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Based on the characteristic mode theory, a versatile radiation pattern reconfigurable antenna is proposed. The analysis starts from
two parallel metallic plates with the same and different dimensions. By means of two PIN diodes, the size of one of the parallel
metallic plates can be modified and consequently the behavior of the radiation pattern can be switched between bidirectional and
unidirectional radiation patterns. Moreover, a SPDT switch is used to adjust the frequency and match the input impedance. The
reconfigurable antenna prototype has been assembled and tested, and a good agreement between simulated and measured results
is obtained at 2.5 GHz band which fits the IoT applications.

1. Introduction

As a fundamental part of a wireless system and due to the
strong demand of the market for diverse applications, an-
tennas are sometimes required to change their basic char-
acteristics with respect to the application needs. To fulfil this
expectation, CM (characteristic mode) theory [1-3], which is
a relatively new approach in the antenna field, presents an
easy way to understand the physics behind several antenna
features, such as the radiation pattern shape, beamwidth and
direction, polarization, and bandwidth and operating fre-
quency. This physical understanding provides information
about how modes operate and helps in the practical antenna
design process, making it easier [4, 5].

The huge growth of Internet of Things (IoT) and smart
industrial applications builds up many engineering and
scientific challenges that involve ingenious research efforts
from both academic and industrial society for the devel-
opment of cost-effective, scalable, efficient, and reliable
antenna systems for IoT. This is why reconfigurable an-
tennas (RAs) are conceived as a suitable system that can
change its basic characteristics [6, 7] such as the operating
frequency [8, 9], the radiation pattern [10, 11], or even the
polarization [12, 13] to cope with the demand of several
communication systems such as IoT sensors and mobile

stations [14]. Reconfigurable antennas are classified into
several types, depending on the use of semiconductors such
as PIN diodes [15] and varactor diodes [11, 16], RF MEMS
[17], photoconductive components [18], and reconfigura-
tion by changing material properties [19] or by mechanical
handling [20].

This paper describes a radiation pattern reconfigurable
antenna based on the use of two rectangular parallel plates.
The design is based on that presented in [21], but a sig-
nificant improvement has been provided with the current
design. Firstly, the geometry is proposed and a CM analysis
(CMA) is performed in order to explain the behavior of the
antenna from a modal perspective. Then, a reconfigurable
radiating structure using PIN diodes and a SPDT switch [22]
is proposed.

The goal of the proposed design is to switch between a
bidirectional and wunidirectional radiation pattern,
depending on the state of the PIN diodes. The aim of
using a SPDT switch is to reach a common operating
frequency (2.5 GHz) at both states, avoiding the modi-
fication of the basic geometry. Hence, the proposed
antenna proposes a convenient solution for several IoT
applications, as it can produce different beam conditions
in a sensor without changing physically the antenna
structure.
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CMA, antenna simulation, and design of the structure
have been performed by means of FEKO [23] and CST
Microwave Studio simulation software applications [24].

The paper starts with a brief overview of the CM theory
and the physical interpretation of the modal parameters.
Then, the general procedure for designing reconfigurable
antennas using CMA is discussed, following the CMA of two
rectangular parallel plates. In Section 5, a radiation pattern
reconfigurable antenna is proposed, and a prototype and
measurements are presented in the next section. Finally,
conclusions are discussed.

2. Characteristic Mode Overview

The CM theory was initially developed by Garbacz in 1968
[1] and later refined by Harrington and Mautz in 1971 [3].
This theory has recently become a versatile modal analysis
tool for antennas with arbitrary shapes and materials. The
CMs together with their metric parameters provide the
following effective information for antenna analysis and
design:

(i) Resonant frequencies of the dominant mode and
higher-order modes.

(ii) Modal radiation fields in the far-field range.

(iii) Modal currents on the surface of the analyzed
structure.

(iv) Significance of the modes at a given frequency.

CMs are defined as a set of orthogonal radiating current
modes that are supported by a conducting or dielectric
surface. A weighted eigenvalue equation is derived from the
method of moments (MoM) impedance matrix [3, 5, 25],
and a set of orthogonal eigencurrents (i.e., CMs), together
with their associated eigenvalues, is obtained. Due to the
orthogonality of the eigencurrents, the total current on the
surface of the conductor can be expanded into a set of
modes. Eigenvalues provide information about the radiating
behavior of the associated mode. Moreover, attributes such
as the characteristic angle or modal significance can be
calculated, which are associated to the eigenvalue.

In the following, a brief review of the parameters as-
sociated to the CMA will be provided, in order to obtain
physical insight into the radiating behavior of an antenna
with arbitrary shape.

