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ABSTRACT | The advancement in wireless communications

requires the integration of multiple radios into a single plat-

form to maximize connectivity. In this paper, the design pro-

cess of reconfigurable antennas is discussed. Reconfigurable

antennas are proposed to cover different wireless services that

operate over a wide frequency range. They show significant

promise in addressing new system requirements. They exhibit

the ability to modify their geometries and behavior to adapt to

changes in surrounding conditions. Reconfigurable antennas

can deliver the same throughput as a multiantenna system.

They use dynamically variable and adaptable single-antenna

geometry without increasing the real estate required to acco-

mmodate multiple antennas. The optimization of reconfigur-

able antenna design and operation by removing unnecessary

redundant switches to alleviate biasing issues and improve the

system’s performance is discussed. Controlling the antenna

reconfiguration by software, using Field Programmable Gate

Arrays (FPGAs) or microcontrollers is introduced herein. The

use of Neural Networks and its integration with graph models

on programmable platforms and its effect on the operation of

reconfigurable antennas is presented. Finally, the applications

of reconfigurable antennas for cognitive radio, Multiple Input

Multiple Output (MIMO) channels, and space applications are

highlighted.
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I . INTRODUCTION

The reconfiguration of an antenna is achieved by alter-

ing the radiated fields of the antenna’s effective aperture

[1]–[4]. It is based on a purposeful rearrangement of the

antenna currents or a reconfiguration of the antenna’s

radiating edges [1]–[4]. This redistribution of properties

results in a change in the antenna’s functionalities.

Such change of functions allows users to propose recon-

figurable antennas for various wireless communication

platforms.

Antenna designers are faced with difficult questions

when it comes to the design of reconfigurable antennas.

Such a process is tedious and requires the consideration of

multiple factors, such as achieving a good gain, stable

radiation, and a good impedance match throughout all the

antenna’s operation states.

Designing a reconfigurable antenna requires that the

reconfiguration property as well as the reconfiguration

technique are determined at the beginning of the design

process.

There are four reconfiguration properties that a recon-

figurable antenna can achieve. An antenna can exhibit a

reconfigurable frequency of operation, a reconfigurable

radiation pattern, a reconfigurable polarization behavior,

or a combination of any of these properties [1], [2].
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As for the selection of the reconfiguration technique, it
is based on the reconfigurable antenna property. An an-

tenna designer selects a technique that satisfies the im-

posed constraints and at the same time completes the

antenna design task efficiently. There are several reconfig-

uration techniques that have been proposed since the rise

of reconfigurable antennas. The proposed reconfiguration

techniques are divided into four major categories: electri-

cal, optical, mechanical, and material change [1], [2].
Electrical reconfiguration techniques are based on the

use of switches to connect and disconnect antenna parts as

well as to redistribute the antenna currents. Radio fre-

quency micro-electromechanical systems (RF-MEMS)

have been proposed for integration into reconfigurable

antennas since 1998 [5]. Many designs have resorted to RF

MEMS to reconfigure their performance [6]–[12]. RF-

MEMS based reconfigurable antennas rely on the mechani-
cal movement of these switches to achieve reconfiguration.

The isolation of RF-MEMS is very high and they require

minimal power consumption. The switching speed of RF-

MEMS is in the range of 1–200 �sec which may be con-

sidered low for some applications [2].

P-i-n diodes or varactors have appeared to be a faster

and a more compact alternative to RF-MEMS. The switch-

ing speed of a p-i-n diode is in the range of 1–100 nsec [2].
Reconfigurable antennas using to p-i-n diodes [13]–[23]

have a more dynamic reconfiguration ability. Other re-

configurable antennas resort to varactors [24]–[32] where

varying the biasing voltage can result in varying the ca-

pacitance of the corresponding varactor. Such antennas

enjoy a vast tuning ability that is based on integrating a

variable capacitance into the antenna structure. It is im-

portant to indicate that while electrical switching compo-
nents may present an efficient reconfiguration ability, they

require an appropriate design of their biasing networks.

Optical reconfiguration techniques have been proposed

based on photoconductive switches [33]–[38]. These

switches incorporated into an antenna structure become

conductive once they are subjected to a laser beam. The

laser beam originates from integrated laser diodes [35].

