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With the rapid development of wireless communication systems, and the rise
of the age of internet of things (IoT), the requirements on communication systems
are increasing significantly. In fact, radio frequency (RF) front end systems will be
responsible for the communication needs of billions of devices by 2025. Therefore,
designers and researchers are seeking compact multi-functional transceiver sys-
tems that cater for the pressing wireless communication needs, while at the same
time preserving the respective standards’ requirements. The various transceiver
components including antenna elements must be compact, adaptive, tunable,
and at the same time high performing. Such requirements present a challenge for
antennas and RF designers worldwide.

Therefore, this dissertation discusses a holistic solution that designs a full
reconfigurable communication system for mobile and IoT devices. Such solution
starts with an analysis of the different switching techniques and their effects on an
antenna performance. More specifically, the impact of positive-intrinsic-negative
(PIN) diodes, Radio Frequency micro-electromechanical switch (RF MEMS), var-
actors and digital tunable capacitors (DTC) on an antenna’s gain, power dissi-
pated, radiation efficiency, linearity and switches’ biasing requirements are eval-
uated and compared. Such analysis allows antenna designers to always commit
to an informed decision on the reconfiguring components choice during the early
stages of the design process.

This analysis is first executed on a novel reconfigurable multiple input multiple
output (MIMO) printed inverted F antenna (PIFA) system. The PIFA elements
are reconfigured by relying on PIN diodes, RF MEMS, or varactors in order to
cover the needed frequencies of operation, as well as radiation requirements that
are necessary in mobile and compact terminals. In addition, the isolation between

vi



the antenna elements of the proposed MIMO system is also reconfigured by rely-
ing on a reconfigurable band reject filter that is incorporated in the ground plane
between the antenna elements. The reconfigurable frequency rejection achieved
by this band reject filter relies on the same switching mechanisms as the MIMO
PIFA elements. In addition, the isolation is reconfigured simultaneously as the
reconfiguration of the radiating elements. It is proven in this dissertation that the
proposed reconfigurable and dynamic isolation enhances the MIMO performance
of the proposed system far beyond the capabilities of a multi-band static isolation
filter. This technique’s concept is proven and can be extended to other MIMO
systems with a larger number of elements as expected and needed in modern
communication systems.

With MIMO systems that are integrated with a dynamic isolation potential,
this dissertation ventures into exploring additional reconfiguring components as
well as various types of antenna components. The reconfiguration mechanisms
investigated on the 2 element PIFA MIMO system are all analog switching mech-
anisms that regulate a direct current (DC) output to operate. While providing
tuning and antenna current reconfiguration, a digitally tunable capacitor (DTC)
relies on a 5-bit digital input to provide 32 states of antenna reconfiguration pos-
sibilities. Such technique can be integrated on the antenna structure or within
its feeding network. As a result, we explore the possibility of shifting this re-
configuration technique into the feeding line of an antenna in order to achieve
reconfiguration. A DTC based tunable filter is integrated within the feeding line
of a slot antenna in order to tune its operating frequency. The resulting filtenna
(filter+antenna) is now digitally tuned and can be easily software controlled.
Such technique enables an IoT antenna designer to propose digitally tunable
antennas for easier integration in a software defined or cognitive radio systems
within a MIMO environment. The digitally tuned filtenna is also compared with
a PIN diode or varactor tuned filtenna structures where digital tuning clearly
establishes a superior performance.

As a result of this analysis, it is proven that the choice of a reconfiguring
component directly impacts the antenna application environment within a MIMO
setting. For example, long distance communications require mobile devices to
exhibit a high radiation efficiency. Our analysis indicates that PIN diodes in
that case must be avoided, while varactors have displayed the highest possible
radiation efficiency at the expense of very high DC power consumption. A DTC
or an RF MEMS represent a compromise in that case, while keeping in mind
that DTC are digital with less needed DC biasing power. DTC can also be great
candidates for integration with more compact devices such as wearable smart
watches, or other small wearable accessories.

Taking this analysis to the next level and proving that it can be valid even with
very compact antenna structures as well as for much lower frequency operations
represents another challenge tackled in this dissertation. A three dimensional
volumetrically folded antenna structure is proposed as an element in a MIMO



system for operation within the white spaces of the TV bands (575 MHz and 760
MHz). Such antenna element must be very compact exhibiting miniaturization
ratios of 80% with radiation efficiencies that are between 40% and 62% can be
proposed for cognitive radio in areas that lack the needed infrastructure such
as rural areas, a distant refugee camp or in the aftermath of a disaster. It is
shown in this dissertation as a result of our analysis that RF MEMS are perfect
candidates for such structures. They enable the antenna to be viably operational
at such low UHF bands while at the same time preserving acceptable radiation
efficiencies.

All the proposed techniques have been implemented into antenna components
that are suitable for integration in a compact IoT device. Such antenna compo-
nent requires an RF transceiver that is the backbone of any communication sys-
tem. Hence, the last part of this dissertation tackles the design of a reconfigurable
transceiver system that can cater for the evolving need of a dynamic MIMO IoT
communication system. This reconfigurable transceiver is designed to operate
at tunable frequencies within the microwave range and for multiple modulation
schemes such as Quadrature Phase Shift Keying (QPSK) and Direct Sequence
Spread Spectrum (DSSS). The transceiver architecture is optimized to exhibit a
tunable response while minimizing noise and power requirements. As a result,
various components are tuned by relying on the same switching mechanisms im-
plemented within the antenna elements. Furthermore, the transceiver system
benefits from wideband components that tackle all the needed ranges of the mi-
crowave bands. Hence, this dissertation proposes a novel modern transceiver
architecture that benefits from both reconfigurable and wideband technologies
in order to provide the optimal solution for an IoT MIMO communication sys-
tem. The entire system along with the various antennas’ front ends have been
fabricated and measured to verify predicted and simulated results with great
agreement. In addition, it is verified that the complete proposed communication
systems verify the applicable standards as presented in the literature.

As a conclusion, this dissertation analyzes the impact of reconfigurable com-
ponents on the antennas and the full communication systems of any portable and
compact IoT terminal. In addition, recommendations are presented for future ex-
tensions of this work into a variety of applications and devices that cater for the
future of communication well within 5G and beyond.
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Chapter 1

Introduction

The number of connected devices is expected to increase significantly to reach
75.44 billions by 2025 [11], establishing the Internet of things (IoT) as a fact
of our reality and no longer a future vision. As a result, new challenges face
antenna and and radio frequency (RF) circuit designers. Hence a need for the
design of compact multi-functional transceiver systems arises in order to satisfy
the pressing wireless communication needs, while at the same time preserving the
respective standards’ requirements. The various transceiver components includ-
ing antenna elements must be compact, adaptive, tunable, and at the same time
high performing.

Proposed antenna designs that are able to operate at a multitude of fre-
quencies are defined as multiband antennas. Various techniques are used to
ensure this multiband performance such as truncation, folding, slots integration
and vias incorporation [12]. In addition, the integration of antenna systems in
portable devices necessitates that such antennas exhibit compact sizes without
compromising their radiation characteristics such as gain, radiation efficiency and
power radiated [13–18]. However, a trade off always exists between the multi-
band performance and antennas’ dimensions. Therefore, reconfigurable antennas
are presented as solution where a single antenna element operates at various fre-
quencies with a reduced landscape and with the same radiation characteristics.
Furthermore, reconfigurable antennas are also able to reconfigure their radiation
patterns, polarization or exhibit a combination of adaptive properties on demand
and based on the user’s request.

In fact, by definition, a reconfigurable antenna is an antenna that changes the
radiating fields of the antennas aperture [19]. It is based on a change in the current
distribution or the radiating edges. There exist different types of antennas’ recon-
figuration. An antenna that is able to change its polarization is called polarization
reconfigurable antenna; an antenna that changes its radiation pattern is called
a pattern reconfigurable antenna, and the antenna that changes its frequency of
operation is called frequency reconfigurable antenna [20]. Frequency reconfig-
urable antennas appear as a solution that can achieve more compact structures
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with a great performance especially in comparison to multiband antennas. Their
operation allows the change of their operational frequencies on demand, based on
the specifications of the needed applications. Reconfiguring antenna structures is
achieved through various means, where electrical switches constitute a dominant
choice [2, 21–34]. Examples of electrical switches are positive intrinsic negative
(PIN) diodes, varactors, radio frequency micro-electromechanical systems (RF
MEMS), or digital tunable capacitors (DTC) [2, 20–22]. However, choosing the
appropriate switching technique is always one of the main challenges facing an
antenna designer.

For antennas specifically purposed for integration within small portable de-
vices, additional miniaturization and size reduction are required. Several minia-
turized antennas have been proposed in literature for implementation in portable
devices for the internet of things [35–38]. However, designing a miniaturized
antenna comes with a cost on the antennas radiation efficiency. Furthermore,
modern IoT devices must be equipped with multiple connectivity options. New
wireless standards for Low Power Wide Area Networks (LPWAN), such as LoRa
or Sigfox, well match the low data-rate needed by IoT applications. In addi-
tion, GPS and Bluetooth are needed for localization and communication with
personal objects (e.g., mobile phones). To that extent, a compact reconfigurable
frequency operation that allows the IoT device’s antenna to communicate over
multiple bands is required. It is important to note here that a reconfigurable
antenna design must take into consideration the different characteristics of the
integrated reconfiguring component and its effect on the radiation performance
of the antenna itself.

Furthermore, and to fit within the IoT environment, reconfigurable antennas
are integrated in a Multiple input multiple output (MIMO) system in order to
increase the capacity and reduce the multipath effects. This method is essential
for efficient wireless communication applications and it is especially needed for
antenna integration into portable devices. Several MIMO antenna designs are
investigated and presented in literature [3–6,39–46] where various techniques are
proposed to improve the isolation between the different antenna elements. One of
the separation techniques that is used in [5] is based on introducing two stubs and
one slot in the partial ground plane. Orthogonality between elements has also
been used as a technique for better isolation [42]. However, with the enormous
increase in the number of connected devices, increased isolation is a need.

For any communication system that is terminated with an antenna element, an
RF transceiver is required. A full transceiver system is composed of a transmitter
and a receiver system that entail a multitude of cascaded of RF components and a
digital signal processing (DSP) unit [?]. Within the transmitter, the information
is modulated in the DSP part and then converted into a radio frequency wave in
the RF front end part in order to be transmitted by the antenna in free space.
At the receiver side, the antenna captures the RF signal; then, the RF front end
converts it back to its modulated form to be demodulated and extracted in the
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DSP part. A transmitter is composed of a filter, amplifier, up converter mixer,
power amplifier, and an antenna while a receiver starts with an antenna, followed
by a low noise amplifier, down converter mixer, filter and variable gain amplifier
. For a full transceiver system, the transmitter and the receiver are connected
to a single antenna through a duplex or a circulator. In order to achieve a
reconfigurable transceiver, all frequency dependent components are either wide
band to cover the entire band of operation or frequency reconfigurable. Having a
closer look on the components, reconfiguration must be applied to the filter and
antenna components, while the remaining components can remain wide band.

1.1 Thesis Objectives and Contributions

The dissertation objectives are divided into three main parts. The first objective
is based on analyzing different switching techniques and their effect on an an-
tenna performance. The second objective is based on implementing the analysis
findings and test its functionality by further designing reconfigurable antennas
under extreme miniaturization conditions. The last objective of this disserta-
tion tackles the design of a reconfigurable transceiver system that caters for the
evolving need of a dynamic MIMO IoT communication system.

The major contributions of this work reside in the following points:

1- Analysis of Analog Switching Techniques on a Novel MIMO PIFA
System

Objective 1: Analyzing MIMO PIFA Performance due to Different Analog Switches
Integration.
Objective 2: Implementing a Novel Reconfigurable Isolation Technique.

2- Analysis of Various Analog and Digital Switching Techniques on a
Novel Filtenna

Objective 3: Analyzing Filtenna Performance due To Different Switches Integra-
tion.

Objective 4: Increasing filtering ability of a signal by adding a filter into the
feeding line of the antenna.

Objective 5: Improving reconfiguration ability and reducing its effect through
the integration of a reconfiguring component within the feeding line of an antenna.

3- Validation of Analysis on Miniaturized Antenna Structures

Objective 6: Implementing the analysis finding and testing its functionality by
further designing reconfigurable antennas under extreme miniaturization condi-

3



tions.

Objective 7: Implementing Novel Reconfigurable Volumetric Miniaturization
Technique in order to ensure optimal size reduction within a limited landscape..

4- Design of a Novel Reconfigurable Transceiver

Objective 8: Assembling the transceiverr with the reconfigurable antennas and
test the performance of the full system under various reconfiguration techniques.

1.2 Organization of the Dissertation

The dissertation is organized as follows:
Chapter 2 presents a comprehensive literature review on existing ap-

proaches considering MIMO systems, miniaturized reconfigurable antennas, re-
configurable filtennas and reconfigurable transceivers for mobile systems and IoT
devices. For each section, the proposed approaches, objectives and contributions
are highlighted and compared. Finally, the main contributions of this dissertation
are compared to the literature.

Chapter 3 presents the analysis of different analog switching techniques
on a novel reconfigurable MIMO PIFA system. The PIFA elements are recon-
figured by relying on PIN diodes, RF MEMS, or varactors in order to cover the
needed frequencies of operation, as well as radiation requirements that are neces-
sary in mobile and compact terminals. In addition, this chapter discusses a novel
reconfigurable isolation technique between the antenna elements for the proposed
MIMO system. It is proven in this chapter that the proposed reconfigurable and
dynamic isolation enhances the MIMO performance of the proposed system far
beyond the capabilities of a multi-band static isolation filter. This technique’s
concept is verified and can be extended to other MIMO systems with a larger
number of elements as expected and needed in modern communication systems.

Chapter 4 highlights the possibility of shifting the reconfiguration tech-
niques into the feeding line of an antenna in order to reduce the effect of recon-
figuring components on the antenna performance. An additional digital switch is
investigated in order to study its impact on the antenna performance. Therefore,
this chapter discusses a novel DTC based tunable filter that is integrated within
the feeding line of a slot antenna in order to tune its operating frequency. The
resulting filtenna (filter+antenna) is digitally tuned and can be easily software
controlled. Such technique enables an IoT antenna designer to propose digitally
tunable antennas for easier integration in a software defined or cognitive radio
systems within a MIMO environment. The digitally tuned filtenna is also com-
pared with a PIN diode or varactor tuned filtenna structures where digital tuning
clearly establishes a superior performance.
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Chapter 5 illustrates the ability of this method to be applied in extreme
miniaturization techniques. A three dimensional multilayered folded antenna
structure is proposed as an element in a MIMO system for operation within the
white spaces of the TV bands (575 MHz and 760 MHz). Such an antenna element
must be very compact exhibiting miniaturization ratios of 80% with radiation
efficiencies that vary between 40% and 62%. This reconfigurable element can be
proposed for cognitive radio in areas that lack the needed infrastructure such as
rural areas, a distant refugee camp or in the aftermath of a disaster. It is shown
in this Chapter as a result of our analysis that RF MEMS are perfect candidates
for such structures. They enable the antenna to be viably operational at such low
UHF bands while at the same time preserving acceptable radiation efficiencies.

Chapter 6 shows the ability of the DTC to achieve reconfiguration in
addition to its tunability. A three dimensional volumetrically folded antenna
structure is proposed as an element in a MIMO system for operation at ISM
bands, GSM and LTE. Such an antenna element must be very compact exhibiting
miniaturization ratios of 84% with radiation efficiencies above 88%. It can be
proposed for IoT devices. It is shown in this Chapter as a result of our analysis
that DTC are perfect candidates for such structures.