2.1. Physical Interpretation of the Eigenvalue. Based on the
approach developed in [3, 5], CMs can be obtained as the
eigenfunctions of the following particular weighted eigen-
value equation:

XJ, =AR],, (1)

where ], and A, are the real eigenvectors and eigenvalues,
respectively, » is the index of the order of each mode, and R
and X are the real and imaginary parts of the impedance
matrix of the MoM. The electric fields E,, and the magnetic
fields H, produced by characteristic currents J, on the
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surface of a conducting body S are called characteristic fields
or eigenfields associated to J, [3].

As presented in [3], the selection of R as a weight op-
erator in equation (1) is responsible for the orthogonality
properties of characteristic modes, expressed by (2) and (3):

T R-T> =T R-T0 = 8,0 2)
— - g -
T X T3> =T0is X - T,> = XS (3)
where
1, ifm=n,
mn ={ . (4)
0, ifm#+n.

Choosing m = n gives the following physical interpre-
tations of the eigenvalues [5]:

(i) The total stored field energy within a radiation or
scattering problem is proportional to the magnitude
of the eigenvalues.

(ii) The case of A, = 0 corresponds to the case of res-
onance, and the associated modes are known as the
resonant modes.

(iii) In the case of A, > 0, the stored magnetic field energy
dominates over the stored electric field energy, so
the associated modes are known as the inductive
modes.

(iv) In the case of A, <0, the stored electric field energy
dominates over the stored magnetic field energy, so
the associated modes are known as the capacitive
modes.

2.2. Physical Interpretation of the Modal Significance. The
modal significance (MS,) is a function of the operating
frequency and the dimensions of the conducting object [26].
It measures the contribution of each mode to the total
electromagnetic response to a given source. As can be ob-
served in equation (5), MS,, transforms the [—00, +00] value
range of eigenvalues A, into a much smaller range of [0, 1].
In many cases, it is more convenient to use the MS,, other
than A, to investigate the resonant behavior across a wide
frequency band.

1
1+ jA,

n

. (5)

In addition, MS, also provides a convenient way to
measure the bandwidth (BW,,) of each CM. This bandwidth
can be defined as the frequency range where the power
radiated by the mode is more than one-half of the power
radiated by the same mode at resonance and can be
expressed as shown in the following equation:

1
1+ jA,

1
=75 0.707. (6)

Half power (HP) at resonance corresponds to a cutback
of the normalized current by a factor v/2 [5]. Moreover, MS,,

n
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is also used to identify the significant modes and nonsig-
nificant modes. CMs with MS, >0.707 are referred to as
significant modes, whereas CMs with MS, <0.707 are re-
ferred to as nonsignificant modes.

2.3. Physical Interpretation of the Characteristic Angle.
The characteristic angle (a,)) is a modal attribute that defines
the phase lag between the characteristic currents J, and the
tangential component of the characteristic electric field E™*
on the surface S. It is an important metric parameter in the
CM theory, which indicates the resonant behavior or the
kind of stored energy of each mode [27]:

a, = 180" - tan ! (A)- (7)

As «a, varies in the range [90°,270°], it provides an easy
way to understand the mode behavior close to the resonance,
especially if the mode presents narrow or large radiating
bandwidth. CMs with a steep slope near 180° for «, curve
present narrow bandwidth, whereas those with a smooth
slope present larger bandwidth. The smoother the slope of «,,
curve at 180° is, the larger bandwidth the mode can exhibit.

According to the physical interpretation of eigenvalues,
the characteristic modes can be also categorized using the
characteristic angle «,;

(i) If «, =180°, the associated modes are resonant
modes.

(ii) If90° < ar,, < 180°, the associated modes are inductive
modes.

(iii) If 180° <a, <270°, the associated modes are ca-
pacitive modes.

2.4. CM Applied to Reconfigurable Antennas. As presented in
Figure 1, the workflow of a reconfigurable antenna design
based on a CMA is divided into three basic processes:
simulation, fabrication, and measurement.

(i) Simulation: this step is fundamental, since all CMA
carries out this step, which presents the following
substeps:

(1) Understanding the structure: the first substep
concerns the initial investigation to understand
the behavior of the structure. The excitation of
the structure is excluded at this stage. The CMA
will find out which modes are consistently in or
near resonance within the frequency range of
interest. Besides, CMA can determine the at-
tributes of a single mode or a combination of
modes that are convenient for the target
application.

