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1. Introduction

The chapter of 4G (4th Generation) mobile systems is finally coming to an end, with waves of
4G systems having been deployed throughout Europe and worldwide. These systems provide a
universal platform for broadband mobile services at any time and anywhere. However, mobile traffic
is still growing at an unprecedented rate and the need for more sophisticated broadband services is
further pushing the limits of the current standards to provide even tighter integration between wireless
technologies and higher speeds [1]. The increasing number of mobile devices and traffic, the change in
the nature of service and devices, along with the pressure on the operation, costs, and energy efficiency
are all continuously putting stringent limits on the requirements of the designs of mobile networks.
It is widely accepted that incremental enhancements of the current networking paradigm will not
come close to meeting the requirements of networking by 2020 [2]. This has led to the need for a
new generation of mobile communications: so-called 5G. The interests of stakeholders and academic
researchers are now focused on the 5G paradigm. Although 5G systems are not expected to penetrate
the market until 2020, the evolution towards 5G is widely accepted to manifest in the convergence
of internet services with existing mobile networking standards, leading to the commonly used term
“mobile internet” over heterogeneous networks (HetNets), with very high connectivity speeds.

The envisaged plan is to narrow the gap between current networking technologies and the
foreseen requirements of 2020 networking and beyond, providing higher network capacities, the ability
to support more users, lower cost per bit, better energy efficiency, and finally, adaptability to the new
nature of services and devices, such as support of smart cities and the Internet of Things (IoT).

Certain technology trends, properties, and offered services have been widely envisioned to form
part of the highly anticipated 5G [3,4]. It is almost globally accepted that the densification of mobile
networks is the way to go for 5G. It is expected that mobile networks will become hugely densified
with the adoption of multitier heterogeneous networks, including macrocells, a huge number of small
cells, remote radio units (RRUs), and device-to-device communications [5]. Additionally, cooperation
and network virtualization are expected to play the main roles in 5G systems [5]. Small cells are
envisaged as the vehicle for ubiquitous densified 5G services, providing cost-effective, energy-efficient,
high-speed communication. Small cells were partly adopted in the 4G revolution in the form of the
femtocell, and the outdoor version, the picocell; however, femtocells are confined to indoor use, and
picocells require radio networking infrastructure and planning, representing a significant cost for
operators. Yet, small-cell technology is here to stay, with its desirable energy rating making it a winning
candidate for a basic building block upon which the mobile networks of the future will evolve.

2. The Present Issue

This Special Issue features 15 articles which addresses the main aspects of technology trends
which are widely accepted to form part of 5G, by providing a virtual cooperative wireless network of
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small cells. The main aim of these investigations goes beyond the current vision of densification and
small-cell 5G through disruptive, new “femtocell”-like paradigms, where end-users play the role of
prosumers of wireless connectivity, i.e., “Mobile Small Cells”.

The 15 articles within this special issue illustrate the true innovation in engineering design that can
occur by blending models and methodologies from different disciplines. In this special issue, the target
was to follow this approach to deliver a new disruptive architecture to deliver next-generation mobile
small-cell technologies. According to this design philosophy, the novelty of these articles resides
in the intersection of engineering paradigms that include cooperation, network coding, and smart
energy-aware frontends. These technologies will not only be considered as individual building blocks,
but will be re-engineered according to an interdesign approach, serving as enablers for energy-efficient
femtocell-like services on the move.

Next-generation handsets will need to be green, or in other words, “energy-aware”, so as to support
emerging smart services that are likely to be bandwidth-hungry, as well as to support multimode
operation (5G, LTE, LTE-A, HSDPA, 3G among others) in HetNet environments. This vision gives
way to stringent design requirements in the RF system design that, in today’s handset, are the key
consumers of power. To address the RF frontend and propose multi-standard flexible transceivers,
the power consumption must be considered as a key design metric. This will include investigating RF
building blocks such as energy-efficient power amplifiers (PAs) and antenna techniques, and tuneable
RF bandpass filters.

Seven articles in this special issue propose novel and efficient antenna designs that employ both
single and MIMO synthesis for use in heterogeneous networks [6-12]. Some of these designs operate
on fixed single/multiband and radiations, as in [6-10], while some have the feature of reconfigurability
that allows them to operate in a tuned manner in which the resonant frequencies and patterns can be
shifted/reconfigured even after the designs have been made [11,12]. The other two articles present
recent work on a highly efficient power amplifier which will provide hardware solutions to the growing
RF front-end integration challenges with additional design requirements towards energy efficiency
for Pas [13,14]. A paper presenting the recent progress of 4G/5G reconfigurable filters for multimode
operation with potential energy efficiency traits, good linearity, and potentially low-cost manufacturing
over a variety of substrates is also included in this issue [15].

The other three papers study Non-Orthogonal Multiple Access (NOMA) schemes. The first paper
addresses an investigation of two transmission scenarios for the base station (BS) in cellular networks to
serve users who are located at the cell-edge area [16]. In this study, it was shown that wireless-powered
NOMA and the cell-center user can harvest energy from the BS in such a model. Moreover, the problem
of the cell-edge user, i.e., due to the weak received signal, has been solved by fabricating a far NOMA
user with multiple antennae to achieve improved performance. A similar work [17] proposes NOMA
as a promising technology that could be used in next-generation networks in the near future. Within
this work, a multipoints cooperative relay (MPCR) NOMA model, instead of just a relay, as suggested
in previous studies, was proposed. The third paper [18] introduces the Power Domain-based Multiple
Access (PDMA) scheme as a kind of NOMA that can be used in green communications and which can
support energy-limited devices by employing wireless power transfer. Such a technique is known as
a lifetime-expanding solution for operations in future access policy, especially in the deployment of
power-constrained relays for three-node, dual-hop systems.

To equip the network with small cells, parameters such as cell size, interference in the network,
and deployment strategies to maximize the network’s performance gains expected from small cells
are important, as stated in reference [19]. Furthermore, the network performance was evaluated for
different Pmax values for small-cell uplink. Various deployment scenarios for furnishing the existing
macro layer in LTE networks with small cells were considered within this work.

The last work in this special issue presents a theoretical study of electromagnetic propagation
in a complex medium suspended multilayer coplanar waveguide (CPW). This work is based on the
generalized exponential matrix technique (GEMT) that was joined with Galerkin’s spectral method of
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moments, and then applied to a CPW printed on a bianisotropic medium. The analytical formulation
is based on a Full-GEMT, a method that avoids the usual procedure of heavy and tedious mathematical
expressions, using matrix-based mathematics instead [20].

3. Future

From a future perspective, to help current mobile standards to move forward a cooperative
approach, a more user-network centric approach is desirable, i.e., where all devices are seen as a “pool
of resources” to be used by the network as a vehicle, leading to enhanced spectral and energy efficiency.
It is essential to break the femto-barrier and reduce the energy consumption in the network by at least
a factor of 10, while providing higher data rates, higher capacities, and ubiquitous service through
reduced-cost solutions for future 5G systems.

Thus, initially, to support reliability, throughput, coverage, and the coexistence requirements
of 5G wireless systems in a cost-effective and energy-efficient manner, some vital issues should be
considered, such as analyses, design, and optimization of NCC communications for mobile small cells
and of small-cell overlay deployment for HetNets, thereby enabling the potential of 5G systems.

Moreover, in order to accomplish secure network coding for 5G cooperative mobile small cells,
we must go beyond the previously proposed mechanisms by using random linear network coding,
as well as modifying and adapting the proposed protocols to multihop secret key distribution in highly
dynamic wireless networks. The use of random linear network coding is expected to boost performance.

In terms of a frontend that can meet the requirements of 5G systems, it is apparent that reliance on
a single technology will no longer have a place in the mobile communication paradigm; rather, the very
careful integration of diverse radio technologies in a cost-effective way will be required. Forthcoming
5G systems comprise a truly mobile multimedia platform that constitutes a convergent networking
arena, that not only includes legacy heterogeneous mobile networks, but also advanced radio interfaces
and the possibility of operating at mm-wave frequencies to capitalize on the large swathe of available
bandwidth. This provides the impetus for a new breed of handset designs that, in principle, should be
multimode in nature, energy efficient, and above all, able to operate at the mm-wave band, placing new
design drivers on antenna design. Therefore, the target in future is to investigate advanced 5G massive
array/MIMO antennas for 5G smart future applications that can operate in the mm- range, i.e., above
30 GHz, and meet the essential requirements of 5G systems such as large bandwidth (>1 GHz) and gain
and efficiencies up to 15 dBi and 95% respectively. Also, it should extend the current Doherty amplifier
implementation towards a three-step approach to promote the concept of efficiency enhancement
and linearity compensation in PA design. Also, new reconfigurable switchable 5G filters should be
designed using tuning technology with an emphasis on low-loss, low-power consumption, reduced
size, and high-Q, which would also give rise to easy integration with the CMOS PA.
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Abstract: Currently, several microwave filter designs contend for use in wireless communications.
Among various microstrip filter designs, the reconfigurable planar filter presents more advantages
and better prospects for communication applications, being compact in size, light-weight and
cost-effective. Tuneable microwave filters can reduce the number of switches between electronic
components. This paper presents a review of recent reconfigurable microwave filter designs,
specifically on current advances in tuneable filters that involve high-quality factor resonator filters to
control frequency, bandwidth and selectivity. The most important materials required for this field
are also highlighted and surveyed. In addition, the main references for several types of tuneable
microstrip filters are reported, especially related to new design technologies. Topics surveyed include
microwave and millimetre wave designs for 4G and 5G applications, which use varactors and
MEMSs technologies.

