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A compact hybrid antenna structure with frequency reconfiguration capabilities is presented in this article. The proposed design
employs a combination of a rectangular DR element and a coupling slot on the structure’s ground plane (GP). The slot shifts the
fundamental DRAmode by introducing a slow wave effect and its resonant behavior helps to achieve an omnidirectional pattern at
low frequencies. The slot is loaded with a series of PIN diode switches whose ON/OFF combinations alter the effective slot length.
Slot loading with PIN diodes results in frequency reconfiguration of the proposed structure with a large tuning range of 76.2%
(between 1.73 and 3.86GHz). A parametric analysis was performed to investigate the effects of slot length, width, and position on
the reflection coefficients of the proposed structure. A prototype of the proposed design was fabricated and results were measured.
The measured results show a close agreement with the simulated ones. The proposed design is suitable for DCS 1800MHz, PCS
1900MHZ, UMTS, LTE 2500–2700MHz, and Wimax 3.5GHz.

1. Introduction

Wireless devices nowadays support multiple application
bands including GSM850/900, PCS, DCS, and WCDMA
[1]. Moreover, the recently proposed Long Term Evolution
(LTE) offers high data rates, greater system capacity, coverage,
and improved efficiency by incorporating high performance
antennas [2]. Fortunately, simultaneous operation is not
required in all service bands. This implies that an antenna
is supposed to cover a subset of bands at any given instant
and subsequently to cover a different subset. Therefore, the
frequency reconfigurable antennas have wide applicability
and are able to provide multiband coverage by altering
their resonance frequency and/or the impedance bandwidth
[3, 4].

Dielectric resonator antennas have recently attained
much attention owing to multiple characteristics that include
wide impedance bandwidth, low cost, high radiation effi-
ciency, and ease of fabrication.Their design process is flexible

offering a control over numerous design parameters like
shape, size, aspect ratio, and permittivity.

Antenna miniaturization is becoming a fundamental
requirement for wireless applications. Small, efficient, and
multiband antennas must be developed which can satisfy
the multiple application requirements and can easily be
integrated into mobile devices. The absence of miniaturiza-
tion techniques, particularly at low frequencies, makes the
integration impractical for portable devices. Antenna minia-
turization techniques for DRAs include C-shaped slotted
ground plane [5], use of copper sheet on DRA face [6],
metalized upper and lower part of rectangular DRA [7], and
stacking of dielectric resonators [8]. All these techniques
though successfully reduce the antenna size, the 3D DRA
geometry yet poses severe constraints for integration into
compact hand-held devices.

Hybrid antenna structures (combining more than one
radiating structure) present a fascinating solution for size
reduction as well as a multiband operation. A combination
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Figure 1: Schematic diagram of the proposed antenna. (a) Front view and (b) back view.

of two ring-shaped slots and a conical shape DRA [9], a
combination of T-shaped microstrip line and a circular DRA
[10], CPW fed dual band DRA [11], coaxial probe fed RDRA
[12], and a combination of moon-shaped defected ground
structure with a circular DRA [13] are a few examples of
hybrid structures.

In this article, a novel miniaturized reconfigurable hybrid
structure consisting of a rectangular DR element coupled
with a GP slot is presented. The GP slot acts as a radiator
and also assists in shifting the fundamental mode of the DRA
by introducing slow wave effect. The combination (of DR
and slot) significantly reduces the antenna size and tunes
the structure for a multiband operation. As the miniatur-
ization/reconfiguration is achieved through GP slot, there is
little effect on the cross-polarization levels.

Section 2 describes the antenna configuration, while the
operating principle along with mathematical formulation is
presented in Section 3. Section 4 presents a comprehensive
analysis of the proposed structure along with parametric
details. The tuning capabilities of the proposed antenna are
detailed in Section 5, while Section 6 is dedicated to providing
the measurement results. Finally, Section 7 concludes the
current communication.

2. Antenna Design and Configuration

The schematic diagram of the proposed antenna structure
is shown in Figure 1. A small rectangular DR element with
relative permittivity 𝜀dra = 30 is glued to a system grounded
FR4 substrate with a relative permittivity of (𝜀𝑠) 4.4 and a loss
tangent (tan 𝛿) of 0.02. Figure 1(b) shows the system ground
plane on which a rectangular slot with dimensions (𝑆𝑙 × 𝑆𝑤)
is engraved. Five ideal switches (2mm × 2mm copper tabs
for simulation purposes), namely, 𝑆1, 𝑆2, 𝑆3, 𝑆4, and 𝑆5, are
appropriately located on the slot. The position of switches
is optimized through a parametric study. The ON-OFF

combinations of switches generate five useful configurations
(Config-I through Config-V). The optimized dimensions of
the proposed antenna are summarized in Table 1.

