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ABSTRACT We present electrically small, multi-band, metamaterial-inspired antennas with adequate
radiation characteristics and isolation enhancement. The antenna element consists of a complementary
split-ring resonator (CSRR) embedded in a small monopole that has a size of λ/8 × λ/10 at the lowest
frequency band, while rectangular patches are placed underneath it to further improve the performance. The
antenna operates at the 2.4-2.5/2.9-4.8/5.1-6.5 GHz frequency bands. Moreover, we propose a systematic,
metamaterial-based approach in order to improve the isolation between two of these small, closely spaced
antenna elements at the lowest and highest frequency bands. The proposed techniques reduce the coupling
by up to 29 dB without increasing the size of the structure. In particular, the isolation enhancement at the
highest frequency band of interest is remarkably wideband. The cable effect, which is a common concern
during the measurements of small antennas, is examined as well. The proposed antennas are not only small
but also densely packed and can be easily integrated with modern, compact communication devices with
advanced functionality. Simulations along with experimental results validate the effectiveness of our design.

INDEX TERMS Isolation enhancement, metamaterials, multi-band antennas, small antennas.

I. INTRODUCTION
Electrically small antennas (ESAs) have drawn broad interest
due to their small footprint that makes them attractive for
various applications. The necessity for compact and func-
tional transceivers requires new antenna designs, where the
elements shall not only be efficient and multi-band but also
small and low-profile. Unfortunately, ESAs suffer from nar-
row bandwidth and low efficiency as they have fundamental
limitations that have been explored by many authors [1]–[4].
In an effort to overcome these limitations metamaterials have
gained focus. Metamaterials are man-made structures that
have exotic electromagnetic properties such as the realiza-
tion of negative permittivity and permeability. Due to their
unique characteristics, metamaterials are widely used for
antenna miniaturization, isolation enhancement and many
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other antenna and microwave applications [5]–[17]. A sub-
wavelength dipole surrounded by a metaresonator is exam-
ined in [18], where the metaresonator compensates for the
capacitive nature of the short electric dipole and improves
the impedance matching. Some variations of electrically
small monopoles are proposed in [19] and [20]. The small
monopoles are placed in proximity to a split-ring res-
onator (SRR) and electric-LC (ELC) resonator respectively,
thus resulting in compact size. A compact tri-band monopole
with single-cell metamaterial loading and defected ground
structure is proposed in [22]. It should be stressed that
metaresonator-based antennas do not strictly utilize the meta-
material properties of negative permittivity or permeability
but mostly rely on the metaresonator (e.g. SRR, ELC) and
radiator (antenna element) interaction to achieve miniaturiza-
tion. This approach is reasonable, since in order to macro-
scopically synthesize an effective metamaterial medium,
a periodic arrangement of several unit cells is necessary.
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Hence, there would be an immediate size increment, which
is opposed to the goal of these designs.

Furthermore, modern communication devices shall include
many antennas in order to fulfill the demanding specifica-
tions. The main challenge of multi-antenna systems such
as MIMO and phased arrays is the inter-element cou-
pling, which is detrimental to their performance. MIMO
systems typically require at least −17 dB levels of isola-
tion for adequate envelope correlation coefficient and error
rate [23]–[25]. Phased arrays have more strict coupling
requirements in order for the active VSWR to be kept low
as the scan angle varies and for maintaining high amplifier
efficiency [26], [27].

Metamaterials (MTMs) are also widely utilized for antenna
decoupling. In particular, Single-Negative (SNG) metama-
terials that possess either negative permittivity (Epsilon-
Negative, ε < 0) or negative permeability (Mu-Negative,
µ < 0) prohibit the propagation of electromagnetic waves
since the propagation constant becomes real, i.e, γ ∈ R [28].
The waves inside this artificial medium are evanescent. This
feature is attractive for minimizing the cross-talk and enhanc-
ing the isolation between adjacent antennas. A method for
the decoupling of two closely spaced monopoles is proposed
in [29], where a metamaterial cell is inserted between the
antennas. Two meander-like structures are placed between
two patch antennas in [30] and an isolation improvement
of 16 dB is reported. An isolation technique based on SNG
MTMs for densely packed monopoles is proposed in [31].
This metamaterial structure acts as a filter that exhibits a stop-
band response at the frequency interval of interest. In a similar
way, SRR inclusion pairs are inserted between monopoles
in [32] and result in 25 dB coupling reduction. The down-
side of the aforementioned studies is that the isolation is
enhanced only within a narrow window of operation or at
a single frequency due to the narrow-band nature of these
metaresonators.

