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Efficient Electrically Small Antenna Facilitated by a
Near-Field Resonant Parasitic

Richard W. Ziolkowski, Fellow, IEEE

Abstract—An electrically small electric-based metamaterial-in-
spired antenna system that is designed for narrow bandwidth op-
eration near 300 MHz is presented. It consists of a lumped ele-
ment-based resonant parasitic element that is introduced into the
very near field of a coax-fed monopole. It is demonstrated that sev-
eral idealized lossless versions are capable of achieving a near per-
fect impedance match to the source and, thus, have overall effi-
ciencies near 100% without an external matching circuit. It is es-
tablished that the entire system makes effective use of the radian-
sphere volume it occupies. The overall efficiencies are shown to re-
main high even when conductor losses are introduced. Potential
frequency agility is also demonstrated.

Index Terms—Antenna efficiency, antenna theory, electrically
small antennas, metamaterials, parasitic antennas, Q factor.

1. INTRODUCTION

EVERAL efficient electrically small antenna (ESA) sys-
S tems have now been demonstrated theoretically using
metamaterial constructs [1] and practically with metamate-
rial-inspired near-field parasitics, the EZ antennas reported in
[2]. Another 3D electric-based version, the Z antenna, was in-
troduced in [3]. In these designs, the presence of an electrically
small resonant parasitic whose effective material properties
were properly matched to the bare electrically small radiator
led to near perfect reactive and resistive matching to the source
without the introduction of an external matching circuit. The
resulting electrically small resonant (electric-based) or anti-res-
onant (magnetic-based) antennas were demonstrated to have
high overall efficiencies. Because of the sequence of antenna
designs given in [1]-[3], it appears that the main facilitator to an
efficient ESA is simply a resonant near-field parasitic. To test
this hypothesis and, if positive, to answer the question of how
small and how simple the near-field parasitic might be, were
the central questions posed in this theoretical and numerical
study. All simulations were performed with ANSOFT’s High
Frequency Structure Simulator, i.e., HFSS.

Because of the very small physical sizes relative to the wave-
length and because of the desire to investigate very narrow band-
width behaviors, the HFSS simulations were challenging. They
were run on a 64-bit platform with HFSS v.11.0.2. The radi-
ation boundary surfaces, as recommended by ANSOFT, were
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set slightly larger than \,s/4 away from the antenna system.
The minimum convergence parameter was set at AS = 1.0 x
10~* to achieve adequate mesh resolution to obtain the nec-
essary frequency resolution of the responses. All of the con-
ductor volumes were pre-meshed to improve convergence. The
radiation boundary surface was also pre-meshed to obtain the
most accurate overall efficiency values. The lumped element
was modeled with its actual dimensions, related materials prop-
erties, and an HFSS lumped RLC boundary element, which
can be used to represent any combination of lumped resistor,
inductor, and/or capacitor in parallel on a surface. This sur-
face was centered in the physical model of the lumped ele-
ment. The metal objects were modeled with real copper having
Ocopper = 9.8 X 107 Siemens/m. When endcaps were included
on the lumped element inductor, they were treated for compar-
ison purposes either as lossless tin with an idealized conduc-
tivity Oginideal = 9.17 x 106 Siemens/m or as real tin with
conductivity o, = 9.17 x 10% Siemens/m.

II. RESONANT NEAR-FIELD PARASITIC ANTENNA DESIGN

The geometry of the monopole, near-field parasitic system is
shown in Fig. 1 along with definitions of its dimensions. The
circular wire monopole is coaxially fed through a ground plane
(the xy-plane in Fig. 1) and has the same radius as the inner
conductor of the coax, r, = 0.3 mm. The outer radius of the
coax is set to b = 2.301 r,, = 0.6903 mm to achieve a 50 Q2
feedline. The height of the monopole was H1 = 0.85 mm. The
HFSS predicted impedance of the coax was 49.975 (). The bare
monopole with ideal copper produced a total radiated power
Py = 1.16x10~2 W for an input power P;,, = 1.0 W because
its input impedance Z;, = 1.16 x 1079 — j 10540 Q was very
poorly matched to the source.