Chapter 7 proposes a novel modern transceiver architecture that bene-
fits from both reconfigurable and wideband technologies in order to provide the
optimal solution for an IoT MIMO communication system. The assembly of
a reconfigurable transceiver system with a reconfigurable miniaturized antenna
completes this thesis with a full communication system that is suitable for IoT
integration.

Finally, Chapter 8 summarizes the main contributions of this disserta-
tion. Moreover, it identifies the state-of-art RF systems for shortcomings wireless
technologies and highlights the needs for enhancing design approaches in order to
facilitate the implementation of reconfigurable transceiver systems in upcoming
wireless networks.
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Chapter 2

Literature Review

2.1 Introduction

In this chapter, a general overview of the literature is presented. Such overview
discusses implemented concepts of reconfigurable antenna designs and MIMO sys-
tems for incorporation within miniaturized devices and mobile terminals. Minia-
turization techniques merged with reconfiguration mechanisms are presented and
analyzed. In addition, the implementation of a full transceiver system within a
communication device is also detailed in this chapter through available resources
in the literature.

2.2 Review of Previously Designed Reconfigurable

MIMO Antenna Systems

2.2.1 Reconfigurable Antennas

A frequency reconfigurable antenna design is presented in Fig 2.1. This antenna
requires three switches in order to configure its operation to reach the desired
frequencies. As a result, the authors resort to two PIN diodes in order to accom-
plish the required functionality. The switches are positioned as shown in Fig. 1.
The reflection coefficient of the antenna deign is presented in Fig 2.2 [1]. The
antenna operates at 700 MHz and 2.4 GHz when both switches are off. When
the switch S1 is OFF and the switch S2 is ON the antenna’s resonance shifts to
900 MHz and 2.1 GHz. When only S1 is ON the antenna resonates solely at 1.8
GHz. The antenna’s dimension are 1 ∗ 5 ∗ 125mm3.

Another example of a compact frequency reconfigurable antenna is presented
in [2]. A reconfigurable antenna is presented for internet of things application
as shown in Fig. 2.3 [2]. It operates at 700 MHz and 900 MHz for LTE and
GSM applications at its lower band, a middle band for DCS/PCS, UMTS, LTE
1800/2600 (MB); and high band for emerging 3.5 GHz standard (HB) as shown
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Figure 2.1: Reconfigurable Antenna Design [1]

Figure 2.2: Reflection Coefficient in dB [1]

in Fig.2.4. For reconfiguration, a digitally tunable capacitor (DTC) is used. The
radiation efficiency ranges between 40 and 60 % as presented in Fig. 2.5 [2]. The
antennas dimensions are 40 ∗ 10 ∗ 6mm3.

Figure 2.3: The reconfigurable antenna design [2]

2.2.2 MIMO Antenna Systems

Wideband 4x4 MIMO System

A four element MIMO antenna system is viewed in Fig 2.6. The antenna element
is a folded antenna design with 10 ∗ 10 ∗ 5mm3 dimensions. The antenna system
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Figure 2.4: The VSWR of the antenna design [2]

Figure 2.5: The radiation efficiency of the antenna for different capacitance value
[2]

has a wideband performance ranging from 1.84 GHz till 2.69 GHz. So, it can
cover the GSM1900, LTE2300 and LTE2500 systems for mobile terminals. Fig
2.7 represents the reflection coefficient of the antenna element. In the MIMO
system, the antennas are separated by 128 ∗ 58mm2 distance. The isolation
between the antenna elements is less than -14.5 dB over the entire operational
range and the correlation is maintained below 0.03.

Figure 2.6: The Four Folded MIMO Antenna System Design [3]

Frequency Reconfigurable MIMO System

A reconfigurable MIMO antenna system is introduced in Fig 2.8. The antenna
is of 1 ∗ 5 ∗ 125mm3 dimensions. Two pin diodes are integrated on the radiator
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Figure 2.7: The Reflection Coefficient in dB [3]

part to insure frequency operation over the desired band. When the switches S1
and S2 are ON, the antenna operates at 770 MHz. The antenna resonates at 850
MHz and 1.5 GHz when both switches are OFF as represented in Fig 2.9. The
MIMO system is implemented by separating two antenna elements by 260 mm
distance. The isolation between the elements is less than -20 dB over the entire
operational frequency. Also, the correlation coefficient is less than 0.07.

Figure 2.8: The MIMO Antenna System Design [4]

Figure 2.9: The Reflection Coefficient in dB [4]
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2.2.3 MIMO Antenna Systems with Enhancements
Techniques

T-shaped Isolation Enhancement Technique for Mobile MIMO System

A MIMO antenna is presented in Fig 2.10 for 770 MHz band operation for LTE
applications. A T-shaped common radiator is used between the two antenna
elements. This radiator allows the high isolation between the antenna elements
with lower separation distances. The antenna is meandered based with 5 ∗ 15 ∗
60mm3 dimensions. Such antenna operates at 770 MHz as presented in Fig
2.11. The antennas are separated by 27 mm distance that is equivalent to the
T- shaped common radiator width. The isolation is -19 dB with an envelope
correlation coefficient of 0.04.

Figure 2.10: The MIMO Antenna System Design [5]

Figure 2.11: The Reflection Coefficient in dB [5]

A Miniaturized Extremely Close-Spaced Four-Element Dual-Band MIMO
Antenna System

A miniaturized design of a four-element dual-band multiple-input-multiple-output
(MIMO) antenna system is shown n Fig. ??. The dual-band function is obtained
by etching an L slot in the radiating patch. The edge-to-edge elements spacing
is only 0.023λ . A decoupling structure consisting of cross-shaped metal strips
shorted to the ground plane using vias is first introduced. Then, metalized walls
are used to enhance the isolation level by realizing the pattern diversity. The
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measured resonant frequencies are centered at 3.5 and 5.7 GHz with bandwidths
of 58 and 43 MHz, peak gains of 2.7 and 2.85 dBi, and peak efficiencies of 63%
and 65%, respectively. A considerable measured mutual coupling reduction of
10.8 dB in the lower band and 15.6 dB in the upper band is realized. The overall
size of the design is 0.41λ ∗ 0.41λ ∗ 0.04λ with minimum isolation levels of 18.4
and 22.7 dB in the lower and upper bands, respectively. The envelope correlation
coefficient is lower than 0.08 across both operating bandwidths. The measured
results validate the good diversity performance of the MIMO system.

Figure 2.12: The Eight MIMO Antenna System Design [6]

Figure 2.13: The Reflection Coefficient in dB [6]

2.3 Review of Previously Designed Reconfigurable

Transceiver Systems

The design of a transceiver system and it implementation for a specific frequency
operation has been discussed extensively in the literature. For example, In [7], a
multistandard single band transceiver design is investigated. Fig. 2.14 shows the
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Figure 2.14: Multistandard transceiver Architecture [7]

Figure 2.15: Reconfigurable transceiver Architecture [8]

proposed transceiver architecture. Even though this transceiver targets several
standards; however, it has a direct conversion over a single frequency.

Another example in [8] presents a CMOS transceiver architecture that is ap-
plied over different frequency bands; however, it target only a single modulation
scheme. The architecture is presented in Fig. 2.15
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Chapter 3

An Isolation Enhanced MIMO
PIFA System with Multiple
Reconfiguration Techniques

3.1 Introduction

With the rapid development of wireless communication systems, and the rise of
the age of internet of things (IoT), the requirements on communication systems
is increasing significantly. In fact, RF front end systems will be responsible for
the communication needs of more than 75 billion devices in 2025 as reported
in [11]. Therefore, designers and researchers are seeking compact antenna sys-
tems that cater for the pressing wireless communication needs, while at the same
time preserve their radiation characteristics. With the addition of needed anten-
nas, a higher caliber of isolation will be required between the various elements.
On the other hand, reconfigurable antenna systems present a solution that mit-
igates strong signal interference and can cope with the changing environmental
conditions. Reducing the size of these antennas and their integration as part of
dynamic MIMO systems can present a very well needed solution. Reconfiguring
the antenna operation allows the antenna to dynamically alter its topology on de-
mand to satisfy users needs. In reality, reconfiguration of an antenna is achieved
by changing the antennas current distribution or its radiating edges. Such change
results in a reconfiguration in the operating frequency, radiation pattern, or po-
larization scheme. Electrical switches, mechanical actuators and other techniques
can be considered to achieve such redistribution [2, 19–21,23,47–50].

Electrical switches are the most popular components that can be incorporated
on antenna structures to achieve reconfiguration [2, 19–21, 47–50]. Examples of
electrical switches are PIN diodes [20, 47–49], varactors [50], or RF-MEMS [21].
Integrating a reconfigurable antenna within a MIMO system, contributes by an
added agility to the MIMO system in addition to the improved functionality. In
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reality, a MIMO system implementation increases the capacity of the channel and
reduces the multipath effects [39]. A major challenge to MIMO antenna systems
is ensuring a high level of isolation between the various radiating elements. Such
isolation is instrumental in a communication system that relies on a multitude of
antenna components to satisfy the needs of a rich communication environment.
Several MIMO antenna designs are investigated and presented in literature [39]
where various techniques are proposed to improve the isolation between the dif-
ferent antenna elements. One of the techniques used in [39] is the incorporation
of two stubs and one slot in the partial ground plane. Varying the distance of
separation between the MIMO elements is also used as a technique for isolation
improvement. In addition, orthogonal or out of plane positioning of the antenna
elements contribute to the improvement of isolation levels [39].

Hence, the work presented in this chapter introduces a new reconfigurable
two-element MIMO system with an enhanced isolation. The antenna elements
composing the MIMO system are based on PIFA topologies. The PIFA elements
are first reconfigured by relying on PIN diodes, RF MEMS, or varactors in order
to cover all the needed frequencies of operation over mobile and compact termi-
nals. Enhancing the isolation between the antenna elements is achieved by simul-
taneously reconfiguring a ground-integrated-band-reject filter between the PIFA
components. The reconfiguration of this new compact dynamic band-reject filter
enhances isolation between the elements further beyond a static multiband reject
filter [51]. Such reconfiguration exhibits the advantage of providing a dynamic
isolation that is far more improved and depends on the users communication
needs.

This chapter tackles the analysis of the various reconfiguration techniques’
effects on the PIFA radiation characteristics. More specifically, the impact of
PIN diodes, RF-MEMS, and varactors on the gain, power dissipated, radiation
efficiency, linearity and biasing requirements are evaluated and compared. Such
analysis allows antenna designers to always commit to an informed decision on the
reconfiguring components choice. Another aspect is the integration of a reconfig-
urable band reject filter in the ground plane of a reconfigurable MIMO PIFA. The
band reject filter is reconfigured by relying on the same reconfiguration technique
implemented within the radiating elements. Thus, for every reconfiguration state
of the filter, the radiating elements operate at the same frequencies of interest.
The band rejection of the filter is coordinated and reconfigured at the same in-
stance as the radiating elements. Such performance of the whole system achieves
a reconfigurable isolation that in turns enhances the overall MIMO performance.
Novelty can also be identified in the compact MIMO implementation where the
two antenna elements are integrated in close proximity and still meet the rigid
MIMO criteria. This is due to the fact that the band reject filter exhibits the
same slot topology as that of the radiating elements.

Section 3.2 of this chapter discusses the reconfigurable PIFA structure that
is reconfigured using either PIN diodes, RF-MEMs or varactors. Section 3.3
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presents a detailed analysis and a comparative study between the different re-
configurable structures and their effects on the systems performance. Section 3.4
presents the MIMO system that includes a reconfigurable isolating band reject
filter within its ground plane. In addition, Section 3.4 details the improvement
in isolation between the radiating elements and the impact of the various re-
configuration techniques on the MIMO performance. Section 3.5 concludes the
chapter.

3.2 PIFA ANTENNA DESIGN USING

DIFFERENT RECONFIGURABLE

COMPONENTS

3.2.1 PIFA Antenna Design using PIN Diode

The proposed PIFA structure is composed of a rectangular patch with dimensions
of 25 ∗ 15mm2. The patch is based on Rogers Duroid 5880 substrate with a
dielectric constant of 2.2 and a thickness of 1.6 mm. The substrate is suspended
away from the ground plane by 4.4 mm. The antennas ground plane plane is
taken to represent the size of a typical mobile phone and is considered to have an
overall dimension of 105 ∗ 70mm2 as shown in Fig.3.1. A shorting sheet of width
3.5 mm is incorporated at a distance of 2 mm from the feeding point as shown
in Fig. 3.1. The patch and shorting sheet are designed such that the sum of the
length and width of the patch subtracted by the shorting sheet width is equal to
34.5mm (λ/4 at 1.8 GHz) [15].

One capacitive slot is etched from the rectangular patch that has the length
of λ2 at 900 MHz. The slots topology has an almost rectangular spiral shape as
shown in Fig. 3.1. Such topology ensures better compactness for the antennas
radiating surface. Two switches (S1, S2) are mounted on the slot at strategic
optimized locations to achieve the required frequency reconfiguration. The first
incorporated switches in this work are SMP 1320-079LF PIN diodes [52]. The
different switches states allow the variation of the slots length and hence enables
the antenna to reconfigure its frequency operation. The pin diodes can be biased
separately due to the etching of a DC isolation gap that is shown in Fig. 3.1.
Two 110 nH L-07WR11KV4T [53] RF chokes are introduced through vias at
optimized locations to connect the pin diodes to the direct current (DC) power
supply. The RF chokes are chosen such that their Self Resonance Frequency is
11 GHz that is outside the operation range of the antenna design. They prevent
RF leakage from the antenna towards the DC biasing circuit. The location of the
RF chokes as well as the shorting pins are studied to minimize their impact and
thus are connected through vias as indicated in Fig. 3.1. The integrated switches
get their connections to the ground plane through the shorting sheet of the PIFA
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Figure 3.1: Reconfigurable PIFA structure along with its fabricated prototype
(a) 3D view, (b) side view, (c) detailed dimensions, and (d) fabricated prototype

structure. The fabricated prototype of the single element reconfigurable PIFA is
presented in Fig. 3.1.

Fig. 3.3 shows the comparison between the measured and simulated reflection
coefficient of the reconfigurable design for different combinations of the PIN di-
does states. The antenna is able to cover the following frequencies (770 MHz, 900
MHz, 1.54 GHz, 1.8 GHz, 2.1 GHz and 2.4 GHz) for different modes of operation
of the two integrated switches. These frequencies allow the antenna to operate
at various wireless communication applications such as LTE, GSM, GPS, 3G and
Wi-Fi. Fig. 3.3 represent the comparison between the measured and simulated
radiation patterns at 2.1 GHz when the PIN diode switch S1 is ON and 1.8 GHz
when the PIN diode switch S2 is ON. The antennas simulated and measured
maximum realized gain for various configurations and various frequencies as well
as the antennas radiation efficiency along with the RF power dissipated at the
various operating frequencies are presented in Table 3.2.1. The antenna operating
bandwidth for each band is also summarized in Table 3.2.1.
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Figure 3.2: The simulated and measured reflection coefficient in dB for different
switches configurations using pin diodes

Figure 3.3: The simulated and measured radiation pattern of the reconfigurable
PIFA for φ = 90o at (a) 1.8 GHz when S2 is ON, (b) 2.1 GHz when S1 is ON,
(c) 900 MHZ when M1 is ON, (d) 1.8 GHz when M2 is ON, (e) 900 MHz when
the varactor has an equivalent capacitance of 0.94pF and (f) 1.8 GHz when the
varactor has an equivalent capacitance of 0.74 pF

Figure 3.4: The reconfigurable PIFA structure (a) using RF-MEMS and (b) using
varactor
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Table 3.1: The Operating frequencies for various switches configurations along
with the corresponding maximum gains, radiation efficiencies and RF power dis-
sipated for pin diodes

3.2.2 PIFA Antenna Design using RF MEMS

In order to investigate and study the effect of the reconfiguring component on
the performance of the reconfigurable antenna, the same antenna structure is
re-designed using RF-MEMS. The antenna is integrated into the simulation en-
vironment with RF-MEMS instead of PIN diodes, where the locations of the
switches remain the same. The fabricated prototype is shown in Fig. 3.4. Two
ADG901 MEMS [54] along with their respective biasing networks and a shorting
sheet are integrated within the antenna to ensure a successful frequency reconfig-
urable operation. This switch is an eight-pin analog device. Its pin configuration
is shown in Fig. 3.4. The RF supply pin 1 (RF1) and the DC supply pin (VDD)
are connected to the inner side of the antenna. This side of the antenna is
connected to 110 nH L-07WR11KV4T [53] through vias. Inductors are used to
prevent the leakage of the RF signal back to the DC power source. The ground
(GND) pins and the RF2 pin are connected to the outer side of the antenna.
The CTRL pin is connected to VDD when the RF-MEMS is operating in the ON
state. When the RF-MEMS is OFF, it is connected to GND.

