
1206 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 60, NO. 3, MARCH 2012
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Abstract—A novel high-gain low-profile miniaturized antenna
with omnidirectional vertically polarized radiation, similar to
a short dipole is presented. The proposed design focus is on
increasing the gain and improving the polarization purity of the
radiated field in the horizontal plane. The gain and polarization
improvement are achieved by isolating the feed structure from
a miniaturized resonant radiating structure composed of an
in-plane capacitor and a structurally embedded transformer.
The antenna topology is developed, based on circuit model and
through full-wave simulations the equivalence is established. The
equivalent circuit model assists in the initial design, and then
minor modifications are required to achieve the desired frequency
of operation. The initial topology of the proposed antenna, the
so-called Inductively Coupled Capacitively Loaded Monopole
Antenna (ICCLMA), consists of two metal layers, a feeding pin
and a shorting pin. The performance of the proposed antenna is
compared to that of an ordinary inverted F antenna and a more
recent low profile vertically polarized antenna (LMMMA) [1]. It is
shown that the gain of ICCLMA is 9 dB and 4 dB higher than that
of the conventional inverted-F antenna and the LMMMA, respec-
tively. To simplify the fabrication process a modified single-layer
ICCLMA topology is presented and optimized. Finally, a design
procedure to further reduce the lateral dimension of ICCLMA
is presented. A procedure for accurate measurement of antennas
with small ground planes is also presented.

Index Terms—Antenna measurement system, electrically small
antennas, omnidirectional antennas.

I. INTRODUCTION

V ERTICALLY polarized antennas with omnidirectional ra-
diation pattern are highly desirable for many applications

including near-ground communications among ad-hoc nodes of
wireless devices used in vehicles or unattended ground sensors
operating at low frequencies. The need for vertical polariza-
tion stems from the fact that near-ground propagation path loss
between two near-ground antennas for vertically oriented an-
tennas is by many orders of magnitude lower than any other
antenna orientation configurations [2], [3]. In fact, this is the
main reason monopole antennas with vertical polariza-
tion and omnidirectional radiation pattern are prevalent in many
communication devices working near the ground. However, as

Manuscript received November 05, 2010; revised April 11, 2011; accepted
October 10, 2011. Date of publication December 20, 2011; date of current ver-
sion March 02, 2012. This work was supported by the U.S. Army Research
Laboratory under contract W911NF and prepared through collaborative partici-
pation in the Microelectronics Center of Micro Autonomous Systems and Tech-
nology (MAST) Collaborative Technology Alliance (CTA).
The authors are with the Radiation Laboratory, Department of Electrical

Engineering and Computer Science, The University of Michigan at Ann
Arbor, Ann Arbor, MI 48109-2122 USA (e-mail: jungsuek@umich.edu,
saraband@eecs.umich.edu).
Digital Object Identifier 10.1109/TAP.2011.2180313

wireless communication devices continue to evolve, the large
dimension of the antenna is frequently problematic. Therefore,
it is imperative to further investigate methods of realizing ex-
tremely short monopole antennas with very small lateral di-
mensions, while maintaining high radiation efficiency. This will
allow ease of integration of such antennas with the package or
platform of small wireless devices that are emerging. Recently
different types of low-profile antennas with omnidirectional ra-
diation pattern have been proposed. Among these, one approach
is to excite radiation from short segments of loaded vertical
wires, and the other one is based on exciting a cavity-backed
small slot loop antenna [4], [5].
In the studies where short segments of vertical wires are uti-

lized as the intended radiators, the antennas are usually loaded
with horizontal resonant structures. Inverted L and Inverted F
antennas are the examples of the folded-type resonant loading
structures that are commonly used [6], [7]. One drawback of
these structures is the energy radiation in the horizontal polar-
ization that stems from relatively large lateral dimension of the
loading structures. This, of course, leads to lower gain in the de-
sired polarization channel. In [8]–[13], interesting capacitively
loaded monopole antennas with different especial disk geome-
tries are presented as means for reducing the antenna height
and improving the bandwidth. The heights of these antennas are
in the range of , presenting excellent operational band-
width. However, their lateral dimensions are still comparable to
the wavelength. For certain applications where the bandwidth
can be compromised, it is found that by loading the planar in-
verted-F antenna (PIFA), the lateral dimension of the antenna
can be reduced to [14]–[16]. In [16], a via-patch is added
inside a conventional PIFA leading to an easier design and fabri-
cation. By changing the height and location of the vias, different
degree of size reduction could be obtained, providing more de-
sign freedom. Nevertheless, these antennas include a multilayer
geometry that cannot be realized using simple PCB fabrication
process.
Recently, an extremely short monopole antenna

