
IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 58, NO. 6, JUNE 2010 1865

Mu-Zero Resonance Antenna
Jae-Hyun Park, Young-Ho Ryu, and Jeong-Hae Lee, Member, IEEE

Abstract—We present mu-zero resonance (MZR) antennas that
use an artificial mu-negative (MNG) transmission line (TL). The
equivalent circuit for verifying the peculiarity of the MNG TL is
derived and analyzed. To operate the MZR antenna properly, the
antenna is fed by magnetic coupling. The analysis and design of
the MZR antenna are performed according to theory and simu-
lation based on a dispersion diagram and field distribution. The
surface current distribution shows that the radiation mechanism
of the MZR antenna is essentially identical to that of a small-loop
antenna. Applying the novel concept of the MZR antenna, a dual-
band MZR antenna using two MZR antennas with different MZR
frequencies is proposed. The radiation characteristics of the an-
tenna are simulated and measured at two frequencies. The mea-
sured characteristics show agreement with the simulated results.
It is confirmed that the characteristics of the MZR antenna, in-
cluding the efficiency, gain, and fractional bandwidth, are suitable
for a multiband antenna.

Index Terms—Metamaterials, mu-negative (MNG), mu-zero res-
onance (MZR), small-loop antenna.

I. INTRODUCTION

T HE novel electromagnetic properties of metamaterials
[1]–[5], such as backward-wave propagation, the nega-

tive index refraction, and the infinite wavelength wave have
opened up new areas of applications. Since the beginning of
research on this area, the field and the number of applications
of metamaterials have shown rapid growth. From a practical
application standpoint, the composite right- and left-handed
(CRLH) transmission line (TL) has been broadly applied to
radio frequency (RF) devices because it is associated with a low
level of loss and a broad LH bandwidth [6]–[9]. In addition,
the CRLH TL provides an inherent parasitic right-handed
property because it contains the same components utilized in
a conventional TL. Therefore, the CRLH TL has the unique
property of an infinite wavelength wave (zero propagation
constant) at a discrete frequency of the boundary of the LH
and RH bands. Various size-independent RF devices using the
infinite wavelength property of the CRLH TL, such as a power
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divider [10], a zeroth-order resonator (ZOR) [11], and ZOR
antennas [12]–[19] have been reported.

Recently, a ZOR antenna based on the fundamental infinite
wavelength property of a shunt inductor-loaded TL [18] or an
artificial epsilon-negative (ENG) TL [19] was presented. Given
that an infinite wavelength occurs at the zero permittivity of the
metamaterial TL, the epsilon-zero resonance (EZR) frequency
does not depend on its electrical length, which is similar to the
ZOR frequency of the CRLH TL [11]–[16]. The CRLH TL has
two ZOR resonances which depend on the applied boundary
condition because the TL consists of a combination of series
and shunt resonances. To realize ZOR antennas using the ZORs
of CRLH and ENG TLs in a number of studies [11]–[19], an
open-ended boundary condition was applied because the an-
tennas are implemented by the shunt admittance of a unit cell,
which determines the ZOR frequency where the effective per-
mittivity is zero.

In this paper, a mu-zero resonance (MZR) antenna which also
supports an infinite wavelength wave is proposed using an arti-
ficial mu-negative (MNG) TL [see Fig. 1]. The TL has an effec-
tively negative mu value in the rejection band due to its artifi-
cially added series capacitance, which is similar to the ENG TL
[18], [19]. Therefore, the artificial MNG TL provides a MNG
rejection band in the low-frequency region and a right-handed
(RH) propagation band in the high-frequency region [see Fig. 2].
Therefore, at the transition point between the MNG rejection
and RH propagation bands, the MNG TL has the MZR mode
of zero permeability. By varying the series capacitance of the
MNG TL unit cell, the MZR frequency of the resonator using
the MNG TL can be controlled. To design the MZR antenna, a
short-ended boundary condition must be applied to the antenna
because the series resonance of the MNG TL unit cell deter-
mines the MZR frequency, which supports the infinite wave-
length, while an open-boundary condition is applied to the an-
tenna using CRLH and ENG TLs. A matching network using
a magnetic coupling to operate the MZR antenna effectively
is numerically verified. MZR antennas consisting of one, two,
and three unit cells are investigated based on periodic structure
theory, circuit modeling with an optimized parameter, full-wave
simulation, and measurements. It is shown that the MZR an-
tenna has good efficiency, gain, and fractional bandwidth char-
acteristics. Furthermore, MZR antennas are suitable for multi-
band applications because they can be coupled and integrated
by one feed line. A dual-band antenna using two mu-zero res-
onators as an example is presented.