3. Working Principle

The combination of DR and slot yields a double reso-
nant structure with low cross-polarization levels and good
radiation characteristics [15]. Both structures (DR and GP
slot) are coupled and a minor change in either structure
parameter also affects the other resonance. However, as
a first-order approximation, both structures are treated
independently.

The size of the dielectric resonator can be approximated
by dielectric waveguide model (DWM). According to the
dielectric waveguide model, the field components of the
TE𝑥111 mode are given as [16]

𝑘𝑥 tan(𝑘𝑥𝑏2 ) = √(𝜀DRA − 1) 𝑘20 − 𝑘2𝑥,
𝑘2𝑥 + 𝑘2𝑦 + 𝑘2𝑧 = 𝜀DRA𝑘20,

𝑘𝑦 = 𝜋
𝑏 ,

𝑘𝑧 = 𝜋
𝑑 ,

(1)

where 𝑘0 is the free space wavenumber, 𝜀DRA is the
relative permittivity of the DRA, and 𝑘𝑥, 𝑘𝑦, 𝑘𝑧 are the
wavenumbers in 𝑥, 𝑦, and 𝑧 directions, respectively. The
𝐸-field plots in the 𝑌𝑍-plane and 𝑋𝑍-plane, shown in
Figure 2, confirm the existence of TE𝑥111 mode inside the DR
element.

The 𝑆-parameters of the DRA (in the absence of slot on
the GP) are shown in Figure 3.



International Journal of Antennas and Propagation 3

Table 1: Dimensions of the proposed FR DRA.

S. number Design parameters Dimensions Material used

(1)
Substrate length 𝐿 𝑠 𝐿 𝑠 ×𝑊𝑠 × 𝐻𝑠50 × 50 × 1.6mm3

FR4 (𝜀𝑠 = 4.4
tan 𝛿 = 0.002)Substrate width𝑊𝑠

Substrate height𝐻𝑠
(2)

Ground plane length 𝐺𝑙 𝐿𝑔 ×𝑊𝑔 × 𝐻𝑔
50 × 50 × 0.035mm3

CopperGround plane width 𝐺𝑤
Ground plane thickness 𝐺ℎ

(3)
DRA length𝐷𝑙 𝐷𝑙 × 𝐷𝑤 × 𝐷ℎ14 × 14 × 6mm3

Alumina
(𝜀DRA = 30)
tan 𝛿 = 0.002DRA width𝐷𝑤

DRA height𝐷ℎ
(4) Width of microstrip line𝑊𝐹 𝑊𝐹 = 3mm Copper

Length of microstrip line 𝐿𝐹 𝐿𝐹 = 22mm

(5) Length of slot 𝑆𝑙 𝑆𝑙 = 36mm
Width of slot 𝑆𝑤 𝑆𝑤 = 2mm

Z
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9.0541e + 003
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6.9659e + 003
6.2698e + 003
5.5737e + 003
4.8776e + 003
4.1815e + 003
3.4855e + 003
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5.0495e + 000
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Figure 2: 𝐸-field distribution on DRA. (a) 𝑌𝑍-plane and (b)𝑋𝑍-plane.
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Figure 3: 𝑆-parameters of the DRA, without a slot on the ground
plane.

The slot resonance frequency (without DR element) can
be approximated as [17]

𝑓0 = 𝑚𝑐
2𝐿 𝑠√𝜖eff , (2)

where

𝜖eff = 1
2 (𝜀𝑠 + 1) +

1
2 (𝜀𝑠 − 1) (1 +

10𝐻𝑠
𝑊 ) , (3)

where 𝑚 = 1, 2, 3, . . . , 𝜖eff is the effective permittivity of
substrate, 𝑐 is the speed of light,𝐻𝑠 is the height of substrate,
and 𝑊 is the width of slot. From the above equations, the
resonance frequency of the slot is found to be 2.3GHz for
𝑚 = 1. The reflection coefficient for the slot (without DR
element) is shown in Figure 4. Although thematching is poor,
it, however, verifies the resonant behavior of the slot.

