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Eﬃcient Isolation between Electrically Small Metamaterial-Inspired
Monopole Antennas
Nektarios K. Bourgis* and Traianos V. Yioultsis

Abstract—In this paper, a new electrically small metamaterial-inspired monopole antenna is presented.
It consists of a simple square-shaped coplanar waveguide (CPW-fed) monopole with an embedded
complementary split ring resonator (CSRR). It operates at three distinct frequency ranges around 2.45,
4.2, and 5.8 GHz, with low return loss and uniform radiation patterns, making it a perfect candidate for
modern wireless applications. Furthermore, using this as a primary unit to construct two diﬀerent 2 × 2
MIMO conﬁgurations, we achieve systematic minimization of mutual coupling, using additional single
negative (SNG) metamaterial-inspired resonators. Mutual coupling is reduced by as much as 27 dB at
the frequency of interest. Simulated and measured results of all antennas are in good agreement.

1. INTRODUCTION
Metamaterials (MTMs) are a modern class of composite, eﬀectively homogeneous structures,
exhibiting unusual physical properties not found in nature. They are formed by periodically
arranged subwavelength unit cells, exhibiting negative eﬀective electrical permittivity (eﬀ ), magnetic
permeability (μeﬀ ), or both, simultaneously [1–3]. Their unique properties stem from the unit cell
structure, rather than the constituent materials. Therefore, their response to an electromagnetic wave
can be predicted by their unit cell structure. Diﬀerent parameter retrieval methods have been developed
to predict the values of the eﬀective permittivity and permeability, based on S-parameters with the
metamaterial being treated as a homogeneous medium, due to the subwavelength size of its unit cell [4–
6]. This fact has been the basis for a variety of diﬀerent applications since their ﬁrst experimental
demonstration [3].
Recently, there has been a steady growth of interest in metamaterial-inspired antennas research and
design [7–18]. These antennas provide enhanced performance characteristics by utilizing speciﬁc single
negative, MTM-based subwavelength resonators, as inclusions, near the radiating element. Although
these inclusions can not be considered as metamaterials in the strict sense, they inherit the characteristic
properties of metamaterials. One popular MTM-based resonator is the complementary split ring
resonator (CSRR) [19], which is the dual screen of the well-known split ring resonator (SRR) [2].
The CSRR is based on Babinet’s principle and duality concept and it exhibits negative permittivity
over a speciﬁed frequency [20]. Its electromagnetic behavior presents several advantages over its dual
counterpart. One of the main advantages of using the CSRR instead of the SRR in antenna technology is
its easy integration to planar antennas as an embedded element to ground planes or radiating elements,
instead of parasitic ones [21]. In addition, using CPW-fed monopoles, the design can be solely uniplanar,
resulting in compact or even electrically small antennas.
The advent of new wireless communications standards such as WiFi and WiMAX requires eﬃcient,
multiband and miniaturized antennas for faster data transfers [22]. The aforementioned key performance
factors can be delivered by carefully designed metamaterial-inspired antennas. Moreover, multiple-input
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multiple-output (MIMO) antenna systems with increased channel capacity and substantially reduced
multipath fading must be realized [23]. These systems consist of closely packed antenna elements. A key
factor for their satisfactory performance is maximizing isolation or eﬀectively reducing the unwanted
mutual electromagnetic coupling between radiating elements, which degrades the performance of MIMO
systems [24, 25]. Many approaches have been proposed for this purpose, including electromagnetic
bandgap structures [26, 27], or metamaterials [28, 29], polarization diversity [30, 31], radiation pattern
diversity [32] and other techniques. In our study, mutual coupling reduction is achieved eﬃciently with
SNG metamaterial-inspired inclusions placed in speciﬁc areas between the radiating elements, blocking
the propagation of electromagnetic waves from one element to another [33–36].
In this paper, we present a new simple uniplanar electrically small CSSR-based antenna, designed
for WiFi applications at 2.45/5.8 GHz. The idea of an embedded metamaterial-inspired inclusion to
minimize the size of a conventional monopole antenna is applied. The resulting system exhibits three
distinct operational frequency bands and behaves in terms of radiation characteristics similar to the
conventional monopole, performing omnidirectional coverage. In the next step, the electrically small
antenna size is evaluated in terms of its quality factor Q [37–39]. Fabrication of the overall antenna
system can be realized with simple standard techniques for low-cost mass production.
Then, we use this antenna as a basis to design MIMO antennas. In particular, two separate
conﬁgurations with diﬀerent arrangements of the radiating elements are examined. The use of SNG
resonators to reduce mutual coupling at 2.45 GHz and enhanced system performance is reviewed.