There is a wide variety of design options available to match
such an electrically small antenna to the source. The most
common is an external matching circuit, e.g., an inductor of
the appropriate value is connected directly to the monopole
to achieve conjugate matching and then a quarter-wavelength
transformer is introduced to achieve resistive matching. The
resonant parasitic element is a different paradigm. It represents
an internal matching element; yet it is part of the antenna
itself since it contributes to the radiation process. It may be
advantageous because now the entire antenna system is elec-
trically small, yet matched to the source without any external
contrivances.

The near-field parasitic consisted of a rectangular paral-
lelpiped inductor connected to a conductive wire of the same
shape. The dimensions of the lumped element model (lower
portion of parasitic) were based on those corresponding to
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Fig. 1. The antenna system and its dimensions (a) 3D view, (b) side view, and
(c) top view. The ground plane is located in the xy-plane.

the API Delevan Series 0805 wire-wound surface mount in-
ductor [4] that was used in [3]. This means L = 1.73 mm,
W = 1.52 mm, and H2 = 2.29 mm. The HFSS RLC element
was oriented radially away from the wire (in zx-plane). A
metallic arm (upper portion of parasitic) was attached to the
inductor and oriented vertically. It has the dimensions L, W, and
H3 = 3.7 mm. Two rectangular discs were inserted to represent
its endcaps: one between the ground plane and the inductor,
and one between the inductor and the conductor arm of the
parasitic. The endcaps were set to L, W, and H4 = 0.3 mm.
Consequently, the total height of the parasitic was 6.59 mm.
The center of the edge of the parasitic was offset from outer
wall of the coax a distance dogset = 0.3097 mm, i.e., the edge
of the parasitic was 1.0 mm from the center of the monopole.
The RLC element produced the specified inductance value.
However, because its electromagnetic properties were not
known exactly, the inductor’s casing material was treated as an
ideal dielectric. In this case, the casing was approximated as a
dielectric with relative permittivity ¢, = 2.2. Consequently, the
inductor was modeled as an idealized lossless element.

It was desired to achieve a resonance near 300 MHz. This
choice was made simply to have the free space wavelength ap-
proximately 1.0 m. With the indicated dimensions, real copper
for the monopole and the parasitic arm, idealized tin for the end-
caps, and with the inductor value L;,q = 1300 nH, the resonant
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Fig. 2. HFSS predicted S values.
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Fig. 3. HFSS predicted E- and H- plane far field patterns.

frequency was fr.s = 299.52231 MHz. The HFSS predicted
S11 values are given in Fig. 2 and show near complete matching
to the source at the resonance frequency. The overall radiated
power was Py,q = 0.972 W. The S-parameter and the total radi-
ated power values clearly demonstrate that the resonant parasitic
acts like an internal matching circuit for the antenna. As with the
Z antenna in [3], the radiation patterns of this antenna system,
shown in Fig. 3, have the same form as the bare monopole, i.e., a
monopole in the presence of a truncated ground plane, but with
a much larger amplitude corresponding to the much improved
overall efficiency of the system. In comparison, when the end-
caps were treated as real tin, the overall radiated power was re-
duced to P4 = 0.840 W; as copper, P..q = 0.915 W. These
results emphasize the need for a complete understanding of all
of the material properties, particularly those of the inductor, to
achieve the best practical design.

Why is the parasitic considered as a resonant element? This
is illustrated in Fig. 4 with circuit and transmission line equiva-
lents for the electromagnetic objects. Because the parasitic arm
is also an electrically small radiator, it too acts as a capacitive
element. This capacitor is connected to the lumped element in-
ductor in series and the current path is closed by the displace-
ment current, as it is for the monopole itself. The entire parasitic
thus forms an LC resonant element and radiates as a monopole.
The formula for the input impedance of an electrically small
monopole follows immediately from the dipole result [5] as

ha\’ In(ha/ra) — 1
Zmonopole =40 2 [ a — 560 al/Ta
input i < ) ) T an(2mha /3
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Fig. 4. Equivalent models of the antenna system (a) Fields and elements, (b)
transmission line.