The placement of DR above the slotted ground plane
introduces an additional relative permittivity for the slot.The
additional relative permittivity due to presence ofDR element
is given as [15]

𝜖add = 𝐻total
𝐷ℎ/𝜀𝑟,upper + 𝐻𝑠/𝜀𝑠 , (4)

where𝐻total is the total height of the antenna structure,𝐷ℎ is
the height of DR element, 𝐻𝑠 is the height of substrate with
relative permittivity 𝜀𝑠, and

𝜀𝑟,upper = 𝜀DRA × 𝜀air
𝜀DRA + 𝜀air , (5)
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Figure 4: Slot resonance frequency without DRA.
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Figure 5: Variation in resonance frequency with and without slot.

where 𝜀DRA and 𝜀air are the relative permittivities of DR
element and air, respectively.

The additional relative permittivity due to the DR pres-
ence further shifts the slot resonance downwards. The cal-
culated slot resonance frequency (with DR) is found to be
1.83GHz. The simulated resonance frequency is 1.77GHz as
shown in Figure 5.

A volumetric source (like DR) improves the radiation
power factor (RPF) of the slot, besides lowering its resonance
frequency. The RPF was defined by Wheeler [18], in terms of
the volume of the antenna:

RPF ∝ 𝑉𝑎
𝑉𝑠 , (6)

where 𝑉𝑎 represents the effective antenna volume and 𝑉𝑠 is
the volume of radian sphere given as 𝑉𝑠 = (4𝜋/3)(𝜆/2𝜋)3. As
𝑉𝑎 is much larger in case of DRA, the RPF of the slot is greatly
improved.

4. Antenna Analysis

The proposed antenna optimization and parametric analysis
is performed using Ansoft HFSS. By properly combining the

slot and DRA resonances, the antenna size can be miniatur-
ized significantly. Figure 5 shows the reflection coefficient of
the antenna with andwithout GP slot. It is clear from Figure 5
that the presence of GP slot reduces the structure resonance
frequency by more than 50% (from 3.68GHz to 1.77GHz).
Both resonant structures (DRA and slot) are responsible for
resonating the structure at such a lower frequency. The DRA
presence alters the effective permittivity for the slot, while
slot presence introduces a slow wave effect which causes the
DRA to resonate at a much lower frequency. To validate
these facts, the resonance frequency, 3D gain plot, 𝐸-field
distribution onDRA, and the surface current distributions on
the ground plane of the antenna are shown in Figure 6. The
surface current distribution shown in Figure 6(d) verifies the
resonant behavior of the slot which is further confirmed by
observing the 3D gain plot in Figure 6(b).TheDRA, however,
resonates in its fundamental mode (i.e., TE𝑥111) which is
evident from Figure 6(c).

Antenna compactness has a paramount importance for
3D structures like DRA. It enables them to be integrated in
small portable devices. A comparison of the proposed design
with existing DRA based design in terms of compactness
is provided in Table 2. The comparison reveals that the
proposed design technique outperforms the published work
in terms of compactness.

4.1. Parametric Analysis. A parametric analysis was per-
formed to study the effects of slot length, width, and slot
positions. Figure 7 shows the variation of reflection coeffi-
cient for different values of slot length 𝑆𝑙. The slot length
(𝑆𝑙 = 0) corresponds to a conventional ground plane.
Figure 7 shows that the resonance frequency decreases with
an increase in the slot length. Equation (2) confirms an
inverse relationship between slot length and its resonance
frequency.

Another parametric analysis was performed to study the
resonance frequency dependence on slot width. Figure 8
shows the reflection coefficient variation for different values
of slot width 𝑆𝑤. It is evident that slot width does not have a
profound effect on the reflection coefficient.

Figure 9 shows the resonance frequency variation for
different slot positions, that is, a centered position slot and
shifted positions in the +𝑥-direction and −𝑥-direction. In
case of the centered position slot, the antenna resonates
at 1.77GHz, while, in case of shifted positions (either
in the +𝑥-direction or −𝑥-direction), the DRA resonates
at its original frequency (i.e., around 3.6GHz). Thus slot
position plays a very important role in obtaining the
lower resonance frequency. When placed right beneath the
DRA (centered position), it acts as a feed structure for
the DRA, while the DRA acts as a superstate for the
slot.