Keywords: microstrip; tuneable filter; microwave filter; 5G; MEMSs; varactor

1. Introduction

Reconfigurable microwave filters are vital in wireless communications. Many applications require
diversity in filter performance. Traditional filter banks occupy much space on circuit boards, fuelling
interest in replacing them with compact tuneable filters, saving space and improving performance.
The centre frequency is the only tunable parameter in most reconfigurable filters and relatively few
filter designs offer other tunable parameters such as bandwidth, poles, zeros and quality factors.
To select the suitable technique of reconfiguration for a given application, researchers should take
into account the following parameters: operating frequency, physical size, performance and power
handling. Microwave filters can be categorized in terms of the position of the poles and their effect
on the insertion loss and the effect of the zeros on the characteristics of the passband. The zeros are
usually distributed within the passband to give equiripple or Chebyshev characteristics. From the
other side, when the poles are analysed, this kind of filter has all these positioned at DC or infinity and
it is usually called an all-pole Chebyshev filter or simply a Chebyshev filter. It is worth mentioning
that it is highly recommended to place poles where they are most required and also to minimise their
number; each extra pole complicates systems and increases cost [1-3].

Some researchers have designed tuneable microwave filters using varactor diodes [4-27]. In these
articles, most designs are focussed on bandpass tuneable resonators [4-20] and tuneable band-stop
resonators using varactor diodes [21-25]. Only a few designs of microwave low-pass tuneable
resonators and high-pass tuneable resonators are presented [26,27]. That is because of the deficiency
of practical monolithic reconfigurable inductor solutions that increase the complexity of realizing a
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good performance for the design. In general, research into reconfigurable bandpass and band-stop
resonator filters generally investigated reconfigurable frequency and bandwidth. Among a variety of
prototype designs, A/4 and A/2 tuneable filters with varactor diodes, as well as multi-mode filters,
are mostly used because of their compact size and the simplicity of the tuning circuit. For example,
by using a A/4 resonator, Hunter and Rhodes [4] presented a microstrip second-order combline filter
at 3450-5000 MHz with a 3.2-5.2 dB insertion loss using striplines and varactor diodes as switches.
To achieve constant impedance bandwidth, the filter was required to have electrical length at the
mid-point of the frequency band. This technique also used in the design of a tuneable microstrip
combline filter using stepped impedance resonators with varactor diodes [5].

Sanchez et al. presented a reconfigurable bandpass combline filter resonating at 470 MHz,
adjusting the mutual coupling between the resonating elements [6]. Wang and et al. presented a planar
reconfigurable combline resonator filter using varactor diodes [7]. In this design, the short-circuited
end of the resonators was replaced by lumped series lines. According to this technique, the slope
parameter of the introduced lines can be adjusted to achieve a constant fractional bandwidth covering
a wide tuning range. Park et al. reported a second-order reconfigurable filter using varactor diodes [8].

Three different types of bandwidth responses have been achieved: constant absolute bandwidth,
constant fractional bandwidth and decreasing fractional bandwidth. By using the independent electric
and magnetic mutual coupling technique, designs can cover a wide tuning range of 845-1500 MHz.
In addition, by utilizing the concept of the A/2 resonator, Zhang et al. presented a second-order
reconfigurable microstrip bandpass and band-stop filters by using varactor diodes [9] and [22],
respectively. In these designs, a constant absolute bandwidth had been achieved by utilizing a
mixed electric and magnetic mutual coupling technique. Similarly, a second-order microstrip tuneable
filter using varactor diodes was presented in Reference [10]. By utilizing a corrugated coupled lines,
the design covered the frequency band 1.4-2.0 GHz. On the other hand, other recent designs were
reported in Reference [11-13] with different kinds of multi-mode filters, such as multi-mode open-loop
planar tuneable filter [11], multi-mode microstrip ring resonator tuneable filter [12] and multi-mode
triangular-microstrip resonator tuneable filter [13]. These filters are designed using varactor diodes to
achieve reconfigurability for both the resonance frequency and absolute bandwidth.

It has been shown that multi-mode resonators have separately coupled degenerate modes
that result between tuning elements and can be adjusted so as to affect each resonating mode
independently. Microstrip bandpass and band-stop tuneable filters using varactor diodes were studied
in Reference [14] and [21]. The main benefit of these reconfigurable filters was their compact size as
compared with other prototypes.

Our paper aims to provide a survey of some important materials and designs for reconfigurable
microwave filters. Different important designs and techniques used to accomplish reconfigurable
filters are discussed in the following sections. In addition, the paper provides a common review of
recent development in the design and implementation of tuneable RF, microwave and mmWave filters.
Wireless communication applications driven by tuneable filters have shown a continuous development
in both theoretical concepts and in the technology applied to realize them. This is surveyed in this
paper, highlighting major design improvements.

This paper is organized as follows: Section 2 is a general literature review, highlighting the
main books and review papers in the field of microwave filters. Section 3 surveys the tunable filter
designs and simulation tools required by the 5G applications. Section 4 discuses BAW, SAW and active
reconfigurable filters. Section 5 focuses mainly on recent microstrip tunable filter designs and gives a
comparison summary. Finally, Section 6 presents our conclusions.

2. Literature Review and Highlighting Key Sources

In this section, we review and highlight the most important reference tools for researchers in the
field of tuneable filters, especially key books and references on this topic.
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In 2001, I.C. Hunter published the book entitled “Theory and Design of Microwave Filters” [1].
This book is valuable to researchers of the topic as well as to practitioners of the art and science of
tuneable microwave resonator filters. Designing of tuneable microwave filters is unusual because
it requires network synthesis, a technique requiring systematic processes to go ahead with the
requirement of the last prototype model. This way is convenient for engineering regulations that aim to
apply the model theory according to the design concepts. Circuit synthesis can be understood in terms
of the circuit theory of passive elements. This scope has been deeply investigated in recent electrical
engineering research. Accordingly, a prerequisite for the design and implementation of tuneable filters
a knowledge of network synthesis. Synthesis enables an engineer to be familiar with the prototype
circuit which requires to be converted into different microwave circuit modes like TEM, waveguides
and dielectric resonators. Therefore, researchers need good information about the electromagnetic
characteristics of such networks. The advantages of the book in Reference [1] are to afford a good
reference for the designer including the basic concepts of microwave filters. Network synthesis
models of many microwave filter designs were surveyed by specific structures with numerical analysis
and simulations.

In 2002, Jia-Sheng Hong and M. J. Lancaster published another important book entitled
“Microstrip Filters for RF/Microwave Applications” [2]. It provides a good and comprehensive
study of RF and microwave filters based on the theory of microstrip design, as well as a link to the
software of computer-aided structure tools and the techniques of advanced materials. Many results
using the computer-aided tool were reported, from fundamental theory to practical implementation.
This reference is not just a valuable academic reference but also a manageable resource for students,
researchers and engineers in the scope of tuneable microwave filters. This source covers the designing
of different new planar filter structures with progressive filtering properties, novel design concepts
and miniaturization techniques for microstrip filters. Commercial systems are presented with design
theory and methodology, which not only apply to planar filter but also to other types of filters, such as
3D designs and transmission line circuits.

In 2007, Richard J. Cameron, Raafat Mansour and Chandra M. Kudsia authored the book entitled
“Microwave Filters for Communication Systems: Fundamentals, Design and Applications” [3]. This
reference presents important developments in network synthesis and practical implementations of
microwave resonator circuits over previous years. It delivers a handy and clear explanation of system
characteristics and focuses on microwave resonator filters, basic requirements in the concepts and
theory of microwave resonator filters, up to recent techniques of network synthesis. This review is the
most comprehensive available with important design techniques concerning the study of coupling
matrices. Thus, it is a very useful reference for every microwave filter design researcher.

The three books mentioned above constitute the most important sources for the designer of
microwave tuneable filters. In addition, some useful review papers are also available [28-30].

In 1948, Ralph Levy and Seymour B Cohn presented a survey paper entitled “A History of
Microwave Filter Research, Design and Development” [28]. This paper provides developments in the
historical perspective of microwave resonator filters. The reference may resemble a review paper but
this was not the main object of the paper. Therefore, the authors did not include comparatively new
subjects such as millimetre waves.

In 2002, Ralph Levy, Richard Snyder and George Matthaei introduced a review paper for the
main techniques used in the structure of microwave filters. The article explained the basic theory of
important microwave resonator filters by using lumped-elements, adopted practically straightaway for
different systems with frequencies up to 18 GHz. Several kinds of microwave filters were reported in
this paper by referring to the most valuable resources, particularly the new designs for this topic [29].