Two RF-MEMS can guarantee four states of operation. Similar to the case
of pin diodes, three states are sufficient to achieve the required bands of opera-
tion (770 MHz, 900 MHz, 1.54 GHz, 1.8 GHz, 2.1 GHz and 2.4 GHz). Fig. 4.5
shows the comparison of the reflection coefficient results between the simulation
and measurement for the various states of the switches. A good agreement is ob-
served between both sets of results. The reflection coefficients for RF-MEMS have
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Figure 3.5: The simulated and measured reflection coefficient in dB for the dif-
ferent biasing of the RF MEMS
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Table 3.2: Operation frequencies for various switches configurations along with
corresponding maximum gains, radiation efficiencies and RF power dissipated for
RF MEMS

Table 3.3: Operation frequencies for various switches configurations along with
corresponding maximum gains, radiation efficiencies and RF power dissipated for
varactors
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smaller magnitudes than the ones for pin diodes configurations. This is due to the
different capacitance and resistance values of the switches. The simulated and
measured maximum realized gains and radiation efficiency at the various frequen-
cies of operation are displayed in Table 2. This table also includes the operating
bandwidth and RF power dissipated for various states of the two RF-MEMs. The
measured gain levels range from 0.2 dB to 4.3 dB for various frequencies at dif-
ferent configurations. The variation is due to the different current distributions
at various frequencies. It can be noticed that the radiation efficiency and the RF
power dissipated in this case are better than that of pin diodes. The comparison
between measured and simulated radiation patterns at 900 MHz and 1.8 GHz are
shown in Fig. 3.3.

3.2.3 Varactor based Reconfigurable PIFA Design

Designing a reconfigurable antenna using varactors forces the designer to consider
their tunable capacitance. Implementing such components on a reconfigurable
PIFA instead of PIN diodes or RF-MEMS adds tuning ability to the antenna
design and alters its performance. In reality, the tunable capacitance value also
leads to frequency tuning and can provide reconfiguration to the antenna design.
After analysis, it is found that the required reconfigurable antenna functionality
can be achieved with only one varactor and one resistor. Hence, the number of
switching components can be reduced, which impacts the biasing requirements
as well. The antenna structure shown in Fig. 3.4 relies on the SMV1247-079LF
varactor [55]. Its capacitance changes from 8.86 pF to 0.64 pF with a varying
input voltage. This variable capacitance enables frequency tuning and allows
the antenna to cover the required bands. A comparison between the simulated
and measured reflection coefficients is shown in Fig. 3.6. Table 3 represents the
bandwidths covered upon tuning the capacitance values of the varactor. Also,
Table 3 presents the measured and simulated peak gain values of the PIFA for
the different operating frequencies. The gain ranges between 1.1 dB and 4.5 dB.
Good performance is observed for the various states of the varactor. In addition,
Table 3 shows the radiation efficiency and RF power dissipated in the antenna
design for various varactor capacitances. It is noticed that by relying on a varac-
tor, the antenna tunes its operational bandwidths and thus covers all the required
uplink/downlink channels for the desired applications. This performance advan-
tage lacks from the case of integrated PIN diodes and RF MEMS. In addition,
the radiation efficiency of the antenna and the RF power dissipated in this case
is better than that of pin diodes and RF MEMS. The radiation patterns at 900
MHz when the varactor has an equivalent capacitance of 0.94 pF and 1.8 GHz
when the varactor has an equivalent capacitance of 0.74 pF are presented in Fig.
3.3 where good agreement is achieved between the simulation and measurement.
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Figure 3.6: The simulated and measured reflection coefficient in dB for different
biasing voltage of the varactor
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3.3 Impact of Switches’ Integration on The De-

sign and Characteristics of the Reconfigurable

PIFA

The choice of the reconfiguring component to be integrated within the antenna
structure impacts the performance of the antenna and its radiation characteris-
tics. It also impacts the design process of the antenna itself as discussed in the
previous sections. In this section, the effects of the various integrated switches
onto the design and performance of the presented reconfigurable PIFA is detailed.

3.3.1 Number of switches

In this PIFA design, two PIN diodes and two RF MEMS are needed to achieve the
desired operation at the needed wireless communication applications. However,
only one varactor is sufficient to reach the desired frequencies.

3.3.2 Biasing

The three types of switches analyzed in this chapter require analog input power
for biasing. For the PIN diode to operate in the ON state, it requires a voltage
of 1 volt with a 10-mA current resulting in 10 mWatt DC input power. The used
RF-MEMS require 2.2 volts with 78 mA current and thus 171 mWatt DC input
power. However, in the case of varactors the voltage needed reaches 8 V and thus
250 mW dissipated power. Therefore, the reconfiguring component requiring less
DC input power is the PIN diode, followed by RF-MEMS, then varactors.

3.3.3 RF Power Dissipated

The RF power dissipated represents the ohmic losses due to switches and other
ohmic factors such as dielectric losses. This power is defined as the difference
between the power radiated divided by the gain and the power accepted as shown
in Eq. 3.1. The accepted power is the difference between the incident power and
the reflected one as shown in Eq. 3.2.

Pd = (P r/G)− Pa Eq.3.1

Pa = (1− |S11|2)Pi Eq.3.2

The RF power dissipated is calculated for different switches at various config-
urations. Since, the dielectric losses are constant for all frequencies, the variation
in the power dissipated is due to the capacitance and resistance variation in the
switches. In the case of a pin diode, the power dissipated ranges between 4.3 dBm
and 12.8 dBm. For the RF-MEMS, the power dissipated values vary between 2.3
dBm and 7 dBm. In the case of varactors, the power varies between 0.06 dBm
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and 1.16 dBm. Since the power dissipated represents the ohmic losses, the switch
that exhibits the lowest power consumption is the varactor in this case.

3.3.4 Radiation Efficiency

The radiation efficiency of an antenna is related to how much power can an
antenna radiate with respect to a certain accepted power as shown in Eq. 3.3 [45].
In order to have fair comparison between different switches and over various
frequencies, the radiation efficiency is recalculated in order to eliminate the effect
of the reflection coefficient on the radiation efficiency. This is accomplished by
considering a constant accepted power for the various operational frequencies.
Power accepted is defined to be the input power considering the power reflected.
The radiation efficiency of the antenna is measured for different switches as shown
in Table 4. It is apparent that the PIN diode reconfigured PIFA displays a lower
efficiency in comparison to RF MEMS and varactors reconfigured PIFAs. The
radiation efficiencies when the PIN diode is integrated ranges between 44% and
18%, for RF MEMS the radiation efficiencies vary between 94% and 67%, for
the varactor integrated in this antenna structure the radiation efficiencies vary
between 97% and 80%.

Table 3.4: The radiation efficiency for various switches

Re = Pr/Pa Eq.3.3

3.3.5 Non-Linearity

A Pin diode is a semiconductor switch that has a nonlinear Current-Voltage curve
as clearly illustrated in [56]. When such a switch is integrated into an antenna
structure, this nonlinearity effect leads to low radiation efficiency and less radiated
power in comparison with RF-MEMS and varactors. On the other hand, an RF-
MEMS is an electromechanical switch that relies on a mechanical movement.
It operates as a relay that closes when subjected to a voltage and opens when
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connected to the ground. Therefore, RF-MEMS has a linear I-V performance as
shown in [57] and this leads to a higher radiation efficiency, when integrated in an
antenna structure. Moreover, a varactor is a semiconductor diode that relies on
increasing its capacitance value by increasing the depletion region. The depletion
region increases when reverse voltage is applied. The variation of the capacitance
values occurs with respect to the reverse bias. Since the varactor requires reverse
voltage, the current will be near zero for all voltage values. Therefore, a varactor
has a linear I-V function as shown in [56] that can lead to a higher radiation
efficiency when integrated in an antenna structure.

3.3.6 Reliability

The mechanism governing the operation of PIN diodes and varactors is based
on the high-level injection of electrons. Therefore, when PIN diodes or varac-
tors are used as switches in antennas, they offer a higher reliability, better me-
chanical ruggedness, and faster switching speed than electro-mechanical designs.
Skyworks application notes [58, 59] proves the high reliability of pin diodes and
varactors. However, a lot of studies are held in order to also address the reliabil-
ity of RF MEMS [60]. The main reason behind an RF MEMS reliability concern
is due to the friction effects between the metal to metal (resistive switches) or
metal to insulator contacts (capacitive case) [55].

3.3.7 Bandwidth

Bandwidth is an important criterion to measure in an antenna design performance
appraisal. As shown in Table 5, for pin diodes, the antenna is able to cover only
the uplink or downlink channels of the design. For the case of RF MEMS, the
antenna can cover the uplink and some of the downlink channels. However, for
the case of varactors, the tunable performance allows the operation over a larger
bandwidth and thus enables covering all the uplink and downlink channels for all
desired applications.

3.4 MIMO Implementation of The Reconfigurable

PIFA System

The reconfigurable PIFA design presented in section 3.3 is now proposed for in-
tegration as part of a two element MIMO system. Such MIMO implementation
is instrumental in ensuring the appropriate performance needed from the com-
munication devices in a heavily loaded and connected environment. The MIMO
system will be evaluated using the three reconfiguration techniques.
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Table 3.5: Bandwidth comparison between different switches

3.4.1 MIMO System Evaluation Basics

In order to verify that a MIMO configuration is successfully implemented and
can be integrated into a mobile device, certain parameters must be verified. The
first parameter that must be studied is the envelope correlation coefficient. It
is a measure of the dependency of the radiation patterns of the various antenna
elements in a MIMO system on each other [39]. It can be represented as shown
in Eq. 3.4.
ρe =

∫
|(F1).(F

∗
2 )dΩ|2/(

√
(
∫
|F1|2dΩ)

√
(
∫
|F2|2dΩ)) Eq.3.4

In Eq. 3.4, F1 and F2 represent the radiation patterns of both antennas [39].
The MIMO system performance can be evaluated as acceptable if the envelope
correlation coefficient of the antenna system is less than 0.5 at the desired oper-
ational frequencies. The second parameter that must be checked is the isolation.
It evaluates the coupling that exists between the various antenna ports. For a
well-designed MIMO system, the isolation must remain less than -15dB. The to-
tal active reflection coefficient is also a significant MIMO parameter that must
be verified. The active reflection coefficient of the antenna elements measures
the reflected power from the total incident power while taking into consideration
the coupling that exists between the various antenna elements as shown in Eq.
3.5 [45].

Γta =
√

(
∑N

(i=1) |bi|2)/
√

(
∑N

(i=1) |ai|2) Eq. 3.5

The various a and b represent the incident and reflected signals respectively
at the various ports [39]. For an acceptable MIMO performance, the total active
reflection coefficient must remain less than -10 dB at the operating frequencies for
a typical antenna and less than -6dB for antennas that are proposed for mobile
devices [39]. The mean effective gain (MEG) must also be verified for a complete
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MIMO analysis. MEG is a statistical measure of the antenna gain in a mobile
environment. It is defined by the ratio between the mean received power of the
antenna and the total mean incident power when moving the antenna over a ran-
dom route [39]. It can be expressed mathematically as shown in Eq. 3.6.

MEG =
∫

(XPR/(1 +XPR)Gθ(θ, φ) ∗ Pθ(θ, φ)+
1/(1 +XPR)Gφ(θ, φ)Pφ(θ, φ))sinθdθdφ Eq. 3.6

In Eq. 3.6, XPR is the cross-polarization power ratio, and P P are the theta
and phi components of the normalized angular power density functions of the
incoming plane waves [39]. These waves are presented in this work by Gaussian
distribution [45] in an indoor and outdoor environment. In order to verify that
a MIMO system is suitable for implementation, the ratio between the MEGs for
the two antenna elements must be close to one, i.e. MEG1/MEG21.

The final parameter that will be considered for MIMO analysis is the diver-
sity gain (DG). It represents the true benefit of the diversity scheme towards a
single-antenna system. It is defined to be the difference between the signal to
noise ratio (SNR) of the combined signals of all the radiators of a multi-antenna
system and the SNR of the best single antenna of the structure as presented in
Eq. 3.7.
DG = [SNRcombined −MAX(SNRbarnchi)] Eq.3.7

3.4.2 Design of a reconfigurable MIMO PIFA system with
a multiband reject filter for isolation enhancement

The MIMO system topology is composed of two reconfigurable PIFA elements
that are positioned perpendicular to each other. The reconfigurable antenna
elements are separated by a distance of 29 mm as indicated in Fig. 3.7. A band
reject filter is integrated between the two antenna elements within the shared
ground plane. The filter is designed to serve as a compact defected ground plane
structure in order to reduce the coupling between the antenna elements. The filter
is composed of six nested capacitive slots that are incorporated into the ground
plane of the entire antenna system. It is a λ/2 open stub filter that can be
repurposed to act as a band reject filter as discussed in [61]. The transformation
of the stub into a λ/2 slot etched from the ground plane of a radiating structure
is based on Babinets principle [61]. Such principle states that a slot etched from a
copper surface acts as a copper sheet of the same dimensions placed in free space.
After such transformation occurs, the slot etched from the ground plane behaves
as a mean to reject undesired bands and thus, accomplishes the performance of
a band reject filter for isolation enhancement in the MIMO system.

