
ature distribution provide enough information for system optimi-
zation.
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ABSTRACT: In this paper, we experimentally investigate the effect of
artificial magnetic material loading on the radiation properties of a pla-
nar inverted F-antenna (PIFA). We introduce two principal strategies
for the utilization of the magnetic material with planar antennas. It is
shown that a dramatic bandwidth enhancement is achievable when the

material is utilized in its resonant regime. In addition, it is experimen-
tally proven that at frequencies below the material resonance, the load
can be considered as a paramagnetic material, thus enabling efficient
size miniaturization. © 2005 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 46: 205–210, 2005; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/mop.20946

Key words: PIFA; artificial magnetic materials; metasolenoid; minia-
turization

1. INTRODUCTION

It is expected that the enormous growth of the traffic load in
wireless networks will continue in the near future [1]. The growing
trend in the communications industry is to favor smaller-size
handheld devices. However, the necessity of size miniaturization
should not mean the loss of capability to fulfill the capacity
requirements set by communications systems. This is especially
important with antennas; as the size of an antenna is miniaturized,
it is important that the bandwidth of the antenna is retained. This
ensures, for example, that the same amount of information can be
transferred with the modified, smaller-size antenna.

One of the most common ways to achieve size miniaturization
of a planar antenna is to load the volume under the patch element
with different materials [2]. This usually lowers the resonant
frequency; by decreasing the size of the patch element, the oper-
ational frequency can be tuned back to the original frequency. The
result is a smaller-size antenna; however, the drawback with most
of the loading methods introduced in the literature is a more
narrow fractional bandwidth and/or suffered radiation efficiency.

During the first heyday of so-called metamaterials [3, 4], elec-
tromagnetically exotic materials gained a lot of interest among
antenna designers. Magnetodielectric substrates [5, 6], ferromag-
netic substrates [7], and high-permittivity materials [8] have been
proposed to be utilized in antenna miniaturization and performance
optimization. Electromagnetic band-gap (EBG) materials [9] and
their utilization with planar antennas have been extensively studied
(see, for example, [10–13]). Recently, artificial magnetic materials
[14, 15] were proposed as a mean to improve the performance of
planar antennas [16, 17].

Another direction for the optimization of planar antennas is to
fix the volume of an antenna and try to increase the bandwidth.
Commonly used bandwidth enhancement techniques include the
utilization of conventional resonators [18] and parasitic patches
[19, 20], as well as the modification of the shape and the size of the
patch element [21, 22]. In most cases the wider bandwidth is
achieved with the cost of increased antenna size (consider, for
example, parasitic patches).

In the present work, we briefly revise the basic principles
behind the aim to achieve size miniaturization of planar antennas
with different material loadings. The metasolenoid [15] is chosen
as an example unit cell of a magnetic material, and it is used to
load the volume under a PIFA patch. We characterize two different

Figure 1 Circuit model for the PIFA and the chassis
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frequency regions for different utilization principles: In the first
scenario we utilize the metasolenoids in their resonant regime and
construct a compact size multiresonant antenna. In the second case
the metasolenoids are utilized at frequencies below their resonant
frequency and function as an artificial material loading.

2. MATERIAL LOADING OF PLANAR ANTENNAS

2.1. Known Limitation of Electrically Small Antennas and the
Figure of Merit
An antenna is characterized by many important parameters, but it
is possible to define a universal parameter that determines which
(electrically small) antenna is “better” in terms of its size and
bandwidth. This can be done using the concept of the minimum
quality factor of small antennas. It is well known that there is a
fundamental limitation on the minimum quality factor of small
antennas [23, 24]. For a small antenna radiating as an electric or
magnetic dipole, and contained in a sphere of radius a, the quality
factor is limited by the value of

Q �
1

�k0a�3 , (1)

where k0 is the free-space wavenumber (k0a �� 1). We can
observe that for antennas operating at a given frequency the
product Qa3 � QV (with V the antenna volume in the limiting
case) is restricted by the basic physics, and the limit depends only
on the frequency. Thus, when comparing two antennas operating at
the same frequency, we can conclude that the antenna character-
ized by a smaller value of QV is better in the sense of its size and
bandwidth. Similarly, when comparing two antennas of the same
volume V and different working frequencies and quality factors,
the figure of merit is the product QFres

3 , where Fres is the resonant
frequency of the two antennas. The smaller this value, the closer
we come to the fundamental limit of the antenna performance. The

aim of the optimization procedure is to minimize the parameters
QV or QFres

3 .

