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Abstract. This paper presents a reconfigurable loop
antenna with monopole-fed using embedded RF PIN based
switches and shorted parasitic elements for GPS applica-
tions. The antenna can independently reconfigure multiple
polarizations with switchable radiation pattern. Four
switched metallic patches are used as parasitic elements to
provide a reconfiguration capability to antenna acting as
a driven monopole-fed loop. The edge of the parasitic ele-
ments is shorted by posts. The parasitic patches are con-
nected/disconnected by using switching, therewith chang-
ing the configuration of monopole, to turn changes in the
current distribution over the loop surface. The antenna is
designed to work on the GPS L, frequency band. The
antenna simultaneously changes the radiation beam in E-
and H-planes, and switches among three polarizations
(LP, LHCP, and RHCP) in the various modes. The antenna
maximum gain among the different modes is tuned between
1.5 and 4.2 dBi.
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1. Introduction

Reconfigurable radio systems are the most promising
ideas for wireless networks, which are the fundamental
principle in cooperative networks and cognitive radios
[1-4]. Antennas with radiation pattern reconfiguration can
be used to avoid in-band interference, noisy environments,
and increase the security and capacity of the system [5].
Polarization reconfiguration is also used to filter the detri-
mental fading loss caused by the multipath effect [6].
These reconfigurations are obtained by many techniques
that redistribute the current flow on the antenna and
thereby adapt to change the performance characteristics
and electromagnetic (EM) fields of the antenna’s effective
aperture. Typically, these reconfiguration techniques are
based on the integration of electronic switching compo-
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nents such as PIN diodes [5] on the radiating structure of
the antenna.

Designs of the reconfigurable antenna with simulta-
neous function as a multimode antenna for polarization
selectivity and radiation pattern diversity have been inves-
tigated so far [6-8]. In [6], a reconfigurable microstrip
antenna is obtained by using a four-way power divider to
feed different radiating elements. A microstrip-fed trun-
cated monopole is arranged side by side with a common
ground plane and is activated alternately to achieve the
reconfigurable radiation pattern and polarization diversity
in [7]. A reconfigurable antenna with sandwich topology
with two switched crossed slots in ground plane has been
proposed for MIMO system [8]. However, these works
lead to a low reconfigurability and providing few operating
modes with comparatively similar characteristics. On the
other hand, these works are extremely complex in configu-
ration and fabrication inconvenience with the usage of
more vias and switching devices, which severely impacts
the antenna cost and efficiency. Therefore, the design of
a reconfigurable antenna, which can simultaneously incor-
porate different radiation pattern and polarization charac-
teristics into a single antenna element, has become an im-
portant research area for antenna designers.

A Global Positioning System (GPS) system is re-
quired to operate with the single radiating element. The
GPS device is limited by having a clear access to the satel-
lite that provides the tracking information. The device
signal cannot pass through dense material such as stone,
concrete, metal, dirt, or thick trees. On certain locations,
obstructed by tall buildings and with sparse coverage, the
signal reception of up to 90% can be poor or even lost [9].
Furthermore, the position of the GPS antenna mounting is
crucial for performance of the GPS receiver. The antenna
must have full view of the sky ensuring a direct line-of-
sight with as many visible satellites as possible. The an-
tenna should be placed as far away as possible from radi-
ating or jamming signals. As a solution, the reconfigurable
antenna could be used to overcome the overall signal lost
and their placement location, since the antennas become
able to adapt to the changing system requirements and
operating environment.
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For optimal performance of the GPS systems, we
usually use antennas with high gain, low level of directiv-
ity, and right-hand circular polarized (RHCP) [10]. The
signal transmitted from the satellites is RHCP and, there-
fore, the terminal antenna must also use RHCP in order to
have the maximum received signal strength. However,
reception occurs after the RHCP signal is reflected, or
bounces off of a surface once or more times. The number
of reflections must be an odd number. The left-hand circu-
lar polarized (LHCP) antenna may be mounted underneath
a vehicle or a building overhang. Therefore a LHCP an-
tenna for receiving a non-line of sight satellite GPS loca-
tion signal and a surface, wherein the non-line of sight
satellite GPS location signal is reflected from the surface,
is required. Furthermore, a linearly polarized (LP) antenna
can receive half of the CP wave energy (regardless of
whether the wave is RHCP or LHCP), which equates to
a power loss of 3 dB. This type of the antenna can be used
for system-on-package integration [11].