The length of each of the six nested slots is carefully taken to correspond to
half wavelength at the various operating frequencies of the reconfigurable PIFA
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Figure 3.7: Implementation of MIMO reconfigurable antenna prototype (a) using
pin didoes and multiband reject slots, (b) using varactors and reconfigurable
varactor-based band reject, (c) using RF-MEMS and (d) using pin diode

Figure 3.8: The comparison in isolation values between the various operating
frequencies at the different elements configurations
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discussed previously. The integration of these slots in the ground plane between
the antenna elements allows them to band reject their various resonant frequen-
cies. Thus, these slots act as a multi-band reject filter and improve the isolation
levels between the two elements of the whole MIMO system. The isolation im-
provement at the various frequencies of operation is shown in Fig. 3.8. This
graph compares the isolation between the antenna elements with and without
the presence of the different nested slots. It is shown that the isolation is clearly
improved at the frequencies 770 MHz, 900 MHz and 2.66 GHz while no improve-
ment is noticed at 1.8 GHz. This lack of improvement at 1.8 GHz is an indicator
that the band reject filter design must be improved in order to ensure isolation
improvement at all frequencies of interest. In the next section, the reconfigu-
ration of the band reject filter is proposed alongside the reconfigurable antenna
elements to improve the isolation at all the desired frequencies of

3.4.3 Reconfiguration using Varactors

In this section, the nested slots filter is reconfigured in order to reject and improve
the isolation in accordance with the reconfigurable antenna elements operation.
The reconfigurable band reject filter is composed of three layers as shown in Fig.
3.9.The first layer is a 50 Ω transmission line of 70 mm length. The second layer
is a Rogers substrate RO5880 of 1.6 mm thickness and 2.2 dielectric constant.
The third layer is the ground plane where a rectangular spiral slot is etched.
The spiral slot is centered below the 50 Ω transmission line. The spiral shape
of the slot is intentional in order to reduce the needed landscape and achieve a
more compact design. Several current paths can be achieved within the spiral
slot structure as highlighted in Fig. 3.9. Each path corresponds to half wave-
length at a frequency of interest in order to achieve the needed band rejection.
The first path represents a lambda/2 stub at 900 MHz. The second and third
paths corresponds to lambda/2 slots at 2.1 GHz and 2.4 GHz respectively. These
paths can be represented by second order LC equivalent circuits as shown in
Fig. 3.9. The inductance and capacitance values depend on the slot impedance
and the frequency bands. The values can be calculated according to Eq. 8 and
9 [61]. Table 6 represents the inductance and capacitance values of the proposed
equivalent circuit. The detailed dimensions of the slots are shown in Fig. 3.9.
The overall design dimension of the filters substrate is 70x30mm2. Fig. 3.10
shows the transmission and reflection coefficients of the proposed LC equivalent
circuit along with the proposed filter design. Both data sets exhibit the same
band reject frequencies at 900 MHz, 2.1 GHz and 2.4 GHz. Such results prove
that the equivalent circuit model represents closely the proposed filter design.
operation. Reconfiguring the performance of the proposed band reject filter can
be achieved by integrating a varactor and a resistor at specific locations along the
slot. Their positions are chosen such that the effective length of the slot along
with the equivalent effect of the varactor result in a band reject behavior at the
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Figure 3.9: (a) The filter prototype, (b) the current paths before the addition
of any active component, (c) the equivalent LC circuit model of the presented
filter, (d) detailed dimensions of the various slots along with the location of the
integrated varactor and resistor

desired frequency bands.
L = (Zo(f2 − f1))/(f1f2) Eq. 3.8

C = 1/(4Zo(f2 − f1)) Eq. 3.9
Where Zo = lineimpedance; f1 = lowercutofffrequency;

f2 = uppercutofffrequency.

Table 3.6: The inductance and capacitance values for the three current paths

The reconfigurable filter topology along with the integrated varactor and re-
sistor is shown in Fig. 3.9. By varying the biasing voltage that is supplied
to the integrated varactor, a reconfigurable band rejection is achieved over dif-
ferent communication frequencies. These frequencies are 900 MHz, 1.54 GHz,
1.8 GHz, 2.1 GHz, and 2.4 GHz accordingly. The presented filter relies on the
SMV1247-079LF varactor [55]. Its capacitance changes from 8.86 pF to 0.64 pF
with a varying input voltage from 0V to 8 V. Mainly, by biasing the varactor
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Figure 3.10: Comparison between the transmission and reflection coefficients of
the proposed LC equivalent circuit and the filter 3D structure

Figure 3.11: (a) The front side and (b) bottom side of the reconfigurable band
reject filter structure

with different voltages, the corresponding current path changes depending on the
capacitance variation. This enables the band rejection of the filter to occur at
multiple desired frequencies. Similar LC equivalent circuit models can be derived
for the reconfigurable filter by considering the electrical model of the integrated
varactor. Fig. 3.11 shows the fabricated reconfigurable band reject filter. Two
110 nH RF choke are introduced to connect the varactor to the DC power supply
as shown in the fabricated prototype in Fig. 3.11. The RF chokes prevent any RF
leakage from the filter towards the DC biasing circuit through the two embedded
vias. Fig. 3.11 shows the integration of the varactor and the resistor along the
slots in the ground plane of the filter. The effect of varying the varactors capac-
itance on the transmission coefficient of the filter is shown in Fig. 3.12 for the
span of frequency from 0.8 GHz - 1 GHz while Fig. 3.12 is dedicated for the 1.5
GHz - 2.5 GHz range. The filter is able to tune its band reject behavior based
on the capacitance of the varactor. It is important to note that the reflection
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Figure 3.12: The variation of the transmission coefficient in dB for different
varactor capacitance

coefficient at each corresponding band reject frequency is maintained as close as
possible to 0 dB. Fig. 3.7 shows the MIMO system with the varactor integration
on the band reject filter and the antenna elements. Tables 7(c) and 8(c) present
the envelope correlation coefficient and the MEG calculation. The isolation im-
provement is represented in Fig. 3.8. As seen, the MIMO system criteria is met
since the correlation coefficient is less than 0.5, the isolation is bigger than 15
dB and all the MEG ratios are around one. Fig. 3.13 shows the active reflection
coefficient of the MIMO system. The diversity gain DG is found to be around 10
dB for the various varactors configurations.

3.4.4 MIMO Implementation using PIN diodes

The band reject filter in this case is reconfigured using two PIN diode switches as
shown in Fig. 3.7, similarly to the two antenna elements. The MIMO performance
evaluation in terms of envelope correlation coefficients are shown in Table 7(a).
It is clear that this MIMO system meets the isolation and correlation coefficient
requirements where all correlation coefficients are less than 0.5 and the isolation
is maintained below -15 dB for all operational frequencies as shown in Fig. 3.8.
The MEG results are presented in Table 8(a), where the MEG ratio is maintained
at approximately 1 for all frequencies of interest. Fig. 3.13 represents the active
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Table 3.7: The correlation coefficient for the MIMO system with (a) pin diode
integration, (b) RF-MEMS and (c) varactors

reflection coefficient for all switches configurations. The results indicate that the
antennas in the MIMO system are fully functional at the required frequencies.
Fig.3.14 shows the DG that is equal to 10 dB when only S1 is ON. The DG varies
between 10 dB and 10.5 dB for other switches configurations. This highlights the
benefit of the diversity scheme towards a single-antenna system.

3.4.5 MIMO Implementation using RF MEMS

In this part, the same MIMO system is implemented where pin diodes are replaced
by RF-MEMS. Fig. 3.7 represents the RF-MEMS based MIMO system prototype.
The band reject filter in the ground is now reconfigurable using two RF-MEMS.
The improvemnet in the isolation is included in Fig. 3.8. Table 7(b) shows the
envelope correlation coefficient results for different switch configurations. Similar
to pin diodes, the correlation coefficient and the isolation show good results. The
MEG results are presented in Table 8(b). Fig. 3.13 represents the active reflection
coefficient of the different configurations. The diversity gains ranges between 10
dB and 11 dB for various switches configurations. These results validate that an
RF-MEMS based reconfigurable antenna system satisfies the MIMO requirements
under various conditions.

3.4.6 Impact of Switches on MIMO System Performance

Analyzing the performance of the MIMO system in function of the reconfiguration
technique implemented reveals several factors that can push an antenna designer
in one direction or the other, especially when it comes to future mobile devices
in an IoT era. It is found that the proposed reconfigurable PIFA based MIMO
system with varactors display lower envelope correlation coefficient and a higher
isolation than that of RF-MEMS and pin diodes. In fact, such enhanced isolation
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Figure 3.13: The active reflection coefficient for the various configurations of the
MIMO system with (a) pin diode integration, (b) RF-MEMS integration and (c)
varactor integration
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Table 3.8: The MEG ratios for the two antenna elements of MIMO system with
(a) the pin diode integration, (b) RF-MEMS inegration and (c) varactor integra-
tion

Figure 3.14: The diversity gain when S1 is ON and S2 is OFF at 2.1 GHz

performance presents the MIMO antenna system as a robust component that is
suitable for integration in a system where multiple antenna components must
co-exist within a limited landscape. Such scenario, realistically existing to sat-
isfy the rising needs of communication, benefits from the reconfigurable isolation
performance to enhance its operation. In addition, the choice of a reconfigura-
tion technique to be implemented within the system can be a determining factor
and impactful on the successful implementation of such a system in a practical
scenario.

One must also note that the difference in the MIMO systems performance
is also due to the difference in the single antenna elements characteristics. The
number of switches in the varactor-based reconfigurable MIMO system is a total
of three (one per antenna element and one for the isolating filter) rather than six
(two for each antenna element and two for the isolating filter) as in the case of RF-
MEMS and pin diodes. Table 9 summarizes the comparative analysis executed
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Table 3.9: Comparative Analysis between pin diodes, MEMS and varactors

in this chapter.
It can be concluded that no switch can have an ideal no effect on the an-

tenna performance, and hence the MIMO behavior. In other words, no switch is
flawless. The switch choice is dependent on the designers constraints. Thus, the
determination of the type of switch needed at the earlier stages of the design is a
necessity, whose importance increases with the increase of the number of required
antenna elements in a mobile communicating terminal. However, as shown in Fig.
3.8, reconfigurable isolation enhances the performance of the MIMO system itself
and improves its ability to better mitigate interference.

3.5 Discussion

Modern wireless communications need urge antenna designers for efficient, intel-
ligent and compact RF front ends. These systems must be integrated in portable
devices while being able to cater for many operational requirements that are dy-
namic and continuously change on demand. Therefore, in this chapter a novel
reconfigurable two element MIMO PIFA antenna system is analyzed with mul-
tiple switching components. The MIMO system operates at a multitude of fre-
quency operation, corresponding to a desired set of communication application.
In addition, the proposed MIMO system reconfigures band rejection between the
radiating elements in order to enhance isolation. The impact of reconfiguring
components on the systems performance and requirements is detailed. The sys-
tem is analyzed, simulated and measured when PIN diodes, RF MEMS, and
varactors are incorporated for reconfiguration purposes. Conclusions are drawn
onto the effect and impact of switch reconfigurable MIMO PIFA systems integra-
tion in a mobile or potable device while taking into consideration various design
constraints.
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Chapter 4

Analysis of Different Switching
Techniques on a Novel Filtenna
Design

4.1 Introduction

The use of tunable bandpass filters to avoid nonlinear distortion of signals in
the wanted channel is proposed in [62]. Furthermore, employing antennas with
built in filtering, enhances interference rejection along the receiver chain. In
[63], techniques of introducing flexible frequency discrimination, which includes
tunable bandpass, tunable bandstop filters, and tunable narrowband antennas,
are found to reduce spurious spectral content in the transmitter and limit out-
of-band interference in the receiver. The above issues bring in frequency tuning
as a good antenna attribute, not only to sense the frequency spectrum, but also
to communicate.

This is due to the fact that antennas with contained tunable bandpass filter-
ing provide autonomous control to sense/communicate, frequency tuning, sup-
pression of unwanted interference as well as wideband noise, gain flatness, less
distraction of radiation characteristics, and better processing of downconverted
signals.

The proper incorporation of a well-suited tunable bandpass filter into a wide-
band antenna is essential to preserve its radiation performance. It is also im-
portant to mention that tuning the band pass filter requires appropriate biasing.
In [64, 65], tunable bandpass filters with an asymmetrical frequency response,
constant absolute bandwidth, or defected ground structures are presented. On
the other hand, few tunable filtennas are reported in the literature. In [66], the
authors present a varactor-based reconfigurable filtenna, whose contained band-
pass filters hexagonal slot is loaded by a varactor to achieve frequency tuning.
A narrowband frequency-tunable antenna for cognitive radio applications is also
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Figure 4.1: Equivalent circuit model schematic of the employed DTC [9]

proposed in [67]. This antenna incorporates a varactor tuned half wavelength
open loop resonator based bandpass filter to achieve a tunable narrowband fre-
quency operation.

In this chapter, a digitally tuned filtenna for overlay cognitive radio applica-
tions is presented. The novelty of the work presented in this chapter is based
on the analysis of the various reconfiguration techniques effects on the filtenna
radiation characteristics. This chapter also discusses, the impact of DTC, PIN
diodes, and varactors on the gain, power dissipated, radiation efficiency, linearity
and biasing requirements of the filtenna system. Such analysis allows designers
to always commit to an informed decision on the choice of the reconfiguring com-
ponents. Another aspect is based on transforming the wideband operation of the
antenna into a tunable narrowband one. Accordingly, a reconfigurable coupled-
line bandpass filter is integrated into the feeding network of a wideband antenna
to achieve frequency tuning without disturbing its radiation characteristics.

4.2 Design Guidelines for the Coupled-Line

Tunable Bandpass Filter

The tunable coupledline bandpass filter is printed on an RO3206 substrate with
a thickness of 1.28 mm. The total dimensions of the filter are 2550mm2. It
comprises a printed resonator between the input and output ports as shown in
Fig. 4.1. The 22.5 mm physical length of the resonator approximately corre-
sponds to an electrical length of 180o (λ g/2) at 2.75 GHz. When the resonator is
opencircuited (loading capacitance, CL=0), a passband resonance for the filter is
attained at the same frequency. The frequency tuning of the filter is achieved by
loading the resonator with a pe64907 DTC [9]. DTC loaded resonators witness
longer electrical lengths, and thus resonate at lower frequencies, as the loading
capacitance is increased. In other words, the adjustment of the 5-bits serial in-
put into the loading DTC will result in tuning of the resonant frequency of the
bandpass filter. An STM32 microcontroller [68] is used to adjust the mounted
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Figure 4.2: Structure of the tunable coupledline bandpass filter

Figure 4.3: A fabricated prototype of the tunable DTC based coupledline band-
pass filter

DTCs state and thus digitally tuning the operating frequency of the proposed
filtenna. Fig. 4.1 shows the equivalent circuit model schematic of the employed
DTC [9]. The crucial equivalent circuit model parameters that relate to the state
values (0, 1, 231) of the DTC are given in equations (4.1) and (4.2).
Cs[pF ] = 0.056state+ 0.3 (4.1)
Rs[λ] = 20/(state+ 20/(state+ 0.7)) + 0.7 (4.2)

The tunable coupledline bandpass filter is depicted in Fig. 4.2. A PE64907
bridging DTC is put in between the GND pad and Terminal 2 of the resonator. A
47 nH RF choke is mounted between the Vcc pad and Terminal 1 of the resonator
in order to avoid any RF/DC leakage, while varying the DTCs serial input bits.
A fabricated prototype of the presented filter is given in Fig. 4.3. The simulated
and measured S-parameters of the filter for different voltage levels are shown in
Fig. 4.4 and Fig. 4.5. Good agreement between simulated and measured results
is noticed.

4.3 DTC-Tuned Filtenna

A 50 ∗ 55 ∗ 1.28mm3 RO3206 based wideband antenna is designed as shown in
Fig. 5. It is a slot-based antenna with a slot of 15 ∗ 44mm2 in the ground plane
and a 27 mm feeding line. Wideband performance is achieved by designing the
feeding line length such that its electrical length corresponds to half wavelength
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Figure 4.4: Simulated S-parameters of the tunable DTC based coupled-line band-
pass filter

of the highest frequency (3 GHz) and the slot length achieves an electrical length
corresponding to half wavelength of the lowest frequency (1.7 GHz) as shown in
Fig. 4.6. A prototype of the designed antenna is fabricated, as illustrated in Fig.
4.7, and measured. The simulated and measured S11 plots of the antenna are
shown in Fig. 4.8, where a good agreement is shown.

The DTC-based tunable coupled-line bandpass filter discussed in section 4.2
and the wideband antenna shown in Fig. 4.6 are now assembled into a single
structure, as illustrated in Fig. 4.9. In order to achieve narrowband frequency
tuning for the proposed filtenna, the resonator is loaded with an DTC to adjust
its electrical length.