Standard capacitively loaded-loop (CLL) resonators [40–42] and wire strips [1] are used to systematically
enhance isolation between radiating elements. Performance is assessed via the envelope correlation
coeﬃcient ρe [43]. In addition to simulations, measurements of all antennas have been carried out
(using an Anritsu 37397D Lightning network analyzer) and are presented in the following sections.
2. BASIC ANTENNA DESIGN
The uniplanar antenna structure considered in this work is depicted in Figure 1(a), and it is designed
on a low-cost 1.6 mm thick FR-4 dielectric substrate with relative permittivity r = 4.4, loss tangent
tan δ = 0.02 and a 30 µm thick copper cladding. The CSRR element is hosted in a square patch
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Figure 1. (a) Geometric parameters of the CSRR antenna structure: substrate width W = 20.6 mm,
substrate length L = 24.25 mm, ground width wg = 8.5 mm, ground length lg = 10 mm, line feed width
wm = 3 mm, ws = 0.3 mm, h = 2.5 mm, patch length A = 8.75 mm, B = 8.1 mm, C = 4.7 mm, aperture
width w = 0.7 mm, closure width g = 0.3 mm, t = 0.3 mm. (b) Basic monopole antenna radiation
element. (c) Open complementary split ring resonator (OCSRR) version of (a).
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Figure 2. (a) Simulated and measured reﬂection coeﬃcient of the proposed CSRR antenna. Simulated
reﬂection coeﬃcients of the conventional planar monopole and the OCSRR antenna are also plotted.
(b), (c) and (d) Magnitude of surface current density Jsurf , on the surface of the substrate, at 2.449,
4.244, and 5.858 GHz, respectively. Red areas represent higher values of Jsurf than blue areas.
monopole element shown in Figure 1(b), with proper size to accommodate the embedded CSRR. To
achieve uniplanarity and compactness the antenna feed is a 50 Ω impedance CPW line.
The initial dimensions of the CSRR needed to achieve resonance in the vicinity of 2.45 GHz were
estimated by the simulation of its complementary SRR in [15], using a ﬁnite element based code [44]. The
CSRR and its dual counterpart, i.e., the SRR, are expected to have resonances at frequencies that are
close but not exactly the same, due to ﬁnite copper thickness and losses [20]. In practice, the resonance
of the CSRR appears higher in frequency than the corresponding dual SRR resonance frequency [20].
This means that the CSRR dimensions must be increased to achieve the same resonance frequency as
a corresponding SRR. The ﬁnal dimensions of the overall antenna system are denoted in the caption of
Figure 1(a). The corresponding size of the CSRR element is 8.75 mm × 8.75 mm (merely λ/14 × λ/14)
and the overall antenna size, including the substrate, is 20.6 mm × 24.25 mm (λ/6 × λ/5 at 2.45 GHz). It
operates at three resonance frequencies, namely at 2.449, 4.244, and 5.858 GHz, respectively, as shown
in Figure 2(a) (solid blue line). The corresponding bandwidths at each resonance band are 158 MHz
(2.357–2.515 GHz), 515 MHz (3.949–4.464 GHz) and 1.11 GHz (5.471–6.587 GHz), covering adequately
the lower and upper designated WiFi frequency bands. The simulated radiation eﬃciencies at each
resonance frequency are 0.7962, 0.8803 and 0.8861, respectively. The measured reﬂection coeﬃcient
of the CSRR antenna is also plotted in Figure 2(a) (dash-dot green line) and the results are in good
agreement with the simulated ones.
To further investigate the role of the CSRR element in the antenna frequency characteristics, we
implemented it in a way similar to [45], a minor modiﬁcation of the original antenna with the closures
of the CSRR being removed. This open complementary split ring (OCSRR) antenna is shown in
Figure 1(c). As it can be seen in Figure 2(a), both the planar monopole and the OCSRR antennas
do not exhibit any resonance at 2.45 GHz. Therefore, it can be veriﬁed that the lower band response
is solely due to the embedded CSRR element. In addition, to identify the frequency function of the
CSRR element at each resonance, we simulated the surface current density, Jsurf . As it can be seen in
Figure 2(b), at the ﬁrst resonance frequency of 2.449 GHz, the current is higher at the top closure. This,
in eﬀect, activates the outer bigger CSRR rings. At 4.244 GHz, in Figure 2(c), the current concentrates
at the lower closure, activating the inner smaller rings. Finally, at 5.858 GHz, in Figure 2(d), both
closures have high concentration of current, leading the whole structure of the antenna to radiate. This
radiation is due to the size and shape of the patch hosting the CSRR element. Furthermore, to assess
the electrical size of the proposed CSRR antenna, the antenna is considered to be fully enclosed to
its Chu sphere [8, 46, 47]. Therefore, the minimum radius a for our antenna (including the ground
conductors and the main monopole radiator) is approximately 13.4 mm. A criterion for an electrically
small antenna (ESA) is that k0 a < 1 [46], where k0 is the free space wave number. Our antenna has
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an electrical radius of k0 a ≈ 0.688 or an equivalent overall size of 0.22λ at 2.449 GHz. Nevertheless,
fundamental limitations apply between the dimensions of an antenna and its minimum quality factor,
commonly known as Chu limit, QChu , which is approximately given by [48]:
QChu =