, known as LMMMA, with omnidirectional radiation
pattern and vertical polarization was introduced [1]. The con-
cept is based on superposition of multiple quarter-wave seg-
ments that are meandered and spiraled around to suppress the
radiation from horizontal currents above the ground plane. In
other words, the cancellation of the horizontal electric current is
achieved by introducing another set of electric current that is in
the opposite direction in the horizontal plane of the antenna with
the original electric current at electromagnetic resonance. As a
result, the antenna features a vertically polarized radiation in the
horizontal plane. Although the antenna produces almost purely
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vertical polarization, it suffers from low gain due to high ohmic
loss of the spiral metallic traces. Hence, it is obvious that more
effort will be needed to come up with a design for increasing
the gain of extremely short antennas with very small lateral di-
mensions.
For most monopole low-profile antennas, the size of the

ground plane is chosen to be large or moderately large com-
pared with the wavelength [17]–[20]. The size of the ground
plane affects the uniformity of the radiation pattern and the gain
near the horizontal plane due to the edge diffraction
[21]. For very small platforms, the size of the ground plane
must be comparable with the lateral dimensions of the antenna
itself.
In this paper, a novel low profile miniaturized antenna with

omnidirectional radiation pattern and vertical polarization
is presented. To suppress the radiated fields from horizontal
currents over a top load the horizontal currents are distributed
uniformly over a large metallic top load. However, the use of
this large top load in miniaturized antennas prohibits the use
of thin shorting pins because impedance matching to 50 ohm
cannot be obtained without the increase in the dimension of the
shorting pins. In the proposed antenna, a new in-plane capaci-
tive coupled structure is introduced for compensating inductive
coupling between the thin pins. Finally, the use of the large
top load, shorting pin and in-plane capacitive coupled structure
achieve improved polarization purity and excellent impedance
matching with antenna miniaturization. An equivalent circuit
model of the proposed antenna is developed for the ease of
design. The improved performance of the proposed antenna is
compared to that of ordinary inverted F antennas and the more
recent low profile vertically polarized antennas. A two-layer
antenna is described first to explain the principle of operation.
With the help of the equivalent circuit model, this design is
then modified to achieve a single-layer counterpart of the same
antenna for the ease of fabrication. Furthermore, the design
procedure and tradeoff study to reduce the lateral dimension of
ICCLMA at the cost of lowering the gain are presented. The
proposed antennas are fabricated and measured to validate the
design method. It is pointed out that an antenna with an electri-
cally very small ground plane cannot be measured accurately
using a common unbalanced coaxial feed. A new gain and
pattern measurement method using a balanced version of the
monopole (dipole type) antenna is presented.

II. THE INDUCTIVELY COUPLED CAPACITIVELY LOADED
MONOPOLE ANTENNA (ICCLMA)

A. Concept of ICCLMA

As mentioned before, one of the drawbacks of the very short
miniaturized monopole antenna (LMMMA) is its low radiation
efficiency resulted from the strong electric currents concentrated
on the horizontal thin metallic traces. However, establishing this
current is necessary to establish the required high current level
on the short vertical pin which is the main radiating component
of the antenna. As the height of the antenna decreases, higher
level of current is required and thus the antenna radiation effi-
ciency gets lower. In order to increase the gain, we need to sup-
press the radiated fields from horizontal currents over the res-

Fig. 1. (a) Equivalent circuit model drawn in side view and (b) top view of a
multilayer ICCLMA.

