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Abstract

A compact (0.26x0.05 A, at 2.27 GHz) metamaterial-based zeroth-order resonant antenna system consisting of epsi-
lon-negative (ENG) and mu-negative (MNG) structures is proposed. Although the spacing between the ENG and MNG
antennas is only 0.09 A, , the isolation is relatively high (27.6 dB at 2.27 GHz). Furthermore, the envelope correlation
is only 0.015. The radiation efficiencies of the proposed two radiators are also very high (90% on average).
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[ . Introduction

Multiple-input multiple-output (MIMO) technology is
now widely employed in order to increase the reliability
and the channel capacity of modern wireless communi-
cation systems. However, the available space for anten-
nas in recent mobile terminals is very limited. More-
over, meeting the requirements of compact size, high
isolation, low envelope correlation, and high radiation
efficiencies in limited space usually available is quite
challenging [1, 2]. To achieve these goals, many anten-
na structures have been proposed. In [3], a planar in-
verted-F antenna (PIFA) with a dual-feed was presented.
Two PIFAs are placed at the corners of a mobile termi-
nal for the largest possible separation, utilizing polariza-
tion diversity [4]. There have been trials to use photonic
band-gap or split ring resonator [5] structures between
the radiation elements in order to improve the isolation.
A decoupling network [6] is one promising means of
satisfying the MIMO requirements. However, these two
methods require an additional structure or circuit bet-
ween the antennas. To overcome this problem, we adopt
two types of metamaterial (MTM) zeroth-order resonant
(ZOR) antennas. One is the epsilon-negative (ENG; op-
en terminated) antenna, and the other is the mu-negative
(MNG; short terminated) antenna [7]. It is well known
that MTM ZOR antennas can be made as small as
possible. In addition, it will be shown that the perfor-
mance of the proposed MIMO system far surpass those

of recent works in terms of the size, isolation, envelope
correlation, and antenna efficiencies.

II. Antenna Design and Simulation

Fig. 1 shows the geometry of the proposed MIMO
system composed of the ZOR ENG and MNG antennas
with their dimensions designed at 2.2 GHz. The anten-
nas are fed by two 50 & microstrip lines with width of
7.5 mm on a Teflon substrate (&, 2.2; height, 2.37
mm). Since the ENG antenna has an open termination
and its propagation constant [ is zero (zeroth-order),
the series current is negligible and the shunt voltage
wave (or electrical field) is dominant in the entire struc-
ture with the same phase. For the MNG antenna with a
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Fig. 1. Geometry of proposed multiple-input multiple-out-
put system consisting of epsilon-negative (ENG) and
mu-negative (MNG) antennas (unit: mm).
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short termination, the opposite is true with a dominant
series current. The electric fields generated by this cur-
rent are orthogonal to those in the ENG antenna. For
this reason, the coupling between the two antenna ele-
ments becomes very small.

In Fig. 2, we show the equivalent circuit of the MNG
antenna short-terminated. The electrical length kd of the
host transmission line is 7 /6 radians at 2.4 GHz and
the characteristic impedance Z. is 50 &. This is equiva-
lent to the fact that the series inductance Ld is 1.74 nH
and the shunt capacitance Cd is 0.69 pF. Since the pro-
pagation constant S is required to be 0 at the transient
frequency of f;=2.4 GHz, C is determined to be 2.5 pF
[7]. Furthermore, Ry is extracted to be 0.23 Q. Since Ry
is very small and direct matching to the feed line is not
possible, a coupling inductor with L, is usually required.
By equating the input admittance Y;, to the characteristic
admittance Y, of the feed line, we can find a new reso-
nant angular frequency ®; given by

1
_d'\/Ro (Zc _Ro) R

nmne M)
and L; is found to be
1 Z.R,
L=—-
@, \JR(Z.—R,)+@ (Cd)Z.R, - @

In (1), as Ry > Z. or 0, | — wy, and @ becomes
the lowest when Ry is Z./2. Using (1) and (2), the new
resonant frequency f; becomes 2.23 GHz and L, is cal-
culated to be 0.23 nH, realized using three vias with ra-
dius 0.5 mm as seen in Fig. 1.

