiple phase shifters and amplifiers. Also, the

polarisation of the antenna in [23] is circularly changed in different states by combining

the phase shifts for the different excitation signals at the multiple ports, contrary to the
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proposed technique in this thesis, which does not alter the antenna polarisation by simply

changing the phase shift at the multiple ports. In this thesis, the antenna polarisation

can only be altered by changing the feeding arrangement and the antenna configuration

during the design process.

According to the presented literature in this section, the challenge in designing the

SRMP antennas lies in the small spacing between the multiple ports, which makes it

difficult to attain high port isolation, limiting the number of the supported multiple ports.

As a result, most SRMP antennas are considerably large, making them not a better choice

for miniaturisation.

2.3 Characteristic modes vs multiport antennas

The theory of characteristic modes is widely being used in the realisation of multiport

antennas. In SRMP antennas, this is achieved by exciting multiple modes on the surface of

the radiator by use of multiple ports or multiple feeds [24, 25]. The excitation of multiple

modes is attained by grouping similar significant modes at each port, which are jointly

excited either differentially or in common mode by the use of multiple voltage sources

[24]. Because the modes belonging to the same group are correlated to each other, they

are jointly excited by the same applied excitation. As a result of simultaneous excitation

of the multiple similar modes from each of the orthogonal ports, broadband operation

with high port isolation can easily be obtained [25].

In [25], a planar four-port multimode SRMP antenna was investigated for beamforming

applications. Different radiation characteristics were obtained from each port, allowing

the ports to be independently utilised in the beam scanning. The antenna showed the gain
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enhancement of up to around 3 dB in various scan angles as measured from the different

antenna ports. This observation indicates that good port isolation can be attained from

multimode SRMP antennas. Another similar four-port antenna was realised in [26] for

the DoA estimation with low mutual coupling between the multiple ports. Because of the

orthogonal behaviour of the radiated signals from the different ports and the low mutual

coupling between the multiple ports, an N -port multimode antenna can mimic an N -

element antenna array. Besides, though the investigations were based on the parameter

which is not part of this thesis, it is generally shown that good port isolation can be

achieved on an SRMP antenna.

In contrast to the injection matching technique reported in [14], the multimode SRMP

antennas use a similar feeding mechanism when the differential excitation mode is em-

ployed [27]. This observation shows that the injection matching technique is also based

on the excitation of multiple characteristic modes through differential feeding. However,

because of the methods used in locating the feeding points for each port [24, 27], the

resulted antenna ports are already matched to the 50 Ω impedance, making the frequency

tuning by altering the phases and amplitudes of the excitation signals impossible as it

disturbs the port matching. That is because only a phase shift of 180° is allowed in the

differential excitation mode [27, p. 3909].

However, some challenges arise from multimode SRMP antennas, one of them being

the realisation of multiple voltage sources for each port configuration, which requires the

use of multiple signal splitters, and multiple 180° hybrid couplers when differential feeding

is needed, to deliver the excitations at the multiple feed points for each port that need to

be simultaneously driven [27, p. 3909]. This requirement makes the driving circuitry for

each port bulky and complex to realise, which may compromise the number of feasible
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ports on the multiport antenna. Also, the arrangement of ports requires a consideration

of the symmetry of the modes while at the same time ensuring that the number of ports is

minimised to minimise the coupling between them [24]. Besides, the excitation of specific

modes from a group of correlated modes is restricted because of the high correlation

between the modal currents, which limits the number of uncorrelated antenna ports [24].

2.4 The two-port antennas

There are quite a several techniques that give a two-port antenna configuration the ability

to either provide bandwidth enhancements [28, 29], electrically small operations [30–32],

multiband operations [33], or frequency tunability [34].

2.4.1 Two-port wideband antennas

In [29], an integrated ultra-wideband antenna has been proposed. The antenna was re-

alised by integrating a coplanar waveguide (CPW) to coplanar stripline (CPS) transition,

a tapered slot antenna with elliptical tapering, and a rectangular loop slot antenna in a

composite structure shown in Figure 2.4 by following the design procedure outlined in

[28, 29, 35–38]. An ultra-wideband operation was attained by integrating an elliptically

tapered slot antenna of Figure 2.4d onto the ports Pa and Pb of the CPW to CPS transi-

tion. Also, integration of the rectangular loop slot antenna onto the gap between the two

tapered slots of the ultra-wideband antenna produced a narrowband operation at port P2

without affecting the ultra-bandwidth at port P1. Besides, a minimum port isolation of

45 dB shown in Figure 2.4e was achieved. Though the antenna has potential ultra-wide
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bandwidth and good port isolation, it is difficult to realise because of the complexity in

modelling the coupling losses between the three elements.

(a) (b) (c) (d)

(e)

Figure 2.4. (a) An ultra-wideband antenna (b) CPW to CPS transition (c) rectangular loop
slot antenna (d) tapered slot antenna (e) simulated transmission and reflection coefficients for
the wide-narrowband antenna [29].
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Another two-port based approach for realising wideband antennas is outlined in [28].

In this case, a monopole antenna with a CPW feeding architecture was integrated with

a shorted microstrip patch antenna excited through a tapered microstrip feed line. The

antenna was configured to allow the monopole antenna to provide the grounding plane

for the shorted patch antenna. The monopole antenna offers wideband operation at

frequencies between 3 and 11 GHz, whereas the shorted microstrip antenna provides a

narrowband operation between 5.15 and 5.35 GHz, with minimum isolation of around

5 dB across its bandwidth [28]. However, the antenna is complex to realise because of

the difficulty in modelling the coupling between the two radiators. The realised antenna

finds applications in cognitive radio operations.

A wideband antenna can also be realised from the Doherty amplification technique

[39, 40]. The main concept of Doherty Amplification is based on utilising the active

load modulation attained through an impedance transforming quarter wavelength, λ/4

transformer shown in Figure 2.5a to match the two elements of an antenna array connected

at the carrier power amplifier (PA) and peaking PA branches. In this case, the self and

mutual impedance of the connected antennas and the currents flowing through the two

amplifiers are used to efficiently match the two antenna elements to the 50 Ω source. The

transmission line (shown in Figure 2.5a) or phase delay (shown in Figure 2.5b) in the

peaking PA is used to optimise the load impedance for the carrier PA when the system

is in saturation. This action alters the load impedance of the carrier PA to operate

at a low power level such that it only depends on the self impedance of the antenna

element, which drives the PA into saturation earlier for efficiency enhancement in the

back-off region. However, the load impedance is decreased at a high power level so that

more output power is delivered. A typically designed active array in [39] showed that
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by adjusting the ratio I2/I1, Zin1 could be modulated between around 30 Ω and 52 Ω as

shown in Figure 2.5c and 2.5d.

(a) (b)

(c) (d)

Figure 2.5. (a) Doherty amplifier operational diagram (b) active load modulation with Doherty
amplifier (c) simulated currents for the carrier and peaking amplifiers (d) simulated impedances
for the carrier and peaking amplifiers [39].

Although in saturation, Zin1 was affected by the phase delay of the current at the peaking

PA, by maintaining the current ratio I2/I1 and a 90° phase delay, it was possible to

realise Zin1 of 52 Ω in the power back-off region. Because of the analogy between the

two-element antenna array and two-port antenna, the concept of Doherty amplification

can be deducted for a two-port antenna, which is the main focus of this thesis.

Typically, an injection matching technique was derived from the operational principle

of the Doherty amplifier [14]. The technique was then applied in the realisation of a
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two-port wideband antenna [16]. Through adjustment of the phase shift and relative

amplitude between the two excitation signals at the two ports of the two-port proximity-

fed microstrip patch antenna, a −10 dB impedance matched bandwidth of around 2.4 : 1

was achieved. Comparing this method with a traditional approach for realising patch

antennas where a fractional bandwidth of up to around 13% is possible [1], this is a great

achievement in patch antennas. However, some drawbacks arise from the bulkiness of

the driving circuitry, which includes phase shifter, signal splitter and amplifier, that are

essentially needed to perform the injection matching. Also, the feed lines were laterally

displaced from the magnetic symmetry line of the patch, which distorts the antenna

cross-polar patterns [17].

2.4.2 Two-port electrically small antennas

Electrically small antennas are one whose electrical length satisfies the condition ka <

1, where a is the radius of the hypothetical Chu sphere circumscribing the maximum

dimension of the antenna, k = 2π/λ is the free space wavenumber, and λ is the free space

wavelength [41, 42]. Because an electrically small antenna (ESA) occupies a small volume

in the Chu sphere, its radiation resistance, Rr, becomes very low while its capacitive

reactance, Xa is very high [43, 44]. Since Xa ≫ Rr for an ESA, the quality factor Q =

Xa/Rr becomes very high [45]. The low value of radiation resistance for electrically small

antennas is translated to low radiation efficiency and, consequently, low total efficiency.

In contrast, the high value of Q factor is translated to the narrow bandwidth exhibited

by ESAs [46].
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The design of an electrically small antenna involves finding trade-offs between Q,

bandwidth and efficiency. However, the lowest possible Q attained by an ESA is limited

by the Chu limit QChu ≥ (1/(ka)3 + 1/ka) [47]. Therefore, making Q close to the Chu

limit may attain an ESA with enhanced performance.

The most efficient and wideband ESA is obtained by maximising the volume utilised

by the antenna in the hypothetical Chu sphere [48]. However, this method is limited in

shape as planar antennas are often highly preferred in a range of applications. Other

techniques which are less efficient are based on tuning with Foster or non-Foster elements

[31, 49–51], and on the incorporation of slow-wave structures on the antenna [52].

(a) (b)

Figure 2.6. (a) Two-port antenna active matching with NICs (b) variation of reactance with
frequency [30, 53].

In a two-port configuration, a wideband ESA can be realised through tuning with non-

Foster elements [30] as shown in Figure 2.6a. The scheme utilises the decrease in reactance

with the increase in frequency feature of the negative impedance converters (NICs) to

cancel the capacitive reactance of the antenna in a broad frequency range as shown in
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Figure 2.6b. As applied to a semi-loop antenna [30], the electrical length ka ranging

between 0.04 and 0.17 was achieved, though at the expense of stability, losses, and antenna

efficiency.

An electrically small mode of a two-port antenna is also reported in [14, 15, 54] through

injection matching technique. The approach uses the variation of relative amplitude and

phase shift between the two coherent excitation signals to match the antenna to the source.

However, the reflection coefficient at port two of the antenna and the coupling between

the two ports were not reported [14, 15]. Though the reflection coefficient in [54] was

derived from the two ports and was characterised by the TARC, there was an inductor-

capacitor (LC) matching network introduced to the antenna. The use of an LC matching

network in [54] does not provide a clue on whether the electrically small operation was

attained by the LC matching network or by the injection matching technique. Because

of these two factors, the applicability of the injection matching technique to ESAs needs

to be further investigated.

2.4.3 Two-port frequency tunable antennas

Frequency tunable (or reconfigurable) antennas are mainly realised by the use of

microelectromechanical system (MEMS) switches and semiconductor switches (positive-

intrinsic–negative (PIN) diodes and varactor diodes) [55]. Despite being slow in response,

MEMS have the advantages of low insertion losses and low power consumption. PIN

diodes are advantageous for being fast in response, having a high power handling capa-

bility and being small in size. However, their stability is problematic when biased, which

degrades the antenna efficiency [55]. On the other hand, the variation of capacitance
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of the varactor diodes is very sensitive to the bias voltage, making them unsuitable in

handling high-power signals [55].

(a) (b)

(c) (d)

Figure 2.7. (a) Front view (b) back view (c) reflection coefficient on narrowband port (d)
reflection coefficient on wideband port for the disc monopole antenna [56].

In [56], a two-port frequency reconfigurable antenna has been realised by exciting a

disc monopole from its two ends as shown in Figure 2.7 by use of coplanar and microstrip

feed lines. The defect slots were created on the ground plane of the microstrip feed line to

suppress the undesired out of band frequencies. The tuning of this antenna was achieved

by varying the length of the slots. A wideband operation was attained from the coplanar
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Figure 2.8. Structure of a dual-port frequency reconfigurable antenna proposed in [57].
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feed line port and a narrowband resonance at the microstrip feed line port. The minimum

isolation between the two ports was around 10 dB. However, the antenna does not provide

a tuning flexibility [56].

A modified version of the disc monopole antenna (shown in Figure 2.8) has been

studied in [57] for cognitive radio applications. The radiator was sliced on one end, and the

feeding arrangement on the narrowband port was modified to incorporate two electronic

switches for the narrowband tuning. A wideband resonance at one of the ports is used for

beam scanning, and the tunable narrowband resonance is used for communication [57].

The attained isolation between the two ports is greater than 10 dB. However, because

the narrowband feeding arrangement forms the second radiator, it is difficult to control

the mutual coupling between the two radiators.

In [14, 15], wideband frequency tuning of a microstrip patch antenna has been achieved

by varying the phase shift and relative amplitude between the two excitation signals from

two coherent sources through the injection matching technique. However, the reflection

coefficient at port two of the antenna and isolation between the two ports were not re-

ported. Because of these factors, there is no evidence of whether the injection matching

technique can achieve frequency tunability. The main drawback of this approach is the

bulkiness of the antenna driving circuitry, which includes phase shifter, signal splitter and

amplifier, that are needed to perform the injection matching.

2.4.4 Two-port multiband antennas

Multiband antennas provide another alternative for addressing the bandwidth require-

ments in wireless communications [59]. They are realised by introducing meandered sec-
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(a) (b)

(c)

Figure 2.9. (a) Front (b) back view of the two-port dual-band duplexing antenna (c) reflection
coefficients and isolation between the two ports of the dual-band duplexing antenna [58].
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tions on the antenna radiating element through the creation of slits and or slots [59–61],

or by use of multiport excitations where the reflection coefficient from each port is utilised

for resonance on a separate frequency band. When these slits and slots are introduced

on a single radiator two-port antenna, the antenna is converted to a multiband two-port

antenna.

A typical example of a two-port multiband antenna is given in [58], where a dual-

port dual-band dual-polarised antenna with duplexing and filtering functionality has been

proposed. The antenna consists of the printed patch on the upper substrate and feeding

arrangements printed below the lower substrate, where the two printed layers share the

same slotted ground in the middle layer as shown in Figure 2.9. To allow excitation

of orthogonal polarisations of the patch, the two slots in the ground plane were created

perpendicular to each other. Each of the feeding networks consists of the hairpin resonator

and stub-loaded resonator, shown in Figure 2.9b, which provide the design flexibility in

adjusting the frequency ratio of the two bands. The two ports are working in two separate

frequency bands with high isolation between them, as shown in Figure 2.9c. The attained

fractional bandwidths from the two resonances were around 4.8% and 5.1% with minimum

port isolation of around 30 dB. However, it is difficult to control the coupling between

resonators in the feeding networks, complicating the design process.

2.5 Measurement challenges in multiport antennas

Measurement challenges in multiport antennas range from the inflexibility of the required

testing tools, the stray inductance of the Sub-Miniature Version A (SMA) connectors [20],

mutual coupling between multiple ports and feeding networks [62, 63], beam squinting

27



with frequency [64], and variations of the relative phases and amplitudes of the signal

components in the far-field of the antennas [65].

Most of the tools in anechoic chambers are designated for single-port antennas, lacking

multiport functionality. Therefore, some modifications may be required to allow the

characterisation of multiport antennas.

A study carried in [20] on a multiport patch antenna has revealed that the induc-

tance of SMA connectors influences the resonance of the antenna, which changes the

corresponding radiation pattern.

The mutual coupling between multiple ports in SRMP antennas or between array ele-

ments in MRMP antennas predominantly affects the multiport antenna radiation patterns

as low mutual coupling losses are desired for optimal patterns [62, 63]. In antenna arrays,

the high mutual coupling between array elements will decrease the power level radiated

by the antenna array and therefore reduces the range of the antenna or system capacity

due to a reduction in signal-to-noise ratio (SNR) [62]. Also, the high mutual coupling

between the multiple ports reduces the active reflection coefficient of the SRMP antenna,

which reduces the radiation efficiency of the antenna [13]. However, the effect of mutual

coupling in multiport antennas can be minimised by increasing the distance of separation

between the antenna ports or array elements. However, in MRMP antennas, the increase

in separation between array elements increases the antenna size, which is then translated

to high side-lobes in the far-field of the antenna that may lead to adjacent channel interfer-

ence [62]. Also, increasing the separation between the multiple ports in SRMP antennas

results in large antenna sizes, making them unsuitable for miniaturisation.

In active multiport antennas, beam squinting with frequency is a common notable

problem caused by the usage of time delay circuits in the antenna driving circuitry [64].
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Figure 2.10. Illustration of beam squinting on antenna pattern [64].

Such use of time delay circuits gives rise to a non-linear variation of the phase with

frequency in the far-field of the antenna. The variation of phase in the antenna far-field

directs the antenna pattern towards θ0 + ∆θ at frequency f0 + ∆f instead of θ0, which

was the pointing direction at frequency f0 as shown in Figure 2.10 [64], resulting to the

deformation of the antenna beam pattern [66]. The effect is translated to a reduction of

antenna gain, G in the direction θ0, while at the same time limiting the usable bandwidth

of the antenna [64].

In antenna arrays, the variation in amplitudes of the signal components caused by

thermal effects on the active circuit elements such as power amplifiers affects the peak

gain and sidelobe levels [67]. On the other hand, the distribution of the relative phase error

affects the orientation of the radiation pattern [65]. When the phase error is uniformly

distributed over the array elements, the main beam direction is unaffected, but the nulls

suffer from severe degradation of around 10 to 20 dB [65]. However, when the phase error

is non-uniformly distributed, the main beam will be changed to a different direction,

resulting in the beam squint [65, 68]. Phase error variation in antenna arrays is caused by
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thermal effects arising from active components and manufacturing tolerances in the RF

feeding networks [64, 69].

2.6 Towards the research of this thesis

Based on the reviewed literature and the summary established in Table 2.1, active mul-

tiport antennas with Doherty amplifier integration have shown an attractive feature of

efficient matching in a broad frequency range [39]. This feature inspired the construction

of a two-port antenna, which functions by utilising the variations of the phase shift and

relative amplitude of the signal at port two of the antenna to match the two ports to the

50 Ω coherent sources [54]. The broadband operation [16], frequency tunability [14, 15],

and an electrically small operation mode [14, 15] have been reported through the injection

matching technique.

However, the reflection coefficient at port two of the antenna and isolation between

the two ports were not reported in [14, 15]. Though the reflection coefficient in [54] was

derived from the two ports and characterised by the TARC, the antenna was also matched

with an LC network. These two issues pose a question on whether the injection matching

technique works as it has been reported.

Besides, the theory for characterising the reflection and transmission coefficients and

total efficiency for the injection matched antennas has not been provided. It is also not

known how the injection matched antennas can be made to work in receive mode. On the

other hand, the systematic design procedure for the two-port injection matched antennas

has not been formulated. The experimental procedure for characterising the far-field

patterns is also yet to be established.
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It is also reported in [70] that the position of the feed lines and port locations could

affect the performance of the injection matched antennas, but there is no guideline for

positioning the feeds and ports. The conditions under which the injection matched an-

tenna can work in broadband, frequency tunability or electrically small modes were not

distinguished. These are the knowledge gaps that need to be filled before a complete

characterisation of the injection matched antennas is established.

Table 2.1. A summary of most significant works related to this thesis.

Features Literature/Technique

Multimode
antenna
[24, 27]

Integrated
ultra-

wideband
antenna

[29]

Power
combin-

ing
antenna
[20, 23]

Doherty
amplifi-
cation
[39, 40]

Injection
matching
technique

[14–
16, 54]

Operational bandwidth High 4.2:1 <30% 50% Not clear

Radiation efficiency High >70% Unreported High High

Total efficiency High Unreported 70% >50% >80%

Port isolation (dB) Unreported >45 Unreported >12 Not clear

Frequency reconfigurability Unreported No No Unreported Not clear

Multiband operations Yes Yes Unreported Unreported Unreported

Miniaturisation support No Yes No Yes, but
requires
bulky

driving
circuitry

Yes, but
requires
bulky

driving
circuitry

ESA mode attainability Unreported Unreported Unreported Unreported Not clear

Design complexity Simple Very
complex

Difficulty Simple Simple
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This thesis aims to investigate the bandwidth enhancement of microstrip patch anten-

nas using injection matching technique while characterising the reflection and transmission

coefficients, efficiency (radiation, matching and total efficiency), and radiation patterns

of the injection matched antennas from a theoretical and an experimental point of view.

Also, the reciprocity analysis of the two-port injection matched antennas to verify an in-

tuitive arrangement of the feeding network around the antenna to be fed by an injection

matched antenna in receive mode is discussed. A linkage between the injection matching

theory and theory of characteristic modes is used to precisely determine the feeding po-

sitions for the injection matched antennas’ optimum performance. The theoretical and

experimental investigation of injection matched antennas to distinguish between broad-

band mode, electrically small mode and frequency tunability is also discussed.

2.6.1 Strategy for bandwidth enhancement

Attaining wide bandwidths from microstrip patch antennas under conventional feed-

ing mechanisms is infeasible because of the stored electromagnetic (EM) at the metal-

substrate boundaries. However, through modifications of the patch antenna’s radiating

element [71, 72] and or ground plane [73], one can achieve ultra-wide bandwidth. In the

literature, truncating the grounding plane of a patch antenna to form a planar monopole

antenna is advantageous in terms of high bandwidth and good antenna performance,

attaining omnidirectional radiation patterns. Rectangular, circular, and elliptical patch

antennas are preferred in implementing planar monopole antennas because they provide

broad bandwidth among the microstrip patch antenna configurations [74].
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Though the circular and elliptical patch monopole antennas attain higher bandwidths

than the rectangular patch antenna, their radiation characteristics are less stable [74].

This reason promotes the rectangular monopole antenna for bandwidth enhancements.

The omnidirectivity of the rectangular planar monopole antenna can be utilised for the

surrounding transmission and reception of signals, a feature needed by wireless systems

that use multi-path propagation. Also, the monopole antenna is miniaturised to operate

at considerably low frequencies compared to the traditional patch antenna of the same

size. However, all these potentials are achieved when the symmetry property of the dipole

antenna is satisfied during excitation.

Figure 2.11. A traditional rectangular planar monopole antenna.

In a traditional planar monopole antenna shown in Figure 2.11, the enhanced per-

formance is achieved by exciting the antenna from the patch edge along the antenna’s
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magnetic symmetry line. Also, a small feeding discontinuity, fd is created between the

partial ground plane (PGP) and the lower patch edge so that there is an electric symme-

try line between the two. However, offsetting the feed line from the magnetic symmetry

line, such as to some position “A” shown in Figure 2.11, results in the antenna’s reduced

performance due to cross-polarisation of the fields. On the other hand, extending the

PGP above the electric symmetry line of the monopole reduces the antenna’s bandwidth,

and alters the omnidirectivity of the antenna patterns. These are the things requiring

attention in the design process.

Figure 2.12. Proposed multiport rectangular planar monopole antenna.

In this thesis, apart from utilising the symmetry property of the planar monopole

antenna, the PGP is mirrored to the other end of the patch to allow excitations from the

two ends of the antenna as shown in Figure 2.12. With this scheme, more operational
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bandwidth can be attained from the resulting two-port rectangular planar monopole an-

tenna than what could be achieved from a single-port monopole of the same size. Also,

the radiation patterns are more stabilised than the patterns attained by the corresponding

single-port antenna because of driving the antenna from the two ends. The antenna can

also be excited through four ports, where the effect of displacing the two feed lines on

one side of the magnetic symmetry line (such as to positions A and B) is compensated

by the next two feed lines, which are equally displaced on the other side of the symmetry

line (at positions C and D). As such, investigations for bandwidth enhancements of patch

antennas in this thesis rely on obeying the symmetry property of the planar monopole

antenna, which also allows the performance enhancements of the realised antennas.
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Chapter 3

Theory for the two-port injection

matched antennas

3.1 Background

The Doherty amplifier consists of a carrier amplifier and peaking amplifier. The function

of the peaking amplifier is to actively load-pull the carrier amplifier by injecting a current

to the load when the carrier amplifier has approached its saturation point. Through this

action, the impedance seen by the carrier amplifier from the load is constantly maintained

at 50 Ω, thereby increasing the amplifier efficiency [75].

The theory of operation of the Doherty amplifier inspired the construction of an in-

jection matched antenna, hereafter referred to as injection matching technique. In this

configuration, a two-port antenna was constructed, and the port one terminal impedance

of the antenna was matched to the 50 Ω source by using variations of the relative ampli-

tude γ and phase shift φ between the currents I1 and I2 at ports one and two [75]. The
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theory was then expanded to allow the simultaneous matching of both ports one and two

of the antenna to the 50 Ω coherent sources [54].

In this chapter, the theory for two-port injection matched antennas is presented in

outline. The reflection coefficients, transmission coefficients, and (radiation, matching and

total) efficiencies for injection matched antennas are theoretically characterised. Also, the

procedure for experimental characterisation of the radiation patterns is discussed. Besides,

the reciprocity analysis of injection matched antennas to verify an intuitive arrangement

of the feeding network around the antenna to be fed by an injection matched antenna in

receive mode is explored.

3.2 Injection matching theory

Neglecting the radiation port, a two-port injection matched antenna is treated as a two-

port network as shown in Figure 3.1. The two injected current signals I1 and I2 depicted

in Figure 3.1 are related to γ and φ by,

I2

I1
= γejφ (3.1)

Figure 3.1. The impedance model for the two-port network.

Applying circuit theory to the two-port network in Figure 3.1, the terminal impedances

at ports one and two of the antenna are given by [75],
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Z1 = Z11 + Z12γejφ (3.2)

and

Z2 = Z22 + Z21

γejφ
(3.3)

where Zij is the ij element of the Z-matrix. The terminal impedance at port one, Z1 can

be expressed in terms of its real and imaginary parts R1 and X1, respectively by [75],

R1 = |Z11| cos θ11 + γ |Z12| cos(φ + θ12) (3.4)

and
X1 = |Z11| sin θ11 + γ |Z12| sin(φ + θ12) (3.5)

where θij is the phase angle for Zij. Similarly, the real and imaginary parts R2 and X2

respectively, of the terminal impedance Z2 at port two of the antenna are given by [75],

R2 = |Z22| cos θ22 + |Z21|
γ

cos(θ21 − φ) (3.6)

and
X2 = |Z22| sin θ22 + |Z21|

γ
sin(φ + θ21) (3.7)

Under simultaneous matched conditions of an injection matched antenna, both the real

impedances R1 and R2 tend to 50 Ω and the imaginary impedances X1 and X2 tend to

zero. Using this matched condition, Equations (3.4) and (3.5) can be simplified to give

[75],

φ = arctan
(

|Z11| sin θ11

|Z11| cos(θ11 − R1)

)
− θ12 (3.8)

38



and

γ = − |Z11| sin θ11

|Z12| sin(φ + θ12)
(3.9)

To initialise the simultaneous two-port injection matching on a given antenna, the two

conditions Re(Z1) > 0 and Re(Z2) > 0 must be satisfied. These conditions are decided

by analysing the graphs of Re(Z1) and Re(Z2) against frequency before the two ports

are locked. The two graphs can be plotted using Equations (3.2) and (3.3), or (3.4) and

(3.6). Alternatively, the graphs of theoretical φ and γ variations against frequency (on the

antenna) plotted from Equations (3.8) and (3.9) can be investigated to determine where φ

and γ are at the same time approximately constant, have minima or combinations of flat

regions and minima across the frequency range of interest, which are the regions where

the injection matching operation can be initialised. If any of the above conditions is not

satisfied, the antenna geometry may require a modification. An outlined investigation of

the theoretical φ and γ plots is given in Section 4.3.3, 5.2 and 6.2.

Depending on the flatness (or coexistence of the minima or combinations of flat regions

and minima) of the theoretical γ and φ variations against frequency at a given frequency

range where the injection matching can be initialised, there exist a numerical set of (γ, φ)

at which the antenna is injection matched to the source. This is obtained by optimising

the values of γ and φ in the ranges γ ∈ (0.1, 20) and φ ∈ (−180°, 180°), respectively, in

CST Design Studio™ (CST DS). This range of values of γ is arbitrary and is chosen for

practical convenience [15].
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3.3 Reflection and transmission coefficients for injec-

tion matched antennas

Consider a two-port network that is being simultaneously driven by injecting the two cur-

rents I1 and I2 at ports one and two, respectively. Because of the complexity in measuring

the currents and voltages at high frequencies, the reflection and transmission coefficients

measurement becomes easier when dealing with the waves than with the terminal cur-

rents and voltages [76]. The terminal currents and voltages at the ith port of a two-port

antenna are related to the incident and reflected waves, ai and bi respectively, from the

ith port of the antenna shown in Figure 3.2 by,

ai = Vi + IiZ0

2
√

Z0
(3.10)

and

bi = Vi − IiZ0

2
√

Z0
(3.11)

Figure 3.2. The reflection and transmission coefficient model for the two-port network.