II. THEORY

The artificial MNG TL supporting an infinite wavelength is
discussed in Section II-A. The resonator using the TL is also
analyzed in Section II-B.

0018-926X/$26.00 © 2010 IEEE
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Fig. 1. Equivalent circuit of a lossless artificial MNG TL.

A. Infinite Wavelength Property of Artificial Mu-Negative
Transmission Line

In general, practically realized metamaterial TLs are com-
posed of artificial components such as via holes, gaps, stubs and
other such components. Thus, the equivalent circuit of a lossless
( and ) artificial mu-negative (MNG) TL is realized
by adding a series capacitance ( ) to the host TL, as shown in
Fig. 1. The effective permeability and permittivity of the MNG
TL are then obtained through the equation below, which is sim-
ilar to CRLH and ENG TLs [19]

(1)

Here, , , and are the times-unit-length series capac-
itance, the per-unit-length shunt capacitance, and the per-unit-
length series inductance in terms of an infinitesimal component
(in , F/m, and H/m), respectively.

The propagation constant of the MNG TL can be obtained by
applying periodic boundary conditions to the equivalent circuit
of the unit cell, as follows [4]

(2)

where

(3)

is the propagation constant for Bloch waves, and is length
of the unit cell. ( ), ( ), and ( )
are the series capacitance, shunt capacitance, and series induc-
tance in terms of the real lumped component (in F and H),
respectively.

From (2), the dispersion curve of the MNG TL is obtained
and those of the CRLH and ENG TLs are over plotted to com-
pare with the ZOR frequencies of each TL, as shown in Fig. 2.
The equivalent circuit elements used in plotting the dispersion
curves are , , , and

, respectively, in Fig. 1. (Here, is the shunt inductance
for the CRLH and ENG TLs in the literature [18], [19]). In
Fig. 2, the corresponding mu-zero ( ) and epsilon-zero ( )
frequencies are 3.56 GHz and 5.03 GHz, respectively. An arti-
ficial MNG TL, similar to the ENG TL, supports zero and pos-
itive propagation constants while the propagation constants of
the CRLH TL are negative, zero, and positive values [11]–[15],
as shown in Fig. 2. Therefore, the MNG TL also has an infi-
nite wavelength property with a zero propagation constant. De-

Fig. 2. Dispersion relations of the metamaterial TLs.

pending on the boundary condition, the ZOR frequencies of
each TL are selected. That is, the mu-zero resonance (MZR)
is obtained with a short-ended boundary condition while the
epsilon-zero resonance (EZR) is obtained with an open-ended
boundary condition. Therefore, the MNG TL has a nonzero res-
onance frequency ( ), which is supported by the series reso-
nance of the TL unit cell in Fig. 1. In this case, a short-ended
boundary must be employed to apply the MZR to RF devices.

B. Resonators Using an Artificial Mu-Negative Transmission
Line

The resonance modes of the MNG TL can be obtained by the
following simple condition, similar to those of the CRLH and
ENG TLs [11]–[19]:

(4)

where ( ) and are the number of the unit cell and the
total length of the resonator, respectively.

