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4.8 GHz to 5.3 GHz and return losses of both antennas within this
frequency range are around —10 dB. These results further verify our
design and allow the practical implementation of the SWTLA.

IV. CONCLUSION

We have successfully extended the surface wave control technology
into the antenna engineering and proposed a new class of DSRs as
SWTLAs for enhanced end-fire radiation. A potential realization of such
SWTLASs through the perforated design has been demonstrated with an
emphasis especially on the tradeoff in antenna performance and the re-
quired unit cell numbers in the practical implementation. Numerical re-
sults from full wave simulations have validated the functionality of our
proposed SWTLASs that are able to efficiently convert the spherical sur-
face wave into the plane surface wave and thus greatly improve the an-
tenna directivity. The present approach, based on a contemporary theory
of transformation optics, provides a new route to design SWAs, thus
leading to potential innovations in the design of other functional devices
thatare fundamentally dependent on the creeping wave propagation.
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Low Profile Vertically Polarized Omnidirectional
Wideband Antenna With Capacitively
Coupled Parasitic Elements

Jungsuek Oh and Kamal Sarabandi

Abstract—This communication presents a low profile and electrically
small wideband antenna with omnidirectional radiation pattern and ver-
tical polarization. A novel design approach manipulating the topology of a
low profile folded monopole antenna with capacitively coupled parasitic el-
ements in the same plane is presented to achieve omnidirectional radiation
pattern. The 10-dB return loss fractional bandwidth of 43% is achieved
with the dimension of 0.2Apr X 0.2ApLr X 0.06ALr where Ay is the
wavelength at the lowest frequency of the operation. Unlike the convention
wideband X /4 monopole antennas utilizing inductively coupled parasitic
elements, the A/2 folded monopole antenna allows for positioning the
capacitively coupled parasitic elements in the middle of the antenna
where maximum electric stored energy is formed. This, together with
reducing the lateral dimension of the folded monopole antenna, enables
the cancellation of radiated fields from electric currents in the horizontal
plane of the proposed antenna, which is essential to achieve vertically
polarized omnidirectional radiation. The compact parasitic elements
introduce additional resonances that significantly increase the antenna
bandwidth. Effects of design parameters on two resonant frequencies and
impedance matching to a 50 €2 feed are investigated using the equivalent
circuit model of the parasitic element and full-wave electromagnetic (EM)
simulations. Based on this analysis, a design procedure to optimize the
antenna topology is established.

Index Terms—Broadband antennas, electrically small antennas, omni-
directional antennas.

1. INTRODUCTION

Broadband antennas with vertically polarized omnidirectional
radiation pattern in the azimuthal plane have attracted significant
attention for their applications in wireless communications such as
unattended ground sensor networks and wireless local area network
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(WLAN) systems [1]-[5]. Vertical polarization is important for
near-ground applications in so far as the path-loss is concerned and
omnidirectional radiation characteristic is needed for wide coverage
in all directions. It is reported that near-ground propagation path loss
between two near-ground antennas for vertically oriented antennas is
by many orders of magnitude lower than any other antenna orientation
configurations [6]-[8]. Quarter-wave (\/4) monopole antenna is a
typically used for near-ground communication applications. However,
the size of the ground plane must be large, antenna height may be
prohibitively large (A/4) and its bandwidth is relatively low (< 10%).
The literature concerning antenna miniaturization is vast but far less
for low profile, electrically small, wideband and vertically polarized
antennas [21]. Many different types of low-profile inverted-F antenna
have been the most commonly used [9], [10]. However, in most of
such antenna topologies, only a short vertical segment of the resonant
structure contributes to the vertically polarized radiation, while much
larger portion of the antenna structure generates higher radiation with
undesired polarizations. This causes poor polarization purity and a se-
rious deformation in the desired omnidirectional radiation pattern [11],
[22]. Recently, a new type of low-profile antenna with omnidirectional
radiation pattern and vertical polarization was reported [12]. The
concept is based on a superposition of multiple quarter-wave segments
that are meandered and spiraled around to suppress the radiation from
horizontal currents above the ground plane. As a result, the antenna
features a pure vertically polarized radiation in the horizontal plane.

Various types of multiband and wideband inverted-F antennas with
parasitic elements have also been reported [13]-[16]. In these papers
inverted-L parasitic elements are inductively coupled to the inverted-F
antennas to enhance the bandwidth. The inductively coupled parasitic
element method for improving the bandwidth is widely used because
of its simplicity in design and ease of integration with inverted-F an-
tennas. In order to achieve the required level of inductive coupling, the
parasitic elements are positioned close to the feeding segment of the in-
verted-F antennas, which perturbs the uniformity of radiation pattern.
In addition, similar to ordinary inverted-F antennas, these antennas are
in capable of generating pure vertical polarization in the horizontal
plane of the antenna.