Therefore, the reflection and transmission coefficients for the two-port antenna can be

derived from the input and reflected waves, which are also expressed in terms of the

terminal voltages and currents at the two ports of the antenna.
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3.3.1 Total active reflection coefficient

The reflection coefficient for the two-port injection matched antennas is characterised by

the total active reflection coefficient (TARC), which is the square root of the ratio of the

total reflected power by the antenna to the total delivered power to the antenna [77].

TARC =
√

total reflected power from all ports
total incident power at all ports (3.12)

If ai and bi are the incident and reflected waves, respectively, at the ith port of an N -port

antenna, Equation (3.12) can be written as [77],

TARC = bHb
aHa

=

√√√√∑N
i=1 |bi|2∑N
i=1 |ai|2

(3.13)

where aH and bH are the conjugate transpose for the vectors a and b, respectively. For

the two-port antenna, Equation (3.13) can be simplified to give [77],

TARC =

√√√√ |b1|2 + |b2|2

|a1|2 + |a2|2
(3.14)

Substituting Equations (3.10) and (3.11) into Equation (3.14) one can relate the terminal

voltages and currents Vi and Ii, respectively, with TARC by,

TARC =

√√√√ |V1 − I1Z0|2 + |V2 − I2Z0|2

|V1 + I1Z0|2 + |V2 + I2Z0|2
(3.15)

where Z0 is the characteristic impedance of the source which is 50 Ω. From the Z-matrix

of the two-port network [75], the following equations can also be written,
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V1 = Z11I1 + Z12I2 (3.16)

and

V2 = Z21I1 + Z22I2 (3.17)

Substituting Equations (3.16) and (3.17) into Equation (3.15) gives,

TARC =

√√√√ |Z11I1 + Z12I2 − I1Z0|2 + |Z21I1 + Z22I2 − I2Z0|2

|Z11I1 + Z12I2 + I1Z0|2 + |Z21I1 + Z22I2 + I2Z0|2
(3.18)

Dividing each term under the square root in Equation (3.18) by |I1|2 gives,

TARC =

√√√√ |Z11I1 + Z12I2 − I1Z0|2/|I1|2 + |Z21I1 + Z22I2 − I2Z0|2/|I1|2

|Z11I1 + Z12I2 + I1Z0|2/|I1|2 + |Z21I1 + Z22I2 + I2Z0|2/|I1|2

=

√√√√√√
∣∣∣(Z11I1 + Z12I2 − I1Z0)/I1

∣∣∣2 +
∣∣∣(Z21I1 + Z22I2 − I2Z0)/I1

∣∣∣2∣∣∣(Z11I1 + Z12I2 + I1Z0)/I1

∣∣∣2 +
∣∣∣(Z21I1 + Z22I2 + I2Z0)/I1

∣∣∣2
(3.19)

Equation (3.19) is simplified to,

TARC =

√√√√√√
∣∣∣Z11 + Z12I2/I1 − Z0

∣∣∣2 +
∣∣∣Z21 + Z22I2/I1 − Z0I2/I1

∣∣∣2∣∣∣Z11 + Z12I2/I1 + Z0

∣∣∣2 +
∣∣∣Z21 + Z22I2/I1 + Z0I2/I1

∣∣∣2 (3.20)

Substituting Equation (3.1) into (3.20) gives,

TARC =

√√√√ |Z11 + Z12γejφ − Z0|2 + |Z21 + Z22γejφ − Z0γejφ|2

|Z11 + Z12γejφ + Z0|2 + |Z21 + Z22γejφ + Z0γejφ|2
(3.21)

From Equation (3.3), the following equation can also be written,

Z2γejφ = Z21 + Z22γejφ (3.22)
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Substituting Equations (3.2) and (3.22) into Equation (3.21) gives,

TARC =

√√√√ |Z1 − Z0|2 + |Z2γejφ − Z0γejφ|2

|Z1 + Z0|2 + |Z2γejφ + Z0γejφ|2
(3.23)

Therefore, Equations (3.21) and (3.23) can be used to characterise the TARC for the

two-port injection matched antennas in terms of their respective Z-matrix and terminal

impedances at the two ports.

3.3.2 Reflection and transmission coefficients at the individual

ports

From the scattering matrix of the two-port network, the following equations are written,

b1 = S11a1 + S12a2 (3.24)

and

b2 = S21a1 + S22a2 (3.25)

Port two is terminated to the system impedance, and the maximum power theory is

applied to obtain the S-parameters at port one. If the incident and reflected waves at

port i are denoted by ai and bi, respectively, the following equations are written [78],

S11 = reflected wave from port 1
incident wave on port 1 = b1

a1
= V1 − I1Z0

V1 + I1Z0
(3.26)

and

S21 = reflected wave from port 2
incident wave on port 1 = b2

a1
= V2 − I2Z0

V1 + I1Z0
(3.27)
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Similarly, if port one is terminated to the system impedance, the following equations are

obtained,

S22 = reflected wave from port 2
incident wave on port 2 = b2

a2
= V2 − I2Z0

V2 + I2Z0
(3.28)

and

S12 = reflected wave from port 1
incident wave on port 2 = b1

a2
= V1 − I1Z0

V2 + I2Z0
(3.29)

The S-parameters defined in Equation (3.26) through (3.29) are the input port reflection

coefficients and transmission coefficients between the two ports [79]. The amplitudes and

phases for the terminal currents, voltages, and waves are unchanged in ideal matching

conditions, allowing the following equations to be written,

S1 = S11a = S11 + S12γejφ (3.30)

S2 = S22a = S22 + S21

γejφ
(3.31)

S12a = S12 + S11

γejφ
(3.32)

and

S21a = S21 + S22γejφ (3.33)

where,
a2

a1
= γejφ (3.34)
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Using Equations (3.30) and (3.33), the TARC in Equation (3.14) can be expressed in

terms of the passive S-parameters as,

TARC =

√√√√ |S11 + S12γejφ|2 + |S21 + S22γejφ|2

1 + |γejφ|2
(3.35)

From Equation (3.31), the following equation can also be written,

S2γejφ = S21 + S22γejφ (3.36)

Substituting Equation (3.36) into Equation (3.35) gives the following equation for the

total active reflection coefficient for the two-port injection matched antennas,

TARC =

√√√√ |S1|2 + |S2γejφ|2

1 + |γejφ|2
(3.37)

where, S1 and S2 are the active reflection coefficients at ports one and two of the antenna,

and S12a and S21a are the active transmission coefficients between the two ports.

3.3.3 Efficiency of injection matched antennas

For a lossless multiport antenna, the matching efficiency is given by the ratio of the

accepted power to the available power at the antenna ports [1, 80]. If Paccepted and

Pavailable are the accepted and available power at the two-ports of the antenna, then the

matching efficiency ηm can be written as,
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ηm = Paccepted

Pavailable
= Pavailable − Preflected

Pavailable
(3.38)

where Preflected is the reflected power at the antenna ports. Equation (3.38) can be ex-

pressed in terms of the incident and reflected waves ai and bi, respectively, at the antenna

ith port to give [80],

ηm = aHa − bHb
aHa

=
∑N

i=1 |ai|2 −∑N
i=1 |bi|2∑N

i=1 |ai|2
(3.39)

Equation (3.39) can be simplified to give [80],

ηm = 1 − |TARC|2 (3.40)

Equation (3.40) gives the matching efficiency for a lossless two-port antenna. Suppose ηd

and ηc stand for the dielectric efficiency and conduction efficiency, respectively. In that

case, the total efficiency ηT for the two-port antenna becomes [1, p. 65],

ηT =
(

1 − |TARC|2
)

ηdηc (3.41)

where ηdηc = ηr is the radiation efficiency of the antenna. Equation 3.41 provides a math-

ematical model for characterising the total efficiency for the two-port injection matched

antennas.
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3.4 Characterisation of the radiation patterns for in-

jection matched antennas

The theoretical radiation patterns for the two-port injection matched antennas are ob-

tained from simulations. However, getting the experimental patterns for these antennas

is challenging as the available automated tool for measuring the far-field characteristics

of antennas in anechoic chambers does not support multiport functionality. As such,

modifications in the measuring system are required to allow measurements of the far-field

characteristics of two-port antennas, and a total of three ports are needed, as shown in

Figure 3.3. The experimental setup is configured by disconnecting the interface between

the vector network analyser (VNA) and the automated software. Though the turntable

rotation is manually controlled from the software in an azimuth angle step which depends

on the selected resolution, the corresponding transmitted and received power at ports 1,

2 and 3 should be manually recorded for each azimuth angle between 0° and 360°.

Ports 1 and 2 of the Rohde and Schwarz (R&S) ZVA67 VNA generate coherent signals

for exciting the two-port antenna. The relative amplitude γ and phase shift φ at port

2 are predefined in the VNA. Port 3 of the VNA is connected to the reference antenna.

The antenna under test (AUT) is in the transmit mode with the transmit power Pt =

|a1|2 + |a2|2, while the reference antenna is in the receive mode with the receive power

Pr = |b3|2, where ai and bi are the incident and reflected waves, respectively, at the ith

port of the antenna [78]. From Friis equation [1], the gain Gt of the transmit antenna is

given by,
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Figure 3.3. An experimental setup for measuring the far-field characteristics of the two-port
injection matched antennas in the anechoic chamber.

Gt = Pr

PtGr

4πdf

c

2

(3.42)

But Gt = ηrDt and ηr = 1 − |TARC|2, where ηr is the radiation efficiency, Dt is the

directivity of the transmit antenna, TARC is the total active reflection coefficient for the

two-port antenna under test, d is the line of sight distance between the two antennas,

Pt is the power transmitted by the two-port antenna, Pr is the power received by the

reference antenna whose gain is Gr, c is the velocity of EM waves in free space and f is

the frequency in Hz. Therefore, the directivity of the transmit antenna is given by,

Dt = Pr

PtGr (1 − |TARC|2)

4πdf

c

2

(3.43)

The VNA is assumed to be calibrated using a Through, Open, Short and Match (TOSM)

calibration technique with the plane of calibration taken at the points where the feeding
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coaxial cables interface the antennas so that the cable losses become part of the VNA

sensitivity. These losses are therefore ignored during the link budgeting. Equation (3.43)

is expressed in dB to give,

Dt
dB = Pr

dBm − Pt
dBm − Gr

dB − 10 log
(
1 − |TARC|2

)
+ 20 log

4πdf

c

 (3.44)

Expressing Equation (3.44) in terms of the waves ai and bi at the ith port of the antenna

gives,

Dt
dB = 20 log |b3| − 10 log(|a1|2 + |a2|2) − Gr

dB − 10 log
(
1 − |TARC|2

)
+20 log

4πdf

c

 (3.45)

where |a1|, |a2|, and |b3| are the linear power magnitudes in mW.

Therefore, using Equation (3.45), the directivity of the two-port AUT as a function of

the azimuth and elevation angles can be determined in both the E and H-plane. Typical

results for the E and H-plane radiation patterns obtained using this approach are given

in Section 4.4.2.

3.5 Reciprocity of injection matched antennas

Previous investigations of two-port injection matched antennas were focused on the trans-

mitting operation only. Intuitively, it might be expected that the same feeding arrange-

ment used by the antenna in the transmit mode can be fed by the two-port injection
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matched antenna in the receive mode. In this section, the Lorentz reciprocity theorem is

used to perform a rigorous reciprocity analysis of the two-port injection matched antenna

to verify that this intuitive arrangement of the feeding network will indeed enable an

injection matched antenna to operate in receive mode. The experimental exploration of

this analysis is discussed in Section 4.3.7.

3.5.1 Theory and derivation

Consider two N -port antennas placed in an isotropic medium of permittivity ε and per-

meability µ as depicted in Figure 3.4. The two antennas are assumed to work in both

the transmit and receive mode in order to consider reciprocity. If P1 and P21 denote the

power transmitted by antenna 1 and power received by antenna 2, respectively, then the

following Maxwell Equations can be written [81],

∇⃗ × E⃗1 = −jωµH⃗1 (3.46)

and
∇⃗ × H⃗1 = j⃗1 + jωεE⃗1 (3.47)

where E⃗1 and H⃗1 are the electric and magnetic field vectors at any observation point, and

j⃗1 is the impressed source current associated with antenna 1.

Similarly, when antenna 2 is transmitting power P2 and antenna 1 is receiving power

P12, the fields E⃗2 and H⃗2 at any observation point are given by [81],

∇⃗ × E⃗2 = −jωµH⃗2 (3.48)

and
∇⃗ × H⃗2 = j⃗2 + jωεE⃗2 (3.49)
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Figure 3.4. The two N -port antennas under reciprocity.

where j⃗2 is the impressed source current associated with antenna 2.

Subtracting the scalar product of Equation (3.48) and H⃗1 from the scalar product of

Equation (3.47) and E⃗2, and rearranging it in the form ∇⃗ · (⃗a × b⃗) = b⃗ · ∇⃗ × a⃗ − a⃗ · ∇⃗ × b⃗

gives [81],

−∇⃗ ·
(
E⃗2 × H⃗1

)
= E⃗2 · j⃗1 + jωεE⃗1 · E⃗2 + jωµH⃗1 · H⃗2 (3.50)

Similarly, subtracting the scalar product of Equation (3.49) and E⃗1 from the scalar product

of Equation (3.46) and H⃗2, and after rearrangement gives [81],

∇⃗ ·
(
E⃗1 × H⃗2

)
= −E⃗1 · j⃗2 − jωεE⃗1 · E⃗2 − jωµH⃗1 · H⃗2 (3.51)

Adding Equation (3.50) and (3.51) gives [81],

∇⃗ ·
(
E⃗1 × H⃗2

)
− ∇⃗ ·

(
E⃗2 × H⃗1

)
= E⃗2 · j⃗1 − E⃗1 · j⃗2 (3.52)
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Considering the case when antenna 1 radiates power P1. Integrating Equation (3.52)

over the surface S1 that encloses this antenna gives,

‹

S1

(
E⃗1 × H⃗2 − E⃗2 × H⃗1

)
· n̂1d⃗S =

˚
v1

(
E⃗2 · j⃗1

)
dv (3.53)

On the other hand, when antenna 2 is transmitting power P2, integrating Equation (3.52)

over the surface S2 enclosing this antenna gives [81],

‹

S2

(
E⃗1 × H⃗2 − E⃗2 × H⃗1

)
· n̂2d⃗S = −

˚
v2

(
E⃗1 · j⃗2

)
dv (3.54)

Lastly, taking any closed surface, S3 which encloses both sources [81, 82], the following

equation is written,

‹

S3

(
E⃗1 × H⃗2 − E⃗2 × H⃗1

)
· d⃗S =

˚
v3

(
E⃗2 · j⃗1

)
dv

−
˚
v3

(
E⃗1 · j⃗2

)
dv

(3.55)

According to the usual Lorentz reciprocity derivation, for the sources j⃗1 and j⃗2 contained

in a bounded region, the asymptotic radiation fields vary as 1/r and have the form µH⃗1 =

r̂ × E⃗1 and µH⃗2 = r̂ × E⃗2, so that the surface integral on the right hand side (RHS) of

Equation (3.55) vanishes over a sufficiently large volume v3 due to the fact that the fields

obey the radiation boundary condition at infinity, and remains,

˚
v3

(
E⃗2 · j⃗1

)
dv =

˚
v3

(
E⃗1 · j⃗2

)
dv (3.56)
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For the two antennas 1 and 2 bounded in volumes v1 and v2 shown in Figure 3.4, Equation

(3.56) can be written as,

˚
v1

(
E⃗2,antenna1 · j⃗1,antenna1

)
dv +

˚
v2

(
E⃗2,antenna2 · j⃗1,antenna2

)
dv

=
˚
v1

(
E⃗1,antenna1 · j⃗2,antenna1

)
dv +

˚
v2

(
E⃗1,antenna2 · j⃗2,antenna2

)
dv

(3.57)

The impressed current distributions j⃗1 and j⃗2 are spatially disjoint, and are non-zero in

the contiguous volumes v1 and v2, respectively. Therefore, the current densities j⃗1,antenna2

and j⃗2,antenna1 do not exist in the gaps between the terminals of antenna 2 and antenna 1,

respectively. This makes,

E⃗2,antenna2 · j⃗1,antenna2 = 0 = E⃗1,antenna1 · j⃗2,antenna1 (3.58)

Substituting Equation (3.58) into Equation (3.57) gives,

˚
v1

(
E⃗2,antenna1 · j⃗1,antenna1

)
dv =

˚
v2

(
E⃗1,antenna2 · j⃗2,antenna2

)
dv (3.59)

The left hand side (LHS) of Equation (3.59) is the reaction of source 1 on the fields from

source 2, while the RHS of this equation is the reaction of source 2 on the fields from

source 1. This means that, in order for energy to keep flowing between the two antennas,

the sources must react to the fields in their vicinity by supplying or absorbing energy [83].

Suppose the gap between the terminals of each port i for the two antennas in Figure 3.4

is dl. Considering antenna 1, when the field E⃗2 interacts with this antenna, each port

of the antenna will react by supplying or absorbing energy. It is also assumed that both
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the feed line and ground plane for each port are on the same layer, so that the received

field E⃗2 and the source current density j⃗1 are oriented on the same plane of the ports.

Therefore, the reaction of antenna 1 to the field E⃗2 is given by,

˚
v1

(
E⃗2,antenna1 · j⃗1,antenna1

)
dv =

˚

antenna 1

(
E⃗2,antenna1 · j⃗1,antenna1

)
dv

=
N∑

i=1

I+
i,antenna1

ˆ

port i

E⃗2,antenna 1 · d⃗l

 = −
N∑

i=1
I+

i,antenna1V
−

i,antenna1

(3.60)

where, V −
i,antenna1 and I+

i,antenna1 are the received terminal voltage, and transmitted current

at the ith port of antenna 1.

Similarly, when the field E⃗1 interacts with antenna 2 in Figure 3.4, each port of this

antenna will react by supplying or absorbing energy. The reaction of antenna 2 to the

field E⃗1 is given by,

˚
v2

(
E⃗1,antenna2 · j⃗2,antenna2

)
dv =

˚

antenna 2

(
E⃗1,antenna2 · j⃗2,antenna2

)
dv

=
N∑

i=1

I+
i,antenna2

ˆ

port i

E⃗1,antenna 2 · d⃗l

 = −
N∑

i=1
I+

i,antenna2V
−

i,antenna2

(3.61)

where, V −
i,antenna2 and I+

i,antenna2 are the received terminal voltage, and transmitted current

at the ith port of antenna 2. Substituting Equations (3.60) and (3.61) into Equation (3.59)

gives [81, 82, 84],

N∑
i=1

V −
i,antenna1I

+
i,antenna1 =

N∑
i=1

V −
i,antenna2I

+
i,antenna2 (3.62)
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where V −
i,antenna1, V −

i,antenna2 and I+
i,antenna1, I+

i,antenna2 are the received terminal voltages and

transmitted currents at the ith port of the N -port antennas. For the two-port antennas

Equation (3.62) can be simplified to,

V −
1,antenna1I

+
1,antenna1 + V −

2,antenna1I
+
2,antenna1 = V −

1,antenna2I
+
1,antenna2

+V −
2,antenna2I

+
2,antenna2

(3.63)

Equation (3.63) is the power reciprocity theorem (antenna power conservation) for injec-

tion matched antennas, and it is valid for linear and time-invariant reciprocal antennas

having the same transmitting and receiving patterns.

However, Equation (3.63) is under-determined. It does not provide enough informa-

tion, such as the terminal currents or voltages, to show whether it is possible to have

an injection matched receive operation. It only tells that the two-port antenna can only

transmit and receive when under reciprocity with another similar antenna. In this regard,

an extra equation is needed to provide additional information required to determine the

voltages and currents for the injection matched receive operation. Therefore, a further in-

vestigation on the receiving mode for the two-port injection matched antenna is provided

in the next section.

3.5.2 Circuit implementation of two-port antenna reciprocity

Consider the reciprocal operation of two two-port injection-matched antennas shown in

Figure 3.5. The source j⃗1 is an impressed current distribution on antenna 1 when driven
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by impressed currents I1 and I2, j⃗2 is an impressed current distribution on antenna 2

when driven by impressed currents I3 and I4, E⃗2 is the incident electric field on antenna

1 when antenna 2 is transmitting, and E⃗1 is the incident electric field on antenna 2 when

antenna 1 is transmitting. The two antennas are driven by voltage sources VSi with the

characteristic impedance of ZSi at each ith port as shown in Figure 3.5. The voltages Vi

and currents Ii are the terminal voltages and currents at port i of the antennas. Applying

Equations (3.59) and (3.60) into the circuit configuration of Figure 3.5 gives,

Figure 3.5. Two-port antennas under reciprocity.

˚
v1

(
E⃗2 · j⃗1

)
dv =

2∑
i=1

I+
i

ˆ

port i

E⃗2 · d⃗l

 = I+
1

ˆ

port 1

E⃗2 · d⃗l

+I+
2

ˆ

port 2

E⃗2 · d⃗l = −V −
1 I+

1 − V −
2 I+

2

(3.64)
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and

˚
v2

(
E⃗1 · j⃗2

)
dv =

4∑
i=3

I+
i

ˆ

port i

E⃗1 · d⃗l

 = I+
3

ˆ

port 3

E⃗1 · d⃗l

+I+
4

ˆ

port 4

E⃗1 · d⃗l = −V −
3 I+

3 − V −
4 I+

4

(3.65)

Substituting Equations (3.64) and (3.65) into Equation (3.59) gives,

V −
1 I+

1 + V −
2 I+

2 = V −
3 I+

3 + V −
4 I+

4 (3.66)

where V −
i = bi

√
Z0 = VSi − IiZ0 − ai

√
Z0, and I+

i = ai/
√

Z0 are the received voltages

and transmitted currents, ai and bi are the incident and reflected waves, respectively,

and ZSi is the characteristic impedance at the ith port of the antenna which, under ideal

conditions, is equal to Z0 [78].

Receive state

When antenna 1 of Figure 3.5 is in the receive mode, the excitation source is removed, and

it becomes source-less. The antenna can therefore be represented by an equivalent circuit

in Figure 3.6, where ZR
A is the effective impedance of the receiving antenna, and V R

eff is

the effective received voltage by the antenna. ZR
i and IR

i are the terminal impedances

and terminal currents at the ith port of the antenna, respectively, when the antenna is in

the receive mode. Applying Kirchhoff’s voltage law on loops 1 and 2 in Figure 3.6, the

following equations can be written,

V R
1 − V R

eff = −IR
effZR

A − IR
1 ZR

1 (3.67)
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Figure 3.6. Equivalent circuit for the two-port antenna in the receive mode.

and
V R

eff − V R
2 = IR

effZR
A + IR

2 ZR
2 (3.68)

Combining Equations (3.67) and (3.68) gives,

V R
1 − V R

2 = IR
2 ZR

2 − IR
1 ZR

1 (3.69)

which upon rearrangement becomes,

V R
1 + IR

1 ZR
1 = V R

2 + IR
2 ZR

2 (3.70)

where V R
i = V +

i + V −
i and IR

i = I+
i − I−

i are the terminal voltage and current at the

ith port of the antenna when it is in the receive mode. Also, ZR
1 = ZR

11 + ZR
12γejφ and

ZR
2 = ZR

22 +ZR
21/γejφ, where ZR

ij is the ij element of the Z-matrix of the antenna in receive

mode.

Equation (3.70) shows that voltage is conserved at the ports when the two-port in-

jection matched antenna is in the receive mode, indicating that the injection matched
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antenna can work independently as a receiving antenna. The variables IR
1 , IR

2 , V R
1 and

V R
2 in Equation (3.70) together with the reciprocity Equation (3.66) provide a fully deter-

mined problem from which the antenna reciprocity can be validated. These two equations

fix the relationships between the terminal currents and voltages in the receive mode of

the antenna, indicating that the same feeding arrangement used by the injection matched

antenna in the transmit mode can be fed by an injection matched antenna in the receive

mode.

3.6 Summary

It has been shown in this chapter that the TARC for the two-port injection matched

antennas is a function of the individual port reflection coefficients and isolation between

the two ports. As such, characterising the antenna’s reflection coefficient by TARC guar-

antees good port isolation at the -10 dB operational bandwidth of the antenna. Also,

the radiation patterns for the two-port injection matched antennas can be experimentally

characterised from Equation (3.45) derived from Friis equation.

Besides, the reciprocity analysis of the two-port injection matched antennas reveals

that the same feeding network arrangement used by the injection matched antenna in

transmit mode can be fed by an injection matched antenna in the receive mode. However,

this observation requires validation, which is discussed in Section 4.3.7.

The next chapter discusses, applies and validates the design methodology for the injec-

tion matched antennas through simulations and experiments. An intuitive arrangement

of the feeding network around the injection matched antenna verified in this chapter is

also validated through simulation.
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Chapter 4

Design methodology, application and

validation

4.1 Background

In the previous chapter, the theory for the two-port injection matched antennas was for-

mulated and discussed. The terminal impedances, reflection and transmission coefficients,

and efficiencies (radiation, matching and total efficiency) for the simultaneously excited

two-port antennas were theoretically characterised. Theoretical procedures for describ-

ing the radiation patterns and reciprocity analysis of the two-port antennas were also

outlined.

This chapter presents an outline design methodology for the two-port injection

matched antennas. The methodology is then applied in the realisation of a two-port

injection matched antenna. The TARC and radiation patterns for the two-port injection

matched antennas are studied through simulation and experiments. Also, the radiation,

matching and total efficiency of the injection matched antennas are explored through sim-
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ulation. Besides, the reciprocity analysis of the two-port injection matched antennas to

verify an intuitive arrangement of the feeding network around the antenna to be fed by

an injection matched antenna in the receive mode is explored through simulation.

4.2 Design methodology for injection matched patch

antennas

The design of injection matched patch antennas is achieved through the following proce-

dure, which is also summarised in Figure 4.1:

(1) The desired frequency of operation f0, dielectric constants εr1 and εr2, and substrate

thicknesses h1 and h2 for the proximity-fed patch antenna are specified based on

application and desired bandwidth.

(2) The antenna dimensions for the one-port proximity-fed patch antenna with the full

ground plane (FGP) are calculated using the design equations outlined in [85]. The

antenna is excited through a discrete face port created on the outer end-face of the

feed line, simulated and optimised in CST Microwave Studio® (CST MWS).

(3) The one-port antenna in (2) is transformed into a planar monopole antenna by

truncating the ground plane such that the length of the resulting PGP is Lg =

(Ls − Lp)/2, as shown in Figure 4.2. The antenna is simulated in CST MWS and

its S11 is plotted.

(4) The one-port antenna in (3) is converted to a two-port antenna by adding another

excitation at the opposite patch edge with respect to the first excitation, and the
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Figure 4.1. A flow chart summarising the design procedure for the two-port injection matched
antennas.
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second PGP for the second excitation as described in Section 4.3.2. The antenna

is simulated to obtain the passive S-parameters, which are used for calculating the

TARC resonance when γ = 1 and φ = 0° or φ = 180°.

(5) Depending on the desired bandwidth and resonant frequency, the antenna dimen-

sions are optimised while TARC is being monitored.

(6) Depending on the TARC convergence in (5), the optimum TARC may be obtained

by sweeping the dimensions of the antenna in a narrow range, near the dimensions

of the best TARC in (5).

(7) After the desired TARC is obtained, the resulting two-port injection matched an-

tenna dimensions are used to create the corresponding one-port antenna. Finally,

the one-port antenna is simulated and the obtained results are used for comparison

with the two-port antenna.

4.3 Application of the design methodology

The main objective of this section is to illustrate the design of two-port injection matched

antennas by applying the methodology established in Section 4.2. So a two-port injection

matched antenna is designed at around 3.9 GHz to investigate bandwidth enhancement,

frequency tunability and electrically small operation of the antenna. Any other frequency

of operation could be selected to illustrate the injection matching technique.

4.3.1 Design of one-port antenna

A one-port proximity-fed patch antenna with FGP is designed in CST MWS to operate

at around 3.9 GHz by following the procedure outlined in [85] and Appendix B.1. The

63



antenna is realised on two layers of Rogers Duroid RT 5880 substrate with relative per-

mittivity εr of 2.2, loss tangent of 0.0009, lower substrate height of 1.575 mm, upper

substrate height of 0.787 mm, and copper cladding thickness of 0.035 mm. The antenna

has a patch length Lp = 25 mm, patch width Wp = 18 mm, substrate length Ls = 35 mm,

substrate width Ws = 28 mm, width of the feed line w = 1.6 mm and the distance of the

coupled line from the centre of the patch d = 0.0 mm. The antenna is excited through a

discrete face port created on the outer end-face of the feed line.