— Ry +jXo = Ry~ j—r (M)
wC,

where h, is the height of the monopole and r, is its radius.
Using (1) to calculate the effective capacitance of the monopole,
C,, and of the parasitic element, C,, (taking into account its
entire height and its smallest transverse dimension to determine
its radius) and then adding them in series as indicated in Fig. 4,
the resonant frequency of the circuit model is approximately

G+ Ca = 280.72 MHz 2)
Ly(CyCa)

where L, is the inductance of the lumped element, the dominant
inductive contribution in this system. This result is in reason-
able agreement with the value obtained with the detailed HFSS
calculations. The parasitic element causes the total reactance in
Fig. 4 to be zero at the resonance frequency. However, this re-
sult does not reflect its other major function.

The resonant parasitic element also acts as an impedance
transformer. It not only provides matching of the antenna to the
source, but it also provides the requisite matching to free space.
It is a transducer that converts the strong evanescent fields of
the monopole into propagating waves. The second impedance
transformer in Fig. 4(b) is meant to represent explicitly this
overall function of the antenna system, a transducer of the elec-
trical power in the interior of its radiansphere to electromag-
netic power in its exterior. It is also clear from these arguments
how the geometrical and physical parameters interact. For ex-
ample, if the height of the monopole or the parasitic element is
reduced, the capacitance is increased. A smaller inductor value
would then be necessary to maintain the same resonance fre-
quency. For a given resonant parasitic, matching can usually be
achieved simply by adjusting the height of the monopole appro-
priately. Guided by such basic precepts, this initial design and
several alternatives were obtained with only a few numerical it-
erations.

From Fig. 2 it is clear that the antenna system has a very
narrow bandwidth. The half power (VSWR) fractional band-
width was FBW = 2.32x 1075, giving Q = 2/FBW = 8.62x
10**. The radius of the minimum enclosing sphere is taken to be
the radius from the center of the parasitic to its top corner, a =
6.647 mm. Then, at the resonance frequency ka = 0.0417 and
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Fig. 5. Resonant frequency values for changing inductor values.

A/a ~ 151. The corresponding Chu lower bound quality factor,
including the radiation efficiency [6], gives Qp, = 1.34 x 10+4
and, hence, Q = 6.42 Q. Note, however, that the entire an-
tenna is not filling the radian hemisphere surrounding it. In fact,
if the effective volume of the antenna is taken to be the volume of
the rectangular parallelpiped enclosing the far edge of the coax
and the entire parasitic: 4.1106 mm X 1.52 mm X 6.59 mm, the
ratio of volume of the radian hemisphere enclosing the antenna,
27al /3, to this antenna volume is 14.94. The monopole and the
near-field parasitic system is making very efficient use of its ef-
fective volume.

The variation in the resonance frequency as a function of the
inductor values was also considered. The resonant frequency
at each 10 nH step from 1150 nH to 1450 nH, as well as at
the endpoints: 1100 nH and 1500 nH, were obtained simply
by changing the inductor value and searching for the resonance
with fast sweeps, making sure that the minimum S1; value was
below —40 dB. The HFSS predicted results are shown in Fig. 5.

In all cases the HFSS simulations predicted that the total radi-
ated power was P,,q ~ 0.97 W (there were small variations in
the third decimal place). It is quite interesting that the near-field
resonant parasitic is a robust matching element despite it being
very electrically small. As with the Z antenna, a frequency agile
and possibly a broad instantaneous bandwidth system may be
possible by replacing the inductor with an active (non-Foster)
internal matching circuit [7]. The present configuration would
have an immediate advantage over the Z antenna because the in-
ductor region could be accessed directly from below the ground
plane.

III. ALTERNATE DESIGNS

With this initial success, there were questions as to what
would happen with changes in the geometry. For instance, the
effect of the location of the parasitic was considered. Moving
the parasitic further away from (closer to) the monopole low-
ered (raised) the resonant frequency. Moving the edge of the
parasitic to 2.5 mm from the monopole center (1.8097 mm
from the outer conductor of the coax), it was found that the
resonance frequency was lowered to 295.73325 MHz with
Praa = 0.973 W. Changing the length of the parasitic required
changing the length of the monopole to re-establish matching.
Nonetheless, complete matching and approximately the same
overall efficiency was maintained.