This communication presents a novel antenna topology that makes
use of capacitively coupled parasitic elements to achieve broad
bandwidth without perturbing omnidirectional radiation pattern or the
polarization of the antenna. The proposed antenna is a meandered
A/2 folded (bent over a ground plane) monopole antenna coupled
capacitively to the parasitic elements. In Section 1I-A, the behavior of
the input impedance of the capacitively coupled parasitic element is
studied based on its equivalent circuit model. In Section II-B, the reso-
nant modes of the antenna with a parasitic element as a function of the
parasitic element parameters are determined based on which a design
procedure is developed. In Section III-A, geometrical optimization of
the antenna structure is presented to achieve omnidirectional radiation
pattern and impedance matching to a 50 Q feed. In Section III-B,
a meandered A/2 folded monopole antenna with a single parasitic
element is designed. In Section III-C, the bandwidth of antenna is
enhanced by introducing an additional capacitive coupled parasitic
element.

II. CIRCUIT ANALYSIS OF FOLDED MONOPOLE ANTENNA WITH
CAPACITIVELY COUPLED PARASITIC ELEMENT

A. Equivalent Circuit Model of Capacitively Coupled Parasitic
Element

A \/2 folded monopole antenna is used as a starting point for the
proposed wideband, omnidirectional, vertically polarized antenna
with small dimensions. Here the A/2 folded monopole antenna refers

T
|

(a) (b)

Fig. 1. Folded monopole antennas with (a) a series inductor and (b) a shunt
capacitor to excite a lower resonant frequency (f. ).

to a short circuited microstrip transmission line fed from one end of
a vertical pin. The bandwidth of the folded monopole antenna based
on \/2 transmission line (TRL) is wider than that of the conventional
A/4 inverted F antennas, just as the bandwidth of A/2 folded dipole
antenna is 2~3 times wider than ordinary A/2 dipole antenna [16],
[17]. In addition, modifying the antenna topology to be fitted in a
small area allows for omnidirectional radiation pattern, as will be
discussed in Section III-A. This section presents the operation of the
capacitively coupled parasitic element to excite an additional resonant
frequency ( fio..) lower than the original operating frequency (fr.ige
where frign > fiow) of the folded monopole antenna. Positioning the
two resonant frequencies close to each other results in increasing the
bandwidth of the antenna. It is shown that this can be done by adding
a reactive parasitic element. Let us consider the required antenna
configuration to excite the resonance at f;,... The original operating
frequency (fiigr) can be moved down to fi... by adding a series
inductor or a shunt capacitor to the transmission line as shown in
Fig. 1(a) and (b) due to an additional phase shift through the reactive
elements. Our goal is to design a proper reactive parasitic element
supporting two resonant frequencies (fi... and fr;,7) simultaneously
as a way to enhance the bandwidth. It is proposed to simultaneously
excite both resonant modes by positioning an inverted-L parasitic
element with proper length and distance near the middle of the
A/2 folded monopole antenna where the electric filed is maximum.
Because of the high electric field in the middle of the antenna, the
antenna can establish a strong capacitive coupling with a parasitic
element at that location. Counter-intuitively, the short-circuited end
is placed near the folded antenna in order to excite the desired mode.
In this way, the short-circuited end that acts as an inductor appears
as a shunt element to the open-ended stub and are both connected to
the series parasitic capacitance. It must be noted that metallic traces
in the antenna are represented by pure reactive elements in the circuit
model to investigate the resonant properties as a function of design
parameters.

Fig. 2(a) shows the A/2 folded monopole antenna capacitively cou-
pled to the inverted-L parasitic element where h = 60 mm, wrr;, =
30 mm, wpa, = 60 mm, L,,, = 150 mm and the gap between the
A/2 folded monopole antenna and the parasitic element = 15 mum.
Fig. 2(b) shows an equivalent circuit model of the parasitic element.
Input impedance (£, ) of the equivalent circuit model can be found
from

Z‘ _ L|L-2C'\ C’Q;«J‘1 — (L|C’| -|— L|C'2 —|— L’QCQ)LOZ —|— 1 (1)
e JwCh (1 — (L1Cs 4+ LaCh)w?) '

