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Abstract—We demonstrate how a magnetic permeability
enhanced metamaterial can enhance the antenna array of a mul-
tiple-input multiple-output (MIMO) communication system. The
performance of a rectangular patch antenna array on a metama-
terial substrate was studied relative to a similar array constructed
on a conventional FR4 substrate. Differently spaced arrays were
analytically compared using array correlation coefficients and
mean effective gain as performance metrics. Achievable channel
capacity were obtained through channel measurements made on
a MIMO testbed. While results show that arrays on conventional
FR4 substrates have higher capacity due to gain and efficiency
factors, arrays can be made smaller, and have less mutual coupling
and correlation coefficients, when using a metamaterial substrate,
but the antenna built on the metamaterial substrate can be made
more efficient through the use of better host materials. This was
reflected in the analysis of both antenna arrays normalized to
remove efficiency and gain differences where they showed similar
performances. Hence, metamaterial substrates are a cost-effective
solution when antenna miniaturization is a key design criteria
compared to conventional substrates that achieve the same minia-
turization factor without significantly sacrificing performance.

Index Terms—Channel measurements, multiple-input multiple-
output (MIMO) systems, mean effective gain, metamaterial sub-
strate.

I. INTRODUCTION

W IRELESS communication systems have become per-
vasive and ubiquitous to the point where data rate

and quality of service requirements have become comparable
to those of wired communication systems. Next-generation
wireless systems incorporate multiple-input multiple-output
(MIMO) techniques to achieve their performance goals. MIMO
systems promise higher channel capacities compared to single
antenna systems by exploiting the spatial characteristics of the
multipath wireless propagation channel [1]. The theoretical
performance gain achievable by MIMO systems is limited due
to a number of practical design factors, including the design of
the antenna array and the amount of inter-array element mutual
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coupling. While mutual coupling can improve performance in
certain environments by creating pattern diversity [2], increased
correlation between the received signals in other environments
can degrade performance [3], [4]. Though increasing the
spacing between array elements can alleviate mutual coupling,
accommodating multiple antennas with large inter-element
spacing in modern consumer devices may be impossible due to
stringent space constraints. In order to meet such demanding,
and often contradictory design criteria, antenna designers have
been constantly driven to seek better antenna designs and
materials on which to build antenna systems.

A plethora of antenna miniaturization techniques have been
reported in literature. Fractal antenna techniques have been ex-
tensively applied to miniaturize different kinds of wire antenna
with reasonable outcomes [5]. Microstrip patch antenna size re-
duction has been achieved through the use of high dielectric
materials [6]. Changing the current path by introducing slots
on the resonating surface has been reported in [7]. Other con-
structions for reduced size patch antennas include multi-layer
patch antennas [8], planar inverted F antennas [9] and quarter-
wave patches [10]. Electromagnetic band-gap materials have
been shown to significantly reduce substrate thicknesses and are
being actively applied for different antenna structures [11]. A
completely different approach to antenna miniaturization is the
application of genetic algorithms in antenna design.

Metamaterials are a broad class of synthetic materials that
could be engineered to wield permittivity and permeability
characteristics to system requirements [13], [14]. By embedding
specific structures (usually periodic structures) in some host
media (usually a dielectric substrate), the resulting material can
be tailored to exhibit desirable characteristics. These materials
have drawn a lot of interest in the antenna community due to
their promising features. Metamaterials have been extensively
applied for antenna applications recently to achieve antenna
miniaturization [15], improved directivity [16], beam scanning
[17], and beamwidth control [17].

A novel application of metamaterials has been found in en-
hancing the magnetic permeability of otherwise nonmagnetic
materials [18], [19]. It is well known that antennas suffer from
poor efficiency when their sizes go below where is the
operating wavelength, a fact that has been a major impediment
in using high dielectric materials to miniaturize antennas, but
magnetic permeability enhanced metamaterials can provide a
more balanced solution to this problem since these materials can
miniaturize antennas by not only scaling down the wavelength
with their permittivity, but also with their high permeability, re-
sulting in a significant size reduction while operating at accept-
able efficiencies.
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In this paper, we quantify the performance of a miniaturized
rectangular patch antenna array built on a magnetic permeability
enhanced metamaterial substrate for a 2 2 MIMO commu-
nications system using spatial multiplexing. Channel matrices
were measured in different indoor propagation environments for
different inter-element spacings at a carrier frequency of 2.48
GHz. The measurements were repeated with a similar antenna
array built on a conventional FR4 substrate. Comparisons are
made between the two systems in terms of mean effective gain
(MEG), envelope correlation coefficients, measured channel ca-
pacities, and array physical footprint on a mobile device.