In this paper, a novel reconfigurable loop antenna
with monopole-fed is designed. The reconfigurability of
the antenna is achieved using four shorted parasitic ele-
ments which are connected to one driven element by four
PIN diodes. The proposed antenna is capable of reconfig-
uring the antenna parameters: polarization, gain, and radia-
tion pattern. This technique has been implemented to
a planar monopole-loop structure, leading to small dime-
nsions and low complexity. The size in total dimensions is
less than 0.2 4, in the operation frequency. The antenna is
designed to operate in the GPS L; frequency band
(1.57 GHz) in six different states. A fully functional pro-
totype is presented whose compact and accretion charac-
teristics make it proper for GPS application. The design
avoids a complicated biasing circuit and a tunable match-
ing network.

2. Antenna Structure and Working
Mechanism

Figure 1 shows the configuration of the proposed
monopole-loop antenna with switched parasitic elements. It
is printed on an FR4 dielectric substrate with relative per-
mittivity 4.4, thickness 1.6 mm, tangential loss 0.02, and
size of 33 x 30 mm’ (0.17x % 0.16X¢, Ay being the free-
space wavelength at the center frequency 1.57 GHz). The
antenna includes a semi-rectangular loop printed on the
substrate lower layer. The upper layer consists of a circular
radiating monopole as a driven element in the center of the
substrate and four parasitic elements marked as parasitic
Py, P,, P; and P,. All parasitic elements are located around
the driven element in a circle surrounding. In order to in-
crease the capacitive load, the distance between the para-
sitic elements and the driven monopole element is reduced,
and thus the overall radius of the antenna is reduced. The
parasitic elements are connected to the driven element
through RF PIN diodes (D;, D,, D; and Dy). It is noted that
metallic vias are used to connect the parasitic elements to
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Geometry of the proposed reconfigurable slot antenna
structure: (a) top view; (b) side view (unit: mm).
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Fig. 1.

the back side. All of these parasitic elements are physically
the same electrical length, switching their states between
short and open circuited to the back plane leads to a varia-
tion of the elements’ current distribution. The driven ele-
ment is excited with a monopole feed line. The feed line is
composed of a semi elliptical-shaped impedance trans-
former to give an optimum impedance matching.

To control the diode states, four independent DC bias
voltages, V1, V5, V3 and V, are applied to four terminals. In
order to choke the RF signal in the feed line from entering
the DC bias network, surface-mount inductors (56 nH) are
inserted in series with each DC feed line at each terminal.
Surface-mount capacitors (100 pF) are used to maintain the
RF continuity and prevent DC short circuit of the PIN
diodes.

The operation and design of the antenna is as follows.
The starting point in the design of the antenna, in this
work, is an ordinary rectangular loop antenna with a square
shaped metallic surface acting as a monopole feed, as
shown in Fig. 2(a). Based on the concept of the pixel an-
tenna [12], the parsing the stub surface into nonuniform
electrically small parts are considered. These parts are
interconnected with RF PIN diodes as switching devices,
thus a circular shape metallic main radiator surrounded by
four identical parasitic elements is achieved, as shown in
Fig. 2(b). This location and dimensions of the parasitic
elements are designed to maximize the coupling with the
driven element and lead to a compact structure. In the fol-
lowing, we use a shorting post on the other side of the
parasitic elements, as shown in Fig. 2(c), which elements
become a section of a loop antenna when connected to the
loop on the back side, so they act as a longer loop with
larger electrical length. When these parasitic elements with
shorting posts are connected to the driven monopole using
diodes, the antenna operates in the various loop modes.
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Fig. 2. Progression of perceptual steps followed during the

substantiation of the monopole-loop antenna with
switched parasitic elements: (a) ordinary loop antenna,
(b) decomposed monopole surface into four metallic
pieces and reconfigurable surface by interconnecting
the pieces with four switches, and (c) inserting four
shorting posts into the parasitic elements.

