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A frequency reconfigurable patch antenna design based on the characteristic mode analysis is presented. The antenna presents a
reconfigurable lower band and a steady band at higher frequencies. A slot is etched on the ground plane of the antenna, where two
varactor diodes are placed on each side of the slot in order to tune the lower band. The first resonant frequency shifts down by
varying the reverse voltage of the varactor, whereas the second operating frequency keeps stable. The proposed antenna is designed
to cover WLAN bands, offering a first band operating at 2 GHz and a second band ranging from 5.3 GHz to 5.8 GHz. A prototype
has been fabricated and measurements are provided, which validate the proposed analysis, method, and design procedure.

1. Introduction

In a wireless system, the antenna is a decisive component.
A simple and appropriate design can fulfil the system
requirements and improve the global system performance.
Patch antennas are one of the simplest antenna structures,
and they have been widely used over the years due to their
characteristics of low cost, lightweight, low profile, and
ease of integration.

Nevertheless, interference to the communication systems
can exist because of the presence of different wireless appli-
cations who are using the same frequency band. As an
example, in the Industrial, Scientific, and Medical (ISM)
radio bands and the Unlicensed National Information
Infrastructure (referred to as U-NII) bands used by IEEE
802.11 devices, the use of those bands is sometimes exces-
sive by the Wi-Fi customers and leads to the presence of
interferences because the access to this radio spectrum is
without the need of restrictions and regulations that might
be applicable elsewhere.

In addition, this unlicensed band operates over many
frequencies, and from an antenna design perspective, UWB

antenna with a band suppression feature can be one solution
[1], but the cost and the difficulty here are increased. To
overcome this issue, frequency reconfigurable antennas are
proposed, where a dynamic modification of the operating
frequency of the antenna brings flexibility to the communica-
tion system. This kind of antenna will not cover all the
frequency bands simultaneously but provides several dynam-
ically selectable narrow frequency bands and, within these
bands, exhibits higher flexibility than that achievable with
conventional wide-band and multiple band antenna solu-
tions [2, 3]. Reconfigurability can be achieved by using
electronic components to tune antenna characteristics such
as PIN diodes [4-6], varactors [7, 8], and MEMS switches
[9, 10] or changing material properties [11].

Hence, this paper presents an antenna with two bands
suitable for WLAN applications. Work done in [3] proposed
a similar simulation approach but only at 5GHz band.
However, the antenna proposed here operates at 2 GHz band,
which will be a reconfigurable band, and at a second one that
ranges from 5.3 GHz to 5.8 GHz, which is a steady band. A
Defected Ground Structure (DGS) [12] consisting in a
rectangular shape slot embedded in the ground plane is
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proposed and has been studied using characteristic mode
analysis (CMA), which provides interesting physical insight
into the antenna behavior [13]. Varactor diodes are used to
perform the selectivity over the frequency band. In this part,
two simulation approaches are followed: the ideal case and
the equivalent circuit case. At the end, a prototype has been
fabricated and measurements have been made to validate
the simulation results.

2. Characteristic Mode Analysis

2.1. Brief Introduction to the Theory of Characteristic Modes.
Characteristic mode analysis (CMA) provides understanding
into the physical phenomena associated to the radiating
behavior of an antenna with arbitrary shape. Therefore, it
helps to simplify the analysis, synthesis, and optimization of
antennas [13]. By solving a generalized eigenvalue problem
shown in equation 1, involving the impedance matrix of the
Method of Moments (MoM), a set of orthogonal eigencur-
rents together with their associated eigenvalues are obtained.
Due to the orthogonality of the eigencurrents, the total
current on the surface of the conductor can be expanded into
those modes. The eigenvalues provide information about
the radiating behavior of the associated mode. Also, the
quantities characteristic angle «, in equation 2 and modal
significance MS, in equation 3 can be calculated, which
are associated to the eigenvalue A, in equation 1.

As defined in [14], the following generalized eigenvalue
equation is expressed by

X(T) = AuR(J ), (1)

where A, are the eigenfunctions, J, are the eigencurrents, and
R and X are, respectively, the real and imaginary parts of the
impedance matrix of the MoM.