Regarding dual-band isolation improvement, the authors of
[33] present a methodical approach for the design of a meta-
surface that considerably decreases the coupling between two
adjacent elements at two distinct frequency bands. Unar-
guably, the superstrate increases the volume of the plat-
form as well and thus it might be an unsuitable method
for several applications with space limitations. Dual-band
isolation enhancement is also reported in [34] by utilizing
an electromagnetic bandgap (EBG) structure, but the distance
between the antennas is somewhat increased since the EBG
has a considerable size. In [35], a defected ground struc-
ture (DGS) and a meandering branch reduce the coupling
at the lower and higher frequency band of two inverted-F
antennas respectively. A dual-band 4-antenna MIMO system
based on self-decoupled antennas is reported in [36]. Suffi-
cient isolation is achieved by adopting a common ground-
ing branch as the decoupling element. Another dual-band
decoupling scheme is studied in [37], where a grounding
branch and a T-shaped stub are inserted between two dual-
band, closely spaced, 5G monopole antennas in order to

create opposite currents which cancel the original coupled
ones. Nevertheless, the corresponding bandwidths in which
the coupling is reduced are not very wide. A dual-band
decoupling network is reported in [38]. Here, the coupling
via free space is cancelled by the secondary coupling path
via the decoupling circuit at two different frequency bands.
Following a similar rationale, a decoupling and matching net-
work (DMN) for single- and dual-band two element antenna
arrays is demonstrated in [39]. The network offers signifi-
cant coupling reduction while simultaneously satisfying the
desired impedance matching of the antennas. A novel dual-
band DMN is presented in [40]. The DMN consists of a grid
of metallic stubs that is inserted between neighboring antenna
elements. A procedure is proposed to choose which of the
stubs to connect and which not in order to cancel the free
space coupling. By utilizing a genetic algorithm to find the
required connections, the isolation levels are considerably
improved at two distinct frequency bands. Unfortunately,
these decoupling networks are complex and bulky. As a
result, they are unsuitable for small and low-profile antenna
platforms where maintaining a small footprint is crucial.
To solve this issue, a compact decoupling network consisting
of dummy reactive elements is reported in [41] and dual-band
coupling reduction is accomplished without increasing the
size of the antenna platform.

In this study, we initially present an electrically
small, multi-band, metamaterial antenna, with a size of
λ/8 × λ/10 at the lowest frequency band. The proposed
antenna is composed of a monopole loaded with a CSRR,
while conducting squares are also placed underneath to fur-
ther reduce the size of the structure. The unloaded antenna
operates from 2.8 to almost 7 GHz, with resonances at
3.2 and 6.5 GHz. A multi-band operation at 2.4-2.5 GHz,
2.9-4.8 GHz and 5.1-6.7 GHz is observed after the meta-
material loading. In particular, the two new resonant modes
at 2.4-2.5 GHz and 5-6 GHz bands, which are used for
WLAN, are attributed to the presence of the CSRR. There-
fore, the first contribution of this paper is the methodical
design of an electrically small antenna with multi-band
operation and sufficient bandwidth and radiation efficiency
within the multiple frequency bands of interest. Compared
to previous works, the proposed antenna element features
smaller size and improved overall performance. As a next
step, we propose SNG metamaterial structures for enhancing
the isolation between two of the previously designed, closely
spaced ESAs at two distinct frequency bands. The coupling
is reduced from −11 dB to −26 dB at 2.45 and from −16 to
−45 dB at 5.8 GHz, respectively. Compared to the existing
literature, the proposed metamaterial-inspired decoupling
scheme occupies less space and is an ideal solution for small
antenna platforms where size limitations prohibit the use of
other dual-band coupling reduction techniques. Furthermore,
it should be pointed out that the isolation improvement at
the highest band is remarkably wideband. Both the antenna
and decoupling structure design are systematic. The proposed
antenna platform is extremely compact, multi-functional
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FIGURE 1. Unloaded, printed monopole antenna fed by a microstrip line.

and highlights the benefits of metamaterials in antenna
design.

