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Fig. 9. Measurement and simulation of the transmission coefficient through a
concrete wall ( and have been used in the simulation).

numerical simulation using CST Microwave Studio with typical pa-
rameters for modeling the concrete is plotted in the same figure as a
dashed line, showing a very good matching.
Other tests with thicker and thinner concrete walls (also reinforced),

not reported here for the sake of brevity, have also shown a good agree-
ment of measurements and simulations.

IV. CONCLUSIONS

A novel compact, low cost, light antenna, aimed at the optimization
of through the wall communications has been proposed. The antenna
is designed to keep a suitably low reflection coefficient when operating
on walls with relative dielectric permittivity in the range 1–9. In this
sense the antenna has “ultra wide permittivity” properties.
The antenna has been tested in real working environments, and the

results obtained in the measurement campaign confirmed the expected
ones. It is relatively compact and its size could be further reduced by
using a low loss dielectric with high relative permittivity in the cavity.
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Circular Polarization Reconfigurable Wideband E-Shaped
Patch Antenna for Wireless Applications

Ahmed Khidre, Kai-Fong Lee, Fan Yang, and Atef Z. Elsherbeni

Abstract—A polarization reconfigurable E-shaped patch antenna with
wideband performance is proposed in this communication. The antenna is
capable of switching its polarization from right hand circular polarization
(RHCP) to left hand circular polarization (LHCP) and vice versa. Its struc-
ture is simple and consists of a single-layer single-feed E-shaped patch and
two RF switches placed at appropriate locations in the slots. The design
targets the WLAN IEEE 802.11 b/g frequency band (2.4–2.5 GHz) being
used in various wireless communication systems. Full wave simulation is
used for the antenna analysis, and a prototype of the antenna with an inte-
grated DC biasing circuit has been fabricated and tested. Good agreement
is obtained between simulated and measured results. The antenna exhibits
a 7% effective bandwidth from 2.4 GHz to 2.57 GHz with a 8.7 dBic max-
imum gain. The antenna radiation symmetry is maintained upon switching
between the two circular polarization modes.

Index Terms—E-shaped patch antenna, microstrip antenna, PIN diodes,
polarization agile, reconfigurable antennas, RF switches.

I. INTRODUCTION

Polarization reconfigurable antennas have received increasing atten-
tion in the last decade. They are sometimes called “polarization agile
antennas”, because they can alter their polarization characteristics in
real time. This is a desirable feature for wireless applications as it dou-
bles the system capacity through a frequency reuse, provides a pow-
erful modulation scheme for microwave tagging systems [1], and be-
comes a candidate for multiple-input multiple-output (MIMO) systems
[2]. Therefore, they are useful for the compactness and light weight of
wireless devices. Polarization switching can be established with the aid
of switching devices such as PIN diodes and RF-MEMs [3], [4].
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Examples of efforts toward the realization of polarization agile an-
tennas using different methods have been reported in [5]–[12]. How-
ever, several challenging problems still exist in these designs, particu-
larly the antenna bandwidth, gain, design complexity, and performance
symmetry upon switching. In [5]–[9], the achieved bandwidth is less
than 2.8%which is not satisfactory for some wireless applications such
asWLAN IEEE 802.11 b/g (4%). In [10] and [11], slot antenna designs
are used to achievewider bandwidth 4.2% and 11%, respectively. How-
ever, the realized gain is found to be smaller compared to that attained
by the microstrip patch designs. Moreover, in the former design, the
biasing circuit for the diodes is relatively complicated. In [12], the an-
tenna geometry is sophisticated and impedance matching at each po-
larization mode requires a reconfigurable matching network. This an-
tenna configuration imposes design complexity and fabrication incon-
venience that limit its practical application. In addition, the antenna
performance varies through its switching states because of its asym-
metrical geometry, which narrows the overlapped bandwidth along the
antenna polarization modes to 2.24%. To overcome these difficulties a
circularly polarized microstrip patch antenna with inherent wide band-
width and simple symmetrical shape is required.
Recently, a linearly polarized (LP) E-shaped patch antenna that