To calculate the theoretical MZR frequency of the MNG TL,
the input impedances of conventional TLs based on the open-
and short-ended boundary conditions are calculated by (5) [11]

(5)

By applying the conditions to the equivalent circuit in Fig. 1, (5)
can be rewritten as

(6)
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Fig. 3. Schematic diagram for the short-ended resonator using an artificial
three-stage MNG TL by magnetic coupling.

To obtain the MZR frequency, the short-ended boundary condi-
tion must be applied to the unit cell from (6). Thus, the MZR
frequency, similar to those of the CRLH and ENG TLs, is given
as

(7)

From (7), it is noted that the resonant frequency is indepen-
dent of the total length ( ) of the resonators.

Fig. 3 shows a schematic diagram of the short-ended res-
onator using an artificial three-stage MNG TL, which is re-
lated to the equivalent circuit of Fig. 1. The same circuit pa-
rameter values of Fig. 2 are used in the simulation. In Fig. 3,
the short-ended resonator is connected to the magnetic coupled
section with input and output ports for magnetic coupling in
the resonator. The parameter values are arbitrarily chosen to be

, , and , with mutual
inductance of between the and in order
to achieve a magnetic coupling of the mu-zero resonators to ex-
ternal ports and show that the CRLH and MNG TLs have the
same ZOR frequency.

To verify the related resonance modes in (4) and (7), the reso-
nant frequencies of the resonator in Fig. 3 were simulated using
a circuit simulator (Ansoft’s Designer). Fig. 4 shows the simula-
tion results with that of the CRLH TL case for comparison. The
three-stage CRLH resonator has two negative, two positive, and
zero resonance modes while the three-stage MNG resonator has
two positive and zero resonance modes, as shown in Fig. 4. In
particular, the MZR frequency ( ) of the MNG resonator
is identical to that of the CRLH resonator in spite of absence of
the shunt inductance in the short-ended MNG and CRLH res-
onators, similar to the open-ended ENG and CRLH resonators
[18], [19]. Thus, the MNG resonator has a simpler structure and
is easier to fabricate than the CRLH resonator, as the shunt com-
ponents of the CRLH TL, such as metallic vias, are not required.

In Table I, the simulated resonance frequencies of the MNG
and CRLH resonators are compared with the theoretical reso-
nance frequencies of the resonators in Fig. 2. It is noted that each

value of 0 , 60 , and 120 in Fig. 2 corresponds to the res-
onant modes of the zero, first, and second modes, respectively.
The simulated results show good agreement with the theory, as
shown in Table I. The slight difference in the resonance frequen-
cies at each mode is caused by the boundary conditions. That is,
the theoretical resonant frequencies are obtained with the per-
fectly short-ended boundary condition, whereas the simulated
resonance frequencies are shifted by the coupling coefficients
from the , , , and values at each mode, as shown
in Fig. 3. Consequently, the infinite wavelength resonator using
the artificial MNG TL with the short-ended boundary condition
can be successfully applied to the antennas because the antenna

Fig. 4. Resonance modes of the three-stage MNG and CRLH resonators.

TABLE I
RESONANCE MODES OF THREE-CELL MNG AND CRLH RESONATORS

Fig. 5. Unit cell of artificial MNG TL (��� � ��� ��, � � ���� ��, and
� � 	 ��).

size will be independent of the electrical length and because they
are easily fabricated.

III. MU-ZERO RESONANCE ANTENNA

A. Realization of an Artificial MNG TL

To realize the miniaturized artificial MNG TL, an interdigital
capacitor (IDC) is employed, as shown in Fig. 5. A unit-cell
structure has the following dimensions: gap of 0.1 mm, a finger
width ( ) of 0.15 mm, and a period ( ) of 3 mm. The substrate
of the MNG TL uses a Rogers RT/Duroid 5880 with a dielectric
constant and a thickness . As mentioned
in Section II-A, the effective permeability of the MNG TL has
negative, zero, and positive values due to the series capacitance
of the IDC. The TL has a MZR frequency at zero permeability,
which can be controlled by the number of fingers ( ) of the
IDC. Thus, the parameters of a related number of fingers were
studied using a circuit and full-wave simulator.
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TABLE II
EXTRACTED PARAMETERS OF MNG UNIT CELL VERSUS NUMBER OF FINGERS

Fig. 6. Mu-zero resonance antenna.

