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1. Introduction

In recent years, introducing metamaterials based on theory established by Veselago, opened
the way for many researcher groups to enhance the antenna performances (Veselago, 1968;
Veysi et al.,, 2010; Rafaei et al., 2010; Veysi et al., 2011; Rafaei et al., 2011; Jafargholi et al.,
2010; Jafargholi et al., 2011). A standard procedure has been also established for the design
of bulk artificial media with negative macroscopic permeability and permittivity. In the past
few years, extensive research has been carried out on the metamaterial realization of the
artificial magnetic conductors (AMCs) (Jafargholi et al., 2010; McVay et al.,, 2004). As
revealed in (Erentok et al., 2005), the artificial magnetic conductor can be also realized using
a volumetric metamaterial constructed from a periodic arrangement of the capacitively
loaded loop (CLL) elements. Recently, it has found interesting applications in antenna
engineering (Ziolkowski et al., 2003). Due to wunique electromagnetic properties,
metamaterials have been widely considered in monopole and dipole antennas to improve
their performance (Ziolkowski et al., 2003; Liu et al., 2009; Rogers et al., 2003).

This chapter is mainly focused on two different applications of artificial magnetic
conductors in the field of dipole pattern modification and dual and multiband dipole
antennas. At first, the radiation patterns of the monopole and dipole antennas have been
considered, especially at the second harmonic of the main resonant frequency. A closer
examination on the PMC structures reveals that they can be used to modify the monopole
and dipole radiation patterns. To this aim, the CLLs have been used to realize perfect
magnetic conductor.

Finally, this chapter examines reactive loading technique to achieve dual band operation
and further size reduction for double-sided printed dipole antennas. Here, the reactive loads
are realized by two balanced CLLs placed close to the edge of the printed dipole antenna.

2. Pattern modification of monopole antenna

The linearly polarized and omnidirectional radiation pattern of a vertical monopole antenna
has led to a wide range of applications in wireless communications such as wireless local
area network (WLAN) and radio broadcast. It is known that the long monopole antennas
(=1/2) suffer from the 180 phase reversal. The fields radiated by reverse current of the long

www.intechopen.com



578 Metamaterial

monopole antenna do not reinforce those radiated by original current, resulting in very poor
radiation efficiency (Balanis, 1989). As a result, the antenna radiation pattern does not
remain omnidirectional within the interested frequency range. In the conventional
monopole antenna, the resonance frequencies ®,, correspond to the frequencies where the
physical length L of the monopole is an odd multiple of quarter-wavelength. In other words,
the antenna resonance frequencies are harmonics of the design frequency ®;. However,
omnidirectional radiation pattern distortion and low directivity are two major
disadvantages associated with monopole resonating at higher order harmonics (@,>®1). In
other words, conventional monopole antenna only radiates an omnidirectional radiation
pattern at the design frequency ;. In order to have omnidirectional radiation pattern within
the antenna bandwidth (ranging from f; to fi;), the monopole length has to be less than Ay/2,
where Ay is the free space wavelength at fy. However, the antenna directivity decreases
because of the significant reduction in the monopole length.

In this section, the use of AMCs to load a monopole antenna has been investigated. It is
known that the current reversal, that occurs at frequencies much beyond the antenna natural
frequency, disturbs the omnidirectional radiation pattern of the monopole antenna. The
current distribution of the monopole antenna can be improved to a large extent by using
PMC loading. To this aim, the CLLs are used to realize perfect magnetic conductor behavior.

2.1 PMC loaded monopole antenna

Due to the reverse current effects, the monopole radiation pattern does not remain
omnidirectional at the second harmonic of the main resonant frequency (Balanis, 1989). In
this section, a monopole antenna loaded with the PMC layer is proposed to increase
omnidirectional radiation bandwidth. To make the concept more clear, three ideal models
are simulated, all of which are partly covered by a very thin PMC shell, as shown in Fig. 1.
As a reference, a conventional monopole antenna is also simulated for comparison. It has
the same dimensions as the geometries in Fig. 1, except that the PMC cover is removed.

Fig. 2, shows the simulated reflection coefficient of the monopole antennas with and without
the PMC cover. The resonant frequencies for case I and II are 18.5GHz and 24GHz,
respectively, whereas the resonant frequency for case III remains the same as the
conventional monopole antenna. For the conventional monopole antenna, distortion of the
omnidirectional radiation pattern occurs at frequencies higher than 20GHz. This upper limit
is indicated by dashed line in Fig. 2, and considered as an antenna length limitation.

