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Abstract—A single-feed circular microstrip antenna with recon-
figurable polarization capability is proposed. This antenna has a
simple structure, which consists of a radiating circular patch, five
switches (PIN diode), three matching stubs, and a 50 2 microstrip
feed line. It can be switched between 4 different states: two states
(low-frequency and high-frequency) for linear polarization (LP),
one state for left hand circular polarization (LHCP) and one for
right hand circular polarization (RHCP) by controlling the bias
voltage of two PIN diodes. At the same time, three switchable
matching stubs are used for matching every polarization state.
Simulation results and experimental results show that the pro-
posed antenna demonstrates a low cross polarization level, good
impedance bandwidth, and a very good axial ratio in the circularly
polarized states.

Index Terms—Circular polarization, linear polarization, mi-
crostrip antenna, PIN diode, reconfigurable polarization.

1. INTRODUCTION

ECONFIGURABLE microstrip antennas for frequency
Ragility and polarization diversity have advantages of
frequency reuse for doubling the system capability and a high
degree of polarization control to optimize system performance
[1]. Moreover, these reconfigurable antennas have been re-
ported to achieve polarization diversity and reconfigurability
[2]-[4] that offer an improved effectiveness in receiving the
communication signal and have an exceptional ability of
reducing multipath fading. In addition, many reconfigurable
antennas with polarization diversity between linear and circular
polarization [5] and two circular polarizations (i.e., LHCP and
RHCP) [1]-[3] have been discussed in past literature. Due to
the significant difference in the input impedance, the matching
covered only one polarization state between LP and CP [5] or
LHCP and RHCP [6], [7]. In [6], the impedance seems to be
matched well in both LP and CP, but resonant frequencies in CP
have matched in only one operation status. Although impedance
matching was considered for polarizations in [8], it was not
clear how input matching could be achieved by optimizing both
polarization senses. Therefore, impedance matching techniques
are necessary for all polarization senses. A reconfigurable
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matching network for the radiation pattern diversity using short
and open stubs has been described in [9] for an annular slot
antenna operating at 5.8 GHz. Based on the similar concept
in reconfigurable matching network, the impedance matching
can be obtained at both two different frequencies in LP and
same frequency in LHCP or RHCP. PIN diodes which are used
for switching the polarization are commonly used switching
devices for RF and microwave front-end application systems,
because they have attractive properties such as low insertion
loss, good isolation, low power handling, and low cost [10].

In this paper, the authors present for the first time, the design,
fabrication, and measurement of a novel single-feed circular mi-
crostrip antenna with reconfigurable polarization capability for
all polarization states. The proposed antenna utilizes an etched
“U” shaped slot line on the top of the circular microstrip patch.
To switch the polarization states, two PIN diodes are installed
on the inset of the “U” shaped slot line.

Full-wave simulations were carried out using IE3D with good
matching performance for all polarization states [11]. Further-
more, the simulations were validated by comparing the simu-
lated and measured results which show a good agreement be-
tween them.

Concerning the contents of this paper, Section II discusses
the design process of the proposed antenna, including its ge-
ometry and operation principle for reconfigurable polarization
capabilities (Section II-A), the switchable matching for all po-
larizations (Section II-B) and the application of PIN-diodes for
the matching implementation (Section II-C). Section III focuses
on the antenna performance for the both LP and CP modes. The
effect of the most critical geometrical parameters on the CP per-
formance is studied in Section IV, and finally conclusion is ad-
dressed in Section V.