exhibit a dual/wide bandwidth was proposed in [13]. It has been
increasingly used in the last decade for dual/wideband applications
because of its design simplicity [14]–[17]. In [18], an evolved version
of an E-shaped patch with unequal slots to produce CP fields with
wideband characteristics (9.27%) has been introduced. Therefore, the
E-shaped patch antenna becomes attractive for wideband polarization
agile designs.
In this communication, a novel simple design for a circularly po-

larized reconfigurable antenna with wideband and symmetrical perfor-
mance is proposed. It is based on the popular E-shaped patch antenna
with two RF PIN diodes added in the slots’ regions at optimized po-
sitions. Therefore, if one switch is ON and the other is OFF, the two
slots’ lengths will become effectively unequal and circular polariza-
tion is obtained. If the switches’ states are reversed, circular polariza-
tion (CP) with opposite orientation is obtained at the same frequency
band due to the structure symmetry. The design avoids a reconfigurable
matching network and complicated biasing circuit. Simulations and
measurements results show good agreement, thus validating the design
concept proposed in this communication.

II. RECONFIGURABLE E-SHAPED PATCH ANTENNA

A. Operation Principle

When an E-shaped patch antenna is loaded with two switches in the
slots as shown in Fig. 1, the antenna will have the four possible polar-
ization states listed in Table I. At state 1, the resonant frequency of the
original E-shaped patch would be and the antenna radiates linearly
polarized (LP) fields in the y direction [13]. At state 2, the two switches
are ONwhich allows the surface currents to pass through them, making
the current path around the slots shorter. Thus, the electrical length is
smaller and the resonant frequency would be higher than that in
state 1, i.e. . Due to the symmetry of the antenna structure, at
state 2, the polarization is also linear. Consequently, through the action
of switching from state 1 to state 2 or vice versa, a linearly polarized
frequency reconfigurable E-shaped patch antenna is achieved [16].
Recently, it has been shown that the E-shaped patch antenna when

suitably modified, it becomes able to excite CP fields over a wide effec-
tive bandwidth (9.27%) [18]. By designing the slots that are offset in
length, the introduced asymmetry perturbs the field beneath the patch,
thus producing CP fields. At state 3, the E-shaped patch antenna with
a switch in the upper slot is effectively having a shorter upper slot

Fig. 1. Switching states of the reconfigurable E-shaped patch antenna: (a) LP
state 1; (b) LP state 2; (c) LHCP state 3; and (d) RHCP state 4.

TABLE I
ANTENNA POSSIBLE CONFIGURATIONS

Fig. 2. Electric surface current distribution on the E-shaped patch antenna in
state 3 during one time cycle .

than the lower one. Therefore, LHCP could be generated at the res-
onant frequency . Similarly, state 4 gives RHCP.
Accordingly it is expected that a wideband polarization reconfigurable
E-shaped patch antenna can be realized. The current distribution of an
E-shaped patch antenna in state 3 is shown in Fig. 2, where the current
rotates clockwise which implies LHCP.

B. Antenna Design

The details of the reconfigurable E-shaped patch antenna geometry
are shown in Fig. 3. It is printed on a thin sheet of RT/duroid 5880
dielectric substrate with and thickness . The
substrate is mounted 10mm above the ground plane by a coaxial single-
feed pin. The antenna is elevated from the ground plane with a sizable
air gap to achieve wide bandwidth [19]. The thin dielectric substrate
facilitates mounting the microwave components. Two RF PIN diodes
are inserted in the slots of the E-shaped patch antenna. The dimensions
of the antenna and the position of the switches are determined through
the procedure described in [18].
A narrow slit of width is incorporated onto the

E-shaped patch surface to avoid DC shortage across the diodes’
terminals. Therefore, the E-shaped patch is divided into two parts;
inner and outer parts, labeled in Fig. 3 as 1 and 2, respectively. Three
DC blocking capacitors are inserted into the narrow slit to maintain
RF continuity. The outer part of the E-shaped patch is DC grounded
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Fig. 3. Geometry of a single-feed reconfigurable E-shaped patch antenna with
integrated DC biasing circuit: (a) top view; (b) side view: ,

, , , , ,
, , , , ,
, .

through a narrow shorted transmission line and the short
circuit is realized by a vertical via as shown in Fig. 3(b). This ensures
high impedance at the patch edge and keeps the RF current on the
E-shaped patch surface unperturbed. The designed RF choke has
almost 16% bandwidth with more than 20 dB RF rejection. The 200
100 mm ground plane is common for both the DC and the RF signals.
The RF and DC control signals are supplied to the antenna via the
coaxial pin feed, and are superimposed together through a Bias Tee
for RF/DC isolation. Thus, when the inner part of the E-shaped patch
is positively charged, the D2 diode would be ON and the D1 diode
would be OFF, resulting in RHCP. For LHCP, the terminals of the DC
source are reversed, with the D1 diode ON and the D2 diode OFF. A
series resistance with the DC line is used to control the driven current
from the DC source as shown in Fig. 3.