Fig. 3, shows the radiation patterns of the monopole antennas with and without PMC cover
when frequency varies from 12GHz to 30GHz in 1GHz increments. As revealed in the
figure, when the monopole antenna is loaded with the PMC cover (case III), the antenna
radiation pattern considerably improves as compared to that of the conventional monopole
antenna, especially at the second harmonic of the main resonant frequency (29GHz).

Fig. 4, compares the simulated directivity of the monopole antennas with and without the
PMC cover in the azimuth plane. As is evident from Fig. 4, the directivity curve for the
case II is approximately flat while the antenna directivity for the case III significantly
improves as compared to that of the conventional monopole antenna. For our discussion
on the pattern modification, the results shown in Figs. 2 to 4, need to be considered
simultaneously.
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D

(@) (b) ©)

Fig. 1. Three ideal models of PMC loaded monopole antennas, (a) case I, (b) case II, and (c)
case III: L=7.5mm, D=0.5mm and h=3.5mm, h;=2.5mm, h,=3mm, H=2mm, h3=5.5mm,
hs=2mm, and r =4mm. From (Jafargholi et al., 2010), copyright © 2010 by the Institute of
Electrical and Electronics Engineers (IEEE).
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Fig. 2. Reflection coefficient of monopole antennas with and without PMC cover. From
(Jafargholi et al., 2010), copyright © 2010 by the Institute of Electrical and Electronics
Engineers (IEEE).
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Fig. 3. Normalized Radiation Patterns v.s. frequency (a) conventional monopole, (b) PMC
loaded monopole (case I), (c) PMC loaded monopole (case II) , and (d) PMC loaded
monopole (case III). From (Jafargholi et al., 2010), copyright © 2010 by the Institute of
Electrical and Electronics Engineers (IEEE).

Consequently, the ideal model shown in Fig. 1 (c) (case III) is considered for the practical
realization. It should be pointed out that we can always use a shorter monopole antenna to
improve the omnidirectional radiation pattern. However, the prices we pay are the higher
resonant frequency and lower directivity due to the significant reduction in the monopole
length.
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Fig. 4. Simulated directivity (maximum) of monopole antennas with and without PMC
cover (on a finite ground plane) in azimuth plane. From (Jafargholi et al., 2010), copyright ©
2010 by the Institute of Electrical and Electronics Engineers (IEEE).

2.2 CLL loaded monopole

In the previous section, it was revealed that the suppression of phase reversal by incorporating
PMC cover has led to the improved radiation pattern, especially at the second harmonic of the
main resonant frequency. In this section, the capacitively loaded loops (CLLs) are used to
realize an artificial PMC (Erentok et al., 2005). Fig. 5 shows a CLL loaded monopole antenna
together with the basic unit cell of the CLL structure. The finite two-CLL-deep metamaterial
AMC cover was designed separately (without the ground plane) to operate at around 26GHz.
The CLL dimensions were then optimized to obtain good radiation patterns. The total number
of the CLL elements is 44 and the separation between the CLL elements is 0.5mm.

(@)

Fig. 5. A schematic view of (a) CLL unit cell: L;=0.67mm, L,=0.89mm, L3=1.37mm, W=
0.247mm, G=0.411mm, T7= 0.13mm, T»= 0.5mm, and (b) CLL loaded monopole antenna on a
finite ground plane: h;= 3.25mm, h; =4mm, /13=0.25mm, T5=0.45mm. From (Jafargholi et al.,
2010)], copyright © 2010 by the Institute of Electrical and Electronics Engineers (IEEE).
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582 Metamaterial

Fig. 6 shows a comparison between the reflection coefficients of the CLL loaded and
unloaded monopole antennas of 7.5mm length. Furthermore, Fig. 7 shows the surface
current densities on the CLL loaded and unloaded monopole antennas. It can be seen that
the current in the CLL loaded region is the superposition of two currents oriented in
opposite directions. However, the surface current caused by CLL cells is dominant, and thus
the current in all parts of the monopole has the same phase. To more understand the
operation mechanism of the CLL loaded monopole antenna, we assume that the monopole
antenna is surrounded by CLL cells, where the current direction of the monopole is
reversed. Fig. 8, conceptually explains the distribution of the surface current density on the
CLL loaded monopole antenna.