Figure 4.2. Proximity-fed patch antenna with single feed line. The black colour indicates the
layers of copper.

The impedance of the excitation signal is maintained at 50 Ω. The S11 for the one-port

antenna with FGP resulting from these antenna dimensions is depicted in Figure 4.3.

The −6 dB fractional bandwidth (FBW) for this antenna is around 5.7% (calculated

using Equation (B.1) in Appendix B.4) at a 3.853 GHz centre frequency. The bandwidth

is enhanced by converting the antenna to a monopole patch antenna through truncation
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of the grounding plane, as shown in Figure 4.2. The length of the PGP is Lg = 5 mm,

which is the maximum length of the ground plane for which a patch antenna is converted

to a planar monopole antenna, is calculated from Lg = (Ls − Lp)/2.

Figure 4.3. S-parameter for the one-port proximity-fed patch antenna under investigation.

The S11 for the one-port antenna with PGP is depicted in Figure 4.3. The −6 dB

FBW of this antenna is around 30.5% at a 3.699 GHz centre frequency, and the main

resonance is at around 3.666 GHz frequency. This observation is an indication that the

bandwidth of a conventional patch antenna can be increased by truncating the ground

plane of the antenna. The impedance matching for the one-port antenna with PGP will

be improved through injection matching after the positions for the placement of the feed

lines for the corresponding two-port antenna are determined in Section 4.3.2.
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4.3.2 Positioning the feed lines

In this section, the one-port antenna shown in Figure 4.2 is modified by removing the feed

line as depicted in Figure 4.4. Also, a second PGP is added as shown in Figure 4.4 so that

symmetry is created where the two ports are likely to be positioned. The characteristic

currents on the patch antenna are studied to determine the position for placing the two

feed lines (feeding points) to obtain a two-port antenna that can be injection matched.

This is achieved through characteristic mode analysis (CMA) in CST MWS using the

Multilayer Solver with the mesh and solver settings provided in Table B.1 and B.2 in

Appendix B.2. The lossless Rogers Duroid RT 5880 substrate and perfect electric con-

ductor (PEC) are used in the CMA. The dimensions of the resulting antenna are the same

as the dimensions of the one-port antenna shown in Section 4.3.1 and are summarised in

Table 4.2 by TARC0 resonance. The adoption of the PGPs also allows the initialisation

of stable values of the Z-matrix elements and reduces the stored EM energy in the field

as well as the antenna Q to enhance bandwidth.

Figure 4.4. Proximity-fed patch antenna with two partial grounds and without feed lines. The
black colour indicates the layers of copper.
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The modal significance obtained from the CMA of the antenna prototype in Figure 4.4

in CST MWS is provided in Figure 4.5. It is shown in Figure 4.5 that only the first

three modes are resonant and have a modal significance greater than 1/
√

2 [27] in wide

frequency ranges, which is sufficient to contribute to the radiation of the antenna in those

frequencies. The remaining mode is less significant, so it has a minor contribution to the

antenna radiation characteristics in the design frequency. Based on this observation, the

characteristic currents and patterns for the first three modes are plotted in Figure 4.6 and

4.7, respectively, for analysis.

Figure 4.5. The modal significance for the first four characteristic modes of the proximity-fed
patch antenna under investigation.

The maximum mode currents for a rectangular patch are at the patch edges [24].

Because of this behaviour, the orientation of the principal modal currents at the patch

edges is investigated to identify pairs of symmetrical points, where excitations can be

placed to excite particular modes as desired by the symmetry property of characteristic

modes [27]. For example, the first mode shown in Figure 4.6a is an inductive fundamental
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mode J01, having the principal current forming a single horizontally directed loop, which

requires horizontally arranged excitations (in the case of dual feeding) to be excited [86–

88]. Also, at the two opposite short edges of the patch, the two current maxima have

the principal currents oriented in opposite directions, which means they are out of phase

by 180°. The opposite orientation of the principal current at the two edges signifies that

mode J01 can be excited by differentially driving the two excitations delivered at the

current maxima positions 1 and 2 at the two opposite short patch edges.

(a) (b)

(c)

Figure 4.6. Characteristic surface current for (a) mode J01 at 3.848 GHz (b) mode J1 at
4.275 GHz and (c) mode J2 at 4.282 GHz frequency for the antenna under investigation.

The E and H-plane directive patterns for mode J01 are shown in Figure 4.7a. Considering

the E-plane (ϕ = 0°) directive pattern for mode J01, simultaneously feeding the antenna at

θ = 90° and θ = 270° (shown in Figure 4.8) or at positions 1 and 2 (shown in Figure 4.6a)

suppresses the mode so that it radiates along θ = 0° and θ = 180° (in the E-plane). Also,

68



because of the mode suppression, the E-plane main lobe directive gain is reduced from

5.72 decibel relative to isotropic (dBi) to around 2.3 dBi as shown in Figure 4.7a and

later in Figure 4.13a. On the other hand, the nulls for the H-plane (ϕ = 90°) directive

pattern are reduced while the H-plane directive gain is enhanced to form an approximately

omnidirectional pattern.

Mode two is a horizontal mode J1 [87, 88], having two branches of the principal current

originating at point 2 and joining at point 1, as shown in Figure 4.6b. Because of its

polarisation, and the differential orientation of the principal current at the two opposite

short patch edges, excitation of mode J1 requires two pairs of differential excitations to

be placed at the current maxima positions 5 and 6, and 7 and 8 at the opposite short

edges, as shown in Figure 4.6b. This setup requires four feeding points, which is outside

the scope of the injection matching technique at this stage. The use of four feeding points

to excite this particular mode is discussed in Section 5.2. However, because of the wide

distribution of strong mode J1 currents on the patch, as shown in Figure 4.6b, feeding at

positions 1 and 2 of the short patch edges for this mode will jointly excite modes J1 and

J01 to enable wide operational bandwidth.

The E and H-plane directive patterns for mode J1 are shown in Figure 4.7b. Simul-

taneously feeding the antenna at θ = 90° and θ = 270° (considering the E-plane pattern

shown in Figure 4.8) or at positions 1 and 2 (shown in Figure 4.6b) for mode J1, suppresses

the mode so that its E-plane directive gain is reduced from a maximum value of 6 dBi to

some values of around 2 dBi as shown in Figure 4.7a and later in Figure 4.13d. Because

of the suppression of mode J1 as a result of feeding at the two E-plane nulls, the nulls

for the H-plane directive pattern are reduced to form an approximately omnidirectional

pattern.
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(a) (b)

(c)

Figure 4.7. Characteristic directive radiation patterns for (a) mode J01 at 3.848 GHz (b) mode
J1 at 4.275 GHz and (c) mode J2 at 4.282 GHz frequency for the antenna under investigation.
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Figure 4.8. Presentation of the two-port antenna in the Cartesian coordinate system in CST
MWS, showing the ϕ and θ directions.

On the other hand, mode three is a vertical mode J2, having two branches of the

principal current originating at point 1 and joining at point 2 along the opposite long

patch edges as shown in Figure 4.6c. The principal currents are out of phase by 180° at

the opposite two long patch edges. Excitation of mode J2 requires two pairs of differential

excitations to be delivered at the maxima positions 5 and 6, and 7 and 8 at the two long

patch edges as shown in Figure 4.6c, which is, however, not feasible because of the absence

of the grounding planes at these locations as shown in Figure 4.4. Introducing the PGPs

below the long patch edges of this antenna or replacing the PGPs with the FGP alters the

electrical symmetry of the monopole antenna, which is utilised in this thesis for bandwidth

and performance enhancements of patch antennas, as discussed in Section 2.6.1. As such,

the antenna structure is maintained throughout this thesis. However, the excitation of

this kind of mode on a two-port planar monopole antenna is discussed in Section 6.2.1.

The vertical mode J2 has the E and H-plane directive patterns shown in Figure 4.7c,

which also predict approximately omnidirectional patterns if excitations could be placed

at the E-plane vertical nulls of this mode.
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The joint excitation of modes J01 and J1 of the proposed antenna is discussed in

Section 4.3.3 by feeding the antenna at locations 1 and 2, shown in Figure 4.6a and 4.6b,

using two EM coupled feed lines to enable wideband operation.

4.3.3 The two-port injection matched antenna

To excite modes J01 and J1, the two feed lines are etched on top of the lower substrate

along the magnetic symmetry line of the patch as shown in Figure 4.9, and two discrete

face ports are created on the outer end-faces of the feed lines. The dissipation loss for

the two Rogers RT Duroid 5880 substrates in Figure 4.9 is changed to 0.0009, and copper

cladding is used instead of the PEC. The gap between the feed lines is initially chosen to

be g = 1.5 mm, but any value of g between 0.1 and 2.0 mm can be selected, which can

later be adjusted by sweeping the parameter g in CST DS through the procedure outlined

in Appendix B.1, between 0.1 and 2.0 mm. The width of the feed lines is initially chosen

to be w = 1.6 mm.

The two-port antenna is then injection matched in CST DS using the setup in Fig-

ure 4.10. The role of the signal splitter is to generate the two coherent signals required for

driving the two-port antenna. The signal at port two is amplified by a linear factor γ and

phase-shifted by φ relatively to the port one signal after passing through the amplifier

and phase shifter. The TARC for the injection matched antenna under investigation at

γ = 1 and φ = 0°, as well as γ = 1 and φ = 180°, is shown in Figure 4.11. It is shown

in Figure 4.11 that, at w = 1.6 mm and g = 1.5 mm, the differential TARC (i.e. TARC

at γ = 1 and φ = 180°) has good impedance matching than the corresponding common

mode TARC (i.e. TARC at γ = 1 and φ = 0°) because there is no mode in Figure 4.6
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which requires common mode excitation. The FBW for the differential mode TARC at-

tained at g = 1.5 mm and w = 1.6 mm is around 43.1% (calculated using Equation (B.1)

in Appendix B.4) at a 3.637 GHz centre frequency. The high FBW has been attained

by exciting correlated modes J01 and J1 of the antenna [27]. The excited two modes are

indicated by the differential TARC resonances obtained when g is fixed at 0.1 mm and w

varied between 0.6 and 2.5 mm, as shown in Figure 4.11.

Figure 4.9. Proximity-fed patch antenna with two feed lines. The black colour indicates the
layers of copper.

Typically, the TARC resonance attained when g = 0.1 mm and w = 0.8 mm shows

that there are two modes at around 3.049 and 3.562 GHz frequencies resulting from

excitation of modes J01 and J1 of the antenna. Considering the surface currents resulting

from the differentially excited two-port antenna when g = 0.1 mm and w = 0.8 mm,
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Figure 4.10. The block diagram for implementing the two-port injection matching technique
in CST DS.

Figure 4.11. TARC for the differentially and common mode excited two-port antenna under
investigation when γ = 1 at different φ, w and g values.
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(a) (b)

(c) (d)

Figure 4.12. Simulated surface current at (a) 2.822 GHz (b) 3.049 GHz (c) 3.562 GHz and (d)
3.961 GHz frequencies resulting from the differential excitation of the antenna under investiga-
tion when g = 0.1 mm and w = 0.8 mm. The modal significance for this antenna is shown in
Figure 4.5.
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depicted in Figure 4.12, it is shown that the surface currents at 2.822 and 3.049 GHz

frequencies (shown in Figure 4.12a and 4.12a) are similar to the mode J01 current shown

in Figure 4.6a. This observation indicates that mode J01 of the antenna has been excited

at 2.822 and 3.049 GHz frequencies. However, features of modes J01 and J1 are seen

at 3.562 GHz frequency, as shown in Figure 4.12c, where mode J01 current dominates

over mode J1 current (shown in Figure 4.6a and 4.6b), indicating the excitation of both

modes J01 and J1 at this frequency. Also, the surface current at 3.961 GHz shown in

Figure 4.12d has both features of modes J01 and J1 currents shown in Figure 4.6a and

4.6b, indicating the excitation of modes J01 and J1 at this frequency. However, at this

frequency (3.961 GHz), mode J1 is dominant over mode J01. These observations indicate

the high correlation between the surface currents for modes J01 and J1 of the antenna

under investigation.

The H-plane (ϕ = 90°) directive radiation patterns resulting from excitation of modes

J01 and J1 are approximately omnidirectional as shown in Figure 4.13 as predicted by the

eigenpatterns in Figure 4.7. However, the E-plane (ϕ = 0°) patterns have two nulls in the

directions θ = 90° and θ = 270° because of feeding the antenna at these locations.

On the other hand, there is an improvement in the impedance matching of modes

J01 and J1 shown by the differential TARC resonances attained at g = 0.1 mm and

w = 2.5 mm, and g = 0.1 mm and w = 1.9 mm, respectively. A maximum FBW

of around 46.6% at a 3.672 GHz centre frequency is attained by the differential TARC

resonance when g = 0.1 mm and w = 2.5 mm, as shown in Figure 4.11, due to the

excitation of modes J01 and J1 of the antenna.
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(a) (b)

(c) (d)

Figure 4.13. Simulated radiation patterns at (a) 2.822 GHz (b) 3.049 GHz (c) 3.562 GHz
and (d) 3.961 GHz frequencies resulting from the differential excitation of the antenna under
investigation when g = 0.1 mm and w = 0.8 mm. The modal significance of this antenna is
shown in Figure 4.5.
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The bandwidth attained from the patch antenna in Figure 4.11 can be enhanced by

changing the resonance behaviour of the modes on the patch. This change is achieved

by altering the antenna dimensions through optimisation. However, before the antenna

dimensions are optimised, the effect of changing each (antenna) dimension to the two-port

injection matched antenna is studied in Figure B.7 through B.9 in Appendix B.3 while

other antenna dimensions are fixed.

In Figure B.7a in Appendix B.3 the gap g between the two feed lines was varied from

0.1 to Lp mm, and it can be seen that TARC < −10 dB is obtained when g is between

0.1 and 10 mm. However, good −10 dB impedance matched bandwidth is maintained

when g is between 0.1 and 2.2 mm or 0.1 and 0.09Lp mm. Also, the variation of the feed

line width w in Figure B.8, which was varied between 0.9w and 2.6w shows that small w

feed lines provide good impedance matching. However, the −10 dB impedance matched

bandwidth is maintained by adopting the feed line width of up to 2.3w. So, for a good

trade-off between bandwidth, input impedance, and easy of soldering, w ranging between

0.9w and 2.3w is sufficient for realisation of the two-port injection matched antenna under

investigation. Besides, decreasing the length of PGP to some values below (Ls −Lp)/2, as

shown in Figure B.7b in Appendix B.3, widens the −10 dB impedance matched bandwidth

by allowing the multiple modes of the antenna to resonate. The minimum PGP length of

4.2 mm or 0.84Lg mm for this antenna can be sufficient to allow the excitation of multiple

modes. Smaller ground planes with Lg less than 4.2 mm, for this antenna, are avoided as

they are more problematic in providing sufficient grounding during measurements.

The patch length Lp and patch width Wp were varied between 0.8Lp and 1.2Lp, and

0.8Wp and 1.2Wp, respectively. It is shown in Figure B.9a and B.9b in Appendix B.3
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that changing Lp or Wp affects both the bandwidth and input impedance of the two-port

injection matched antenna. The choice of the lower and upper bounds for Lp and Wp can

therefore be done through trial and error method until the desired results are obtained.

Also, the changes in Lp and Wp will equally lead to the changes in Ls and Ws.

Therefore, the bandwidth for the TARC resonance in Figure 4.11 can be enhanced by

allowing the multiple differential modes to resonate on the patch through adjustment of

the antenna dimensions. Based on the previous investigation in this section, the patch

length Lp, patch width Wp, substrate length Ls, substrate width Ws, length of partial

grounds Lg, width of the coupled lines w and the gap between the two coupled lines g are

optimised in CST DS between the established bounds shown in Table 4.1. At the same

time, the TARC is monitored and plotted in Figure 4.14.

Table 4.1. Lower and upper bounds of the antenna dimensions used in the optimisation of
TARC in CST DS.

Optimisation Bounds Antenna dimensions (mm)

Lp Wp Ls Ws Lg w g

Lower bound 23 17 34 24 4.2 1.44 0.1
Upper bound 31 22 46 32 8 3.7 2.25

The TARC3 resonance is well-matched and has the widest bandwidth among the reso-

nances depicted in Figure 4.14, as shown in Table 4.2. The dimensions of the antenna at

this resonance are depicted in Table 4.2. The bandwidth and impedance matching for this

resonance are improved by fine-tuning the antenna dimensions through parameter sweep

in CST DS, in the bounds shown in Table 4.3. The typical optimum results derived from

this parameter sweep are provided in Figure 4.15.
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Figure 4.14. Typical results for the optimised TARC resonances for the differentially excited
two-port antenna.

Table 4.2. Dimensions for the optimised TARC resonances shown in Figure 4.14.

Simulation ID Antenna dimensions (mm) FBW

Lp Wp Ls Ws Lg w g

TARC0 25.0 18.0 35.0 28.0 5.0 1.6 1.5 0.431
TARC1 29.5 19.32 37.0 27.51 7.1 2.9 1.2 -
TARC2 27.0 16.73 38.0 28.3 8.0 2.6 0.4 0.213
TARC3 29.3 18.88 43.0 29.82 5.2 2.2 0.2 0.631
TARC4 27.0 17.57 40.0 28.02 7.5 3.2 0.27 0.307
TARC5 28.7 20.86 42.0 29.4 6.3 2.5 0.38 0.465

Table 4.3. Lower and upper bounds of the antenna dimensions used in the fine-tuning of TARC
through parameter sweep in CST DS.

Optimisation Bounds Antenna dimensions (mm)

Lp Wp Ls Ws Lg w g

Lower bound 29 17.9 43 28.8 5.2 2.1 0.1
Upper bound 31 20.9 46 30.8 5.4 2.5 0.5
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Figure 4.15. Typical results of the fine-tuned TARC resonances for the differentially excited
two-port antenna whose dimensions are depicted in Table B.3 in Appendix B.3.

Figure 4.16. Simulated TARC, individual port reflection coefficients, and transmission coeffi-
cients between the two ports for the differentially excited two-port injection matched antenna
compared to S11 for the corresponding one-port antenna. The dimensions for the two antennas
are depicted by TARC7 resonance in Table B.3 in Appendix B.3.
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Considering wide bandwidth and good impedance matching criteria at −10 dB for the

fine-tuned TARC resonances in Figure 4.15, TARC7 met the criteria, and is depicted in

Figure 4.16 together with the corresponding S11, S21, S12, and S22 for the realised two-port

antenna. It is shown in Figure 4.16 that the S11, S21, S12, and S22 for the two-port antenna

are equal to the TARC resonance because of the symmetry between the two feed points.

Figure 4.17. The modal significance for the first three resonant characteristic modes of the
proximity-fed patch antenna whose TARC resonance is depicted in Figure 4.16.

The CMA of the antenna whose TARC resonance is depicted in Figure 4.16 is provided

in Figure 4.17 and 4.18. It is shown in Figure 4.17 and 4.18a that mode one is an inductive

mode J01, having a characteristic current that forms a horizontally directed closed loop on

the patch. Also, the principal current for mode J01 is differentially oriented along the two

opposite short patch edges, allowing the mode to be differentially excited from the centre

of these edges at positions 1 and 2, as shown in Figure 4.18a. The H-plane (ϕ = 90°)
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radiation patterns resulting from excitation of mode J01, shown in Figure 4.40b and 4.42a

at a 2.447 GHz resonant frequency, are approximately omnidirectional as predicted by

mode J01 patterns in Figure 4.7a and 4.13a. However, at the same frequency, the E-plane

(ϕ = 0°) patterns have two deep nulls in the directions θ = 90° and θ = 270° (shown in

Figure 4.40b) as a result of feeding the antenna at these locations.

(a) (b)

(c)

Figure 4.18. Characteristic surface current for (a) mode J01 at 3.640 GHz (b) mode J1 at
3.770 GHz (c) mode J2 at 3.895 GHz for the antenna depicted in Figure 4.16, whose modal
significance is shown in Figure 4.17.

Mode two is horizontal J1 mode, having two branches of the principal characteristic

current originating from position 2, attaining maximum value at different positions along

the patch periphery such as at the maxima positions 3 through 8 and joining at position

1 in the short patch edge as shown in Figure 4.17 and 4.18b. Because of its polarisation

and distribution of the strong current on the patch, as shown in Figure 4.18b, mode J1
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is jointly excited with mode J01 by differentially feeding at the patch edge positions 1

and 2, shown in Figure 4.18b. The H-plane (ϕ = 90°) radiation patterns resulting from

excitation of mode J1, shown in Figure 4.40c and 4.42a at a 3.881 GHz resonant frequency,

are approximately omnidirectional as predicted by mode J1 patterns in Figure 4.7b and

4.13d. However, at the same frequency, the E-plane (ϕ = 0°) patterns have two deep nulls

in the directions θ = 90° and θ = 270° (shown in Figure 4.40c) as a result of feeding the

antenna at these locations.

On the other hand, mode three is a vertical mode J2, having two branches of the

principal current originating from position 2 and joining at positions 1, as shown in

Figure 4.17 and 4.18c. Because of its polarisation and a differential orientation of the

principal current at the long patch edges, excitation of mode J2 requires two pairs of

differential excitations arranged at the maxima positions 5 and 6, and 7 and 8 as shown

in Figure 4.18c. However, feeding at these positions is not feasible because of the absence

of grounding planes below the two long patch edges of this antenna. Excitation of this

particular mode is discussed in Section 6.2.1. Hence, the wideband operation of the

realised two-port injection matched patch antenna depicted in Figure 4.16 is attributed

to the excitation of correlated modes J01 and J1 of the antenna, which are shown in

Figure 4.17 and 4.18.

The theoretical φ and γ variations with frequency, which correspond to TARC7 res-

onance, are also shown in Figure 4.19. It is shown in Figure 4.19 that the theoretical

φ variation with frequency has two minima at around 2 and 4 GHz. The 2 GHz mini-

mum for φ coincides with a fairly flat region in the theoretical γ variation slightly below

2.5 GHz, which form resonances near these frequencies. Also, the 4 GHz minimum for φ

coincides with a fairly flat region in the γ variation at the same frequency, which enables
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(a)

(b)

Figure 4.19. Variation of the theoretical (a) phase shift φ of Equation (3.8) with frequency
(b) relative amplitude γ of Equation (3.9) with frequency on the two-port injection matched
antenna whose TARC is shown in Figure 4.16.
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another resonance at 4 GHz. Because the two resonances (resonant modes) are correlated

to each other [24], they merge to enable a wideband resonance through differential exci-

tation. The antenna dimensions for the TARC resonance in Figure 4.16 are depicted in

Figure 4.9 and Table B.3 in Appendix B.3.

The electrical length attained by the differential TARC is around ka = 1.4 and ka =

1.2 at a 2.448 GHz resonance and −10 dB lower boundary frequency of 2.175 GHz,

respectively. However, because of the non-constant behaviour of the theoretical γ variation

below this frequency, shown in Figure 4.19b, it is impossible to reduce ka below these

values. An outline study of an ESA mode of the injection matched antennas is discussed

in Section 7.2 through 7.4.

Figure 4.20. The common mode TARC in comparison to the differential mode TARC for the
two-port injection matched antenna under investigation.

Extending the frequency range of investigation to 12 GHz, there is a common mode

resonance at around 7.5 GHz frequency shown in Figure 4.20. This resonance results from
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the excitation of a higher mode of the antenna through the application of the injection

matching technique at γ = 1 and φ = 0°. However, the bandwidth of this resonance

cannot be controlled because the mode was excited by the same feeding arrangement

used for exciting the differential mode TARC. Because of the limited number of the

feeding points supported by the injection matching technique the two TARC resonances

(the differential mode TARC and the common mode TARC) cannot be widened at the

same time. Changing the feeding position or the antenna dimensions to improve the

common mode TARC will distort the differential TARC. Therefore, this investigation

will focus on improving the bandwidth of the differential mode TARC only. The common

mode excitations on the patch antenna are particularly studied in depth in Section 6.2.

The S-parameter for the corresponding one-port antenna, depicted in Figure 4.16, was

derived from the two-port antenna dimensions depicted by TARC7 resonance in Table B.3

in Appendix B.3. The two reflection coefficient plots in Figure 4.16 are discussed in

Section 4.3.4 and 4.4.1.

4.3.4 Simulated TARC

A further investigation of TARC for the differentially excited two-port antenna shown in

Figure 4.16 is carried out by varying the applied relative amplitude γ and phase shift φ at

port two of the antenna in the ranges γ ∈ (0.1, 3) and φ ∈ (0°, 180°) in CST DS. Typical

results for the TARC resonances derived from the whole (γ, φ) optimisation space domain

are shown in Figure 4.21.

It is shown in Figure 4.21 that the change in relative amplitude γ and phase shift φ

decreases the matching depth of the TARC resonance obtained at γ = 1 and φ = 180°.
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Figure 4.21. Typical TARC resonances for the two-port injection matched antenna at different
γ and φ values.

This behaviour is depicted by fixing the phase shift at port two at φ = 180°, and varying

the relative amplitude γ between 0.1 and 3.0. This investigation is also repeated by fixing

the relative amplitude at port two at γ = 1, and varying the phase shift φ between 0°

and 180°. The results for this investigation are shown in Figure 4.22a and 4.22b.

The deterioration of TARC resonance is caused by the flow of energy between the two

ports when γ < 1, γ > 1 or φ ̸= 180° is applied at port two of the antenna, as shown

in Figure 4.21 and 4.22. However, the −10 dB bandwidth is fairly maintained by the

combinations of γ and φ values in ranges 0.7 ≤ γ ≤ 1.4 and 173° ≤ φ ≤ 187°, which

is shown in Figure 4.23 by the typical values of γ and φ derived from this optimisation

domain. For γ = 0.6 the TARC resonance is at around −9.1 dB at all φ in 173° ≤ φ ≤ 187°

domain. These observations are an indication that the fairly operation of the realised two-
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(a)

(b)

Figure 4.22. (a) Variation of γ on the two-port injection matched antenna when φ = 180° (b)
Variation of φ on the two-port injection matched antenna when γ = 1.
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port injection matched antenna through differential excitation is attained at γ = 1 ± 0.4

and φ = 180° ± 7°.

Figure 4.23. Typical differential mode TARC resonances when γ and φ are varied in ranges
of 0.6 ≤ γ ≤ 1.4 and 173° ≤ φ ≤ 187°.

In particular, the phenomenon in Figure 4.22a is studied by monitoring the transmis-

sion coefficients S12 and S21 at the two ports as shown in Figure 4.24 and 4.25. It is

shown in Figure 4.24a and 4.24b that for γ < 1, there is a flow of energy from port two

to port one. On the other hand, it is shown in Figure 4.25a and 4.25b that, when γ > 1

energy flows from port one to port two. Because of these phenomena happening at the

two ports when the relative amplitude γ is below or above γ = 1, it is impossible to have

an effective injection matched operation on the two-port patch antenna with any other γ

apart from γ = 1. Therefore, the optimum TARC for this investigation remains at γ = 1

and φ = 180°.
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(a)

(b)

Figure 4.24. Transmission coefficient (a) S12 for γ≤1 (b) S21 for γ≤1 on the two-port injection
matched antenna when φ = 180°.
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(a)

(b)

Figure 4.25. Transmission coefficient (a) S12 for γ≥1 (b) S21 for γ≥1 on the two-port injection
matched antenna when φ = 180°.
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4.3.5 Injection matching operation

The Z-matrix and terminal impedances for the simultaneously excited two-port injection

matched antenna at γ = 1 and φ = 180° are investigated to establish the injection matched

operation of the antenna whose TARC resonance is shown in Figure 4.16. After the two

ports of the antenna are locked, the relative amplitude γ = γ1 and phase shift φ = φ1

are applied at port two. The antenna is simulated, and the terminal impedances Z11 and

Z21 at the two ports are recorded. The injection matching is repeated with γ = γ2 and

φ = φ2 at port two, and the impedances Z12 and Z22 are obtained. Using Equations (3.2)

and (3.3), for γ1 and φ1 the following equations are written,

Z11 = Z11 − Z12γ1e
jφ1 (4.1)

and

Z22 = Z21 − Z21

γ1ejφ1
(4.2)

For γ2 and φ2 the following equations are also written,

Z12 = Z11 + Z12γ2e
jφ2 (4.3)

and

Z22 = Z22 + Z21

γ2ejφ2
(4.4)

Substituting Equation (4.1) into Equation (4.3), and Equation (4.2) into Equation (4.4)

gives,

Z12 = Z11 − Z12γ1e
jφ1 + Z12γ2e

jφ2 (4.5)
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(a) (b)

(c) (d)

Figure 4.26. Simulated active impedances on the differentially excited two-port injection
matched antenna whose TARC resonance is depicted in Figure 4.16 at (a) 2.175 GHz (b)
2.447 GHz (c) 3.881 GHz and (d) 4.221 GHz frequencies.
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and

Z22 = Z21 − Z21

γ1ejφ1
+ Z21

γ2ejφ2
(4.6)

Solving for Z12 and Z21 in Equations (4.5) and (4.6) gives,

Z12 = Z12 − Z11

γ2ejφ2 − γ1ejφ1
(4.7)

and

Z21 = Z22 − Z21

γ1ejφ1 − γ2ejφ2
γ1γ2e

j(φ1+φ2) (4.8)

Substituting Equations (4.7) and (4.8) into Equations (4.1) and (4.2), respectively, gives

Z11 = Z11 − Z12 − Z11

γ2ejφ2 − γ1ejφ1
γ1e

jφ1 (4.9)

and

Z22 = Z21 − Z22 − Z21

γ1ejφ1 − γ2ejφ2
γ1e

j(φ1) (4.10)

Using Equations (4.7), (4.8), (4.9), and (4.10), for γ1 = γ2 = 1, φ1 = 180° and φ2 = 360°,

the Z−matrix for the injection matched antenna under investigation when γ = 1 and

φ = 180° is plotted in Figure 4.26.