Following this introduction, we discuss the design of the
magnetic permeability enhanced metamaterial substrate in
Section II. Section III presents the design, construction and
measured characteristics of the antenna array built on the meta-
material substrate. Equipped with these antenna measurements,
we proceed to analyze, through simulations, the performance of
the antenna array in different radio propagation scenarios, first
by studying the correlation coefficients in Section IV and mean
effective gain in Section V. The results of actual measurements
are presented and discussed in Section VI before we draw our
conclusions in Section VII.

II. METAMATERIAL SUBSTRATE DESIGN

Inside a dielectric material, the free space wavelength of an
antenna is scaled down by a factor of , where is the
relative electric permittivity and is the relative magnetic per-
meability of the material. Thus, the size of an antenna can be
significantly reduced by choosing a high or high material.
Though miniaturization can be achieved using high materials,
it comes at the cost of increased dielectric losses that can signifi-
cantly affect antenna efficiency [6]. On the other hand, materials
that exhibit a high in the microwave region do not exist in
nature and designers have been compelled to use lossy high
materials when antenna miniaturization is a key design require-
ment. Fortunately materials that exhibit high , or magnetic
permeability enhanced metamaterials, can now be artificially
engineered to lead to smaller antennas without compromising
other design criteria [19].

Magnetic permeability enhanced metamaterials are con-
structed by stacking up unit cells that can store magnetic energy
by virtue of their structure. A unit cell for the material used
in this paper contains an inductive spiral loop embedded in a
host dielectric material as shown in Fig. 1. Magnetic energy
storage is created in the unit cell when a magnetic field passes
normal to the plane of the spiral, inducing a current in the loop.
This phenomenon effectively creates an inductance within the
host substrate material. The material is formed by stacking
up these unit cells uniformly in three dimension. A resonance
behavior is generated at frequencies dictated by the inductance
of the loop and capacitances that exist between adjacent arms
in the loop. Thus at resonance, a significant net magnetic
energy storage is induced within the 3-D structure and thus the
magnetic permeability of the otherwise nonmagnetic substrate
material is enhanced. In order to realize a miniaturized antenna,
it is therefore necessary to match the resonance frequency of
the antenna and the material. The resonance frequency of this

Fig. 1. Structure of metamaterial unit cell containing spiral loop embedded
in a dielectric substrate (all units are in mm). The dielectric substrate is FR4
(� � ���� � � �, loss tangent ��� � � ����).

structure can be controlled by tuning the spiral and substrate
dimensions.

The resonance frequency for the intended antenna design is
2.48 GHz. Therefore the unit cell structure is designed to res-
onate at this frequency, consistent with the antenna resonance
frequency. The unit cell structure designed to resonate in the
2.48 GHz band is shown in Fig. 1 along with its dimensions.
FR4 ( , loss tangent ) was chosen
as the host material for the metamaterial substrate. Initial simu-
lations of the unit cell and the stacked 3-D structure were carried
out using the finite-element method software HFSS [20]. Bulk
material properties of this substrate were extracted from the sim-
ulated S parameters as described in [21]. The extracted and

values around the 2.48 GHz band is shown in Fig. 2(a). The
effective was found to be approximately 4.2 in the direction
perpendicular to the plane of the unit cell. This substrate also
experiences an enhancement in permittivity due its geometry
[19]. The extracted effective was 9.7. The resulting electric
and magnetic values are plotted in Fig. 2(b). The resulting
electric and magnetic are 0.2 and 0.05, respectively, at the
design frequency. These values imply a lossy substrate leading
to poor antenna efficiencies. We discuss this problem and pos-
sible ways to improve antenna performance in Section III-C.

The unit cells were fabricated using a T-Tech QC5000 milling
machine. Unit cells belonging to the same plane in the 3-D struc-
ture were milled together on a single FR4 block and these blocks
were held together using tiny plastic screws at either ends of the
blocks. The misalignment caused by the unit cells was limited
to 0.1 mm which corresponds to the tolerance of the milling
machine. The antenna and ground plane were cut out from a
0.07-mm-thick copper sheet using our milling machine and was
affixed to the substrate using a thin coating of polymer based
industrial adhesive.