1 + 2 (k0 a)2


(k0 a)3 1 + (k0 a)2

(1)

It must be stressed that (1) gives the value of QChu for the case of an ideal lossless antenna. In our
case, the eﬃciency of our proposed CSRR antenna, as mentioned before, is η = 0.7962 at 2.449 GHz.
Therefore, for our non-ideal lossy antenna, QChulossy = ηQChu . The quality factor of the CSRR antenna
Q is estimated by the −10 dB fractional bandwidth F BW−10 dB of the ﬁrst resonance [37].
1
(2)
Q= √
2F BW−10 dB
The ratio Q/QChulossy is equal to 3.39 for our proposed antenna, which indicates that the antenna is
suﬃciently close to the theoretical limit, even though the antenna is entirely planar and does not exploit
the whole volume of the hypothetical sphere. All the corresponding calculated parameters at the ﬁrst
resonance of the antenna, where it exhibits the characteristics of an ESA, are shown in Table 1.
Table 1. Simulated CSRR antenna basic parameters.
Resonance Band
f0
BW
F BW−10 dB k0 a
Q
η
QChulossy Q/QChulossy
2.357–2.515 GHz 2.449 GHz 158 MHz
6.45%
0.688 10.96 0.7962
3.24
3.39
Finally, the simulated far-ﬁeld radiation gain patterns of the CSRR antenna are shown in Figure 3.
It is obvious from Figure 3(a) that the embedded CSRR element introduces an additional resonance at
2.449 GHz, having a signiﬁcant E-plane radiation, apart from the resonance at 5.858 GHz, where the
CSRR antenna behaves almost identically as the conventional patch monopole. In addition, in the Hplane of Figure 3(c), although radiation patterns at diﬀerent frequencies are not directly comparable, we
can clearly notice that the CSRR antenna at the ﬁrst resonance has more omnidirectional characteristics
than that of the planar monopole, since the ﬁrst one is almost uniform, whereas the latter one exhibits
a variation of about 2 dB. Moreover, the radiation pattern of the CSRR at the third resonance in the
H-plane is again identical to the corresponding radiation pattern at its ﬁrst resonance. This is again
an evidence that the third resonance of the CSRR is attributed to the shape and size of the patch host
and not due to the CSRR element. Finally, the E- and H-plane cross-pol patterns are reported in
Figure 3(b) and Figure 3(d), respectively, indicating very low levels of the cross-polarized components,
especially for the lowest resonance.