1S 141 [9B]

Un-Loaded Monopole
= === C|LL Loaded Monopole

10 12 14 16 18 20 22 24 26 28 30
Frequency [GHz]

Fig. 6. Simulated reflection coefficient of the CLL loaded and unloaded monopole antennas.
From (Jafargholi et al., 2010), copyright © 2010 by the Institute of Electrical and Electronics
Engineers (IEEE).

A rigorous explanation must consider the complex interactions between the monopole and
the CLL structure, such as the effects of the finite dimensions of the CLL structure on the
current distribution. Consequently, full wave analysis methods have to be used in the
antenna designs. However, to simplify the analysis, one can assume that the transverse
dimensions of the CLL loaded region are infinite in extent.

Based on image theorem, when an electric current is vertical to a PMC (PEC) region, the
current image has the reversed (same) direction. For the current at the bottom of the
monopole flowing into the CLL loaded region, the CLL loaded region acts as a PMC cover
(Erentok et al., 2005). Consequently, the direction of the image current is opposite to that of
the original current, as shown in Fig. 8.
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Fig. 7. Surface current densities on the (a) CLL loaded monopole and (b) unloaded
monopole at /= 25GHz. From (Jafargholi et al., 2010), copyright © 2010 by the Institute of
Electrical and Electronics Engineers (IEEE).
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Fig. 8. Conceptual schematics of the (a) conventional and (b) PMC-loaded monopoles. From
(Jafargholi et al., 2010)], copyright © 2010 by the Institute of Electrical and Electronics
Engineers (IEEE).
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In contrast, for the current at the top of monopole flowing into the CLL loaded region, the
CLL loaded region acts as an artificial electric conductor (AEC) (Erentok et al., 2005), and
thus the image current in the CLL loaded region has the same direction as the original
current. The total surface current in the CLL loaded region is obtained as the sum of the two
image currents and original current. Consequently, the current phase of the CLL loaded
monopole antenna remains unchanged throughout the antenna, as shown in Fig. 8. The
radiation patterns of the conventional and CLL loaded monopole antennas on a finite
ground plane are shown in Figs. 9 and 10, respectively. As can be seen, when the monopole
antenna is loaded with the CLL structure, the radiation patterns improve significantly,
especially at the second harmonic (26GHz, 29GHz, and 30GHz) of the main resonant
frequency where antenna is matched well.

Also, the antenna radiation efficiency is reasonably high over a wide frequency window,
despite the material loss in copper and the CLL metamaterial features. Although, simulation
results confirm the modification of the antenna radiation patterns at frequencies up to
around 30GHz, the antenna reflection coefficient needs to be modified by impedance
matching techniques, especially at frequencies far from the antenna resonant frequencies
(Erentok et al., 2008). The simulated gains of the CLL loaded and unloaded monopole
antennas in azimuth plane are compared in Fig. 11. As compared to the conventional
monopole antenna, the gain of the CLL loaded monopole antenna significantly increases,
especially at the higher frequencies. These comparisons demonstrate the unique capability
of the AMCs to improve the antenna radiation bandwidth. It is worth noting that the
antenna radiation patterns are not completely symmetric in the frequency band from 12GHz
to 30GHz because of the asymmetric geometry.

10 T T T T T T T
o 256Hs
8********‘!****\****\****‘Y’***‘i*** ---'2GGHZ —
S R N e
| I
|
|
|
|
|

Gain [dBi]
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Fig. 9. Radiation patterns of the conventional monopole antenna versus frequency at ¢=0".

From (Jafargholi et al., 2010), copyright © 2010 by the Institute of Electrical and Electronics
Engineers (IEEE).
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Fig. 10. Radiation patterns of the CLL loaded monopole antenna versus frequency at ¢p=00.
From (Jafargholi et al., 2010), copyright © 2010 by the Institute of Electrical and Electronics
Engineers (IEEE).
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Fig. 11. Comparison of the maximum gains of the monopole antennas with and without CLL
covers (on a finite ground plane) in the azimuth plane. From (Jafargholi et al., 2010),
copyright © 2010 by the Institute of Electrical and Electronics Engineers (IEEE).