When all the parasitic elements are disconnected from the
driven monopole, the antenna operates in the loop mode
with the difference in the radiation characteristics. On the
other hand, the shorted parasitic elements are switched to
each edge of the driven monopole. So they can be acted as
a shorting wall that represses the E-field at the center of
that edge. As a result, the maximum level of power in one
plane is lower than that in other plane [6]. Four shorting
strips are used at the top and bottom of the slot, which play
a minor role in reducing the frequency gap of the modes.

Finally, to modify the antenna performance for the
loop mode operation and circular polarization states,
a wide parametric study is carried out, and the final dimen-
sions of the antenna are specified, as shown in Fig. 1.
A semi elliptical-shaped impedance transformer has been
added to the feeding line. This type of the impedance trans-
former plays a significant role in the tuning the effects of
EM coupling between the loop and the monopole feed, and
it furthers its impedance matching without any cost of
expense or size. Furthermore, a desired matching level in
the driven monopole is obtained by adapting its relative
position with respect to the parasitic elements.

Therefore, the antenna can be operated as a multi-
characterized antenna to have different radiation patterns
and polarizations while retaining the same operating fre-
quency. The working principle of the proposed antenna is
been shown and listed in Tab. 1 with respect to beam di-
rections (BDs) and polarizations by proper selecting the
switch configuration.

3. Simulated and Measured Results
and Discussions

In this section, a prototype of the antenna was fabri-
cated and measured, and the experimental and numerical
results of the input reflection coefficient (|S;;|) and radia-
tion characteristics are presented and discussed. For the
proposed antenna, the low-cost PIN diodes (Infineon
Techn. BAR50-02V) are used. Metallic pads are etched on
the substrate to allow mounting of the inductors, capacitors
and PIN diodes. Based on the applied PIN diode data-

State f)l[l)\ilglt(i):: Operation mode at the GPS band
D1 | D2 | D3 | D4

A 1 0 0 0 LP, BD at $=75°(x-y), 0=15°(x-z)
A’ 0 1 0 0 LP, BD at $=285°, 6=-15°(x-z)
B 1 0 0 1 LP, BD at $=50°, 0=25°(x-z)
B’ 0 1 1 0 LP, BD at $=310°, 6=-25°(x-z)
C 1 0 1 0 RHCP, BD at $=95°, 6=-30°(x-z)
(o4 0 1 0 1 LHCP, BD at $=265°, 6=30°(x-z)

Tab. 1. Antenna possible configurations (0: OFF and 1: ON).
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Fig. 3. Simulated and measured [S11| of the different antenna

states, as listed in Tab. 1.

Measured

1.555-1.625 GHz, 4.4%
1.570-1.60 GHz, 1.9%
1.53-1.585 GHz, 3.5%

State Simulated

A 1.550-1.610 GHz, 3.8%
B 1.530-1.592 GHz, 4.0%
C 1.515-1.625 GHz, 7.3%

Tab. 2. Antenna impedance bandwidth simulated vs. measured
results.

sheet [13], it has a forward resistance of Rs=3 Q for the
ON state and a parallel circuit with a capacitance of
Ct=0.15 pF and a resistance of about Rp=15kQ for the
OFF state. These effects can be modeled by using the RF
equivalent circuit in the full-wave simulations in the
ON/OFF states using Ansoft’s HFSS.

The input reflection coefficient (|S,|) of the proposed
antenna, according to Tab. 1, is shown in Fig. 3 for the
simulated and measured results, respectively. However,
due to the antenna symmetry structure, the |Sy| results for
A', B', and C' are not given here as they have the same
results of A, B, and C, respectively. The simulated and
measured results are slightly different owing to fabrication
tolerance, material loss, SMA connector, via process and
the actual DC biasing circuitry. Although the frequencies
shift slightly with respect to the frequencies observed in the
simulation results, the requirement of the 10-dB bandwidth
is satisfied by the variation from 1.55 GHz to 1.6 GHz. It is
verified that the proposed antenna satisfactorily operates at
the GPS bandwidth (1575 MHz + 1 MHz). The achieved
impedance bandwidth (|S;;| < —-10 dB) achieved from simu-
lation data in comparison to measurements is tabulated in
Tab. 2.