onating structure, while keeping the lateral dimensions small.
This can be accomplished by using a large capacitive top-load
as well as high Q lumped-type resonant structures built by sep-
arating the radiating structure (= the secondary circuit) from the
feed structure (= the primary circuit) using a magnetic coupling
and an additional capacitive coupling.
The high-Q resonant structure consists of magnetically-cou-

pled two pins acting as an transformer, a relatively wide metallic
patch acting as a capacitor and an additional capacitive coupling
between the feed structure and the radiating structure. The de-
sired operation of the transformer can be realized by the proper
placement of a feeding pin and the shoring pin in the resonator
which is a vertical element responsible for vertically polarized
radiation. The salient feature of the proposed antenna is the fact
that the internal elements of the antenna structure are used for
the desired functionality and impedance matching without the
need for lumped elements or external matching network. Other-
wise, the use of external lumped elements will render poor ra-
diation efficiency. As will be shown, the transformer coupling,
capacitance of the top load and other capacitances can be ad-
justed to achieve the impedance matching as well as obtaining
the resonant condition at a proper frequency.

B. Multilayer ICCLMA and Equivalent Circuit Model

The topology of ICCLMA designed initially consists of three
layers as shown in Fig. 1(a). This includes a ground plane, a thin
metallic trace, and a wide metallic patch that are, respectively,
placed in the bottom, themiddle and the top layers. Fig. 1(a) also
depicts an equivalent circuit model superimposed over the side
view drawing of the proposed multilayer ICCLMA. This circuit
model helps the arrangement of different structural components
of the antenna. A vertical feeding pin and a shorting pin are
inductively coupled. While the feeding pin is connected to a
narrow metallic trace in the middle layer, the shorting pin is
attached to a wide metallic plate in the top layer. The top view
of the structure shown in Fig. 1(b) indicates the position of the
shorting pin to be offset from the symmetry plane in the center
and a short distance away from the feeding pin. In other words,
the shorting pin does not touch the metallic trace in the middle
layer and thus the radiating structure can be coupled to the feed
magnetically.
The resistance (R) in the equivalent circuit represents the sum

of the radiation resistance, ohmic loss in metals, dielectric loss
and surface wave loss. The top wide metallic surface is repre-
sented by a shunt capacitor in the secondary circuit of the trans-
former in the circuit model. The uniform current distribution

Authorized licensed use limited to: Seoul National University. Downloaded on December 15,2022 at 14:06:01 UTC from IEEE Xplore.  Restrictions apply. 



1208 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 60, NO. 3, MARCH 2012

Fig. 2. Design parameters of a multilayer ICCLMA.

supported by the wide copper sheet on the top layer leads to
significant reduction of the ohmic loss. Additional capacitances
are introduced due to the placement of a narrowmetallic trace in
the middle layer. One very important feature of the new design
is that the antenna input impedance can match to almost any
desired value between 10 and 100 Ohm. Impedance matching
can be achieved by adjusting the parameters of the transformer
and the values of capacitors and inductors shown in the circuit
model. The coupling coefficient of the transformer corresponds
to the distance between a feeding pin and a shorting pin. The
values of the inductance and capacitances are related to the di-
ameter of two pins and the width, length and height of metal
sheets, respectively.
Design parameters are shown in Fig. 2. Their value are

given by , ,
, , ,

, , ,
and where is free-space wavelength at the
resonant frequency. The diameters of the two pins are chosen
to be 0.5 mm. The substrate used in this design has a dielectric
constant of 2.2 and dielectric loss tangent of 0.0009. In order
to consider ohmic loss, conductivity of copper is used in all
metallic traces and vertical pins in the full-wave analysis.
It is interesting to examine whether the equivalent circuit

model can predict the behavior for the proposed antenna struc-
ture. The values of the lumped elements in Fig. 3 are first de-
rived from the design parameters in Fig. 2 and slightly adjusted,
based on full wave simulation results. Fig. 4 shows the real and
imaginary parts of input impedance which are derived from a
circuit (Advanced Design System 2009) and full wave (Ansoft
HFSS 12) simulator. It is shown that the two results are in very
good agreement, meaning that the equivalent circuit model can
predict the performance perfectly. Simulated in Fig. 5 in-
dicates good impedance matching and fractional 10-dB return
loss bandwidth of 0.45% due to high quality factor.
The vertically (co-) and horizontally (cross-) polarized

radiation pattern in the E-plane and H-plane are presented
in Fig. 6(a) and (b). The co-polarized radiation pattern is
omnidirectional pattern with the direction of maximum gain

Fig. 3. Equivalent circuit model of a multilayer ICCLMA.