Table II lists the circuit parameters of Fig. 1, as extracted
by a full-wave simulation (Ansoft’s HFSS) of a MNG unit cell
versus the number of fingers. Increasing the number of fingers
results in increases in the series capacitance ( ), as expected,
whereas the series inductance ( ) decreases. Consequently,
the MZR frequency decreases because the increment rate of the
series capacitance value is larger than the decrement rate of the
series inductance value. Thus, to obtain a lower MZR frequency,
the number of fingers or length of the unit cell must increase.

B. Antenna Design

Fig. 6 shows the proposed MZR antenna using the MNG res-
onator with a short-ended boundary. Thus, both ends of the
proposed antenna are connected to the ground by metallic via
holes. The unit-cell dimensions of the antenna are identical to
those discussed in Section III-A. As shown in Fig. 6, the an-
tenna should be located in parallel with the feed line to en-
hance the magnetic coupling. The antenna uses an open-ended
quarter wavelength feed line at the MZR frequency to obtain
good impedance matching. The input impedance of the antenna
consists of the input impedance of the quarter wavelength feed
line and the coupling impedance to the MNG TL.

To investigate the effect of the length of the feed line, the
input impedance of the antenna is calculated for three different
lengths of feed line: ( ), ( ),
and ( ). The length of the feed line has little
effect on the MZR frequency, as shown in Fig. 7, because the
frequency is mainly determined by the geometrical parameters
of the resonator, such as the finger width ( ), the number of
fingers, gap, and the period ( ) shown in Fig. 5.

In general, a reactance value must be zero for good impedance
matching. However, the imaginary value is not zero when the

Fig. 7. Input impedance for three different cases (� � ��� ��) (a) real and
(b) imaginary.

length of the feed line is not a quarter of the wavelength, as
shown in Fig. 7(b). Therefore, a rather complex and difficult
impedance-matching technique is required if the length of
the feed line is not a quarter of the wavelength. Thus, good
impedance matching can easily be accomplished using an
open-ended quarter-wavelength feed line, as its reactance value
at the MZR frequency is zero, as shown in Fig. 7(b).

To investigate the behavior of the input impedance versus
the separation ( ), a one-cell MZR antenna with an IDC of
four fingers was designed and simulated. Fig. 8 shows the
input impedance of the port versus the frequency with different
separations. The input impedance for matching the antenna
can be controlled by the separation between the antenna and
the feeding line, which is related to the intensity of the mag-
netic coupling. That is, if the separation increases, the input
impedance decreases due to weak magnetic coupling, as shown
in Fig. 8. For instance, an input impedance of is
obtained at a separation ( ) of 2.5 mm and frequency of 7.16
GHz, as shown in Fig. 8. Consequently, an optimized matching
network can be determined according to the separation.

Finally, the width of the feed line is also related to the cou-
pling and impedance matching. If the width is narrower, mag-
netic coupling is stronger because the narrow feed line has a
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Fig. 8. Input impedance (a) real and (b) imaginary (� � � ��, � �

��� ��, and � � ���� ��).

strong inductive component. In this study, the width of the an-
tenna was selected as 1 mm to consider the fabrication. If the
width of feed line is narrower than 1 mm, the separation ( )
must be larger than 2.5 mm.