A loop antenna generally operates at one-wavelength
mode. After modifying the slot width, the length of
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Fig. 4. Current distributions of the antenna in the various
states at 1.57 GHz: (a) state-A; (b) state-B; (c) state-C.

semi-rectangular loop on the bottom plane could be tuned
to make sure that the loop works in the desired mode [14].
Figure 4 shows the antenna current distributions in the
various states at 1.57 GHz. As shown, the current distribu-
tion is mostly concentrated at the loop edges. The current is
flowed from the monopole and parasitic elements to the
loop, and the distributions and intensity of current are dif-
ferent at the various states of antenna, while they are of the
same electrical length.

According to the above discussions, polarization re-
configurability is possible in the design by creating strong
transverse currents. Although currents over the driven and
parasitic patches are mainly y-oriented, strong x-oriented
currents can be induced by creating cross-shaped sections
over the surface using the diodes. In this way, adjusting to
the magnitude balance and phase shift between x and y
currents, it is possible to provide also LP, RHCP and
LHCP. For example, at B- and B'-states, the two LP can be
switched electrically, and each is perpendicular to the
other. These antennas have bilaterally symmetrical struc-
tures, and thus exhibit orthogonal polarization at the same
working frequency. At C-state, the shape of the antenna is
modified with two short circuits from driven monopole
stub to parasitic elements P; and P; using PIN diodes D,
and Ds, which makes the structure asymmetric with respect
to the horizontal and vertical central lines. In this case, the
two short circuits force the currents to flow through the
center of the driven stub to parasitic elements as well as
along the edges of them. This behavior results in the split-
ting of the current into two near orthogonal resonant modes
along the y- and x-direction, respectively.

Because the amplitude ratio and phase difference of
the two orthogonal resonant modes depend on the field
distributions along the short circuits and driven patch, it is
reasonable to assume that the CP operation is related to
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Fig. 5. AR of the C-state for the effects of various o and R.

position of diodes and capacitors (a) and radius of the
driven patch (R). Figure 5 shows the effects of o and R on
the AR of the C-state. As seen from Fig. 5, the frequency
of minimum ARs with the center frequencies of 1.53 and
5.1 GHz shift to higher frequency as o increases, while the
3-dB AR bandwidth decreases. This corroborates that the
antenna surface is able to produce strong currents in the
transverse direction. It seems that the horizontal position of
PIN diodes has effect on both current amplitude and phase
shift that are sensitive to bandwidth and frequency of CP
mode, respectively. Therefore, a has the function of fine
tuning to broaden CP bandwidth and center frequency. As
seen from this figure, the 3-dB AR bandwidth increases for
higher bands and decreases for lower bands as R increases.
However, the operation frequency of the lowest AR is
inverse with R for lower bands and is consilient for the
higher bands. Therefore, in this design, the effect of am-
plitudes of two orthogonal fields limits CP operation and
degrades the AR bandwidth. It can be also seen that the CP
operating frequency bands are all located within the range
from 1.5 to 1.6 GHz as a and R are varied, which is wide
enough to cover the GPS 1.57 GHz frequency band. Corre-
spondingly, the same judgments apply in the LHCP case
for the C'-state.

Figure 6 presents the simulated and measured cross-
polarization levels (XPL) for the linear polarization (LP)
modes and the axial ratios (ARs) for the circular polariza-
tion (CP) modes at the broadside direction. Satisfactory
agreements are achieved between the simulated and meas-
ured results. The difference between them may come from
the efficacy of the fabrication error. The left hand (LH) and
right hand circular polarization (RHCP) modes have the
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Fig. 6. Simulated and measured XPL and AR of the different

antenna states, as listed in Tab. 1.
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similar results in the same resonance frequency, because of
structure symmetry. Thus, only the RHCP mode results are
given for brevity. Furthermore, the results for A’, B’, and
C' are not given here as they have the same results of A, B,
and C, respectively. For all LP modes, the XPLs within
their respective impedance bandwidths are less than 16 dB,
which shows a good isolation between LP and CP modes.
The achieved CP bandwidths, referred to 3-dB AR, calcu-
lated from simulation in comparison to measurements for
the C-state are 1.54-1.595 GHz and 1.535-1.592 GHz,
respectively. It has to be noted that the impedance band-
widths in Tab. 2 totally cover the corresponding AR band-
width in this state.

