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As for the selection of the reconfiguration techniquefiguration technique on the antenna performance. A com-
is based on the reconfigurable antenna property. An pawrison between these optimization techniques shows
tenna designer selects a technique that satisfies thetimat a particular optimization algorithm cannot be sepa-
posed constraints and at the same time completes rited from the rest as the best fit, before selecting a
antenna design task efficiently. There are several recosfigcific reconfigurable scheme [55].
uration techniques that have been proposed since the ris@he process of designing a reconfigurable antenna allows
of reconfigurable antennas. The proposed reconfiguratintenna researchers to resort to various reconfiguration
techniques are divided into four major categories: eledgchniques. However, the complexity of such designs is
cal, optical, mechanical, and material change [1], [2]. another aspect that requires consideration. An increased

Electrical reconfiguration techniques are based on tlenplexity results in unwanted costs and losses [1]. Several
use of switches to connect and disconnect antenna partpasoaches have been proposed to reduce the complexity
well as to redistribute thentenna currents. Radio fre-without affecting the reliability of any reconfigurable anten-
guency micro-electromectieal systems (RF-MEMS)na system [56]-[61]. Most of these approaches are based on
have been proposed for integration into reconfigurabfgplying various techniques or models that are already
antennas since 1998 [5]. Many designs have resorted t&iRfvn in other fields of study [1]. Learning state selection
MEMS to reconfigure their performance [6]-[12]. RREpproaches can be used to learn the antenna behavior for
MEMS based reconfigurabfgennas rely on the mechanivarious reconfiguration states and then regenerate them on
cal movement of these switches to achieve reconfiguratitemand [62]. Neural networks constitute a great example of
The isolation of RF-MEMS iery high and they require such learning approaches. Neural Networks can be used as
minimal power consumption. The switching speed of RiR-antenna behavioral predictor that allows the generation
MEMS is in the range of 1-20Gec which may be con-of various antenna states based on a previous learning
sidered low for some applications [2]. experience [63]. The merging of neural networks and graph

P-i-n diodes or varactors have appeared to be a fantatels have resulted in computational reduction and
and a more compact alternative to RF-MEMS. The switghbtimal antenna reconfiguration [64].
ing speed of a p-i-n diode is in the range of 1-100 nsec [2]On the other hand, the advancement in wireless com-
Reconfigurable antennas ugito p-i-n diodes [13]-[23] munication applications requires a new generation of
have a more dynamic reconfiguration ability. Other mmtennas that are able to cater for the needs of such ap-
configurable antennas resort to varactors [24]-[32] whetieations. The new era of antenna design must generate
varying the biasing voltage can result in varying the @atennas that are cognitiveadaadjust to the environment
pacitance of the corresponding varactor. Such anterarabever changing surrounding conditions. There is a need
enjoy a vast tuning ability that is based on integratinfpaantennas that can overcome failures and swiftly respond
variable capacitance into the antenna structure. It is itm-new developments. Cognitive radio, Multiple Input
portant to indicate that whilelectrical switching compo-Multiple Output (MIMO) channels, on body networks,
nents may present an efficient reconfiguration ability, theatellites and space communication platforms are all ve-
require an appropriate design of their biasing networksnues for the application of highly versatile, reliable and

Optical reconfiguration techniques have been proposéitient reconfigurable antennas.
based on photoconductive switches [33]-[38]. Theseln this paper, the design process of reconfigurable an-
switches incorporated into an antenna structure becamrenas is detailed. In Sections Il and lll, switch-based and
conductive once they are subjected to a laser beam. Mdreswitch-based reconfigurable antennas, are discussed
laser beam originates from integrated laser diodes [8&$pectively. Section IV introduces graphs as tools to tran-
Integration and power issues constitute a difficulty in stgfbrm reconfigurable antennas into software accessible de-
a technique. vices, while reducing their complexity and maintaining their