Integration and power issues constitute a difficulty in such
a technique.

Antennas with thermal switches [39] have also been

proposed as reconfigurable antenna candidates. Other

reconfiguration techniques are based on graphene plasmo-

nics [40], liquid crystals [41] and mechanical reconfigura-

tion techniques [42]–[45].

Antenna designers have used various optimization

algorithms to smooth the state transition in a reconfigu-
rable antenna’s operation. Genetic algorithms, simulated

annealing, ant-colony optimization, self-organized maps,

particle swarm optimization, the cross entropy method,

and self-adaptive induced mutation algorithm are proposed

by antenna designers to smooth transitions between va-

rious states of a reconfigurable antenna [46]–[54]. These

algorithms also minimize the negative effect of any recon-

figuration technique on the antenna performance. A com-
parison between these optimization techniques shows

that a particular optimization algorithm cannot be sepa-

rated from the rest as the best fit, before selecting a

specific reconfigurable scheme [55].

The process of designing a reconfigurable antenna allows

antenna researchers to resort to various reconfiguration

techniques. However, the complexity of such designs is

another aspect that requires consideration. An increased
complexity results in unwanted costs and losses [1]. Several

approaches have been proposed to reduce the complexity

without affecting the reliability of any reconfigurable anten-

na system [56]–[61]. Most of these approaches are based on

applying various techniques or models that are already

known in other fields of study [1]. Learning state selection

approaches can be used to learn the antenna behavior for

various reconfiguration states and then regenerate them on
demand [62]. Neural networks constitute a great example of

such learning approaches. Neural Networks can be used as

an antenna behavioral predictor that allows the generation

of various antenna states based on a previous learning

experience [63]. The merging of neural networks and graph

models have resulted in computational reduction and

optimal antenna reconfiguration [64].

On the other hand, the advancement in wireless com-
munication applications requires a new generation of

antennas that are able to cater for the needs of such ap-

plications. The new era of antenna design must generate

antennas that are cognitive, and adjust to the environment

and ever changing surrounding conditions. There is a need

for antennas that can overcome failures and swiftly respond

to new developments. Cognitive radio, Multiple Input

Multiple Output (MIMO) channels, on body networks,
satellites and space communication platforms are all ve-

nues for the application of highly versatile, reliable and

efficient reconfigurable antennas.

In this paper, the design process of reconfigurable an-

tennas is detailed. In Sections II and III, switch-based and

nonswitch-based reconfigurable antennas, are discussed

respectively. Section IV introduces graphs as tools to tran-

sform reconfigurable antennas into software accessible de-
vices, while reducing their complexity and maintaining their

reliability. Software control of reconfigurable antennas is

discussed in Section V. Section VI discusses the use of neural

networks on reconfigurable antenna platforms and its

application in cognitive communication protocols. Reconfi-

gurable antennas for cognitive radio and MIMO applications

are highlighted in Section VII. The deployment of

reconfigurable antennas for space applications is discussed
in Section VIII. Section IX concludes the paper.

II . SWITCH-BASED RECONFIGURABLE
ANTENNAS

Switch-based reconfigurable antennas are proposed with

electrical [5]–[32], optical [33]–[38], or thermal switching
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components [39]. Reconfiguration is achieved by integrat-

ing switches into the antennas’ radiating surfaces or feeding

networks. This requires an appropriate biasing network

that is designed specifically to supply an appropriate volt-
age or current. P-i-n diodes for example require a constant

DC current that is supplied usually by a current driver. An

example of such integration can be found in the antenna

shown in Fig. 1 [65]. The antenna structure is composed of

two monopoles that are tilted from each other by an angle

of 30� [65]. A printed reflector is positioned between the

two directed monopoles in order to achieve pattern diver-

sity. The two monopole arms are connected to a tapered
feeding line by two p-i-n diodes S1;Left and S1;Right. Once

activated, each p-i-n diode feeds separately an antenna arm.

The individual activation of each of the two switches is

done by printing a high impedance biasing line on the side

of each monopole arm. When either of these two switches

are activated, the antenna resonates at f ¼ 3:24 GHz.