(2) Correct mode excitation: as a second substep and
once a mode or a combination of modes of
interest is determined, an excitation for these
modes must be conceived. Analysis of the
surface current distribution associated to the
modes of the structure is performed and can
determine the appropriate antenna location

feed. By means of the evaluation of the modal
weighting coefficients, the analysis will find out
how well the structure was able to achieve the
selected modal behavior.

(3) Design parameter verification: the third substep
deals with the verification action, where a
chosen solver is used to calculate the perfor-
mance parameters of the antenna such as
S-parameters, radiation pattern, gain, directiv-
ity, or efficiency.

(ii) Fabrication: this step is practical and requires a good
manufacturing ability that determines the accom-
plishment of the previous steps results. Additional
parameters must be taken into consideration in the
use of electronic components such as temperature,
interference among bias wires, and feed.

(iii) Measurement: finally, this step validates the previ-
ous steps and shows the performance of the design
structure.

3. Geometry and Design of Rectangular Parallel
Plates Based on Characteristic Mode Analysis

Let us consider two rectangular metallic plates separated a
distance H = 1.5 mm, as shown in Figure 2. Two cases are
analyzed, corresponding to two plates with the same di-
mensions (W1 xL=625mmx42mm) and two plates
with a small variation in the length of the lower plate
(W2 x L =68.5mm X 42 mm).

Let us now analyze these two parallel plates applying the
CM theory. Figure 3 presents the characteristic angle («,,)
analysis carried out over the 0-5 GHz frequency range, for
the plates with the same and with different dimensions. As
seen in Figure 3, the observation of the curves at a,, = 180°
shows that for both cases, there are two main resonant
modes at the 2.5 GHz band: antenna mode J1 (where current
flows in the same direction in both plates) and transmission
line mode J1' (where current flows in opposite direction in
both plates), as depicted in Figure 4.

At resonance frequency, antenna mode J1 and trans-
mission line mode J1' are presenting two different radiation
patterns, as shown in Figure 5(a). However, by exciting the
structure using a probe from the lower plate to the upper
plate, a different combination of these two fundamental
modes is excited by means of slightly expanding the di-
mensions of one plate. As shown in Figures 5(b) and 5(c), it
can be observed that the resulting radiation pattern when
exciting the structure with a probe feed gets varied from a
bidirectional beam to a directional pattern, when slightly
increasing the size of the lower plate.

The different modal contribution to the total radiated
power in the two cases can be observed in Figures 6 and 7. As
seen in Figure 6, mode | 1’ (narrowband transmission line
mode) dominates the total radiation power at 2.5 GHz
frequency band and leads to the bidirectional radiation
pattern shown in Figure 5(b). Conversely, in Figure 7, when
the dimensions of the parallel plates are slightly different, the
total radiated power results in a combination of mode J1
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FiGURre 1: Workflow of a reconfigurable antenna design based on CMA.
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therefore this double mode excitation produces a directional Frequency (GHz)
attern, as shown in Figure 5(c).
P & ( ) —— ModeJl-a -~~~ ModeJ2-b
--- ModeJ1-b —— ModeJ2’-a
4. Results and Discussion — Mode]l’a -~ Modej2"b
--- ModeJ1’-b —— ModeJ3-a
4.1. Reconfigurable Antenna Description. The proposed ra- —— Modej2-a --- ModeJ3-b

diation pattern reconfigurable antenna is presented in Figure 3: Characteristic angle associated to the first five modes of
Figure 8 and consists of a rectangular patch antenna printed the structure shown in Figure 2. Mode-a case 1: parallel plates with
on a Neltec substrate with a thickness H of 1.524mm,  the same dimensions. Mode-b case 2: parallel plates with different
e, = 2.2, and tangent loss of 0.0009. The dimensions of the sizes.
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FIGURE 5: Radiation pattern associated to (a) fundamental modes J1 and J1'; (b) parallel plates (P.P*) with the same size; and (c) parallel
plates (P.P*) with different sizes.
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FiGure 7: Total power and modal radiated power for two parallel plates with different sizes.
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FIGURE 8: (a) Antenna’s top view, (b) antenna’s back view, and (c) antenna’s lateral view.

structure are W1 =41 mm, W2 =47.6mm, L1 =28 mm, D2). The two PIN diodes states, labeled as ON and OFF,

L2 =35mm, S=1.3mm, and E = 2mm. enable or disable the current to flow through the lateral
The idea is to implement an antenna consisting of two  edges; hence, and as shown in the modal analysis, the ra-

parallel plates, where the length of the lower plate is variable. ~ diation pattern can get varied.