Antennas with thermal switches [39] have also bemtiability. Software control of reconfigurable antennas is
proposed as reconfigurable antenna candidates. Otlimrussed in Section V. Section VI discusses the use of neural
reconfiguration techniques are based on graphene plagravorks on reconfigurable antenna platforms and its
nics [40], liquid crystals [41] and mechanical reconfiguagplication in cognitive communication protocols. Reconfi-
tion techniques [42]-[45]. gurable antennas for cognitive radio and MIMO applications

Antenna designers have used various optimiza@wa highlighted in Section VII. The deployment of
algorithms to smooth the state transition in a reconfigeconfigurable antennas for space applications is discussed
rable antenna’s operation. Genetic algorithms, simuldte8ection VIII. Section IX concludes the paper.
annealing, ant-colony optimization, self-organized maps,
particle swarm optimization, the cross entropy method,
and self-adaptive induced mutation algorithm are propogedSW ITCH-BASED RECONFIGURABLE
by antenna designers to smooth transitions between'%%‘—TENNAS
rious states of a reconfigurable antenna [46]-[54]. Th&seitch-based reconfigurable antennas are proposed with
algorithms also minimize the negative effect of any recelectrical [5]-[32], optical [33]-[38], or thermal switching
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(a) (b)

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

Fig. 1. P-i-n diode based frequency and radiation pattern (@) Syttt is ON, (b) Syrign: is ON [65].

reconfigurable antenna with the appropriate p-i-n diode
biasing network [65].

The effect of the p-i-n dioglén terms of nonlinearity as
components [39]. Reconfiguration is achieved by integh4!! s interference of biasing lines are also taken into
ing switches into the antennas’ radiating surfaces or feegffggideration during the design process. In order to over-
networks. This requires an appropriate biasing netwSfe Such drawbacks some antenna designers integrate
that is designed specifically to supply an appropriate V&N diodes into the feeding network of the antenna. An
age or current. P-i-n diodes for example require a consEf@mple of such integration is shown in Fig. 4 [67], where
DC current that is supplied usually by a current driver. A} P-i-n diodes are used to reconfigure a feeding network
example of such integration can be found in the ante gtcan be connegted tq one ormultlple_ antennas at a later
shown in Fig. 1 [65]. The antenna structure is compose e. Thg reco.nflguratlon of the feedmg_ network allows
two monopoles that are tilted from each other by an ang|& "éconfiguration of the antenna operation.
of 30 [65]. A printed reflector is positioned between the Varactors can also be incorporated into the antenna
two directed monopoles in order to achieve pattern divefUcture, either on its radiating surface or into its feeding
sity. The two monopole arms are connected to a tapeﬁlg ork. The activation of a vgrgctor requires a direct
feeding line by two p-i-n diods, et andSypight. ONCE supply of a DC voltage. The variation of the voltage levels
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 resonaté</a8:24 GHz.

Two additional p-i-n diod&g, et andSyright are then
added on each monopole in order to increase its lengtt
demand as shown in Fig. 1 [65]. The increase in the r
nopole length as a result of the activation of any of the Pz
diodesSy et OF Szright, allows the antenna to lower its2 "
resonant frequency to 2.96 GHz. The antenna a_§
achieves pattern diversity through the placement of £
printed reflector. The reflector directs the radiated beS
to either the left or the right when the left or right moncg
pole is activated by the appropriate switches. The sl‘% 5
and size of the printed reflector has been optimized*
order to obtain the desired mode of operation. Thus, =, |

Solid: Simulation/Dotted:Measurement

Sy Ler OFS;, Right:ON

antenna achieves for each frequency of operation twc |l' =512 1eft O 812 Right'ON

diation directions. The activation of the p-i-n diodes [66] ;| . . . . . . ,

achieved using a current driver and a bias tee. The ra 28 29 3 31 32 33 34 35
Frequency [GHz]

tion pattern diversity is shown in Fig. 2 when the corre-
spondlng switches are activated [65] F|g- 3 shows lﬂ%e3 The simulated and measured antenna reflection coefficient for

corresponding frequency reconfiguration [65]. various switch cases [65].
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Fig. 4. Reconfigurable feeding network with two integrated p-i-n
diodes [67].