III. ANTENNA DESIGN

The antenna geometry used in this study is a rectangular patch
antenna with a recessed microstrip feed line [22], backed by
a ground plane and operating in the TM mode built on the
metamaterial substrate. Current is induced in the spiral loop only
by magnetic fields oriented in a direction perpendicular to the
plane of the spiral. Hence, magnetic permeability enhancement
is unidirectional in the substrate. Since the magnetic field in the
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Fig. 2. Effective material parameters around the resonance frequency of 2.48
GHz from HFSS simulations. (a) Effective permittivity �� � and permeability
�� �. (b) Electrical and magnetic loss tangents ���� ��.

near field of a rectangular patch antenna would be in a direction
perpendicular to its radiating edge, this antenna design can fully
utilize the available permeability in this direction.

The structural details of an antenna element on the 3-D meta-
material substrate and a built prototype are shown in Fig. 3. A
picture of the antenna array mounted on the testbed used for
channel measurements is shown in Fig. 4. The relevant sub-
strate and antenna dimensions are shown in Table I. Dimen-
sions are also shown in Table I for similar antenna built on a
regular FR4 substrate that was used as a reference to compare
the performance of our metamaterial-substrate antenna. The de-
signed metamaterial-substrate antenna achieved a miniaturiza-
tion factor of approximately 3 in the radiation edge length com-
pared to a rectangular patch antenna operating at the same fre-
quency built on a conventional FR4 substrate. Also, a signif-
icant 90% reduction in the area occupied by the antenna plane

Fig. 3. (a) Schematic of the rectangular patch antenna built on the magnetic per-
meability enhanced metamaterial substrate. The dimensions are listed in Table I.
(b) Fabricated metamaterial-substrate antenna structure.

was achieved. However, due to the higher thickness of the meta-
material substrate, the entire volume for a single antenna on a
metamaterial substrate was approximately 37% less than that of
a conventional FR4 substrate.

A. Bandwidth and Gain

Fig. 5 shows the measured return loss characteristics of the
designed antenna. The 10-dB bandwidth of this antenna is ap-
proximately 50 MHz. This bandwidth is comparable to that of
an antenna built on a conventional FR4 substrate.

Fig. 6 shows the measured gain of the metamaterial and FR4
antennas in the elevation and azimuth planes. The conventional
FR4 substrate antenna has 6 dB more gain than the metamate-
rial-substrate antenna in the elevation plane and approximately
2 dB more gain in the azimuth plane. Although the difference
in gain is significant in the elevation plane, the primary contri-
bution to the difference in communication system performance
between the two antennas would be due to gain differences in
the azimuth plane [23]. These gain differences between the an-
tennas can be attributed to two factors.
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Fig. 4. View of the metamaterial-substrate antenna array mounted on the
HYDRA testbed during channel measurements.

TABLE I
SUBSTRATE AND ANTENNA DIMENSIONS

Fig. 5. Measured return loss characteristics for the metamaterial and FR4 sub-
strate antennas.

The primary reason for the gain differences is the smaller effi-
ciency of the metamaterial-substrate antenna as discussed in the
next section. Second, the metamaterial-substrate antenna has a
much smaller ground plane compared to the conventional FR4
substrate antenna which leads to more fringing effects and a re-
duction in directivity in the elevation plane as seen in 6(a). To

Fig. 6. Measured gain in the (a) elevation plane �� � � � and (b) azimuth
plane �� � �� � for metamaterial and FR4 substrate antennas. The spacing
between the antenna elements is 60 mm�����.

study the effect of substrate size, the metamaterial-substrate an-
tenna was constructed on a larger metamaterial substrate with
the substrate length and width equal to that of the FR4 antenna
substrate. Therefore the ground plane for this antenna was equal
in size to that of the FR4 antenna. The antenna is shown in
Fig. 7(a). The measured radiation pattern in the elevation plane
for this antenna shown in Fig. 7(b) shows that the peak gain
in the this plane for this metamaterial-substrate antenna was
around 2 dBi. This corresponds to a 3-dB gain improvement
compared to that of the original metamaterial-substrate antenna
design with a smaller substrate. The large back-lobe that was
present in the original metamaterial-substrate antenna as seen in
Fig. 6(a) was significantly suppressed for this design. The mea-
sured azimuthal gain did not show any significant differences in
gain values between the two antennas with different substrate
sizes.