Therefore, two PIN diodes are connecting the bottom plate By switching from ON to OFF state, it is noted a shift in

to the lateral edges, as shown in Figure 9(c) (diodes D1 and  the operating frequency, due to a change in the input
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FIGURE 9: (a) Antenna’s top view, (b) bias circuit areas, and (c) antenna’s back view.
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FiGure 10: Equivalent circuit of the PIN diodes: (a) forward bias; (b) reverse bias.
RF INPUT
[
o o~ H—eo
RF OUTPUT2 1 X_ >_< RF OUTPUT!1
T T
VCIL GND VDD
FIGURE 11: SPDT switch block diagram.
TaBLE 1: Electronic components used in the proposed reconfigurable antenna.
Symbol Value Unit Manufacturer Comment
D1 BAR64-02V — Infineon PIN diode
D2 BAR64-02V — Infineon PIN diode
SPDT SKY13585-679LF — Skyworks Switch
CAP 12 pF Murata MLCC DC block
IND1 68 nH Murata LQW DC return
IND2 68 nH Murata LQW RF choke
IND 68 nH Murata LQW DC return

impedance of the antenna. To settle this issue, a SPDT switch
is added on the top plate. The aim of using a SPDT switch is
to guarantee a common frequency operating band by
switching the RF input signal to the adequate position re-
lated to the PIN diodes state, as shown in Figures 9(a) and
9(b).

4.2. Bias Circuit Configuration. Figure 10 shows the
equivalent circuit of the PIN diode for forward and reverse
biasing. The PIN diode model considered for the design is
the Infineon BAR64-02V silicon PIN diode, with low in-
sertion loss and fast switching time [28]. As shown in
Figure 10, the equivalent circuit consists of an inductor and a
parallel capacitor resistor. To obtain the first configuration
(PIN diodes are reverse biased), the values of the elements
are (L=0.6nH, C=0.35pF, and R = 3.3kQ2). On the other
hand, the element values of the second configuration (PIN
diodes are forward biased) are (L=0.6nH and R = 1.35Q)).

The SPDT switch (Figure 11) model adopted in the
design is SKY13585-679LF [22], with a low insertion loss
(0.5dB typically at 2.45GHz) for mode switching at ISM
band. A remarkable advantage about using this model is that
it has integrated DC blocking capacitors, so no external DC
blocking capacitors are required.

As illustrated in Figure 9(b), to perform the DC bias
supply to the PIN diodes D1 and D2, additional components
are fitted in the feed line and bias circuit zone (see also
Figure 8). A DC block capacitor CAP of 12 pF is used in
order to preserve the continuity of the RF current
throughout the metal structure. The inductors INDI and
IND3 of 68nH provide the DC return path for the bias
current. The DC voltage is isolated from the RF signal using a
RF choke inductor IND2 of 68 nH. Table 1 summarizes the
models and values used for the different components in the
proposed design.

To meet the switches’ biasing requirements, a platform
based on a nanocontroller [29] and a battery is employed to
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FIGURE 12: Final antenna prototype: (a) top view; (b) bottom view; (c) antenna with bias platform; (d) antenna in anechoic chamber.

TaBLE 2: Reconfigurable antenna configuration: case 1 (bidirectional pattern) and case 2 (unidirectional pattern).

Case Mode(s) excited PIN diodes SPDT
1 J! OFF VDD =5V, VCTL=0V
2 T+, ON VDD=5V, VCTL=33V

S, Parameter (dB)

2 21 22 23 24 25 26 27 28 29 3

Frequency (GHz)
—— §;; Simulated (casel) —— S;; Simulated (case2)
--- S;; Measured (casel) --- S;; Measured (case2)

FIGURE 13: Simulated and measured S;; parameter for the ON/OFF cases presented in Table 2.



10

International Journal of Antennas and Propagation

300 60 300
8 6/4 2 0 8 6/4 2 /0
270 90 270
240 120 240
210 >~ _~"1%0
180 180
YZ Plane XZ Plane
- -~ Measured
—— Simulated
0
300 60 300 60
6 5/4
3/2 1/¢
270 90 270 4 90
) )
240 120 240 120

180
YZ Plane

- ==~ Measured
— Simulated

200 ~___ | 150

180
XZ Plane

FIGURE 14: Simulated versus measured radiation patterns at 2.45 GHz: (a) case 1 and (b) case 2 (see Table 2).

achieve the bias signal corresponding to the two cases (case
1: bidirectional pattern and case 2: unidirectional pattern), as
shown in Figure 12(c).