2.3 Pattern modification of dipole antenna

Dipole antennas are preferable in modern wireless communication systems, especially their
printed types, due to their low profile, light weight and low fabrication cost as well as their
compatibility with microwave and millimeter wave circuits. It was revealed in (Erentok et
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al., 2007; Erentok et al., 2008) that an efficient and electrically small magnetic based antenna
can be realized by adding a planar interdigitated CLL element to a rectangular semi-loop
antenna, which is coaxially-fed through a finite ground plane. The performance of a printed
dipole antenna near a 3D-CLL block has been also examined in (Zhu et al., 2010). Recently,
the use of TL-MTM to load antennas has been investigated in (Antoniades et al., 2009; Zhu
et al., 2009). A miniaturized printed dipole loaded with left-handed transmission lines is
also proposed in (lizuka et al., 2006; lizuka et al., 2007).

However, it is known that the conventional dipole antenna only radiates an omni-
directional radiation pattern at the design frequency ;. As described in the previous
section, the suppression of phase reversal by incorporating PMC cover has led to the
improved radiation pattern (Jafargholi et al., 2010). This section is focused on the pattern
modification of the wire dipole antenna using artificial magnetic conductors.

Fig. 12, shows a CLL loaded dipole antenna. The finite two-CLL-deep metamaterial
Artificial Magnetic Conductor (AMC) cover was designed separately to operate at around
27GHz. The CLL dimensions were then optimized and placed optimally on both dipole
arms to obtain good radiation patterns. The total number of the CLL elements is 88 (4x11x2)
which symmetrically coupled to dipole antenna arms. The separation between the CLL
elements is also fixed at 0.5mm.

Fig. 12. A schematic view of CLL loaded dipole antenna, unit cell parameters (See Fig. 5a):
L=0.67mm, [,=0.89mm, [3=1.37mm, W= 0.247mm, G=0.411mm, T7= 0.13mm, T>= 0.5mm,
hi;=3.25mm, h, =4mm, h3 =2mm, and antenna feed gap = 0.5mm, and length of dipole antenna
=19mm.
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Fig. 13, shows a comparison between the reflection coefficient and input impedance of CLL
loaded and unloaded wire dipole antennas of 19mm length. It was revealed in (Jafargholi et
al., 2010) that ideally the dipole antenna input impedance does not change significantly by
using AMC loading. However, here, the input impedance for the realized CLL loaded
dipole changes due to the existence of the CLL resonance and the interaction between the

CLL elements and the dipole antenna.
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Fig. 13. (a) simulated reflection coefficient, and (b) Input Impedance of the CLL loaded and

unloaded wire dipole antennas.
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Fig. 14, shows the surface current densities on the CLL loaded and unloaded dipole
antennas. As can be seen, the current in the CLL loaded region is the superposition of two
currents oriented in opposite directions. However, the surface current caused by CLL cells is
dominant, and thus the current in all parts of the dipole has the same phase. To clarify the
operation mechanism of the CLL loaded dipole antenna. We assume that dipole antenna is
surrounded by CLL cells, where the current direction of the dipole is reversed.

Fig. 14. Surface current densities on the CLL loaded dipole (left) and unloaded dipole (right)
at f= 27GHz.

Fig. 15, conceptually explains the distribution of the surface current density on the CLL
loaded dipole antenna. However, one must consider the complex interactions between the
dipole arms and the CLL structures, such as the effects of the finite dimensions of the CLL
structures on the current distribution. Consequently, full wave analysis methods have to be
used in the antenna designs. However, to simplify the analysis, one can assume that the
transverse dimensions of CLL loaded region are infinite in extent. Thus, as previous section,
one can explain the concept based on the image theorem, i.e.,, when an electric current is
vertical to a PMC (PEC) region, the current image has the reversed (same) direction.

For the current at the bottom of the dipole flowing into the CLL loaded region, the CLL
loaded region acts as a PMC cover (Erentok et al., 2005). At the result, the direction of the
image current is opposite to that of the original current, as shown in Fig. 15. In contrast, for
the current at the top of dipole flowing into the CLL loaded region, the CLL loaded region
acts as an AEC (Erentok et al., 2005), and thus the image current in the CLL loaded region
has the same direction as the original current. The total surface current in the CLL loaded
region is obtained as the sum of the two image currents and original current. At the result,
the current phase of the CLL loaded dipole antenna remains unchanged through the
antenna, as shown in Fig. 15.
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The radiation patterns of the conventional and CLL loaded dipole antennas are also shown
in Fig. 16, respectively. As can be seen, when the dipole antenna is loaded with CLL
structure, the radiation patterns improve significantly, especially at the second harmonic
(27GHz) of the main resonant frequency where antenna is matched well. The Simulation
shows that above 20dB gain enhancement has been achieved in azimuth plane using CLL

loading technique.
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2.4 Compact dual band loaded dipole antenna, incorporating artificial magnetic
conductors