(a)

(b)

(c)

(d)

Figure 3. Simulated far-ﬁeld gain patterns of the CSRR antenna at its resonances and at the ﬁrst
resonance frequency of the simple planar monopole. (a) E-plane co-pol (φ = 0◦ and φ = 180◦ ). (b) Eplane cross-pol (φ = 0◦ and φ = 180◦ ). (c) H-plane co-pol (θ = 90◦ ). (d) H-plane cross-pol (θ = 90◦ ).
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Figure 4. (a) MIMO conﬁguration with adjacent CSRR antenna elements. Dimension B = 8 mm
(from Figure 1(a)). (b) Simulated and measured S-parameters versus frequency of (a). (c) MIMO
conﬁguration with CSRR antenna elements in opposite sides of the substrate. Dimension B = 8.1 mm
(from Figure 1(a)). (d) Simulated and measured S-parameters versus frequency of (c).
3. MIMO ANTENNAS IMPLEMENTATION AND MUTUAL COUPLING
REDUCTION
The proposed CSRR antenna has been used as a basic component for two diﬀerent compact 2 × 2
MIMO conﬁgurations. The ﬁrst conﬁguration, shown in Figure 4(a), contains two adjacent CSRR
antennas with a ﬁxed distance between the center of the CSRR elements of d1 = 21.1 mm. The second
one, shown in Figure 4(c), contains two CSRR antennas in opposite sides, in order to reduce their
inter-elemental distance to d2 = 17.95 mm. The distance between the closest edges of the two CSRR
elements are 12.35 mm (λ/10) and 9.2 mm (λ/13), at 2.45 GHz, respectively. This characterizes the
antenna elements as closely spaced. The choice of the distance between the elements in both cases was
made with respect to their marginal performance in terms of mutual coupling (|S21 | close to −10 dB).
The dimensions of the dielectric board in the ﬁrst case are 41.7 mm × 24.25 mm, whereas in the second
case are 38.55 mm × 33.75 mm. Therefore, the overall MIMO antennas are considered to be highly
compact.
The simulated and measured S-parameters vs. frequency for the two initial conﬁgurations are given
in Figure 4(b) and Figure 4(d), respectively. The ﬁrst conﬁguration (Figure 4(b)) has the three resonance
bands of 2.350–2.534 GHz (184 MHz bandwidth), 4.030–4.475 GHz (445 MHz bandwidth) and 5.334–
6.848 GHz (1.514 GHz bandwidth), with central frequencies at 2.45, 4.256, and 5.68 GHz, respectively.
The simulation results of the second conﬁguration (Figure 4(d)) show resonances at 2.444 GHz (2.339–
2.552 GHz), 4.191 GHz (3.961–4.421 GHz) and 5.684 GHz (5.339–6.724 GHz). Both MIMO structures
oﬀer highly satisfactory bandwidths for WiFi applications, exceeding protocol speciﬁcations. The
measured results are also shown in the corresponding ﬁgures and are in very good agreement with
the simulated ones. The mutual coupling between the CSRR antenna elements represented by the
transmission coeﬃcient, |S21 | reveals that both systems suﬀer from correlation due to coupling.
Moreover, to further investigate the paths of mutual coupling between the antenna elements in each
MIMO antenna conﬁguration, the electric and magnetic ﬁeld magnitudes are calculated on the surface of
the dielectric substrate as shown in Figure 5. It is evident that in both cases, when one radiating element
is active while the other is matched to a 50 Ω termination impedance, most of the radiation power is
coupled through the space between the antenna elements and between ground conductors. It is therefore
imperative to reduce coupling by use of structures that block or divert this radiation propagation in
these speciﬁc areas. The design of the MTM-based resonators needed and the systematic approach to
deal with the problem of coupling is described in the following sections.
3.1. Design of Resonators
Several types of single negative metamaterial resonators have been proposed and used for mutual
coupling reduction between antenna elements in other works. All of them are represented by an LC
equivalent resonant circuit. To retain simplicity as our design goal, we propose a double capacitive-
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Figure 5. (a) Electric ﬁeld magnitude on the surface of the substrate of the MIMO conﬁguration shown
in Figure 4(a). (b) Electric ﬁeld magnitude on the surface of the substrate of the MIMO conﬁguration
shown in Figure 4(c). (c) Magnetic ﬁeld magnitude on the surface of the substrate of the MIMO
conﬁguration shown in Figure 4(a). (d) Magnetic ﬁeld magnitude on the surface of the substrate of
MIMO conﬁguration shown in Figure 4(c). The ﬁelds are calculated at the central frequency of each
antenna’s ﬁrst resonance band. Left port is excited in all cases.
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Figure 6. (a) Geometric parameters of the CLL unit cell: Lr = 10 mm, Wr = 4.2 mm, Ar = 4.85 mm,
ll = 2.5 mm, wr = 0.3 mm, dr = 0.3 mm and gl = 0.3 mm. The FR-4 substrate has dimensions
of 9.3 mm × 10.6 mm and a thickness of 1.6 mm. (b) Simulated CLL S-parameters versus frequency.
(c) Retrieved real and imaginary parts of complex permeability versus frequency. (d) Retrieved real
and imaginary parts of complex permittivity versus frequency.
loaded loop (CLL), shown in Figure 6(a). The CLL element is generally used as a μ-negative (MNG)
structure, meaning that when used as unit cell in a periodic array, under the proper polarization of
an incoming electromagnetic wave, it exhibits a narrow frequency band around its magnetic response