Other variations based on practical considerations were
also simulated. For example, ECM electronics sells an axial
molded choke, model MF1303T-1R2, that has a 1200 nH
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Fig. 6. Circular inductor version of the near-field parasitic. The ground plane
is located in the xy-plane.

inductance value [8]. The length of the main body of this
inductor is 3.35 mm, its diameter is 2.41 mm, and its axial
wire radius is 0.5 mm. This inductor was used as the basis for
the parasitic system shown in Fig. 6. It has an epoxy casing
which was modeled with the epoxy Kevlar values in the HFSS
data base: ¢, = 3.6, u, = 1.0, and negligible loss tangents.
The parasitic arm was made cylindrical to fit exactly on the
inductor. Its height was 2.5 mm. Thus the overall height of the
parasitic was 5.85 mm, giving a = 5.9728 mm. To have the
same wire dimensions, the monopole radius was increased to
r, = 0.5 mm. This increased the outer radius of the coax to
b = 1.1505 mm. The simulated coax impedance was 49.964 2.
The antenna length was H1 = 0.8 mm. The ground plane is
located in the xy-plane of Fig. 6. The offset distance between
the outer edge of the coax and the outer edge of the parasitic
was dogset = 1.0 mm. No solder discs were included because
the parasitic could be assembled with the inductor wire soldered
to the ground plane and the parasitic arm attached snug-fit to
the inductor wire. The HFSS predicted resonance frequency
was fos = 290.3885 MHz (S11 = —48.9 dB). This gives
ka = 0.036 and A\/a ~ 173. The total radiated power was
0.970 W. The quality factor was Q = 4.29 Q. This design
makes even more effective use of its radiating volume; and it
would probably be the most practical to try experimentally.

Yet another design was considered that was based on
the 1500 nH version of the Murata magnetically shielded
monolithic inductor LQM2IN [9]. This choice was made
because its design actually matches the model shown in Fig. 1,
but with smaller dimensions. In particular, . = 1.25 mm,
W = 0.85 mm, and H2 = 2.0 mm. With r, = 0.3 mm,
H1l = 0.74 mm, dogeet = 2.0 mm, and H3 = 3.4 mm, the
HEFSS predicted resonance frequency was f,.s = 298.3885 MHz
(S11 = —46.4 dB). This gives ka = 0.034 and A\/a ~ 184.
The total radiated power was 0.826 W. The quality factor was
Q = 7.28 Qp.

These design variations demonstrate the robustness of the
basic concept. The cylindrical version, being about the same
size, maintained the same overall efficiency. While the smaller
version showed a decrease in the overall efficiency, its predicted
value remains interesting.

IV. CONCLUSION

An efficient electrically small antenna system was intro-
duced and its performance was characterized numerically. By

introducing a resonant lumped element-based parasitic element
into the very near field of a coax-fed monopole, near complete
impedance matching to the source and efficient coupling to
free space was enabled. Several variations of the design were
presented and their performance characteristics were compared.
Despite being very electrically small, the overall efficiencies
were predicted to be very high. This near-field resonant para-
sitic appears to an advantage over directly loading the radiating
element with a conjugate matching element and introducing
some type of external resistive matching circuit because it
provides internally not only the same reactance matching, but
it also furnishes the requisite resistance matching—without the
need to introduce any external circuit elements. The config-
uration is analogous to a dielectric resonator antenna; but it,
like the metamaterial-based and -inspired antenna systems, is
enabled through the realization of a highly subwavelength-sized
resonator. Such a resonator is enabled at the low frequencies
considered here by the lumped element; at higher frequencies
one would again have to deal with metamaterial constructs or
some inspired analogue. A frequency agile system could be
realized by simply changing the inductance of the parasitic.
Active internal matching network approaches are under consid-
eration to achieve larger instantaneous bandwidth.

Experiments to confirm the simulation results reported here
are being planned. As already noted, a critical issue that could
significantly impact the overall system performance is the
actual electromagnetic behavior of the inductor. While an
inductor’s circuit values are provided by its supplier, its elec-
tromagnetic properties are not. In addition to metallic losses in
the inductor itself (i.e., finite Q values), simulations indicate
that field losses in the inductor casing material can significantly
impact the overall efficiency. Experimental data could lead
to desirable improvements in the simulation models and their
predicted results.
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