Fig. 4. Real and imaginary parts of input impedance simulated by full wave
and circuit simulators.

Fig. 5. Simulated when and .

occurring at . While the gain of co-polarized radiation
at near ground observation is 0.46 dBi, the gain of
cross-polarized radiation at is less than dBi. As
expected, the proposed antenna provides excellent suppression
of horizontally polarized radiation.
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Fig. 6. Simulated (a) E-Plane and (b) H-Plane radiation patterns when
and .

Fig. 7. E-Plane radiation patterns of (a) a conventional inverted-F antenna and
(b) multi-element monopole antenna with the same vertical profile as the height
of the proposed antenna .

C. Bench Marking

In this section, the performance of the proposed antenna is
compared with those of other low-profile antennas reported in
the literature. This comparison includes the size, gain, and po-
larization purity of the proposed antenna against a conventional
inverted F antenna and the multi-element monopole antenna
(MMA) introduced in [1]. Two antennas with the same height

as that of the proposed antenna, are de-
signed as shown in Fig. 7. To address a general drawback of low
profile antennas designed using a open circuited transmis-
sion line, the conventional inverted-F antenna with a thin
metallic trace is chosen. The drawback is poor polarization pu-
rity caused by very small height of the antenna and

TABLE I
GAIN AND DIMENSION OF A CONVENTIONAL INVERTED-F ANTENNA, MMA

AND PROPOSED ANTENNA

horizontal current flowing along the thin meta-llic trace in one
direction.While MMA has the same ground plane size as that of
the proposed antenna, the conventional inverted-F antenna has
larger ground plane since no miniaturization technique is ap-
plied. The simulated gain and the dimension of these antennas
and the proposed antenna are presented in Table I. For the case
of an inverted-F antenna, horizontal polarized gain dBi
onH-plane is dominant over the expected vertical polarized gain

dBi . Although MMA has the improved gain due to the
efficient cancellation of horizontal current, its gain is still low
as dBi because of high ohmic loss generated from narrow
metallic traces. For the proposed antenna, the gain is substan-
tially improved dBi and is 9 dB higher than that of the
conventional inverted F antenna.Moreover, the new antenna has
4 dB higher gain than the MMA with the same physical dimen-
sions, as shown in Table I. At (near ground observa-
tion), the ratio of horizontally to vertically polarized gain is less
than 25 dB, suggesting excellent suppression of the radiation
in horizontal polarization.

III. SINGLE-LAYER ICCLMA AND ADDITIONAL
SIZE REDUCTION

A. Single-Layer ICCLMA

In the previous section, it was shown that the gain of a mul-
tilayer ICCLMA is greatly higher than that of other existing
low-profile miniaturized antennas. However, the complexity of
the multilayer geometry cannot be ignored. This architecture
requires complex multilayer-printed circuit fabrication and is
subject to alignment errors and higher cost. This is perhaps
the reason why multilayer low-profile miniaturized antennas
are not popular, although they have better performance [14],
[16]. In this section, a modified single-layer ICCLMA having
the same equivalent circuit model is presented. The multilayer
structure had capacitances C2 and C3 in its equivalent circuit
that are responsible for miniaturization as well as impedance
matching. It turns out that the same capacitances can be real-
ized in single-layer ICCLMA architecture as shown in Fig. 8.
The series capacitor C2 between the primary circuit and the sec-
ondary circuit is created by an in-plane interdigital capacitance,
and C3 is the shunt capacitance between the strip attached to
the primary circuit (left side of the interdigital capacitor) and
the ground plane. Fig. 9 shows the simulated radiation pattern
of single-layer ICCLMA having the same dimension as a multi-
layer ICCLMA. This antenna has a slightly lower gain of 0 dBi
at the same resonant frequency.
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Fig. 8. Topology of single-layer ICCLMA.

Fig. 9. Simulated (a) E-Plane and (b) H-Plane radiation patterns of a single-
layer ICCLMA when and .

Fig. 10. Equivalent circuit model of single-layer ICCLMA.

Fig. 11. Design procedure for additional size reduction of single-layer IC-
CLMA.