C. Biasing Circuitry Components

As discussed in Section II-B, the capacitors’ role is to block the DC
current on the E-shaped patch surface, and behaves as a short circuit
at RF frequencies. A 10 pF surface-mount capacitor of 0603 package
size is selected with the help of [20], [21]. The capacitor insertion loss
is measured and found to be 0.03 dB within 2–3 GHz, thus it works
as a good short circuit within the frequency band of interest.
A MA4SPS402 PIN diode from M/A-Com is used. It is biased with

forward voltage , and forward current ,

Fig. 4. The linear circuit model of the PIN diode (MA4SPS402) in both ON
and OFF states used in full wave simulation.

Fig. 5. A photo of a polarization reconfigurable E-shaped patch antenna pro-
totype along with the associated switching and biasing assemblies.

hence its equivalent linear circuit model, as extracted from its data
sheet, is shown in Fig. 4 [22]. It has a 5 forward resistance in the
ON state. Such a small value yields less than 0.45 dB changes in the
antenna gain. On the other hand, its high isolation ( 25 dB) in the OFF
state leads to a similar performance with an ideal open circuit. From
the equivalent circuit model, the series parasitic inductance due to chip
packaging is only 0.5 nH and hence is neglected for simplicity. The
linear relationship between the input and output power of the diode
which limits the power capability of the antenna, has been measured
and found to be linear up to 25 dBm input power. Hence, signal distor-
tion is not present within this operational power range.

III. ANTENNA PROTOTYPE AND PERFORMANCE

Fig. 5 shows the fabricated antenna prototype along with the asso-
ciated switching and biasing assemblies. A 10 mm thick foam brick

is inserted between the ground plane and the dielectric
substrate as a support. Metallic pads are printed on the slots to allow
mounting of the PIN diodes. The Antenna is coaxially fed through a
Bias Tee on its back for RF/DC superposition. Full wave simulation is
carried out using Ansoft HFSS [23]. The axial ratio and radiation pat-
terns are measured using the anechoic chamber, where the magnitude
and phase of and far-field components are captured. Then, the
CP fields and axial ratio are computed using the following equations:

(1)

(2)

The simulated versus measured results of and axial ratio in both
switching states 3 and 4 are shown in Figs. 6 and 7, respectively. Good
agreement between simulated and measured results is observed. Due
to the structure symmetry, S11 and the axial ratio are maintained when
switching between the two states, which is an advantage of this design.
This can be observed from Fig. 6, where in state 3 is almost the
same as in state 4. Similarly, in Fig. 7 the axial ratio is kept the same
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Fig. 6. Simulated and measured for the proposed antenna in states 3, 4.

Fig. 7. Simulated and measured axial ratio for the proposed antenna in states
3 and 4.

TABLE II
ANTENNA BANDWIDTH SIMULATED VS. MEASURED RESULTS AT STATE 3, 4

in both switching states. The achieved impedance and axial ratio band-
widths calculated from simulation in comparison to measurements are
tabulated in Table II. From Table II, the measured effective overlapped
bandwidth ( 10 dB and 3 dB axial ratio) is 7% (2.4–2.575 GHz).
Antenna radiation patterns normalized to their own maxima are

shown for 2.45 GHz in Fig. 8, where good agreement between the
simulated and measured results exists. The radiation pattern in the
yz plane remains the same after switching, whereas in the xz plane
the radiation pattern is mirrored due to the symmetry of the structure
for states 3 and 4. It is also observed that the radiation pattern is
slightly tilted off-broadside by about 8 . The beam tilt is due to the
asymmetrical geometry of the E-shaped patch antenna, compared
to a plain patch which has a symmetrical geometry and exhibits a
broadside beam. Experimental and simulation results for the antenna
gain versus frequency are shown in Fig. 9. Again, because of the
symmetry through switching, the broadside gain is the same in both
modes of the antenna. For brevity, only the RHCP mode is shown. The
maximum measured realized gain is 8.7 dBic at 2.45 GHz according
to both simulation and measurement, whereas the measured 3 dB gain
bandwidth is 13% (2.31–2.63 GHz) which covers the S11 and axial
ratio bandwidths as shown in Table II.