Two additional p-i-n diodes S2;Left and S2;Right are then

added on each monopole in order to increase its length on
demand as shown in Fig. 1 [65]. The increase in the mo-

nopole length as a result of the activation of any of the p-i-n

diodes S2;Left or S2;Right, allows the antenna to lower its

resonant frequency to 2.96 GHz. The antenna also

achieves pattern diversity through the placement of the

printed reflector. The reflector directs the radiated beam

to either the left or the right when the left or right mono-

pole is activated by the appropriate switches. The shape
and size of the printed reflector has been optimized in

order to obtain the desired mode of operation. Thus, the

antenna achieves for each frequency of operation two ra-

diation directions. The activation of the p-i-n diodes [66] is

achieved using a current driver and a bias tee. The radia-

tion pattern diversity is shown in Fig. 2 when the corre-

sponding switches are activated [65]. Fig. 3 shows the

corresponding frequency reconfiguration [65].

The effect of the p-i-n diodes in terms of nonlinearity as

well as interference of biasing lines are also taken into
consideration during the design process. In order to over-

come such drawbacks some antenna designers integrate

p-i-n diodes into the feeding network of the antenna. An

example of such integration is shown in Fig. 4 [67], where

two p-i-n diodes are used to reconfigure a feeding network

that can be connected to one or multiple antennas at a later

stage. The reconfiguration of the feeding network allows

the reconfiguration of the antenna operation.
Varactors can also be incorporated into the antenna

structure, either on its radiating surface or into its feeding

network. The activation of a varactor requires a direct

supply of a DC voltage. The variation of the voltage levels

Fig. 1. P-i-n diode based frequency and radiation pattern

reconfigurable antenna with the appropriate p-i-n diode

biasing network [65].

Fig. 2. The 3D antenna radiation pattern at f ¼ 3:24 GHz when

(a) S1;Left is ON, (b) S1;Right is ON [65].

Fig. 3. The simulated and measured antenna reflection coefficient for

various switch cases [65].
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allows the varactor to change its capacitance and thus

tunes the antenna operation. The integration of a varactor

into an antenna structure requires the connection of that

varactor to a DC voltage source.

A varactor based reconfigurable ‘‘Filtenna’’ is shown in

Fig. 5 [32]. A ‘‘Filtenna’’ is a term used to express the end
result of merging a filter into the feeding line of an an-

tenna. A varactor based tunable hexagonal shaped band-

pass filter is integrated within the feeding line of a printed

antipodal wideband dipole antenna. The combination of

both the filter and the antenna achieves frequency tuning

without distorting the antenna’s radiation characteristics.

This technique allows the tuning of frequency filtering

without additional and unwanted interferences. Moreover,
all the biasing lines of the varactor do not reside on the

antenna radiating plane but rather in its feeding line,

which will minimize the effect on the antenna radiation

characteristics [32]. The frequency tuning in the operation

of the ‘‘Filtenna’’ is shown in Fig. 6 [32].

Optical switching, through the means of silicon photo-

conductive switches, can also be used to reconfigure an

antenna operation. An optically pumped reconfigurable

antenna is shown in Fig. 7 [34] where a new light delivery

technique is used to activate the silicon switches. The light

delivery is based on integrating an optical fiber fixture into

the ground plane of the antenna just below the targeted
silicon switch [34]. A hole is then drilled through the

substrate to allow an easy light delivery to the silicon

switch. Once the switch is illuminated by a laser diode it

conducts and thus allows the reconfiguration of the

antenna operation. The antenna shown in Fig. 7 relies on

two silicon switches to reconfigure its operation.

Other types of switches can also be used to reconfigure

an antenna’s operation, however, it is important to identify
the appropriate application for each switch integration.

For example, a fast response requires p-i-n diode based

switching while a tunable response requires a varactor

based one. A low power response allows the integration of

Fig. 4. Reconfigurable feeding network with two integrated p-i-n

diodes [67].

Fig. 5. Front and back of the reconfigurable ‘‘Filtenna’’ [32].

Fig. 6. Tuning of the reflection coefficient of the ‘‘Filtenna’’ for

different voltage levels [32].