In the same year, lan C. Hunter, Laurent Billonet, Bernard Jarry and Pierre Guillon presented
a review paper explaining the development of microwave filter technology from the viewpoint of
its applications [30]. It is an interesting paper in the scope of filter theory, investigating designs of
numerous types of passive elements: couplers, power dividers and phase shifters. For example, it
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shows that military communication systems require a wide-spectrum and reconfigurable performance
for microelectronic maintenance receivers. That led to improving the highly discerning wide-spectrum
cavity filter, coaxial resonator, suspended substrate diplexers and reconfigurable microwave filter
with DC biasing. Moreover, it shows that satellite applications require low-mass and narrow-band
filters with low-loss, selective amplitude and linear phase properties, which led to the growth of the
multi-mode cavity and dielectric resonator filter with developments in the structure of diplexers and
multiplexers. Finally, it shows that mobile phone base station applications require selective filter
characteristics with low loss, compact size and handling of high power and that they should be able to
be designed, implemented and manufactured in hundreds of millions at low cost, while mobile phone
handset applications demand the construction of tens of thousands of filters of very compact size, low
cost, low loss and high selectivity. These requirements stimulated the development of reconfigurable
filters [30].

3. Reconfigurable Filters for 5G Applications

New wireless applications like LTE, LTE advanced and fifth generation use several bands of radio
frequency instantaneously to assign the bandwidth necessary to increase data rates. Accordingly,
the need for reconfigurable filters is enhanced. RF noise is an increasingly serious issue in modern
wireless communication applications such as 5G and wide-band radar systems. Many recent books and
articles discuss the use of reconfigurable antennas for “green” flexible RF in 5G applications [31-34].
Nowadays, 5G wireless communication technology is being considered for use in 700 MHz, 3.6 GHz
and 26 GHz bands [35]. Band-pass filters are useful units in many 5G systems for rejecting unwanted
signals. In addition, there are particular requirements for band-pass filters in such systems [36,37].

In Reference [38], a compact microstrip band-pass filter (BPF) covering the 3.4-3.8 GHz spectrum
bandwidth for 5G wireless communications is presented. The planar filter uses three resonators, each
terminated by a via to hole ground at one end and a capacitor at the other end with 50 () transmission
line impedances for input and output terminals. The coupling between the lines is adjusted to resonate
at the centre frequency with third-order band-pass Butterworth properties. The proposed combline
filter is designed on an alumina substrate with a relative dielectric constant of 9.8 and a very small size
of 9 x 5 x 1.2 mm?3. This filter can be easily tuned in frequency by adjusting the capacitors as shown
in Figure 1.

<= Ground Layer

Figure 1. 3D configuration of the Combline BPF filter [38].

In Reference [39], the authors reported the design and optimization of reconfigurable cavity
bandpass filters using MEMS switches with continuously tuneable resonant frequency over a wide
tuning band. The tuneable filters are implemented by using silicon micromachining methods, which
enables them to be tuned with the desired frequency in the millimetre wave (28-90 GHz) band. Besides,
a novel feeding technique is used with fully passive input and output impedance matching over the
total tuning range. The filters are tested through electromagnetic software and practically implemented.
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Figure 2 explains the system installation. An Agilent E8361A network analyser is used to measure
the return/insertion loss via a pair of SMA coaxial connectors, which are fixed under the layer of the
Au-metallization. The frequency characteristics of the filters are separately adjusted with suitable DC
biasing circuits.

®  Coaxial Line Feed

(a} )
Filter Silicon Substrate External Matching Structure

Miniaturized Coaxial Port Metal Fixture
(e)

Figure 2. (a) RF system installation of the two BPF reconfigurable filters; (b) The front side of the
diaphragm; (c) The front side of the cavity; (d) Side view of the DC bias circuit; (e) A cross-sectional
view of the installed package system [39].

In Reference [40], a novel concept in coplanar waveguide (CPW) reconfigurable band-stop
resonator filter was suggested and investigated, with reconfigurability achieved by adjusting the
tuning frequency with shortcutting a defected ground (DG) layer. The microstrip reconfigurable
filter is implemented based on CMOS techniques with a high resistivity silicon substrate of 300 nm
thickness and by exploiting a 1 pm X 10 pm area with a vanadium oxide switch. The tuneable
microstrip filter operates in the Ka-band and the reconfigurable resonant frequency covers the mmWave
spectrum from 28.2-35 GHz. The paper proposed the use of vanadium oxide in a coplanar waveguide
band-stop reconfigurable microstrip filter in the Ka-band. The design was more compact in physical
size compared with other coplanar waveguide defected ground reconfigurable filters. The microstrip
layer is divided into the amount of the square of the free space wavelength. It is implemented with the
highest tuned frequency while showing a reconfigurability of 20%. Figure 3 shows a photo of the filter.

It is noteworthy that a new electronic system developer stage is important to design the compact
size, low power handling components that are necessary for fifth generation applications [41] as
shown in Figure 4. Recently, many filter companies have established some tools that are not yet
developed to get optimal characteristics for filters to be used in 5G applications and there is a challenge
to get the optimum designs with the required accuracy while reducing both the cost and time needed.
As a result, there is a need for new tools and improvements in current ones to design whole boards
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and to take into account the following aspects: 1) Modern filter theory. 2) Finite element modelling.
3) New optimization techniques.
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Figure 3. A photo of the reconfigurable microstrip filter [40].
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Figure 4. The design procedure for synthesized networks [41].

4. BAW, SAW and Active Reconfigurable Filters

In this section, we survey and compare reconfigurable surface acoustic wave (SAW), bulk acoustic
wave (BAW) and active filters. Firstly, a discussion introduces SAW/BAW reconfigurable filters
using varactor diodes integrated with microelectromechanical system (MEMS) technologies and
some key techniques that can be employed, showing that high performance can be expected and
delivered [42—-44]. Secondly, active reconfigurable filters based on semiconductor materials and their
analysis by hybrid technologies will be discussed [45-47].

4.1. BAW and SAW Reconfigurable Filters

In recent wireless communications, some applications, excluding BPFs with duplexers and power
amplifiers, are combined into a single CMOS chip. That is because a high performance is achieved
by using SAW/BAW filters for current wireless communication, so providing tuneability without
degrading performance is essential. When a very small loss and a very low nonlinearity is preserved
and wide range of reconfigurability is realized, reconfigurable SAW /BAW filters can be introduced in

10
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various areas. A combination of varactors with wideband SAW filters is presented in Reference [48].
The configurations of this technique are shown in Figure 5a. The advantage of this topology is that the
passband characteristic is not sensitive to the quality factors of the varactors but the disadvantage of
this approach is the limited reconfigurability due to the availability of a frequency band that is always
involved in the passband of the designed filter. With the approach explained in Figure 5b [48], the
resonance frequency and the bandwidth of the passband region could be controlled more easily than
with previous techniques. The main disadvantage of this topology is the sensitivity of performance of
the designed filters to the quality factors of the varactors.

Cs C. C5 A
Cs

=
2
:1’ l Il’ | C& C34
2Z, |

(@) (b)

Figure 5. A reconfigurable filter topology using: (a) Acoustic wave resonators and variable capacitors;
(b) SAW/ BAW resonators and varactors [48].

In Reference [49], a novel reconfigurable wideband SAW filter using 7 type topology is presented
for the LTE and UMTS low-band frequency range. Figure 6a shows the configuration of a proposed 7
type reconfigurable SAW filter circuit. Two reconfigurable filters are connected in parallel with a series
arm which includes an inductor Ly and a capacitor Cy selected using a RF switch. Figure 6b shows a
top view of the implemented 7 type reconfigurable filter. Measurements show an isolation value of
more than 50 dB with a reconfigurability exceeding 30%.

ww g

@ (b)

Figure 6. 7t type reconfigurable SAW filter: (a) Circuit configuration; (b) a top view of the fabricated
filter [49].

In Reference [50], the authors presented a new reconfigurable BAW filter with negative capacitors.
Some similar previous designs were introduced with inductances [51,52]. The disadvantage of these
proposed designs is that a second-order parasitic resonant frequency will be generated, leading to a low
quality factor of the inductance that reduces the high quality factor of the BAW filter. In Reference [50],
the paper presented a solution with a negative capacitance which adjusts the shunt resonance frequency
of the BAW filter without generating a parasitic effect. The design includes flip-chip elements of a

11
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BAW solidly mounted resonator (SMR) placed on the top of a BICMOS 0.25 um chip. Figure 7a shows
the configuration of the negative capacitance circuit and the filter layout is depicted in Figure 7b.
The designed tunable filter presents a very good level of rejection with less than -50 dB at 1 GHz,
improving on previous filters using inductor technologies: the disadvantages of this filter are its power
consumption and excess noise.

diode
transistor

negative
capacitance

current
miror

(a) (b)

Figure 7. Reconfigurable BAW filter: (a) Negative capacitance circuit; (b) Filter layout [50].

Generally, both SAW and BAW filters have specific advantages and drawbacks. Mostly, they
complement each other. In a few, very limited systems and applications, they compete against each
other. As a comparison, BAW tuneable filters have more ability to operate with high frequency bands,
high power circuits and high performance compared with SAW tuneable filters.