II. ANTENNA DESIGN WITH RECONFIGURABLE
POLARIZATION CAPABILITIES

The geometry of the proposed single-feed circular mi-
crostrip antenna is shown in Fig. 1. The circular patch of
radius 7 is etched on a sheet of RT/duroid 5880 printed circuit
board (thickness, A = 62 mil and relative dielectric constant,
er = 2.2). For the arc slot, the inner side radius of the arc slot
is r9, and the central angle is .. The ground plane dimensions
are 100 x 100 mm?2. The length and width of the insets are
determined by the size of the PIN diode (w5 X [5). The feed
line is composed of a 50 2 microstrip and three matching stubs
(So1,So2, and Ss3) which are connected to the feed line by
PIN diodes (#1, #2, and #3) to allow for the matching of the
four different polarization states. To control the polarization
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Fig. 1. Geometry of a novel single-feed circular microstrip antenna with re-
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Fig. 2. The operation mechanism of the proposed antenna.

state of the designed antenna, two PIN diodes are inserted
close to the edge of the slots with diode #4 oriented in the
counter-clockwise direction and the diode #5 oriented in the
clockwise direction. The proposed antenna has two main po-
larized states; linear polarization (LP) and circular polarization
(CP). The characteristics of this antenna are divided into four
cases depending on the bias of the PIN diodes (high-frequency
LP, low-frequency LP, RHCP, and LHCP), as shown in Fig. 2.

A. Reconfigurable Polarization

To radiate linearly polarized waves, both PIN diodes on the
circular patch (#4 and #5) should be biased in either the “on-
state” (Ant.I) or the “off-state” (Ant. 2) simultaneously, in order
to guarantee the physically and electrically symmetric shape of
the circular microstrip patch required to excite the TM;; mode.
When both PIN diodes are in the “on-state,” they act as electri-
cally short circuits. Therefore, the conventional circular patch
shape is slightly modified with an arc-shaped slot, leading only
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Fig. 3. The electric current distributions on the circular microstrip at their res-
onant frequencies. (a) “U” shape slot: LP at 2.53 GHz (Ant. 2). (b) “L” shape
slot: LHCP at 2.44 GHz (Ant. 3).

to a slight frequency shift without disturbing the radiation pat-
tern. When the two PIN diodes (#4 and #5) on the circular patch
are both in the “off-state,” they act as electrically open circuits.
Hence, the circular patch shape is changed to the circular patch
with U-shape slot loading. The difference in the performance
between Ant.l and Ant. 2 is the operating frequency. This is
due to the different physical antenna sizes (areas) for Ant./ is
slightly larger than that for Ant.2. In other words, the operating
frequency of the first configuration is slightly lower than that of
the second configuration.

To radiate circularly polarized waves, one of the diodes on
the circular patch should be in the “on-state” while the other
should be in the “off-state.” When diode #4 is in the “off-state”
(open circuit case) and diode #1 is in the “on-state” (short circuit
case), this configuration is referred to as Ant.3. In this case, the
“U” shaped slot in Ant.2 changes to look like an “L.” Since the
“L” or inverted-“L” shaped slot perturbs the current along the
slot, the excited x-directed (parallel to the horizontal slot ori-
entation) surface current path is lengthened, while the excited
y-directed current (orthogonal to the horizontal slot orientation)
is slightly affected. Hence the CP can be achieved due to the
combination of an almost unchanged TM;; mode with the res-
onance of the slot in the orthogonal direction. Consequently, by
choosing the total length of the “L’ shaped slot line to be A, /4,
the resonant mode in the direction parallel to the long side of the
“L” shaped slot can have a slightly lower resonant frequency
than the resonant mode in the direction perpendicular to the slot
orientation. At the same time, the input reactance of one mode
is inductive while that of the other mode is capacitive, which
means there are +90° phase difference between the two reso-
nant modes. Therefore, when two near degenerate orthogonal
modes of the circular patch antenna are excited with the same
amplitude and a 90° phase shift on the circular patch at a given
frequency, circular polarization is achieved.