Fig. 8. Simulated and measured radiation pattern of the proposed antenna at
2.45 GHz: (a) x-z plane at state 3; (b) y-z plane at state 3; (c) x-z plane at state
4; and (d) y-z plane at state 4.

Fig. 9. Simulated and measured gain of the proposed antenna in either state 3
or state 4.

IV. CONCLUSION

Circular polarization agility is achieved using the popular single-
feed E-shaped microstrip patch antenna. The proposed design exhibits
a 7% effective bandwidth with maximum realized gain of 8.7 dBic at
2.45 GHz. Only, two switches are used for switching the mode of po-
larization. Simple DC biasing network is easily integrated with the an-
tenna. Reconfigurable matching networks are not needed, and the an-
tenna characteristics are kept the same at each polarization mode due to
the symmetry through switching. The fabricated prototype covers the
WLAN IEEE 802.11 b/g frequency band for potential use in stationary
terminals of various wireless applications.
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Frequency Reconfigurable Microstrip Loop Antenna
Covering LTE Bands With MIMO Implementation and
Wideband Microstrip Slot Antenna all for Portable

Wireless DTV Media Player

Anup N. Kulkarni and Satish K. Sharma

Abstract—A microstrip slot antenna covering Digital TV (DTV) and fre-
quency reconfigurable microstrip printed loop antenna operating at LTE
bands 3 (1.8 GHz) and 7 (2.6 GHz) with multiple-input-multiple-output
(MIMO) implementation are designed which can find applications in
portable wireless DTV media players. The DTV antenna is matched from
496–862MHz and LTE bands 3 and 7 from 1710–1880MHz and 2500–2700
MHz, respectively, all considering matching criterion.
Further, the LTE bands antennas are frequency reconfigurable antennas
and its MIMO implementation shows an envelope correlation (EC) below
0.22 for both the LTE bands. Prototype antennas were fabricated and
experimental verification was performed.

Index Terms—Digital TV (DTV), frequency reconfiguration, LTE, mi-
crostrip antenna, multiple-input-multiple-output (MIMO).

I. INTRODUCTION

In the world of entertainment, analog TV has played a very impor-
tant role. Portable TV has been an option for all TV watchers. But this
has lacked high video quality and was bulky with large form factor. To
overcome this disadvantage, few years ago broadcasting industry has
brought digital TV into market, which has several advantages over the
analog systems such as excellent high definition (HD) quality video and
audio within a small form factor. The digital nature of TV transmission
has provided the viewers an option to also enjoy other multimedia pro-
grams or applications [1]. But due to the use of very high frequency
(VHF) spectrum and wide bandwidth signal requirements, designing
a compact DTV antenna for a smaller form factor TV, where antenna
can be placed internally, is very challenging task. Various antenna so-
lutions are presented in the literature and some are discussed here. A
loop antenna with a coupled parasitic resonator is used in [1] to cover
the frequency from 470 MHz to 806 MHz for a portable media player.
A compact folded monopole has been designed for DTV in [2]–[4] but
has drawback of not being planar structure. The planar antenna design
presented in [5] is a reconfigurable antenna which is used to cover dig-
ital video broadcast-handset (DVB-H) frequencies in mobile handset.
Reconfigurable microstrip printed loops have been vastly studied for
last few years [6] where the authors have combined monopole with
printed loop antenna in which loop is reconfigured using switched ca-
pacitors. Another paper [7] has also shown reconfigurablity aspect in
loop antenna using PIN diode where the loop is shorted to ground at
two different points using PIN diode. This position is determined by the
switch’s ON state. In [8], the authors show single element antenna ge-
ometry for a mobile handset which covers penta-band operation using
a varactor diode for frequency reconfiguration. Another study made in
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