Comparing the Z−matrix for the two-port antenna under investigation shown in Fig-

ure 4.26 with the passive Z−matrix for the same antenna when its two ports were not

locked (Figure 4.27), at the monitored frequencies (2.175, 2.447, 3.881 and 4.221 GHz),

it is shown that the passive Z−matrix for the two-port antenna is modified through the

application of the injecting matching technique on the two-port antenna.
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(a) (b)

(c) (d)

Figure 4.27. Simulated passive impedances on the two-port antenna at (a) 2.175 GHz (b)
2.447 GHz (c) 3.881 GHz and (d) 4.221 GHz frequencies, before injection matching operation is
applied to the antenna whose TARC resonance is depicted in Figure 4.16.
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The passive mutual impedances between the two ports of the antenna (Z12 and Z21),

which were in the same quadrant before the injection matching technique was applied

to the antenna (when the antenna ports were unlocked), as shown in Figure 4.27, are

shifted to opposite quadrants adjacent to their previous occupied quadrants through the

application of the injection matching technique, as shown in Figure 4.26. The resulting

terminal impedances Z1 and Z2 at the monitored frequencies are in the first quadrant,

which demonstrates the presence of injection matching operation. The passive Z-matrix

is also modified to achieve the injection matching.

4.3.6 Simulated surface current

The simulated surface current on the two-port injection matched antenna whose TARC

resonance is depicted in Figure 4.16 is shown in Figure 4.28, while the surface current on

the corresponding one-port antenna is depicted in Figure 4.29.

It is shown in Figure 4.28 that the surface currents on the patch for two-port injection

matched antenna at 2.175 and 2.447 GHz frequencies are similar to mode J01 current

shown in Figure 4.6a, indicating that mode J01 has been excited at a 2.447 GHz resonant

frequency. Similarly, the fair alignment between the surface currents on the patch at

3.881 and 4.221 GHz frequencies and mode J1 current shown in Figure 4.6b indicates the

excitation of mode J1 at a 3.881 GHz resonant frequency. However, the two modes J01

and J1 are weakly excited by the corresponding one-port antenna as shown in Figure 4.29

at 2.647 and 3.150 GHz, and 3.843 GHz, respectively.
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(a) (b)

(c) (d)

Figure 4.28. Surface current on the differentially excited two-port injection matched patch
antenna (including partial grounding planes) at (a) 2.175 GHz (b) 2.447 GHz (c) 3.881 GHz and
(d) 4.221 GHz frequencies. The simulated TARC for this antenna is shown in Figure 4.16.

It is also shown in Figure 4.28 that the surface current on the two-port injection

matched antenna is more dominant on the PGPs than on the patch, at all the frequencies
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(a) (b)

(c)

Figure 4.29. Simulated surface current on the corresponding one-port patch antenna (including
partial grounding plane) in the (a) 2.647 GHz (b) 3.150 GHz and (c) 3.843 GHz frequencies.
The simulated S11 for this antenna is shown in Figure 4.16.
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used in the investigation, which indicates that the two-port patch antenna has been con-

verted to a dipole antenna. Similar behaviour is noted in Figure 4.29, where the surface

current is also dominant at the PGP, indicating that the one-port patch antenna has

been converted to a monopole antenna. These observations are also justified by the simu-

lated H-plane (ϕ = 90°) radiation patterns for the two antennas, which are approximately

omnidirectional as shown in Figure 4.40 and 4.41, respectively.

4.3.7 Injection matched antenna reciprocity

Reciprocity analysis of the two-port injection matched antenna under investigation (shown

in Figure 4.16) is simulated using the arrangement shown in Figure 4.30. In this setup,

two identical antennas whose dimensions are depicted by TARC7 resonance in Table B.3

are modelled in CST MWS, and are placed along the line of sight of each other with their

radiating elements facing one another. The two antennas are separated by an arbitrary

distance d, which in this setup is chosen to be 5 m. All four ports for the two antennas

are unlocked, and the antennas are passively simulated in the CST MWS using a Time

Domain Solver.

After the passive S-parameters for the two antennas are obtained, a setup in Fig-

ure 4.30 is created in CST DS to investigate an injection matched reciprocity operation.

In this setup, the two-phase shifters, named Phase shifter 1 and Phase shifter 2, are inte-

grated with attenuators for modulating the amplitudes γ2 and γ4 for the excitation signals

coming from the two signal splitters, named Signal splitter 1 and Signal splitter 2, into

the two two-port antennas embedded in the S-parameter block. The phase shifts φ2 and

φ4 were tuned in the two phase shifters 1 and 2, respectively. The four probes P1, P2,
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Figure 4.30. Circuit implementation of the two-port injection matched antenna reciprocity in
CST DS.

P3 and P4 are used for monitoring the terminal voltages V1, V2, V3 and V4, and currents

I1, I2, I3 and I4 at the four ports of the two antennas, which are used in evaluating the

received voltages V −
1 , V −

2 , V −
3 , V −

4 and transmitted currents I+
1 , I+

2 , I+
3 , I+

4 to validate

the reciprocity Equation (3.66) as shown in Figure 4.31a.

However, simulations for the two-port injection matched antenna reciprocity could not

be experimentally validated because of the limitation of the R&S ZVA67 VNA to achieve

the coherence mode with all four ports. The four-port R&S ZVA67 VNA has four internal

signal sources. When the coherence mode is activated, one of the sources is reserved for

the main signal generation, leaving only three sources available for the coherence mode

operation at the ports. So to have the coherence mode working in four ports, five signal

sources are needed, a feature which the R&S ZVA67 VNA cannot provide.

It is shown in Figure 4.31 that the reciprocity Equation (3.66) is validated, which

shows that the two antennas satisfy the reciprocity condition. Also, it is shown that the
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(a) (b)

Figure 4.31. (a) Simulated reciprocity of the two two-port injection matched antennas (b)
simulated receive mode of the two-port injection matched antenna.

radiation characteristics of the two-port injection matched antenna are preserved, where

at the antenna passband, the two-port antenna reflects less power than at frequencies

outside the passband of the antenna. This shows that power is conserved when the two-

port injection matched antenna is operating reciprocally with a similar antenna.

Receive mode

The receive mode for the two-port injection matched antenna is validated through simu-

lation using a setup in Figure 4.32 in AWR® Microwave Office because of the observed

failure of the phase shifter block in CST DS to induce the injection matching operation

on the two-port antenna while the antenna is configured in the receive mode. A one-port

antenna is used to transmit EM energy received by the two-port antenna configured in

the injection matched receive mode with γ = 1 and φ = 180°.

In this configuration, the S-parameter block S1 for the two antennas configured in

the line of sight of each other, exported from CST MWS, is excited at ports 1, 2 and 3.
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Figure 4.32. An experimental setup for simulating the receive mode of the two-port injection
matched antenna in AWR® Microwave Office.
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The line of sight distance of separation between the two antennas is arbitrarily chosen to

be 3.5 m. The injection matched receive mode operation is configured in the two-port

antenna via ports 1 and 2, while port 3 is for exciting the transmitting antenna. The

relative amplitude γ and phase shift φ between signals at ports 1 and 2 are locked by

the use of attenuator U1 and phase shifter P2 and are combined by the signal splitter P1

towards the 50 Ω load. To maintain the excitation coherence between the two antennas,

signal splitters P3 and P4 are used.

(a) (b)

Figure 4.33. (a) Simulated relative amplitude γ (b) simulated phase shift φ between the
currents IR

1 and IR
2 when the two-port injection matched antenna is configured to work in the

receive mode.

The terminal currents IR
1 , IR

2 , voltages V R
1 , V R

2 and impedances ZR
1 , ZR

2 on the two-

port receiving antenna, as well as the terminal current I3 and voltage V3 on one-port

transmitting antenna are monitored through the ammeters AMP1, AMP2, AMP3 and

voltmeters VM1, VM2, VM3, and are used to validate Equation (3.70) as shown in Fig-

ure 4.31b. The relative amplitude γ, and phase shift φ between the currents IR
1 and IR

2

when the two-port antenna is in the receive mode, are shown in Figure 4.33.

It is shown in Figure 4.31b that the receive mode Equation (3.70) is verified, which

signifies that voltage is conserved at the two ports when the two-port injection matched
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antenna is configured to work in the receive mode. Also, the relative amplitude γ and

the phase shift φ for the currents at the two-port antenna remained approximately fixed

at 1 and 180°, respectively, as shown in Figure 4.33. This observation is an indication

that the same feeding network arrangement used by the injection matched antenna in

transmit mode can be used by the same antenna in the receive mode. However, the

simulated receive mode of an injection matched antenna could not be experimentally

validated because of the limitation of the R&S ZVA67 VNA to work differentially in the

receive mode.

4.4 Validation of injection matching technique

4.4.1 Measurement of TARC, terminal impedances and currents

The fabricated two-port antenna and the corresponding one-port antenna shown in Fig-

ure 4.34 were experimentally investigated.

TARC for the two-port injection matched antenna was experimentally measured using

the R&S ZVA67 VNA. The VNA was thermally stabilised over a period of approximately

30 minutes, and ports one and two (of the VNA) were calibrated using the TOSM cal-

ibration technique with the Keysight 85052D calibration kit. The calibration plane was

taken at the end of the 1.85 mm to 3.5 mm SMA adapters connected into the VNA. The

two ports were then configured to be excited in coherence mode. Next, ports one and two

of the VNA were connected to ports one and two of the antenna via two SMA adapters.

Ferrite beads (shown in Figure 4.35) were used in this experiment to minimise the effect of
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(a) (b)

(c) (d)

Figure 4.34. (a) Front view of the printed two-port antenna (b) back view of the printed
two-port antenna (c) front view of the printed corresponding one-port antenna (d) back view of
the printed corresponding one-port antenna. The two antennas have dimensions corresponding
to the TARC7 resonance shown in Table B.3.
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(a)

(b)

(c)

Figure 4.35. Picture showing (a) the use of ferrite beads in measuring the radiation patterns
of a two-port antenna (b) the use of ferrite beads in measuring the radiation patterns of a one-
port antenna (c) the RS ZVA67 VNA. The same ferrite beads were used in the experiment for
characterising TARC for the two-port antenna and S11 for the corresponding one-port antenna
using techniques outlined in [89].
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residual currents rising from the outer shield of the feeding coaxial cables from interfering

with the antenna resonance.

While port one of the VNA was configured with an amplitude of 0 dB and phase of

0°, port two was configured with a relative amplitude of 0 dB and phase shift of 180°.

The TARC, terminal currents, incident and reflected waves ai and bi at each ith port of

the antenna as well as the terminal impedances were then monitored by following the

procedure outlined in Appendix C, and are plotted in Figure 4.36, 4.37 and 4.38.

Figure 4.36. Measured and simulated TARC for the differentially excited two-port injection
matched antenna compared to S11 for the corresponding one-port antenna. The simulated and
printed antennas are shown in Figure 4.16 and 4.34, respectively.

It is shown in Figure 4.36 that there is a significant deviation of the measured TARC

from the simulated one. This deviation is accounted for by observing the measured

responses of the applied amplitude γ and phase shift φ to the two-port antenna during

the injection matching operation shown in Figure 4.37. The simulated applied γ and
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(a) (b)

(c) (d)

Figure 4.37. Measured and simulated response of the applied (a) relative amplitude γ between
the currents I1 and I2 (b) phase shift φ between the currents I1 and I2 (c) relative amplitude
γ between the waves a1 and a2 (d) phase shift φ between the waves a1 and a2 when the patch
antenna was injection matched at γ = 1 and φ = 180°. The simulated and printed antennas are
shown in Figure 4.16 and 4.34, respectively.
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Figure 4.38. Simulated and measured terminal impedances for the differentially excited two-
port antenna. The simulated and printed antennas are shown in Figure 4.16 and 4.34, respec-
tively.

phase φ responses for the current ratio I2/I1 and wave ratio a2/a1 are approximately

fixed at 1 and 180°, respectively, across the entire frequency range of investigation.

However, there is a significant variation of the measured applied γ and phase φ re-

sponses for the current ratio I2/I1. This variation indicates that residual currents are

being coupled to the SMA connectors and PGPs from the outer shield of the two feeding

coaxial cables to cause variability in the terminal impedances on the input terminals of the

printed two-port antenna, as shown in Figure 4.38, which could not be eliminated by the

use of ferrite beads (Figure 4.35). As a result, because of the small size of the grounding

planes, the residual currents give rise to radiation from the two PGPs to cause undesired

resonances at different frequencies across the entire frequency range of investigation, and

mainly at frequencies below 2.7 GHz and above 3.5 GHz. These resonances interfere with
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the main resonance to distort the measured TARC shown in Figure 4.36, as well as the

measured radiation patterns shown in Figure 4.40.

Figure 4.39. Simulated efficiency for the differentially excited two-port injection matched
antenna in comparison with the simulated efficiency for the corresponding one-port antenna.
The simulated and printed antennas are shown in Figure 4.16 and 4.34, respectively.

The simulated matching efficiency for the two-port antenna shown in Figure 4.39 is

greater than 89% across the -10 dB operational bandwidth. This efficiency is generally

higher than the efficiency for the corresponding one-port antenna, except at frequencies

between 2.8 and 3.6 GHz, where the one-port antenna demonstrates a higher efficiency

than the two-port antenna as shown in Figure 4.39. The higher matching efficiency

attained by the two-port antenna is attributed to good impedance matching achieved

through the injection matching technique. Also, the excitation of two similar characteristic

modes of the patch antenna achieves a slightly higher radiation efficiency on the two-

port antenna compared to the radiation efficiency of the corresponding one-port antenna.

However, the two antennas have radiation efficiency higher than 99% attributed to the low
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loss tangent (tan δ = 0.0009) and low dielectric constant (εr = 2.2) substrate material used

in the design. Besides, because of the high matching efficiency and high radiation efficiency

attained by the two antennas, the total efficiency for the two antennas is generally higher

than 89% across the antennas’ passbands.

The simulated −10 dB FBW for the two-port injection matched antenna (which was

calculated using Equation (B.1) in Appendix B.4) is around 64%, whereas the FBW of

the corresponding one-port antenna is about 36.9%. This observation shows that exci-

tation of the two similar modes through injection matching technique allows bandwidth

enhancement of the two-port patch antenna.

4.4.2 Measurement of radiation patterns

Experimental validation of the radiation patterns for the two-port injection matched an-

tenna under investigation followed the procedure outlined in Section 3.4 using the setup

in Figure 3.3. The R&S ZVA67 VNA was thermally stabilised over a period of approxi-

mately 30 minutes, and the three ports of the VNA were calibrated before measurements

were conducted. The calibration plane was taken at the end of the three coaxial cables

that connect the VNA and the two antennas (two-port AUT and reference antenna). Af-

ter calibration, the three cables were connected to the two antennas, where ports 1 and

2 of the VNA were connected to ports 1 and 2 of the two-port AUT, and port 3 of the

VNA was connected to the reference antenna. Ferrite beads (shown in Figure 4.35) were

used in this experiment to minimise the effect of residual currents rising from the outer

shield of the feeding coaxial cables from interfering with the antenna resonance.
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The AUT was in transmit mode, while the reference antenna (open boundary quad-

ridged horn antenna model 3164-08 in Appendix D) was in receive mode. Ports 1 and 2

of the VNA were configured to transmit in coherence mode. While port 1 was configured

with an amplitude of 0 dB and phase of 0°, port 2 was configured with a relative amplitude

of 0 dB and phase shift of 180°. Port 3 was configured as a receiving port. A 10 decibel

milliwatt (dBm) transmit power was configured in the VNA and the waves ai and bi

were monitored and recorded across the −10 dB bandwidth of the antenna in both E

and H-planes. These waves were finally measured at 2.353, 2.638, 3.635 and 4.015 GHz

frequencies, and the corresponding patterns were calculated using Equation (3.45). The

measured co-polar patterns for the two-port injection matched antenna in comparison to

the corresponding simulated patterns are given in Figure 4.40.

Characterisation of the measured radiation patterns for the corresponding one-port

antenna followed a similar procedure, but in this case only two ports of the VNA were

used, where port one was configured in transmit mode and port two in the receive mode.

The co-polar radiation patterns for the one-port antenna under investigation are shown

in Figure 4.41.

It is shown in Figure 4.40 that both the E and H-plane co-polar patterns for the two-

port antenna are misaligned with the corresponding simulated patterns. The deviation

between the measured and simulated patterns in each plane is caused by residual currents

on the SMA connectors and PGPs that were coupled from the outer shield of the coaxial

cables. Though ferrite beads (shown in Figure 4.35) were used during the measurement,

the effect of residual currents could not be eliminated completely. Because of the small

size of the ground planes, the residual currents give rise to radiation from the two PGPs

to cause spurious radiation, which is spanned across the entire frequency range of obser-
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(a) (b)

(c) (d)

Figure 4.40. Simulated and measured co-polar patterns for the differentially excited two-port
injection matched antenna in the (a) 2.175 and 2.353 GHz (b) 2.447 and 2.638 GHz (c) 3.881
and 3.635 GHz (d) 4.221 and 4.015 GHz frequencies, respectively. The simulated and printed
antennas are shown in Figure 4.16 and 4.34, respectively.
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(a) (b)

(c)

Figure 4.41. Simulated and measured co-polar radiation patterns for the corresponding one-
port antenna in the (a) 2.647 and 2.733 GHz (b) 3.150 and 3.065 GHz and (c) 3.843 and
3.730 GHz frequencies. The simulated and printed antennas are shown in Figure 4.16 and 4.34,
respectively.
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vation. The measured one-port patterns shown in Figure 4.41 are also affected because

of the same factors.

Considering the simulated patterns, the two-port antenna patterns are more stable

than the patterns for the corresponding one-port antenna as a result of driving the two-

port antenna from the two ends. However, the simulated patterns for both antennas are

approximately omnidirectional in the H-plane as the two antennas have been converted

to dipole and monopole antennas, respectively.

4.5 Results and discussion

It is shown in this chapter that the injection matching technique is based on the excitation

of characteristic modes of the patch antenna, which is differentially or coherently (in

common mode) achieved. In each case, the wideband operation is attained by exciting

the multiple correlated modes. Frequency tuning is attained through the application of

the differential and common mode excitations to the antenna by configuring γ = 1 and

φ = 180° or γ = 1 and φ = 0° at port two of the antenna, though at the expense of losing

the bandwidth from one of the two excitation modes because of the limited number of

feed points (two feed points) supported by the injection matching technique. However,

an outlined study of frequency tuning of modes is investigated in Chapter 6.

Typically, a -10 dB FBW of around 64% has been attained from the two-port

proximity-fed patch antenna by exciting two correlated modes J01 and J1 of the antenna.

The achievement is also attributed to the adoption of PGPs, which essentially reduces

the stored EM energy in the patch antenna to minimise the antenna Q to increase the

bandwidth.
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Comparing the measured TARC and radiation patterns for the two-port antenna with

the corresponding simulations, as shown in Figure 4.36 and Figure 4.40, the observed slight

deviations are attributed to the leakage currents from the outer shield of the coaxial cables,

which were coupled into the SMA connectors and PGPs. Because of the small size of the

partial grounds, the residual currents caused spurious radiation in the entire frequency

range of observation. Though the use of ferrite beads (shown in Figure 4.35) minimised

these currents, the effect spanned across the entire frequency range of observation, as

shown in Figure 4.37, and affected the TARC resonance (Figure 4.36) and radiation

patterns (Figure 4.40 and 4.41). Neglecting these deviations, the measured TARC and

radiation patterns for the two-port injection matched antenna have generally verified the

validity of the injection matching technique.

The two-port antenna has the maximum realised gain of around 2.9 dBi at 4.0 GHz

frequency, as shown in Figure 4.42c, attributed to the excitation of mode J1 of the antenna

at this frequency, which is of a higher order than mode J01 excited at around 2.447 GHz

frequency. There is an improvement of gain of around 0.5 dB from the two-port antenna

compared to the maximum gain of 2.4 dBi attained by the corresponding one-port antenna

at around 3.450 GHz frequency, as shown in Figure 4.42c, because of an effective excitation

of mode J1 of the antenna by the differential excitation at 4.0 GHz frequency than by the

one-port excitation at 3.350 GHz frequency. However, at a 2.175 GHz boundary frequency,

the two-port antenna has a gain of around 1.63 dBi, which is lower than the gain attained

by the corresponding one-port antenna in all frequencies because of excitation of mode J01

at a 2.447 GHz resonant frequency which is of low-order compared to mode J1 excited by

the one-port antenna. Also, the gain realised by the two-port antenna is fairly stable at
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(a) (b)

(c)

Figure 4.42. Simulated (a) H-plane (ϕ = 90°) realised gain for the two-port injection matched
patch antenna (b) H-plane (ϕ = 90°) realised gain for the one-port patch antenna (c) H-plane
(ϕ = 90°) maximum realised gain for the two-port injection matched patch antenna and for the
corresponding one-port antenna. The simulated TARC and S11 for the two antennas are shown
in Figure 4.16.
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2.175 and 2.447 GHz frequencies (with a gain reduction of around 0.5 dB between the two

frequencies) than at 3.881 and 4.221 GHz frequencies, as shown in Figure 4.42a, because

of excitation of mode J01 of the antenna at a 2.447 GHz resonant frequency, which has

more stable patterns than mode J1. On the other hand, there is a large variation of the

gain achieved by the corresponding one-port antenna, as shown in Figure 4.42b, because

of driving the antenna from one port. Generally, the two-port antenna’s realised gain is

improved compared to the gain of the corresponding one-port antenna due to driving the

antenna from two ports.

Also, the two-port antenna in Figure 4.39 has good radiation, matching and total

efficiencies because of the excitation of two similar characteristic modes of the antenna,

use of low loss tangent (tan δ = 0.0009) and low dielectric constant (ε = 2.2) substrate

material in the design, and excellent impedance matching attained through the injection

matching technique. Besides, the theoretical validation of two-port injection matched

antenna reciprocity and receive mode through simulation shows that the same feeding

network arrangement used by the injection matched antenna in transmit mode can be fed

by an injection matched two-port antenna in the receive mode. The two-port injection

matched antenna can also work reciprocally with any antenna with similar radiation

characteristics.

The use of theoretical γ and φ variations in the design process can be replaced by the

theory of characteristic modes, which gives more flexibility in locating the feeding points

to excite the desired modes efficiently. However, the theory of characteristic modes was

not extensively applied in this investigation because it lies outside the scope of this study.

119



4.6 Summary

The design of two-port injection matched patch antennas is summarised into the following

procedure:

(1) A one-port rectangular patch antenna with PGP is designed at the frequency of

interest. The applied excitation is from one of the edges.

(2) The one-port antenna in (1) is converted to a two-port antenna by adding another

excitation at the opposite edge with respect to the first excitation, and the second

PGP for the second excitation. The antenna is simulated to obtain the passive

S-parameters, which are used for calculating the TARC resonance when γ = 1 and

φ = 0°, and γ = 1 and φ = 180°.

(3) Depending on the desired bandwidth and resonant frequency, the dimensions of the

antenna are optimised while TARC is being monitored.

(4) Depending on the TARC convergence, the optimum TARC may be obtained by

sweeping the dimensions of the antenna in a narrow range, near the dimensions of

the best TARC in (3).

(5) After the desired TARC is obtained, the resulting two-port injection matched an-

tenna dimensions are used to create the corresponding one-port antenna. Finally,

the one-port antenna is simulated and the obtained results are used for comparison

with the two-port antenna.
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Chapter 5

Broadband injection matched

antennas

5.1 Background

The previous chapter showed that the wideband operation could be attained by exciting

multiple characteristic modes of a patch antenna. Also, the design procedure for injection

matched antennas was discussed.

This chapter applies the design procedure established in Chapter 4 to realise wideband

injection matched patch antennas. A four-port feeding mechanism is also discussed in

Section 5.2 for the bandwidth and performance enhancements of the realised injection

matched patch antenna.
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5.2 Design, simulation and validation

Consider the bandwidth requirement for the wireless services in the 2.4 to 6.6 GHz fre-

quency range. A wideband antenna operating in this frequency range can meet the need.

This can be achieved by first, realising a one-port antenna at a 4.5 GHz centre frequency

(of the specified band), and then widening the operational bandwidth through injection

matching technique.

To begin with, a one-port proximity-fed patch antenna with FGP is designed in

CST MWS to operate at around 4.5 GHz by following the procedure outlined in [85].

The antenna is realised on two layers of Rogers Duroid RT 5880 substrate with relative

permittivity εr of 2.2, loss tangent of 0.0009, lower substrate height of 1.575 mm, upper

substrate height of 0.787 mm, and copper cladding thickness of 0.035 mm. The antenna

has a patch length Lp = 20.83 mm, patch width Wp = 17.67 mm, substrate length

Ls = 41.66 mm, substrate width Ws = 35.34 mm, width of feed line w = 1.86 mm and

the distance of the coupled line from the centre of the patch is d = 0.0 mm. Excitation of

this antenna is achieved through a discrete face port created on the outer end-face of the

feed line while the impedance of the excitation signal delivered at this port is maintained

at 50 Ω. To enhance bandwidth, the one-port antenna is converted to a monopole patch

antenna by truncating the grounding plane, as shown in Figure 5.1a. The length of partial

ground Lg = 10.42 mm, which is the maximum length of the ground plane for which a

patch antenna is converted to a monopole antenna, was calculated from Lg = (Ls −Lp)/2.

The S11 for the two antennas corresponding to these antenna dimensions are given

in Figure 5.2, where it can be seen that the one-port antenna with a PGP has an im-

proved −3 dB bandwidth attained through excitation of two modes at around 3.835 and
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(a) (b)

Figure 5.1. (a) Proximity-fed patch antenna with single feed line (b) proximity-fed patch
antenna with two feed lines. The black colour indicates the layers of copper.

Figure 5.2. S-parameter for the one-port proximity-fed patch antenna under investigation.

123



7.013 GHz frequencies. However, the two modes of the resulting one-port antenna with

PGP are poorly matched, as shown in Figure 5.2.

Figure 5.3. TARC for the differentially excited (γ = 1, φ = 180°) two-port proximity-fed patch
antenna, which corresponds to the one-port antenna whose resonance is depicted in Figure 5.2.

Applying the injection matching technique to this antenna (in CST Studio Suite®

(CST SS) by following the procedure outlined in Appendix B.1) improves the matching

as well as the operational bandwidth. This is implemented in two steps: first, the one-

port antenna is converted to a two-port antenna by adding the second coupled feed line,

separated with a gap g = 2d from the first feed line, where d is measured from the centre

of the patch, and a PGP corresponding to the second feed line, as shown in Figure 5.1b.

The gap between the feed lines is initially chosen to be g = 1.6 mm, but any value of g

between 0.1 and 2.0 mm can be selected, which can later be adjusted by sweeping the

parameter g in CST DS, between 0.1 and 2.0 mm. The second face port is created at the

outer end-face of the second coupled feed line. The two excitation signals are then locked,
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and the antenna is simulated with a relative amplitude γ = 1 and phase shift φ = 180°

at port two. The TARC for the resulting two-port injection matched antenna is shown in

Figure 5.3.