4.2. Active Reconfigurable Filters

Active tunable filters are also surveyed in this sub-suction. Generally, there are two categories of
active tunable filters. Firstly, a resonator tunable filter based on gyrator active inductor [53] as shown
in Figure 8a. The design produces a parallel active inductor with C. and with a voltage gain e, /e;.
The centre frequency and the quality factor are adjustable by controlling the values of Cy, and the
transconductance g, respectively. Secondly, an active filter based a positive feedback loop [45] as
shown in Figure 8b. In this filter, the centre frequency and the quality factor are adjustable by varying
the values of the phase shift K and the gain G of the amplifier, respectively. These filters can be realized
by using the integrated circuits (ICs). The device is consisted of two filter cells coupled in shunt to
generate a two pole responses. It should be noted that the centre frequency and the quality factor
of each filter cells can be controlled automatically. In these filters, the resonance frequency and the
bandwidth can be controlled with a certain renege with a constant filter performance. However, the
drawback of these kinds of filters is the nonlinearity.

Active Inductor

€

@) (b)

Figure 8. Active reconfigurable filter: (a) Active inductor-based filter [53]; (b) Recursive filter [45].
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In Reference [54], the paper presented a reconfigurable microwave photonic filter with a
wide tuning range, based on a semiconductor optical amplifier. The filter was experimentally
implemented and measured with a new configuration, producing a reconfigurable microwave photonic
notch filter with a high tuning range about 100%. Figure 9 shows the laboratory measurement
set-up. The reconfigurability is realized by controlling the resonance wavelength of the device and
the characteristics of the frequency response are fixed throughout the entire tuning mechanism.
Additionally, the presented tunable filter has a very compact size, which can be easily combined with
the techniques of photonic integrated devices. The filter has a configuration layout similar to that of
the filter presented in Reference [55], except that this design incorporates filter detuning.

R —¥—

PD
TBPFI  yoa

OSA

Figure 9. Laboratory install of the proposed filter [54]. VNA: Vector Network Analyser; PD: Photon
Detector; TBPF: Tunable Band-Pass Filter; MZM: Mach-Zehnder Modulator; OSA: Optical Spectrum
Analyzer; TLS: Tunable Laser Source.

Another semiconductor-tuned filter by using a cross-phase modulation (XPM) is presented in
Reference [56]. The reconfigurability of the proposed filter is realized by varying the fibre delay lines or
by dispersive optical fibre. In the designed tunable notch filter, both negative and positive coefficients
are achieved by the cross-phase modulation, which leads to a constant frequency response. This
scheme prevents further degradation of the system transfer function, unlike the cross-gain modulation
(XGM) scheme presented in Reference [57] where only negative coefficients are employed over the
amplifier. The XPM configuration also provides a higher RF bandwidth and a lower semiconductor
optical amplifier-induced chirp than the XGM configuration in Reference [58].

5. Important Recent Microstrip Tuneable Filter Designs

In this section, we present the most important designs published recently in the microstrip
tuneable filter field. Electrically tuneable or reconfigurable RF and microwave resonator filters
are increasingly attractive to researchers and developers of RF and microwave circuit, because
this technique is necessary to achieve compact and profitable electronic systems for future
generations of wireless communication applications. These filters have different applications in
wireless communication systems, such as in mixers and receiver preselection. To include electrical
reconfigurability in resonator filters, reconfiguration components and switching elements like RF
MEMS, semiconductor diodes, transistors and optical switches are used as shown in Figure 10 [59,60].
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Figure 10. Electronically-tuned reconfigurable filters [60].

A design for a compact 5G reconfigurable-microstrip bandpass filter with third-order and
Butterworth filter properties is presented in Reference [61]. The filter is reconfigurable in both resonant
frequency and bandwidth to cover 3.4-3.8 GHz under the control of a single varactor diode switch.
The design exhibits a 50-130 MHz bandwidth with return loss between 20-37 dB and insertion loss
around 1 dB. The filter covers the 5G frequency spectrum for possible use in stationary terminals of
both wireless communication and cognitive radio systems. Figure 11 shows a 3D structure of the
filter. The biasing circuit, with the SPICE model for the varactor, is modelled as shown in Figure 12.
For implementation, Skyworks Solutions SMV1234, size 1.5 x 0.7 mm?, is used as the varactor switch.

-V

Varactor

Substrate

A3
RF Choke Inductors

DC Biasing

50 Q Port
SMA

Connector Fully-Copper ground

Figure 11. 3D Layout of the tuneable microstrip filter [61].

Another novel tuneable low-pass filter (LPF) using varactor diodes with high selectivity within the
tuning range and wide stopband has been reported in Reference [62]. Stepped impedance resonators
(SIR) and low impedance stubs of stepped-impedance resonators are used to achieve a tuneable
resonator filter by means of varactor switches arranged in parallel and reconfigurable coupling lines

arranged in series.
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Figure 12. Biasing circuit with SPICE model of varactor switch [61].

Two semi-circular slots are adopted in the ground layer, while the microstrip layers have been
connected with feed lines at both terminals to achieve a wide stopband for the filter. A stopband is
maintained up to 22 GHz for the lower frequency with a rejection level of less than 10 dB. The presented
tuneable microstrip filter has a very good performance compared with other LPF filter designs.
Figure 13 shows the structure of the tuneable microstrip LPE.
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Figure 13. The tuneable microstrip LPF [62].

Modern wireless communication applications usually work with multi-bands. A novel structure
of the miniaturized ring resonator tuneable filter is proposed in Reference [63]. The filter is designed
with a single element, multi-mode, adjustable line impedance and microstrip material. The bandwidth
of the resonator is enhanced significantly to include the entire range of the ultra-wideband (UWB)
frequency with a wide area of reconfigurability. The filter has a high stopband and good performance.
As long as the design of the filter is symmetrical, even and odd modes analysis have been used to
study the required performance for the structure. The filter can be adapted to fulfil the required
characteristics for various wireless applications. In addition, PIN diodes and varactor switches are
used to achieve a high-level capacity for tunability with different performances are achieved for
bandwidths, resonant frequencies and stopband frequencies. Figure 14 shows a photograph of the
filter [63].

Another interesting design is introduced in Reference [64] to operate with a wideband covering
the frequency range 3.5-10 GHz. Most referenced works in this paper were analogue and digital
MEMS resonator filters. Open-stub ring resonators and advanced microelectromechanical system
(MEMS) switches were used, giving high selectivity for the passband and adjusted DC biasing voltage
up to 25 V.
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PIN
Varactor

Figure 14. The UWB reconfigurable filter [63].

A hybrid tuneable structure employing both series and shunt resonators is employed to achieve
the desired characteristics. The switches are used for the biasing circuit to drive the required voltage
levels. The design delivers the exact expected performance with the aid of the equivalent transmission
line circuit of the microstrip filter. Compared with the PIN diode tuneable filters in Reference [65-68],
the MEMS tuneable filter has a high quality factor and a good rejection in the stopband. Figure 15
shows the design with the installed layout.

®) ©

Figure 15. Design and layout: (a) Filter structure; (b,c) MEMS switch [64].

A multi-band reconfigurable filter is proposed in Reference [69]. The filter has a tunable resonance
frequency and selection of bandpass and band-stop characteristics by using a PIN diode switch.
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Two varactor diodes are used at the input and output of the transmission lines to adjust the quality
factor. The centre frequency can be tuned continuously from 1.6-2.6 GHz during the bandpass
configuration or from 1.6-3 GHz during the stopband configuration. The insertion loss in the bandpass
configuration is adjusted by controlling the biasing voltage across the varactor diode, taking into
account the loss of the PIN switch [70]. Figure 16 shows the filter.

| 3 y

T
3 4 5 8 9 0% N 12
Figure 16. The tuneable filter [69].

Table 1 Summarises performance comparisons for main recent and important references in the
literature with the scope of microstrip reconfigurable filters.

Table 1. Performance comparisons for some recent microstrip tuneable filter designs.

Ref. Filter Type (212) (I\?HV{VZ) Reconfiguration Sva?t.c ;’és RL(dB)  IL(dB) F‘::::“S;)“

[62] LPF 1-22 — Freq. 4 20 0.6 30 x 30 x 1.52
[69] BPF/BSF  17-29 40 Freq. 7 16 4 36 x 35 x 0.8
[711 BPF 11-2.1 40 Freq. 7 15-25 6 125 x 52 x 1.5
[721 BSF 0.66-0.99 80 Freq. 2 08 27 41x55x 15
[73] BPF/BSF  08-15  215-535  Freq./BW/BS/BP 3 15/05  05/15  35x12x 16
[74] BSF 2.8-34 0-96 Freq./BW 2 12-25 4 26 x 26 x 3.1
[75] BPF 1.8/2.9 20 Passband — 05 22/38 35 x 35 x 0.5
1761 BPF 05-1.1  60-230 Freq./BW 6 15 1445 15 x 46 x 127
1771 BSF 1.25-25 184 Freq. 4 2 50 100 x 20 x 0.7
[78] BPF 076-2.6  75-285  Freq./BW/Selct. 2 15-30 1242 100 x 8 x 05
[791 BPF 24 900-1500 BW 4 15 11 64 x 64 x 0.81
[80] BPF 6-11 400 Freq. 1 15 2 14 x 14 x 0.8

Varactor and PIN diodes are used as switches for all these designs. Low-pass filter (LPF),
bandpeass filter (BPF) and band-stop filter (BSF) are detailed in this comparison with different kinds
of reconfiguration such as frequency, bandwidth and selectivity reconfigurations. The number of
switches, filter size with resulted return loss (RL) and insertion loss (IL) are also summarized in this
table, giving readers and researchers a general overview of the latest designs and achievements in the
field of microstrip tuneable filters.