The current distribution at the operating frequency is shown
in Fig. 3. As expected, a surface current rotates clockwise for
LHCP in Ant. 3. In contrast, if PIN diode #4 is in the “on-state”
and PIN diode #5 is in the “off-state,” the shape of the slot
changes to look like an inverted-“L,” leading to RHCP in Ant.
4. The symmetric shape of these states can easily be observed
in these figures due to the symmetry in the antenna’s geometry
with respect to the feed line.
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B. Matching Approach

In [5], it has been observed that the input impedance matching
is presented only for circular polarization, because the pattern
degrades when the antenna is linearly polarized. In this paper,
we use the reconfigurable stub matching approach with three
single-stub shunt tuning circuits to address the input impedance
matching of linear and circular polarization. When linearly po-
larized waves (Ant. 1) are radiated, PIN diode #1 is in the “on-
state” in order to connect between the open-circuit stub (i.e.,
So1 : l1 X wy) to the 50 ohm feed-line, while PIN diodes #2 and
#3 are in the “off-state.” Similarly, to radiate linearly polarized
waves (Ant. 2) only PIN diode #2 is in the “on-state” to connect
between the open-circuited stub (Sos : 2 X ws) to the 50 ohm
feed-line, while PIN diodes #1 and #3 are in the “off-state” with
respect to the feed line. To get a good impedance matching for
the two circularly polarized states (Ant. 3 and 4), the short-cir-
cuit stub (Ss3 : I3 X w3) is connected between the edge of the
stub and the ground by using a via hole. There are two main
reasons to use the short stub (Sgs3) instead of an open stub. By
using an open stub, the position of the stub will overlap with
the neighboring open stubs (So1 or Sp2). The other reason is
based on the length of the open stub which is longer than that
of the short stub by A, /4, which could be large enough (elec-
trically) to radiate. Hence, the stub would no longer be purely
reactive [12]. In addition, the elongated stub would increase the
overall dimensions of the antenna. Since the input impedance is
the same due to the symmetrical geometries with respect to the
feed line, it is possible to use the same short stub for both LHCP
and RHCP.

C. Application of PIN Diodes

To achieve the reconfigurable polarization capability,
switching components must be used. PIN diodes are the most
commonly used switching devices for RF and microwave
front-end application systems. The RF equivalent circuit of
the PIN diode for the ON (forward bias case) and OFF (reverse
bias case) states is shown in Fig. 4. The PIN diodes which
include self-protect resistors of forward-biased current, RF
choke inductors, and dc block capacitors should be isolated
from the RF signal. To control the PIN diodes, six dc bias lines
are designed with the same size (l4 X ws). The bias circuit
must consist of a PIN diode, dc block capacitor, RF choke,
and input voltage as shown in Fig. 5. Two dc bias lines are
indirectly connected to top part of the circular patch with PIN
diodes using “U” shaped slot loading. Three dc bias lines are
connected to each matching stub, which supply dc current to
PIN diode 1, 2, 3, 4, and 5; the sixth one is used for dc-isolation,
which is connected to the 50 €2 feed line. The equivalent RLC
circuit models (MA4P274CK-287) that include the parasitic
packaging effects can be extracted from the PIN diode data
sheet [13]. At the diode on-state, the equivalent circuit is rep-
resented by a resistor, R = 32, while the diode off-state, the
equivalent circuit is represented by a capacitor, C = 0.35 pF.
Three dc block capacitors of C = 220 pF are chosen to isolate
the RF components from the dc ones. Since the calculated
value of Z¢ = —j(1/wC) = —350.3Q) represents a “near short
circuit” condition, the RF signal will pass through the capacitor
with little loss or reflection. The RF choke inductor isolate the

= §Rp

(@ (®)

Fig. 4. Equivalent circuit of a packaged PIN diode in its two bias conditions.
(a) on-state (forward bias). (b) Off-state (reverse bias). L = 1.4 nH and Rp
represents the net dissipative resistance in the reverse biased diode and is less
significant.
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Fig. 5. The configuration in PIN diode biasing circuit.

RF signal from flowing into the dc signal, therefore, very thin
(wg = 100 um) quarter-wavelength dc bias lines were used,
instead of the RF choke inductors. PIN diodes are used for
switching with a forward voltage of Vy = 0.73V and forward
bias current of I = 12 mA, respectively. The photograph of
the proposed antenna is shown in Fig. 6.