The rest of this paper is organized as follows. In Section II,
we present the design of the electrically small antenna.
Section III provides the design of metamaterial structures for
isolation enhancement. Section IV draws some conclusions.

II. ELECTRICALLY SMALL ANTENNA DESIGN
The design of electrically small antennas faces the challenges
of narrow bandwidth and low efficiency. We try to compen-
sate for this by presenting a methodical design of an ESA
with sufficient radiation characteristics. The initial, unloaded
monopole antenna is illustrated in Fig. 1. It is printed on a
low-cost FR-4 substrate with a dielectric constant of εr = 4.3,
loss tangent tanδ = 0.025, substrate thickness h = 1.6 mm
and copper thickness t = 0.035 mm. The monopole is fed by
a standard 50 � microstrip line.

A. CSRR DESIGN
The CSRR is a metaresonator with subwavelength dimen-
sions, typically λ/10. It is excited by a time-varying, electric
field perpendicular to its axis and is depicted in Fig. 2a.
The reason for considering a CSRR cell in this work is
twofold: i) it has a small size compared to the wavelength of
operation and thus it is suitable for the design of electrically
small antennas ii) it exhibits a dual-band response which is
exploited in this paper for the design of the small dual-band
antenna. The first step of the antenna design is to find the
CSRR’s proper geometric parameters so that it resonates at
the desired bands (WLAN). The most effective way is utiliz-
ing electromagnetic simulation tools. The simulation setup
of the CSRR is illustrated in Fig. 2b, where Perfect Electric
Conductor (PEC) and Perfect Magnetic Conductor (PMC)
boundary conditions have been applied. Due to the bound-
ary conditions, the configuration of the setup is equivalent
to an infinite periodic arrangement of CSRRs under plane
wave illumination with the electric field being normal to the
CSRR’s surface. Although we are interested in the resonant
frequency of a single CSRR unit cell, this configuration can
still offer a valuable insight and is considered as a decent
approximation. This simulation setup, which is commonly
utilized for examining the performance of large metasurfaces,
is proven to be an extremely useful tool for finding the
parameters of a single CSRR and predicting its electromag-
netic response in a quick manner. Moreover, the antenna

FIGURE 2. (a) The geometry of a CSRR unit cell, (b) its simulation setup
and (c) the optimized transmission coefficient S21. Light grey depicts
metallization. The CSRR parameters in millimeters are:
αx = 8.3, αy = 8.3,w = 0.7, s = 0.3 and g = 0.5.

design is considerably facilitated with prior knowledge of the
CSRR’s parameters. The most important parameters are its
outer dimensions αx and αy. Therefore, we choose to keep
the values for the other parameters fixed (given the PCB
fabrication constraints) and tune αx and αy. The transmission
coefficient S21 of the unit cell is shown in Fig. 2c. After some
parametric sweeps, the first resonance is tuned at 2.45 GHz
and the second one at 4.9 GHz. The simulations were carried
out with the electromagnetic, frequency domain solver of
CST Microwave Studio (CST MWS) [43].

B. COMPOSITE ANTENNA
The composite antenna is shown in Fig. 3. The CSRR is
not etched exactly at the center of the monopole but at a
relative distance ofFx andFy in x and y axis, respectively. The
values ofFx andFy are chosen carefully so that enough power
is being coupled to the metaresonator and ensuring good
impedance matching at the same time. Small slots are etched
at the intersection of the microstrip line and the monopole
(inset feed) to further improve the impedance matching. It is
important to note that the previous simulations of the CSRR
cell provided an accurate estimation of its geometric param-
eters. More specifically, both of the CSRR’s resonances are
slightly shifted towards higher frequencies and the compos-
ite antenna resonates around 2.65 GHz and 5.5 GHz after
the incorporation of the metaresonator. In order, to further
decrease the resonant frequency to 2.45 GHz, we exploit
the space underneath the monopole by placing a periodic
structure that is composed of rectangular squares. The squares
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FIGURE 3. The proposed electrically small antenna. The optimized
geometric parameters of the antenna in millimeters are: W = 11, L = 15,
xs = 4, ys = 2, Wg = 27, Lg = 30, ws = 3, Vx = 18, Vy = 7, px = py = 3.7,
t = 0.3, Fx = 0.85, Fy = 3.85, αx = 7.8, αy = 8, w = 0.7, s = 0.3, g = 0.3.