Fig. 7. The top and bottom layers of the antenna in [34].
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RF-MEMS instead. An antenna designer needs to make an

informed decision when it comes to choosing the appro-

priate switching mechanism for a reconfigurable antenna

design. Fig. 8 depicts an illustration that compares the
different properties of the various switching techniques for

operation between 1 and 10 GHz.

III . NON-SWITCH-BASED
RECONFIGURABLE ANTENNAS

In this section, we discuss reconfigurable antennas that
rely on alternative techniques to achieve antenna recon-

figuration. These techniques do not resort to switching

components, however, they use actuators, motors, or

other tools to move some parts in the antenna structure,

or change the electrical properties of the antenna’s sub-

strate [42]–[45]. The movement of any part of the

antenna results in a reconfiguration of the antenna’s

radiating edges which alters the antenna operation on
demand. The antenna shown in Fig. 9 [45] resorts to

two actuators to move and tilt the ground plane of its

radiating patch. The antenna structure is composed of a

microstrip line fed patch, two fixed and one moving

ground planes. Two asymmetric rectangular slots are

etched on the patch. The feeding line and the slots dimen-

sions are optimized for a better impedance matching. The

slots positions improve the antenna matching and allow a
multiband operation. The moving ground plane is con-

trolled by two actuators [68] that allow its vertical move-

ment as well as its tilting position. The reconfigurable

antenna is designed to cover various frequency bands be-

tween 2 GHz and 6 GHz for different ground plane

positions and tilt angles.

The entire antenna system is controlled by an

Arduino Uno R3 Microcontroller [69]. The Arduino
board receives orders from a parallax switch [70]. It

outputs controls to an LCD screen and two actuators that

drive the ground plane of the antenna. As a result, the

antenna is transformed into a suspended microstrip

Fig. 8. An illustration of the various properties of Switches.

Fig. 9. (a) Antenna system. (b) Antenna patch. (c) Antenna ground planes [45].
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antenna with a variable height [45], resulting in reconfig-

uring its frequency of operation. Fig. 10 shows the anten-

na’s frequency response for various positions of the ground

plane.

Antenna researchers have also resorted to specific

material properties such as graphene plasmonics [40], or

liquid crystals [41] to reconfigure antenna operations. A
4 � 4 liquid crystal based planar antenna array is shown

in Fig. 11 [71]. Liquid crystal resides as a substrate

underneath each of the 16 patches. A Rogers’s 3003 sub-

strate with a thickness of 0.5 mm constitutes the struc-

ture’s substrate elsewhere [71]. A narrow gap is inserted

in the feeding line at the input of each patch to block

DC from flowing from patch to patch. DC voltage

reaches each patch through a pin that goes through the
liquid crystal cavity and the ground plane. RF chokes are

also used between pins and the feeding connection for

isolation purposes. Varying the supplied DC voltage re-

sults in varying the dielectric properties of the liquid crys-

tals which results in tuning the operation of the antenna

array [71].

The control of mechanically reconfigurable antennas

results in driving actuators which can be power consum-
ing. However, the miniaturization of these actuators is

possible for future antenna reconfigurable antenna inte-

gration. Actuators’ tuning speed is definitely slower than

any switching component; however, their speed has

proven to be sufficient for most applications. Mechanical

reconfiguration techniques can also be robust and easily

integrated as part of a mechanical system that requires an

RF front end for communication purposes. The change in
material properties is also another promising technique

that is getting more attention. However, its slow tuning

speed, high voltage requirements, and small reconfigura-

tion capabilities may constitute some of the drawbacks that

need to be addressed.

IV. GRAPH MODELING
RECONFIGURABLE ANTENNAS

In this section, graph models are discussed as tools to

transform antennas from their bulky state into software

accessible devices. Graph models allow the optimization of
the automation and software control of the tuning process

of any reconfigurable antenna [1]. The advancement in

reconfigurable antennas, development is due to the fact

that these antennas are software controlled and can be

automated easily. Graph models [72] allow the employ-

ment of various algorithms into the antennas’ automation

and optimization process [1].