It is important that the azimuth gain does not deteriorate
within the usage bandwidth as the azimuth plane gain has a
more significant effect on capacity performance since multipath
signal propagation in indoor environments (such as the ones
used for channel measurements in this paper) happens mostly in
this plane [23]. Table II lists the peak gain in the elevation and
azimuth planes for frequencies around 2.484 GHz at which the
channel measurements were performed. As seen in the table,
the designed antenna’s gain characteristics does not deteriorate
in this frequency region. The performance dependence on the
azimuthal gain pattern also justifies the sacrifice made in the
elevation plane gain due to a smaller ground plane in order to
achieve a smaller antenna footprint.

B. Cross-Polarization Discrimination

Cross-polarization discrimination (XPD) quantifies the de-
gree of the sense of polarization of a linearly polarized antenna.
The XPD of an antenna is given by

(1)

where and are the and components of the
antenna gain pattern. The computed XPD values for the meta-
material substrate and FR4 antennas are given in Table III when
the antennas are placed at different spacings in an array.
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Fig. 7. (a) Antenna constructed on a larger metamaterial substrate in order to
study the effect of having a large ground plane. (b) Elevation and azimuth radia-
tion patterns of the metamaterial-substrate antenna with the larger ground plane.

TABLE II
PEAK GAINS AT DIFFERENT FREQUENCIES AROUND 2.2484 GHz

IN THE ELEVATION AND AZIMUTHAL PLANES

TABLE III
XPD FOR DIFFERENT ANTENNA ARRAY CONFIGURATIONS

The antennas are linearly polarized as expected of a rectan-
gular microstrip patch antenna and XPD decreases with inter-el-
ement spacing for both antenna types. As seen from the table,
less polarization distortion occurs due to the presence of the

Fig. 8. Predicted radiation efficiency of the metamaterial-substrate antenna for
different host substrate ��� � with the other material properties remaining the
same as that of FR4.

other antenna elements in the array for the metamaterial-sub-
strate antenna compared to the FR4 antenna. This can be ex-
plained by the unidirectional substrate enhancement that “sup-
presses” the cross-polar fields generated in the substrate, re-
sulting in less cross-polararization coupling.

C. Efficiency

The measured efficiency for the metamaterial-substrate an-
tenna and FR4 antenna were 30% and 48%, respectively. In ad-
dition to the losses due to surface waves excited in the substrate,
which contributes to losses in both antennas, the current induced
in the inductive loop in each unit cell contributes to ohmic losses
in the metamaterial substrate. Additionally the capacitive losses
in the metamaterial host medium is also increased due to the
increased thickness of the stacked substrate structure. The elec-
tric and magnetic determined in Section II demonstrate
these results. While, at first look, this difference in efficiency
may discourage the use of a metamaterial substrate, this differ-
ence should be viewed in light of several other factors. Fig. 8
shows the simulated efficiencies obtainable with the metama-
terial-substrate antenna for different with the other host
material properties being the same as that of FR4. It can be seen
that the problem of lower efficiency is mainly due to the lossy
nature of the FR4 substrate. Therefore, the problem of efficiency
can be addressed by choosing a low loss host material.

Also a simple calculation based on the miniaturization factor
described in a preceding paragraph reveals that it requires a con-
ventional substrate with an value of 45 to achieve the minia-
turization factor achieved by the metamaterial substrate. There a
two reasons for why a metamaterial substrate would be a better
choice than a material with such a high . The theoretical max-
imum efficiency achievable by a microstrip patch antenna de-
creases significantly with due to the high dielectric losses in-
curred in such a material. The maximum efficiency predicted
by [6] for an antenna built on a material with an of 45 and

of 0.0001 would be around 35% which is similar to that
of the efficiency achieved by the metamaterial substrate built
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on FR4 as the host substrate. As predicted by Fig. 8, a more
efficient antenna can be realized by building the substrate on
a lower but less lossy host material. The second reason is
that low-loss, high- materials can be prohibitively expensive
since they are usually composites made of different materials.
Cheaper polymer based alternatives have much higher dielectric
losses compared to the metamaterial substrate
leading to efficiencies on the order of 5%–15% [6]. Hence, when
miniaturization is a key design requirement, the metamaterial
substrate is an efficient and cost-effective solution.

IV. ANALYSIS OF CORRELATION CHARACTERISTICS

The signal correlation at the receiver is an important factor
that affects the operation of a MIMO system. Mutual coupling
between the antenna elements as well as the radio propagation
environment contribute to signal correlation. In this section we
quantify signal correlation using two metrics: mutual coupling
between the antenna elements and the correlation coefficient.