Fig. 6. Tuning of the reflection coefficient of the ““Filtenna” for
different voltage levels [32].

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 Optical switching, through the means of silicon photo-
varactor to a DC voltage source. conductive switches, can also be used to reconfigure an
A varactor based reconfigolea“Filtenna” is shown inantenna operation. An optically pumped reconfigurable
Fig. 5 [32]. A “Filtenna” is a term used to express the @iflenna is shown in Fig. 7 [34] where a new light delivery
result of merging a filter into the feeding line of an agechnique is used to activate the silicon switches. The light
tenna. A varactor based tunable hexagonal shaped bgdflrery is based on integrating an optical fiber fixture into
pass filter is integrated within the feeding line of a prlntqﬁle ground p|ane of the antenna just below the targeted
antipodal wideband dipole antenna. The combinationsfifcon switch [34]. A hole is then drilled through the
both the filter and the antea achieves frequency tuningupstrate to allow an easy light delivery to the silicon
without distorting the antenna’s radiation characteristiggitch. Once the switch is illuminated by a laser diode it
This technique allows therting of frequency filtering conducts and thus allows the reconfiguration of the
without additional and unwarténterferences. Moreover,antenna Operation_ The ant&x shown in F|g 7 relies on
all the biaSing lines of the varactor do not reside on Wﬁ) silicon switches to reconfigure its Operation.
antenna radiating plane but rather in its feeding line, Other types of switches can also be used to reconfigure
which will minimize the effect on the antenna radiatiogn antenna’s operation, however, it is important to identify
characteristics [32]. The frequency tuning in the operatig appropriate application for each switch integration.
of the “Filtenna” is shown in Fig. 6 [32]. 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. 5. Front and back of the reconfigurable “Filtenna” [32]. Fig. 7. The top and bottom layers of the antenna in [34].
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Reference Axis

(b)

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

Reconfigurable antennas can achieve the same fre-
guency 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 cgnfiations present are suffi-
cient to maintain an acceptalaetenna 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].

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

Antenna’s frequency depentieomplexity is the measure

approach. (b) Reconfigurable antenan after the redundancy reduction ~ Of the maximum number of edgia a particular configu-
approach [59]. ration as defined in (3) [60]. It can be deduced from these

equations that the reliability of a reconfigurable antenna is

inversely proportional tositfrequency dependent com-

plexity [60]. An antenna designer that wishes to maximize
reduction approach is proposed in [59] to eliminate redwhe reliability of an antenna while reducing its complexity
dant components from reconfigurable antenna structumasst take this conclusion into consideration at the initial
for more efficient designs. Removing redundant comgtage of the design process.

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 grafiiere
model of this antenna shown in Fig. 12(a), is composed oR&fX
vertices®P1; Po; P3; P4; Ps; PgPrepresenting the trapezoi-

dal parts connected by six edges to the seventh &gtex NC(f)
that represents the main patch [59]. After the application of
the graph based redundancy reduction approach, the nim)
ber of used switches is transformed from six to two as shown
in Fig. 12(b). It is important to note that the functioning d?(E)
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
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? signs are created with less redundancy. Reducing redun-
Reconfigurable BiaSInGShnale dant components while maaming reliability creates
Antenna mounted e . S
onto FPGA board 1omERGA 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 amtea 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, Labviewdaan 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
where NE represents the total number of edges in a grapsimple approach that is accessible to any antenna de-
for all possible connections. signer without complicated programming skills. This
allows the automation of reconfigurable antennas to be-
come easily integrated into the antenna design procedure.
&P l/“il,!\l/.l,\?épa\lﬁapp (3) 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 userin such

Fig. 13. FPGA controlling a p-i-n diode frequency reconfigurable
antenna [1].