C. Radiation Mechanism of MZR Antenna

To predict the radiation pattern of the MZR antenna intu-
itively, the surface current of a three-cell MZR antenna with an
IDC of four fingers at the MZR frequency was simulated by An-
soft’s HFSS. The surface current flows in opposite directions at
the top and bottom in Fig. 9(a), resulting in the equivalent-loop
current shown in Fig. 9(b). The surface current intensity is asym-
metrical with respect to the -axis due to the asymmetrical IDC
structure and asymmetrical feed structure. Under these circum-
stances, it is intuitively expected that the radiation patterns of the
antenna can be tilted. It is important to note that the phase of the
current was observed to be in-phase along the current loop. This
indicates that an infinite wavelength is supported at the MZR
frequency. As shown in Fig. 9(b), the current flow is identical to
that of a small-loop antenna [20]. Therefore, it is expected that
the radiation mechanism of the MZR antennas is identical to that
of a small-loop antenna. To verify that the MZR antenna has the
same radiation properties as a small-loop antenna, the radiation

Fig. 9. (a) Simulated surface current of a three-cell MZR antenna at the MZR
frequency and (b) equivalent-loop current.

Fig. 10. Simulated small-loop antenna on the ground plane.

properties of two antennas are simulated and compared in terms
of their radiation patterns.

Fig. 10 shows a small-loop antenna above the ground plane. It
is oriented vertically with respect to the given coordinate, and a
50 lumped port is applied to the feed. Fig. 11 shows the simu-
lated radiation patterns of a one-cell MZR antenna with an IDC
of four fingers and a small-loop antenna above the ground plane.
The size and resonance frequency of the two antennas are sim-
ilar, specifically, (the length and height of MZR
antenna) at 7.16 GHz, and (the diameter of small-loop
antenna) at 7.35 GHz, respectively. A parallel plate capacitor
was included in a small-loop antenna to reduce its size. The ra-
diation patterns of the two antennas are similar, as expected. A
slightly asymmetrical radiation pattern in the MZR antenna was
observed due to the asymmetrical IDC structure and asymmet-
rical feed structure in the - plane ( ). Additionally, a
slightly asymmetrical radiation pattern in the MZR antenna on
the - plane ( ) occurs because the resonator is placed
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TABLE III
EXPERIMENTAL, SIMULATED, AND THEORETICAL RESULTS OF EACH MZR ANTENNA

Fig. 11. Simulated radiation patterns (a) One-cell MZR antenna with IDC of
four fingers and (b) small-loop antenna (������ �� 	��
 � �� ��).

at one side of the feed line. The cross-polarization of the MZR
antenna is higher than that of the small loop antenna due to the
asymmetric structure, as shown in Fig. 11. Therefore, the MZR
antenna as a planar type can be fabricated and integrated with
other RF devices more easily compared to a conventional loop
antenna that is not a planar type, as shown in Fig. 10. The pro-
posed MZR antenna is also very useful as a multiband antenna.

D. Experimental Results of MZR Antenna

Four types of MZR antennas with the unit cells analyzed
in Section III-A were fabricated: Using the unit cells listed in

Table II, MZR antennas of a one-cell MZR antenna using an
IDC with four fingers, a one-cell MZR antenna using an IDC
with six fingers, a two-cell MZR antenna using an IDC with four
fingers, and a three-cell MZR antenna with IDC of four fingers
were realized. The simulated and measured MZR frequencies,
antenna sizes, reflection coefficient values, frac-
tional bandwidths, maximum gains, and radiation efficiencies
of the four types of MZR antennas are summarized in Table III.
The SMA connector is included in the simulation because the
simulated results are compared with those of the measurements.

First, the MZR frequency decreases as the number of fin-
gers increases because the series capacitance increases with the
number of fingers. The simulated and measured MZR frequen-
cies converge to the theoretical MZR frequency as the number
of unit cells increases because the effect of the metallic vias is
removed. It can also be observed that the simulated and mea-
sured MZR frequencies are lower than the theoretically calcu-
lated frequencies. If inevitable, the inductance ( ) value
of the metallic vias for a short-ended boundary is included in
an -stage resonator, as shown in Fig. 6, and the exact input
impedance of (6) is modified as

(8)

Thus, the exact MZR frequency can be obtained by (8), as
follows:

(9)