Atw = 1//L,Cy + Ly where w = 27 f, Z;,, is infinite and thus
no electric currents are induced on the parasitic element. As a result,
the antenna works as if the parasitic element doesn’t exist. On the other
hand, at frequencies where w < \/(Y —Y? —4/(L Ly,C Ca))/2,
Im(Z,;.) becomes negative (capacitive), noting thatY = 1/(L, )+
1/(L.C1) 4+ 1/(L+C). In this case, the antenna structure works the
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Fig. 2. (a) Perspective view of a A/2 folded monopole antenna with a capaci-
tively coupled parasitic element and (b) the equivalent circuit model of the par-
asitic element.
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Fig. 3. Imaginary part of Z;,, in the equivalent circuit model of the capaci-
tively coupled parasitic element shown in Fig. 2(b), compared to the same cir-
cuit model without .
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Fig. 4. Input admittances toward two shorting strips and the parasitic element
in the middle of a shorted A/2 TRL.

same way as the topology shown in Fig. 1(b). Therefore, the use of
the capacitively coupled inverted-L parasitic element enables the op-
erations corresponding to two resonant frequencies (fiow and frign)
simultaneously. In order to further investigate the operation of the ca-
pacitively coupled parasitic element, the imaginary part of Z;,, of the
equivalent circuit model of the parasitic element is compared with that
of the circuit without the coupled capacitance (C' ), as shown in Fig. 3.
The values of the lumped elements are chosen as C; = 0.5 pF, L1 =
20 nH, ¢y = 3 pF and L, = 20 nH, approximately corresponding
to physical dimensions of the parasitic element for frequency of op-
eration at fr;qn = 460 MHz [18]-[20]. It is found that below 460
MHz the imaginary part of Z,,,, in the presence of C';, becomes nega-
tive (capacitive). This is desirable since it allows excitation of an addi-
tional resonance at a frequency lower than 460 MHz, as discussed ear-
lier. The physical length of the folded monopole antenna is designed to
be A/2 at 460 MHz ( f4:4. ) that must match the pole of (1) given by
fpo[ = 1/(271’\/[4 Co + L’QC'Q).
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Fig. 5. fiow and fr,4n versus (a) C', (b) L1, (¢) C and (d) L in the equiv-
alent circuit model of the parasitic element in Fig. 4. A text box in each plot
shows the fixed values of other parameters.

B. Parametric Study

In order to develop a design procedure for the proposed wideband
antenna, it is essential to investigate the characteristics of the two res-
onant frequencies as a function of design parameters of the parasitic
element. The design parameters are the gap between the A/2 folded
monopole antenna and the parasitic element (corresponding to 'y in
Fig. 2(b)), the width and height of the shorting strip (L) and the ge-
ometry of the top plate (C2 and L3). Another important parameter is
the characteristic mode of the antenna structure. To determine the reso-
nant frequencies the transverse resonance technique can be used. This
technique requires that the sum of the input admittances (impedances)
seen looking into either sides at any point along the transmission line
be zero at resonant frequencies of the transmission line where voltage
and current standing waves are formed. That is

Y (x) 4+ Y, (z) =0, for all x )

where Y}, («) and Y,;Z,L(;t:) are the input admittances seen looking to
the right and left, respectively, at the point = on the resonant TRL.
Referring to Fig. 5, this condition renders

1 1
]ZQ tan d(]] + ]Zo tan (le +
JwC (1 — (L, Co + LQCQ)1L>2)
LiLyCiCow® — (L1Cy + LiCy 4 LyCo)w? 4+ 1

=0 (3)

where Zj is the characteristic impedance of the TRL (chosen as 200
Q), 3o is the propagation constant in free space and { is Ao /4 at 460
MHz (Ao is free-space wavelength).

The solutions of (3) give the two resonant frequencies (fi... and
frign) as a function of Cy, Ly, C3 and Ls, as shown Fig. 5. Except
for the lumped element under parametric study, all other values are
fixed as the same values used in Section II-A. Fig. 5(a) shows that as
C'| increases, fiow decreases while friqn doesn’t change as expected.
This means that the change in the gap distance between the A/2 folded
monopole antenna and the parasitic element only results in the shift of
fiow . On the other hand, Fig. 5(b), (c) and (d) suggest that the increase
in Ly, €, or Ly leads to the decrease in fr.ig, as well as fio.,. This
is due to the fact that the pole of (1) is a function of L, C> and L2
and thus once their value is changed, the pole of (1) is not equal to the
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Fig. 6. Geometries and electric current distributions of (a) straight and (b) me-
andered A/2 folded monopole antenna.
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Fig. 7. (a)Design parameters of meandered A/2 folded monopole antenna and
(b) simulated S, of the modified folded monopole geometry as a function of
width parameter (W5).

frequency at which the electrical length of the folded monopole antenna
is seen as A/2 any longer. As a result, the fi,i,1, moves down to satisfy
the resonant condition of (3).