B. Additional Size Reduction of Single-Layer ICCLMA

As discussed in Section II-B, the introduction of the series
capacitance C2 in the proposed ICCLMA antenna allows for
the ease of impedance matching at lower frequency. This
property also allows for obtaining additional size reduction of
single-layer ICCLMA. Fig. 10 shows equivalent circuit model
of single-layer ICCLMA. When C2 is changed by modifying
the interdigital structure as shown in Fig. 11, C1 and C3 are
also changed at the same time because they are proportional to
the area of metal sheet on the top layer.

It is interesting to note that the proper combination of C1,
C2 and C3 values can achieve excellent impedance matching
of smaller antennas. Fig. 11 describes how this principle is ap-
plied for additional size reduction. The suitable combination of
C1, C2 and C3 values can be found by changing the gap dis-
tance between two metallic sheets on the top layer (G1 and G2),
the width of protruding parts of the interdigital shape (W1 and
W2), as well as L1 and L2. For example, the center prong in
Fig. 11 determines the series capacitance C2 and other prongs
are modified to get the required capacitance C1. The impedance
matching for three different dimensions is well achieved at the
same resonant frequency as shown in Table II. Finally, the size
can be reduced from 15 mm 15 mm to 8 mm 15 mm, which
corresponds to almost 50% size reduction. However, the size re-
duction comes at the expense of reduction in gain from 0 dBi to

dBi.
One important advantage of this design procedure is that

smaller antennas can be perfectly matched to 50 ohm without
modifying parameters related to pins such as the diameter of
two pins and the gap distance between two pins, while folded
low-profile antennas such as PIFA usually require changing
the area of the rectangular sheet shorting the top plate when
additional miniaturization is required. Furthermore, in the
proposed antenna, thin pins with diameter as small as 0.5 mm
are used, while most folded low-profile antennas have a wide
rectangular shorting sheet that is comparable to the other an-
tenna dimensions. This property is desirable when commercial
PCB technology is used in fabrication of low-profile vertically
polarized antennas. Basically, metalized via holes can be used
to realize the shorting pins very accurately.

IV. MEASUREMENTS

A. Measurement Issues for Antennas With Electrically Small
Ground Plane

In order to validate the design approach discussed in the pre-
vious section, the proposed antenna was fabricated and its input
impedance and radiation pattern was measured. One of the de-
sign goals is to fabricate an antenna with very small dimensions
including the size of the ground plane . However, in gen-
eral there is a problem with characterizing the input impedance
and radiation pattern of such antennas with unbalanced feed.
For measuring the input impedance using a network analyzer or
the radiation pattern using a spectrum analyzer, a long coaxial
cable must be connected to the antenna. The problem is that the
antenna near-field is coupled to the coaxial cable over which
an electric current can get excited. As a result, both the input
impedance and the radiation pattern of the antenna are changed.
Fig. 12 depicts the electric field distribution around the pro-
posed antenna fed by a coaxial cable. Significant electric cur-
rent exists on the external layer of the coaxial cable that unex-
pectedly contributes to radiation. This causes a shift in the res-
onant frequency, poor impedance matching and radiation pat-
tern. Although omni-directional radiation pattern is expected
(see Fig. 13(a)), deformed radiation pattern is actually measured
as shown in Fig. 13(b). At , which is near ground obser-
vation, the gain is dropped from the expected 0 dBi to dBi.
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Fig. 12. Electric field distribution in the proposed antenna fed by coaxial cable.

Fig. 13. Simulated E-Plane radiation pattern of single-layer ICCLMA (a)
without and (b) with a coaxial cable.

B. Validation of the Proposed Design Method Using a Large
Ground Plane

In order to avoid the coupling to the feed line and the resulted
undesirable radiation problem from the feed line connected to
the antenna with electrically small ground plane, one can use
a very large ground plane. The proposed antenna placed on a
large ground plane is measured by a vector network analyzer.
It should be pointed out that the design parameters of the an-
tenna on a large ground plane are slightly different from those
of the same antenna on a small ground plane. A miniaturized
single-layer ICCLMA on ground plane is designed,
fabricated and measured as shown in the measurement setup of
Fig. 14. Fig. 15 shows the measured reflection coefficient, com-
pared with the simulation result. A good agreement is observed.
Measured radiation pattern of this antenna is compared to that
of a monopole antenna on the same ground plane. Fig. 16
shows the overall gain of the proposed antenna operating at the
resonant frequency is comparable to that of a monopole
antenna.