If the number of unit cells is infinite ( ), the above
equation is identical to (7), while if the number of the unit cells
decreases, the MZR frequencies from (9) are lower than the
theoretical MZR frequency from (7). In Table III, the MZR
frequencies that are obtained from (7) and (9) are compared.
In (9), the extracted inductance value ( ) of two metallic
vias is 0.38 nH. The exact MZR frequency from (9) is closer
to the measured and simulated MZR frequencies than that
from (7), as shown in Table III. The small difference between
the MZR frequency from (9) and the measured and simulated
MZR frequencies stems from the coupling effects, as noted in
Section II-B. The measured and simulated MZR frequencies
are in good agreement, as shown in Table III.
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TABLE IV
FINGERS SIMULATED RESULTS OF THE THREE-CELL MZR ANTENNAS

WITH THE DIFFERENT GROUND SIZES

Second, the total size of the MZR antenna becomes relatively
large compared to that of the mu-zero resonator because the an-
tenna employs a quarter-wavelength feed line to obtain good
matching easily. For example, the total sizes of the one-cell
and three-cell MZR antennas with four fingers are

and , as shown in Table III, but the
resonator sizes of the MZR antennas are and

, respectively. Thus, smaller MZR antennas
can be designed if the quarter-wavelength feed line is replaced
by a small matching network. If a small matching network is
used, this will affect the value of the input impedance, as shown
in Fig. 7, because the magnetic coupling will be affected by the
shorter line. Therefore, this has to be considered when designing
the matching network.

The important effects of the ground and SMA connector,
which affect the properties of the antenna, are also considered.
To investigate the effect of the SMA connector, three-cell
MZR antennas with and without the SMA connector were
simulated. The simulated MZR frequencies and frac-
tional bandwidths are 7.46 GHz and 7.40 GHz and 4.9% and
2.1%, respectively. Although the MZR frequencies show good
agreement, the bandwidth is rather different because the SMA
connector operates as another radiator.

To investigate the ground effect, the antenna properties with
respect to the width and length of the ground were simulated
using the three-cell MZR antenna without a SMA connector,
as shown in Table IV. The simulated results are summarized in
Table IV. In general, the size of the ground influences the radia-
tion properties of an antenna and, especially, it affects the band-
width. When the length of the ground is equal to a half wave-
length (16 mm), it is discovered that the antenna has good an-
tenna properties because the ground also radiates. For example,
the fractional bandwidth and efficiency increase to 4.76% and
96% when the size of the ground is 10 mm 16 mm. On the
other hand, the fractional bandwidth and efficiency decrease to
2.10% and 89% when the size of ground is 20 mm 16 mm be-
cause ground with a width of 20 mm is matches the feed line
less than ground with a width of 10 mm at the MZR frequency.

Fig. 12. Three-cell MZR antenna with IDC of four fingers (a) Photograph,
(b) simulated and measured � reflection coefficient values.

Thus, it cannot be stated that the fractional bandwidth and effi-
ciency decrease with a small ground size. For instance, the frac-
tional bandwidth and efficiency are 2.10% and 89% when the
ground size of the fabricated antenna is 20 mm 16 mm. If it
is decreased to 10 mm 11 mm, the fractional bandwidth and
efficiency increase to 2.22% and 92%. In addition, the overall ra-
diation patterns with different ground sizes are similar to that of
the small-loop antenna, as shown in Fig. 11. The gain increases
as the length of the ground increases in Table IV. The reason for
the increment in the gain is that the ground plane is operated as
a reflector of radiation. Thus, it is concluded that the fractional
bandwidth and efficiency of the MZR antenna are not propor-
tional to the ground size; that is, they can be larger or smaller,
as shown in Table IV. Therefore, it is thought that a small MZR
antenna with a small ground size of 10 mm 11 mm listed in
Table IV can be designed.