It is expected that both fio.. and frizn can be decreased by in-
creasing the area of the top plate along y-axis or decreasing the width
of the shorting strip of the parasitic element. Based on this parametric
study, a design procedure to optimize the geometry of the parasitic ele-
ment can be established. Firstly, for a given lateral dimensions, the area
of the top plate of the parasitic element needs to be maximized to lower
both fio. and frig4n, leading to antenna miniaturization. Secondly, L1
is tuned to make the pole of (1) to be positioned around the frequency
at which the electrical length of the folded monopole antenna is seen as
A/2. Next, since the change of C'; only affects fio.., the desired sepa-
ration between fio.. and fr;4r can be set to maximize the bandwidth
for a desired minimum return loss. The frequency separation can be
adjusted by controlling the gap distance between the antenna and the
parasitic element.

III. ANTENNA DESIGN

A. Design of Meandered Folded Monopole Antenna

This section presents the geometry optimization of the A/2 folded
monopole antenna to achieve omnidirectional radiation pattern and
impedance matching to a 50 £? feed. Fig. 6 shows the geometries and
electric current distributions over a straight A/2 folded monopole
antennas matched to a 50 2 port. Since the separation between the
two vertical pins of the antenna is A/2 and the electric currents on
the vertical pins are in-phase, there is an undesired cancellation of
vertically polarized radiation along the x-axis. In order to achieve
omnidirectional radiation pattern in the horizontal plane (xy plane),
the lateral dimension of the antenna must be reduced to avoid the
radiation cancellation. Meanwhile, the polarization purity of the
straight A /2 folded monopole antenna must be maintained. As shown
in Fig. 6(a), horizontal electric currents on the left side of the top plate
are in the opposite direction of those on the right side. This suppresses

Fig. 8. Top/side view and design parameters of the meandered A/2 folded
monopole antenna with the capacitively coupled parasitic element.
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Fig. 9. Simulated S1; of the proposed antenna as a function of (a) g, (b) L4
and (¢) W.

the radiated fields with undesired (horizontal) polarization from the
metallic trace on the top plate. This desired property can be maintained
by making the metallic trace meander in the way shown in Fig. 6(b).
Fig. 7(a) shows the design parameters of the antenna geometry.
Since a short segment (L.) can work as an impedance transformer,
impedance matching to a 50 {2 feed can be obtained by tuning L. and
W3. Fig. 7(b) shows the simulated S, as a function of 13 where the
values of other parameters are fixed as L, = 200 mm, L = 85 mm,
L. =70mm, W, = 42.5 mm and V. = 30 mm. For the full-wave
electromagnetic (EM) simulations, Ansoft HFSS 13.0 is used.

B. Design of Meandered Folded Monopole Antenna With One
Parasitic Element

The capacitively coupled parasitic element combined with the mean-
dered A\ /2 folded monopole antenna is optimized, based on the design
procedure proposed in Section II-B. Fig. 8 shows three design param-
eters determining the geometry of the parasitic element. In order to
maximize C'y and L, in Fig. 2(b) for a given area, a trapezoid-shaped
top plate is chosen. Once the value of Ly is decided, the value of Wy
is appropriately chosen to make the pole of (1) to be positioned around
the frequency at which the electrical length of the folded monopole an-
tenna is A/2. The proper separation between fio. and fi:yn can be
designed by tuning the gap distance y because ('; only affects fiow.
Changing W, and ¢ slightly, excellent impedance matching to a 50 2
feed at both fio and frign is obtained. Fig. 9 shows simulated S|
as a function of g, Ly and W,. The initial values used for this study
are g = 15 mm, Ly = 81 mm, W; = 65 mm and &~ = 60 mumn.
As expected, while the change in g only affects fi..., the change in L
changes both fro. and fr;4%, showing the behavior predicted by cir-
cuit simulations. On the other hand, decreasing W, only lowers fiow,
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Fig. 10. Top/side view and design parameters of the proposed omnidirectional
antenna topology with two back-to-back parasitic elements.
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Fig. 11. Simulated and measured S of the proposed antenna corresponding to
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Fig. 12. Current distributions (top/side view) at (a) 330 MHz and (b) 430 MHz.

contrary to the circuit-model prediction where the increase in L re-
sulted in lowering both fi... and fr4x. This difference is due to the
fact that the change in TV; also causes a change in C'; and the transi-
tion geometry between the shorting strip and the top plate.