Table 2 shows the two configurations. To attain the first
case, which consists of a bidirectional radiation pattern, the
PIN diodes D1 and D2 were reverse biased and the SPDT
INPUT pin (see SPDT block diagram in Figure 11) is
connected to the RE OUTPUT1 by giving VDD and VCLT a
supply voltage of 5V and 0V, respectively. The second case
corresponds to a directional radiation pattern achieved by

forward biasing the PIN diodes D1 and D2, and the SPDT
INPUT pin is connected to the RE OUTPUT2 by giving
VDD and VCLT a supply voltage of 5V and 3.3V,
respectively.

4.3. Prototype and Measurement Results. The proposed ra-
diation pattern reconfigurable antenna is fabricated and
assembled with the electronic components as presented in
Figure 12. In this prototype, connection wires are arranged
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TaBLE 3: Comparison of the proposed structure.
Ref. Beam type Frequency (GHz) Number of beams PIN diodes Size (mm?)
[30] Broadside and conical 2.25-2.85 3 2 170 x 170 x 17
[31] Omnidirectional 34-3.8 3 4 40x30x 1.6
[32] Sum and difference 3.3-5.5 2 4 144 x 190 X 0.8
[33] Conical and broadside 1.65-3.65 2 6 140 x 140 x 6
This work Broadside and bidirectional 2.28-2.58 3 2 47.6 x 35 x 1.524

in an appropriate manner to minimize the perturbation on
the radiation. Figure 13 shows the simulated versus mea-
sured S;; parameter of the proposed radiation pattern
reconfigurable antenna for both cases. From Figure 13, it is
observed that simulation and measurement perfectly agree
on a common band at 2.5GHz. It can be noted that sim-
ulated S;; parameter for case 2 shows a wide bandwidth. This
is due to the fact that simulation files include ideal values for
the lumped elements used for forward biasing the PIN di-
odes. The relative measured bandwidth at —10 dB for case 1
and case 2 is, respectively, 60 MHz and 25 MHz. However,
measurement results meet the requirements, and a common
operation frequency is achieved without changing physically
the antenna structure.

2D radiation pattern measurements of the reconfig-
urable antenna at 2.45 GHz frequency band are plotted for
both XZ and YZ planes in Figure 14. As presented by the
CMA in the first section, a reconfigurable radiation pattern is
achieved. Turning the PIN diodes to ON state and SPDT to
OUTPUT?2 leads to a directional beam, and switching the
PIN diodes to OFF state and SPDT to OUTPUT1 produces a
bidirectional pattern. The maximum peak gain and the
maximum radiation efficiency for both states have been
measured as shown in Figure 15, reaching values up to
6.75dBi and 64.31% at 2.5 GHz, respectively. It should be
noted that the efficiency is slightly low due to the diodes,
SPDT switch, and particularly the nanocontroller platform
that was incorporated in the measurement environment.

The performance of the proposed design is compared in
Table 3 with some recently published designs featuring

radiation pattern reconfigurable antenna performances. It is
clear that the proposed antenna has fewer PIN diodes, which
means less energy consumption and a low cost configuration.
Moreover, it has the smallest size, except for the design pre-
sented in reference [31]. In comparison with the antenna
having the same beam number [30, 31], the proposed antenna
has different beams at the same resonant frequency which gives
it toughness in terms of adaptation to the environment.
Furthermore, the fabrication of our design is robust and the
complexity is modest in comparison to the selected references.

5. Conclusion

The CM theory is able to provide a physical interpretation of
the radiating behavior of an antenna. A radiation pattern
reconfigurable antenna has been proposed in this paper based
on the information provided by the CMA. The design of the
antenna started from the modal analysis, in which the first case
of two parallel plates with the same size shows a domination of
mode J1' and therefore a bidirectional pattern when the
structure is excited. The second case, with a small difference in
size in one plate, presents a unidirectional pattern, which arises
from the contribution of two modes J1 and J1'. After the
analysis, a reconfigurable antenna with the same structure has
been proposed with the aim of changing the radiation pattern,
and two different patterns are achieved by switching ON/OFF
state of the PIN diodes. By means of introducing a SPDT
switch, the operating frequency at both states is adjusted to
2.45 GHz. The bias voltage used is low, which is a significant
interest for IoT sensors and mobile stations.
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Abbreviations

CM:  Characteristic mode

CMA: Characteristic mode analysis

IoT:  Internet of Things

RA:  Reconfigurable antenna

PIN:  P-type layer, intrinsic layer, and N-type layer
SPDT: Single pole, double throw

DC:  Direct current

VDD: DC supply voltage

VCTL: DC control voltage.
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