The radiation without the three-cell resonator was calculated
to investigate the radiation of the feed line itself and/or the
ground. The result shows that the ratio of the radiation power
without the MZR resonator to that with the MZR resonator
is . However, it was found that some radiated power
comes from the ground because the length of the ground (20
mm 16 mm) in this case was a resonant length of . When
the length of the ground is changed to 21 mm, which is not ,
the radiated power becomes even smaller ( ), indicating
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Fig. 13. Radiation patterns of the three-cell MZR antenna (� � �): (a) Co-pol. (�-� plane), (b) X-pol. (�-� plane), (c) Co-pol. (�-� plane), (d) X-pol. (�-� plane).

Fig. 14. Dual-band MZR antenna (� � � and � � �).

that some radiated power is due to ground resonance. In any
case, the radiation is dominated by the MZR antenna.

Fig. 12(a) shows a photograph of a three-cell MZR antenna
using an IDC with four fingers as an example. The dimensions of
the feed line for impedance matching are given by the method
described in Section III-B, as shown in Fig. 12(a). Fig. 12(b)
shows the simulated and measured results of the antenna in-
cluding the SMA connector. The measured results are in good
agreement with the simulated results. The fractional
bandwidths were simulated and measured as 3.8% and 4.9%,
respectively. These values are different due to the rather poor
matching from the fabrication tolerance, as shown in Fig. 12(b).

Fig. 13 shows the measured and simulated co-polarization
and cross-polarization radiation patterns of the three-cell MZR
antenna. According to coordination in Fig. 9, the co-polarization
in the - plane and in the - plane corresponds to the radiated

Fig. 15. Photograph and � reflection coefficient values of the dual-band
MZR antenna.

electric field in the -direction and in the -direction, respec-
tively. In Fig. 13, the difference between the co-and cross-po-
larizations is less than that of a conventional small-loop an-
tenna because the current path in Fig. 9 tilts with respect to
the -axis. The measured maximum gain of the antenna was
3.9 dBi, whereas the simulated maximum gain of the antenna
was 5.1 dBi. The simulated and measured maximum gains of
cross-polarization are less than that of co-polarization by 12.5
dB and 11.7 dB, respectively. The gain difference between the
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Fig. 16. Radiation patterns of the dual-band MZR antenna (a) First MZR frequency of 6.2 GHz (i) ��� � � (�-� plane) (ii) ��� � �� (	-� plane) (b) Second
MZR frequency of 7 GHz (i) ��� � � (�-� plane) (ii) ��� � �� (	-� plane).

simulation and measurement of the MZR antenna is thought to
be caused by mismatching from the dimensional tolerance of
the fabrication and the smaller measured value of efficiency. It
was also noted that the measured asymmetrical radiation pat-
tern is due to the asymmetrical surface current, as mentioned
earlier. The measured radiation patterns of MZR antennas have
nulls and back-lobes due to the influence of the measuring cable.
However, the measured results agree with the simulated results
overall.

Finally, the fractional bandwidth and maximum gain of the
antennas increase if the number of unit cells increases because
the size of the in-phase current loop increases [21]. The radi-
ation efficiencies were measured by the Wheeler cap method.
To minimize the influence of the Wheeler cap on the current
distribution on the MZR antenna, it is recommended that the
cap radius of a spherical cap should be 1/6 [22]. However,
our cap is not a sphere but a hexahedron. Thus, taking into ac-
count the hexahedral shape of the cap and the size of the MZR
antenna, the size of the Wheeler cap was 40 mm in width, 32
mm in length, and 25 mm in height [23]. The , ,
and resonant modes of the cavity are 6 GHz, 7.07 GHz,
and 7.61 GHz, respectively. For the one-cell MZR antenna with
four fingers, the measured input impedances with and without
the cap were 365-j5 and 74-j0.8 at 6.693 GHz and 6.635 GHz,

respectively. Thus, the measured efficiency was determined to
be 80% by calculating the above measured input impedance

. The mea-
sured efficiencies of the four MZR antennas in Table III are

. The results show that the measured efficiencies
are smaller than the simulated efficiencies, as shown in Table III.
These smaller measured efficiencies may explain the smaller
gains in the measurement shown in Table III. Consequently, the
results of the size, bandwidth, efficiency, and gain show that the
proposed MZR antenna can be successfully applied to antenna
applications.