2.2. PIFA Circuit Model
The PIFA [25] is one of the most common internal antenna
structures used by the biggest mobile-phone manufacturers. The
equivalent circuit of a PIFA, taking into account the effect of the
mobile phone chassis, is presented in Figure 1 [26]. The parallel
resonant circuit represents the patch element, which is coupled to
the chassis represented by the series-resonant circuit.

There are several directions for the optimization of electrically
small antennas of mobile terminals. One of the directions is an
effective excitation of the chassis with the so-called coupling
elements [26, 27]. However, this solution is not always possible or
preferable. In this paper, we consider a patch element lying above
an infinite ground plane and neglect the series resonant circuit in
the equivalent circuit model.* This approach is chosen to clarify
the fundamental effect of different material loadings.

It is known from basic circuit theory that the quality factor of
a parallel-resonant circuit is of the following form (the notations
refer to Fig. 1):

Q � R1�C1

L1
, (2)

where Q is the quality factor of the resonator, R1 � 1/G1 is the
resistance representing the losses in the resonator, and C1 and L1

are the capacitance and the inductance of the resonator, respec-
tively. Thus, we can readily write the proportionality for the
bandwidth and the resonant frequency of a parallel-resonant circuit
as follows:

BW � �L1

C1
, Fres �

1

�L1C1

. (3)

From such a simplistic circuit model we can draw the known
observation [2, 5, 16] that by increasing the inductance of the

* Basically, by doing this we are optimizing the radiation properties of the
patch element.

Figure 2 The metasolenoid [15]

TABLE 1 Metasolenoid Dimensions (See Fig. 2 for Definition)

a mm b mm w mm g mm d mm �r

3.5 3.5 0.4 1.0 0.127 2.20 � j0.002*

* �r is the permittivity of the host substrate.

Figure 3 Typical dispersive behavior for �eff of a medium densely filled
with metasolenoids (the part with lines denotes the resonant region, the
grey part denotes the effective material region)
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setup, for example, by an appropriate loading of the volume under
the patch with a magnetic material, the resonant frequency of the
antenna decreases, but the reduction of the bandwidth can at the
same time be (partly) compensated. Electrical (capacitive) loading,
that is, loading the antenna volume with capacitive loads (ordinary
metal pieces, dielectrics, and so on) also lowers the resonant
frequency, but usually the bandwidth also becomes narrower [2,
8]. The utilization of high-permittivity materials in size miniatur-
ization usually leads also to strong electromagnetic coupling be-
tween the patch and the metal ground behind the substrate, exci-
tation of surface waves, and difficulties in the antenna impedance
matching [11].

3. THE CHOSEN ARTIFICIAL MAGNETIC PARTICLE

It is well-known that natural magnetic materials loose their mag-
netic properties at microwave and millimeter-wave frequencies.
This is the main reason why magnetic loading of antennas is still
not commonly used at microwave frequencies. The concept of
artificial magnetism was actively launched only a few years ago
after the discovery of metamaterials (see, for example, [14, 15]).†

Simply stated, artificial magnetic materials are composite struc-
tures with conducting inclusions of complex shapes. Magnetism is
created without magnetic constituents. Usually, single particles
(unit cells) that constitute the artificial magnetic material are
loop-shaped resonating particles.

The chosen unit cell used to construct an artificial magnetic
material is shown in Figure 2. The particle is called a metasole-
noid. A detailed analysis of the metasolenoid can be found in [15].
The dimensions of the metasolenoid samples used in the measure-
ments are presented in Table 1. When the small unit cells (meta-
solenoids) are positioned in close proximity to each other, the
structure formed in this way can be considered as a piece of a
certain medium characterized by effective material parameters �eff

and �eff.** For example, when we put many properly designed
metasolenoids under the patch element of a PIFA, we can physi-
cally think that the volume under the patch is occupied by a block
of medium (material) characterized by a certain �eff. If the value
of �eff exceeds unity at the operational frequency, the material
loading can be considered as a paramagnetic material; thus, we
have achieved inductive loading, which is necessary for efficient
size miniaturization.