The interesting features of printed dipole antennas make it possible for them to be
conformal with installation platforms such as automobiles and vessels, without affecting the
aerodynamic or mechanical properties of the vehicles. In the recent years, due to unique
electromagnetic properties, metamaterials have been widely considered in monopole and
dipole antennas to improve their performance. However, the left-handed dipole antennas
(Zhu et al., 2009; lizuka et al., 2006; lizuka et al., 2007), albeit compact, suffer from the losses
in the loading components, namely, interdigitated capacitors and meander inductors,
resulting in a very low gain.

In this section, we propose a new dual band printed dipole antenna in that CLL elements as
reactive loads are placed close to the edge of the dipole. The losses associated with the CLL
elements are very low in the frequency range of interest, resulting in both the acceptable
gain and radiation pattern. When the CLL elements are incorporated, the resonant behavior
of the unloaded printed dipole antenna changes. As a result, a new resonance is appeared
with the frequency determined by the CLL dimensions. In fact, the CLL element can be
easily described as an LC resonant circuit in which the resonant frequency is mainly
determined by the loop inductance and the gap capacitor. It is worth noting that the
resonant behavior of the CLL element starts to appear at a frequency in which the free space
wavelength is much larger than its size. However, the second resonant frequency of the
CLL-loaded dipole occurs at a frequency higher than the main resonant frequency of the
unloaded dipole. To further reduce the second resonant frequency without increasing the
area occupied by the antenna, chip capacitors are incorporated in the CLL elements. The
chip capacitor provides a tuning capability of the second resonant frequency. Thus the
frequency ratio between these two frequencies can be readily controlled by incorporating
different chip capacitors into the capacitive gaps of the CLL elements. It is worthwhile to
point out here that the CLL elements integrated with chip capacitors miniaturize the size of
the printed dipole antenna.

The reason is that when the chip capacitor value is increased, the CLL resonant frequency
decreases, and thus the second resonant frequency of the dipole shifts down to a lower
frequency. The proposed dual band CLL loaded dipole antenna radiates effectively at both
resonant frequencies with good return losses and gains as well as acceptable
omnidirectional radiation patterns. The high-frequency structure simulator (Ansoft HFSS) is
adopted for the simulations.

2.4.1 Dual band printed dipole antenna

In order to test the proposed approach, double-sided printed dipole antenna is loaded by
CLL elements. Fig. 17, shows the CLL-loaded printed dipole antenna together with the CLL
element. The dipole and CLL elements are printed on a FR4 substrate with a thickness of
0.8mm and a dielectric constant of 4.4 to reduce the cost of the antenna and to make it more
rigid in construction. The CLL-loaded printed dipole has also been optimized to realize
better performance. The optimized parameters of the proposed CLL-loaded dipole antenna
are labeled in the Fig. 17. A prototype of the proposed CLL-loaded printed dipole is
fabricated to validate the simulation results.
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A photograph of the fabricated printed dipole antenna is shown in Fig. 18. Fig. 19, shows the
reflection coefficient of the proposed dual band printed dipole antenna as well as the
unloaded dipole antenna. As can be seen, the agreement between the simulation and
measurement results is reasonably good. It is observed that when the CLL elements are
added, two resonance frequencies become distinguishable from each other and thus two
nulls are clearly observed in the reflection coefficient curve. The unloaded dipole antenna
resonates at around 2.75GHz. In contrast, the fabricated CLL-loaded dipole resonates at 2.15
and 4.45GHz, as shown in Fig. 19. The lower resonant frequency corresponds to that of the
original printed dipole and remains approximately unchanged while the higher resonant
frequency is mainly due to the CLL loading. To further understand the performance of the
printed dipole antenna near the CLL elements, Fig. 20, shows the magnitude of the S-
parameters versus frequency for the CLL-based metamaterial.

“P'
“f
Fig. 17. Geometry of a CLL-loaded printed dipole antenna, L=23mm, L.=13.67mm,
W=1mm, W,=2.5mm, L;=3.73mm, [,=4.95mm, L;=7.62mm, G=2.28mm, V=2mm. From
(Jafargholi et al., 2010), copyright © 2010 by Praise Worthy Prize, S. r. 1.