IV. DUAL-BAND MZR ANTENNA

The proposed MZR antennas are suitable for multiband appli-
cations because two or more MZR resonators with different res-
onant frequencies can easily be integrated using one feed line.
Fig. 14 shows a dual-band MZR antenna using mu-zero res-
onators with four fingers and six fingers as an example. Here,
the ground size is 20 mm 17.5 mm. Two resonators are used: a
one-cell resonator with six fingers and another with four fingers,
corresponding to the MZR frequencies of 6.38 GHz and 7.03
GHz from (9) in Table III, respectively. For good impedance
matching, the dimensions of the related feed line were chosen
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to be , , , ,
and , as discussed in Section III-B. The distance of

is less than , as shown in Fig. 14, because the magnetic cou-
pling intensity is different as to the position of the radiator along
the feed line. That is, the magnetic fields of the end of the feed
line are weak because the feed line is open-ended. Therefore,
the distance is smaller than the distance so as to obtain the
required magnetic coupling.

Fig. 15 shows a photograph and the reflection coeffi-
cient values of a dual-band MZR antenna. The simulated and
measured reflection coefficient values show good agreement.
The first and second MZR frequencies (and fractional
bandwidths) are measured as frequencies of 6.2 GHz and 7
GHz (and 1.03% and 0.95%), respectively. The size of the an-
tenna is at the first MZR frequency and

at the second MZR frequency.
Fig. 16 shows the measured radiation patterns of the dual-

band MZR antenna at the first and second MZR frequency. The
two radiation patterns at two MZR frequencies have similar
broadside patterns. The measured maximum gains of the an-
tenna are as 2.3 dBi and 3.3 dBi at 6.2 GHz and 7 GHz, and the
differences in the maximum gains between cross- and co-polar-
ization are 6.5 dB and 11.2 dB, respectively. The patterns at 6.2
GHz have significantly higher cross-polarization components
compared to those at 7 GHz for both the - and the - planes
because the resonator at 6.2 GHz is close to the SMA connector.
The efficiencies are 83% and 84% at 6.2 GHz and 7 GHz, re-
spectively. Consequently, the proposed dual-band MZR antenna
can easily be expanded by placing another MZR resonator be-
side the feed. It is also expected that the radiation characteristics
at each band are similar.

V. CONCLUSIONS

A novel antenna using the mu-zero resonance of an artifi-
cial MNG metamaterial TL is presented. The equivalent cir-
cuit for verifying the peculiarity of the MNG TL is derived
and analyzed. The feed lines for impedance matching and mag-
netic coupling are designed by circuit and full-wave simula-
tion. The analysis and design of the MZR antenna were ac-
complished by theory and simulation based on a dispersion di-
agram and field distribution. The analyzed surface current has
the characteristics of an in-phase loop current, indicating that
the radiation mechanism of an MZR antenna is in essence iden-
tical to that of an electrical small-loop antenna. MZR antennas
with one, two, and three unit cells were designed. Appling the
novel concept of the MZR antenna, a dual-band MZR antenna
using two MZR antennas with different MZR frequencies is pre-
sented. The measured characteristics show good agreement with
the simulated values. The results also show that the dual-band
MZR antenna can be expanded to a multiband antenna. Conse-
quently, the proposed MZR antennas are suitable for antenna
applications that require feasible gain, bandwidth, efficiency,
and multiband characteristics. In particular, the size, gain, effi-
ciency, and bandwidth of the dual-band MZR antenna
are ( ), 2.3 dBi (3.3 dBi),

83% (84%), and 1.03% (0.95%), at the first (second) MZR fre-
quency, respectively.
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