Graphs are mathematical illustrations of various systems;
they are symbolic representations of relationships between

different points in a system. A graph can also be a description

of a communication protocol; in particular, a suitably de-

signed graph can precisely describe and direct the changing

network topology of a self-organizing system [74]–[77], thus

the use of graphs to model reconfigurable antennas.

A graph is a collection of vertices that are connected by

lines called edges [59]. Each vertex can represent a part of an
antenna or an end-point of a switch [1]. The connection

between the different antenna parts or the activation of the

switch is represented by the presence of an edge connect-

ing the corresponding vertices [1]. Several rules are intro-

duced to model reconfigurable antennas [1]. These rules

allow the designer to relate each possible topology to a

corresponding electromagnetic performance. Once a graph

is drawn, an adjacency matrix can be formed based on this
graph. Thus, the graph has transformed an antenna into a

matrix where various algorithms can be applied [73].

Graph models can also be used to determine the pre-

sence of redundant components in an antenna structure.

An element is defined as redundant if its presence gives the

antenna more functions than required and its removal does

not affect the antenna’s performance [59]. A redundancy

Fig. 10. Reconfiguring the antenna’s operating frequencies for

different ground plane positions [45].

Fig. 11. The reconfigurable antenna array structure [71].
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reduction approach is proposed in [59] to eliminate redun-

dant components from reconfigurable antenna structures

for more efficient designs. Removing redundant compo-

nents from an antenna structure reduces its complexity and

allows for a more efficient antenna reconfiguration. For

instance, eliminating redundant switches in a switch recon-

figurable antenna reduces the nonlinearity effects and the

interference from the corresponding biasing lines. The
planar antenna shown in Fig. 12 [59] is built out of a hexa-

gonal main patch and six trapezoidal parts placed around it.

Each trapezoidal part is connected to the main patch by a

switch. Thus, this antenna originally utilizes six switches to

tune its frequency operation. The antenna is designed on an

FR4 epoxy substrate with a height of 3.2 mm. The graph

model of this antenna shown in Fig. 12(a), is composed of six

vertices ðP1;P2;P3;P4;P5; P6Þ representing the trapezoi-
dal parts connected by six edges to the seventh vertex ðP0Þ
that represents the main patch [59]. After the application of

the graph based redundancy reduction approach, the num-

ber of used switches is transformed from six to two as shown

in Fig. 12(b). It is important to note that the functioning of

the antenna is preserved and its optimized response is com-

pared with the original redundant antenna response [59].

Antennas with a larger number of switches can also benefit
from the redundancy reduction approach to improve their

efficiency and to allow an easier system control and integra-
tion [59], [73].

Reconfigurable antennas can achieve the same fre-

quency operation with several switch configurations.

These configurations are defined as ‘‘Equivalent Config-

urations’’ [60]. Eliminating unnecessary and undesired

switches from the antenna structure reduces its general

complexity as well as the number of equivalent configura-

tions. The effect that this reduction has on the reliability of
the antenna needs to be addressed especially in the case of

a switch failure.

It is shown that while the physical antenna redundancy

is reduced, the equivalent configurations present are suffi-

cient to maintain an acceptable antenna reliability [60].

The reliability of a reconfigurable antenna mainly de-

pends on the number of antenna configurations at a cer-

tain frequency and, the probability to achieve them.
However, it is inversely proportional to the number of

edges needed [73].

The solution is to design reconfigurable antennas with

several equivalent configurations but only with a small

number of connections. Thus, the reliability of a reconfigu-

rable antenna can be calculated as in (1) [60]. On the other

hand, an antenna’s general complexity is represented by

the total number of edges in a graph as shown in (2) [60].
Antenna’s frequency dependent complexity is the measure

of the maximum number of edges in a particular configu-

ration as defined in (3) [60]. It can be deduced from these

equations that the reliability of a reconfigurable antenna is

inversely proportional to its frequency dependent com-

plexity [60]. An antenna designer that wishes to maximize

the reliability of an antenna while reducing its complexity

must take this conclusion into consideration at the initial
stage of the design process.