Figure 7 shows only the measured and simulated
radiation patterns normalized to their own maxima at
1.57 GHz for C- and C'-states, where good agreement
between the simulated and measured results exists. It is
also observed that the radiation pattern is slightly tilted off-
broadside by about 8°. The beam tilt is due to the asymmet-
rical geometry of the patch antenna, compared to a plain
patch which has a symmetrical geometry and exhibits
a broadside beam. The major polarization Z >0 is the
LHCP and it is the RHCP for Z < 0. The CP sense can be
determined by the left-hand rule, in which the fingers
rotate in accordance with the flow path of the current on
the antenna.

The antenna operates in the loop mode for all states
by switching between the diode different states. In these
designs, all parasitic elements are positioned in the direc-
tion of 45, 135, 225 and 315 degrees to the driven radiator.
The parasitic elements are connected via a shorting post to
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Fig. 7. Measured and simulated E-plane (x-z plane) and
H -plane (y-z plane) normalized radiation patterns at
1.57 GHz for a) C- and b) C'-states.

=—Lp=4 mm ===Lp=2.5mm ===-Lp=1.2 mm

Fig. 8. Antenna radiation pattern in the y-z -plane at A’-state
for three different lengths of the parasitic patch (Lp).

the loop on the back plane. Due to the EM energy created
by the driven monopole antenna, the impedance loading
occurs and it couples to the parasitic elements with the
mutual and direct coupling of EM energy. The surface
current on them can resonate concluding in radiation at
a particular direction, when the parasitic elements are
loaded with suitable reactive loads. Thus, the induced cur-
rents on them are maximized when their sizes near the
resonant size. In the design, the equivalently reactive loads
or mutual impedances can be different by changing the
relative locations and shapes of the parasitic elements,
which eventually results in the different modes of opera-
tion corresponding to beam steering angles and various
polarizations at the same frequency range. Figure 8 shows
the radiation patterns for A’-state with different parasitic
shapes. The antenna has a bandwidth from 1.52 to 1.6 GHz
for all parasitic shapes at lower mode. At 1.57 GHz, the
H-plane BD is steered smoothly from 0° to 27° when the
radial sector parasitic decreases from 4 to 1.2 mm in three
cases, while the E-plane pattern is broadside.

The simulated 3-D radiation patterns at the center of
the frequency range for x-z and y-z planes are presented in
Fig. 9. The antenna can change the beam in both x-z and
y-z planes. The presented design can generate common
loop-like radiation pattern. The maximum gain for the
radiation pattern steered to -x-axis and +x-axis is 4.2 dBi,
and it can be tuned between 1.5 dBi for A/A’ states, 4.2 dBi
for B/B' states, and 2.9 dBi for C/C' states. The differences
in gain are basically due to some configurations producing
a polarization different from that of the patch antenna and
higher losses due to polarization mismatch. The average
radiation efficiency of these states is 55%, which has been
computed comparing the antenna gain and directivity and
is due almost entirely to the PIN diode losses. A larger
ground plane will increase the gain of the antenna, but it
will also affect in the bandwidth frequencies.
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Fig. 9. Simulated 3-D radiation patterns in both x-z and y-z
planes of (a) A-state, (b) B-state, and (c) C-state. (d)
Measured 2-D pattern in x-y plane at 1.57 GHz for
various states.

4. Conclusion

A reconfiguration capability has been achieved by
a planar monopole-loop antenna with the shorted parasitic
elements. It has been demonstrated that the proposed an-
tenna can simultaneously function as a multimode antenna

for polarization agile and radiation pattern diversity sys-
tems. A functional prototype using integrated four PIN
diodes was fabricated to illustrate the principles of work-
ing, and also to show its feasibility for fabrication. The
fabricated antenna can operate at around 1.57 GHz band by
configuring the combination of the switch states. The an-
tenna can also radiate horizontal, vertical or RH/LHCP in
this band. The radiation pattern shape is examined for the
different states. The proposed antenna is a demonstration
of a single reconfigurable monopole-loop antenna using
PIN diodes for potential use in stationary terminals of GPS
applications.
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