The biasing network of the DTC is simple, and does not reside on the fitenna
radiating patch. It is similar to the one detailed in Section 4.2. A 15 nH RF choke
is incorporated to prevent any RF leakage to the DC supply. The other terminal
of the resonator is grounded through a via-hole. Accordingly, the Vcc and GND
pads are used to adjust the applied bits across the mounted DTC to tune the
resonant frequency of the presented filtenna as shown in Fig. 4.10. The computed
reflection coefficients for each state are shown in Fig. 4.11. Despite the same
frequency tuning range, the applied states values for the filtenna are different
from those of the stand-alone bandpass filter because of the different impedance
terminations that the filter sees when attached to the antenna. A prototype of
the designed tunable filtenna, as given in Fig. 4.10, is fabricated and measured.
Compared to the simulated results, Fig. 4.11 reveals a good agreement with
their measured counterparts. The normalized radiation pattern of the proposed
filtenna, for different states, is depicted in Fig. 4.12. The radiation pattern of
the filtenna, in the XZ plane, is still omnidirectional, and minimally distracted.
Moreover, the computed realized gain of the filtenna is 2.5 dB at 2.45 GHz.
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Figure 4.5: Measured and Simulated S-parameters of the tunable coupledline
bandpass filter

Figure 4.6: Structure of the wideband antenna

Figure 4.7: Fabricated prototype of the wideband antenna
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Figure 4.8: Simulated and measured reflection coefficient of the wideband antenna

Figure 4.9: Structure of the tunable filtenna

Figure 4.10: Structure of the tunable filtenna
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Figure 4.11: Measured reflection coefficient of the tunable filtenna

Figure 4.12: Normalized radiation pattern of the filtenna for different states

4.4 Filtenna Design Using Different

Reconfigurable Components

4.4.1 Filtenna Design using PIN Diode

The same filtenna structure as that presented in Fig. 4.9 is tested by replacing
the DTC by an SMP 1320-079LF [52] pin diode as shown in Fig. 4.15. Fig. 4.16
shows the comparison between the measured and simulated reflection coefficient
of the reconfigurable design for different combinations of the PIN diode’s states.
The antenna is able to cover only two frequencies, 1.65 GHz when the pin diode
is ON and 2.65 GHz when the pin diode is OFF.

Fig. 4.17 represent the comparison between the measured and simulated ra-
diation patterns at 1.65 GHz when the PIN diode is ON and 2.56 GHz when the
PIN diode is OFF. The antennas maximum realized gain for various configura-
tions and various frequencies as well as the antennas radiation efficiency along
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Figure 4.13: Radiation efficiency along with the gain of the filtenna for different
states

Figure 4.14: RF power dissipated for various switches over different states

with the gain at the various operating frequencies are presented in Fig. 4.18.

4.4.2 Varactor based tunable filtenna design:

The filtenna is re-tested with an integrated varactor as shown in Fig. 4.15.
The incorporated varactor is the SMV1247-079LF varactor [55]. Its capacitance
changes from 8.86 pF to 0.64 pF with a varying input voltage. A comparison
between the simulated and measured reflection coefficients is shown in Fig. 4.19.
Fig. 4.18 presents the peak gain values of the Filtenna for the different operating
frequencies. The gain ranges between 2 dB and 4 dB. Good performance is
observed for the various states of the varactor. In addition, Fig. 4.14 and Fig.
4.18 shows the radiation efficiency and RF power dissipated in the antenna design
for various varactor capacitances. In addition, the radiation efficiency of the
antenna and the RF power dissipated in this case is better than that of pin diodes
and DTC. The measured radiation patterns matches well with the simulated ones
as presented in Fig. 4.20.
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Figure 4.15: Pin diode and varactor based Filtenna

Figure 4.16: The simulated and measured reflection coefficient in dB for different
switches configurations using pin diode

Figure 4.17: The radiation pattern of the filtenna for φ = 90o and φ = 0o at 1.65
GHz in ON state and 2.56 GHz in OFF state
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Figure 4.18: Radiation efficiency along with the gain of the filtenna for different
switches techniques

Figure 4.19: The simulated and measured reflection coefficient in dB for different
switches configurations using varacator
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Figure 4.20: The radiation pattern of the filtenna for φ = 90o and φ = 0o for
different varactor capacitance

4.5 Impact of Switches’ Integration on the De-

sign and Characteristics of the Filtenna

The choice of the reconfiguring component to be integrated within the antenna
structure impacts the performance of the antenna and its radiation characteris-
tics. It also impacts the design process of the antenna itself as discussed in the
previous sections. In this section, the effects of the various integrated switches
onto the design and performance of the presented Filtenna is detailed.

4.5.1 Biasing

DTC requires digital input power to achieve switching. However, Pin diodes and
varactors require analog input power for biasing. For the PIN diode to operate in
the ON state, it requires a voltage of 1volt with a 10-mA current resulting in 10
mWatt DC input power. Moreover, in the case of varactors the voltage needed
reaches 8 V and thus 250 mW dissipated power. However, in the DTC case, 2.75
V with 140 uA current resulting in only 0.385 mWatt DC input power. Therefore,
the reconfiguring component requiring less DC input power is the DTC, followed
by Pin diodes, then varactors.

4.5.2 RF Power Dissipated

The RF power dissipated represents the ohmic losses due to switches and other
ohmic factors such as dielectric losses. This power is defined as the difference
between the power radiated divided by the gain and the power accepted as shown
in Eq. 4.1. The accepted power is the difference between the incident power and
the reflected one as shown in Eq. 4.2.

Pd = (P r/G)− Pa Eq.4.1
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Pa = (1− |S11|2)Pi Eq.4.2

The RF power dissipated is calculated for different switches at various config-
urations. Since, the dielectric losses are constant for all frequencies, the variation
in the power dissipated is due to the capacitance and resistance variation in the
switches. In the case of a pin diode, the power dissipated ranges between 15 dBm
and 22 dBm. For the varactors, the power dissipated values vary between 4 dBm
and 12 dBm. In the case of DTC, the power varies between 20 dBm and 22 dBm.
Since the power dissipated represents the ohmic losses, the switch that exhibits
the lowest power consumption is the varactor in this case. However, all switches
have low RF power consumption.

4.5.3 Radiation Efficiency

The radiation efficiency of an antenna is related to how much power can an
antenna radiate with respect to a certain accepted power as shown in Eq. 43.
The radiation efficiency of the antenna is measured for different switches as shown
in Fig. 4.20. It is apparent that the PIN diode reconfigurable Filtenna displays
a lower efficiency in comparison to varactors or DTC’s tuning. The radiation
efficiencies when the PIN diode is integrated ranges between 70% and 97%, for
varcators the radiation efficiencies vary between 97% and 90%, for the varactor
integrated in this antenna structure the radiation efficiencies vary between 83%
and 70%.

Re = Pr/Pa Eq.4.3

4.5.4 Non-Linearity

A Pin diode is a semiconductor switch that has a nonlinear Current-Voltage
curve as clearly illustrated in [58]. When such a switch is integrated into an
antenna structure, this nonlinearity effect leads to low radiation efficiency and less
radiated power in comparison with varactors and DTC. Moreover, a varactor is a
semiconductor diode that relies on increasing its capacitance value by increasing
the depletion region. The depletion region increases when reverse voltage is
applied. The variation of the capacitance values occurs with respect to the reverse
bias. Since the varactor requires reverse voltage, the current will be near zero for
all voltage values. Therefore, a varactor has a linear I-V function that can lead
to a higher radiation efficiency when integrated in an antenna structure. On the
other hand, a DTC is a digital tunable capacitor switch that relies on a linear
movement. Therefore, DTC has a linear I-V performance and this leads to a
higher radiation efficiency, when integrated in an antenna structure.
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4.6 Discussion

In this chapter a novel Filtenna system is analyzed with multiple switching com-
ponents. The proposed technique is based on incorporating a tunable coupledline
bandpass filter in the feed line of a wideband antenna. The incorporation of the
filter into the wideband antenna feeding network constitutes the proposed fil-
tenna. Prototypes of the tunable coupledline bandpass filter, wideband antenna,
and the respective filtenna are fabricated and tested. A good agreement is wit-
nessed between the simulated and the measured results. The integration of a
tunable filter into the feeding line of an antenna achieves added selectivity in
addition to a distinguished tuning ability. The system is analyzed, simulated and
measured when DTC, PIN diodes, and varactors are incorporated for reconfigu-
ration purposes. Conclusions are drawn onto the effect and impact of switches
on the Filtenna’s performance.
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Chapter 5

Muli-layered Folded Miniaturized
Reconfigurable Antenna

5.1 Introduction

Portable devices require the integration of miniaturized antenna structures to
ensure multi-band communication requirements, while satisfying the demanding
size constraints. Hence, various miniaturization techniques must be applied in
antenna designs for portable devices [6,17,44,69–71]. Line meandering is a popu-
lar miniaturization method that can be applied to reduce the size of a microstrip
line or patch [6]. It increases the electrical length of the line in question without
increasing its physical length. For example, in [72], non-uniform meandering is
applied on an antenna structure, to produce reduction in size by 45 %. The
antenna is then reconfigured by relying on a PIN diode. Slits and slots are also
used for miniaturization as presented in [44]. The resulting miniaturized antenna
size is reduced by 37.73% by relying on slits that are added on both sides of
the antenna. Another miniaturized UHF monopole antenna is proposed in [44]
for IoT devices integration. The antenna relies on meandering techniques and
shorting pins in order to achieve miniaturization. The design achieves a 50%
size reduction in comparison to a simple monopole antenna that operates at 915
MHz.

In this chapter, we aim at exhibiting extreme miniaturization ratios. Hence we
present a novel miniaturized reconfigurable loop antenna. This antenna operates
over two UHF bands, 575 MHz and 760 MHz. It is a multi-layered antenna that
achieves 70% size reduction at 760 MHz and 80% at 575 MHz in comparison
to a typical patch antenna operating at the same frequency. The layers contain
a ground plane, an impedance matching network, a meandered loop and three
tapered folds. To ensure reconfiguration, an RF MEMS switch is placed between
the loop and the three folds. The matching network is designed to match two
distinct loads to the 50Ω coaxial feed. The first load is the input impedance of
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the radiating structure when the RF MEMS is ON. Whereas, the second load is
the input impedance of the antenna when the RF MEMS is OFF. The antenna
dimensions are limited to 40x40 mm2, which is suitable for IoT devices with an
operation at such low frequencies.

The antenna discussed in this chapter is able to operate in areas that lack
traditional wireless infrastructure. This is due to the fact that the antenna op-
erates within the white spaces of TV bands (575 MHz and 760 MHz). Second,
novel miniaturization techniques are used to enable operation at 575 MHz and
760 MHz. Non-unifrom zigzag meandering is applied in order to miniaturize the
size of the loop while enabling its resonance at 760 MHz. The antenna structure
achieves a 70% size reduction in order to fit within 40x40 mm2 dimensions. In
addition, three tapered folds are connected to the top layer loop patch structure,
on demand, by relying on an integrated RF MEMS. These folds are tapered and
folded across the three sides of the antenna to ensure compactness. As a result,
the loop along with the edges folds allow the resonance at 575 MHz. Further-
more, a novel compact matching network is designed to match the two antenna
impedances to the 50 ohms coaxial feed. As a result, the multi-layer structure
of the antenna that includes the loop patch, folds and the matching network are
assembled as one compact structure for a reconfigurable UHF communication.

5.2 Antenna Topology and Design

5.2.1 Meandered Loop Design

The initial design of the proposed antenna is composed of six layers as shown
in Fig. 5.1. Layer 1 is a 40x40 mm2 ground plane. Layer 2 is composed of the
Rogers RO5880 substrate that is of 1.6 mm thickness and 2.2 dielectric constant.
Layer 3 contains a quarter wavelength transformer. This transformer connects
the 50 ohms coaxial feed to the loop antenna. Layer 4 is a 1 mm thick foam
substrate that has a dielectric constant that is equal to 1.2. Layer 5 is another
Rogers RO5880 substrate of 0.51 mm thickness. Layer 6 is the non-uniform zigzag
meandered loop antenna.

The single loop antenna is designed such that its circumference corresponds
to λg/2 at 760 MHz [73]. The non-uniform zigzag shape of the antenna is used
to maximize the horizontal length and achieve a compact design as shown in
Fig. 5.1. The width of the line composing the loop is taken to be 2.1 mm that is
translated into a characteristic impedance of 125 ohms. The 45o tilted meandering
loop fits a longer path length in a given dimension, leading to miniaturization.
The loop has four meandering turns at each side as shown in Fig. 5.1. Non-
uniform meandering occurs at the fourth turn of the loop in order to increase the
bandwidth of the operating frequency [72].

The quarter wavelength transformer positioned in layer 3 has an 80Ω char-
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Figure 5.1: Meandered loop antenna (a) cascaded layers, (b) radiating part, and
(c) transmission line

acteristic impedance and transforms the loop antenna impedance to the 50Ω of
the RF coaxial input. The quarter wavelength transformer is also meandered in
order to ensure further design compactness as shown in Fig. 5.1. The reflection
coefficient of the antenna design displays a resonance around 760 MHz with an
omnidirectional radiation pattern as shown in Fig. 5.2. At this stage, the an-
tenna exhibits a -7dB gain at 760 MHz with a 70 % size reduction in comparison
to a typical patch antenna operating at the same frequency.

5.2.2 Reconfigurable Antenna Performance

Achieving an antenna operation at 575 MHz requires an extension of the antenna’s
total length. Hence, an RF MEMS is integrated within the antenna structure as
shown in Fig. 5.3. The Switch connects the main loop antenna patch to an
additional section composed of two microstrip lines with a 40 mm length each.
The added section surrounds the loop traces as shown in Fig. 5.3. The lines are
tapered in order to enhance the bandwidth at 575 MHz, while optimizing at the
same time their coupling fields to the main loop patch. The same quarter wave
length transformer feeding the antenna structure is maintained to ensure good
matching with a 125 ohms characteristic impedance loop as shown in Fig. 5.3.
As a result of this process, a reconfiguration in the antenna operation between
760 MHz and 575 MHz is achieved. The position of the RF MEMS, which is
used to connect the meandered loop to the tapered microstrip lines, is optimized
in order to reach operation at 575 MHz and 760 MHz for different states of the
RF MEMS. The RF MEMS acts as a capacitor of 0.12 pF in its OFF state and
as a resistor of 0.5 ohms in its ON state. Therefore, when the RF MEMS is
OFF the antenna operates at 760 MHz and at 575 MHz when it is ON, as shown
in Fig. 5.3. When the RF MEMS is OFF, the antenna’s effective electrical
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Figure 5.2: Meandered loop antenna (a) reflection Coefficient and (b) radiation
pattern

Figure 5.3: Reconfigurable loop antenna (a) loop antenna along with the extended
lines, (b) matching line, (c) reflection coefficient results and (d) radiation pattern
around 760 MHz

length is due to the meandered loop length, while taking into consideration the
coupling with the fold lines. When the RF MEMS is ON, the antenna’s electrical
length is the length of the meandered loop in addition to the extended tapered
microstrip lines. The coupling between the loop, matching line and the folded
lines also contribute to the frequency of operation and the total effective length
corresponds to half wavelength at 575 MHz. The antenna maintains its 40x40
mm2 dimensions equivalent 0.11λ∗0.11λ mm2 at 575 MHz. It leads to a 70 % size
reduction at 760 MHz and 80% at 575 MHz. The addition of the extended folds
with the RF MEMS in the OFF state enhances the matching at this frequency
and thus adds constructively at 760 MHz. The antenna gain increases from -7
dB to -4 dB. However at 575 MHz, the close proximity between the meandered
loop and the extended lines causes the deterioration in the gain results. The
proximity increases the coupled fields as shown in Fig. 5.4 and hence increases
the coupling. This coupling destructively affects the far field radiation. Hence,
the gain is impacted due to the wave being trapped in the non-radiating near
field region, which prevents it from reaching the far field region [70].
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Figure 5.4: Electric Coupled Field for (a) the non-folded design and (b) the folded
one