The characteristic angle provides a way to better show the
mode behavior near resonance, and it is defined as

a,=180° —tan™' (A,)). (2)

The modal significance (MS,) measures the contribution
of each mode in the total electromagnetic response to a given
source. It is described by

1
1+jA,

: (3)

s,;‘

2.2. Characteristic Mode Analysis of a Patch Antenna over a
Finite Ground Plane. Let us perform the characteristic mode
analysis (CMA) of a metallic rectangular plate of 29 mm x
31 mm over a rectangular ground plane of 35 mm x 50 mm.
Figure 1 shows the geometry of the structure to analyze,
where the separation between the two plates is h=1.524
mm. No substrate is used.

The characteristic angle «, associated to the first six CM
of the structure is shown in Figure 2. Current distribution
corresponding to these six modes at its resonance frequency
(a, =180°) is plotted in Figure 3, where arrows have been
included for the sake of understanding to indicate the
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FIGURE 1: Patch antenna over a finite rectangular ground plane to
analyze with CMA. Separation between the two plates is 1.524 mm.
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F1GuRrE 2: Characteristic angle associated to the first six CM of the
patch antenna shown in Figure 1.

direction of the current in the ground plane and dashed lines
represent nulls of current. As can be observed, each mode
presents a specific current distribution, with vertical and/or
horizontal currents.

CM are intrinsic to any structure but their excitation
depends on the feeding mechanism used. If the patch
antenna is excited at its longer edge by a microstrip line,
modes with current distributed along the x-axis and with
opposite flow direction in the patch and in the ground plane
will be excited. Therefore, according to Figure 3, modes J;
and J, are the ones that will be excited. As each mode reso-
nates at a different frequency («, =180°), two operating
bands will be achieved, obtaining a dual-band antenna.

Now, in order to create a tunable band for the first
operating band, a narrow rectangular slot with two tunable
capacitors should be inserted in the antenna at the appropri-
ate place, so as to not disturb the second operating band that
should be fixed. Looking at the current distribution associ-
ated to modes J; and J,, we can see that the slot should be
inserted in the center of the ground plane. Remark that the
unidirectional radiation behavior of the patch is lost when
the slot is etched in the ground plane, as back radiation will
appear in this case. For applications where bidirectional
radiation is needed, the proposed antenna with defected
ground plane (slotted ground plane) can be used.

Figure 4 depicts the geometry of the proposed defected
ground plane of the patch antenna. As a null of current is
present at the position of the slot for mode J,, this mode will
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F1GURE 3: Current distribution of the first six CM of a patch antenna over a rectangular ground plane, near the resonance frequency. Arrows
indicate the direction of the current in the ground plane and dashed lines indicate nulls of current.
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FiGurg 5: Comparison of the characteristic angle associated to the
first six CM of the patch antenna over a ground plane with and
without slot.

not be affected by the presence of the slot, while mode J; will
be. This fact can be observed in Figure 5, where a comparison
of the characteristic angle of the original structure and the
structure including the slot is shown. As it can be seen, the

FiGure 4: Defected ground plane (DGP) for the reconfigurable resonant frequency of mode J, is shifted down due to the
dual-band antenna. presence of the slot, while mode J, is not perturbed.
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FIGURE 7: Antenna geometry. (a) Front view. (b) Back view.

Moreover, Figure 6 shows the characteristic angle of the TasLE 1: Dimension of the designed antenna.

first six modes when varying the slot length (S). As seen, Parameter W L Ws ILs W G s A
the variation of the slot length affects modes J; and J;, M
modifying their characteristic angle. Modes J,, J,, J5, and J,

Value (mm) 31 29 35 50 125 1 30 1524
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FIGURE 8: S, parameter variation with (a) the slot length (S), (b) the slot position along the y-axis (GP center), (c) the slot width (g).
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FIGURE 10: S, parameter of the ideal case using capacitors.

are showing a constant behavior as they are conserving the
same characteristic angle and resonant frequency even
though the slot length is changing.

As modes ], and ], are excited in the proposed antenna, if
the slot is loaded with variable capacitors, the resonance
frequency of mode J; can be tuned, keeping the resonance
frequency of mode J, steady. This will be shown in the
next section.