6. Conclusions

In this paper, a brief overview in the development of RF microwave tuneable filter is presented.
During more than a decade of wide research, there has been a tremendous improvement in the
design and implementation of reconfigurable filters and their applications in the RF microwave field.

17
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The paper reviews recent designs of microwave tuneable filter topology and it gives the general
background to the important source materials needed by researchers in the field of tuneable filter
technology. It reviews recent developments in the field of tuneable RF, microwave and mmWave filters.
Reconfigurable filters for the next generation of wireless communication applications are surveyed,
with a selection from the most important recently published articles. The main recent design references
are summarised with performance comparisons of achievements in this field.
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Abstract: Reconfigurable antennas play important roles in smart and adaptive systems and are the
subject of many research studies. They offer several advantages such as multifunctional capabilities,
minimized volume requirements, low front-end processing efforts with no need for a filtering element,
good isolation, and sufficient out-of-band rejection; these make them well suited for use in wireless
applications such as fourth generation (4G) and fifth generation (5G) mobile terminals. With the
use of active materials such as microelectromechanical systems (MEMS), varactor or p-i-n (PIN)
diodes, an antenna’s characteristics can be changed through altering the current flow on the antenna
structure. If an antenna is to be reconfigurable into many different states, it needs to have an
adequate number of active elements. However, a large number of high-quality active elements
increases cost, and necessitates complex biasing networks and control circuitry. We review some
recently proposed reconfigurable antenna designs suitable for use in wireless communications such
as cognitive-ratio (CR), multiple-input multiple-output (MIMO), ultra-wideband (UWB), and 4G/5G
mobile terminals. Several examples of antennas with different reconfigurability functions are analyzed
and their performances are compared. Characteristics and fundamental properties of reconfigurable
antennas with single and multiple reconfigurability modes are investigated.

Keywords: 4G; 5G; CR; MIMO; reconfigurable antenna; switch; UWB; WiMAX; WLAN;
wireless communications

1. Introduction

Due to their attractive advantages such as multi-band function, steerable radiation patterns and
polarization diversity, which can reduce the size, complexity, and cost of an antenna while improving
the total performance of a radio frequency (RF) system, reconfigurable antennas have been studied
intensively in recent years [1,2]. Such antennas can facilitate multiple services in a compact structure
and are good candidates for use in the future generation of mobile and wireless communication
systems [3]. Active elements such as switches or capacitors enable an antenna to change its operation
frequency, radiation pattern or polarization by using different techniques [4,5]. This is a wireless
system incorporating a reconfigurable antenna that is able to change its operation frequency, radiation
pattern, and polarization, to cope with extendable and reconfigurable services, multiple standards,
and multi-mode operations. Reconfigurable antennas can offer single or multiple reconfiguration
features. However, the number of reconfigurable features is strongly dependent on the number of
employed active elements and increasing as the number of switches increases [6,7].
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To change antenna operation, switches like RF microelectromechanical systems (MEMS), varactor
diodes, and PIN diodes, as well as the optically activated switches of fiber-optic cables, are being
used [8-10]. Reconfigurable antennas with RF MEMS switches have a switching speed ranging from
1-200 psec. This is normally considered to be low for most applications [8]. An antenna combined
with a varactor diode, the capacitance of which is controllable by a varying bias voltage, can have a
wide tuning range. The design of the biasing network with varactor diodes has also been employed
for the reconfigurable antenna design [9]. Hence, PIN diodes are preferred in reconfigurable antenna
designs as they provide fast switching, and thus fast dynamic reconfiguration, with switching speeds
ranging from 1-100 nsec [10]. In this paper, we present a comprehensive study of different types of
reconfigurable antennas for mobile and wireless systems with simple or multiple reconfigurability
functions. The paper is organized as follows: Section 2 discusses single reconfigurability in antennas.
Different types of reconfigurable antennas with multiple reconfigurable features are studied in Section 3.
Section 4 concludes the study.

2. Antennas with a Single Reconfigure Feature

Frequency switching, bandwidth switching, radiation pattern switching, and polarization
switching are the different operations which can be performed by the reconfigurable antennas through
changing the antenna size and shape of the radiators using active elements. In this section, different
types of reconfigurable antennas with a single reconfigurable function are studied.

2.1. Frequency-Reconfigurable Antennas

Due to limited space available in modern wireless devices such as smartphones and tablets,
the design of frequency-reconfigurable antennas requires much attention in terms of fundamental
characteristics. These antennas can move dynamically from one frequency band to another or vary
continuously in a range of frequencies [11-20]. They are mostly used in multi-band /multi-service
systems requiring efficient reallocation of the dynamic spectrum: different types of switches are used.
The most common method is to tune the electrical length of the antenna radiator using PIN
diodes [11-13]. Varactor diode switches can tune the operation band in a wideband or ultra-wideband
(UWB) mode and choose a desired narrowband mode [14,15]. Alternatively, the matching network
has been used to set the resonance frequency [16,17]. Some other methods such as adding a shorting
post on the antenna configuration or changing the input-impedance have been also proposed [18,19].
Hence, the antenna operational spectrum can be switched to the desired frequency in a variety of ways.

To help explain the theory of the frequency reconfigurable antenna, the configuration and
performance of the antenna in [20] are represented in Figure 1. As illustrated, the antenna
configuration is based on a composite right/left-handed transmission line (CRLH-TL), containing a
shunt capacitance/inductance and series capacitance/inductance. The operation band of the antenna
can be tuned by loading the varactor on the meander-line slot. The design exhibits frequency scanning
in the range of 4.13-4.50 GHz at 0-36 V. The antenna provides very good frequency-reconfigurable
characteristics and might be suitable for use in a phased array form for fifth generation (5G) base
station applications.
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Figure 1. (a) Fabricated prototype of the reconfigurable antenna and (b) its frequency response for
different voltage values [20]. Reproduced with permission from [20], Copyright IEEE, 2014.

2.2. Bandwidth-Reconfigurable Antennas

The operational bandwidth can also be changed from narrow-band to wide-band, which is usually
achieved by employing a matching-network or reconfigurable-filter structure in the feed-line of the
antenna [21-23]. The antenna must have good performance over the whole band of interest to cover
both the narrow-band and wideband operating spectrums. Another method is to use a modified
ground plane, especially for patch or monopole antennas. In [24], a bandwidth reconfigurable antenna
was introduced for wireless local area network (WLAN) and worldwide interoperability for microwave
access (WiMAX) applications.

The proposed antenna configuration is illustrated in Figure 2a. It has a rectangular radiation
patch with a rotated F-shaped slot connected to a microstrip feed-line and a truncated ground plane in
the back-side of an FR-4 substrate. A pair of PIN diodes in the middle of the slot on the radiation patch
controls the current flow. By switching the operating states of the diodes, the frequency-bandwidth
characteristic of the antenna can be reconfigured from narrow-band to wide-band, as illustrated in
Figure 2b. The impedance bandwidth ranges from 22% to 78% which makes the antenna suitable for
use in various wireless communication systems. In addition, the antenna can also have a reconfigurable
characteristic to switch between a multi-resonance and wideband /UWB characteristic. This could
be used to avoid interference between the UWB systems and other wireless systems such as fourth
generation (4G), WLAN, WiMAX, and satellite communication systems [25]. This characteristic
increases the flexibility of the antenna, combining different services in a single unit, suitable for
multi-mode wireless communications.
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Figure 2. (a) Bandwidth-reconfigurable antenna configuration and (b) its performance for different
states of the PIN diodes [24]. Reproduced with permission from [24], Copyright IEEE, 2016.
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2.3. Pattern-Reconfigurable Antennas

Pattern reconfigurable antennas are attractive in applications of surveillance and tracking because
they produce radiation patterns with different directivities at the same operating frequency [26,27].
Commonly, either structures are designed with the potential to produce pattern diversity or the feeding
configurations are reconfigurable, an application of array theory [28,29]. We shall discuss a typical
example [30]. In Figure 3a, four identical arc dipoles along with reconfigurable feeding network are
shown on different sides of a Rogers 4350B substrate. By changing the states of the diodes, the antenna
end-fire radiation pattern can be steered with a 90-degree difference in the azimuthal plane to cover all
directions, as illustrated in Figure 3b. The reflection coefficient (S;1) characteristic of the antenna for
the different conditions of the diodes is constant and covers the frequency range from 2.3-3.2 GHz of
4G and 5G operation bands.
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Figure 3. (a) Antenna configuration Sy; results and (b) the radiation patterns for different diode
states [30]. Reproduced with permission from [30], Copyright IEEE, 2018.