5. Frequency Reconfigurability

The parametric analysis shows the potential of effectively
combining the two resonant structures for size miniatur-
ization and frequency reconfiguration. Figure 7 shows that
an increase (decrease) in slot length decreases (increases)
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Figure 6: Antenna parameters in presence of slot. (a) Reflection coefficient, (b) 3D gain plot, (c) 𝐸-field distribution on DRA at 1.77GHz,
and (d) surface current distribution on ground plane at 1.77GHz.

Table 2: Comparison between DRAs with proposed structure on the basis of compactness.

S. number DRA shapes Technique used Compactness (%)
(1) Cylindrical DRA [6] C-shaped slot 5
(2) Rectangular DRA [7] Metallic patch 39
(3) Rectangular DRA [14] DRA on patch 23
(4) Ring DRA [13] Moon-shaped DGS 48.77
(5) This work Rectangular slot DGS 53.54

the resonance frequency. The principle can effectively be
applied to design a frequency reconfigurable antenna by
placing switches (2mm × 2mm copper tabs) on the GP
slot. A switch placement along the GP slot introduces a
new current path which reduces the effective slot length and
results in an increase of resonance frequency. Figure 12 shows
surface current distributions for five different configurations.
The switch placement alters the surface current on the
ground plane, thereby, changing the resonance frequency.
The resonance frequency shift depends upon the location of
switch (switches). Five useful configurations, summarized in
Table 3, arise from the ON/OFF combinations of switches. In

Config-I (all switches in OFF state), the structure resonates
with a center frequency of 1.77GHz, while, in Config-V
(𝑆3, 𝑆4, 𝑆5 ON; 𝑆1, 𝑆2 OFF), the resonance frequency is shifted
to 3.62GHz. In other configurations, the resonance frequency
remains between these two extremes.

Both DR and GP slots resonate simultaneously, with DR
element acting as a superstate for the slot which brings down
the slot resonance as discussed earlier.The original resonance
of the DR element is also shifted from 3.68GHz to 1.77GHz
in presence of slot.The slot acts as a defected ground structure
(DGS) for the DRA which introduces a slow wave effect. The
slow wave effect enhances the effective permittivity of the
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Table 3: Various configurations of the proposed FR antenna.

S. number Config-name Switches ON state Switches OFF state Resonance frequency (GHz)
(1) Config-I 𝑆1, 𝑆2, 𝑆3, 𝑆4, 𝑆5 1.77
(2) Config-II 𝑆1 𝑆2, 𝑆3, 𝑆4, 𝑆5 1.9
(3) Config-III 𝑆2 𝑆1, 𝑆3, 𝑆4, 𝑆5 2.03
(4) Config-IV 𝑆3 𝑆1, 𝑆2, 𝑆4, 𝑆5 2.6
(5) Config-V 𝑆3, 𝑆4, 𝑆5 𝑆1, 𝑆2 3.68
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Figure 8: Resonance frequency variation for different slot widths.

DRA.The resonance frequency of the DRA is decreased with
an increase in the effective permittivity. A similar reduction
in DRA resonance has also been reported in [13]; however,
the work in [13] treats the slot resonance and DRA resonance
independently, while, in our work, the two resonances act
in unison. The placement of switches on the slot alters the
effective DGS slot length and hence the resonance frequency
is shifted upwards. To analyze the slow wave effects of the
DGS slot, the 𝑆21 parameters of different configurations are
simulated and are shown in Figure 10. Slowwave effects occur
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Figure 9: Resonance frequency variation for different slot positions.
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Figure 10: Transfer characteristics of the GP slot for five differ-
ent configurations. (a) Config-I, (b) Config-II, (c) Config-III, (d)
Config-IV, and (e) Config-V.

when the operating frequency is less than the stop band
frequency of DGS. From Figure 10, it is clear that the SBF
of DGS shifts in each configuration. In all configurations, the
DRA resonates in its fundamentalmodewhich can be verified
by observing the 𝐸-field distributions shown in Figure 11.The
slot, however, is also resonant in the first three configurations
(Config-I, Config-II, and Config-III) which can be verified
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Figure 11: 𝐸-field distributions on rectangular DRA. (a) Config-I, (b) Config-II, (c) Config-III, (d) Config-IV, and (e) Config-V.

by the surface current distributions shown in Figure 12. The
behavior can be further verified by observing the 3D gain
plots of the five configurations shown in Figure 13. The slot
behaves like a magnetic dipole which is evident from Figures
13(a), 13(b), and 13(c), corresponding to Config-I, Config-II,
and Config-III, respectively. Figures 13(d) and 13(e) show the
3D gain plot for Config-IV andConfig-V.TheDRA is the only
radiating source for these two configurationswhich is evident
from the gain plots.