are equivalent to a reactive loading and as the antenna is in
principle an RLC resonator, an additional reduction of the
resonant frequency is accomplished. The simulated reflec-
tion coefficients of the unloaded, CSRR-only loaded and
CSRR+Squares loaded monopoles is depicted in Fig. 4.
As illustrated, the loaded antenna exhibits two new resonant
frequencies at 2.45 and 5.5 GHz that are not present in
the unloaded case. These new resonant modes are clearly
attributed to the metaresonator loading, as Fig. 5 verifies,
where it is shown that the antenna’s surface currents circulate
around the CSRR at 2.45 GHz and 5.8 GHz. Despite the fact
that the second resonance is centered around 5.5 GHz, the dis-
tribution at 5.8 GHz is presented here since it is a commonly
used frequency. The dimensions of the rectangular monopole
are λ/10 × λ/8 at 2.45 GHz and therefore is regarded as
electrically small. The simulated radiation efficiency is 64%
and 80% at the lowest and highest frequency of the design
and is adequate given the small dimensions and the lossy
FR-4 substrate.

In order to evaluate the performance of the designed ESA,
we utilize the quality factor Q. The Q value is given by:

Q =
1

√
2 FBW

(1)

where FBW is the fractional−10 dB bandwidth which equal
to 130 MHz for the proposed ESA. There is a fundamental
limitation between the maximum dimension of an antenna
and its minimum Q, commonly referred as Chu limit:

QChu =
1+ 2(kα)2

(kα)3[1+ (kα)2]
(2)

The Chu limits applies to ideal, lossless antennas and
therefore a more suitable criterion is [44]: QChu,lossy =
ηQChu. Here, η is the radiation efficiency. In this manner,
the ratio Q/QChu,lossy provides a fair evaluation of how well
the antenna exploits its volume. The calculated ratio for our
antenna is equal to 7.53 and indicates that it has an efficient
current distribution.

FIGURE 4. Reflection coefficient S11 versus frequency derived through
simulations of the antenna being unloaded, loaded with CSRR only, and
loaded with CSRR and Squares.

FIGURE 5. Snapshot of the antenna’s current distribution at (a) 2.45 GHz
and (b) 5.8 GHz.

C. INFLUENCE OF THE CABLE AND GROUND PLANE
Theoretically, a monopole should be placed over an infinite
ground plane that provides the necessary image currents for
the antenna to operate properly. In practice, this is impossible
and the ground plane has finite dimensions. As a result,
the attached cable becomes a part of the antenna and the
measurements are usually inaccurate and not repeatable. This
is a common issue associated with the measurement setup of
small antennas and is attributed to two factors: i) common
mode currents flowing along the outer conductor of the coax-
ial cable [45], ii) scattering and secondary radiation caused
by the cable. The impact on the impedance and radiation
properties can be significant, especially at lower frequencies
where the antennas, and consequently their ground planes,
are electrically small [46]. Typically, ferrite beads are utilized
to deal with this problem during the measurement [47] but
they are not an appropriate solution for frequencies higher
than 1 GHz as they become extremely lossy. A more suitable
approach is the use of a balun that effectively suppresses the
cable currents and allows for more accurate measurements
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of the antenna under-test (AUT). The drawback of baluns
is their narrow-band response that limits their use to a 10%
measurement bandwidth.

FIGURE 6. (a) Simulation of the antenna with the attached cable and
extended ground plane in order to model the measurement setup,
(b) fabricated prototype with extra ground plane and connector and
(c) simulated and measured reflection coefficient S11 versus frequency
for different configurations of the antenna. The cable that is considered
here has a characteristic impedance of 50 � and a length of 150 mm.

In order to solve this issue and to accurately model the
measurement setup, we simulated the antenna connected to
a coaxial cable as shown in Fig. 6a. As expected, the cable
alternates the performance of the antenna. In particular, there
is a dramatic change of the input impedance as the length
of the cable varies. To prevent this from happening during
the measurement, we decided to slightly extend the ground
plane of the antennas so that it has a sufficient electrical
size. We found the minimum required length and width of
the additional ground plane for minimizing the cable effect:
Lg2 = 1.9 cm, Wg2 = 1.3 cm. This allows for repeatable
impedance and radiation pattern measurements, since the
antenna becomes immune to variations of the cable length
and position. Of course, the size of the antenna is somewhat
increased and the results are modified compared to the initial
case but this is only required for measurement purposes.