RðfÞ ¼

PNcðfÞ

i¼1

PNEiðfÞ

j¼1

PðEijÞ

PNcðfÞ

i¼1

NEiðfÞ
� 100 (1)

where
R(f) The reconfigurable antenna reliability at a

particular frequency f

NC(f) The number of configurations achieving the

frequency f

NE(f) The number of edges for different configura-

tions at the frequency f

P(E) Probability of achieving the edge E ¼ 1� P (a

switch failing)

C ¼ NE (2)

Fig. 12. (a) Reconfigurable antenna before the redundancy reduction

approach. (b) Reconfigurable antenan after the redundancy reduction

approach [59].
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where NE represents the total number of edges in a graph

for all possible connections.

CðfÞ ¼ Max
i¼1;NCðfÞ

ðNEiðfÞÞ (3)

where

C(f)1 represents the complexity of the antenna sys-

2 tem at a frequency f

NC(f) represents the number of equivalent configura-

tions at a frequency f

NEi (f) represents the number of edges at the config-

uration i for a frequency f

The graph based analysis can also be extended to

reconfigurable antenna arrays where their complexity,
reliability, and switch failure correction techniques are

correlated and analyzed [61].

It is important to note that this graph based analysis of

reconfigurable antennas is executed so that optimal de-

signs are created with less redundancy. Reducing redun-
dant components while maintaining reliability creates

systems that have less loss, less costs, efficient, are easy to

control and automate [73].

V. SOFTWARE CONTROL OF
RECONFIGURABLE ANTENNAS

Controlling a reconfigurable antenna with software can be

done using many platforms suchs as Field Programmable

Gate Arrays (FPGAs), Microcontrollers, or Arduino Boards

[69]. For example, the antenna discussed in [16] uses an

FPGA to activate and de-activate p-i-n diodes that connect
different parts of its structure as shown in Fig. 13 [1]. In

another example, Labview and an NPN Darlington array

control the rotation mechanism of a stepper motor that is

used to reconfigure an antenna structure [78]. The software

control using an FPGA or Labview for example, constitutes

a simple approach that is accessible to any antenna de-

signer without complicated programming skills. This

allows the automation of reconfigurable antennas to be-
come easily integrated into the antenna design procedure.

Arduino boards also allow antenna designers to prog-

ram their antenna systems, control and automate them in a

compact setting as shown in Fig. 9(a) [45]. The user in such

systems controls the operation of the antenna and, decides

when and how to change its function. In other cases, de-

tection of surrounding activities is needed to change an

antenna’s operation. An example of such system is one
where a change in temperature triggers thermal switches

installed onto the antenna structure [39]. Motion detection

is also a trigger mechanism that can be used to bias and tune

a reconfiguring component. An Infra-Red (IR) motion de-

tection sensor is connected to the biasing network of a

varactor, incorporated onto a reconfigurable antenna as

shown in Fig. 14 [79]. Once a movement is detected in a

predetermined area, the biasing circuit changes voltage
levels. This action results in antenna frequency tuning [79].

Fig. 13. FPGA controlling a p-i-n diode frequency reconfigurable

antenna [1].

Fig. 14. The motion detection circuit connected to the varactor based reconfigurable ‘‘Filtenna’’ [79].

Costantine et al. : Reconfigurable Antennas: Design and Applications

Vol. 103, No. 3, March 2015 | Proceedings of the IEEE 431
Authorized licensed use limited to: American University of Beirut. Downloaded on April 17,2024 at 10:46:38 UTC from IEEE Xplore.  Restrictions apply. 



Graph models based redundancy reduction approach

minimizes the number of components that need to be

controlled. It also allows the application of algorithms such

as the shortest path algorithm. Such algorithm applied to a

mechanically reconfigurable antenna insures the fastest

possible reconfiguration process in the present setting [1].

VI. NEURAL NETWORKS APPLIED ON
RECONFIGURABLE ANTENNAS

Neural Networks (NN) can be used on FPGA based

software controlled reconfigurable antennas to drive the

antenna state reconfiguration. NNs are proposed to be

implemented on reconfigurable antennas as antenna syn-
thesizers. A NN is trained to associate all the different

configurations of a reconfigurable antenna with its differ-

ent operating frequencies [64].