The simulated reflection coefficients corresponding to the
five configurations are shown in Figure 14.

6. Experimental Results

Theproposed frequency reconfigurable designwas fabricated
to corroborate the simulated results. A photograph of antenna
is shown in Figure 15.The ideal conducting tabswere replaced
by PIN diodes BAR-64-02 V. The PIN diodes were biased
by DC bias lines which are terminated by inductors (68 nH).
The inductors prevent the leakage of RF signal to the biasing
circuitry. Figure 15 also shows 0.3mm DC slot lines for the
purpose of ground isolation. A number of 100 pF capacitors
were placed on the DC slot lines for DC blocking and to
provide effective RF wave connection.
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Figure 12: Surface current distribution on the ground plane for five configurations. (a) Config-I, (b) Config-II, (c) Config-III, (d) Config-IV,
and (e) Config-V.

The reflection coefficients of the proposed antenna were
measured by Agilent E 5071 C network analyzer. The simu-
lated and measured reflection coefficients corresponding to
five configurations are shown in Figure 16.

The comparison reveals a close agreement between the
simulated and measured results. The slight difference (in a
few configurations)may be attributed to fabrication accuracy,

diode package parasitic, and/or the improper DC bias net-
work.

Simulated and measured co- and cross-polarization 𝐸-
plane and 𝐻-plane radiation patterns corresponding to five
configurations are shown in Figure 17. The gain patterns are
broadside in all configurations with a good isolation between
co- and cross-polarization levels. The cross-polarization is
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Figure 13: 3D gain plot for the five configurations. (a) Config-I, (b) Config-II, (c) Config-III, (d) Config-IV, and (e) Config-V.
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Figure 15: Fabricated proposed antenna. (a) Front view and (b) back view.

well below (more than 15 dB) the copolarization in each
configuration.

The simulated andmeasured gain and radiation efficiency
for the five configurations are summarized in Table 4. The
peak gain values of the proposed antenna tend to increase
with an increase in resonance frequency. It is due to the
fact that, on lower resonances (Config-I, Config-II), the slot
behavior is more dominant while the DRA behavior becomes
dominant in Config-IV and Config-V.

7. Conclusion

A novel frequency reconfigurable hybrid structure compris-
ing a DR element and GP slot is proposed and analyzed.The

proposed antenna is excited with the help of a microstrip
line which generates the fundamental mode (i.e., TE𝑦111), in
the rectangular DR element. Theoretical guidelines coupled
with extensive parametric analysis is provided to show
that the combination of two resonant structures results in
large amount of miniaturization (i.e., 53.54%). The tuning
capabilities of the proposed structure are demonstrated with
the help of PIN diodes. The switching combinations of PIN
diodes result in five distinct configurations. Another salient
feature of the proposed structure is its ability to obtain good
radiation efficiency with high gain in all configurations. The
generality of the design procedure allows even larger tuning
ranges. The obtained configurations are suitable for DCS
1800, PCS 1900, UMTS, LTE 2300–2500, andWimax 3.5GHz
applications.
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Figure 16: Simulated andmeasured 𝑆-parameters corresponding to five configurations. (a) Config-I, (b) Config-II, (c) Config-III, (d) Config-
IV, and (e) Config-V.
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Figure 17: Simulated and measured co- and cross-polarization patterns, red solid line: simulated copolarization, blue dotted line: measured
copolarization, black solid line: simulated cross-polarization, and green dotted line: measured cross-polarization. (a)𝐸-plane at 1.77GHz, (b)
𝐻-plane at 1.77GHz, (c) 𝐸-plane at 1.9 GHz, (d)𝐻-plane at 1.9 GHz, (e) 𝐸-plane at 2.05GHz, (f)𝐻-plane at 2.05GHz, (g) 𝐸-plane at 2.6GHz,
(h)𝐻-plane at 2.6GHz, (i) 𝐸-plane at 3.68GHz, and (j)𝐻-plane at 2.68GHz.
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Table 4: Simulated and measured gain and radiation efficiency of the proposed FR antenna.

S. number Config-name Simulated gain (dBi) Measured gain (dBi) Radiation efficiency%
(1) Config-I 3.68 2.91 92
(2) Config-II 3.74 3.11 91
(3) Config-III 3.66 3.07 93
(4) Config-IV 5.02 4.73 92
(5) Config-V 6.05 5.45 93
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