Shorting pins, capacitor or reconfigurable ground structure to change the electric field distribution
in the antenna substrate are used to change the direction of antenna radiation patterns [31-33]. In [34],
a pattern reconfigurable phased array design was proposed for transmission angle sensing in 28 GHz
5G mobile communication. The pattern reconfigurable antenna has been also used in multiple-input
multiple-output (MIMO) wireless communications to reduce noise and improve system performance;
a suitable example has been studied and its characteristics reported in [35].

2.4. Polarization-Reconfigurable Antennas

Antennas with polarization reconfigurability can offer exceptional multipath fading reduction.
With this type, an antenna can be switched to different modes [36]. Most investigations in the
polarization-reconfigurable antennas are concerned with switching between right-hand circular
polarization (RHCP) and left-hand circular polarization (LHCP) at a desired frequency [37], although
linear polarization (vertical or horizontal modes) is also studied [38,39]. Employing modified structures
such as slot, slit, parasitic structures, and truncated corners of the main radiator along with embedded
active elements are the most popular methods to obtain polarization-reconfigurability [40,41].
Adopting active structures such as meta-surfaces and feeding networks can also provide polarization
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reconfigurability [42]. Other techniques, such as using reconfigurable external polarizers or phase
shifters, can also be useful [43].

In [44], a simple and new design of a polarization reconfigurable antenna with a C-shaped slot
was introduced for 2.2-2.8 GHz 4G applications. Its configuration, shown in Figure 4a, consists of
a circular radiation patch with a C-shaped slot and two diodes across the concentric circular slot on
the radiation patch. As can be observed from Figure 4b, the antenna can switch between vertical
and horizontal linear polarizations (VP/HP) modes as well as between LHCP and RHCP circularly
polarized modes, and is applicable for use in 5G wireless communications. In [45,46], two designs of
polarization reconfigurable patch antennas of compact size were reported for 5G wireless systems and
their characteristics were investigated.
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Figure 4. (a) Schematic and (b) standing wave ratio (SWR), gain, and axial ratio characteristics of the
antenna [44]. Reproduced with permission from [44], Copyright IEEE, 2017.

3. Multiple Reconfigurable Features in Antenna
Multi-reconfigurable antennas can have two or more characteristics modified independently:

frequency and bandwidth
frequency and radiation pattern
frequency and polarization
radiation pattern and polarization

frequency, radiation pattern, and polarization.

3.1. Frequency and Bandwidth Reconfigurable Antennas

There is an increasing demand in multi-service radios conforming to different spectrum standards
for antennas switchable to single-band, multi-band, or wideband operation. This multi-function
characteristic has become an important research area [47-55]. There are different antenna design
methods which achieve this multimode function:

e to use a reconfigurable band-pass filter on the antenna feed-line to switch from narrow-band to
wide-band operation [47-50].

e  touse a modified ground plane with embedded parasitic and slit structures and also slots along
with active elements such as PIN diodes [51-54].

e  to combine different antennas which can give narrowband or wideband operation and could be
used in cognitive-ratio (CR) or MIMO mobile communications [55].

Some examples are described below.
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In [47-50], the main idea proposed was to integrate a switchable filtering element on the feed-line
of a broadband antenna. In [47], a circular disc microstrip-fed monopole antenna with wideband
to narrowband frequency reconfiguration was introduced. As shown in Figure 5a, the antenna was
integrated with a reconfigurable band-pass filter in the feed-line. The impedance bandwidth could
be reconfigured from wideband to narrowband using an active element, as illustrated in Figure 5b.
For the narrowband state, a pair of varactor diodes has been used to tune the antenna response from
3.9 to 4.7 GHz with constant isolation. In [48], an elliptical monopole antenna with a rectangular slot
in the partial ground plane was developed. The configuration of the antenna is composed of four
resonators coupled to the split transmission line at the center along with the integrated reconfigurable
band-pass filter (BPF) element onto the 50 () feed-line. The frequency performance of the antenna can
be switched to operate at 1.8 GHz, 2.4 GHz, 3.5 GHz (WiMAX/5G), and 5.2 GHz (WLAN), using four
PIN diodes to switch between bands. With all diodes in their OFF state, the antenna provides wide
bandwidth cover of all the four bands. In [49], a new narrow-band antenna into a large ultra-wideband
antenna was proposed. Its configurationis the integration of an UWB monopole antenna printed
on the top layer and a reconfigurable feeding structure printed on the bottom layer of the substrate.
The antenna not only exhibits UWB impedance bandwidth but also could be tuned between six narrow
bands, thus the slot antenna with its reconfigurable feeding structure makes the antenna suitable for
CR applications.
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Figure 5. (a) Configuration and (b) performance of the frequency and bandwidth reconfigurable
antenna in [47]. Reproduced with permission from [47], Copyright IEEE, 2015.

Another similar design was proposed in [50]. It is a microstrip-fed antenna including two
resonators coupled to the feed-line. The basic antenna has UWB performance while each resonator
can provide one narrowband, with the bi-bands mode achieved by activating both resonators at the
same time. In [51,52], two designs of integrated reconfigurable MIMO antennas for 3G/4G/5G mobile
terminals was presented: an UWB sensing antenna are integrated with reconfigurable MIMO antennas
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on the same substrate. In the antenna cited in [51], a pair of reconfigurable antennas with meander-line
configuration, is employed on the top layer of the board. The UWB antenna on the reverse of the
substrate acts as a ground plane for the reconfigurable elements. The UWB antenna exhibits a broad
bandwidth of 720-3440 MHz, while the reconfigurable MIMO element can switch between different
frequencies in the 573-2550 MHz range. The reconfigurable MIMO element in [52] contained modified
printed inverted-F antenna (PIFA) antennas each with their digital biasing circuitry. The switching
mechanism of the antenna contained four PIN diodes leading to four distinct modes between 755 and
3450 MHz.

In [53,54], single-port wide to narrowband monopole antennas with uni-planar configurations
were proposed. Switching between the wideband and narrow communication bands was obtained
using two PIN diodes in a ring-slot filter design in the feed-line. The proposed antenna in [53] exhibited
wide-to-narrow band reconfiguration from 1.6-6.0 GHz (UWB) to 3.39-3.80 GHz (5G). A pair of varactor
diodes tunes the narrowband operation from 2.55-3.2 GHz [54]. The wideband state provides around
5 GHz bandwidth (1.35-6.2 GHz). For a new combined antenna system containing an UWB antenna
for spectrum sensing and a dipole antenna narrowband, communication was proposed in [55], using
two feeding ports to obtain wideband coverage of 2-5.5 GHz and narrow-band resonance at 2.8 GHz.
The system can cover the spectra of IEEE 802.11ac and 802.11n, universal mobile telecommunications
service (UMTS) 2000, and 4G/5G mobile terminals and is suitable for use in front-end CR applications.

3.2. Frequency and Radiation-Pattern Reconfigurable Antennas

In this category, operation frequency or radiation pattern characteristics can be reconfigured [56].
The antenna radiation pattern can also be reconfigured between broad-side, end-fire,
and omni-directional modes [57]; radiation pattern reconfiguration can enhance system performance,
suppress noise, and save energy by improving signal directions. Frequency tuning is very useful to
suppress interference from other wireless systems and also to reduce the number of the antennas
required [58]. Due to this, a great number of antenna designs of this type have been reported [59-67].
The usual method in most designs is to switch the frequency operation of the antenna by using active
elements, namely varactors or PIN diodes [59-63]. Pattern reconfiguration can be achieved using a
modified ground plane with slot or slit structures to change the current distribution of the antenna
substrate in order to steer the direction of the antenna radiation pattern [64,65], or can use switchable
directors at different sides of the main antenna radiator [66,67].

In [58], a patch antenna design with dual-pattern frequency-reconfigurable characteristics was
proposed. The antenna provides radiation patterns with monopolar and broadside modes and its
frequency band can be switched using four varactors. A single-fed double-element array design with
frequency and radiation pattern reconfigurability was introduced in [59]. The frequency operation of
the antenna is tunable between 2.15-2.38 GHz. Beam scanning between +-23° was obtained using a
tuning mechanism. Another frequency and pattern reconfigurable antenna with combined monopole
and patch antennas was proposed in [60]. A microstrip-fed patch to resonate at a lower frequency is
printed on the upper layer and the monopole to operate at a higher frequency is placed in the bottom
ground of a Rogers RO4350 substrate. Five PIN diodes, divided into group A (D, D,, and D3) and
group B (D4 and Ds), were employed. By changing the states of these two groups, the antenna can be
switched into different modes. With group A ON, the antenna acts as an omnidirectional monopole
radiator operating at 2.4 GHz. When group B is ON, the design performs as a broad-side patch antenna
working at 5.5 GHz. Having both groups OFF, the monopole mode and patch mode are active.