C. Antenna Measurement Using a Balanced Architecture

Miniaturized monopole antennas are considered for small
wireless nodes with small platforms where the back of the
antenna ground plane can support the active elements. As
described in the previous section, the characterization of small
antennas by connecting a long coaxial cable leads to uncertain-
ties in the antenna radiation parameters. One approach is to use
large ground planes ( on each side) as was shown in the
previous section, but at low frequencies the size of the ground
plane may become prohibitively large. To avoid this problem,

Fig. 14. (a) Miniaturized single-layer ICCLMA and (b) measurement set up
using a large ground plane .

Fig. 15. Measured and simulated of a miniaturized single-layer ICCLMA
on a large ground plane.

Fig. 16. Measured E-Plane radiation patterns of a ICCLMA and
monopole antenna.

an alternative method to measure the input impedance and ra-
diation pattern of electrically small antennas is presented. This
can be done using a balanced architecture or simply the dipole
version of the monopole antenna (see Fig. 17). A balanced
architecture produces a null surface in the plane bisecting the
dipole structure. In this plane, any metallic structure like the
antenna feed can be inserted without affecting the antenna
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Fig. 17. Measurement method using a balanced architecture.

Fig. 18. Side, top and bottom views of measurement set up of a balancedminia-
turized antenna compatible with unbalanced measurement system.

Fig. 19. Measured and simulated of the proposed balanced architecture.

characteristics. The only difficulty is that a balun structure must
be used. Although measuring a balanced version of the antenna
is not representative of the performance of the antenna on
small ground, by redesigning and testing the antenna on small
ground as a balanced topology it can be examined whether the
simulation results of the antenna previously designed on small
ground is trustable or not.
Fig. 18 shows a balanced low-profile miniaturized antenna

connected to a microstrip balun in the null plane. The standard
microstrip tapered balun is connected to two back-to-back
ICCLMAs. The vertical dimensions of the antenna and balun
set up shown in Fig. 19 are given by and

. Fig. 20 shows the measured and simulated
reflection coefficients of a balanced architecture. The simulated
fractional 10-dB return loss bandwidth is 0.78%, while that
of 8 mm 15 mm single ICCLMA with small ground plane
is 0.36% (see Table II). The simulated and measured gains in
Fig. 20 are 0.66 dBi and 0.36 dBi, which are higher than that

Fig. 20. Measured and simulated (a) E-Plane - and (b) H-Plane
- radiation patterns of the proposed balanced architecture.

TABLE II
GAIN AND RESONANT FREQUENCY OF SINGLE-LAYER ICCLMAS WITH THREE

DIFFERENT DIMENSIONS

of 8 mm 15 mm single ICCLMA with small ground plane in
Table II. This is not a surprise because the volume of the dipole
ICCLMA is twice that of the monopole version. In Fig. 20,
measured radiation pattern shows good agreement with the
simulated results. We also tested the antenna with different
length of balun and feed line, and found out that the antenna
input impedance and radiation pattern remain unchanged re-
gardless of the length of the feeding lines. Therefore, placing
active components with differential (= balanced) outputs in the
null plane, this balanced architecture can be used for small RF
platforms requiring purely vertically polarized radiation.

V. CONCLUSION

A novel miniaturized low-profile vertically polarized an-
tennas is presented. The gain and polarization improvement are
achieved by isolating the feed structure from the miniaturized
resonant radiating structure and using inductive, top loaded
and in-plane capacitive couplings appropriately. Using this
approach, a high gain low profile miniaturized antenna with
omnidirectional and vertically polarized radiation, similar to
a short dipole is designed and fabricated. The gain of this
antenna is 9 dB and 4 dB higher than those of the conventional
inverted-F and the LMMMA [1], respectively. In addition,
the proposed antenna shows excellent suppression of horizon-
tally polarized radiation in the horizontal plane (near ground
observation). A procedure is also outlined to achieve further
size reduction which, of course, results in lower antenna gain.
Measurement method and set up for antennas with electrically
small ground planes are discussed, and it is shown that a dipole
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version of a monopole design can be used to easily characterize
the antenna performance.
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