Fig. 18. Photograph of a fabricated CLL-loaded printed dipole antenna. From (Jafargholi et
al., 2010), copyright © 2010 by Praise Worthy Prize, S. r. L.
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Fig. 19. Reflection coefficient comparison between the CLL-loaded and unloaded printed

dipole antenna. From (Jafargholi et al., 2010), copyright © 2010 by Praise Worthy Prize, S. 1. 1.
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It is observed that the CLL element effectively resonates at around 4.5GHz with small loss.
This frequency coincides with the second resonant frequency of the CLL-loaded printed
dipole (see Fig. 19). The radiation patterns of the proposed dual band printed dipole are
measured at the resonant frequencies of 2.15 and 4.45GHz. Fig. 21, shows the measured and
simulated E-plane radiation patterns at first and second resonant frequencies. The antenna
gains at first and second resonant frequencies are 1.8dB, and 3.9dB, respectively. As a result,
the losses introduced by the CLL elements are significantly low in the frequency range of
interest. In other words, the proposed dual band dipole antenna has acceptable performance

in both gain and radiation pattern.
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Fig. 21. E-plane radiation patterns of the CLL-loaded dipole antenna at (a) 2.15GHz, and (b)
4.45GHz. (Right hand figures are measurements). From (Jafargholi et al., 2010), copyright ©

2010 by Praise Worthy Prize, S. 1. 1.
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2.4.2 Miniaturized CLL-loaded printed dipole antenna incorporating chip capacitors

In principle, the size reduction can be arbitrarily achieved if it would be feasible to fabricate
a proper metamaterial element that has a negative permeability at a frequency lower than
the natural resonance frequency of the corresponding unloaded dipole antenna. For a
metamaterial comprised of resonant CLL elements, this can be achieved by capacitive
loading of the CLL elements. To verify and confirm the proposed approach, a prototype of a
CLL-loaded dipole antenna, in which each CLL ring is loaded with a 0.68pF chip capacitor,
is fabricated and measured.

A photograph of the fabricated miniaturized printed dipole antenna is shown in Fig. 22. The
magnitude of the S-parameters for the CLL-based metamaterial loaded with a 0.68PF chip
capacitor is shown in Fig. 23. As can be seen, the resonant frequency of the CLL element
shifts down to 1.33GHz by incorporating 0.68PF chip capacitor (see Figs. 21, 23). In order to
meet the specification of both the ISM system and mobile communication, the miniaturized
printed dipole should radiate linearly polarized waves at 1.8GHz and 2.45GHz.

Fig. 22. Photograph of the miniaturized CLL-loaded printed dipole antenna
(incorporating 0.68pF chip capacitors). From (Jafargholi et al., 2010), copyright © 2010 by
Praise Worthy Prize, S. r. L.

Fig. 24, compares the measured and simulated reflection coefficient of the proposed
miniaturized CLL-loaded printed dipole antenna. As can be seen, the second resonant
frequency of the proposed CLL-loaded dipole of Section 1-2, considerably shifts down to a
lower frequency by incorporating chip capacitors. The resonant frequencies of the proposed
miniaturized CLL-loaded printed dipole are lower than the main resonant frequency of the
unloaded dipole antenna. It should be pointed out that the antenna radiation patterns at
both resonant frequencies are quite similar to that of a half wavelength dipole, as shown in
Fig. 25. The antenna gains at first and second resonant frequencies are 0.62dB, and 2.26dB,
respectively.

www.intechopen.com



596 Metamaterial

1S14] & |S 4,/ [dB]

Frequency [GHz]

Fig. 23. Magnitude of the S-parameters versus frequency for the CLL based metamaterial
loaded with a 0.68PF chip capacitor. From (Jafargholi et al., 2010), copyright © 2010 by Praise
Worthy Prize, S. r. L.
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Fig. 24. Measured and simulated reflection coefficient of the miniaturized CLL-loaded
printed dipole antenna, as compared to that of the unloaded printed dipole. From
(Jafargholi et al., 2010), copyright © 2010 by Praise Worthy Prize, S. r. 1.
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Fig. 25. E-plane radiation patterns of the miniaturized CLL-loaded printed dipole antenna of

Section 1-3 at (a) 1.713GHz, and (b) 2.434GHz. (Right hand figures are measurements). From
(Jafargholi et al., 2010), copyright © 2010 by Praise Worthy Prize, S. r. 1.
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