Figure 5.5: Folded loop antenna design (a) left side view, (b) right side view and
(c) matching line

5.2.3 Folding the reconfigurable structure

In order to reduce coupling and enhance the gain of the antenna, the newly added
section is folded to the three sides of the antenna structure as shown in Fig. 5.5
and (b). In this design ADG901 [54] RF MEMS is used. It is composed of 8 pins
where two pins are for the input and output RF connection. These pins connect
the loop to the folded radiating edges. Four pins are for grounding, one pin is for
voltage supply whereas the last pin is for control (CTL). The biasing network of
the switch is also integrated within the design as shown in Fig. 5.5. The matching
network is optimized to include a quarter wavelength at 575 MHz as shown in
Fig. 5.4. When the voltage across the control pin is zero, the RF MEMS is OFF.
When the voltage across the CTL is 1.5 volts, the RF MEMS turns ON. To ensure
proper biasing, three 20 nH RF Chokes are added. One RF choke connects the
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Figure 5.6: The folded loop antenna (a) reflection coefficient, (b) 3D radiation
pattern at 575 MHz and (c) 3D radiation pattern around 760 MHz

CTL pin to a controlled power supply. The other RF Choke connects the voltage
pin to a 2.7 V voltage supply. The last RF choke connects the ground pin to the
ground plane of the antenna. RF chokes are used to eliminate RF leakage from
the antenna to the DC power supplies. The respective positions of the various
RF chokes are shown in Fig. 5.5. The coupling between the loop antenna and
the folds is significantly less as illustrated in Fig. 5.5. It is operational at 760
MHz and 575 MHz for the various RF MEMS states as shown in Fig. 5.6. The
folding technique reduces the coupling and increases the antenna gain to reach
0.2 dB at 760 MHz and -4 dB at 575 MHz. From Fig. 5.6, one notices that the
obtained resonance at 760 MHz is not well matched to 50 Ω. Thus, enhancement
of the matching network must occur, in order to maintain the operation at 760
MHz when the RF MEMS is off as will be detailed in the section 5.2.4.

5.2.4 Enhancing the Matching Network

The state of the RF MEMS impacts the input impedance of the antenna as it will
enable its operation at two distinct frequencies. This effect results in the antenna
behaving as two different loads respectively. However, the integrated quarter
wavelength transformer cannot match different loads at different frequencies to
a 50 ohms RF feed. A tuned shunt stub of the matching network can solve this
problem and alleviate the mismatch. The tuned shunt stub is able to match the
antenna to two different frequencies and for a variation of loads. The proposed
matching network is presented in Fig. 5.7 for both antenna impedance states.
When the RF MEMS is ON, the antenna input impedance is ZON = 60 + j60.
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Figure 5.7: Methodology to choose the optimal L- matching network

When the RF MEMS is OFF, its input impedance is ZOFF = 1.09 + j8.32. To
enhance the matching, the transmission line impedance is chosen to be ZO =
80ohms as that of the quarter wavelength transformer. The L-matching network
is first designed for the two switch states separately. As shown in Fig. 5.7, for
the case of RF MEMS ON and the antenna operating at 575 MHz, the matching
network needs a shunt stub of 147 mm and a transmission line length of 122mm.
Whereas, for the case of RF MEMS OFF and antenna operation at 760 MHz,
the matching network needs a shunt sub of 78 mm and a transmission line of
138 mm. In order to reach an acceptable matching for both cases, the final TL
and the final shunt stubs are chosen such that both impedances lie within the
V SWR < 2 circle for a 50 Ω input impedance as shown in Fig. 5.8. The final
resulting matching network is optimized to match the two input impedances. As
a result it is composed of a shunt stub of 90 mm and a transmission line in series
of 110 mm. As proven in Fig. 8, the final TL and the final shunt stub transform
both ZOFF and ZON into impedances that are located inside the V SWR = 2
circle of the 50 ohms input. This proves that this matching network matches
both impedances to the same 50 ohms input.

The final matching network topology is presented in Fig. 5.9. The matching
network is also linearly folded in a spiral shape in order to reduce its size and
ensure its lodging within the 40x40 mm2 surface underneath the meandered loop
antenna. Fig. 5.10 shows the reflection coefficient of the antenna design with
the enhanced matching network. As a result, impedance matching is achieved at
both frequencies and for both switch states as shown in Fig. 5.10.
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Figure 5.8: Smith chart matching of the (a) ZOFF and (b) ZON with the final TL
and shunt

Figure 5.9: Final Matching Network

5.3 Reconfigurable Multi-layered Folded Antenna

5.3.1 Final Design

The resulting final design, shown in Fig. 5.11, is now composed of nine layers.
The first layer is the 40x40 mm2 ground plane. The second layer is the Rogers
RO5880 substrate that is of 1.6 mm thickness and 2.2 dielectric constant. Layer 3
contains the dual band matching network discussed in Section 5.2.4. It connects
the RF source to the input of the loop. The matching network is designed to
enable the operation of the loop antenna at 575 MHz when the switch is ON and
868 MHz when the switch is OFF. Layer 4 is a 1 mm thick foam substrate. Layer
5 is another Rogers RO5880 substrate of 0.51 mm thickness. Layer 6 is the non-
uniform zigzag meandered loop antenna. The RF MEMS switch is also placed on
this layer along with its corresponding biasing network and its connection with
the folded edges. Layers 7, 8 and 9 are the three folded edges that are composed
of the extended tapered lines. The full dimensions of the design are limited to 40
x 40 x 3.08 mm3.
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Figure 5.10: The antennas reflection coefficient in dB after adding the L-matching
network

5.3.2 Feeding

The feeding of the antenna starts with a 50 ohms coaxial connector that is fed into
the matching network at layer 3 as shown in Fig. 5.12. The supplied current flows
through the matching network into a vertical metallic sheet that transfers these
currents from layer 3 into the loop patch on layer 6. The metallic sheet shown
in Fig. 5.11 achieves the appropriate matching between the feeding network and
the top layer. It has a characteristic impedance of 80 ohms with a height of 1.51
mm, a width of 2.1 mm, and a thickness of 35 um. When the RF MEMS is
OFF, the current flows on the zigzag loop antenna and does not enter the folded
edges. Whereas for RF MEMS ON, the current flows on the loop antenna and
then passes through the RF MEMS to reach all the folded edges achieving an
operating frequency of 575 MHz.

5.3.3 Results and Measurements

The design is fabricated and assembled as presented in Fig. 5.13. The folded
parts are fabricated separately and attached to the sides of the antenna. To
insure continuity, conductive adhesive was soldered to the corners between each
folded part. Due to its miniature size, small antenna measurements techniques
are implemented in order to ensure accurate validation results [74–77]. A ferrite
bead RF Choke is added to the coaxial cable in order to decrease its respective
RF leakage. In addition, a balun is added between the cable and the antenna in
order to electrically isolate the current paths from the antenna back to the coaxial
cable. The antenna measurement setup along the vector network analyzer is
shown in Fig. 5.14. Comparisons between the simulation and measured reflection
coefficients for both states of the RF-MEMS are shown in Fig. 5.15. Good
agreement is noticed between the measurements and simulated results. In the
OFF-state, an operation at 760 MHz is obtained with a bandwidth of 3 MHz.
While, in the ON state the antenna operates at 575 MHz with a bandwidth of
3 MHz. The radiation efficiency is found to be 40% at 575 MHz and 62% at
760 MHz. Such efficiencies are acceptable when designing miniaturized antennas
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Figure 5.11: Loop Antenna Design, (a) antenna top view, (b) folds view and (c)
layers composition view

Figure 5.12: Current path for (a) RF MEMS OFF and (b) RF MEMS ON

with high size reduction percentage. The gain is enhanced to reach 1 dB at 760
MHz and -4 dB at 575 MHz. Fig. 5.16 shows simulated and measured radiation
patterns of the co and cross polarization of the antenna when the RF MEMS is
OFF in the x-z and y-z plane cuts. It has an omnidirectional pattern which is
desired for portable applications as defined by [78].

The compactness and efficiency of the proposed antenna are finally bench
marked using the following figure of merit (FOM) which is none other than their
RE per unit of electrical area (area normalized to the effective wavelength at the
operating frequency of the antenna).

Its equation is shown in Eq. 5.1:

FOM = RE/(100 ∗ ANormalized) Eq. 5.1

with ANormalized = AreaAntenna/λ
2 and λ = c/((εr)

0.5f) Eq. 5.1
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Figure 5.13: Final Prototype

Figure 5.14: Small Antenna Measurements

Where the RE denotes the power conversion efficiency of the antenna, the
ANormalized takes into account the active area of the antenna normalized to the
square of the largest wavelength, λ is the wavelength, c is the speed of light, εr
is the relative permittivity and f is the frequency of operation.

The FOM of the proposed antenna built is calculated and included in a ta-
ble for comparison with several state-of-the-art work as presented in literature.
Table 5.1 highlights the out performance of the proposed technique and design
architecture. Such performance is highlighted by maintaining both high efficiency
values despite the miniaturization aspect of the whole antenna design.

5.4 Discussion

In this paper, a novel compact reconfigurable loop antenna is designed. The an-
tenna design relies on a non-uniform zigzag meandering and extreme folding in
order to reduce its size. The antenna also relies on tapering and a customized
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Figure 5.15: Simulated and Measured Reflection Coefficient in dB for different
switch state

Table 5.1: Comparative table between the proposed design and literature
References Antenna Dimensions in Number of Radiation Efficiency FOM

Function of largest λ Switches (%)
[79] 0.26λ ∗ 0.26λ 24 50% at 1.2 GHz 3.69
[33] 0.145λ ∗ 0.13λ 3 52% at 1.5 GHz 31
[32] 0.15λ ∗ 0.13λ 2 50% at 700 MHz 30
[69] 0.375λ ∗ 0.2λ 1 73% at 2.4 GHz 6.8
[40] 0.17λ ∗ 0.1λ 2 65% at 3.5 GHz 5.88
[44] 0.1λ ∗ 0.1λ 14 1.5% at 95 MHz 1.5
[17] 0.18λ ∗ 0.18λ 0 35% at 915 MHz 10.8

Proposed
Work

0.11λ ∗ 0.11λ 1 62% at 760 MHz 33.05

matching network that matches the antenna across two frequency bands and for
various loads. In addition, the antenna design relies on a layered volumetric
structure in order to limit its size to 40x40x3.08 mm3, despite its very low fre-
quency of operation. This antenna operates at UHF for portable devices within
the frequency bands of 575 MHz and 760 MHz. The antennas miniaturization
aspect is determined to be 70% at 760 MHz and 80% at 575 MHz. It achieves
a 40% radiation efficiency at 575 MHz as well as 62% radiation efficiency at
760 MHz. The proposed design maintains high efficiency values despite its high
miniaturization aspect of the whole antenna design. The antenna is fabricated
and measured where the results agree greatly with simulated ones.
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Figure 5.16: Simulated and Measured radiation patterns (a) Co-polarization at
575 MHz in the x-z plane, (b) cross-polarization at 575 MHz in the x-z plane,
(d) cross-polarization at 575 MHz in the y-z plane, (c) Co-polarization at 575
MHz in the y-z plane, (e) Co-polarization at 760 MHz in the x-z plane, (f) cross-
polarization at 760 MHz in the x-z plane, (g) Co-polarization at 760 MHz in the
y-z plane, (h) cross-polarization at 760 MHz in the y-z plane.
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Chapter 6

A Digitally Reconfigurable
Volumetrically Folded
Miniaturized Antenna

6.1 Introduction

IoT devices’ communication should satisfy extreme sensitivity (i.e. as low as -
137 dBm), along with ultra-low power consumption, bidirectional communication
and localization capabilities. In addition, an IoT device must operate over several
bands that target ISM, GSM and LTE. To that extent, the integration of compact
frequency reconfigurable antennas allows IoT devices to achieve the required func-
tionalities over the various frequency bands. As an example, the authors in [80]
present a diversity antenna design for IoT devices with a 60% radiation efficiency
at 2.45 GHz. On the other hand, in [81] a miniaturized inverted-F antenna is
discussed. The designed antenna operates at 868 MHz with a radiation efficiency
of 45%.

The reconfiguration in the antenna operation can be achieved using electrical
switches such as pin diodes, varactors, micro electro-mechanical switches (MEMS)
[82] or through the integration of digital tunable capacitors [83]. For example, in
[23], a digital tunable capacitor is used on an antenna for IoT to ensure frequency
reconfiguration.

The presented antenna targets the LoRa Europe and US bands (868 MHz and
915 MHz), GSM (1.8 GHz) and LTE (2.1 GHz) bands which makes it suitable for
IoT devices’ integration. This antenna resorts to only one DTC in order to achieve
reconfiguration. In addition, it resorts to several miniaturization techniques to
ensure compactness. These techniques are folds, slits and slots along the radiating
element. The antenna is also able to achieve high radiation efficiencies that are
above 88% with gains that vary between 0.2 dB and 3.2 dB.

In this chapter, the antenna relies on a novel folded structure that uses a sin-
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gle bowtie arm and a reflective ground plane to efficiently perform at the required
bands. The structure also contains several folds, slots and slits that ensure com-
pactness. Furthermore, the antenna is able to tune its operating frequency within
different bands by resorting to a single DTC. The position of the integrated DTC
is optimized between the single arm bowtie and the reflective ground plane to
allow proper reconfiguration. The antenna maintains an enhanced radiation ef-
ficiency (88%) with high size reduction (84%) at 868 MHz in comparison to a
typical patch antenna operating at the same frequency. An additional feature
of this antenna is based on its ability to exhibit different radiation patterns for
different bands. For example, at the ISM band an omnidirectional pattern is
obtained as required for IoT communication. As for LTE and GSM bands, the
structure produces an end fire pattern which is suitable for long distance com-
munication. These patterns ensure that the antenna is able to achieve versatile
functionality over different bands as required for modern IoT devices.

6.2 A Volumetrically Folded Antenna Design

This antenna is proposed for portable IoT devices. Therefore, it is desired to
satisfy IoT communication standards that mainly require small antenna designs
that do not exceed 50∗50mm2 while maintaining a good radiation efficiency with
the ability of multi-band connections. Hence, our objective is to design a compact
antenna with overall dimension that does not exceed 50x50mm2 . Such antenna
must be able to communicate across ISM, GSM and LTE bands on demand while
maintaining an acceptable radiation efficiency. In this section, a detailed analysis
of the various design steps is illustrated.

6.2.1 Folded Two Arms Bowties

As a first step, a typical two arms bowtie antenna is designed to operate at
868 MHz with a height of 0.25λ and a width of 0.375λ [84] as shown in Fig.
6.1. The corresponding antenna overall dimensions are 110x50 mm2 with a peak
gain of 9 dB. One arm of the bowtie is positioned on the substrate’s top surface
while the second arm on its bottom surface. Folding is then applied on the
antenna structure as shown in Fig. 6.2 to decrease its overall dimensions while
maintaining the same frequency of operation [84]. More specifically the top arm
of the bowtie is folded vertically with the folded part lying on the bottom surface
of the substrate. As for the bottom arm, its folded part resides on the top surface
of the substrate. The connection between the folded parts and the corresponding
bowtie arms is done through vertical conductive sheets along the substrate. In
addition, tapered slots and slits are also added in optimized locations on the
antenna surface in order to further decrease its overall dimensions [85]. The
corresponding structure is presented in Fig. 6.2. The tapered slits and slots are
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Figure 6.1: Basic bowtie antenna (a) design, (b) reflection coefficient and (c) gain
plot

positioned at locations with maximum intensity of the current distribution. As
a result, the size of the antenna is reduced by 18% to reach 95x50 mm2.