The dispersive behavior for the �eff of a medium densely filled
with the introduced size metasolenoids is presented in Figure 3.
Because the unit cell (metasolenoid) that constitutes the medium is
a resonator, the medium is also of resonant type (the resonant
region corresponds to the frequencies where the absolute value of
�eff is very large, see Fig. 3). If a PIFA having metasolenoids
under its patch resonates near 0.95 GHz (Fig. 3), then the meta-
solenoids would be excited very strongly, and rather than being
considered as a magnetic material loading, they would behave as
parasitic resonators. But, if we instead design a PIFA to resonate
around 0.85 GHz with the particles under the patch, we would no
longer utilize the resonant regime of the medium, since at 0.85
GHz Re{�eff} is almost constant, yet larger than unity. Thus, in the
latter case the particles behave as a magnetic material occupying
the volume under the PIFA patch.

For the following measurements, we construct two PIFAs. In
the first case (case I), the resonant frequency of the PIFA with the
metasolenoids under the patch corresponds to the resonance of the
metasolenoid. In the second case (case II), the frequency of the
loaded PIFA is considerably below the resonance of the metaso-
lenoid.

4. MEASURED RESULTS

4.1. Measurement Setup
To eliminate the effect of the finite ground plane, all the measure-
ments were performed using a large 30 � 30 cm metal ground

† Although this has been known since the 1950s (Schelkunoff).
** The wavelength has to be large compared to the element and particle
size [28].

Figure 4 Geometry of the PIFA used in the measurements

TABLE 2 Dimensions of the Patch Elements

Patch 1

l1 mm l2 mm v mm t mm h mm

40.0 20.0 5.0 3.0 6.50

Patch 2

l1 mm l2 mm v mm t mm h mm

45.0 30.0 5.0 3.0 6.50

Figure 5 Positioning of the metasolenoids under the patch elements:
metasolenoids under the patch element for (a) case I (lm1 � 7.5 mm); (b)
Case II (lm1 � 25.0 mm, lm2 � 15.0 mm, lm3 � 7.5 mm)
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plane. The patch is located in the middle of the ground. In the
measurements, we utilized the manufactured metasolenoid sam-
ples introduced in [15]. Since the manufactured metasolenoids are
resonating at around 1.2 GHz, we designed two different PIFA
patches: the first patch (patch 1) was designed to resonate at
approximately 1.2 GHz (when the metasolenoids are positioned
under the patch), and the second patch was designed to resonate
well below the resonance of the metasolenoids. A schematic illus-
tration of the patch geometry is depicted in Figure 4. Table 2
introduces the dimensions of the two patches.

4.2. Definitions for Data Processing
In this subsection, we define the procedure for determining the
figures of merit used in the performance comparison. The coupling
coefficient T describes the quality of the matching between the
source and the resonator, given by

T �
Ys

G
, (4)

where Ys is the admittance of the feed line and G � 1/R is the
conductance of the parallel resonator. Let us assume that the
criterion for the maximum VSWR inside of the band of interest is

VSWR � S. (5)

In this case, the fractional bandwidth can be expressed as

BWr �
1

Q0
��TS � 1��S � T�

S
, (6)

where Q0 is the unloaded quality factor of the parallel resonator.
To compare the performance of the radiator in different cases (with
different loadings), we fix the volume of the antenna and use the
product Q0Fres

3 as a figure of merit. The resonant frequency is
given in GHz. The unloaded quality factor is solved from Eq. (6),
and a 6-dB return loss level is used in the calculation of the figure
of merit. The radiation efficiencies have been measured using the
Wheeler cap method and calculated as

� � �1 �
R0

R � 	 100, (7)

where R0 is the real part of the input impedance of the covered
antenna at resonance, and R is the real part of the antenna imped-
ance without the covering, at the resonance.

4.3. Case I: Metasolenoids as Parasitic Resonators
In the first case, the metasolenoids are utilized in their resonant
regime. Patch 1 is used in the measurements. Two metasolenoids
are positioned under the patch, as depicted in Figure 5(a). The
orientation of the metasolenoids has been experimentally tuned to
obtain a suitable coupling level between the metasolenoids and the
patch element in order to maximize the achieved bandwidth. The