Obviously, the influence of the cable cannot be completely
suppressed with this method and there are still variations but
this is the most convenient way to verify the effectiveness
of the design. In particular, the resonant frequencies are not
affected at all by the cable after the ground extension. The
fabricated antenna with the extended ground plane is depicted
in Fig. 6b, while the simulated and measured reflection
coefficient with the cable and extra ground are presented in
Fig. 6c. As shown, the measured return loss of the antenna
with the cable attached to it and without an extended ground
plane differs significantly from the initial simulation without
the cable. This verifies the dramatic impact of the cable
during the measurements. On the other hand, extending the
ground plane minimizes this effect and allows for a better
characterization of the antenna. A small discrepancy in the
resonant frequencies is observed due to an uncertainty of the
FR-4’s dielectric constant. Therefore, the fabricated antenna
resonates at 2.37 GHz instead of 2.45 GHz.

The measured, normalized, H-plane (azimuth) radiation
patterns of the antenna with the extra ground at 2.4 GHz
and 5.8 GHz are shown in Fig. 7. The measured E-plane
(elevation) patterns are provided in Fig. 8. The measure-
ments are compared with the simulated results of the antenna
without extra ground. As shown, the antenna has an almost
omnidirectional pattern in the azimuth plane at both frequen-
cies. The vertical polarization (Co-pol), where the electric
field is parallel to the input microstrip line, is the dominant
one. The cross-polarisation levels are at least 15 dB lower
compared to the co-polarisation at both bands. Regarding the
E-plane (elevation), the radiation patterns are similar to the
ones of a typical monopole antenna. The cross-polarisation
levels are extremely low (below −20 dB). Furthermore, the
2.4 and 5.8 GHz patterns are quite similar to each other
and thus consistent and god performance is expected for a
communication system that utilizes both the lower and higher
frequency bands of this design. In general, the measured
results agree well with the simulations with only minor dis-
crepancies being observed. Hence, the theory and simulation
setup are validated successfully. There is a good correlation
and the behavior of the antenna is not considerably alternated
despite the modification. As anticipated, the antenna has a
radiation pattern that resembles the one of a standard quarter-
wavelength monopole, while the cross-polarization (horizon-
tal polarization) levels are sufficiently low. All the simulated
patterns are normalized with respect to the maximum value
of the simulated co-polarisation, while the measured ones are
normalized with respect to its measured value.

III. ISOLATION ENHANCEMENT
A. DECOUPLING MEANDERS DESIGN
In order to keep the size of antenna platforms as small as
possible so that they fit in compact devices, the elements
have to be placed in vicinity. As a result, the coupling
between them is of sufficient magnitude and causes perfor-
mance degradation. To demonstrate this, we consider two
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FIGURE 7. Normalized H-plane radiation patterns of the proposed small
antenna at (a) 2.4 GHz and (b) 5.8 GHz. The simulations do not include
the ground plane extension that was utilized during the measurements.

CSRR loaded monopoles with an edge-to-edge distance of
0.13λ at 2.45 GHz. The coupling between the antennas is
expressed by the coefficient S21, which has high values
varying between−10 and−16 dB across the frequency bands
of interest. In this work, only two antennas are considered to
demonstrate the decoupling methodology. Nevertheless, the
techniques can be extended to antennaswith higher number of
ports. Meanwhile, 2-port systems are still valuable for small,
low-cost platforms such as wearable, mobile, IoT (Internet
of Things) and drone communication devices. In order to
decrease the coupling, we utilize the meander of Fig. 9a,
which has ametamaterial behavior. Themeander is excited by
a time-varying magnetic field perpendicular to its surface and
exhibits negative permeability around its resonant frequency.
Moreover, wave propagation is prohibited in metamaterial
media with negative permeability since the propagation con-
stant becomes real. By exploiting this property, the coupling
can be significantly reduced. In addition, the magnetic field
of the monopoles, which is responsible for the coupling, has
the proper polarization for the meander’s excitation. As we
are interested in improving the isolation levels at 2.4 GHz

FIGURE 8. Normalized E-plane radiation patterns of the proposed small
antenna at (a) 2.4 GHz and (b) 5.8 GHz. The simulations do not include
the ground plane extension that was utilized during the measurements.

and 5.8 GHz, meanders of different sizes have to be placed,
each one corresponding to a specific frequency band.