NNs can be designed using a standard back-propagation

technique, which steers the design to convergence [80].

Applying NNs to reconfigurable antennas results in the

association of different antenna configurations with differ-

ent frequency responses called clusters. The association of
such frequency clusters with corresponding antenna con-

figurations trains the NN to be able to configure the an-

tenna and regenerate frequency responses on demand.

The NN architecture has three layers: Input layer,

Hidden layer and Output layer. The input layer represents,

in the case a switch-reconfigured antenna, the number of

switches existing in that antenna. The number of hidden

neurons in the hidden layer represents the accuracy
needed to regenerate the frequency response of the an-

tenna in question. The number of output layer neurons is

determined depending on the number of points needed to

recreate to an acceptable accuracy the return loss of the

antenna [81].

The application of Neural Networks requires a conside-

rable amount of data training and software handling. The

general methodology is summarized in the block diagram of

Fig. 15 [64]. A neural network is built and trained in Matlab

Simulink. Training the NN requires adjusting the connec-

tion weights and specifying the number of hidden neurons.

Error Back-propagation (BP) is used to train the NN in this

case. BP compares neural networks’ output to the measured
antenna response and calculates an error adjustment for

each of the nodes in the network. The neural network

adjusts the connection weights according to the error va-

lues assigned to each node [81]. After the weight adjust-

ment process, a Xilinx system generator creates the NN

VHDL code to be used to control an FPGA [81].

As an example, applying neural networks to a recon-

figurable antenna with six switches such as the one shown
in Fig. 12(a) results in six input neurons, 11 hidden neu-

rons, and 51 output neurons. The NN structure for this

antenna is shown in Fig. 16. After removing the redundant

components from this antenna as shown in Fig. 12(b), the

input layer of the neural network shrinks from six to two

and the number of hidden neurons will have to shrink from

11 to 8 [64]. As a result the training process requires less

Fig. 15. Block diagram of the NN operation [64].

Fig. 16. The NN structure of the antenna in Fig. 12(a) [64].
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time and the regeneration of antenna states based on NNs
is faster and more efficient [73].

VII. RECONFIGURABLE ANTENNAS
FOR COGNITIVE RADIO AND
MIMO APPLICATIONS

Cognition and the ability to identify changes in a commu-

nication setting require antennas to be able to react to these

changes. In a cognitive radio setting, a channel is moni-

tored and idle frequencies in the spectrum are determined.

Idle frequencies can also be called unused spaces or white
spaces. Once unused spaces are identified, a reconfigurable

antenna is ordered to tune its operation to broadcast accord-

ingly; thus increasing the communication efficiency [82].

A wideband or a reconfigurable narrowband antenna

can be used for channel sensing. The communication pro-

cess on the other hand requires a reconfigurable antenna to

be able to tune its operation in order to manage the dyna-

mically discovered white spaces in the spectrum. A cog-
nitive radio device’s operation is based on a cycle that is

shown in Fig. 17 [82]. This cycle starts by observing the

channel activity, which is achieved by a sensing antenna. In

the second step of the cycle, a cognitive processor decides

which part of the spectrum is suitable for communication. In

the following step, the processor orders the communicating

antenna to act appropriately to achieve the required mode of

communication. In the last step, the processor achieves
cognition by learning from previous channel activities. This

cycle allows the cognitive radio device to self-decide and

optimally self-reconfigure its hardware to physically realize

the selected mode of communication [82], [83].

It is critical to understand that adding cognition to

antenna systems and, allowing them to communicate over

unused frequency gaps, does not solve other issues in the

spectrum. Hence, it is important to design antennas that
also address spectrum concerns such as fading or multi-

path. A MIMO based antenna can be proposed for cogni-

tive radio applications as shown in Fig. 18 [84]. The reason

behind adopting a MIMO based antenna for cognitive ra-
dio, is to combat fading, ensure reliable communication

between end users, and improve the spectrum usage

efficiency [73].