measured S11-parameter is depicted in Figure 6. The reference
blocks are dielectric blocks made out of the host material of the
metasolenoid (they are of the same size as the metasolenoids).
Observing the metasolenoids, we can see that there are three
distinct resonant peaks, one of which corresponds to the resonance
of the patch element and two of which correspond to the resonance
of the metasolenoids. These three resonant peaks can be conve-
niently combined with suitable coupling, thus resulting in a com-
pact size (the volume of the antenna structure is not increased)
wideband antenna. The measured parameters are given in Table 3.
With a multiresonant antenna, the radiation efficiency cannot be
readily linked to the measured input impedance (when using the
Wheeler cap method). Moreover, in the multiresonant case, it can
be highly complicated to define whether the loss resistance is in
parallel or in series with the rest of the circuit (the requirement for
use of the Wheeler cap method). In many cases, there can be both
series and parallel resistance representing the losses. However, to
obtain an estimate of the radiation efficiency, we calculate the
efficiency using Eq. (7) at three discrete frequencies, correspond-
ing to the resonant peaks shown in Figure 6.

4.4. Case II: Metasolenoids as Material Loading
In the second measurement case, the metasolenoids are utilized at
frequencies well below their resonant frequency. Patch 2 is used in
the measurements. The metasolenoids are positioned under the
patch, as depicted in Fig. 5(b). The orientation of the metasole-
noids has been experimentally tuned so that the metasolenoids
occupy the volume as evenly as possible, while still collecting
most of the circulating flux. The achieved volume filling ratio Vr

(under the patch element) is 14%.4 Using the effective medium
model presented in [15], we estimate that the effective permeabil-
ity of a medium filled with the metasolenoids, and having Vr �
0.14, is approximately 1.4 at 0.85 GHz. Thus, we can expect to see
the effect of magnetic-material loading when calculating the figure
of merit.

The measured S11-parameter is depicted in Figure 7. Small
ripple around 1.15 GHz corresponds to some higher-order weakly
excited modes of the metasolenoids. The measured parameters are
given in Table 4. We can clearly see from Figure 7 and Table 4 that
both loading materials (dielectrics and metasolenoids) reduce the
resonant frequency of the PIFA rather remarkably. The metasole-
noids lower the resonant frequency noticeably more, as compared
to the dielectric loading. This may simply be due to the fact that in
addition to having a dielectric substrate under the patch, we also
have metal inclusions under the patch. There is a possibility that
the inclusions act only as ordinary metal pieces (capacitive loads)
and cause an additional reduction in the resonant frequency. On the
other hand, based on the presented discussion, the metallic inclu-
sions can also act as an effective magnetic material when, in
addition to lowering the resonant frequency of the antenna, we can
better retain the fractional bandwidth.

4 The schematic illustration presented in Figs. 5(a) and 5(b) takes into
account the laminate surrounding the metasolenoid rings.

TABLE 3 Measured Parameters for Case I

Loading Fres GHz BW��6dB [%] BW��9.5dB [%] � [%] Q0 Q0Fres
3

Air 1.30 4.5 2.7 94 27.2 59.8
Reference blocks 1.29 4.4 2.6 93 27.6 59.3
Metasolenoids 1.26 5.4 4.3 90, 90, 88* 22.1 45.8

* The three values correspond to the three resonant peaks shown in Fig. 6.
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The calculated figures of merit (see Table 4) validate the
expectation of the metasolenoids acting as a magnetic material: as
the dielectric (capacitive) loading is used, the resonant frequency
is lowered, but the bandwidth suffers even more strongly. This is
seen as an increased figure of merit. The figure of merit is mini-
mized in the case of the metasolenoid loading, implying that the
particles act as an effective magnetic material and hence result in
inductive loading (if the volume filling ratio was bigger, a stronger
difference would be seen). The measured figure of merit also
implies that we are closer to the fundamental antenna limit with the
metasolenoid loading. The relatively high radiation efficiency
measured in this work proves the feasibility of the proposed
loading technique.

5. DISCUSSION

For efficient data transmission, it is desirable that the antenna be as
wideband as possible. Electrically small antennas are known to be
inherently narrowband and relatively inefficient radiators. How-
ever, the aim in the communications industry is still towards
smaller size devices. This means that the antenna size should be
further miniaturized. We are facing a clear dilemma: somehow the
antenna size should be decreased, but at the same time the device

should be capable of transmitting more and more data with a
smaller-size antenna.