frequency, where the eﬀective permeability is negative. The double CLL metamaterial resonator oﬀers
the advantage of symmetry and easy control over scaling its magnetic response frequency, through
careful choice of its geometric parameters. In particular, the size of the rectangular rings controls the
inductance, while its capacitance is controlled by the various gap sizes. Consequently, it is easy to
use ﬁxed values for a set of its geometric parameters to conform its inductance, while appropriately
adjusting the value of its capacitance by ﬁne tuning just the one critical dimension ll (Figure 6(a)).
We stress the fact that the CLL resonator is a particularly useful and interesting alternative, compared
to other simpler unit cell structures of single negative metamaterials, since it can oﬀer both tunability
and particularly small transmission values, along with negative permeability for a wide frequency range,
as it will be demonstrated next. In addition, the CLL resonator is expected to provide a pronounced
magnetic resonance, compared to other well-known structures like the simple cut-wire plasma, due to
its loop structure, while it is uniplanar and clearly provides more parametric variation capabilities. In
general, plasma-based structures may need to be designed with a particularly high plasma frequency
to ensure an adequate transmission reduction, with the use of only a few unit cells. Nevertheless, the
simple wire structure will be exploited as a supplement in various cases, to further improve antenna
performance.
The CLL resonator has been designed to block wave propagation on the substrate and the area
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between radiating elements, at 2.45 GHz. To retain metamaterial properties at the sample size, its
dimensions were chosen to be of subwavelength scale (8.9 mm (λ/13) ×10 mm (λ/12)). The CLL unit
cell was simulated independently using a ﬁnite element-based code with appropriate periodic boundary
conditions. In our case, perfect electric conductor (PEC) boundary conditions were imposed at the
faces of the unit cell perpendicular to the CLL plane, whereas absorbing boundary conditions (ABC)
were imposed to the faces parallel to the CLL plane to account for the 2D conﬁguration, in the form of
a metasurface. Usual port impedance boundary conditions have been appointed on its top and bottom
sides, to simulate the propagation of the electromagnetic wave shown also in Figure 6(a). The calculated
reﬂection and transmission coeﬃcients are presented in Figure 6(b). It is obvious that the transmission
coeﬃcient |S21 | possesses a minimum very close to the vicinity of the target frequency of 2.45 GHz.
Then, the results of the S-parameters of the CLL unit cell can be used to extract the permeability,
using a standard parameter retrieval technique. The calculated real and imaginary parts of the complex
permeability are shown in Figure 6(c), whereas the corresponding graphs of complex permittivity are
shown in Figure 6(d). The unit cell exhibits a negative permeability frequency band from 2.372 GHz and
extending up to 3 GHz, where it prohibits wave propagation of the appropriate polarization, based on the
physics of evanescent waves and not a loss mechanism. It is essential to note that this procedure is only
an indicative approximation to help us trace the function of a single metamaterial-insiped resonator,
once the aforementioned process is applicable to real periodic metamaterial media and not to individual
cells. We also stress that since the CLL unit cell provides a wide frequency band of negative μ, a
particularly appealing consequence is that this metamaterial can be exploited close to a frequency (in
this case close to 2.5 GHz), where Im(μ) is expected to be particularly low and far below its maximum,
as it is evident in Figure 6(c). Nevertheless, negative μ introduces losses and, therefore, the proposed
technique relies on mitigating coupling by adding some losses to the system.
To further intercept the action of the mutual coupling at the areas between the ground conductors
of the MIMO antenna elements, we chose to select the known thin strips resonators shown at the inset of
Figure 7(a). The signiﬁcant amount of coupling presented at these areas dictates the use of a broadband
negative permittivity medium, prohibiting electromagnetic wave propagation in a greater span than the
CLL element. Its advantages are that it is simple in fabrication and it can be directly embedded in the
ground conductors without any additional area usage. The simulated S-parameters for the thin strip
are shown in Figure 7(a). Similarly, the extracted values of real and imaginary parts of the complex
permittivity are shown in Figure 7(b). It is evident that the real part of the complex permittivity is
negative for the whole span of the ﬁrst resonance band of the MIMO antenna systems, revealing that
the thin strip can function satisfactory as a metamaterial inspired structure to enhance isolation.
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Figure 7. (a) Strip unit cell (inset). Simulated S-parameters versus frequency of the strip unit cell.
The strip is 10 mm long and 0.3 mm wide. The FR-4 substrate has dimensions of 0.6 mm × 10 mm.
(b) Retrieved real and imaginary parts of complex permittivity versus frequency.