3. Antenna Description and Simulations

3.1. Antenna Geometry. Figure 7 shows the geometry of the
proposed reconfigurable dual-band antenna. As observed,

the antenna consists of a rectangular patch with length
L and width W, where entire dimensions of the ground
plane are Lsx Ws. The substrate used is Rogers RO3003,
which is a lossy substrate with a dielectric constant of
g, =3 and loss tangent tan § =0.001. The patch antenna
is fed at the longer edge by a microstrip line of width
Wy, connected to a coaxial SMA port of 50Q. As the
objective is to obtain two bands (lower band at 2GHz
and upper band centered at 5GHz), a slot of length S
and width G is etched in the ground plane as described
in the previous section. Each side of the slot is loaded
with a varactor diode, to keep the symmetry. The model
of the varactor adopted in this work is the SMV2025
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FIGURE 11: (a) Equivalent circuit of the diode varactor. (b) Schematic design of the antenna.
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FIGURE 12: Variation of the varactor capacitance over frequency [15].

surface mount, hyperabrupt tuning varactor diode [15].
The simulation design is performed by wusing CST
software, based on the simplified theoretical formulations
that have been described in [16]. The final dimensions
are shown in Table 1.

3.2. Simulation Results

3.2.1. Parametric Study of the Slot. In Figure 6, it has been
presented the characteristic angle variation of the modes
when varying the slot length (S), showing a variation in the
resonance frequency of mode J; (mode of the tunable band).
In Figure 8(a), the S;; parameter for different slot lengths is
shown. As it can be observed, the slot length affects the first
frequency band (reconfigurable band).

In order to obtain good results, the slot should be inserted
in the center of the ground plane. Figure 8(b) shows the §;;

parameter for different slot positions on the y-axis, with
respect to the center of the ground plane (i.e., GP center is
the distance from the center of the ground plane along
the y-axis).

Finally, Figure 8(c) presents the §;; parameter for
different slot widths. As observed, the slot width affects
the matching of the frequency bands.

3.2.2. Reconfigurable Antenna Simulation Methods. Figure 9
shows the return losses of the antenna without slot and with
slot. As shown by the CMA and as can be observed in
Figure 9, the effect of adding a slot in the ground plane of
the antenna shifts down the lower band, from 2.8 GHz to
2.2 GHz. It should be mentioned that the band achieved by
the slot could be obtained by using the length of 0.165A. Like-
wise, the second frequency band holds in a steady regime
without any disturbance coming from the slot, as seen before.
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FIGURE 14: Biasing circuit configuration.

To be noted, the second band is a combination of several
modes as seen in the previous section, and it is observed that
the length and the width of the rectangular patch affect this
band. As a suggestion, this band could be tuned as well by
following the approach in [17] by embedding a pair of capac-
itors in the two opposite corners of the rectangular patch.
For the simulation of the structure including varactors,
two approaches are followed in order to obtain good simula-
tion performance. The first method consists of using the fun-
damental lumped element of the varactor diode, which is
purely a capacitor. The second manner is based on using the
equivalent circuit of the diode varactor given by the manufac-
turer, which include capacitors, inductance, and resistance.

(1) Casel: Ideal Circuit. Base on the typical capacitance of
each voltage in the datasheet of the SMV2025 varactor diode

International Journal of Antennas and Propagation

()

F1GURE 15: Fabricated antenna with DC bias circuit. (a) Front view.
(b) Back view.

model, a capacitor is used to simulate the diode varactor
function. In Figure 10, by altering the capacitance values,
the frequency of the first band is shifted reversely to the
capacitor value and a smooth variation in a wide frequency
range achieved. The second band keeps it constancy while
the capacitors are varied. Remark that this simulation
approach is called ideal case which did not include any
parasitic element.