III. ANTENNA PERFORMANCE

The return loss, axial ratio, gain, and radiation patterns of the
proposed antenna have been simulated and measured for all the
different states of the two PIN diodes (#4 and #5) that control the
polarization state as well as for the states of the three PIN diodes
(#1, #2 and #3) which connect and disconnect the matching
stubs to the feed line. The geometry of the proposed antenna is
modified according to the on- and off-states of the PIN diodes
and features the resulting capability of polarization diversity.
Without loss of generality and for simplicity reasons, an infinite
ground plane was used in the simulations, assuming a perfect
open-circuit (gap) for the PIN diodes in the off-state. When the
diodes are in the on-state, they were modeled as through lines
by using metal tape (1.94 x 1.60 mm?).
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Fig. 6. Photograph of the single-feed circular microstrip antenna for reconfig-
urable polarization capability.

The simulations of the proposed antenna were carried out
using IE3D, a commercial electromagnetic simulator based on
the integral equation method and the method of moments. It is
observed that good impedance matching can be achieved for all
polarization (LP and CP) states, as shown in Fig. 7. The differ-
ence in the results between the simulated and measured data is
due to the use of an infinite ground in the simulation.

Details of the design parameters and the obtained results for
the four different antenna prototypes are summarized in Table I.
The bandwidth for the CP (2.60 % for Ant. 3) is much larger than
that of the LP (1.17 % for Ant. 1) because two resonant modes
radiate simultaneously for the circular polarized case, and only
one resonant mode (TM;; ) radiates for the linear polarized case
which is similar to the mode of the conventional circular mi-
crostrip patch. The simulated and measured axial ratios of the
proposed antenna for CP (Ant. 3 and Ant. 4) are shown in Fig. 8
where very good agreement is observed. The minimal difference
of the minimum AR point between Ant. 3 and Ant. 4 (less than 5
MHz) in simulation can be attributed to the non-symmetry of the
matching stubs. Fig. 9 shows the simulated gain of the proposed
antenna for LP and CP states, which is near 6 dBi across the op-
erational bandwidth. Fig. 10 shows the simulated and measured
radiation patterns at 2.477 GHz and 2.552 GHz for the LP states
(Ant. I and Ant. 2). The peak gains are observed to be 5.85 dBi
and 5.94 dBi for Ant. 1 and Ant. 2, respectively. The cross polar-
ization level is below —20 dB at each given frequency in both
Ant. I and Ant. 2, which have good LP antenna performance.
There is a discrepancy between the simulated and measured
cross-polarization patterns. The slight frequency shift between
the measurements and the experimental results can be attributed
to SMA connector interference and other chamber uncertain-
ties. Fig. 11 shows the simulated and measured radiation pat-
terns at 2.445 and 2.450 GHz for the CP states (Ant. 3 and Ant.
4). Good agreement is observed in the main beam of the co-po-
larization (i.e., the left-hand circular polarization, LHCP). The
level of cross-polarization (i.e., the right-hand circular polariza-
tion, RHCP) is lower than —20 dB over the main beam direc-
tion in Ant. 3. Similar radiation patterns have been observed in
Ant. 4 due to their symmetric topologies with respect to the feed
line. It is also observed that the difference between the co-polar-
ized radiation (i.e., the right-hand circular polarization, RHCP)
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Fig. 7. Simulated and measured return loss of the proposed antenna for
(a) LP and (b) CP sense: r1 = 23 mmn,r2 = 21 mm, o = 40°,s1 =
14.45 mm,11 = 4.85 mm,wl = 7.73 mm,s2 = 24.45 mm,12 =
4.85 mm,w2 = 20.32 mm,s3 = 25.36 mm,13 = 4.85 mm,w3 =
15.79 mm, w4 = 1.94 mm. 14 = 1.60 mm and g = 0.2 mm.

and cross-polarized radiation (i.e., the left-hand circular polar-
ization, LHCP) is more than 20 dB over the broadside direction
for Ant. 4. The simulated and measured frequencies for the ra-
diation patterns in the circularly polarized states were selected
at the minimum axial ratio in the operating bandwidth (AR <
3 dB). Measured radiation patterns (Ant. 1, 2, 3, and 4) show
that broadside radiation patterns with good LP and CP charac-
teristics are obtained at the respective resonant frequency.