3.2. Adjacent MIMO CSRR Antennas
The MIMO antenna in Figure 4(a) has been modiﬁed with an inclusion of a CLL resonator between its
radiating elements. The modiﬁed MIMO system is shown in Figure 8(a). The dimensions of the CLL
resonator are the same as the unit cell in Figure 6(a). To achieve resonance in the vicinity of 2.45 GHz
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Figure 8. (a) MIMO antenna with CLL resonator. (b) MIMO antenna with CLL resonator and ground
strips. (c) Simulated S-parameters versus frequency.
we slightly tuned the dimension B (from Figure 1(a)) of the CSRR antennas to 7.9 mm. All other
dimensions remain the same except C that is now equal to 4.5 mm. The simulated S-parameter results
shown in Figure 8(c), reveal that the ﬁrst resonance band extends from 2.384–2.565 GHz with a center
frequency of 2.451 GHz. The mutual coupling |S21 |, at the center frequency, has been further minimized
from −9.26 to −14.79 dB. Therefore, this MIMO conﬁguration operates well in the ﬁrst resonance band
with a bandwidth of 181 MHz. The fact that the CLL resonator was designed to block mutual coupling
at the vicinity of 2.45 GHz is evident from the fact that the other two resonant bands of the antenna
do not experience any enhancement in isolation.
Figure 8(b) shows a further modiﬁcation of the original MIMO conﬁguration. Since it has been
veriﬁed that there is a considerable energy ﬂow in the gap between adjacent ground conductors
(Figure 5(a)), further suppression of coupling can be achieved using a proper metamaterial structure
in this case as well. In particular, the Poynting vector is shown to have a strong component parallel to
the gap (y-axis in Figure 4), while the electric ﬁeld is directed across the gap. Therefore, a part of the
ground structure is replaced by horizontal thin strips, operating in an epsilon-negative metamaterial
fashion, as indicated in Figure 7. The strips have a length of 4.6 mm and a width of 0.3 mm, with a
0.3 mm gap between them. The CSRR antennas have the same dimensions as before, with the CLL
resonator having ll = 2.4 mm. The simulated S-parameters results show a central frequency of the ﬁrst
resonance band at 2.457 GHz, with a further enhancement of isolation from −14.79 dB to −33.33 dB.
The ﬁrst resonance band extends from 2.389 GHz to 2.58 GHz, with a total bandwidth of 191 MHz.
To evaluate the performance of the 2 × 2 MIMO antenna conﬁguration, we calculated the envelope
correlation coeﬃcient ρe given in terms of the S-parameters by:
∗ S + S ∗ S |2
|S11
12
22