The TARC resonance in Figure 5.3 resulting from excitation of the two modes (J01

and J1) of the corresponding one-port antenna (discussed in Section 4.3.3) whose S11

is depicted in Figure 5.2 has a −10 dB FBW of around 46.2% (calculated using Equa-

tion (B.1) in Appendix B.4) at a 3.455 GHz centre frequency, which is still insufficiently

wide to meet the design goal. The bandwidth is improved by optimising the antenna

dimensions Lp, Wp, Ls, Ws, Lg, w and the gap g in CST DS between 20 and 25 mm,

16 and 21 mm, 38 and 44 mm, 30 and 36 mm, 7 and 10.42 mm, 1.7 and 4.3 mm, 0.1

and 1.9 mm, respectively. Typical converged results for this optimisation are shown in

Figure 5.4 and Table 5.1.

Table 5.1. Antenna dimensions and −10 dB FBW for the optimised TARC resonances shown
in Figure 5.4.

Simulation ID Antenna dimensions (mm) FBW

Lp Wp Ls Ws Lg w g

TARC1 20.4 17.0 43.1 32.2 8.2 2.3 0.6 -
TARC2 24.6 18 39.7 30.0 7.3 2.2 0.5 0.550
TARC3 21.2 16.0 41.4 32.9 7.9 2.4 0.2 -
TARC4 20.5 21.0 40.6 31.7 9.8 2.3 1.2 0.438
TARC5 22.8 21.0 41.8 31.2 7.6 2.3 1.6 0.666
TARC6 20.7 18.3 42.4 31.3 9.5 2.2 0.9 0.642

It is shown in Figure 5.4 and Table 5.1 that TARC5 resonance has the widest −10 dB

bandwidth of around 66.6% at a 3.668 GHz centre frequency. This is further improved

by fine-tuning the antenna dimensions Wp, Ws, and the gap g in the ranges between 20

and 22 mm, 30.2 and 32.2 mm, and 1.5 and 1.7 mm, respectively, through a parameter
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Figure 5.4. Typical results for the optimised TARC resonances for the differentially excited
two-port proximity-fed patch antenna under investigation.

Figure 5.5. Typical results for the fine-tuned TARC resonances for the differentially excited
two-port proximity-fed patch antenna under investigation.
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Table 5.2. Antenna dimensions and −10 dB FBW for the fine-tuned TARC resonances shown
in Figure 5.5.

Simulation ID Antenna dimensions (mm) FBW

Lp Wp Ls Ws Lg w g

TARC1 22.8 20.0 41.8 32.2 7.6 2.3 1.5 0.695
TARC2 22.8 21.0 41.8 32.2 7.6 2.3 1.5 0.675
TARC3 22.8 21.0 41.8 30.2 7.6 2.3 1.5 0.654
TARC4 22.8 22.0 41.8 32.2 7.6 2.3 1.6 0.655
TARC5 22.8 21.0 41.8 32.2 7.6 2.3 1.7 0.675
TARC6 22.8 22.0 41.8 30.2 7.6 2.3 1.5 0.634
TARC7 22.8 22.0 41.8 30.2 7.6 2.3 1.7 0.632

Figure 5.6. Optimum TARC (TARC1) resonance, individual port reflection coefficients, and
transmission coefficients between the two ports for the differentially excited two-port proximity-
fed patch antenna under investigation in comparison to the S-parameter for the corresponding
one-port antenna. The dimensions for the two antennas are depicted by TARC1 resonance in
Table 5.2.
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sweep in the CST DS optimiser. Typical results for the fine-tuned TARC resonances are

shown in Figure 5.5 with their corresponding antenna dimensions in Table 5.2.

Considering the −10 dB bandwidth, the TARC1 resonance, which is depicted in Fig-

ure 5.6 and Table 5.2, has the best impedance matched bandwidth compared to the

remaining TARC resonances in Figure 5.5. The S11, S21, S12, and S22 for the realised

two-port antenna are also plotted in Figure 5.6 for comparison. It is shown in Figure 5.6

that the S11, S21, S12, and S22 for the two-port antenna are equal to the TARC resonance

because of the symmetry between the two feed points.

Figure 5.7. The modal significance for the first four characteristic modes of the proximity-fed
patch antenna whose TARC is depicted in Figure 5.6.

The CMA of the antenna whose TARC resonance is depicted in Figure 5.6 is provided

in Figure 5.7 and 5.8. The analysis was conducted in CST MWS using a Multilayer

Solver with solver and mesh settings provided in Table B.1 and B.2 in Appendix B.2. It
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(a) (b)

(c)

Figure 5.8. Characteristic surface current for (a) mode J01 at a 2.315 GHz frequency (b) mode
J2 at a 3.826 GHz frequency (c) mode J1 at a 4.871 GHz frequency for the antenna depicted in
Figure 5.6, whose modal significant is shown in Figure 5.7.
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is shown in Figure 5.7 and 5.8a that mode one is an inductive fundamental mode J01,

having the principal characteristic current forming a horizontally directed closed loop on

the patch. The principal current is also differentially oriented at the two short patch

edges. Excitation of mode J01 is achieved by driving a differential pair of excitations

delivered at the two short edges at the maxima positions 1 and 2. The H-plane (ϕ = 90°)

radiation patterns resulting from excitation of mode J01, shown in Figure 5.23a and 5.24b

at a 2.775 GHz resonant frequency, are approximately omnidirectional as predicted by

mode J01 patterns in Figure 4.7a and 4.13a. However, at the same frequency, the E-plane

(ϕ = 0°) patterns have two deep nulls in the θ = 90° and θ = 270° directions (shown in

Figure 5.24b) as a result of feeding the antenna at these locations.

Mode two shown in Figure 5.7 and 5.8b is a vertical mode J2, having two branches of

the principal characteristic current originating from position 4, attaining the maximum

value at the maxima positions 1, 2 and 5 through 8 along the four patch edges and joining

at position 3. Because of its polarisation and a differential orientation of the principal

current at the two long patch edges [86], excitation of mode J2 requires two differential

pairs of excitations to be placed at the maxima positions 5 and 6, and 7 and 8. However,

feeding at these locations is not feasible because of the absence of grounding planes below

the two long patch edges of this antenna, as shown in Figure 5.1b. Excitation of this kind

of mode is particularly discussed in Section 6.2.1.

On the other hand, mode three shown in Figure 5.7 and 5.8c is a horizontal mode J1,

having two branches of the principal characteristic current originating from the minima

position 2 and joining at position 1. Because of its polarisation, mode J1 is effectively

excited through two pairs of differential excitations placed at the maxima positions 5

and 6, and 7 and 8, as depicted in Figure 5.8c. At these feeding positions, as illustrated
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Figure 5.9. TARC resulting from excitation of modes J01 and J1 of the patch antenna under
investigation through two pairs of differential excitations delivered at the opposite short patch
edges at the current maxima positions 5 and 6, and 7 and 8 of mode J1, as shown in Figure 5.8,
with w = 0.7 mm and g = 1.5 mm for each pair of the feed lines, while Lp = 22.8, Wp = 20,
Ls = 41.8, Ws = 32.2, and Lg = 7.6 mm. The modified antenna layer two is shown in
Figure 5.10.

in Figure 5.10, mode J01 is also jointly excited with mode J1 to enable a wideband

operation, as depicted by the TARC resonance in Figure 5.9. Also, because the strong

mode J1 characteristic current is widely distributed over the patch, feeding the antenna

at positions 1 and 2 jointly excites modes J01 and J1 to enable a wideband operation, as

shown in Figure 5.8a, 5.8c, and 5.6. The H-plane (ϕ = 90°) radiation patterns resulting

from excitation of horizontal mode J1, shown in Figure 5.23a and 5.24c at a 4.215 GHz

resonant frequency, are approximately omnidirectional as predicted by mode J1 patterns

in Figure 4.7b and 4.13d. However, at the same frequency, the E-plane (ϕ = 0°) patterns

have two deep nulls in the θ = 90° and θ = 270° directions (shown in Figure 5.24c) as a

result of feeding the antenna at these locations.

The realised four-port antenna has a radiation efficiency higher than 99% across its

-10 dB bandwidth, as shown in Figure 5.11a, which is attributed to the low loss tangent

(tan δ = 0.0009) and low dielectric constant (ε = 2.2) substrate material used in the
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Figure 5.10. Layer two for the four-port proximity-fed patch antenna whose TARC resonance
is depicted in Figure 5.9. The discrete face ports 1 through 4 are created on the outer end-faces
of the feed lines at positions 1 through 4, respectively. Ports 1 and 2, as well as ports 3 and 4
excitations are differentially driven. The black colour indicates the copper layer, while the white
colour indicates the substrate layer. Other antenna dimensions are w = 0.7 mm, Lp = 22.8,
Wp = 20, Ls = 41.8, Ws = 32.2, and Lg = 7.6 mm.

design, as well as to the excitation of two modes of the antenna. Also, because of good

impedance matching attained by the four-port antenna through the application of the

injection matching technique and the achieved high radiation efficiency, as shown in Fig-

ure 5.11a and 5.9, the total efficiency is higher than 88% across the antenna’s passband.

It is also shown in Figure 5.11b that the H-plane (ϕ = 90°) co-polar gain attained by

the four-port antenna at the two resonant frequencies (2.645 and 4.147 GHz) remained

maximum at θ = 180° while its minimum values remained at θ = 90° and θ = 270°,

which demonstrates fair stability of the patterns. At these two resonant frequencies, the

antenna has a H-plane (ϕ = 90°) cross-polarised gain lower than -106 dBi, as shown

in Figure 5.11c. These observations indicate the good performance of the realised four-

port injection matched antenna. Also, the gain attained by the four-port antenna at a

2.645 GHz resonant frequency is relatively stable than the gain achieved at 4.147 GHz fre-
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(a)

(b)

(c)

Figure 5.11. Simulated (a) efficiency (b) H-plane (ϕ = 90°) co-polar patterns (c) H-plane
(ϕ = 90°) cross-polar patterns for the four-port proximity-fed injection matched patch antenna
whose TARC resonance is depicted in Figure 5.9.
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quency because of the excitation of an inductive mode J01 of the antenna at the 2.645 GHz

frequency. Besides, it is shown in Figure 5.9 that all crosscutting and individual port S-

parameters for the realised four-port antenna are equal to each other. All of them are

also equal to TARC because of the symmetry between ports 1 and 2, ports 3 and 4, as

well as equal displacement of the ports from the magnetic symmetry line of the patch.

On the other hand, the -10 dB FBW attained by the four-port injection matched

antenna is around 63.9% at a 3.509 GHz centre frequency. This bandwidth is lower than

the bandwidth of 69.5% achieved by the corresponding two-port antenna shown in Fig-

ure 5.6, and it does not meet the design goal laid out in this chapter. Because of the large

number of ports, enhancing the bandwidth of the antenna in Figure 5.9 by changing the

antenna dimensions and position of the feed lines requires a high computational cost that

the available resources cannot meet. Also, because of the limitation of the R&S ZVA67

VNA to allow coherence mode operation with all four ports as discussed in Section 4.3.7,

the four-port antenna in Figure 5.9 cannot be experimentally validated. Because of these

factors, the two-port antenna whose TARC resonance is depicted in Figure 5.6 is studied

for bandwidth improvement.

The bandwidth for the two-port antenna whose TARC resonance is depicted in Fig-

ure 5.6 can further be improved by adjusting the substrate thicknesses h1 and h2, feed

lines width w and the gap g between the two feed lines between 0.3 and 1.6 mm, 0.3 and

0.8 mm, 1.8 and 2.3 mm, 1.5 and 1.7 mm, respectively. The optimum TARC resonances

for this parameter sweep are provided in Figure 5.12 and Table 5.3.

Though the design goal is not met, the TARC4 resonance depicted in Figure 5.12 and

Table 5.3 provides a −10 dB FBW of around 85.2% (calculated using Equation (B.1) in

Appendix B.4) spanning between 2.326 and 5.775 GHz. More bandwidth can be attained
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Figure 5.12. TARC resonances obtained by changing substrate heights h1 and h2, feed lines
width w and the gap g between the two feed lines as shown in Table 5.3.

Figure 5.13. Typical differential mode TARC4 resonances when γ = 1 and φ are varied in the
range of 175° ≤ φ ≤ 185°.
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Table 5.3. Antenna dimensions and −10 dB FBW corresponding to the TARC resonances
shown in Figure 5.12.

Simulation ID Antenna dimensions (mm) FBW

Lp Wp Ls Ws Lg w g h1 h2

TARC1 22.8 20.0 41.8 32.2 7.6 1.8 1.5 0.8 0.4 0.826
TARC2 22.8 20.0 41.8 32.2 7.6 1.8 1.5 0.8 0.6 0.782
TARC3 22.8 20.0 41.8 32.2 7.6 1.9 1.6 0.8 0.6 0.790
TARC4 22.8 20.0 41.8 32.2 7.6 1.8 1.5 0.8 0.3 0.852
TARC5 22.8 20.0 41.8 32.2 7.6 2.3 1.5 1.0 0.6 0.797

Figure 5.14. Typical differential mode TARC1 resonances when γ and φ are varied in the
ranges of 0.6 ≤ γ ≤ 1.4 and 173° ≤ φ ≤ 187°.
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by varying all the antenna dimensions, including the substrate thicknesses, but at the

expense of the computational cost, which could not be implemented because of the limited

resources. The −10 dB FBW for TARC4 resonance is maintained for γ = 1 and φ =

180° ± 5° as depicted in Figure 5.13.

However, because of the unavailability of the substrates with nonstandard thickness

used in attaining TARC4, the injection matching technique is experimentally validated

by TARC1 resonance shown in Figure 5.6. The −10 dB FBW for TARC1 resonance of

Figure 5.6 is fairly maintained for γ = 1 ± 0.4 and φ = 180° ± 7° as shown in Figure 5.14

by the typical values of γ and φ derived in the optimisation domain of 0.6 ≤ γ ≤ 1.4 and

173° ≤ φ ≤ 187°. The theoretical γ and φ variations with frequency corresponding to the

TARC1 resonance are plotted in Figure 5.15.

It is shown in Figure 5.15b that there are two minima for the theoretical γ variation

at around 3.0 and 5.3 GHz frequencies, and a narrow flat region at frequencies near

4.5 GHz, whereas in Figure 5.15a there are two minima for the φ variations at around

2.5 and 4.5 GHz frequencies. Although the theoretical γ is neither constant nor having a

minimum at around 2.5 GHz, because of the small change in γ at this frequency, injection

matched operation is attained at around 2.5 GHz in combination with the φ minimum at

the same frequency with a low TARC value.

Also, a combination of the minimum of φ at around 4.5 GHz and the flat region for γ

at around 4.5 GHz frequency gives rise to another resonance. Because the two resonances

represent two modes of the antenna that are correlated to each other [24], they merge to

enable broadband injection matched operation. However, because of the high significant

variation of the theoretical φ at around 5.3 GHz, it is not possible to achieve injection

matched operation in combination with the minimum theoretical γ at this frequency.
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(a)

(b)

Figure 5.15. Variation of the theoretical (a) phase shift φ (b) relative amplitude γ with
frequency across the two-port antenna whose TARC resonance is depicted in Figure 5.6.
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The resulting S-parameter for the corresponding one-port antenna is plotted for com-

parison with TARC in Figure 5.6. The two antennas in Figure 5.6 were experimentally

validated to characterise TARC and radiation patterns by following the procedure out-

lined in Section 4.4, and the findings are discussed in Section 5.3. Also, the simulated

realised gain, antenna radiation, matching and total efficiency, and surface currents for

the two antennas in Figure 5.6 are discussed in Section 5.3.

5.3 Results and discussion

The printed versions of the two-port antenna and the corresponding one-port antenna

whose TARC and S11 are depicted in Figure 5.6 are shown in Figure 5.16. The validated

TARC and S11, and radiation patterns for the two antennas are plotted in Figure 5.17,

and 5.24 and 5.25, respectively.

It is shown in Figure 5.17 that the two-port antenna has a wide −10 dB FBW of

around 69.5% (which was calculated using Equation (B.1) in Appendix B.4) compared

to the FBW of around 37% attained by the corresponding one-port antenna. The higher

bandwidth for the two-port antenna is attributed to the superposition of two characteristic

modes (J01 and J1) of the antenna at around 2.775 and 4.215 GHz resonant frequencies,

which were differentially excited by applying two coherent excitation signals with relative

amplitude γ = 1 and phase shift φ = 180°.

The slight deviation of the measured TARC from the simulated TARC, mainly at

frequencies below 4.5 GHz, is believed to be caused by stray currents flowing on the outer

shield of the two feeding coaxial cables via the SMA connectors connected to the PGPs,

to cause variations in the terminal impedances at the input terminals of the fabricated
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(a) (b)

(c) (d)

Figure 5.16. (a) Front view of the printed two-port patch antenna (b) back view of the printed
two-port patch antenna (c) front view of the printed corresponding one-port patch antenna
(d) back view of the printed corresponding one-port patch antenna. The two antennas have
dimensions depicted by TARC1 resonance in Table 5.2.
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Figure 5.17. Measured and simulated reflection coefficients for the differentially excited two-
port injection matched patch antenna in comparison to the S-parameters for the corresponding
one-port antenna. The simulated and printed antennas are shown in Figure 5.6 and 5.16,
respectively.

two-port antenna, as shown in Figure 5.18 and 5.19. Also, because of the small size of the

PGPs, these residual currents caused undesired radiation at different frequencies across

the entire frequency range of investigation. These resonances interfered with the main

resonance to distort the TARC. Though ferrite beads (shown in Figure 4.35) were used

during the measurement, the effect of residual currents could not be eliminated. Also, the

high variations of the measured applied γ and φ at frequencies above 5.0 GHz, shown in

Figure 5.18 caused significant variations in the terminal impedances (Figure 5.19) in the

same frequencies, which caused the antenna to lose the injection matching at frequencies

around 7.3 GHz.

The simulated matching efficiency for the two-port injection matched antenna shown in

Figure 5.20 is generally higher than the matching efficiency for the corresponding one-port
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(a)

(b)

Figure 5.18. Measured and simulated response of the applied (a) relative amplitude γ between
the currents I1 and I2 (b) phase shift φ between the currents I1 and I2 when the patch antenna
was injection matched at γ = 1 and φ = 180°. The simulated and printed antennas are shown
in Figure 5.6 and 5.16, respectively.
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Figure 5.19. Simulated and measured terminal impedances for the differentially excited two-
port patch antenna under investigation. The simulated and printed antennas are shown in
Figure 5.6 and 5.16, respectively.

Figure 5.20. Simulated efficiency for the two-port injection matched patch antenna in com-
parison to the simulated efficiency for the corresponding one-port antenna. The simulated and
printed antennas are shown in Figure 5.6 and 5.16, respectively.
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antenna in all frequencies within the antenna’s passband. The higher matching efficiency

attained by the two-port antenna is attributed to good impedance matching achieved

through the injection matching technique. Also, the excitation of two similar characteristic

modes (J01 and J1) of the patch antenna achieves a slightly higher radiation efficiency on

the two-port antenna compared to the radiation efficiency of the corresponding one-port

antenna. However, the two antennas have radiation efficiency higher than 99% attributed

to the low loss tangent (tan δ = 0.0009) and low dielectric constant (εr = 2.2) substrate

material used in the design. Besides, because of the high matching efficiency and high

radiation efficiency attained by the two antennas, the total efficiency for the two antennas

is generally higher than 89% across the antennas’ passbands.

The simulated surface currents on the two-port injection matched antenna shown in

Figure 5.21, as well as on the corresponding one-port antenna shown in Figure 5.22, are

more substantial on the partial grounds than on the patches in all investigated frequencies.

This observation is an indication that the two-port injection matched patch antenna

effectively operates as a dipole patch antenna. In contrast, the one-port antenna operates

as a monopole patch antenna.

Also, it is shown in Figure 5.21 that the surface currents on the patch for the two-port

injection matched antenna at 2.414 and 2.775 GHz frequencies are similar to the mode J01

current shown in Figure 4.6a. This similarity indicates that mode J01 has been excited

at a 2.775 GHz resonant frequency. Similarly, the fair alignment between the surface

currents on the patch at 4.215 and 4.956 GHz frequencies and mode J1 current shown in

Figure 4.6b indicates the excitation of mode J1 at a 4.215 GHz resonant frequency. On

the other hand, the surface currents for the corresponding one-port antenna depicted in

Figure 5.22 show that both modes J01 and J1 are excited at 3.781 GHz frequency. Also,
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(a) (b)

(c) (d)

Figure 5.21. Simulated surface current on the two-port patch antenna at around (a) 2.414 GHz
(b) 2.775 GHz (c) 4.215 GHz and (d) 4.956 GHz frequencies. The simulated TARC for this
antenna is shown in Figure 5.6.
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(a) (b)

(c)

Figure 5.22. Simulated surface current on the single-port antenna in the (a) 3.150 GHz (b)
3.781 GHz and (c) 4.359 GHz frequencies. The simulated S11 for this antenna is shown in
Figure 5.6.
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(a) (b)

(c)

Figure 5.23. Simulated (a) H-plane (ϕ = 90°) realised gain for the two-port injection matched
patch antenna (b) H-plane (ϕ = 90°) realised gain for the corresponding one-port patch antenna
(c) H-plane (ϕ = 90°) maximum realised gain for the two-port injection matched patch antenna
and for the corresponding one-port patch antenna. The simulated TARC and S11 for the two
antennas are shown in Figure 5.6.
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at a 3.150 GHz lower boundary frequency, mode J01 is dominant while mode J1 becomes

dominant at a 4.359 GHz upper boundary frequency.

The two-port differentially excited antenna has the maximum realised gain of around

2.9 dBi at a 4.1 GHz frequency, as shown in Figure 5.23c. There is an improvement

of gain of around 0.5 dB from the two-port antenna compared to the maximum gain of

2.4 dBi attained by the corresponding one-port antenna at around 4.0 GHz frequency,

as shown in Figure 5.23c, because of driving the antenna from two ports. Also, the

two-port antenna has a lower gain (of around 2.2 dBi) than the corresponding one-port

antenna at the lower boundary frequencies of 2.4 and 3.7 GHz, respectively, as shown in

Figure 5.23a and 5.23b, because of excitation of mode J01 by the two-port antenna, which

is of a slightly lower order than mode J1 that is excited by the corresponding one-port

antenna at these frequencies. However, the lowest realised gain by the two-port antenna

is observed at a 3.0 GHz frequency because of the intersection between the two modes

around this frequency. Also, the realised gain for the two-port antenna is fairly stable at

2.414 and 2.775 GHz frequencies (with a gain reduction of around 0.5 dB between the two

frequencies) than at 4.215 and 4.956 GHz frequencies, as shown in Figure 5.23a, because

of excitation of mode J01 of the antenna at a 2.775 GHz resonant frequency, which is more

stable than mode J1 excited at 4.215 GHz resonant frequency. On the other hand, there

is a significant variation in the gain attained by the corresponding one-port antenna, as

shown in Figure 5.23b, because of driving the antenna from a single port. Generally, the

two-port antenna’s realised gain is improved compared to the gain of the corresponding

one-port antenna due to driving the antenna from two ports.

The measured co-polar patterns for the two-port injection matched antenna largely

deviate from the simulated ones, as shown in Figure 5.24, because of the residual currents
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(a) (b)

(c) (d)

Figure 5.24. Simulated and measured co-polar patterns for the differentially excited two-port
injection matched antenna in the (a) 2.414 and 2.353 GHz (b) 2.775 and 2.638 GHz (c) 4.215
and 3.635 GHz (d) 4.956 and 4.015 GHz frequencies, respectively. The simulated and printed
antennas are shown in Figure 5.6 and 5.16, respectively.
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(a) (b)

(c)

Figure 5.25. Simulated and measured co-polar patterns for the one-port antenna in the (a)
3.150 and 2.733 GHz (b) 3.781 and 3.065 GHz (c) 4.359 and 3.73 GHz frequencies, respectively.
The simulated and printed antennas are shown in Figure 5.6 and 5.16, respectively.

150



on the SMA connectors and the outer shield of the feeding coaxial cables during measure-

ment. Though ferrite beads (shown in Figure 4.35) were used during the experiment, the

effect of residual currents could not be eliminated completely. Because of the small size

of the PGPs, the leakage currents caused spurious radiation across the entire frequency

range of investigation. Also, the measured co-polar patterns for the corresponding one-

port antenna shown in Figure 5.25 were affected by the same factors. However, the nulls

on the measured E-plane (ϕ = 0°) patterns for the two-port injection matched antenna

shown in Figure 5.24a and 5.24b exhibit good agreement with the simulations, indicat-

ing that the injection matching technique is verified. Generally, the simulated H-plane

(ϕ = 90°) co-polar radiation patterns for the two-port injection matched antenna and the

corresponding one-port antenna (shown in Figure 5.24 and 5.25) are approximately om-

nidirectional, showing that the two antennas essentially operate as dipole and monopole

patch antennas, respectively.

Despite the deviations between the measured and simulated TARC and between the

measured and simulated radiation patterns, the injection matching technique has been

validated experimentally to a reasonable degree.

5.4 Summary

It has been shown in this chapter that the excitation of multiple characteristic modes of

the patch antenna leads to a wide bandwidth and high efficiency.

A −10 dB FBW higher than 69% has been attained from a two-port patch antenna

through excitation of two characteristic modes (J01 and J1) of the antenna by using the
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injection matching technique. A radiation efficiency higher than 99% was also achieved

from the two-port injection matched antenna.

The FBW of the validated two-port injection matched antenna in this chapter is

around 69.5%, spanning between 2.403 and 4.964 GHz frequencies. In contrast, the FBW

for the antenna that was not validated because of the unavailability of standard thickness

substrates is around 85.2%, spanning from 2.326 to 5.775 GHz frequencies. Also, because

of the excitation of modes J01 and J1 of the antennas, both antennas have approximately

omnidirectional H-plane (ϕ = 90°) radiation patterns, allowing them to be used for the 5G

and dynamically shared wireless services in the Sub-6 GHz high-band with the advantage

of promoting the surrounding transmission and reception of signals.
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Chapter 6

Tunable injection matched antennas

6.1 Background

It was shown in Chapter 4 that the frequency tuning of the two-port injection matched

antenna is based on the switching of the excitation modes of the antenna between differ-

ential and common modes. Also, it was shown that the broadbanding of TARC resonance

obtained through differential excitation reduces the bandwidth attained by the same an-

tenna through the common mode excitation because of the limited number of feed points

supported by the injection matching technique.

In this chapter, an outline investigation is made to bring the two TARC resonances

close to each other so that the two-port injection matched antenna is progressively fre-

quency tuned. The common mode excitation of the patch antenna is initially applied,

and then the antenna is tuned to the differential mode excitation. Exciting the injection

matched antenna through four ports is also discussed in Section 6.2. Besides, feeding

the patch antenna from its corners to enhance the antenna bandwidth is discussed in

Section 6.2.1.
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6.2 Design, simulation and validation

Considering the bandwidth requirements for International Mobile Telecommunication ser-

vices (IMT services) in 2.3 GHz, 3.5 GHz and 3.45 to 4.2 GHz, and Industrial, Scientific

and Medical (ISM) services in 5 GHz frequency bands, a tunable antenna with −10 dB

operational bandwidth spanning between 2.2 and 4.2 GHz, and 5.0 and 6.0 GHz will

serve the purpose. Starting with a one-port antenna design at around 3.3 GHz, which is

an approximately centre frequency for the 2.3 to 4.2 GHz frequency range, the desired

bandwidth at this frequency range can be attained by broadening the one-port antenna

resonance through the application of the injection matching technique. Also, the desired

bandwidth in the 5.0 to 6.0 GHz frequency range can be obtained through the frequency

tunability of the antenna.

Based on these requirements, a one-port proximity-fed patch antenna with the FGP

is designed in CST MWS to operate at around 3.3 GHz frequency by following the pro-

cedure outlined in [85]. The antenna is realised on two layers of Rogers Duroid RT

5880 substrate with relative permittivity εr of 2.2, loss tangent of 0.0009, lower sub-

strate height of 1.575 mm, upper substrate height of 0.787 mm, and copper cladding

thickness of 0.035 mm. The antenna has patch length Lp = 27.88 mm, patch width

Wp = 23.57 mm, substrate length Ls = 55.76 mm, substrate width Ws = 47.14 mm,

width of feed line w = 1.8 mm and the distance of the coupled line from the centre of

the patch is d = 0.0 mm. The antenna is excited through a discrete face port created on

the outer end-face of the feed line while at the same time the impedance of the excitation

signal is maintained at 50 Ω. To enhance the operational bandwidth, the patch antenna

is converted to a monopole antenna by truncating the grounding plane, as shown in Fig-
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ure 6.1a. The length of partial ground Lg = 13.94 mm, which is the maximum length

of the ground plane for which a patch antenna is converted to a monopole antenna, was

calculated from Lg = (Ls − Lp)/2.

(a) (b)

Figure 6.1. (a) Proximity-fed patch antenna with single feed line (b) proximity-fed patch
antenna with two feed lines. The black colour indicates the layers of copper.