IV. PARAMETRIC STUDY AND DESIGN PROCEDURE

A. Design Frequency

The resonant frequency of a circular microstrip patch antenna
for the TM,,,,, mode can be evaluated from following equation

[1].

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on December 15, 2008 at 17:14 from IEEE Xplore. Restrictions apply.



634 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 56, NO. 3, MARCH 2008

Axial ratio [dB]

—&— Mea_Ant. 3

) PR SRR W
—&— Mea_Ant. 4
r —&— Sim_Ant. 3
0 : ] —6—Sim_Ant. 4
2.42 243 2.44 2.45 2.46
Frequency [GHz]

Fig. 8. The simulated and measured axial ratio of the proposed antenna in Ant.
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Fig. 9. The gain of the proposed antenna in Ant. 1, 2, 3, and 4.
Thus
fom = 22mE 3)
nm 2T /Er
1/2
2h wr
re =741+ (ln ™4 1.7726) (4)
e, 2h

where 7., is an effective radius, h is a thickness of substrate, X .,
represents the zeroes of the derivative Bessel function J,, (),
and these zeroes determine the order of the resonant frequen-
cies. Since the first value of Xnm is x11 = 1.8412, for the
geometrical parameters of the prototyping antenna (radius of
r = 23 mm and substrate thickness of h = 1.575 mm) the cal-
culated resonant frequency is 2.46 GHz which can be applied in
WLAN band. Fig. 12 shows the concept of the design frequency
in the parametric study regarding different shape of the circular
microstrip patch. Step 1 is the conventional circular patch, step
2 (mentioned as Ant. 1) is the circular patch with “arc” shape
slot, step 3 (mentioned as Ant. 2) is the circular patch with “U”
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Fig. 10. Simulated and measured radiation patterns of the proposed antenna
for linear polarization sense (a) Ant. I and (b) Ant. 2.
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Fig. 11. Simulated and measured radiation patterns of the proposed antenna
for circular polarization sense (a) Ant. 3 and (b) Ant. 4.

shape slot, and step 4 is the circular patch with circular segment
notch, respectively. The radius (i.e., r = 23 mm) which is de-
termined from center of the circular patch to the outer boundary
is fixed at all steps. Fig. 13 shows the simulated return loss plots
for the four different types of the circular microstrip shape. The
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TABLE I
DETAILS OF OBTAINED SIMULATED AND EXPERIMENTAL RESULTS FOUR DIFFERENT ANTENNA PROTOTYPES
S11[dB] -10 dB BW [% ial rati i
Diode1 Diode2 Diode3 Diode4 Diode5 Polarization [4] 348 AXI%I ratio Galp
Sim.  Mea.  Sim.  Mea. BW [%] [dBi]
Ant. 1 on off off on on LP -50.14  -39.57 1.17 1.19 N/A 5.85
Ant. 2 off on off off off LP -39.57  -30.62 1.18 1.17 N/A 5.85
Ant. 3 off off on off on LHCP -36.21  -32.58 3.60 4.04 0.74 5.95
Ant. 4 off off on on off RHCP -29.43  -28.64  3.63 4.02 0.72 5.94
oy g
2
8
(©) (d
Fig. 12. The concept of the design frequency in the parametric study.
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Fig. 13. The simulated return loss plots for the four different types of the cir-
cular microstrip shape.

operating frequency of the step 2 is much slightly lower than
one of the step 1 because of the “arc” shape slot which slightly
increases the current patch. As mentioned above Section II-A,
the physical dimension of the circular patch at step 3 is smaller
than one of the circular patch at step 2. Hence, the operating
frequency of the step 3 is higher than one of the step 2, which
leads to the reconfigurable frequency antenna in LP. The oper-
ating frequency of step 4 is almost same to the one of step 3 due
to the same size of the radiating elements. In other words, the
shape of the step 3 is same to the shape of the step 4 adding ring
segment which is a non-radiating element.