C. Bandwidth Enhancement Using Two Back-to-Back Parasitic
Elements

Introducing an additional parasitic element to the antenna topology
with one parasitic element, as shown in Fig. 10, makes the antenna
topology symmetric with respect to the E plane (xz plane). This has a
potential to enhance radiation pattern of the antenna. Noting that the
electric currents on the horizontal plane of the second parasitic ele-
ment are in the opposite direction of those on the first parasitic element
ensures cancellation of horizontally polarized radiated fields from the
first and second parasitic elements. This enhances the polarization pu-
rity of the vertically polarized antenna. The addition of the second par-
asitic element with identical dimensions does not change the circuit

/120 120

A0 i1 50 150 150 1150
190 g 0 180 “180

(m) (n) (0)

Fig. 13. Measured radiation patterns in xz (E)-plane, yz (E)-plane and xy (H)-
plane at 320 (a—), 330 (d-f), 380 (g—i), 430 (j-1) and 475 (m—o) MHz.
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Fig. 14. Simulated and measured gain of the proposed antenna.

model and the principle of operation, but it allows storage of electric
and magnetic energy over a larger volume, which should result in wider
bandwidth. In addition, tuning the dimensions of the second parasitic
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element provides the opportunity to excite another resonance. Consid-
ering the second parasitic element with dimensions identical to those of
the first element, as discussed in the previous section, the performance
of the modified antenna is studied.

Fig. 10 shows the geometry and design parameters of the modi-
fied antenna topology. In order to compensate the slight change in
impedance matching due to the addition of the second parasitic ele-
ment, W, is adjusted. The values of design parameters are given by
L, = 200 mm, L, = 8 mm, L. = 75 mm, Ly = 81 mm,
W, = 8 mm, W, = 8 mm, W, = 30 mun, W; = 65 mm,
g = 15 mm and h = 60 mm. The size of the ground plane used for
both the simulations and measurements is 0.7Arr x 0.7A1,r (= 70 cm)
where Arr is the wavelength at the lowest frequency of the opera-
tion. It must be noted that similar to any monopole-type antenna, as the
size of the ground plane decreases the impedance matching becomes
poor and the gain drops. Fig. 11 shows the simulated and measured
S11 corresponding to three cases: i. Antenna without any parasitic el-
ement (denoted by ‘no parasitic’), ii. Antenna with one parasitic el-
ement (‘one parasitic’) and iii. Antenna with two parasitic elements
(‘two parasitic’). Comparing the case of ‘one parasitic’ to the case of
‘two parasitic’, it is shown that the addition of the second parasitic el-
ement lowers both f,. and fz;4n, and enhance fractional bandwidth.
Misalignment between the antenna and ground plane and limited tol-
erance of the fabrication process cause a slight disagreement between
the simulated and measured results. Fig. 12 shows electric current dis-
tributions at 330 MHz and 430 MHz of the proposed antenna shown in
Fig. 10 (Case iii in Fig. 11). As intended, all the electric currents in the
horizontal plane of the antenna have a counterpart that is in the oppo-
site direction, leading to the cancellation of the radiated fields from the
top plate.

Figs. 13 and 14 show the measured radiation patterns and gain of
the proposed antenna (Case iii) at various frequencies. Desired omni-
directional radiation patterns having a null in the broadside direction
are observed. In the proposed antenna topology, although the lateral
dimensions are much larger than the vertical profile, the overall ratios
of co(= Ey) to cross(= Ey) polarization are higher than 10 dB in the
antenna bandwidth.

IV. CONCLUSION

A novel, electrically small, low profile, vertically polarized, and
omnidirectional wideband antenna is presented. It is shown that
through the application of novel capacitively coupled parasitic el-
ements, a wideband folded monopole antenna over a finite ground
plane with fractional bandwidth of 43% with the dimensions of
0.2ALr x 0.2Arr x 0.06Arr where Arr is the wavelength at the
lowest frequency of the operation, can be designed. This antenna
shows a high ratio of co- to cross-polarization, and omnidirectional
radiation pattern. Through a circuit model and sensitivity analysis of
the design parameters of the parasitic elements, a design procedure
is developed and used for the geometry optimization. Simulated and
measured results well validate the design procedure and expected
performance of the proposed antenna.
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