In [61], a reconfigurable slot antenna with a modified ground plane was reported. Two rectangular
slots with six PIN diodes in the ground plane provide frequency reconfiguration with different
radiation modes. The antenna can operate at eleven different frequencies of S and C band in the
frequency range of 2.2-6.5 GHz. A wideband reconfigurable slot antenna for long-term evolution
(4G-LTE) and C-band applications was presented in [62]. Its design contains a pair of symmetric slots
fed by a fork-shaped feed-line. Pairs of PIN diodes (D; and D; and D3 and D) are loaded in the slots
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and feed line to produce frequency and radiation pattern reconfiguration, respectively. Another design
of a slot antenna with frequency and pattern reconfigurable properties was introduced in [63], where
the antenna, fed by a coaxial port, is composed of four slits with three switches for tuning the scanning
angle between +15°. Two switches placed in the main slot radiator tune between three different
narrow bands at 1.82 GHz, 1.93 GHz, and 2.10 GHz. BAR50-02V PIN diodes were used as switches.
A flexible frequency and radiation pattern antenna design was proposed in [64]. Its schematic contains
two symmetric hexagonal split rings with monopole branches and eight PIN diodes. By changing the
diode states, the antenna frequency can switch between 1.9-2.4 GHz with pattern steering capability
in two directions.

In [65], a back-to-back F (BTBF) semi-circular antenna was presented (see Figure 6a), composed
of a patch radiator with four identical elements. Depending on the states of the embedded diodes,
the antenna can work at three different frequency bands. Another design of antenna with frequency
and radiation pattern selectivity, shown in Figure 6b, was introduced in [66]; it is enclosed in a
circular area, with six symmetrical main radiators and twelve parasitic elements. Three circular slots
are etched in a circular ground patch placed on the midline of the microstrip feed line. By changing the
diode states, the antenna can operate at the frequency bands of wireless broadband (Wibro), WLAN,
Zigbee, and satellite-digital multimedia broadcasting (S-DMB) communications with the capability of
steering the antenna radiation pattern to six different angles in each frequency band. In addition, since
six radiation elements were used in the design, the antenna pattern can be steered to different angles
in 45° steps to provide full coverage.

—& measured
-o-simulated
—A-measured
o . |~¥simulated

25 3.0 35
frequency, GHz

(b)

Figure 6. (a) Configuration and (b) performance of the frequency and pattern reconfigurable antenna
in [65]. Reproduced with permission from [65], Copyright IEEE, 2015.
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Reference [67] proposed a dipole driven element with calculated pixilation and a pair of parasitic
elements to provide frequency and pattern switching. The antenna has modes at 900 MHz, 1800 MHz,
or 2.1 GHz, with directional or omnidirectional radiation patterns. In [68], a novel planar antenna
containing dual symmetrical radiators with rectangle parasitic elements and an inverted T-shape
ground plane was proposed. By loading the parasitic elements and choosing different radiators
for the feeding, the antenna can operate at three different frequencies with two different kinds of
radiating pattern.

3.3. Frequency and Polarization Reconfigurable Antennas

An antenna of this type is very useful in imaging, sensing, tracking and radar applications [69].
With frequency reconfiguration, the antenna system is able to tune and make use of the available
spectrum. Polarization diversity can reduce the effects of multipath and enhance channel capacity.
There is a growing interest in using this type of reconfiguration combination and a number of designs
have been proposed [70]. One important method makes use of an active electromagnetic band
gap (EBG) or metasurface structure along with switches on top of the antenna resonator [69-72].
However, most common is the integration of methods for achieving frequency and polarization
reconfigurability using active elements such as varactor diodes and PIN diodes, in addition to
some other modifications [73-76]. Different antennas with frequency and polarization reconfigurable
functions are reviewed below.

Two such designs were introduced in [69,70]. The configuration of the EBG in [69] composed
of rectangular patch arrays on both sides of the substrate. A coplanar waveguide (CPW)-fed
monopole antenna with wide bandwidth was placed above the designed EBG surface. By tuning the
employed varactors in the EBG structure, the antenna can generate circular polarization at different
frequencies from 1.1-1.7 GHz, and can be switched between LHCP and RHCP. For the design proposed
in [70], the main radiator is a dipole antenna which can work at four different states, thanks to the
reconfigurable EBG structure. By changing the diode states, the antenna frequency can be switched
between 4.4-4.6 GHz. The polarization can be dynamically tuned for RHCP, LHCP, and LP.

Another design was introduced in [71]. Its structure consists of a planar slot antenna as the
main radiator, and a metallic reflector with a metasurface. By adjusting the positions between the
center of the slot radiator and the metasurface, frequencies from 8.0-11.2 GHz and polarization
states LP, LHCP, and RHCP could be chosen. A square ring antenna patch antenna with two
horizontal gaps [72] provided LP at 2.4 and 4.18 GHz, and LHPC and RHCP characteristics at 3.4 GHz.
A square-ring patch radiator cut in the ground plane has a vertical gap across which two PIN diodes
bridge. A stub-loaded reconfigurable patch antenna with frequency and polarization agility was
proposed in [73]; see Figure 7a. Twelve loading stubs are sited at the four edges of the main radiator.
As illustrated in Figure 7b, the frequency can be tuned from 2.4-3.4 GHz with diverse polarization,
and so the antenna is suitable for multi-mode 4G/5G communication systems.

A simple monopole antenna with different states of frequency and polarization diversity was
introduced in [74]. It includes a monopole radiator, a reflector, and a modified ground plane with
two slots. A pair of switches reconfigures the antenna, allowing four states covering 2.02-2.56 GHz,
2.32-2.95 GHz, 1.92-2.70 GHz, and 1.88-2.67 GHz. The radiation is linearly polarized in states 1 and 2,
and LHCP and RHCP in states 3 and 4. Another patch antenna design with a corner segment providing
frequency /polarization diversity was presented in [75]. A PIN diode between the patch radiator and
the embedded corner segment switches the frequency between 5.6-5.8 GHz and the polarization
between LHCP and RHCP. In [76], a reconfigurable patch antenna design with dual-probe coupler feed
network was presented. The proposed antenna has two layers and an active element (varactor diode)
installed between the inner and outer patch on the top layer. Polarization diversity is achieved using
the probe feed network. Furthermore, the antenna can tune its operation frequency from 2.05-3.13 GHz
by variation of the varactor diode capacitance between 12.33-1.30 pF.
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Figure 7. (a) Configuration and (b) performance of the frequency and polarization reconfigurable
antenna in [73]. Reproduced with permission from [73], Copyright IEEE, 2015.

3.4. Radiation Pattern and Polarization Reconfigurable Antennas

Radiation pattern and polarization reconfigurable antennas offer benefits such as providing
pattern diversity and supporting different polarizations on a single element antenna radiator [77].
They also can improve the capacity of communication systems, increase signal power, improve
radiation coverage, and avoid polarization mismatching. Radiation pattern reconfigurability can steer
the antenna pattern to satisfy system needs [78], and can improve channel capacity without increasing
a radiator’s volume [79,80]. Many such antennas have been proposed recently [77-84].

An omnidirectional microstrip-fed patch antenna with a switchable polarization and radiation
pattern was introduced in [77]. A pair of back-to-back coupled patches fed at a corner, and a shared
ground plane. A phase shifting technique provides a high degree of polarization and radiation
pattern reconfigurability. An antenna with switchable radiation patterns and polarization diversity
was proposed in [78]. The design concept is to place reconfigurable parasitic elements around the
main radiator. Each parasitic element includes a dipole radiator with a PIN diode, whereby the
radiation pattern can be switched into different directions by changing the diode states. Furthermore,
the antenna can be dynamically reconfigured into three different polarizations. In [79], a PIFA was
proposed with radiation pattern and polarization diversity; the main radiator has an inverted F-shaped
parasitic structure. Using only one diode, the antenna can switch the antenna pattern and polarization
properties in the frequency range of 2.357-2.562 GHz. In [80], a reconfigurable antenna design with
switchable radiation pattern and polarization diversity for the band of 2.45-2.65 GHz was introduced.
The antenna includes three circular substrate disks for radiator, feeding and switching along with four
plastic screws to support the substrates, with an annular slot structure etched in the circular patch
radiator. The reconfigurable feed network with one input and four output ports and with L-shaped
feeding probes are placed in the middle layer which includes three power dividers. The antenna can
provide switchable radiation beams for broadside and conical circular polarized modes.

In [81], a design of a reconfigurable antenna with a metasurface structure was proposed.
The overall structure has three layers. The metasurface, to improve the antenna gain, was on the
top layer, with the ground plane and the microstrip feed-line on the middle and bottom layers
respectively. The antenna is designed to work at 5 GHz, with switchable polarization using the PIN
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diodes in the ground plane. In addition, the antenna radiation pattern can be steered between £20°
by controlling the PIN switched in the metasurface. A 0.9 GHz reconfigurable quadrifilar helical
antenna with a switchable feeding network was proposed in [82]. Figure 8 shows the cuboid radiator,
reconfigurable feeding-network, biasing network, and the fabricated prototype. By switching the
diode states, the antenna can provide four different modes with polarization and radiation pattern
reconfiguration. It has a low profile and provides wide bandwidth with broad axial ratio characteristics
and LHCP/RHCP. Another pattern and polarization reconfigurable antenna was presented in [83].
The radiator is a square patch with four coupled parasitic structures fed by a coaxial cable. Using
PIN diodes, the antenna provides three different modes for polarization and pattern diversity at one
frequency. A multi-layer wideband reconfigurable circular polarized (CP) antenna with four radiating
arms was proposed in [84]. The radiating arms are connected to a reconfigurable feeding network
with PIN diodes to provide wideband CP waves in RHCP and LHCP modes. The radiation pattern
can be switched from bidirectional to broadside modes and the antenna’s placement above a metallic
reflector improves its gain. The frequency range is 1.00-2.25 GHz with an axial ratio bandwidth of
1.5-1.9 GHz, thus suitable for global positioning system (GPS), radio-frequency identification (RFID),
and mobile communications.