Fig. 14. Simulated the axial ratio for different length of inset.

B. Adjusting Inset Length to Obtain the Circular Polarization

Fig. 14 shows the axial ratio for different lengths of the inset
(w). (In this study, only the length of the inset is varied while
the total “L” shaped slot length is fixed). When the length of
the inset is a minimum, a good axial ratio can be achieved,
which means that the excited x-directed surface current path is
mostly affected while the excited y-directed surface current path
is slightly affected. Hence, the CP can be generated with same
amplitude and a 90 degrees phase difference. When the ratio of
the total length of slot to the length of the inset is maximum, a
good axial ratio can be accomplished as shown in Fig. 14. Since
the width of the PIN diode implemented on the circular patch is
1.8 mm, we considered the length of the inset to be greater than
1.8 mm.

C. Obtain a Satisfactory Input Impedance Bandwidth of
Circular Polarization

The circular polarization performance of the proposed an-
tenna is mainly determined by the central angle of the “L”
shaped slot. Fig. 15 shows the effect of increasing the central
angle («°) from 30 deg. to 50 deg. (step is 10 deg.) on the
input impedance locus similar to those for Ant. 1 and 2. It can
be observed from Fig. 15(a) and (b) that this effect is very
similar for the two linear polarization configurations of Ant.1
(“arc” shaped slot) and Ant.2 (“U” shaped slot) due to the
fact that the feed line is place at the center (dichotome) of r.
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Fig. 15. Simulated input impedance results for various angle of the slot. (a) “Arc” shape for Ant. 1. (b) “U” shape for Ant. 2. (c) “L” shape for Ant. 3.

Therefore, these two cases for Ant. 1 and 2 are observed for
linear polarization. Fig. 15(c) illustrates the impedance locus
for circular polarization. A good input impedance performance
is observed if the central angle is 40° for circular polarization
due to the fact that the effective total “L” shaped slot length
is approximately a quarter wavelength at given frequency.
Hence, the impedance curve at 40° has the sharpness tip of the
kink in the Smith chart enabling the best circular polarization
performance. It has to be noted that the shape of this impedance
curve is a result of having two orthogonal modes with slightly
different resonant frequencies.

D. Adjusting [3° to Obtain a Good Axial Ratio

After adjusting the central angle of the slot, the optimum axial
ratio that best characterizes circular polarization is investigated
by fine tuning the shifting angle (5°) which is defined as the
angle between the midpoint on the “arc” shaped slot and the
Y-axis.

In the simulation, we adjust 3 with the fixed length of the
“arc” shaped slot to observe how beta could control the tip of
kink in input impedance locus which is directly related to the
axial ratio for circular polarization. Fig. 16 describes the varia-
tion of the input impedance for Ant. 3 (CP) at different values of
angle (3°). It is observed that a tip of the kink is sharper when

5004

=500

Fig. 16. Simulated the input impedance locus for varying shifting angle (3°)
of the “L” shape slot.

the shifting angle is 0°, because the excited x-directed (orthog-
onal to the slot orientation) and the excited y-directed (parallel
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to the slot orientation) currents can constitute the optimum com-
bination of the two-orthogonal-near-degenerate modes for this
topology.

V. CONCLUSION

The design of a novel single feed microstrip antenna with re-
configurable polarization capabilities has been presented in this
paper. Unlike the conventional switchable polarizations studied
in past literature, the proposed antenna can be switched by con-
trolling the PIN diodes for low frequency and high frequency
modes in linear polarization, as well as for LHCP and RHCP
in circular polarization. A good impedance matching perfor-
mance for all polarization senses is observed using open and
short stubs. All of the simulated and measured results agree very
well confirming the validity of our theory and the used models.
By using the suitable switching devices (i.e., MEMS switch), the
proposed antenna can be used in higher frequency commercial
and military applications. It has to be noted that the proposed
antenna design is desirable for many wireless communication
applications such as wireless local area network (WLAN), satel-
lite links, global positioning system (GPS) and space robots.
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