Figure 6.2. S-parameter for the one-port proximity-fed patch antenna under investigation.
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The S-parameters for the one-port antennas resulting from these antenna dimensions are

depicted in Figure 6.2. It can be seen in Figure 6.2 that the one-port antenna with

PGP has an improved −3 dB bandwidth, and two modes at around 2.894 and 5.327 GHz

frequencies, which are poorly matched. The lower mode resonance (2.894 GHz) for this

antenna is fairly close to the design target (3.3 GHz) for the one-port antenna.

Figure 6.3. TARC resonances for the tunable two-port proximity-fed patch antenna derived
from the one-port antenna with S-parameter resonance in Figure 6.2. The dimensions of this
antenna are depicted by TARC0 in Table 6.1.

The two modes of the one-port antenna are tuned by applying the injection matching

technique to the antenna in CST SS by following the procedure outlined in Appendix B.1.

This is implemented in two stages: first, the one-port antenna with PGP is transformed

into a two-port antenna by adding the second coupled feed line, separated with a gap

g = 2d from the first feed line, where d is measured from the centre of the patch, and a

PGP corresponding to the second feed line, as shown in Figure 6.1b. The gap g is initially

chosen to be g = 1.2 mm, but any value of g between 0.1 and 2.0 mm can be selected,

which can later be adjusted by sweeping the parameter g in CST DS, between 0.1 and

2.0 mm. The second face port is created at the end-face of the second feed line. The
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two-port antenna is then locked and simulated while the relative amplitude γ = 1 and

phase shift φ = 0° are configured at port two and tuned to γ = 1 and φ = 180°. The total

active reflection coefficient (TARC) for the resulting tunable two-port injection matched

antenna is shown in Figure 6.3.

It can be seen in Figure 6.3 that the impedance matching of the two characteris-

tic modes of the one-port antenna is improved through the application of the injection

matching technique to the antenna.

(a)

(b)

Figure 6.4. (a) Modal significance and (b) mode J02 surface current for the antenna whose
TARC is shown in Figure 6.3. The surface currents for modes J01 and J1 are similar to the ones
shown in Figure 4.6. The CMA was conducted in CST MWS using a Multilayer Solver with
solver and mesh settings provided in Appendix B.2.
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(a) (b)

(c) (d)

Figure 6.5. Simulated surface current at (a) 1.963 GHz (b) 2.639 GHz (c) 3.134 GHz and
(d) 5.427 GHz frequencies resulting from the differential and common mode excitations of the
antenna under investigation whose modal significance is shown in Figure 6.4a.

Also, the three characteristic modes shown in Figure 6.4a are excited by the two-port

antenna excitations. Modes J01 and J1 are excited through the differential excitation

applied to the antenna. This is indicated by comparing the surface currents resulting

from the differential excitation of the antenna at 1.963, 2.639 and 3.134 GHz frequencies

shown in Figure 6.5 with modes J01 and J1 currents shown in Figure 4.6. The surface

current at 1.963 GHz frequency shown in Figure 6.5a fairly aligns with the mode J01

current shown in Figure 4.6a, indicating the excitation of mode J01 at this frequency.

However, both features of modes J01 and J1 currents (shown in Figure 4.6) are observed

at 2.639 and 3.134 GHz frequencies, as shown in Figure 6.5b and 6.5c, indicating the joint
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excitation of modes J01 and J1 at the two frequencies. These observations indicate the

high correlation between modes J01 and J1 currents of the antenna under investigation.

On the other hand, the surface current for the two-port antenna resulting from the

common mode excitation of the antenna at a 5.427 GHz resonant frequency shown in

Figure 6.5d fairly aligns with the fundamental mode J02 current shown in Figure 6.4b.

This observation indicates the excitation of mode J02 of the antenna at this frequency.

However, the bandwidths provided by the two TARC resonances shown in Figure 6.3

are displaced from the design specifications and are significantly insufficient to meet the

specified design requirement. The higher mode resonance for the one-port antenna is

shifted from 5.348 to 5.427 GHz frequency through the common mode excitation as a

result of adding the second feed line. In contrast, the lower mode is shifted from 2.884

to 2.639 GHz frequency through the differential mode excitation applied to the antenna

because of the same factor. This trend shows that taking the differential mode resonance

from 2.639 to 3.3 GHz frequency will shift the common mode resonance to a frequency

higher than 5.427 GHz. Because of this behaviour, it is not possible to bring the two

modes close to each other to achieve the two design requirements or achieve a progressive

frequency tuning. The remaining option is to achieve one of the design requirements and

provide part of the bandwidth needed by the second design goal.

The common mode TARC resonance shown in Figure 6.3 has the -10 dB FBW of

around 16.0% (calculated using Equation (B.1) in Appendix B.4) at a 5.387 GHz centre

frequency, while the differential mode TARC has FBW of around 45.9% at a 2.548 GHz

centre frequency, as depicted in Table 6.2. The high FBW attained by the differential

TARC is attributed to the excitation of modes J01 and J1 of the antenna. The ratio

between the two TARC resonances is around fdm : fcm = 1 : 2, where fdm = 2.639 GHz
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and fcm = 5.427 GHz are the differential mode and common mode TARC resonances

for the two-port injection matched antenna, respectively. It is assumed that the ratio

fdm : fcm remains constant for the two-port antenna under investigation. Based on this

assumption, to have a differential mode resonance at around 3.3 GHz, a common mode

TARC resonance is needed at around 6.6 GHz. The (common mode TARC) resonance

at around 6.6 GHz is attained by optimising the antenna dimensions Lp, Wp, Ls, Ws,

Lg, w and g in CST DS between 20 and 28 mm, 16 and 24 mm, 38 and 56 mm, 38 and

48 mm, 7 and 13.94 mm, 1.6 and 4.1 mm, 0.1 and 5.0 mm, respectively, while the common

mode TARC is monitored around the same frequency. Typical converged results for this

optimisation are shown in Figure 6.6, and their corresponding dimensions are shown in

Table 6.1.

Figure 6.6. Optimised common mode TARC for the two-port proximity-fed injection matched
patch antenna under investigation at different antenna dimensions depicted in Table 6.1.

All the common mode TARC resonances in Figure 6.6 have good impedance matching,

though with different bandwidths. To decide which TARC meets the design requirements,

the bandwidths provided by the TARC resonances resulting from the differential and

common mode excitations, depicted in Figure 6.6, are investigated in Table 6.2. It is
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Table 6.1. Dimensions for the optimised TARC resonances shown in Figure 6.6.

Simulation ID Antenna dimensions (mm)

Lp Wp Ls Ws Lg w g

TARC0 27.88 23.57 55.76 47.14 13.94 1.8 1.2
TARC1 20.1 17.6 40.4 41.0 9.7 2.7 3.2
TARC2 24.7 16.2 41.0 39.5 8.9 2.43 4.1
TARC3 21.3 16.7 38.7 39.3 9.5 2.52 4.2
TARC4 20.8 16.5 39.2 40.5 9.7 3.1 3.7
TARC5 23.9 18.1 42.3 41.1 8.0 2.3 4.3

Figure 6.7. Differential and common mode TARC resonances for the tunable two-port
proximity-fed patch antenna under investigation at different antenna dimensions depicted in
Table 6.1.
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Table 6.2. Calculated FBW for the tunable injection matched patch antennas with resonances
depicted in Figure 6.7, where fLB, fUB and fc are the −10 dB lower boundary, upper boundary,
and centre frequencies, respectively.

Simulation ID γ = 1 and φ = 0° γ = 1 and φ = 180°

fLB
(GHz)

fUB
(GHz)

fc
(GHz)

FBW fLB
(GHz)

fUB
(GHz)

fc
(GHz)

FBW

TARC0 4.956 5.818 5.387 0.160 1.963 3.134 2.548 0.459
TARC1 6.1925 8.2707 7.2316 0.287 2.4995 4.4428 3.4712 0.660
TARC2 6.0973 6.8825 6.4899 0.121 2.3507 3.73 3.0404 0.454
TARC3 6.4059 8.8073 7.6066 0.316 2.6092 4.0963 3.3528 0.444
TARC4 6.2395 8.8119 7.5257 0.342 2.5343 3.9034 3.2189 0.425
TARC5 6.2058 7.5362 6.871 0.194 2.2572 4.572 3.4146 0.678

Figure 6.8. The TARC (TARC5) resonances, individual port reflection coefficients, and trans-
mission coefficients between the two ports for the tunable two-port injection matched antenna
in comparison to the S-parameter for the corresponding one-port antenna. The dimensions for
the two antennas are depicted by TARC5 resonance in Table 6.1.
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shown in Table 6.2 that TARC5 resonance has the highest −10 dB differential mode FBW

of around 67.8% spanning from 2.257 to 4.572 GHz, which provides the bandwidth needed

by IMT services in the 2.3 to 4.2 GHz frequency range. However, the bandwidth needed by

the ISM services in the 5.0 to 6.0 GHz frequency range cannot be provided by the common

mode TARC5 resonance which has a −10 dB FBW of around 19.4% spanning from 6.206

to 7.536 GHz. The optimisation goal for TARC cannot contain the two excitation modes

(differential and common mode) simultaneously, making it impossible to control the two

TARC resonances in CST DS. The TARC5 resonance is also depicted in Figure 6.8, where

it is compared with S11, S21, S12, and S22 for the realised two-port antenna, and S11 for

the corresponding one-port antenna. It is shown in Figure 6.8 that the S11, S21, S12, and

S22 for the two-port antenna are equal to the TARC resonance because of the symmetry

between the two feed points.

The CMA of the antenna whose TARC resonance is depicted in Figure 6.8 is provided

in Figures 6.9 through 6.11. The analysis was conducted in CST MWS using a Multilayer

Solver with solver and mesh settings provided in Table B.1 and B.2 in Appendix B.2. The

modal significance for the first six resonant modes is plotted in a 2 to 8 GHz frequency

range in Figure 6.9. It is shown in Figure 6.9 and 6.10a that mode one is an inductive

fundamental mode J01, having the principal current forming a single horizontally directed

closed loop on the patch. An effective excitation of mode one (which is mode J01) is

achieved through a pair of differential excitations delivered at the maxima positions 1

and 2 from the two short patch edges, shown in Figure 6.10a, to enable a resonance at

around 2.546 GHz with good impedance matching, as shown in Figure 6.8. The H-plane

(ϕ = 90°) radiation patterns resulting from excitation of mode J01 are approximately

omnidirectional, as shown in Figure 6.34b and 6.37a at a 2.546 GHz resonant frequency,
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as predicted by mode J01 patterns in Figure 4.7a and 4.13a. However, at the same

frequency, the E-plane (ϕ = 0°) patterns have two nulls in the directions θ = 90° and

θ = 270° (shown in Figure 6.34b) as a result of feeding the antenna at these locations.

Figure 6.9. The modal significance for the first six resonant characteristic modes of the
proximity-fed patch antenna whose TARC resonances are depicted in Figure 6.8 and 6.12.

Also, a horizontal mode three (which is mode J1) shown in Figure 6.9 and 6.10c, is

excited by applying two differential excitations on the antenna at the two short patch
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(a) (b)

(c) (d)

(e) (f)

Figure 6.10. Characteristic surface current for (a) mode one at 2.660 GHz frequency (b)
mode two at 3.176 GHz frequency (c) mode three at 3.938 GHz frequency (d) mode four at
5.786 GHz frequency (e) mode five at 7.052 GHz frequency (f) mode six at 7.934 GHz frequency
for the patch antenna whose TARC resonances are depicted in Figure 6.8 and 6.12, and modal
significance shown in Figure 6.9.
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(a) (b)

(c)

Figure 6.11. Characteristic directive radiation patterns for (a) mode four at 5.786 GHz (b)
mode five at 7.052 GHz and (c) mode six at 7.934 GHz frequency for the patch antenna whose
TARC resonance is depicted in Figure 6.8, and modal significance shown in Figure 6.9. The
eigenpatterns for modes J01, J1, and J2 of this antenna are similar to the patterns shown in
Figure 4.7.
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edges at the maxima positions 5 and 6, and 7 and 8, as shown in Figure 6.10c and 6.12,

to enable a resonance at around 3.812 GHz frequency. With this feeding arrangement,

shown in Figure 6.13, mode J01 is also jointly excited with mode J1 at around 2.570 GHz

frequency to enable a wideband operation, as shown in Figure 6.12.

Figure 6.12. TARC resulting from excitation of mode J01 and J1 of the patch antenna under
investigation through two pairs of differential excitations delivered at the opposite short patch
edges at the current maxima positions 5 and 6, and 7 and 8 of mode J1, as shown in Figure 6.10c
with w = 0.7 mm and g = 4.29 mm for each pair of the feed lines, while Lp = 23.9, Wp = 18.1,
Ls = 42.3, Ws = 41.1, and Lg = 8.0 mm. The modified antenna layer two is shown in
Figure 6.13.

Alternatively, differentially feeding the antenna at the maxima positions 1 and 2 for

mode J01 also excites mode J1 at around 4.060 GHz frequency with good -10 dB impedance

matching, as shown in Figure 6.8 and 6.9. The H-plane (ϕ = 90°) radiation patterns

resulting from excitation of mode three (mode J1), shown in Figure 6.34c and 6.37a at a

4.060 GHz resonant frequency are approximately omnidirectional, as predicted by mode J1

patterns in Figure 4.7b and 4.13d. However, at the same frequency, the E-plane (ϕ = 0°)

patterns have two nulls in the directions θ = 90° and θ = 270° (shown in Figure 6.34c) as

a result of feeding the antenna at these locations.

Also, mode four shown in Figure 6.9 and 6.10d is excited by two in phase driven

excitations placed at the centre of the short patch edges 1 and 2 to enable a resonance

at around 6.644 GHz frequency, as shown in Figure 6.8. The E and H-plane radiation
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patterns resulting from excitation of mode four, shown in Figure 6.35b and 6.37c at

a 6.644 GHz resonant frequency, have four lobes with two deep nulls in the directions

θ = 0° and θ = 180° and two small nulls in the directions θ = 90° and θ = 270°, as

predicted by mode four patterns in Figure 6.11a.

Figure 6.13. Layer two of the four-port proximity-fed patch antenna whose TARC resonance
is depicted in Figure 6.12. The discrete face ports 1 through 4 are created at the outer ends
of the feed lines at positions 1 through 4, respectively. Ports 1 and 2, as well as ports 3 and 4
excitations, are differentially driven. The black colour indicates the copper layer, while the white
colour indicates the substrate layer. Other antenna dimensions are w = 0.7 mm, Lp = 23.9,
Wp = 18.1, Ls = 42.3, Ws = 41.1, and Lg = 8.0 mm.

However, other characteristic modes of the antenna shown in Figure 6.10b, 6.10e, and

6.10f are not excited from this antenna because they require feeding on either long patch

edges or a combination of long and short patch edges, which are not achieved on this

antenna because of no partial grounds below the long edges. This issue is in particular

discussed in Section 6.2.1.

Hence, for the multiport antenna under investigation, there are two practical ways of

exciting the modes—by feeding at the edges containing the maxima positions 1 and 2
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(a)

(b)

(c)

Figure 6.14. Simulated (a) efficiency (b) H-plane (ϕ = 90°) co-polar patterns (c) H-plane
(ϕ = 90°) cross-polar patterns for the four-port proximity-fed injection matched patch antenna
whose TARC resonance is depicted in Figure 6.12.
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shown in Figure 6.10a which excites modes one, three and four of the antenna, resulting

in a tunable operation as shown by the TARC resonance in Figure 6.8, or by feeding at

the edges containing the maxima positions 5 and 6, and 7 and 8 as shown in Figure 6.10c

which excites modes one and three of the antenna, resulting in a wideband operation

shown in Figure 6.12.

The -10 dB FBW attained by the four-port injection matched antenna whose TARC

resonance is depicted in Figure 6.12 is around 57.4% at a 3.252 GHz centre frequency.

This bandwidth is lower than the bandwidth of 67.8% attained by the corresponding

two-port antenna through differential excitation, shown in Figure 6.8, and it cannot be

tuned to meet the design goal. Also, the realised four-port antenna of Figure 6.12 has

the radiation, matching and total efficiency higher than 99%, 90% and 89% (shown in

Figure 6.14a), respectively, attributed to the excitation of two correlated modes J01 and

J1 of the antenna, use of low loss tangent (tan δ = 0.0009) and low dielectric constant

(ε = 2.2) substrate material in the design and good impedance matching attained through

the injection matching technique. At the two differential TARC resonances, the antenna

attains a maximum gain of around 2.8 dBi in the direction θ = 180° at a 3.812 GHz

resonant frequency, followed by the gain of around 2.3 dBi at a 2.570 GHz resonant

frequency in the same direction, as shown in Figure 6.14b. The difference in realised gain

at the two frequencies is attributed to the excitation of mode J1 at 3.812 GHz, which

is of a slightly higher order than mode J01. The minimum gain for the two resonances

remained fixed along θ = 90° and θ = 270° directions, indicating fair stability of the

patterns. At these two resonant frequencies, the antenna has a H-plane (ϕ = 90°) cross-

polarised gain lower than -108 dBi, as shown in Figure 6.14c. These observations indicate

the good performance of the realised four-port antenna. However, because of its potential
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bandwidth, the two-port excitation is further investigated for the frequency tunability of

the antenna.

Theoretical γ and φ plots

To investigate the possibility of achieving a progressive frequency tuning of the two-port

antenna, the theoretical γ and φ variations with frequency for the antenna shown by

TARC5 resonance in Figure 6.8 are plotted in Figure 6.15. It is shown in Figure 6.15b

that the flat region in the theoretical γ variation at frequencies near 6.5 GHz coincides

with the minimum of the theoretical φ variation at the same frequency, as depicted in

Figure 6.15a. The correspondence between the two minima enables an injection matched

operation at around 6.656 GHz, as depicted by the common mode TARC in Figure 6.8.

(a) (b)

Figure 6.15. Variation of the theoretical (a) phase shift φ (b) relative amplitude γ with
frequency across the two-port antenna with TARC5 resonances depicted in Figure 6.8.

Similarly, another injection matched operation at around 2.5 GHz is attributed to the

correspondence between the minima of Figure 6.15b and 6.15a near the same frequency.

Also, the minimum for the theoretical φ variation at around 4.0 GHz corresponds with
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the fairly flat region in the γ variation near the same frequency. This correspondence

forms another resonance at around 4.0 GHz, which merges with the 2.5 GHz resonance

to enable wideband operation as depicted by the differential mode TARC in Figure 6.8.

Although the theoretical γ variation with frequency in Figure 6.15b is fairly constant at

frequencies between 4.5 and 6.2 GHz, it is not possible to have injection matched operation

between these frequencies because of the non-constant behaviour and nonexistence of the

minima in the theoretical φ variation shown in Figure 6.15a at these frequencies. Because

of these factors, it is impossible to have a progressive frequency tuning of the antenna

under investigation from 2.3 to 7.5 GHz. This observation indicates that the injection

matching technique can tune the two-port antenna at two different frequencies through

differential and common mode excitations.

Figure 6.16. Typical common mode TARC resonances when γ and φ are varied in ranges of
0.8 ≤ γ ≤ 1.2 and −3° ≤ φ ≤ 3°.

The common mode TARC fairly maintains its −10 dB FBW when γ = 1 ± 0.2 and

φ = 0° ± 3° are applied to the antenna, as shown in Figure 6.16 by the typical values of

γ and φ derived from 0.8 ≤ γ ≤ 1.2 and −3° ≤ φ ≤ 3° optimisation domain. For the

differential mode TARC, the −10 dB FBW is fairly maintained when γ = 1 ± 0.3 and

φ = 180° ± 5° are applied to the antenna as depicted in Figure 6.17 by γ and φ derived

from 0.7 ≤ γ ≤ 1.3 and 175° ≤ φ ≤ 185° optimisation domain.
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Figure 6.17. Typical differential mode TARC resonances when γ and φ are varied in ranges
of 0.7 ≤ γ ≤ 1.3 and 175° ≤ φ ≤ 185°.

Because of the limitations posed by the theoretical γ and φ variations on the two-port

patch antenna, a progressive frequency tuning by feeding the antenna along or parallel

to the magnetic symmetry line of the antenna is not feasible. As such, another feeding

mechanism of exciting a patch antenna from its two opposite corners is investigated in

Section 6.2.1.

6.2.1 Feeding on two opposite corners of the patch

To allow the symmetrical feeding of the patch antenna from its opposite corners, the

dimensions of the antenna are modified to form a square patch, as shown in Figure 6.18.

Also, to preserve the electrical symmetry of the planar monopole antenna as discussed in

Section 2.6.1, which is utilised in this thesis for bandwidth and performance enhancements

of patch antennas, the two PGPs are maintained as shown in Figure 6.18a. The modal

significance plot, modal surface currents and eigenpatterns for the resulting antenna are
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provided in Figure 6.19, 6.20 and 6.21, respectively. Also, the Multilayer Solver and mesh

settings used in generating these modes in CST MWS are provided in Table B.1 and B.2

in Appendix B.2.

At the corners 1 and 2 of the patch antenna shown in Figure 6.18b, modes one and

five have differential principal currents, as shown in Figure 6.20a and 6.20e. On the

other hand, modes two, three and four have in phase principal currents as shown in Fig-

ure 6.20b, 6.20c and 6.20d. Though the modal currents are not stronger at these corners,

differentially driving the two excitations delivered at the two corners of the square patch

as shown in Figure 6.18b enables multiband resonances at around 2.989 and 5.732 GHz

frequencies, where the 2.989 GHz resonance has low impedance matching, as shown in

Figure 6.23. These multiband resonances result from the excitation of modes one and

five of the antenna, shown in Figure 6.20a and 6.20e. On the other hand, multiband

resonances at around 2.946, 3.856, and 6.822 GHz frequencies, though the 6.822 GHz res-

onance is poorly matched, are attained by driving two in phase excitations at the corners

of the patch using the same feeding mechanism shown in Figure 6.18b. These resonances

result from the excitations of modes two, three and four of the patch antenna shown in

Figure 6.20b, 6.20c and 6.20d. This observation shows that modes one through five of the

antenna in Figure 6.18 can be excited through tuning of the phase shift φ at 0° and 180°

while γ = 1 with fairly impedance matching of the few modes by driving the square patch

antenna from its two opposite corners. However, only the 2.946, 3.856 and 5.732 GHz

resonances attain the -10 dB FBWs, which are around 13.1%, 11.2% and 2.5% at 2.977,

3.824, and 5.734 GHz centre frequencies, respectively.

The three-dimensional (3D) patterns for the 2.946, 3.856 and 5.732 GHz resonances

(resulting from excitation of modes two, three and five of the antenna shown in Fig-
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(a) (b)

(c)

Figure 6.18. (a) Grounding planes (b) feed lines (c) patch for the square microstrip-fed patch
antenna. The black colour indicates the layers of copper, while the white colour indicates the
substrate layers. The antenna dimensions are w = 3.6, Lp = Wp = 23.9, Ls = Ws = 42.3,
g = 7.4 and Lg = 8 mm, giving rise to the TARC resonances in Figure 6.23. The width, w and
the gap, g at the attained TARC resonances were obtained through optimisation of w and g
through parameter sweep in CST DS between 0.7 and 10 mm, and 0.1 and 33 mm, respectively.
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Figure 6.19. The modal significance for the first five resonant modes of the proximity-fed
patch antenna whose dimensions are depicted in Figure 6.18.
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(a) (b)

(c) (d)

(e)

Figure 6.20. Characteristic surface current for (a) mode one at 2.630 GHz (b) mode two
at 3.092 GHz (c) mode three at 3.854 GHz (d) mode four at 7.424 GHz (e) mode five at
7.460 GHz frequency for the antenna depicted in Figure 6.18, whose modal significant is shown
in Figure 6.19.
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(a) (b)

Figure 6.21. Characteristic directive radiation patterns for (a) mode four at 7.424 GHz and
(b) mode five at 7.460 GHz frequency for the patch antenna whose TARC resonance is depicted
in Figure 6.23, and modal significance shown in Figure 6.19. The patterns for mode J01, J1, and
J2 for this antenna are similar to the patterns shown in Figure 4.7.

ure 6.18) are shown in Figure 6.22. At a 2.946 GHz resonant frequency, the antenna

radiates along θ = 0° and θ = 180° directions, which slightly aligns with the predictions

of mode J2 patterns in Figure 4.7c. Also, at 3.856 GHz resonant frequency the antenna

has the major lobe along θ = 0° with low gain and the minor lobe along θ = 180°, which

does not align with the predicted mode J1 patterns in Figure 4.7b, showing that mode

three (which is mode J1) is weakly excited. On the other hand, at 5.732 GHz frequency,

the antenna has the main lobe on the broadside (θ = 0°) and weak side lobes, as predicted

by mode five patterns in Figure 6.21b. Considering the E-plane (ϕ = 0°) directive pattern

for mode five shown in Figure 6.21b, feeding at θ = 45° and θ = 225° (near the minor

nulls at around θ = 53° and θ = 236°) suppresses the mode to reduce its directive gain

from around 8.8 dBi to 4.5 dBi (Figure 6.21b and 6.22c).
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(a)

(b)

(c)

Figure 6.22. Simulated 3D radiation patterns at (a) 2.946 GHz (b) 3.856 GHz and (c)
5.732 GHz frequencies, for the square microstrip-fed patch antenna whose TARC resonances
are shown in Figure 6.23.
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Figure 6.23. Simulated TARC for the tunable multiband antenna resulting from feeding on
the opposite corners of the square proximity-fed patch antenna whose dimensions are depicted
in Figure 6.18.

Also, it is shown in Figure 6.22 that the highest gain of around 4.5 dBi and radiation

efficiency of 98.95% are attained at the 5.732 GHz resonant frequency, followed by a gain

of 2.0 dBi and radiation efficiency of 98.93% at 2.946 GHz frequency. The 3.856 GHz

resonance has the lowest gain of around -0.5 dBi and radiation efficiency of 97% because

of the improper feeding mechanism used to excite mode three of the antenna as shown

by its lowest total efficiency in Figure 6.22b. These observations indicate that exciting

a planar monopole antenna outside its magnetic symmetry line or at other angles apart

from 0° from the magnetic symmetry line cannot achieve wide bandwidths.

6.2.2 Antenna validation

The two-port antenna whose TARC resonance is depicted in Figure 6.8 attained the most

significant FBWs of all other investigated antennas in this chapter. As such, this antenna

was validated by following the procedure outlined in Section 4.4. Experimental results in

comparison to the theory are provided and discussed in Section 6.3.
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6.3 Results and discussion

The fabricated antennas depicted in Figure 6.24 were experimentally validated to char-

acterise TARC and radiation patterns, which are shown in Figure 6.25, and 6.34 through

6.36, respectively.

(a) (b)

(c) (d)

Figure 6.24. (a) Front view of the printed two-port patch antenna (b) back view of the printed
two-port patch antenna (c) front view of the printed corresponding one-port patch antenna
(d) back view of the printed corresponding one-port patch antenna. The two antennas have
dimensions depicted by TARC5 resonance in Table 6.1.

It is shown in Figure 6.25 that there is a significant deviation of the measured TARC

attained through differential excitation from the simulated one, which is caused by the

leakage currents on the SMA connectors and the outer shield of the feeding coaxial cables.
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This effect is shown in Figure 6.26a and 6.26b, where there exists a significant variation

of the applied γ and φ between 1.0 and 5.0 GHz frequencies, which causes large varia-

tions in the terminal impedances calculated from measurements in the same frequencies,

as depicted in Figure 6.27. Though ferrite beads (shown in Figure 4.35) were used to

suppress these currents during measurement, the effect persisted in the lower mode of the

differential TARC.

Figure 6.25. Simulated and measured TARC for the two-port injection matched patch an-
tenna in comparison to the simulated and measured S-parameter for the corresponding one-port
antenna. The simulated and printed antennas are shown in Figure 6.8 and 6.24, respectively.

Also, the measured TARC resonance attained through common mode excitation was

largely distorted by the same factors and was shifted from 6.656 GHz to around 7.862 GHz.

This effect is shown by the variations of the applied γ and φ at all investigated frequencies,

as shown in Figure 6.28a and 6.28b, which caused a large deviation of the measured

terminal impedances from the simulated values, as depicted in Figure 6.29. Besides, the
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(a)

(b)

Figure 6.26. Measured and simulated response of the applied (a) relative amplitude γ between
the currents I1 and I2 (b) phase shift φ between the currents I1 and I2 when the two-port patch
antenna was injection matched at γ = 1 and φ = 180°. The simulated and printed antennas are
shown in Figure 6.8 and 6.24, respectively.
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Figure 6.27. Simulated and measured terminal impedances for the differentially excited two-
port injection matched patch antenna under investigation. The simulated and printed antennas
are shown in Figure 6.8 and 6.24, respectively.

lower mode for the measured S-parameter for the corresponding one-port antenna depicted

in Figure 6.25 was distorted by the same factors.