The MIMO based cognitive radio antenna system

shown in Fig. 18, consists of two sensing antennas as well

as two reconfigurable ‘‘Filtennas’’ packed all together on

the same substrate [84]. The reconfigurable antennas use p-

i-n diodes to tune their frequency band-pass operation. A
reconfigurable antenna, in a cognitive radio setting, is able

to react to the observations of the wideband sensing an-

tenna, based on the recommendations of the cognitive

processor as described in Fig. 17. The evaluation of the

performance of the proposed antenna systems in mitigating

fading in a rich multipath environment is done by observing

the values of the envelope correlation coefficient �e and the

mean effective gain (MEG) [84], [85]. It is essential to
ensure that the signals received from either the two sensing

antennas or the two communicating ‘‘Filtennas’’ satisfy the

corresponding criterion as discussed in [84], [85].

VIII . RECONFIGURABLE ANTENNAS FOR
SPACE APPLICATIONS

Antennas designed for space communication have to be

packed during the launch phase and then deploy once in

space. Many types of deployable antennas have been used

on orbit. Reflector types constitute the widest category

[86]. Other deployable structures made with folded hoops

or ribs are also used for space communications [87]. Some

researchers have also resorted to tape springs and neutrally

stable material to design their structures [88]. Helical an-
tennas [89] are also a popular choice of satellite antennas

due to their natural circular polarization and wide

bandwidth [90].

Traditional deployable antennas present valid options

for space communication. However, the rise of small sa-

tellites’ development and the launch of clusters of CubeSats

have increased the need for more agile antennas. CurrentlyFig. 17. The cognitive radio cycle [82].

Fig. 18. MIMO based cognitive radio antenna [84].
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dipole antenna arrays in various configurations constitute

the most common antennas deployed on CubeSats [91].

The merging of reconfigurable and deployable antennas

appears to be a solution to the increased demand for
communication agility in space [73].

When proposing a suitable reconfiguration technique

for antennas in space, antenna designers need to utilize the

deployment process as part of their reconfiguration pro-

cess. Thus, mechanical reconfiguration techniques come to

mind as first choice. However some electrical reconfigu-

ration means can also be addressed especially with the

advancement in satellite power handling technology.
Many types of actuators can be used to achieve mecha-

nical reconfiguration. The choice of such actuators depends

on the nature of the antenna and its material composition.

For example, the reconfiguration of deployable antennas

that are designed with bi-stable composite tape springs can

be achieved using one-way linear or rotary actuator [92]–

[94]. Antennas made with Neutrally Elastic Mechanism

(NEM) tape springs require two-way actuators to be re-
configured [92]–[94].

Another reconfiguration technique can be based on

deploying an antenna in progression. For example, a

helical antenna shown in Fig. 19 [95], deploys in stages by

resorting to actuators. The sequential deployment tunes

the antenna’s operating frequency. The concept is based on

the fact that only the part of the antenna that is above the

deployed ground plane radiates [95].

The introduction of reconfigurability to space commu-
nication antennas constitute a great addition to space

technology despite the difficulty in achieving such task.

Reconfigurable deployable antennas allow major advance-

ment possibilities in available communication technology

and constitute a suitable addition to the evolving world of

space communication.

IX. CONCLUSION

In this paper a summary of the techniques and method-

ologies used to design, optimize and apply reconfigurable

antennas is presented. Reconfigurable antennas constitute
a major part of current communication systems. They are

the basis for many future applications that are based on

cognition and reaction to evolving/changing conditions. A

static communication system that relies on one or more

fixed antennas, no longer caters for the evolving needs of

today’s communication technology.

Several techniques are proposed to achieve the recon-

figuration mechanism of antennas. These techniques are
based on electrical, optical, or mechanical means. However,

no matter which technique is used, the end result is the

same: a re-arrangement of the antenna’s radiating aperture.

The operation of reconfigurable antennas can be auto-

mated, controlled and optimized using many techniques,

such as graph models or neural networks. These tech-

niques embedded on FPGAs, microcontrollers, or any

programmable processor, allow a reconfigurable antenna
to optimally operate within the design’s existing objectives.

Finally, one must keep in mind that the future of re-

configurable antennas is filled with self-adaptation, learn-

ing, reacting, overcoming failures and achieving a very

efficient communication link that is highly dynamic and

ever-changing. h
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