6.2.2 Semi-Bowtie Design

In order to further reduce the dimensions of the antenna while enhancing its op-
eration, an arm of the bowtie is replaced by a reflective plane as shown in Fig.6.3.
The reflector plane contributes to the bowtie arms operation and performance
by additionally and constructively contributing to the antenna radiation. At the
same time, it comprehensively replaces the need for a second arm of the bowtie.
The reflectors dimensions (30∗50mm2) along with its separation from the bowtie
patch enable the antenna to resonate at 868 MHz as shown in Fig. 6.3.

The location, type and topology of the excitation and antenna feeding play
a major role in the antennas full operation. In this design, the feeding of the
antenna is chosen as a coplanar waveguide feed. To achieve such feeding, an
additional triangular reflector is added to the right side of the bowtie as shown in
Fig. 6.4. The two reflectors are connected to the ground of the CPW feed while
the semi-bowtie is connected to its input. The wave propagates asymmetrically
between the semi-bowtie and the reflector thus leading to the operation across two
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Figure 6.2: Folded two arm bowtie with slot and slit integration

frequencies as shown in Fig. 6.3. This feeding technique enhances the electric field
distribution between the bowtie and reflectors and thus enhances the impedance
matching at the required frequencies as shown in 6.3. As a result of all the
proposed design techniques, the antenna design reaches 40% size reduction (50 ∗
70mm2) at 868 MHz with an enhanced omnidirectional pattern and a realized
gain of 6 dB as shown in Fig. 6.3.

Additional size reduction can be achieved by applying 3D folding on both
edges of the antenna as shown in Fig. 6.4. This folding is applied in order to
achieve a 50 ∗ 50mm2 surface dimension that is considered acceptable for IoT
devices.

Due to the folding of antenna edges, the antenna’s input impedances gained
an additional reactive effect that lead to mismatching at the targeted frequencies.
The input impedance is shifted from 50 ohms to 19+50j at 868 MHz and to 88-
121j at 2.1 GHz as shown in 6.5.

So far, the antenna has an overall dimension that is suitable for IoT devices.
However, and in order to cancel out the capacitive and inductive values of the
antenna’s input impedance, a digitally tunable capacitor is added to the feed
line of the bowtie. The DTC is added at an optimized location such that it
adds capacitively at frequencies around 868 MHz and inductively at frequencies
around 2.1 GHz. Furthermore, the variation of the capacitance values plays also
an important role in canceling various imaginary parts of the input impedances
at different frequencies thus matching the antennas at those frequencies.

For example, if this capacitor holds a 2.12 pF capacitance, then matching will
be achieved at 868 MHz, thus satisfying ISM band. If this capacitor has 0.38
pF capacitance, then matching will be achieved at 2.1 GHz, hence satisfying the
LTE band. Therefore, a digital tunable capacitor is required to be added to the
feeding line of the antenna such that its variable capacitance and resistive values
lead to frequency reconfiguration across the desired frequencies.
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Figure 6.3: Semi bowtie antenna (a) design, (b) reflection coefficient and (c) gain
pattern at 868 MHz

6.3 Digitally Reconfigurable Semi Bowtie

Antenna

6.3.1 Reconfigurable Semi-Bowtie

In order to allow the antenna to operate across different communication bands
while maintaining the same physical dimensions, frequency reconfiguration is
required. In this design, the antenna resorts to one digital tunable capacitor.

The final antenna structure, shown in Fig. 6.6, is composed of the semi-bowtie
antenna design that is based on a waveguide coplanar feeding mechanism (CPW).
The antenna is of 50x50x10 mm3 dimensions mounted on a Rogers RO5880 sub-
strate with a dielectric constant of 2.2 and a thickness of 1.57 mm. The first layer
constitutes the folded part of the bowtie arm. The second layer is the Rogers
RO5880 substrate. The third layer contains the bowtie arm, the reflected ground
planes, the digital tunable capacitor and the biasing network. The final layer is
the two 3D folds. The right fold contains a part of the bowtie arm. Whereas the
left one contains a part of the reflective ground plane. The folds are mounted on
another RO5880 substrate.

Two reflector ground planes are present in the design. The first ground plane
acts as a reflector to replace the second bowtie arm. The second ground plane is
a triangular shaped conductive section that acts as a reflector in order to ensure
the operation of the antenna at GSM and LTE bands. Both ground planes are
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Figure 6.4: 3D folded semi-bowtie design

Figure 6.5: Input impedance of the antenna (a) Real and (b) Imaginary

part of the coplanar waveguide feeding. The DTC is loaded near the feed of
the antenna in between the first ground plane and the bowtie as shown in Fig.
6.6. The capacitance of the DTC adds to the capacitance resulting from the
separation between the bowtie and the ground plane, hence leading to a shift
in the operational frequency. The variation of the capacitance and resistance of
the DTC allows further tuning of the antennas operating frequency. Four high
impedance lines are added between the ground plane and the bowtie radiating
element to act as control lines for the DTC. These lines are of high impedance
so that their effect is minimal on the performance of the antenna. At the end
of each line a 110 nH RF choke is added. These chokes prevent the RF leakage
back to the microcontroller. The high impedance lines also allow the passage of
the serial peripheral interface (SPI) commands from the microcontroller to the
DTC. The SPI three lines are the serial interface clock input, serial interface latch
enable input, and the serial interface data input. When the serial interface clock
input is fed by a clock of 38.4 nsec period and when the serial interface latch
enable input is fed by a raising pulse, the DTC is reads the 5 bits input from the
serial interface and thus changes its capacitance and resistance accordingly. The
proposed antenna resorts to the capacitance and resistance variation of the DTC
in order to tune and reconfigure its operating frequencies. The DTC is positioned
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Figure 6.6: Semi Bowtie Antenna design (a) left tilted 3D view presenting the
left folded side and (b) right tilted 3D view representing the right folded side

in a shunt position within the feeding CPW line, as shown in Fig. 6.6. Frequency
tuning is achieved by activating the DTC component first and then varying its
digital 5-bit binary input to tune its capacitance. The DTC employed in this
work is the pe64907 from Peregrine Semiconductor [9]. It achieves 32 different
capacitance values (or states), which can be tuned by resorting to a digital 5-bit
binary (25=32) digital input.

The modeling of the DTC component accounts for its constant inductive ef-
fect of 0.7 nH and its variable capacitance and resistance [23]. The different
capacitance and resistance values can be calculated as described in Eq. 6.1 and
Eq. 6.2 [23]:

Cs = 0.056state+ 0.85 (pF ) Eq. 6.1
Rs = 20/(state+ 20/(state+ 0.7)) + 0.7 (Ω) Eq. 6.2

where state corresponds to the decimal value of the corresponding 5 bits
sequence.

The activation and control of the 32 different states of the DTC can be
achieved using a microcontroller. In this work, the Nucleo-RL54 is used to control
the DTC operation in order to supply the corresponding 5 bits sequence for each
state [9]. The initial sequence is 00000 (state 0) while the thirty-first sequence
is 11111 (state 31). In state 0, the DTC has a capacitance of 0.85 pF, a resis-
tance of 0.7 Ω and an inductance of 0.7 nH while in state 31 the DTC achieves a
capacitance of 2.586 pF, a resistance of 1.33 Ω and an inductance of 0.7 nH [9].
At state 0, the capacitance of the DTC is 0.85 pF with a 0.7 ω resistance. This
impedance adds up to the antennas input impedance and leads to the shift in
frequency from 2.6 GHz to 2.1 GHz as shown in Fig. 6.7. As the states increase,
the DTC’s capacitance and its resistance increase leading toa larger shift in fre-
quency. At state 9, the antenna shifts its frequency down to 1.8 GHz. It operates
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Figure 6.7: Reflection coefficient of the antenna at different states

at 915 MHz at state 20 and 868 MHz at state 31 as shown in Fig. 6.7. It is
observed that the shift down in frequency is mainly due to the increase in the
DTC capacitance.

6.3.2 Measurements and Results

The antenna prototype is fabricated and assembled as shown in Fig. 6.8. The
folds are attached to the antenna by conductive adhesives. The antenna exhibits
an overall size reduction that is equivalent to 84% at 868 MHz. Therefore, small
antenna measurement techniques must be implemented in order to ensure accu-
rate results [74–77]. A Ferrite bead RF Choke is cascaded with the coaxial cable
in order to decrease the RF leakage. In addition, a balun is added between the
cable and the antenna in order to electrically isolate the current paths from the
antenna back to the coaxial cable. During the antenna measurements, the balun
and the ferrite bead RF choke are connected to the vector network analyzer as
shown in Fig. 6.9.

Comparison between the simulation and measured reflection coefficients for
different DTC states are shown in Fig. 6.10. Good agreement is noticed between
the measurement and simulated results.

The radiation patterns for the proposed design are presented in Fig. 6.11 at
different frequencies for states 0, 9, 15, 20 and 31 in the phi = 90o plane cut. The
antenna has a dipole shape radiation pattern at 1GHz, 915 MHz and 868 MHz
as shown in 6.11. Whereas, at 1.8 GHz and 2.1 GHz, the antenna produces an
almost end fire radiation pattern.

Table 6.1 presents the antenna radiation efficiency percentage and size reduc-
tion for various DTC states. The measured antennas radiation efficiency at 2.1
GHz is equal to 97% with a gain equal to 2.7 dB. This is achieved when the DTC
is in state 0 and due to the fact that the length of the semi-bowtie antenna is
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Figure 6.8: Fabricated prototype of the semi bowtie antenna design

Table 6.1: Antenna radiation efficiency and size reduction for various DTC states
along with its corresponding frequency
Frequency State Size Reduction Radiation Efficiency Gain

[GHz] [decimals] [%] Sim. Meas. Sim. Meas.
0.868 31 84 88 85 0.2 0.19
0.915 20 82 87 84 0.5 0.41

1 15 80 86 84 0.8 0.78
1.8 9 32 96 95 1.8 1.7
2.1 0 0 98 97 3.2 3.17

equivalent to half-wavelength at this frequency.

At 1.8 GHz, the antenna produces a radiation efficiency of 96%. The antenna
operates at 1.8 GHz when the DTC is at state 9 and thus its capacitance value
and ohmic losses are higher in comparison to state 0. In addition, the proposed
antenna features a size reduction of almost 32% in comparison to a typical λ/2
patch at 1.8 GHz with a gain equal to 1.5 dB.

In state 20, the radiation efficiency is found to be 87 % at 915 MHz with
a size reduction of almost 82% in comparison to a typical dipole operating at
the same frequency with a gain around 0.4 dB. In addition, at state 32, the
radiation efficiency is found to be 88% at 868 MHz with a gain equal to 0.2 dB
and a size reduction of 84% in comparison to a typical dipole operating at the
same frequency. The decrease in the antenna size, and the high capacitance and
resistance value of the DTC in states ranging between 20 and 32, impact the
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Figure 6.9: Small antenna measurements techniques for the bowtie antenna de-
sign

Table 6.2: Comparative table between the proposed design and literature
References Antenna Dimensions in Number of Radiation Efficiency FOM

Function of largest λ Switches (%)
[79] 0.26λ ∗ 0.26λ 24 50% at 1.2 GHz 3.69
[33] 0.145λ ∗ 0.13λ 3 52% at 1.5 GHz 31
[32] 0.15λ ∗ 0.13λ 2 50% at 700 MHz 30
[69] 0.375λ ∗ 0.2λ 1 73% at 2.4 GHz 6.8
[40] 0.17λ ∗ 0.1λ 2 65% at 3.5 GHz 5.88
[17] 0.18λ ∗ 0.18λ 0 35% at 915 MHz 10.8

Proposed
Work

0.14λ ∗ 0.14λ 1 84% at 868 MHz 42.85

radiation efficiency and gain of the antenna. Nevertheless, such efficiency and
gain are acceptable for IoT applications.

The compactness and efficiency of the proposed antenna are finally bench-
marked using the following figure of merit (FOM) which is none other than their
radiation efficiencies (RE) per unit of electrical area (area normalized to the
effective wavelength at the operating frequency of the antenna). Its equation is
shown in Eq. 6.3:

FOM = RE/(100 ∗ ANormalized) Eq. 6.3

with ANormalized = AreaAntenna/λ
2 and λ = c/((εr)

0.5f)

Where the RE denotes the power conversion efficiency of the antenna, the
ANormalized takes into account the active area of the antenna normalized to the
square of the largest wavelength, λ is the wavelength, c is the speed of light,
εr is the relative permittivity and f is the frequency of operation. The FOM of
the proposed antenna built is calculated and included in a table for comparison
with several state-of-the-art work as presented in literature. Table 6.2 highlights
the out performance of the proposed technique and design architecture. This
performance maintains both high efficiency values despite the miniaturization
aspect of the complete antenna design.
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Figure 6.10: Simulated and Measured Reflection Coefficient in dB for different
DTC States

Figure 6.11: The radiation pattern of the antenna at (a) 2.1 GHz, (b) 1.8 GHz,
(c) 1 GHz, (d) 915 MHz and (e) 868 MHz from different DTC state at phi 90o
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6.4 Discussion

A frequency reconfigurable compact semi-bowtie antenna design is proposed in
this paper. The antenna is proposed for IoT devices. It operates at the European
and US LoRa, GSM and LTE bands. It resorts to only one digital tunable
capacitor in order to operate at the required frequency bands. The antenna
also presents 84% size reduction at 868 MHz, 82% at 915 MHz and 32% at
1.8 GHz. Also, its gain varies between 0.2 - 2.7 dB while maintaining a high
radiation efficiency (88%-98%). The antenna is fabricated and measured where
the measurements are in good agreement with the simulations.
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Chapter 7

Novel Reconfigurable
Transmit/Receive System

7.1 Introduction

The design of a reconfigurable RF front end transmit/receive (TX/RX) system
for IoT communication is presented in this chapter. It targets both European
and US ISM bands in addition to the WLAN IEEE 802.11 g commercial wireless
standard key specifications. It includes the design of a reconfigurable Filtenna and
a reconfigurable bandpass filter as examined in Chapter 4. Also, it explains the
choice of the wideband mixer, LNA and the saw filter. Prototypes of the blocks
are fabricated and measured. The reception of the reconfigurable RF frontend
TX/RX system is then tested. A 433MHz downconverted signal is measured at
the IF output of the receiver for different carrier frequencies 868 MHz, 915 MHz
and 2.45 GHz.

The main objective of this chapter is in the design of a multi-standard recon-
figurable TX/RX system. The TX/RX system is designed to have a syperhetero-
dyne architecture [10] in order to be able detect different modulation schemes for
different applications.

7.2 Block Diagram of the Proposed TX/RX Sys-

tem

A typical block diagram of the proposed system, which incorporates crucial com-
ponents for both reception and transmission such as lownoise amplification, re-
configurable bandpass filtering, downconversion mixer, and proper detection of
an RF signal in ISM and WiFi bands, is presneted in Fig. 7.1. The role of each
unit is discussed herein.

The RF section of the receiver includes a low noise amplifier (LNA), a re-
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Figure 7.1: Block Diagram of the proposed TX/RX System

configurable RF band-pass filter (BPF), a variable gain RF amplifier as the pre-
amplifier of the mixer, and an RF-to-IF down-converter (mixer). Following the
down-converter is an IF SAW filter for channel selection and suppressing un-
wanted mixing products and then an IF variable gain amplifier (VGA).