The realised two-port injection matched antenna has a simulated −10 dB FBW of

around 67.8% and 19.4% (calculated using Equation (B.1) in Appendix B.4) attained

through the differential and common mode excitations, respectively, applied to the an-

tenna. The achieved high bandwidth in the differential excitation mode is attributed

to the excitation of two characteristic modes (J01 and J1) of the antenna through the

application of the injection matching technique.

The matching efficiency for the differential mode TARC is higher than 89% across its

−10 dB impedance matched bandwidth, while that of the common mode TARC is higher

than 84%, as shown in Figure 6.30. However, at resonance, the common mode TARC

has higher matching efficiency than the differential TARC because of the high impedance
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(a)

(b)

Figure 6.28. Measured and simulated response of the applied (a) relative amplitude γ between
the currents I1 and I2 (b) phase shift φ between the currents I1 and I2 when the two-port patch
antenna was injection matched at γ = 1 and φ = 0°. The simulated and printed antennas are
shown in Figure 6.8 and 6.24, respectively.
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Figure 6.29. Simulated and measured terminal impedances for the common mode excited two-
port injection matched patch antenna under investigation. The simulated and printed antennas
are shown in Figure 6.8 and 6.24, respectively.

matching attained by the common mode TARC. On the other hand, the corresponding

one-port antenna has higher matching efficiency than the differentially excited two-port

antenna because of good impedance matching attained by the one-port antenna. Also,

the differentially excited two-port antenna achieves the highest radiation efficiency than

the common mode excited antenna and the corresponding one-port antenna because of

the excitation of two similar modes J01 and J1 in the differential TARC [90]. Generally,

all antenna excitations have attained radiation efficiencies higher than 98% because of

the low loss tangent (tan δ = 0.0009) and low dielectric constant (εr = 2.2) substrate

material used in the design. However, the radiation efficiency for the common mode

excited two-port antenna is slightly lower than the efficiencies for the other excitations

because of the increased number of nulls in its radiation patterns caused by excitation

of a higher-order mode of the antenna, as shown in Figure 6.35. Generally, the total
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efficiency for the common mode excited two-port antenna, at resonance, is higher than

the total efficiency for the differentially excited two-port antenna and corresponding one-

port antenna because of the high matching efficiency attained through the common mode

excitation applied to the antenna.

Figure 6.30. Simulated efficiency for the injection matched patch antenna in comparison to
the simulated efficiency for the corresponding one-port antenna whose TARC and S11 resonances
are shown in Figure 6.8.

The simulated surface currents for the common mode and differentially excited two-

port injection matched antenna shown in Figure 6.31 and 6.32, respectively, are more

dominant on the PGPs than on the patch. This observation indicates that the two-port

patch antenna has been transformed into a miniaturised dipole patch antenna. Similar
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behaviour is noted in Figure 6.33, where the corresponding one-port patch antenna has

been transformed into a monopole antenna.

(a) (b)

(c)

Figure 6.31. Simulated surface current on the two-port patch antenna at (a) 6.190 GHz (b)
6.644 GHz and (c) 7.607 GHz frequencies, when the antenna was injection matched at γ = 1
and φ = 0° as shown in Figure 6.8.

Also, the surface currents resulting from the common mode excitation of the antenna

shown in Figure 5.21 are similar to the mode four current shown in Figure 6.10d. This

observation indicates that mode four of the antenna has been excited at a 6.644 GHz

resonant frequency. On the other hand, the surface currents on the differentially excited
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(a) (b)

(c) (d)

Figure 6.32. Simulated surface current on the two-port patch antenna at (a) 2.260 GHz
(b) 2.546 GHz (c) 4.060 GHz and (d) 4.585 GHz frequencies, when the antenna was injection
matched at γ = 1 and φ = 180° as shown in Figure 6.8.
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(a) (b)

(c)

Figure 6.33. Simulated surface current on the one-port patch antenna at (a) 2.916 GHz (b)
3.713 GHz and (c) 4.515 GHz frequencies. The simulated S11 for this antenna is shown in
Figure 6.8.

190



two-port patch antenna at 2.260 and 2.546 GHz frequencies, as shown in Figure 6.32,

indicate the excitation of mode J01 shown in Figure 4.6a. In contrast, the currents at

4.060 and 4.585 GHz frequencies shown in Figure 6.32 indicate the excitation of the

horizontal mode J1 at a 4.060 GHz resonant frequency, as shown in Figure 4.6b. On

the other hand, the surface current for the corresponding one-port antenna depicted in

Figure 6.33 shows that both modes J01 and J1 are excited at 3.713 GHz. However, mode

J01 is dominant at 2.916 GHz lower boundary frequency, while mode J1 is dominant at

4.515 GHz upper boundary frequency.

The measured co-polar patterns for both the two-port antenna and the corresponding

one-port antenna, shown in Figure 6.34 through 6.36, have been distorted by the leak-

age currents on the SMA connectors and PGPs. For the two-port antenna working in

the differential mode, the distortion was more severe in the frequency range of 2.590 to

2.780 GHz than in the remaining monitored frequencies, as shown in Figure 6.34, because

of the significant distortion of TARC at these frequencies, as shown in Figure 6.25. For

the common mode excitation of the antenna, the H-plane (ϕ = 90°) co-polar patterns

shown in Figure 6.35 were largely distorted than the E-plane (ϕ = 0°) patterns because of

the same factors. Also, both the measured E and H-plane patterns for the corresponding

one-port antenna shown in Figure 6.36 were largely distorted by the leakage currents on

the SMA connectors and PGP. Though ferrite beads (shown in Figure 4.35) were used

during measurement, the effect of residual currents could not be eliminated. The simu-

lated H-plane (ϕ = 90°) co-polar patterns for the differentially excited two-port antenna

and the corresponding one-port antenna are approximately omnidirectional, indicating

that the two antennas have been transformed into dipole and monopole patch antennas,
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respectively. However, the common mode excitation of the higher-order mode of the

two-port antenna does not achieve conversion to a monopole antenna.

The common mode excited two-port antenna attains the maximum gain of around

5.6 dBi at a 6.400 GHz frequency, as shown in Figure 6.37d, which shows that the antenna

is not converted to a monopole antenna by this excitation. The high gain achieved by the

antenna at this frequency is attributed to the excitation of a higher-order characteristic

mode of the antenna [91], which is illustrated by the horizontal and vertical nulls exhibited

by the antenna at the monitored 6.190, 6.644 and 7.607 GHz frequencies, as shown in

Figure 6.37c. On the other hand, the differentially excited two-port antenna attains the

maximum gain of 2.5 dBi at a 4.200 GHz frequency as shown in Figure 6.37d, which is

slightly higher than the maximum gain attained by the corresponding one-port antenna

because of an effective excitation of mode J1 of the antenna by the applied differential

excitation than the one-port excitation of the same characteristic mode. It is shown in

Figure 6.37d that the differential and single-port excitations fairly convert the antenna to

monopole antenna operations.

Also, the differential excitation of the antenna achieves the lowest gain (of around

1.5 dBi at a 2.260 GHz frequency) compared to the gain attained by other excitations,

as shown in Figure 6.37a, because of excitation of mode J01 at this frequency, which is

of a lower order than the other excited modes of the antenna. Besides, the gain achieved

by the differential excitation mode of the two-port antenna, shown in Figure 6.37a, is

fairly stable at 2.260 and 2.546 GHz frequencies (with a gain reduction of around 0.5 dB

between the two frequencies) than at 4.060 and 4.585 GHz frequencies. This stability is

attributed to the excitation of mode J01 of the antenna at a 2.546 GHz resonant frequency,

which is of a lower order than mode J1 of the same antenna excited at a 4.060 GHz
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(a) (b)

(c) (d)

Figure 6.34. Simulated and measured co-polar patterns for the differentially excited two-port
injection matched patch antenna in the (a) 2.260 and 2.590 GHz (b) 2.546 and 2.780 GHz (c)
4.060 and 4.063 GHz (d) 4.585 and 4.348 GHz frequencies, respectively. The simulated and
printed antennas are shown in Figure 6.8 and 6.24, respectively.
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(a) (b)

(c)

Figure 6.35. Simulated and measured co-polar patterns for the common mode excited two-port
injection matched patch antenna in the (a) 6.190 and 6.105 GHz (b) 6.644 and 7.863 GHz (c)
7.607 and 8.290 GHz frequencies, respectively. The simulated and printed antennas are shown
in Figure 6.8 and 6.24, respectively.
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(a) (b)

(c)

Figure 6.36. Simulated and measured co-polar patterns for the one-port patch antenna in
the (a) 2.916 and 3.018 GHz (b) 3.713 and 3.92 GHz (c) 4.515 and 4.728 GHz frequencies,
respectively. The simulated and printed antennas are shown in Figure 6.8 and 6.24, respectively.
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(a) (b)

(c) (d)

Figure 6.37. Simulated (a) H-plane (ϕ = 90°) realised gain for the differentially excited two-
port injection matched patch antenna (b) H-plane (ϕ = 90°) realised gain for the one-port patch
antenna (c) H-plane (ϕ = 90°) realised gain for the common mode excited two-port injection
matched patch antenna (d) H-plane (ϕ = 90°) maximum realised gain for the two-port injection
matched antenna and for the corresponding one-port antenna. The simulated TARC and S11
for the two antennas are shown in Figure 6.8.
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resonant frequency. Also, the common mode excited antenna has stable patterns at 6.190

and 6.644 GHz frequencies but experiences a large reduction in gain of up to 3.4 dB

at 7.607 GHz boundary frequency, as shown in Figure 6.37c, because of excitation of

mode four of the antenna which has multiple lobes as indicated by its eigenpatterns in

Figure 6.11a. On the other hand, there is a large variation of the gain attained by the

corresponding one-port antenna, as shown in Figure 6.37b, because of driving the antenna

from a single port. Generally, the two-port antenna’s realised gain is improved compared

to the gain of the corresponding one-port antenna due to driving the antenna from two

ports.

Despite the observed deviations of the measured TARC and radiation patterns for

the two-port injection matched antenna from the simulated TARC and patterns, the

injection matching technique has been verified to an acceptable degree in that the expected

characteristic of an antenna operating under the injection matched condition have been

observed experimentally.

6.4 Summary

It has been shown in this chapter that the tuning of the operational frequency for the two-

port patch antenna through the application of the injection matching technique is feasible

at two distinct γ and φ combinations of γ = 1, φ = 0° and γ = 1, φ = 180°. The modes

whose principal currents at the two opposite patch edges are symmetrically in phase and

differentially oriented are excited at these two combinations. Specifically, the frequency

tuning of the two-port antenna by feeding the antenna along its magnetic symmetry

line enables wide bandwidth in the differential mode excitation and a narrow bandwidth
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resonance in the common mode excitation. On the other hand, the excitation of the

modes by feeding a patch antenna from its opposite corners achieves tunable multiband

resonances, which, however, have low bandwidth and low impedance matching because of

the weak modal currents available at the patch corners.

However, it is impossible to progressively tune the operational frequencies in the fre-

quency range of interest because of the limitations posed by the theoretical variations of

the relative amplitude γ and phase shift φ with frequency across the antenna. It is also

generally shown that the frequency tuning of a two-port injection matched patch antenna

by tuning the two excitation modes is achieved at the expense of reduced bandwidth in

one of the operational modes.

Typically, FBWs of around 67.8% and 19.4% with radiation efficiency higher than 98%,

and total efficiency higher than 84% were attained from the differential and common mode

excitations of the patch antenna (fed along its magnetic symmetry line), respectively, using

the injection matching technique. The attained FBW of 67.8% spanning between 2.257

and 4.572 GHz frequencies provides part of the bandwidth (BW) needed by the 5G and

dynamically shared wireless services in the Sub-6 GHz high-band.
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Chapter 7

Electrically small injection matched

antennas

7.1 Background

In the previous chapters, two applications of the injection matching technique in broad-

ening the bandwidth and frequency tuning of patch antennas were investigated. This

chapter presents another application of injection matching technique in actively modulat-

ing (or at least lengthening) the effective electrical length of patch antennas to allow the

antennas to operate in electrically small mode. This was initially investigated in [14, 15],

and it is revised in this chapter to explore three major issues which were not adequately

characterised. One of the issues is the reflection coefficient which did not consider the

reflections from the two ports. Another issue is the coupling between the two ports, which

was not reported. Also, the use of an LC matching network in the realisation of an electri-

cally small injection matched antenna, which contradicts the findings of the ability of the

injection matching technique in achieving the electrically small operation [54] is explored.
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Besides, the efficiencies (radiation, matching and total efficiency), current distributions,

and radiation patterns for the realised two-port ESA and the corresponding one-port ESA

are discussed.

7.2 Design and simulation

It was shown in Chapter 4 that it is not possible to have an electrically small operation

on a patch antenna through the application of the injection matching technique only. So,

in this section, the injection matching technique is applied to a two-port patch antenna

to increase the electrical length to the maximum possible value. After that, other tuning

techniques are used to shift the resonance into a lower frequency of operation for the

antenna. The design starts with a physically small antenna that can fit in a mobile phone

[61]. For example, a patch antenna operating at around 5.6 GHz meets this requirement.

A one-port proximity-fed patch antenna with the FGP is designed in CST MWS to

operate at around 5.583 GHz by following the procedure outlined in [85]. The antenna

is designed on two layers of Rogers Duroid RT 5880 substrate with relative permittivity

εr of 2.2, loss tangent of 0.0009, lower substrate height of 1.575 mm, upper substrate

height of 0.787 mm, and copper cladding thickness of 0.035 mm. The antenna has patch

length Lp = 16.04 mm, patch width Wp = 19.09 mm, substrate length Ls = 32.08

mm, substrate width Ws = 38.18 mm, the width of the feed line w = 2.5 mm and the

distance of the coupled feed line from the centre of the patch d = 0.0 mm. The antenna is

excited through a discrete face port created on the outer end-face of the feed line while the

impedance of the excitation signal delivered at this port is maintained at 50 Ω. Truncation

of the grounding plane for the one-port antenna to form a PGP, as shown in Figure 7.1a,
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converts the antenna to a monopole patch antenna, and the −3 dB bandwidth of the

antenna is increased at the expense of degradation of the impedance matching of the

one-port antenna with FGP, as shown in Figure 7.2. The length of the partial ground

Lg = 8.02 mm, which is the maximum length of the ground plane for which a patch

antenna is converted to a monopole antenna, was calculated from Lg = (Ls − Lp)/2.

(a) (b)

Figure 7.1. (a) Proximity-fed patch antenna with single feed line (b) proximity-fed patch
antenna with two feed lines. The black colour indicates the layers of copper.

The bandwidth and impedance matching of the lower mode S11 resonance (5.031 GHz)

for the one-port antenna with PGP depicted in Figure 7.2 is improved by applying the in-

jection matching technique to the antenna in CST SS by following the procedure outlined

in Appendix B.1. This is achieved through two major steps: first, the one port antenna

is converted to a two-port antenna by adding the second feed line, separated with a gap

g = 2d from the first feed line, where d is measured from the centre of the patch, and a

PGP corresponding to the second feed line, as shown in Figure 7.1b. The gap g is initially

chosen to be g = 1.6 mm, but any value of g between 0.1 and 2.0 mm can be selected,

which can later be adjusted by sweeping the parameter g in CST DS, between 0.1 and
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2.0 mm. The second discrete face port is created on the outer end-face of the second feed

line. The two-port antenna is then locked and simulated while the relative amplitude

γ = 1 and phase shift φ = 180° are configured at port two. The TARC for the resulting

two-port antenna is depicted in Figure 7.3.

Figure 7.2. S-parameter for the one-port proximity-fed patch antenna under investigation.

The TARC resonance shown in Figure 7.3 has a −10 dB FBW of about 47.5% (cal-

culated using Equation (B.1) in Appendix B.4) at a 4.391 GHz centre frequency. The

electrical length at 4.456 GHz resonant frequency is around ka = 2.1. To decrease the

ka value at resonance, the antenna is optimised in CST DS by changing the antenna

dimensions Lp, Wp, Ls, Ws, Lg, w and the gap g in CST DS between 16 and 24 mm,

16 and 24 mm, 32 and 48 mm, 32 and 48 mm, 7 and 12 mm, 1.5 and 4.0 mm, 0.1 and

2.5 mm, respectively, while TARC is being monitored. The theoretical γ and φ variations

with frequency of Equations (3.8) and (3.9), which correspond to the TARC resonances

are also generated for analysis purposes. Typical optimised results for TARC, theoretical
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γ and φ, as well as variation of the electrical length with frequency at different antenna

dimensions, are depicted in Figure 7.4 and 7.5. The dimensions for the optimised TARC

resonances are depicted in Table 7.1.

Figure 7.3. TARC resonance for the differentially excited (γ = 1, φ = 180°) two-port
proximity-fed patch antenna derived from the one-port antenna with S-parameter resonance
in Figure 7.2. The dimensions of this antenna are depicted by TARC0 in Table 7.1.

It can be seen in Figure 7.4 and Table 7.1 that TARC4 resonance has the smallest

electrical length of around 1.41 at its lower mode frequency (2.480 GHz) than the remain-

ing TARC resonances at their lower mode frequencies. For example, TARC1 resonance

has an electrical length of around 1.45 at its lower mode frequency (2.705 GHz), while

the remaining TARC responses have ka values larger than 1.6 at their lower modes.

Also, TARC4 resonance depicted in Figure 7.4 and Table 7.1 has better theoretical

φ variation at frequencies slightly below 2.480 GHz as shown in Figure 7.5, which gives

room for fine-tuning the resonance to improve the matching as well as the correspond-

ing electrical length. Because of this factor, the TARC4 resonance is re-investigated in
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(a)

(b)

Figure 7.4. Optimised (a) TARC responses that correspond to the γ and φ variations in
Figure 7.5a and 7.5b (b) electrical length corresponding to the TARC resonances in (a).
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(a)

(b)

Figure 7.5. Optimised (a) theoretical γ variations with frequency of Equation (3.9) (b) theo-
retical φ variations with frequency of Equation (3.8) on the two-port antenna. These variations
correspond to the TARC resonances depicted in Figure 7.4a.
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Table 7.1. Dimensions for the optimised TARC resonances shown in Figure 7.4a and for
TARC0 in Figure 7.3, and their corresponding ka values calculated at resonant frequencies, fr.

Simulation ID Antenna dimensions (mm) ka fr

(GHz)

Lp Wp Ls Ws Lg w g

TARC0 16.04 19.09 32.08 38.18 8.02 2.5 1.6 2.1055 4.583
TARC1 18.0 16.68 38.32 33.69 7.61 1.69 0.5 1.4505 2.705
TARC2 19.6 17.3 36.74 35.31 8.18 2.73 0.3 1.6816 3.140
TARC3 18.97 17.83 39.26 33.11 8.91 2.56 0.9 1.6381 3.035
TARC4 22.72 18.33 43.0 32.98 7.13 2.48 1.3 1.4122 2.480
TARC5 23.9 18.49 41.83 31.57 9.17 3.27 2.5 1.6015 2.908

CST DS through parameter sweep by fine-tuning the antenna dimensions Lp, Wp, Ls,

Ws, Lg, w and the gap g between the coupled lines in ranges 21.72 to 23.72 mm, 17.33 to

19.33 mm, 43 to 45 mm, 31.98 to 34.98 mm, 7.13 to 9.13 mm, 1.48 to 3.48 mm, 1.2 and

2.5 mm, respectively.

Table 7.2. Dimensions for the fine-tuned TARC resonances shown in Figure 7.6a, and the
corresponding ka values calculated at resonant frequencies, fr.

Simulation ID Antenna dimensions (mm) ka fr

(GHz)

Lp Wp Ls Ws Lg w g

TARC1 23.72 18.33 45.0 31.98 9.13 2.48 1.5 1.5300 2.6375
TARC2 23.72 18.33 44.0 32.98 9.13 3.48 2.5 1.5413 2.6675
TARC3 22.72 18.33 44.0 32.98 9.13 3.48 2.5 1.5370 2.660
TARC4 23.72 18.33 44.0 31.98 9.13 3.48 1.5 1.5290 2.675

Typical results for the fine-tuned TARC resonances, as well as for the corresponding

theoretical γ and φ variations, are provided in Figure 7.6 and 7.7. The antenna di-

mensions, which correspond to the fine-tuned TARC resonances, and their corresponding

electrical lengths are depicted in Table 7.2. The optimum TARC resonances, as well as the

corresponding theoretical φ and γ variations in Figure 7.6 and 7.7 are inspected to identify
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(a)

(b)

Figure 7.6. Refined (a) TARC resonances corresponding to the γ and φ variations in Fig-
ure 7.5a and 7.5b (b) electrical length corresponding to the TARC resonances in (a).
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(a)

(b)

Figure 7.7. Refined results for (a) theoretical γ variations with frequency (b) theoretical φ
variations with frequency on the two-port antenna. These variations correspond to the TARC
resonances depicted in Figure 7.6a.
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the best TARC with the lowest electrical length. This inspection is done by identifying

flat or minima regions, or a combination of the two regions that appear simultaneously

in the theoretical φ and γ curves, which present resonant modes for the antenna, as well

as the corresponding electrical length for each resonance.

Though all TARC responses in Figure 7.6a have electrical lengths greater than 1.5 at

their lower resonances, TARC4 has better theoretical γ and φ variations, shown in Fig-

ure 7.7a and 7.7b, at frequencies slightly below 2.675 GHz with ka = 1.529 at resonance.

These variations (φ = φ4 and γ = γ4) are well depicted in Figure 7.8, where it is shown

that γ is fairly constant in the frequency range between 3.4 and 3.7 GHz, 7.3 and 8.0 GHz,

and has two minima at around 2.6 and 5.3 GHz.

However, because there is neither a flat region nor a minimum in the corresponding

φ variations in Figure 7.8a at frequencies between 3.4 and 3.7 GHz, it is not possible to

have an injection matched operation at these frequencies. Also, despite the occurrence of

the minimum at 5.3 GHz in the γ variation in Figure 7.8b, because of an abrupt change

in φ variation at the same frequency in Figure 7.8a, it is impossible to have an injection

matched operation at around this frequency.

Besides, the φ minimum at around 7.0 GHz corresponding to a reasonably flat region

for the γ variation between 7.3 and 8.0 GHz forms another resonance, which is a higher-

order mode requiring a common mode excitation arrangement, as depicted by the TARC

resonance with γ = 1 and φ = 0° in Figure 7.9.

The dimensions for the two-port antenna, which correspond to the theoretical γ and

φ variations in Figure 7.8, as well as the TARC resonance in Figure 7.9 are provided in

Table 7.2. The S-parameter for the corresponding one-port antenna is also compared with
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(a)

(b)

Figure 7.8. Variation of the theoretical (a) phase shift φ (b) relative amplitude γ with frequency
across the two-port antenna with TARC4 resonance depicted in Figure 7.6a.
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TARC in Figure 7.9. The applied γ and φ remained approximately constant across the

entire range of investigated frequencies as shown in Figure 7.10.

Figure 7.9. Optimum TARC for the differentially excited two-port electrically large antenna
in comparison to the common mode TARC, and S-parameter for the corresponding one-port
antenna.

The optimum TARC resonance in Figure 7.9 was attained at around 2.675 GHz

through differential excitation with γ = 1 and φ = 180° and has an electrical length

ka = 1.5, which is still an electrically large antenna (ELA) operation. Because of the

limitation posed by the non-constant behaviour of the theoretical γ and φ variations with

frequency across the antenna at frequencies below 2.675 GHz, caused by the absence of

resonant modes at the frequencies, it is not possible to get an electrically small opera-

tion without incorporating other techniques. Therefore, tuning with lumped elements is

investigated in Section 7.2.1.
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(a)

(b)

Figure 7.10. Response of the applied (a) relative amplitude γ (b) phase shift φ to the two-port
electrically large antenna whose TARC resonance is depicted in Figure 7.9.
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7.2.1 Tuning with LC network

The injection matched antenna depicted in Figure 7.1 with TARC resonance shown in

Figure 7.9 is now matched with an L-section of lumped elements at each of its ports using

a configuration given in Figure 7.11. The main objective here is to tune the antenna into

some electrically small resonances with ka < 1 just below the 2.675 GHz resonance. The

inductance and capacitance at ports one and two are simultaneously varied in the ranges

C1 ∈ (1, 20) picofarad (pF) and L1 ∈ (1, 20) nanohenry (nH), and C2 ∈ (1, 20) pF and

L2 ∈ (1, 20) nH, respectively, through parameter sweep in CST DS. The corresponding

TARC for this parameter sweep is given in Figure 7.12.

Figure 7.11. Architecture for an L-section of lumped elements matching of an injection
matched antenna in CST DS.

A careful investigation of how the applied capacitances and inductances at the two

ports affect the matching of the two-port injection matched antenna shows that when C1 =

C2 and L1 = L2, such as C1 = C2 = 18 pF and L1 = L2 = 10 nH, the TARC resonance of

Figure 7.9 is slightly improved by increasing the matching depth by up to around 4 dB,
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Figure 7.12. Typical optimisation results for TARC when the two-port patch antenna whose
TARC resonance is depicted in Figure 7.9 was matched with LC networks at its two ports.
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but the resonance remains unchanged. Other combinations of C1, L1, C2, and L2 such

as C1 = 10 pF and L1 = 7 nH, C2 = 12 pF and L2 = 9 nH, distort the matching

by causing large variations in the applied γ and φ as shown in Figure 7.14a and 7.14b,

which cause the antenna to lose the injection matching. Because of this phenomenon, the

TARC resonances attained through C1 ̸=C2 and L1 ̸=L2 combinations of lumped elements

are largely enveloped by the injection matched TARC response without LC matching as

shown in Figure 7.12. This observation can also be accounted for by investigating the

coupling losses between the two ports when the injection matched antenna is matched

with lumped elements shown in Figure 7.13a and 7.13b.

It is shown in Figure 7.13a and 7.13b that there is a significant direct flow of energy

between the two ports when C1 ̸=C2 and L1 ̸=L2, which shows that the applied relative

amplitude γ is modified to values greater or less than γ = 1. Typically, when C1 = 1 pF,

C2 = 5 pF, L1 = 12 nH, and L2 = 15 nH there is a flow of energy from port two to port

one, which is caused by γ < 1 at port two in some frequencies, such as between 0.5 and

2 GHz, and 6 and 8 GHz as shown in Figure 7.14a. On the other hand, when C1 = 16 pF,

C2 = 12 pF, L1 = 7 nH, and L2 = 2 nH there is a flow of energy from port one to port

two caused by γ > 1 at port two in frequencies between 0.5 and 2 GHz, and 5.8 and

8 GHz. Also, the applied γ and φ variations when combinations C1 ̸=C2 and L1 ̸=L2 of

the lumped elements (such as C1 = 1 pF, C2 = 5 pF, L1 = 12 nH, and L2 = 15 nH)

are used for matching, as shown in Figure 7.14a and 7.14b, are not maintained across

the entire frequency range of investigation, which is contrary to the injection matching

theory. However, for the combinations C1 = C2 and L1 = L2 (such as C1 = C2 = 5 pF and

L1 = L2 = 7 nH), the applied γ and φ variations with frequency (shown in Figure 7.14)
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(a)

(b)

Figure 7.13. Typical optimised (a) S12 for an LC matched two-port injection matched patch
antenna (b) S21 for the LC matched injection matched patch antenna.
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(a)

(b)

Figure 7.14. Simulated response of the applied (a) relative amplitude γ between the currents
I1 and I2 when the LC matched two-port patch antenna was injection matched at γ = 1 and
φ = 180° (b) phase shift φ between the currents I1 and I2 when the LC matched two-port patch
antenna was injection matched at γ = 1 and φ = 180°.
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are constantly maintained at γ = 1 and φ = 180°, respectively, across the entire frequency

range of investigation, which shows that the injection matching theory is satisfied.

It is desired that after the injection matched operation, the applied γ and φ responses

should maintain approximately constant values across the entire frequency range of in-

vestigation. However, this condition has largely not been satisfied after adding lumped

elements to the injection matched antenna, making it impossible to tune an injection

matched antenna with lumped elements outside the TARC response attained by the ap-

plied γ and φ values before lumped elements are employed. This is because the injection

matching technique is based on the excitation of characteristic modes that require exci-

tation signals with equal amplitudes and with 180° phase shift between them to allow

a differential excitation of the modes or the in phase excitation signals for the common

mode excitation of the modes. Therefore, the concept of tuning an injection matched an-

tenna with lumped elements to an ESA mode is not feasible. Instead, another concept of

modifying the radiating element of an injection matched antenna to lengthen the current

path is investigated in the next section.