  21 

ρe =
2
2
1 − |S11 | + |S21 |
1 − |S22 |2 + |S12 |2

(3)

For satisfactory performance the envelope correlation coeﬃcient must be lower than 0.5, but in practice,
it should be as low as possible. We note that this expression is valid when the radiation eﬃciency
approaches 100%. Therefore, it serves here only as an indicative assessment of mutual coupling
reduction. Using (3), the calculated values of ρe for all cases of the MIMO antenna conﬁguration
with adjacent radiating elements are plotted in Figure 9(a). It is evident that ρe progressively goes to
lower values as we use the CLL and the thin wire strips. It is approximately zero close to 2.45 GHz for
the MIMO antenna with the CLL resonator and the thin strips, demonstrating full decoupling.
Finally, a comparison of the simulated and measured results, for the diﬀerent cases presented in
this section, is shown in Figure 10(a) and Figure 10(c). For the case of the MIMO antenna with
the CLL resonator and thin strips, a highly satisfactory value of −26 dB for the mutual coupling was
measured at 2.457 GHz. Figure 11(a) also shows the H-plane far-ﬁeld co-pol radiation pattern for
the ﬁrst resonance, for all diﬀerent cases of the MIMO conﬁguration. In all MIMO antenna cases,
the omnidirectional radiation characteristics are largely retained, whereas some small variations can
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Figure 9. (a) Computed envelope correlation coeﬃcient ρe versus frequency for the various cases of the
MIMO antenna conﬁguration with adjacent elements. (b) Computed envelope correlation coeﬃcient ρe
versus frequency for the various cases of the MIMO antenna conﬁguration with opposite elements.
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Figure 10. (a), (c) Simulated and measured S-parameters versus frequency for the MIMO antenna
with adjacent elements for the cases of Figure 8(a) and Figure 8(b), respectively. (b), (d) Simulated and
measured S-parameters versus frequency for the MIMO antenna with opposite elements for the cases
of Figure 12(a) and Figure 12(b), respectively.
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Figure 11. (a) H-plane co-pol (θ = 90◦ ) simulated far-ﬁeld gain patterns of various cases of the
MIMO antenna conﬁguration with adjacent elements at their ﬁrst resonance band center frequencies.
(b) H-plane cross-pol (θ = 90◦ ) simulated far-ﬁeld gain patterns of various cases of the MIMO antenna
conﬁguration with adjacent elements at their ﬁrst resonance band center frequencies. (c) H-plane co-pol
(θ = 90◦ ) simulated far-ﬁeld gain patterns of various cases of the MIMO antenna conﬁguration with
opposite elements at their ﬁrst resonance band center frequencies. (d) H-plane cross-pol (θ = 90◦ )
simulated far-ﬁeld gain patterns of various cases of the MIMO antenna conﬁguration with opposite
elements at their ﬁrst resonance band center frequencies.
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be clearly attributed to the presence of the second antenna. Moreover, the H-plane cross-pol far-ﬁeld
radiation pattern, shown in Figure 11(b), further highlights the importance of adding the ground strips,
since suﬃciently small values of cross-polarization can be only attained in this case, where the additional
strips suppress parasitic, ground-induced cross polarization.
3.3. Opposite Sided MIMO CSRR Antennas
The exact same procedure, as in the previous section, was followed for the MIMO antenna conﬁguration
of Figure 4(c). In the case of the antenna with CLL element inclusion, shown in Figure 12(a), the
simulated versus the experimental results are shown Figure 12(c). In this case, the MIMO antenna
exhibits a ﬁrst resonance at 2.456 GHz with a reﬂection coeﬃcient of −12.93 dB. The ﬁrst resonance
band extends from 2.388 GHz to 2.491 GHz. The antenna at the resonance frequency exhibits a mutual
coupling of −25.85 dB. Moreover, additional vertical thin strips were inserted in the antenna system of
Figure 12(b), to suppress the ﬂow of radiation between the ground conductors as in the previous case,
with the direction of strips again being perpendicular to the direction of propagation. The simulated
results for this particular case are shown in Figure 10(d). In this case, the antenna exhibits a resonance
at 2.448 GHz with a minimum reﬂection coeﬃcient of −22.67 dB. The mutual coupling between its
radiating elements has been reduced to −45.12 dB at the resonance frequency. The experimental results
reveal a center frequency of 2.447 GHz with a reﬂection coeﬃcient of −22 dB and a mutual coupling
of −26.9 dB. The graph of the envelope correlation coeﬃcient is shown in Figure 9(b). Once again,
this particular case of the MIMO antenna with the CLL resonator and the thin strips, exhibits the
lowest near-zero ρe in the vicinity of 2.45 GHz, in comparison with the other cases. Finally, the H-plane
co-pol far-ﬁeld patterns for all the antennas in the second conﬁguration at their resonance frequencies
is depicted in Figure 11(c), indicating again that omnidirectional characteristics are preserved, with the
occurrence of some variations due to the presence of the second antenna. The cross-pol H-plane pattern
0
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Figure 12. (a) MIMO antenna with CLL resonator. (b) MIMO antenna with CLL resonator and
ground strips. (c) Simulated S-parameters versus frequency.