It has been discussed that conventional (capacitive) loading
techniques are not desirable ways to achieve the antenna minia-
turization. We are able to lower the resonant frequency of the
antenna, but bandwidth is lost. Effective inductive loading would
enable a decrease in the resonant frequency while retaining the
bandwidth. Artificial magnetic materials are proposed as inductive
loading (in contrast to capacitive loading) in order to achieve
efficient miniaturization. In this paper, we have briefly revised the
basic principles behind the aim to achieve size miniaturization of
planar antennas with different material loadings. Two utilization
strategies have been introduced for resonant-type magnetic mate-
rials and the discussion has been validated by the experiments. It
has been shown that the utilization of the resonant regime of the
material enables a dramatic bandwidth enhancement. On the other
hand, artificial magnetic material utilized at frequencies below its
resonance can enable efficient size miniaturization of a planar
antenna.
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São José dos Campos SP, Brazil
2 LEOM-CNRS-Ecole Centrale de Lyon
36 Avenue de Collongue
69134 Ecully, France
3 19 Eagle Drive, Apt. 202
Painted Post, NY 14870

Received 19 January 2005

ABSTRACT: The original square-lattice band-edge structure emitted
light in different directions. In a recent paper [18], we have improved

the directivity of these structures by using a honeycomb photonic crystal
to shield the original structure. This has improved the performance of
such devices, in such a way that light can be coupled directionally to a
large waveguide. In this paper, we present a steady-state analysis of the
performance of this directive device and study the amount of power
which can be coupled into the waveguide, analyzing its performance as
an in-plane emitter and the limitations caused by vertical losses. © 2005
Wiley Periodicals, Inc. Microwave Opt Technol Lett 46: 210–214,
2005; Published online in Wiley InterScience (www.interscience.wiley.
com). DOI 10.1002/mop.20947

Key words: photonic crystal devices; integrated optics devices; diode
lasers

1. INTRODUCTION

Photonic crystals (PhCs) are periodic structures of high index
contrast, which present the property of forbidding the propagation
of light in a certain wavelength range, a property that can be used
to manipulate the flow of light in different ways. A complete
photonic bandgap for all directions and polarizations can be ob-
tained using 3D PhCs, but their fabrication processes are not very
well controlled and they tend to have many imperfections. On the
other hand, fabrication of bidimensional (2D) PhCs has been well
established and a multitude of devices have already been produced,
such as filters [1–3], waveguide bends and branches [4, 5], lasers
[6–18], and so forth.

One possible major contribution of PhCs will be in the area of
compact and efficient laser devices. PhCs allow the confinement of
light in small volumes, which can change their optical-emission
properties, thus allowing both enhancement and inhibition [15].
The most common configurations for these devices are defect-
mode [6–9], surface-emitting [10–12], and band-edge [13–14,
16–18] lasers. Defect-mode lasers can have quality factors (Q) as
high as 10,000 and low threshold currents, but as argued by
Ohnishi et al. [12], broad-area lasers such as band-edge lasers have
the advantage of providing larger output power, better heat dissi-
pation, and narrower beam-divergence.

Band-edge lasers operate at the edges of the first Brillouin zone,
at high-symmetry points (for example, the X point in a square
lattice of air holes). In many cases, the high-symmetry points of a
given mode present extreme points in their band diagrams. At
these extreme points, the group velocity of a given mode can be
made very small, that is, the average lifetime of the photons in the
active area can be made large, thus significantly reducing the size
of the device [13]. Band-edge lasers can be considered as the
photonic-crystal equivalents to DFB lasers. Actually, band-edge
lasers in triangular [13] and square [14] lattices of air holes have
been analyzed recently. However, thus far these devices have
emitted light in different directions.

Our band-edge laser will have a main PhC that consists of
square lattices of air holes in a semiconductor slab and will operate
at the X point in the first Brillouin zone. Without loss of generality,
we will restrict our attention to the transverse electric (TE) modes
(using the same convention as in [4]), and the operating mode will
be the first one in the valence band. Initially, we describe the
original and modified structures and, subsequently we shall present
a steady-state analysis of the directive laser device, including the
effects of vertical losses. These effects were also commented upon
in a recent paper by Topol’ancik et al. [17], in which laser sources
with defect-cavities coupled light to W1 waveguides. In this recent
paper, it was shown that the coupling of light to narrow
waveguides was severely degraded by vertical losses (a fact that
explained why the coupled power into a W1 waveguide was in the
range of tens of pW).
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