where systems controls the operation of the antenna and, decides

C() represents the complexity of the antenna syghen and how to change its function. In other cases, de-
tem at a frequency f tection of surrounding activities is needed to change an

NC(f) represents the number of equivalent configuatenna’s operation. An example of such system is one
tions at a frequency f where a change in temperaguriggers thermal switches

NE; (f) represents the number of edges at the configstalled onto the antenna structure [39]. Motion detection
uration i for a frequency f is also a trigger mechanism that can be used to bias and tune

The graph based analysis can also be extended reconfiguring component. An Infra-Red (IR) motion de-
reconfigurable antenna aysawhere their complexity,tection sensor is connected to the biasing network of a
reliability, and switch failure correction techniques avaractor, incorporated onto a reconfigurable antenna as
correlated and analyzed [61]. shown in Fig. 14 [79]. Once a movement is detected in a

It is important to note that this graph based analysisppédetermined area, the biasing circuit changes voltage
reconfigurable antennas is executed so that optimal Ideels. This action results intanna frequency tuning [79].

Voltage Output
Regulator Voltage

-
(=]
=
-
[

Arduine Uno Knob to control the
microcontroller Potentiometer

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

XilinxSys Gen
Antenna e Control ‘ Winner
Measurements Block r_} =p Finder
Neurons ‘ $
Map )
[
mal
‘—4
PE—
NN Controller

ISE

FPGA Board

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

Graph models based redundancy reduction approgeheral methodology is summarized in the block diagram of
minimizes the number of components that need to Big. 15 [64]. A neural network is built and trained in Matlab
controlled. It also allows the application of algorithms sugimulink. Training the NN regres adjusting the connec-
as the shortest path algorithm. Such algorithm applied toa weights and specifying the number of hidden neurons.
mechanically reconfigurabdatenna insures the fastesError Back-propagation (BP) is used to train the NN in this
possible reconfiguration process in the present settingg¢ake. 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
VI. NEURAL NETWORKS APPLIED ON  adjusts the connection weiglaccording to the error va-
RECONFIGURABLE ANTENNAS lues assigned to each node [81]. After the weight adjust-

Neural Networks (NN) can be used on FPGA badBNt process, a Xilinx system generator creates the NN
software controlled reconfigurable antennas to drive ¥gDL code to be used to control an FPGA [81].
antenna state reconfiguration. NNs are proposed to beS an example, applying neural networks to a recon-
implemented on reconfigurable antennas as antenna &girable antenna with six switches such as the one shown
thesizers. A NN is trained to associate all the differdtF9- 12(&) results in six input neurons, 11 hidden neu-
configurations of a reconfigurable antenna with its difféPns, and 51 output neurons. The NN structure for this
ent operating frequencies [64]. antenna is shown in _F|g. 16. After removing the redundant
NNs can be designed using a standard back-propag&8ponents from this antemas shown in Fig. 12(b), the
technique, which steers the design to convergence [3@?_Ut layer of the ne_ural network shrlnks from SiX to two
Applying NNs to reconfigurable antennas results in @d the number of hidden neurons will have to shr|r_1kfrom
association of different antenna configurations with difféf t0 8 [64]. As a result the training process requires less
ent frequency responses ahlidusters. 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 deman
The NN architecture has three layers: Input laye
Hidden layer and Output layer. The input layer represer

in the case a switch-reconfigured antenna, the numbe |iterations 18
switches existing in that antenna. The number of hidg [!PutNeurons o

. . Output Neurons 51,
neurons in the hidden layer represents the accuri e iayers T
needed to regenerate the frequency response of the [kidden Neurons 1

tenna in question. The number of output layer neurons

determined depending on the number of points needec 65

recreate to an acceptable accuracy the return loss of

antenna [81]. Input Layer Hidden Layer Output Layer
The application of Neural Networks requires a conside-

rable amount of data training and software handling. TH¥ 16. The NN structure of the antenna in Fig. 12(a) [64].
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