For the design of the meanders, we follow the same sim-
ulation approach as in the case of the CSRR cell. The only
difference is that the boundary conditions of the simulation
setup are inversed (i.e. replace PEC with PMC and PMC
with PEC) in order to excite the meanders with a normal
magnetic field. In a similar way to the design of the CSRR,
this simulation method facilitates the design process and
allows for extraction of the effective permeability. This setup
is typically utilized for the design of large-scale metasurfaces
and is not completely suitable for examining the performance
of few meta-cells. Nevertheless, it is a useful tool for design-
ing metamaterial-inspired structures, finding the appropri-
ate geometric parameters and studying their electromagnetic
behavior. This is particularly important for small antenna
systems where space limitations prohibit the placement of
large metasurfaces with many metamaterial cells. After a
parametric sweep, the optimized parameters of the meanders
are found and shown in table 1, while their transmission
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FIGURE 9. The geometry of the meander (a), the optimized transmission
coefficient (b) and the extracted effective real permeability of the
meander that resonates at 2.4 GHz (index 1) and the meander that
resonates at 5.8 GHz (index 2) (c).

coefficient S21 is depicted in Fig. 9b. The effective perme-
ability is extracted as well and presented in Fig. 9c, where the
following equations are utilized for the extraction [49], [50]:

z =

√
(1+ S11)2 − S221
(1− S11)2 − S221

(3)

ejnk0d =
S21

1− S11 z−1z+1

(4)

µ = nz (5)

Here, n is the refractive index, z is the impedance, k0 is
the wavenumber of free-space, d is the maximum dimension
of the meta-cell, while S11 and S21 are its reflection and
transmission coefficients, respectively. The real permeability
of the meanders turns out to be negative at their resonance
frequency as anticipated.

B. FINAL ANTENNA PLATFORM
Regarding the integration of the decoupling metamaterials
with the antenna platform, the meander resonating at 2.4 GHz
has a larger size and the space between the elements allows
for the placement of only one. It is stressed again that
although a single metamaterial cell does not exhibit negative
permeability, quite a similar response is expected. In addition,
by taking into account that the antennas have a relatively
low efficiency at 2.4 GHz and that the meanders increase the
losses due to their small size, placing a lot of them would
be detrimental to the radiation characteristics. By observing

TABLE 1. Optimized parameters of meander 1 (2.45 GHz) and meander 2
(5.8 GHz).

the power flow when port 1 (left antenna) is excited and
port 2 (right antenna) is matched (connected to 50 � load),
we can identify the positions where there is a strong field
concentration and place the meander at this exact location.
Of course, the meander should not be in the vicinity of the
microstrip line, since it can act as a stop-band filter and reflect
most of the power back to the source, thus leading to poor
impedance matching and low total efficiency. By taking the
aforementioned into account, we choose the center of the
board as an ideal location for the 2.4 meander. Concerning
the higher frequency band, the meanders at 5.8 GHz have a
smaller size and the antennas have a high radiation efficiency
due to their larger electrical length. Hence, many of them
can be placed between the elements without distorting their
performance. Care must be taken so that the 5.8 meanders do
not interact with the 2.4 meander, as this would detune both
of them and require further design effort.

The configuration of the adjacent elements with the corre-
sponding decoupling meanders between them is illustrated in
Fig. 10a. As depicted, a single 2.4 meander is placed exactly
between them at the top layer, while five 5.8 meanders are
placed on the top and three more at the bottom layer. The
comparison between the simulated coupling coefficient with
and without the decoupling unit cells is shown in Fig. 10b.
The isolation levels improve from 11 to 26 dB and from 15 to
44 dB at 2.45 and 5.8 GHz, respectively. Despite the fact that
the isolation at the lowest frequency is narrowband, it is sub-
stantial and covers the corresponding band of 2.4-2.5 GHz.
On the other hand, the 5.8 GHz meanders provide a wide-
band decoupling performance that covers the whole 5-6 GHz
frequency window. The superior performance at higher fre-
quencies is attributed to the fact that more meanders were
placed between the monopoles, thus resulting in an improved
approximation of an SNGmetamaterial medium. In addition,
it is observed that the metamaterials have minimal effect on
the impedance matching and consequently on the reflection
coefficients S11 and S22 of the elements.