7.2.2 Slow-wave structure

The radiating element for the two-port antenna is modified by creating slots and slits

around it. These (slots and slits) can extend the current flow path to increase the antenna’s

electrical length while the overall dimensions of the antenna remain unchanged. In this

way, the surface current wave propagating on the antenna takes a longer path to propagate

between the two antenna ports than it could take before the radiating element is modified.

Because the wave takes a longer path to propagate between the two ends of the modified
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antenna, the EM wave is referred to as a slow-wave, and the structure is called a slow-wave

structure.

Figure 7.15. Modified layer 3 of the two-port patch antenna under investigation. Other
dimensions of the antenna remained unchanged.

While the antenna is injection matched at γ = 1 and φ = 180°, the width of the

slot Sw, length of the slot SL, and width of the meandered section Wm on the modified

antenna in Figure 7.15 are varied between 0.5 and 1 mm, 8 and 12 mm, and 0.5 and 1

mm, respectively, in CST DS. The TARC resulting from this parameter sweep is given in

Figure 7.16. Though all TARC responses in Figure 7.16 satisfy the criterion ka < 1, the

antenna is still poorly matched. So there is a need to investigate the modal significance

of the modified antenna (in Figure 7.15) to determine whether the antenna was properly

excited. It is shown in Figure 7.17 that mode one is resonant at around 1.553 GHz and

has the best modal significance in that frequency.

Also, the characteristic current in Figure 7.18 shows that the principal current for mode

one is differential with respect to the opposite short edges of the patch, which has been

excited by applying two differentially driven excitation signals from the opposite edges
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Figure 7.16. Optimised TARC values for the two-port ESA.

Figure 7.17. Modal significance for the first six characteristic modes of the ESA under investi-
gation sorted at around 1.386 GHz. The CMA was conducted in CST MWS using a Multilayer
Solver with solver and mesh settings provided in Appendix B.2.
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Figure 7.18. Characteristic mode one current on the ESA whose modal significance is shown
in Figure 7.17.

of the patch through the two coupled lines. Besides, the characteristic modal current is

strongest at the meandered section of the modified patch. These observations reveal that

the TARC resonance can be improved by changing the width of the coupled lines and

the gap between the two lines so that the coupled lines are aligned with the central part

of the meandered section where the modal current is strongest. Typically, the width w

and gap g between the coupled lines are varied between 1.5 and 3.5 mm, and 1.5 and 23

mm, respectively, through parameter sweep in CST DS and the results for this parameter

sweep are provided in Figure 7.19.

Considering the −10 dB bandwidth and better matching criterion, the TARC reso-

nance with g = 10.5 mm and w = 1.7 mm in Figure 7.19 is selected, re-simulated with an

increased number of field monitors, plotted (in Figure 7.20) and discussed in Section 7.3.
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Figure 7.19. Typical optimisation results for the TARC when the two-port ESA was matched
by varying the gap between two coupled lines and the width of the coupled lines.

7.3 Results and discussion

The TARC for the two-port antenna and the S-parameter for the corresponding one-port

antenna given in Figure 7.20 show that the two antennas are electrically small with electri-

cal lengths of ka = 0.81 and ka = 0.87, at the centre frequencies of 1.423 and 1.514 GHz,

respectively. The S11, S21, S12, and S22 for the two-port ESA, shown in Figure 7.20, are

equal to the TARC resonance because of the symmetry between the two feed points. The

Q factor for the two-port antenna (calculated using Equation (B.5) in Appendix B.5) at

the centre frequency is about 37.1, which is approximately to 12QChu (QChu was calcu-

lated using Equation (B.4) in Appendix B.5), while that of the corresponding one-port

antenna is about 99.6, which is approximately to 37QChu. Because of the difference in Q-

factors, the two-port antenna has a slightly wider -10 dB FBW of about 2.7% (calculated
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using Equation (B.1) in Appendix B.4) compared to the bandwidth of 1.0% attained by

the corresponding one-port antenna.

Figure 7.20. Simulated TARC, individual port reflection coefficients, and transmission coeffi-
cients between the two ports for the two-port injection matched ESA, and the S-parameter for
the corresponding one-port ESA.

At the centre frequencies of the two antennas, the two-port ESA has a matching effi-

ciency of 99.99%, whereas the corresponding one-port ESA has a matching efficiency of

93.4% as shown in Figure 7.21. The difference in matching efficiency observed at the cen-

tre frequencies of the two antennas is attributed to the difference in impedance matching

attained by the two antennas, where the two-port ESA has an excellent impedance match-

ing than the corresponding one-port ESA. On the other hand, at the centre frequency,

the two-port injection matched ESA has a radiation efficiency of 93%. In contrast, the

corresponding one-port ESA has a radiation efficiency of 91% at the centre frequency.
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Figure 7.21. Simulated efficiencies for the two-port ESA and for the corresponding one-port
antenna.

The difference in radiation efficiency between the two ESAs at the centre frequencies is

attributed to the difference in Q values at these frequencies where the two-port ESA has

a low Q value at its centre frequency compared to the corresponding one-port ESA. The

high radiation efficiency attained by the two antennas is also attributed to the low loss

tangent (tan δ = 0.0009) and low dielectric constant (εr = 2.2) substrate material used

in the design. As a result, both the two-port ESA and the corresponding one-port ESA

attained a total efficiency higher than 82% across the antennas’ passbands.

It is shown in Figure 7.22 that after the injection matching operation on the modified

antenna of Figure 7.15, the applied γ and φ responses remained approximately constant

across the entire frequency range of investigation. This observation shows that the injec-

tion matching operation was successful in comparison to the observation in Figure 7.14a

and 7.14b where the injection matching operation could not be achieved with constant

applied relative amplitude γ and phase shift φ to the antenna across the entire frequency
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(a)

(b)

Figure 7.22. Simulated response of the applied (a) relative amplitude γ between the currents
I1 and I2 (b) phase shift φ between the currents I1 and I2 when the two-port ESA was injection
matched at γ = 1 and φ = 180°.
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(a)

(b)

Figure 7.23. Surface current on the (a) two-port injection matched ESA at around 1.423 GHz
frequency (b) corresponding one-port ESA at around 1.514 GHz frequency.
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(a) (b)

Figure 7.24. Simulated directive (a) radiation patterns for the two-port ESA at 1.423 GHz
frequency (b) radiation patterns for the corresponding one-port ESA at 1.514 GHz frequency.

Figure 7.25. Simulated realised gain in the H-plane (ϕ = 90°) for the two ESAs at their
resonant frequencies.
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range of investigation because of the narrowband matching behaviour of the lumped ele-

ments.

Both the two-port ESA and the corresponding one-port ESA have almost similar

surface current distributions and radiation patterns as depicted in Figure 7.23 and 7.24,

where the patterns are omnidirectional in the H-plane.

At the centre frequencies, the two-port ESA has the highest realised gain than the

corresponding one-port ESA, as shown in Figure 7.25, because of driving the two-port

ESA from two ports. The maximum gain at the centre frequency of the two-port ESA is

around 1.66 dBi oriented in the θ = 180°, where the minimum gain is around 1.47 dBi in

the directions θ = 90° and θ = 270°. For the corresponding one-port ESA, the maximum

gain at the centre frequency is around 1.0 dBi oriented in the θ = 180°. In contrast, the

minimum gain for the one-port ESA is around 0.74 dBi in the θ = 270°. Generally, the

realised gain at the centre frequencies for the two antennas is stable in all θ angles.

7.4 Summary

The simultaneous or mutual injection matching at the two ports is not possible at elec-

trically small dimensions of the two-port patch antenna because of the absence of the

resonant characteristic modes of the antenna at ESA frequencies. This is also shown by

the non-constant behaviour of the theoretical γ and φ variations with frequency across

the antenna at the electrically small frequencies. Because of these factors, the injection

matching technique cannot achieve ESA operation on its own, but it can enhance ESA

operation.

228



Also, the use of lumped elements to tune the injection matched antenna to an electri-

cally small operation mode is not feasible because of the narrowband matching behaviour

of the lumped elements, which causes significant variations in the applied γ and φ.

An enhanced electrically small operation by injection matching technique can typically

be obtained by modifying the radiating element for the two-port patch antenna to create

a slow wave on the antenna. In particular, an electrically small operation was achieved

in this investigation with ka = 0.81 by use of the slow-wave structure. The attained

Q-factor for the realised two-port ESA was about 12QChu, which resulted in the −10 dB

FBW of around 2.7%, and radiation and total efficiencies of about 93% at a 1.423 GHz

resonant frequency. However, the achieved bandwidth is still bounded by the theoretical

limit of 5% for the electrically small patch antennas. Because of the marginal bandwidth

attained by the two-port ESA, there was no need of pursuing the experiment.
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Chapter 8

Conclusions and future work

8.1 Conclusions

The injection matching technique provides an effective way of exciting the characteristic

modes of a patch antenna by changing the phase shift φ between the two excitation

signals applied at the two ports of the antenna between two combinations of 0° and 180°,

respectively. At the same time, the relative amplitude is maintained at γ = 1. In each case,

wide bandwidth is attained through excitation of the multiple correlated characteristic

modes of the antenna. The remaining φ values between 0° and 180° can only affect the

impedance matching of the resonances obtained through the common mode (φ = 0°) or

differential (φ = 180°) excitations. Because of this limitation, it is impossible to have a

progressive frequency-tuning of the injection matched antenna across its entire operating

frequency band.

Also, the excitation of multiple modes in patch antennas attained in this thesis is

attributed to the adoption of partial grounds, which reduces the stored EM energy at the

boundary between the substrate and ground plane. This action reduces the Q-value of
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the antenna to enhance the impedance matching of the modes, consequently increasing

the operational bandwidth.

Besides, simultaneous or mutual injection matching at the two ports is not feasi-

ble in an electrically small two-port patch antenna. This infeasibility is caused by the

antenna’s absence of resonant characteristic modes at electrically small operating frequen-

cies. Moreover, because of the narrowband matching behaviour of the lumped elements,

which causes significant variations in the applied γ and φ, it is impossible to tune the

injection matched antenna to an electrically small frequency of operation by using lumped

matching elements.

Therefore, applying the injection matching technique in patch antennas enables the

excitation of different characteristic modes of the antenna. Changing the phase shift

between the two excitation signals at port two of the antenna improves the matching or

antenna bandwidth. Typical -10 dB operational FBWs of around 64%, 69.5% and 67.8%

validated in Chapter 4, 5, 6, and a theoretical FBW of around 85.2% in Chapter 5 with

the radiation efficiencies higher than 98% and fairly stable approximately omnidirectional

H-plane patterns, promote the realised antennas for use in the 5G and dynamically shared

wireless services in the Sub-6 GHz high-band. However, these features are attained at the

expense of complex driving circuitry, which is not always advantageous to realise.

Also, because the active modulation of the terminal impedances for the two-port

injection matched antennas by modulating the relative amplitude γ is not feasible, as

shown in Section 4.3.4, there is no need of having the amplifier in the driving circuitry.

As such, the amplifier block can be removed from the block diagram for simulating the

injection matched antennas provided in Figure 4.10.
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8.2 Contributions to the research

8.2.1 Theory for the two-port injection matched antennas

A rigorous theory governing the design and operation of the injection matched anten-

nas has been developed in Chapter 3 through 7. Also, the reflection and transmission

coefficients, radiation, matching and total efficiencies, and the radiation patterns for the

two-port injection matched antennas have been characterised.

8.2.2 Design methodology for injection matched antennas

The design methodology for the injection matched antennas has been formulated in Chap-

ter 4, and the work was published in a conference paper [92]. The positions for the

placement of the feed lines were also determined in Section 4.3.2.

8.2.3 Injection matched antenna reciprocity

The reciprocity analysis of the two-port injection matched antennas to verify an intuitive

arrangement of the feeding network around the antenna to be fed by an injection matched

antenna in the receive mode has been theoretically characterised in Chapter 3 and vali-

dated through simulations in Chapter 4. It has been shown that the same feeding network

arrangement used by an injection matched antenna in the transmit mode can be used by

the same antenna in the receive mode. Also, the two-port injection matched antennas

can work reciprocally with any other antenna with similar radiation characteristics.
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8.2.4 Bandwidth enhancement in patch antennas

Operational -10 dB FBWs higher than 64% with fairly stable and approximately om-

nidirectional H-plane radiation patterns have been attained by applying the injection

matching technique to the two-port patch antenna. Also, FBWs of 67% and 19% have

been achieved from a patch antenna through the frequency tuning of the modes through

differential and common mode excitations, respectively, applied to the antenna. Some of

these results have been published in [92, 93], while other results are being published as

outlined in Appendix A.

8.2.5 Validation of injection matched antenna operation

Procedures to validate the TARC and radiation patterns for the two-port injection

matched antennas have been formulated. The formulated procedures were applied in

Section 4.4, 5.3 and 6.3 to validate the two-port injection matched antennas, which ver-

ified to an acceptable degree that the expected characteristic of an antenna operating

under the injection matched operation have been observed experimentally.

8.2.6 Wideband, frequency tunability and electrically small op-

erations

The three operation modes of the injection matched antenna, wideband, frequency tun-

ability and electrically small operation, have been explored in some detail in Chapter 5,

6 and 7, respectively. It has been shown that the wideband operation can be attained

by exciting the multiple correlated characteristic modes of the antenna. Also, frequency

tunability can be attained by tuning the excitation modes applied to the antenna by
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changing the phase shift φ from φ = 0° to φ = 180°. On the other hand, the injection

matching technique cannot achieve an electrically small operation on its own, but it can

enhance the electrical length of the two-port patch antenna.

8.3 Future work

8.3.1 Bandwidth enhancement

The attractive feature of the injection matching technique in enhancing patch antennas’

bandwidth can cater to the high demand for bandwidth in wireless communication. In

particular, the −10 dB FBWs higher than 64% were achieved in this thesis. However,

extending the injection matching theory to accommodate many ports, such as more than

four ports, while at the same time increasing the antenna size, may allow more char-

acteristic modes to be excited from patch antennas. It may also provide flexibility in

controlling the frequency reconfigurability of the realised antenna. Besides, operational

bandwidth can be enhanced because of the increase in simultaneously excited modes.

8.3.2 Leakage currents on partial grounds

Despite the wide bandwidth obtained from patch antennas through the injection matching

technique, there is a performance degradation to the injection matched antennas caused

by leakage currents on the partial grounds. Specifically, the observed leakage currents

on partial grounds were proven to alter the resonance and, consequently, the radiation

patterns of the antenna. Further investigation is needed to resolve this problem system-

atically.
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8.3.3 Modulating and demodulating a carrier signal

Modulating a carrier onto and demodulating the received signal from the injection

matched antennas is yet to be explored. Investigations in this area were beyond the

scope of this thesis but are needed before establishing the potential of injection matched

antennas in future communication systems.

8.3.4 Analysis of two-port monopole patch antennas

The theoretical analysis of the two-port injection matched monopole patch antennas

through the cavity model is needed to provide the initial antenna dimensions for the

design. This analysis will shorten the design process for injection matched antennas.

8.3.5 Experimental validation of reciprocity analysis of injection

matched antennas

The reciprocity analysis of the two-port injection matched antennas to verify an intuitive

arrangement of the feeding network around the antenna to be fed by an injection matched

antenna in the receive mode was not experimentally validated because of the limitation

of the equipment (R&S ZVA67 VNA) to allow coherence mode operation with all four

ports and performing the injection matched operation in the receive mode. The 4-port

R&S ZVA67 VNA has four internal signal sources. One of the sources is reserved for the

main signal generation when the coherence mode is activated, leaving only three sources

available for the coherence mode operation at the ports. So to have the coherence mode

working in four ports, five signal sources are needed, a feature which the R&S ZVA67

VNA cannot provide. These issues require further investigations.
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B Further design information

B.1 Simulation of injection matched antennas

The 3D EM and circuit co-simulation are achieved in CST SS through the use of

CST MWS and CST DS modules, which are integrated to work together. The simu-

lation of two-port injection matched antennas in CST SS is accomplished through the

following procedure:

(1) A two-port antenna (also a single-port antenna) is created in CST MWS and is

passively simulated using a Time Domain Solver (TDS) as shown in Figure B.1.

Hexahedral meshes (shown in Figure B.1) are used in the simulation while 25 mesh

cells per wavelength (shown in Figure B.2) are configured. The TDS stopping

criterion for the simulations is a -80 dB accuracy, as depicted in Figure B.1. Open

boundary conditions were used for the simulation. Through this step, the passive

S-parameters are obtained as shown in Figure B.1 and B.2.

(2) After the passive S-parameters for the two-port antenna are obtained, the schematic

of Figure 4.10 in Section 4.3.3 is created in CST DS for the simultaneous excitation

of the antenna as shown in Figure B.3.

(3) The relative amplitude γ and phase shift φ between the two excitations are config-

ured in the phase shifter block, which has an internal attenuator.

(4) Using the AC combining tool in CST DS, the excitation voltage and current sig-

nals for the simultaneously excited two-port antenna are generated as shown in

Figure B.4.

238



(5) The post-processing template in the CST DS shown in Figure B.5 is used to combine

the voltage and current signals to generate the incident and reflected waves, active

S-parameters, terminal impedances, and TARC using Equations (3.10) and (3.11),

(3.26) through (3.29), Equation (C.3), and Equation (3.14) outlined in Section 3.3,

3.3.2, Appendix C, and Section 3.3.1, respectively.

Figure B.1. The Time Domain Solver settings used in simulating the one-port antennas, and
two-port injection matched patch antennas in CST MWS.

(6) The antenna optimisation is done using the Optimiser DS (design studio) or Pa-

rameter DS in CST DS.

(7) To simulate the antenna radiation patterns, the field monitors are first created in

CST MWS, and the antenna is passively simulated. After the passive S-parameters

are obtained, the field monitors are updated using the AC combine tool in CST DS,
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and the simulation is updated as shown in Figure B.6. The resulting patterns from

this simulation are then obtained in CST MWS at the navigation tree as indicated

by the monitored frequencies with the suffix AC1.

(8) To obtain the antenna efficiency, the broadband field monitors are defined in the

CST MWS across the antenna passband, and step (7) is followed. The antenna

efficiency for the injection matched antenna is then obtained in CST MWS under

1D results in the navigation tree with the suffix AC1.

Figure B.2. Mesh settings used in simulating one-port antennas, and two-port injection
matched patch antennas in CST MWS.
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Figure B.3. The schematic for exciting the two-port injection matched patch antennas in CST
DS.
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Figure B.4. Setting the signal source for exciting the two-port injection matched patch anten-
nas in CST DS.
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Figure B.5. Post-processing of the simulated TARC from the simulated current and voltage
signals in CST DS.
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Figure B.6. Defining the field monitors for the simulation of the radiation patterns and
efficiency of two-port injection matched antenna using the AC result combining tool in CST DS.

244



B.2 CMA of planar antennas in CST MWS

The CMA of all antennas in this thesis was accomplished in CST MWS using a Multilayer

Solver. The mesh and solver settings for each antenna are summarised in Table B.1 and

B.2.

Table B.1. Multilayer mesh settings used in the CMA of proposed patch antennas in this
thesis.

Antenna Multilayer Mesh Settings

Meshing
method

Cells per
wavelength

(model)

Cells per
maximum
model box

edge
(model)

Cells per
wavelength

(back-
ground)

Cells per
maximum
model box
edge (back-

ground)

Minimum
cells

(absolute
value)

Figure 4.5 Surface
based

70 70 70 1 0

Figure 4.17 Surface
based

60 60 60 1 0

Figure 5.7 Surface
based

40 40 40 1 0

Figure 6.4a Surface
based

25 25 25 1 0

Figure 6.9 Surface
based

25 25 25 1 0

Figure 6.19 Surface
based

25 25 25 1 0

Figure 7.17 Surface
based

50 50 50 1 0

Table B.2. Multilayer Solver parameter settings used in the CMA of the proposed patch
antennas in this thesis.

Antenna Multilayer Solver parameters

Accuracy Source type Number of modes Frequency for mode
sorting GHz

Figure 4.5 1e-4 CMA 4 3.9
Figure 4.17 1e-4 CMA 3 4.2855
Figure 5.7 1e-4 CMA 4 3.5
Figure 6.4a 1e-4 CMA 3 2.75
Figure 6.9 1e-4 CMA 6 3.3, 5.7, 7.0
Figure 6.19 1e-4 CMA 5 2.5, 3.5, 4.5, 6.5, 7.5
Figure 7.17 1e-4 CMA 6 1.386
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B.3 Further results

(a)

(b)

Figure B.7. Variation of (a) g on the two-port injection matched antenna when Lp = 25,
Wp = 18, Ls = 35, Ws = 28, Lg = 5, and w = 1.6 mm (b) Lg on the two-port injection matched
antenna when Lp = 25, Wp = 18, Ls = 35, Ws = 28, w = 1.6 and g = 1.5 mm.
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Figure B.8. Variation of w on the two-port injection matched antenna when Lp = 25, Wp = 18,
Ls = 35, Ws = 28, Lg = 5, and g = 1.5 mm.

(a)

(b)

Figure B.9. Variation of (a) Lp on the two-port injection matched antenna when Wp = 18,
Ls = 35, Ws = 28, Lg = 5, w = 1.6 and g = 1.5 mm (b) Wp on the two-port injection matched
antenna when Lp = 25, Ls = 35, Ws = 28, Lg = 5, w = 1.6 and g = 1.5 mm.
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Table B.3. Dimensions for the fine-tuned TARC resonances shown in Figure 4.15.

Simulation ID Antenna dimensions (mm)

Lp Wp Ls Ws Lg w g

TARC1 29.0 20.9 44.0 30.8 5.4 2.3 0.2
TARC2 29.0 18.9 44.0 28.8 5.4 2.5 0.4
TARC3 29.0 18.9 46.0 30.8 5.4 2.5 0.4
TARC4 31 20.9 44.0 28.8 5.4 2.3 0.2
TARC5 31.0 18.9 46.0 29.8 5.4 2.4 0.2
TARC6 31.0 20.9 45.0 29.8 5.4 2.3 0.3
TARC7 30.0 19.9 45.0 29.8 5.4 2.4 0.3
TARC8 31.0 20.9 44.0 30.8 5.4 2.4 0.4
TARC9 30.0 20.9 44.0 29.8 5.4 2.4 0.4
TARC10 29.0 18.9 44.0 28.8 5.4 2.5 0.3
TARC11 29.0 19.9 45.0 29.8 5.4 2.4 0.4
TARC12 29.0 19.9 46.0 30.8 5.4 2.4 0.3
TARC13 31.0 18.9 45.0 28.8 5.4 2.4 0.4
TARC14 31.0 20.9 46.0 30.8 5.4 2.4 0.3
TARC15 31.0 20.9 46.0 28.8 5.4 2.4 0.2
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B.4 Antenna bandwidth calculations

The FBW of the antenna is given by,

FBW = fUB − fLB

fc
(B.1)

where, fLB is the lower boundary frequency, fUB is the upper boundary frequency at

resonance, and fc is the centre frequency given by,

fc = fLB + fUB

2 (B.2)

For FBW > 100%, the antenna BW is expressed as a ratio using the following equation,

BW = (fUB/fLB) : 1 (B.3)

B.5 Design equations for electrically small antenna

The lower bounded Q-factor, QChu for a linear polarised electrically small antenna is given

by the following equation,

QChu = 1
(ka)3 + 1

ka
(B.4)

where, k = 2π/λ is the free space wavenumber, λ is the free space wavelength, and a is

the radius of the Chu-sphere circumscribing the maximum dimension of the antenna. At

resonant frequency f0, the Q-factor is calculated by [1, p. 853-854],

Q = VSWR − 1
FBW

√
VSWR

(B.5)
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where, VSWR is the voltage standing wave ratio at f0 and FBW is the −10 dB fractional

bandwidth of the antenna.

C Measurements with R&S ZVA67 VNA

The R&S ZVA67 VNA does not support direct measurements of the terminal currents,

voltages and impedances, and active reflection coefficients. To measure these parameters,

one has to configure their corresponding equations in the inbuilt user-defined template,

from which they can be used in measurements when the two ports are configured in

coherence mode. The terminal current at the ith port of the antenna is given by,

Ii = 1√
Z0

(
ai − bi

)
(C.1)

where ai and bi are the incident and reflected waves, respectively, at the ith port of the

antenna, and Z0 = 50 Ω is the characteristic impedance of the source. Also, the terminal

voltage at the ith port of the antenna is given by,

Vi =
√

Z0

(
ai + bi

)
(C.2)

On the other hand, the terminal impedance at the ith port of the antenna is given by,

Zi = Vi

Ii

= Z0

(
ai + bi

ai − bi

)
(C.3)

Also, Equations (3.14), and (3.26) through (3.29) provided in Section 3.3.1 and 3.3.2

are used for measuring the total active reflection coefficient (TARC), active reflection
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coefficients, as well as the transmission coefficients at the individual ports of the two-port

injection matched antenna. However, the transmission and reflection coefficients from the

individual ports are contained in the TARC.

D Reference antenna

The open boundary quad-ridged horn antenna model 3164-08 was used as a reference

antenna during the characterisation of the far-field patterns for the two-port injection

matched antennas. The data sheet for this antenna is provided on the next page.
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www.ets-lindgren.com

Open Boundary
Quad-Ridged Horn

Wireless Antennas

The Model 3164-08 Open Boundary 
Quad-Ridged Horn “open boundary” 
design makes this antenna unique in 
both appearance and performance.  
Because of excellent gain and 	
improved VSWR, the 3164-08 	
replaces former models 3164-04 
and 3164-07.

Features
Numerically modeled, the Model 
3164’s open boundary design is 
similar to two double-ridged wave-
guide antennas placed orthogonally 
to each other.  

With its highest gain in the 5.8 GHz
range, this antenna is ideal for 
WiMAX testing.  Additional 	

applications include UWB wireless 
testing (3 GHz - 10 GHz) and lower 
frequency testing (700 MHz - 		
3 GHz) for GSM, PCS, Wi-Fi, etc. 
applications.

The 3164-08’s compact design 
makes it ideal for use as both a 
tripod mounted or wall mounted 
antenna.

Should a wall mount be desired, an 
optional wall mounting plate can 
be ordered, and helps to maintain 
shielding integrity in the chamber.

Calibrated at 10 m per ANSI C63.5, 
the Model 3164-08 has actual An-
tenna Factors and a signed Certifi-
cate of Conformance included with 
the antenna.

Standard Configuration
l Antenna Including Mounting 		
	 Flange
l Individually Calibrated at 10 m 	
	 per ANSI C63.5-1988.  Actual	
	 antenna factors gain uncer-		
	 tainty values and a signed 		
	 Certificate of Calibration 		
	 Conformance included in	  	
	 manual.

OPTIONS
l Wall Mounting Plate

l	700 MHz - 10 GHz Frequency Range

l	E xcellent Gain Over Entire Range

l	 Low VSWR With Improved Gain

l	 Linear or Circular Polarization 
	 (With Hybrid)

l	 Compact Design

l	 Flexible Mounting Schemes
	 -- Standard Tripod Mounting Flange
	 -- Optional Wall Mounting Plate

l	 Maintains Shielding Integrity
	 When Wall Mounted With Optional 			 
	 Mounting Plate

Features:

ETS-Lindgren’s Model 3164-08 Quad-Ridged Horn

Model 3164-08
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www.ets-lindgren.com

Open Boundary
Quad-Ridged Horn

Wireless Antennas

Model 3164-08

Model 3164-08 Typical Cross Port Isolation

Model 3164-08 Typical VSWRModel 3164-08 Typical Antenna Gain

Physical Specifications
	 MODEL #	 HEIGHT	 WIDTH	 DEPTH	 WEIGHT	
		  (OVERALL)	 (OVERALL)	 (OVERALL)		

	 3164-08	 36.07	 cm	 36.07	 cm	 36.58	 cm	 5.1	 kg	 	 	
	 	 14.20	 in.	 14.20	 in.	 14.40	 in.	 11.4	 lb.	 	 	

Electrical Specifications
	 MODEL #	 FREQUENCY	 Cross-polarization	 impedence	co nnector			 
		r  ange	 isolation	 (normal)	 input power	

	 3164-08	 700 MHz - 10 GHz	 > 20 dB	 50 Ω	 SMA Female (2)
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Open Boundary
Quad-Ridged Horn

Wireless Antennas

Model 3164-08

Model 3164-08 Typical 700 MHz to 800 MHz Model 3164-08 Typical 900 MHz to 1.0 GHz

Model 3164-08 Typical 1.5 GHz to 2.0 GHz Model 3164-08 Typical 3.5 GHz to 4.0 GHz

Model 3164-08 Typical 7.5 GHz to 8.0 GHz Model 3164-08 Typical 9.5 GHz to 10 GHz
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