(2) Case2: Equivalent Circuit. For better simulation perfor-
mance, this case includes the lumped elements in the
equivalent circuit of the varactor. The tuning capacitance
C; ranges from 8.81pF to 1.15pF and can be achieved
by the means of the reverse bias from 0V to 20V. The
varactor diode model adopted in this antenna offer very
low parasitic inductance and capacitance. Figure 11 shows
the equivalent circuit of the varactor diode and antenna
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FIGURE 16: Simulated vs. measured S,, parameter for different biasing voltages: (a) 0V, (b) 2V, and (c) 4 V.

schematic model, where Ly is the parasitic inductance, Rg
is the series resistance of the diode, C; is the variable
junction capacitance of the diode, and Cy, is the parasitic
capacitance arising from the installation of the package
material. Figure 12 shows the variation of the frequency
according to the capacitor variation. It can be seen that
with this varactor model, a wide reconfigurable frequency
band is achieved, from 2 GHz to 3.8 GHz.

The S;, parameter for both approaches are shown in
Figures 10 and 13, showing a good agreement. The first
band is a reconfigurable band, while the second is a steady
band. A small shift in frequency can be observed in the
second case, due to the additional parasitic components
added. It can be seen that the impedance matching is
below -10dB for all the bands. The -10dB bandwidth for
the reconfigurable bands varies from 50 to 10MHz,
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whereas for the steady band the impedance bandwidth
reaches 500 MHz.

4. Prototype and Measurement Results

The bias circuit of the varactor diodes is loaded in a suitable
manner, and DC components for controlling the varactor
diodes are fitted in the ground plane. As illustrated in
Figure 14, four DC block capacitors of 40 pF are used, in
order to conserve the continuity of the RF current in the
ground plane and provide DC blocking. DC voltage is iso-
lated from the RF signal using three RF inductors of 40 nH.
The cathode of the varactor diodes is connected to a small
copper area and supplied with the positive DC voltage, while
the anodes of the varactor diodes are connected to the
ground plane, where the negative terminal is connected.
The prototype of the antenna as depicted in Figure 15 is
tested and analyzed.

Figure 16 illustrates a comparison between simulated and
measured S;; parameter for three different biasing voltages
0V, 2V, and 4V, as the bias increase, the capacitance
decrease and the frequency shifted to the upper bands. It
can be seen that at the reconfigurable band (lower band),
a good agreement in the first configuration shown in
Figure 16(a) (lower band centered at 2 GHz) and second
configuration shown in Figure 16(b) (lower band centered
at 2.15GHz) is observed. The corresponding equivalent
capacitance to the biasing voltages of 0V and 2V is
8.81 pF and 4.67 pF, respectively. The third configuration
in Figure 16(c) (lower band centered at 2.25GHz) does
not meet a perfect match between simulation and mea-
surement, due to the unstable behavior of bias circuit as
the frequency increases. However, any selectable frequency
at 2 GHz band can be achieved slightly by biasing reversely
the varactor.

The radiation patterns of the prototype antenna were
measured for the two configurations of biasing voltages
(0V and 4V). The 3D patterns were taken at three
selected operating frequencies within the reconfigurable
band (f; =2GHz for 0V and f; =2.3GHz for 4V and
two frequencies (f, and f;) within the steady band
(f, =5.4GHz and f; =5.67 GHz)).

As shown in Figure 17, the majority of the measured pat-
terns agree well with the simulated ones. Remark that some
difference between the simulated and measured patterns for
the first configuration (f,, 0 V) exists, due to slight differences
between the simulated and physical feeding adjustments.

Measured efliciency for the antenna in the steady band is
above 66%, whereas the efficiency of the reconfigurable bands
when the varactor is biased with 0V and 4 V is 49% and 89%,
respectively. These values are acceptable for real applications.
In addition, the measured gains of the first and second bands
are 3.16dB and 6.56 dB (when 0V is applied) and 6.33 dB
and 5.67 dB (when 4V is applied).

5. Conclusions

A practical approach to design dual-band frequency reconfi-
gurable antenna is proposed. Based on the characteristic

11

mode analysis, the ability to tune a particular mode instead
of the rest of modes is demonstrated. Two simulation
methods have been proposed, ideal case and equivalent
circuit case. The interpretation is successfully applied to
design a reconfigurable antenna that entirely covers the
2 GHz band and with a steady band centered at 5 GHz. The
simulated results using the equivalent circuit of the varactor
diode and the measured results are in good agreement.
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