To better understand the electrodynamics of the structure,
the electromagnetic power flow within the antenna board
is depicted in Fig. 11 (the simulator’s scale varies from
12.6 to 52.6 VA/m2 in dB), which provides an insightful
illustration of the interaction between the monopoles. Unar-
guably, the cross-talk is reduced after the introduction of the
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FIGURE 10. (a) Antennas using decoupling structure and (b) coupling
coefficient S21 derived through simulations versus frequency.

FIGURE 11. Electromagnetic power flow within the structure when port 1
(left) is excited and port 2(right) is connected to 50 �: (a) 2.45 GHz
without MTMs, (b) 2.45 GHz with MTMs, (c) 5.8 GHz without MTMs,
(d) 5.8 GHz with MTMs.

meanders, since feeding port 1 (left antenna) results in only
a tiny percentage of the power flowing towards port 2 (right
antenna). Regarding the meanders’ impact on the antennas,
it is observed that they have a negligible effect on their
performance and the radiation efficiency is decreased by
only 2-5%. This indicates that the meanders re-radiate a high
portion of the power that is incident to them rather than
dissipating it. Furthermore, in order to avoid the cable effect
during the measurements, the ground planes of the antennas
are extended in this case as well but only towards one side.
The size of the ground extension is carefully chosen through
simulations and experiments in order to suppress the cable
effect while maintaining the intended performance in terms
of S-parameters.

FIGURE 12. Fabricated antennas with the decoupling structure, (a) top
view, (b) bottom view, and (c) measured S-parameters (S11 and S21) with
and without (w/o) metamaterial structures. The ground plane has been
extended only towards one side to suppress the cable effect during the
measurements.

The fabricated prototype of the two antennas and the mea-
sured S-parameters are shown in Fig. 12, while the measured,
normalized H-plane radiation patterns of the two antennas
at 2.4 and 5.8 GHz are presented in Fig. 13a and Fig. 13b,
respectively. Concerning the decoupling performance, the
measured isolation levels are increased when metamaterials
are utilized while good impedance matching is maintained.
Moreover, the radiation patterns are slightly focused towards
the left direction for the left antenna and towards the right
direction for the right antenna. This is due to the presence of
the neighboring antenna’s ground plane and the decoupling
meanders that reflect and the waves towards these directions.
This effect is more intense at the highest frequency band
of 5.8 GHz, since the electrical size of the metamaterials
and ground plane becomes larger as the frequency increases.
In general, an excellent agreement between the simulated and
measured radiation patterns is observed.

Furthermore, the simulated 3D radiation patterns of the
left antenna (port 1) with and without metamaterial are pre-
sented in Figs. 14a-14d. As shown, the metamaterials result
in slightly less gain at 2.4 GHz and slightly higher gain
at 5.8 GHz. The radiation patterns become more focused
towards the left direction due to reflections from the meta-
material cells.

For a fair comparison, Fig. 15 provides the measured
realized gains with and without the meanders. Once again,
the fabricated prototype operates at 2.37 GHz instead of
2.45 GHz, because the FR-4 has a higher dielectric con-
stant than anticipated. For this reason, the realized gains
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FIGURE 13. Normalized, H-plane, Co-Pol. radiation patterns of the two
antennas at (a) 2.4 GHz and (b) 5.8 GHz. Both the simulations and
measurements refer to the case with extended ground planes.

FIGURE 14. 3D radiation patterns of the proposed antennas: (a) 2.4 GHz
with MTMs, (b) 2.4 GHz without MTMs, (c) 5.8 GHz with MTMs,
(d) 5.8 GHz without MTMs.

were measured with respect to this new resonance fre-
quency. Despite the fact that the meanders introduce some
additional losses, the realized gain at the higher frequency
band is improved after the decoupling, while it is only
slightly decreased at lower frequencies. More specifically,

FIGURE 15. Measured realized gain of the proposed antennas with and
without metamaterial decoupling at (a) 2.32-2.5 GHz and
(b) 5.15-5.85 GHz frequency bands. Both the simulations and
measurements refer to the case with extended ground planes. The
antenna resonates around 2.37 GHz in practice and therefore the realized
gain was measured from 2.32 to 2.45 GHz.