(b)

Figure 8. The configurations of the (a) designed and (b) fabricated pattern and polarization
reconfigurable antenna [82]. Reproduced with permission from [82], Copyright IEEE, 2018.

3.5. Frequency, Radiation Pattern, and Polarization Reconfigurable Antennas

None of the above designs provide more than one or two reconfigurable features. In the literature
there is only one design, proposed in [85], for independently three-parameter reconfiguration. In [86],
another design of frequency, radiation pattern, and polarization reconfigurable antenna was proposed,
but with limitations in terms of tuning, and, unlike the design in [85], it cannot provide simultaneous,
independent reconfiguration. This is a major research gap, albeit a much harder challenge to design
an antenna with the flexibility to reconfigure all its fundamental properties in terms of frequency,
radiation pattern, and polarization. In the following, the design of [85] is explored.

33



Electronics 2019, 8, 128

Figure 9 shows the antenna schematics and the prototype [85], a patch antenna radiator and a
parasitic pixel surface with 66 pixels and 60 PIN diodes. It is the switched-grid pixel surface that
enables the antenna to be reconfigured simultaneously in frequency, radiation pattern, and polarization.
Different configurations of the switches tune the frequency of operation from 2.4-3 GHz. The antenna
radiation pattern can be steered between £30°, and its polarization can be reconfigured between
LHCP/RHCP and LP. The design is suitable for different mobile and wireless communication systems.
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Figure 9. Schematic of the multi-functional reconfigurable antenna [85]. Reproduced with permission
from [85], Copyright IEEE, 2014.

Table 1 provides a comparative summary of recently proposed reconfigurable antenna types
published in the literature. Fundamental characteristics in terms of antenna type, reconfiguration type
and the number of the employed switches, operation frequency, and the overall size of the antennas
are provided and have been compared. This is intended to help readers to determine what types of
reconfigurable antennas are most suitable for their applications.

Table 1. Comparative summary of reconfigurable antennas described in the literature.

References Antenna Reconfiguration Reconfiguration Frequency No. of Antenna
Type Type Means (GHz) Switches Size (mm)
[14] Monopole Frequency PIN-Diode 1.77-2.51 4 50 x 120
[15] Slot Frequency PIN-Diode 1.73-2.28 2 50 x 80
[21] Patch Bandwidth PIN-D/MEMS 2-4 8 12 x 12
[23] Slot Bandwidth PIN-Diode 1.64-2.68 6 10 x 64
[31] DRA Rad. Pattern PIN-Diode 5.8 8 50 x 50
[32] Patch Rad. Pattern PIN-Diode 2.45 8 95.5 x 100
[37] Bow-Tie Polarization PIN-Diode 1.3-1.85 4 58 x 58
[40] Patch Polarization PIN-Diode 2.1-2.6 24 60 x 60
[48] Monopole F/B PIN /varactor 3.9-4.82 3 25 x 75
[52] Monopole F/B PIN/varactor 0.72-3.44 4 65 x 120
[53] Monopole F/B PIN-Diode 34-8/47-54 4 70 x 70
[59] Patch F/R varactor Diode 2.15/2.25/2.38 2 151.5 x 160.9
[62] Slot F/R PIN-Diode 3.6/3.95 2 30 x 40
[63] Slot F/R PIN-Diode 1.8/1.9/2.05 14 130 x 160
[69] Monopole F/P varactor Diode 1-1.6 112 88 x 114
[72] Patch-Slot F/P PIN-Diode 24/34/41 2 60 x 65
[74] Monopole F/P PIN-Diode 1.9-2.7 2 40 x 70
[76] Patch F/P varactor Diode 2-3.1 1 100 x 100
[79] PIFA R/P PIN-Diode 2.5 1 50 x 50
[81] Slot R/P PIN-Diode 5 36 78 x 78
[82] Helical R/P PIN-Diode 0.9 32 81 x 81
[85] Patch F/R/P PIN-Diode 24-3 60 31 x 31
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4. Conclusions

In this paper, an exhaustive review of reconfigurable antennas with single and multiple
reconfiguration features has been presented, classifying the various types of reconfigurable antenna.
Several design techniques are discussed in detail with examples, and the fundamental properties of
different reconfigurable antenna types are set out. That the complexity of an antenna increases with
the number of reconfigurable parameters is clearly stressed in this review. In addition, the presentation
highlights a design requirement: the ability to design an antenna with simultaneous and independently
flexible reconfigurations of antenna frequency, radiation patterns, and polarization characteristics is
not yet achieved, and needs more research and investigation.
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Abstract: Power amplifiers in modern and future communications should be able to handle different
modulation standards at different frequency bands, and in addition, to be compatible with the
previous generations. This paper reviews the recent design techniques that have been used to
operate dual-band amplifiers and in particular the Doherty amplifiers. Special attention is focused
on the design methodologies used for power splitters, phase compensation networks, impedance
inverter networks and impedance transformer networks of such power amplifier. The most important
materials of the dual-band Doherty amplifier are highlighted and surveyed. The main problems
and challenges covering dual-band design concepts are presented and discussed. In addition,
improvement techniques to enhance such operations are also exploited. The study shows that the
transistor parasitic has a great impact in the design of a dual-band amplifier, and reduction of the
transforming ratio of the inverter simplifies the dual-band design. The offset line can be functionally
replaced by a II-network in dual-band design rather than T-network.

Keywords: dual-band Doherty power amplifier; LTE-advanced; high-efficiency; phase offset lines;
impedance inverter network; phase compensation network

1. Introduction

The demands for increasing the amount of data that can be transmitted within a limited bandwidth
is continuing to grow rapidly, especially with developments, where users are now being attracted
by multimedia data and video streaming, as well as the Internet of Things technology revolution.
Hence, the 5G mobile generation will include several technologies that can help to achieve its promised
goals. Some of these technologies are: beamforming, carrier aggregation, massive multiple input
multiple output (MIMO), and more complex modulation schemes, which produce a high peak to
average power ratio (PAPR). The high PAPR requires the power amplifier to be backed off from the
most efficient point into a region where the efficiency drops sharply to keep the linearity requirements
of any communications standard [1-3]. Working in the back-off region of the power amplifier means
that less efficiency will be obtained, where a large amount of supplied power will be converted
into heat [1]. With the simple amplifier, there is inevitably a trade-off between high efficiency and
linearity. Modern power amplifiers should be designed to produce high efficiency at a large output
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power back-off (OBO); known efficiency enhancements techniques include: Doherty power amplifier
(DPA), envelope elimination and restoration (EER), envelope tracking (ET), and linear amplification
using nonlinear components (LINC), and Chireix out-phasing. However, the simplest technique is
the Doherty amplifier, where neither signal processing blocks nor additional controlling circuits are
required [4-7]. Also, new terms have entered the communications systems which are multi-band
and multi-mode, where the term “multi-band” refers to a transmitter which works on two different
frequency bands simultaneously; in this case, the number of devices, size, and cost will be reduced. On
the other hand, the term “multi-mode” refers to a transmitter who can support and combine different
access technologies such as 2G, 3G, 4G and 5G on a single platform [8-13]. To design a dual-band
power amplifier, a hybrid configuration can be used but occupies a large area. Ideally, the power
amplifier should be designed to handle multi-band and multi-mode systems concurrently.

This paper, following a brief introduction to the Doherty power amplifier mechanism, reviews the
techniques that have been used in designing dual-band Doherty power amplifiers, and finally draws
conclusions from this.

2. Classical Doherty Power Amplifier Operation

In 1936, W.H. Doherty invented a new combiner designed for broadcasting stations using high
power tube amplifiers [5]. A A/4 transmission lines can be used as a combiner at the output of power
amplifiers to achieve a linear output power. The classic DPA consists of two amplifiers known as the
carrier (main) amplifier and the auxiliary (peaking) amplifier (Figure 1). A class AB amplifier used for
the carrier amplifier whereas a class C amplifier is used for the peaking amplifier. The RF input signal
is split between the two amplifiers, where the carrier amplifier is working all the time and should
almost reach saturation at the back-off input power due to seeing a high impedance which causes a
change in the load-line as shown in Figure 2. At the same power level, the auxiliary amplifier works
only in the Doherty region and starts feeding current to the output till it becomes saturated at the peak
region, where the two power amplifiers give their maximum designed output power.
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