Figure 13. Fabricated set of antennas. First row depicts single monopole antennas. Second and third
rows depict adjacent and opposite sided MIMO CSRR antennas, respectively.
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of Figure 11(d), shows acceptable values of the cross-pol component in all cases, with an additional
improvement being due to the presence of the ground strips in this case as well.
The ﬁnal set of all fabricated antennas is depicted in Figure 13.
4. CONCLUSION
An electrically small metamaterial-inspired uniplanar antenna, based on the CSRR element, has been
presented. Two diﬀerent conﬁgurations of compact MIMO antennas have been implemented and
metamaterial-inspired resonators have been used to reduce mutual coupling between closely spaced
radiating elements. Whereas other designs have used similar methods for coupling isolation, most
of the antennas used were either bulky λ/4 monopoles or complicated in structure. In addition,
existing metamaterial-based designs are usually in three dimensional form, therefore, not practical.
In contrast, the proposed technique retains its simplicity, ease of fabrication and compactness, since the
CLL structure is subwavelength. Planarity is also fully maintained, since no metallic or other extrusions,
vias or other 3D and high proﬁle structures, are employed, as opposed to other metamaterial-inspired
techniques. A particularly decisive advantage is that the design procedure and the parameter choice
is highly systematic, since the CLL can be designed independently from the MIMO antenna, and no
optimization or parametric design for the entire antenna is necessary, apart form minimal ﬁne tuning.
The overall approach is synthesized from antenna elements that are both small in size and closely spaced
and is proven to be eﬃcient, achieving both high isolation and satisfactory radiation eﬃciency.
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