The I/Q demodulator is the second frequency converter, which down-converts
the signal frequency from IF to BB. The demodulator contains two mixers, and it
converts the IF signal into I and Q signals i.e., two90o phase shifted BB signals.
A low-pass filter (LPF) follows the mixer in I and Q each channel to filter out
the unwanted mixing products and to farther suppress interferers. The filtered
I and Q BB signals are amplified by BB amplifiers, and then the ADC converts
the amplified BB signals into digital signals for further processing in the digital
base-band. It is similar to the superheterodyne receiver that a superheterodyne
transmitter also consists of BB, IF, and RF three sections.

The gain control in the IF section probably occupies about 75% of the overall
gain control range or more. It is rare to see that the gain control is implemented
in the analog BB section for this radio architecture. The reason for this is that
the BB section either in the receiver or in the transmitter has I and Q two
channels, and it is hard to keep the I and Q channel magnitude imbalance within
an allowable tolerance over the BB gain variation range.

In this work, the WLAN IEEE 802.11 g standard and the ISM standard,
whose key specifications are listed in Table 7.1, is considered.

7.3 Design Considerations for the TX/RX Sys-

tem system

In the superheterodyne TX/RX System, most of the desired signal gain is pro-
vided by the IF blocks. At fixed intermediate frequencies, it is relatively easier
to obtain high and stable gains. The power consumption for achieving high gain
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Table 7.1: Targeted Commercial Wireless Standard Key Specifications
Minimum Requirements WiFi LoRa (Europe) LoRa (USA)
Frequency (MHz) 2.4-2.48 GHz 863-870 MHz 902-928 MHz
Reciever Bandwidth 125-250 KHz 125-500 KHz
Channel Spacing 20 MHz 10 Channels 10 Channels

Modulation
QPSK 1/2 coding
rate OFDM

DSSS with Chrip DSSS with Chrip

Data Rate (Mbps) 16 Mbps 250-50 Kbps 980-21.9 Kbps
Sensitivity <-79 dB -100 -100
Dynamic Range >50 70 70
Adjacent Channel Rejection (dB) >13 27 27

at IF is significantly lower than that if the same gain is developed at RF.

It is necessary to have a good frequency plan for a superheterodyne TX/RX
System to successfully operate over a specified frequency band.

The sensitivity and linearity or the noise figure (NF) and IIP3, of a receiver
are tightly dependent on the gain distribution over the receiver chain. To obtain
a lower noise figure or a higher sensitivity receiver, it is preferred to make the
front-end block from the antenna port through the LNA to the RF down-converter
input port with a high gain. In this case, the receiver noise figure may be mainly
determined by the front-end block noise figure, and the back section of the receiver
chain from the down-converter input to the ADC output has minor impact on the
overall noise figure. However, the high front-end gain will degrade the receiver
linearity since the overall IIP3 of the receiver decreases with the front-end block
gain increase. In receiver design, it is necessary to have proper gain distribution,
which is able to take care of the tradeoff between sensitivity and linearity, or
noise figure and IIP3, of the receiver for an appropriate performance.

7.4 Receiver Performance Evaluation

Three important figures, which are related to the noise figure (NF), gain, and
1dB input compression point (PIN, 1dB) of the crucial receiver blocks, are com-
puted before measuring the reception of the built receiver for different carrier
frequencies. These are the receiver noise figure (NFRX), 1dB input compression
point (PIN, 1dB), and total dynamic range (TDR).

Table 7.2 presents the computed restrictions in terms of modulation, bit error
rate (BER), Carrier to noise ratio, etc.

Table 7.3 is also used to compute the level diagram evaluation of the proposed
receiver.

The total noise figure of the receiver. It is found to be approximately 4 dB,
which matches the value of the required noise figure to detect and MDS of -
133 dBm for both targeted ISM and WLAN IEEE 802.11 g commercial wireless
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Table 7.2: Receiver Requirements
Requirements QPSK LoRa 868 LoRa 868 LoRa 915 LoRa 915
BER 2% 0.10% 0.10% 0.10% 0.10%
Eb/No (dB) from Fig. 2.37 and BER 2% 3 5 5 5 5
Add increments from LO , filter and I and Q imbalance (dB) 1 1 1 1 1
Bit rate (KHz) 16000 250 50 980 21.9
Spread Factor NA 12 7 10 7
Noise Bandwidth (KHz) 8000 85334 915 100352 401
Sensitivity -79 -100 -100 -100 -100
signal power (dBm) -76 -97 -97 -97 -97
intermodulation Response -50 -50 -50 -50 -50
Dynamic Range 60 70 70 70 70
delta R 3 3 3 3 3
Carrier to Noise Ratio 7.09 -19.33182095 -6.624510897 -14.10299957 -6.627002578
CNR with added marjin 8 -20 -7 -15 -7

Table 7.3: Receiver Spread Sheet
Reciever Spreed sheet Antenna Diplexer LNA RF BPF RF Amplifier MIXER IF VGA IF VGA

Part number Novel Reconfigurable Filtenna MAAL-009120
Novel Reconfigurable
Filter

MAAL-007304 CSM4T IDTF1240NBGI IDTF1240NBGI

current mA 11.5 11.5 160 160
Power Gain dB -2.6 25.5 -2.6 25.5 -9 -11.5 20
Cascaded Power Gain dB -2.6 22.9 20.3 45.8 36.8 25.3 45.3
Pout dBm -107 -109.6 -84.1 -86.7 -61.2 -70.2 -81.7 -61.7
NF dB 0 2.6 1.7 2.6 6.5 9 4 4
Cascaded NF dB 2.6 6.54 6.55 6.59 6.59 6.59 6.6
NF Contribution (%) 39.39 59.7 0.1515 0.6061 0 0 0.1515
IIP3 dBm 100 -6 100 -6 18 47 47
Cascaded IIP3 100 -6 14.3 -6 17.78 41.6 47

standard as presented in Table 7.4 .
To compute the 1dB input compression point (PIN, 1dB) of the receiver, the

1dB input compression points of the crucial blocks, along with their associated
gains, are listed in their corresponding data sheets and in Table 7.3 . Table
7.3 also presents the cascaded IIP3 the whole receiver, it then used to calculate
the 1dB input compression point of the receiver, and it is found to be 47 dBm.
The total dynamic range is 170 dB, which is more than that required for both
modulation schemes.

7.5 Receiver Design

The Receiver is designed, fabricated and assembled as presented in the Fig. 7.2
For this setup, two frequency generator are placed as the RF and LO gener-

ators as shown in Fig. 7.2. The frequency generator connected to the LNA is
used to put in an RF signal, where FRF = 2.45 GHz and PRF = -10 dBm, at
the input of the reconfigurable receiver. The VCO frequency is represented by
another frequency generator, whose output has the following FLO = 2.017 GHz

Table 7.4: Receiver Main Performance Evaluation
Reciever Main Performance Evaluation QPSK LoRa 868 LoRa 868 LoRa 915 LoRa 915
Bit rate (KHz) 16000 250 50 980 21.9
Rx Sensitivity (MDS) -120.3691001 -110.088779 -129.7857891 -109.3847397 -133.3685563
Intermodulation Rejection 108.9127334 102.059186 115.190526 101.5898265 117.5790375
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Figure 7.2: Receiver Fabricated System

and PLO = -10 dBm values. The output of the reconfigurable receiver, while its
interrelated blocks, is monitored on the signal analyzer. The actual measure-
ment is illustrated in Fig. 7.3. The measured output power of the receiver, which
demonstrates a 433MHz downconverted signal for the tested case, is shown in
Fig. 7.3.

7.6 Transmitter Design

The Transmitter is designed, fabricated and assembled as presented in the Fig.
7.4. The transmission band satisfy the standard spectral mask as shown in Fig.
7.5

For this setup, two frequency sweepers replace the tunable filtenna and the
VCO, as shown in Fig. 7.4. The frequency generator connected to the mixer is
used to put in an IF modulated signal, where FIF = 433 MHz and PIF = 0 dBm,
at the input of the reconfigurable receiver. The VCO frequency is represented
by another frequency generator, whose output has the following FLO = 2.017
GHz and PLO = 10 dBm values. The output of the reconfigurable transmitter,
while its interrelated blocks, is monitored on the signal analyzer. The actual
measurement is illustrated in Fig. 7.6. The measured output power of the system,
which demonstrates a 2.454 GHz upconverted signal for the tested case, is shown
in Fig. 7.6.

7.7 Transmit/Receive Design

The Transmitter and the receiver are now reconfigured and placed as a TX/RX
system in order to test the functionality of the whole system with the presence
of the reconfigurable filtenna. The system is presented in Fig. 7.7.
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Figure 7.3: Testing Senario

Figure 7.4: Transmitter Fabricated System

Figure 7.5: Standard Spectral Mask [10]
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Figure 7.6: Transmitter testing Scenario

Figure 7.7: Assembled TX/RX System
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For this setup, two frequency generators are used. The first one provides LO
signal for both the transmitter and the receiver as shown in Fig. 7.7. The second
generator provides the complex I/Q modulated signal. The frequency generator
connected to the mixer is used to put in an IF modulated signal, where FIF =
433 MHz and PIF = 9 dBm, at the input of the reconfigurable receiver. The
VCO frequency is represented by another frequency generator, whose output has
the following FLO = 2.017 GHz and PLO = 10 dBm values. The output of the
reconfigurable transmitter, while its interrelated blocks, is transmitted by the
filtenna. On the receiver side, the receiver filtenna captures the modulated RF
signal. After this signal passes through the RF receiver block, it gets down-
converted into 433 MHz by the mixer, filtered using a SAW filter, amplified using
a VGA as shown in Fig. 7.7.

7.8 Conclusion

The design of a reconfigurable multi-standard RF frontend TX/RX System is
reported in this Chapter. The targeted commercial wireless standard are Euro-
pean ISM, US ISM and WLAN IEEE 802.11 g. This chapter details the design of
the Filtenna (receiving antenna), lownoise amplifier (LNA), tunable coupledline
bandpass filter, singleended balanced mixer, voltagecontrolled oscillator (VCO),
and variable gain IF amplifier receiver blocks. Prototypes of the designed blocks
are fabricated and measured. A good agreement is witnessed between the simu-
lated and the measured results. Three measurement setups are then carried out
to test the reception of the assembled tunable RF frontend sensing receiver. In
each experiment, the IF output of the receiver reveals a downconverted signal in
the 433 MHz vicinity.
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Chapter 8

Conclusions and Future Work

In this dissertation, the design of antennas and a transmit/receive system for mo-
bile and IoT devices is presented. The design process is initiated by investigating
a PIFA structure. The PIFA is then reconfigured by relying on a variety of switch-
ing techniques. In addition, this reconfigurable miniaturized PIFA is integrated
into a MIMO configuration where a new technique for isolation enhancement is
proposed. Such enhancement is based on dynamically and selectively trapping
the coupling between the antenna elements simulatenously with their operation at
the corresponding frequencies. As a result, isolation is highly enhanced in prepa-
ration for further integrated antennas in a world of billions of connected devices.
The full MIMO system is also analyzed with respect to the various reconfigu-
ration techniques. Conclusions are drawn on the impact of each reconfiguration
mechanism on the radiated power, efficiency, gain and power dissipated. Such
conclusions define the design of communication systems in any IoT terminal.

As a proof of concept and in order to further enhance these analyses, an-
tennas are designed in extreme miniaturization techniques operating at UHF
bands. Such design challenge defies the antenna designer to maintain the neces-
sary needed requirements while satisfying the design constraints. As a result, two
reconfigurable antennas are designed and investigated. The first design resorts
to only one RF MEMS and maintains high radiation efficiency values despite its
elevated miniaturization aspect. The antenna is fabricated and measured where
the results agree greatly with simulated ones. The second antenna resorts to a
digital tunable capacitor (DTC) in order to tune its operation while avoiding
the incorporation of analog and traditional switching components. The proposed
digitally tuned antenna operates at the European and US LoRa, GSM and LTE
bands. It resorts to only one DTC in order to operate at the required frequency
bands. The antenna is fabricated and measured where the measurements are in
good agreement with the simulations.

Furthermore conclusions are drawn on the impact of DTC on small antennas’
operation. As a last step a transmit/receive system is propsoed. This system
also includes a reconfigurable filtenna front-end. The reconfigurable filtenna is
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Table 8.1: Comparison between Different Switching Techniques
Analysis Pin Diodes MEMS Varactors DTC
Number of Switches 2 2 1 1

Control Analog Analog Analog
Digital
(easily integrated in software
defined systems)

Biasing (input dc power)
low DC power
requirement (10 mW)

noticeable DC power
requirement (171 mW)

high DC power
requirements (250 mW)

Extremely Low DC power
Requirements
(0.13 mW)

Antenna Gain Abrupt Variation in the Gain
Less Abrupt Variation in
the Gain Values

Smooth Transition
in the Gain Values

Approximately Constant Gain
over Different Frequencies

Power Radiated and
Radiation Efficiency

Low Radiation Efficiency
can be improved in PIN diode
is placed away from the
radiating structure

Considerably high radiation
efficiency

High radiation
efficiency

Considerably high radiation
efficiency

Non- Linearity Non-Linear Linear Linear Linear
Relaibility Reliable Non-Reliable Reliable Reliable

digitally tuned and aims at increasing the channel selectivity and enhancing the
filtering ability of the system. The transmit/receive system also relies on dynamic
components that are either reconfigurable or wideband in order to cater for the
reconfigurable front end.

Some guidelines are presented below can help designers determine which
switch to use and when:

1- If the number of switches is a constraint for the antenna designer, then tun-
able capacitors (DTC and Varactors) are advantageous over ON/OFF switches
(PIN Diode and RF MEMS).

2- If the designer is restricted with a low dc input power, DTC become the
most suitable choice after which comes pin diode, RF MEMS then varactors in
increasing order of dc power consumption.

3- The design of an efficient antenna with high power radiated is always a
need. Varactors and DTC have less impact on the antennas’ radiation efficiencies
than MEMS and pin diodes.

4- Non-linearity affects the antenna performance and radiation efficiency, so
linear switches like MEMS and DTC are preferable over varactors and pin diodes.

8.1 Future Work

This work can be further extended into a variety of applications and devices that
cater for the future of communication well within 5G and beyond. The main
future extensions of this work can be summarized in the below:

1- Investigating of the impact of communication efficiency within an increased
number of connected devices.

2- Study the interference emanating from neighbouring devices especially in
a hyper IoT scenario where a vast number of devices are connected and exist in
the vicinity of each other.

3- Investigate and study the enhanced isolation with an increased number of
antenna elements in a extended MIMO scenario.
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4- Investigate enhanced isolation and extreme miniaturization aspects in Mas-
sive MIMO scenarios

5- understand the impact of switching components on the antennas and transceiver
systems in a Massive MIMO environment.

6- The reconfigurable transceiver system can be further designed on a chip to
have an SoC reconfigurable microwave transceiver.

7- The analysis of switches can be further extended to mm wave antennas.
8- Novel reconfigurable transceivers at mm wave that caters the required stan-

dards and frequencies can be designed.
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Appendix A

Abbreviations

DC Direct Current
DSSS Direct Sequence Spread Spectrum
DTC Digital Tunable Capacitor
GPS Global Positioning System
GSM Global System for Mobile Communications
IoT Internet of Things
ISM Industrial, Scientific and Medical
LTE Long Term Evolution
MEMS Micro-Electromechanical Switch
MIMO Multiple Input Multiple Output
PIFA Printed Inverted F Antenna
PIN Postive-Intrinsic-Negative
QPSK Quadrature Phase Shift Keying
RF Radio-Frequency
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