For the ENG, the equivalent circuit is exactly the dual
of Fig. 2 [8]. The calculated shunt inductance L, is 6.2
nH, realized with a shorted stub, and G, is extracted to
be 0.0001 S. The coupling capacitance C; for matching
to the feed line is 0.1 pF, realized with a gap, as seen
in Fig. 1. The overall MIMO antenna system is very
compact (0.26x0.05 Ay).

Fig. 3 shows the photograph of the MIMO system
consisting of ENG and MNG antennas. Two feed lines
have been somewhat bent away from each other for
easy mounting of SMA connectors. Fig. 4(a) and (b)
show the electromagnetic (EM)-simulated and measured
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Fig. 2. Equivalent circuit for the short-terminated mu-ne-
gative antenna.
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Fig. 4. Electromagnetic (EM)-simulated and measured S-
parameters of the proposed antenna: (a) |Sii|, |S22
and (b) ‘Sﬂ‘.
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Fig. 5. Electromagnetic (EM)-simulated and measured gain
patterns in yz plane: (a) E¢ and (b) E¢. ENG=ep-
silon-negative, MNG=mu-negative.

IS11] (ENG), |S22] (MNG), and [Sy]. Their resonant fre-
quencies are shown to be off by about 0.04 GHz, possi-
bly due to fabrication inaccuracy. The EM-simulated and
measured resonant frequencies are 2.23 and 2.27 GHz,
respectively. Although the spacing between the ENG and
MNG is only 0.09 Ay, the isolation (|S|) which has
been measured using a network analyzer is relatively
high (27.6 dB) at 2.27 GHz.

In Fig. 5(a) and (b), we show the gain patterns Eo
and E, of the ENG and MNG antennas, respectively, in
the yz plane. The EM-simulated and measured patterns
of E4 are in a better agreement than those of E,. The
difference between the EM-simulated and measured pat-
tern of Ep is believed to come from the fabrication
error. Due to the small size of the antennas and ground
plane, they show near-isotropic patterns. The envelope
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Table 1. Comparison of multiple-input multiple-output antenna performances

Criteria A type [4] B type [5] C type [6] Proposed
Port 1 Port 2 Port 1 Port 2 Port 1 Port 2 Port 1 Port 2

Antenna size 0.5x0.25 A, 0.125%0.77 A, 0.18x0.07 A, 0.26x0.05 A,
Antenna spacing 05 Ao 0.125 A 0.09 Ay 0.09 Ay
fr (GHz) 3 1.24 2.45 2.27
Suil, 21| (dB) Near —25, —16.5 113\?12;_—14116 27, —20 —14.4, —27.6
0. (envelope correlation) Not mentioned Below 0.1 Not mentioned 0.015
Gain (dBi) 4.85 4.85 5.6 5.6 1.57 1.57 2.8 3.9
Radiation efficiency (%) Not mentioned 60 60 Not mentioned 97 83

correlation [9] of the proposed antenna has been com-
puted to be very small (0.015). This result is due to the
near-orthogonally radiated fields, evaluated over all 4 &
solid angles.

In Table 1, the various performances of the proposed
antennas are compared with those in [4] (A type), [S] (B
type), and [6] (C type), and the proposed antennas prove
to be superior to the others to the best of our know-
ledge. The gains and radiation efficiencies of the each
antenna were measured while the one port was con-
nected to the source and the other one was matched.

III. Conclusion

A very compact MTM-based ZOR MIMO system
consisting of ENG and MNG structures has been de-
signed, fabricated, and evaluated in terms of its size,
isolation, envelope correlation, and radiation efficiencies.
The performances of the proposed antenna have been
compared with those of recent competitive works. Des-
pite the small separation (0.09 A,) between the pro-
posed radiation elements, the isolation is relatively high
(27.6 dB) at 2.27 GHz. The envelope correlation has
been found to be negligibly small (0.015). The efficien-
cies are about 90% on average. The proposed ZOR MI-
MO antenna system is considered to be an immediate
candidate for the very compact mobile handsets of to-
day.

This work was supported by the Mid-career Re-
searcher Program through the National Research Fo-
undation of Korea (NRF) grant funded by the Korea
government (No. 2012047938).
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