the realized gain drops from 0.5 to 0 dBi at 2.37 GHz when
metamaterials are used. This happens mainly due to the loss
associated with the metamaterial meanders that have a small
electrical size at the lower band of interest and consequently
their ohmic loss is somewhat increased. On the other hand,
the metamaterials enhance the gain at the highest frequency
band. Here, the gain is improved from 4 to up to 5.5 dBi. This
improvement is attributed to the presence of the meanders
that have a considerable electrical size at this frequency band
and induced currents circulate along their perimeter. Hence,
the size of the actual radiating aperture and consequently the
gain are increased. Furthermore, less power is absorbed or
re-radiated by the adjacent antenna since the isolation levels
are improved. Note that due to the extended ground plane
the directivity and consequently the realized gain are also
increased compared to the initial design. This improvement
is about 0.5 - 1 dB.

Another essential figure of merit for multi-antenna systems
is the envelope correlation coefficient (ECC). The ECC is
calculated by the method reported in [51], which requires
the antenna’s complex far-field pattern over a sphere. This
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TABLE 2. Comparison of the proposed work with previous ones regarding dual-band isolation enhancement.

FIGURE 16. Envelope correlation coefficient (ECC) versus frequency at
2.35-2.5 GHz (lower band).

method is preferred to the simplified technique based on
S-parameters [52], since the latter is less accurate for the
lossy antennas that are considered in this paper. The simu-
lated ECC with and without the metamaterial structures are
presented in Fig. 16 and Fig. 17 for the lower and higher
frequency band, respectively. As shown, it is reduced from
0.08 to 0.04 at 2.45 GHz. Meanwhile, it is always below
0.02 at the higher frequency band of 5-6 GHz.

FIGURE 17. Envelope correlation coefficient (ECC) versus frequency at
5-6 GHz (higher band).

Finally, table 2 provides a comparison of the proposed
antenna with previous works associated with dual-band cou-
pling reduction. Some of the key parameters that are com-
pared are the following: the isolation enhancement due to
the applied method, the bandwidth in which the decoupling
is achieved, the total efficiency and the total size of the
1 × 2 antenna system. The proposed antenna design excels
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mainly in two categories: i) the isolation bandwidth, where
a 22% is accomplished at the higher frequency band, which
is the highest among relevant works and ii) the size of the
proposed 1 × 2 antenna, which is the smallest compared to
previous designs. This is attributed to the fact that a miniatur-
izedmetamaterial antenna is designed as the array’s basic unit
and thus the overall footprint is considerably reduced. Fur-
thermore, the proposed decoupling techniques do not increase
the size of the structure and are seamlessly integrated. This
is not the case for prior works that presented superstrates
and decoupling networks that increase the overall profile
of the structure. Even in the case where the size of the
ground plane extension is considered, the combined structure
of the antennas and extra ground plane has a total size of
0.56λL × 0.29λL , which is still smaller than previous reported
antennas. On the other hand, it should be mentioned that
the compact size of our design comes at the cost of slightly
lower total efficiency. The reason for this is that electrically
small antennas, such as the ones proposed in this paper,
have typically higher loss and lower efficiency compared to
normal-sized antennas.

IV. CONCLUSION
The latest trends in wireless communications dictate the
use of as small and low-profile devices as possible. In this
study, we exploit the metamaterial principles and present
an ultra-compact and multi-functional antenna platform. The
first contribution of our work is the systematic design of an
electrically small antenna loaded with a metaresonator. The
proposed antenna covers the commonly used frequency bands
of 2.4-2.5/2.9-4.9/5.1-6.5 GHz, while it also exhibits high
radiation efficiency and sufficient bandwidth. The second and
more important contribution of this work is the decoupling of
two of these antennas that have an edge-to-edge separation
of only 0.13λ. Contrary to prior art, we provide isolation
solutions concerning two frequency bands with minimum
impact on the antenna performance and size. By combining
the theoretical principles with electromagnetic simulation
tools, the design is accelerated and systematic. The isolation
improvement from 11 dB to 26 dB at 2.45 GHz and from
16 dB to 45 dB at 5.8 GHz is achieved through the incor-
poration of meander metamaterials in the structure and it is
extremely wideband at higher frequencies. From a theoretical
perspective, the proposed antenna platform highlights the
benefits of metamaterials in antenna design, where antenna
miniaturization and isolation enhancement are usually chal-
lenging but necessary tasks. From a practical point of view,
it is an ideal candidate for several applications where small
size and increased functionality are required.
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