Higher mutual coupling between the antenna elements in a
MIMO system leads to higher correlation between the received
signals and thus lower system performance. For arrays on both
substrates considered in this paper, the mutual coupling between
array elements was analyzed in terms of the isolation be-
tween them. Isolation between the antenna elements was mea-
sured using a vector network analyzer in free space with the an-
tennas mounted on the testbed as shown in Fig. 4. The measured
isolations for the metamaterial-substrate antenna array and the
conventional FR4 antenna array are shown in Fig. 10. The result
shows a difference of 15 dB in isolation between the metamate-
rial and FR4 antenna arrays at very low inter element spacing.
This difference drops to around 10 dB for higher spacing. This
trend implies that the received signals will be significantly less
correlated for the metamaterial-substrate antenna compared to
the FR4 antenna for a given spacing. Another interesting obser-
vation is that the isolation does not vary as much with inter-el-
ement spacing for the metamaterial-substrate antenna; the dif-
ference in isolation between and is 10 dB whereas
the isolation varies by 16 dB for the FR4 antennas.

The correlation coefficient between the receiving antenna el-
ements in a given environment takes into account both the an-
tenna’s radiation pattern as well as the power angular spectrum
(PAS) of the environment and is thus an effective parameter to
characterize the degree of signal degradation due to antenna
and environmental correlation effects. The correlation coeffi-
cient between the antenna elements in a MIMO array is given by
equation (2), shown at the bottom of the page [24], where XPR
is the cross polarization power ratio, and are
the and components of the PAS of the incident waves and

are the and components of the th

TABLE IV
CORRELATION COEFFICIENTS

antenna’s complex electric field envelopes, is the distance be-
tween the two antenna elements, and is the wave number.

The propagation environment is specified by the PAS of the
vertically and horizontally polarized incident radio waves. The
power angular spectrum of the vertically and horizontally po-
larized received signals are assumed to be distributed uniformly
in azimuth and distributed as a Gaussian function in elevation
which is consistent with the measured results reported in [25]
for an indoor environment. Therefore, the distributions corre-
sponding to PAS are given by

(3)

(4)

where and are constants that satisfy the condition that the
area under both the curves sum to 1, and are the means
and and are the standard deviations of the and po-
larized components, respectively. The correlation coefficients
for the two antenna array under different element spacings in
an environment characterized by the following parameters are
listed in Table IV:
and dB. The choice of these values was based on
the measurement results reported for an indoor picocell in [25].
The closely spaced FR4 antennas experience higher correlation
than the metamaterial-substrate antennas. The FR4 antenna is
heavily correlated at closer spacings and correlation improve-
ment is significant with increased spacing, whereas the metama-
terial-substrate antenna is reasonably uncorrelated even at closer
inter-element spacings. Thus, as a result of the high inter-ele-
ment isolation between the elements, the metamaterial antenna
array remains significantly less correlated at closer inter-ele-
ment spacings in a typical indoor propagation environment such
as the one described here.

V. MEAN EFFECTIVE GAIN ANALYSIS

Though antenna gain is a good measure for an antenna’s per-
formance in a stationary wireless communication system, it does
not give complete information to the system designer on how
well the antenna will perform in a mobile system due to the ran-
domness of the multipaths. The mean effective gain (MEG) of
an antenna has been used as a possible measure to evaluate an
antenna’s performance in such mobile wireless channels [26].

(2)
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Fig. 9. MEG variation for the metamaterial-substrate antenna with XPR. The
MEG values are referenced to the FR4 substrate antenna.

MEG of an antenna is evaluated by considering the mean re-
ceived signal power by the test antenna and a reference antenna
while they traverse a random route which is representative of
the environment for which the MEG is considered to be valid.
MEG is significantly affected by the antenna’s gain pattern and
the radio propagation environment. In this section we analyti-
cally evaluate the MEG of the metamaterial substrate array and
compare it with the FR4 substrate array for different propaga-
tion scenarios.

The following analytical expression for MEG is used in our
analysis [26]:

(5)

Fig. 9 shows the MEG of the metamaterial-substrate antenna
referenced to the FR4 antenna’s MEG. The same values for

and were assumed as in the previous sec-
tion. As one would expect due to the significant gain differences
between the antennas, the metamaterial-substrate antenna does
not outperform the FR4 antenna in any XPR region. However
some interesting observations can be made from this figure. The
MEG of the spaced metamaterial-substrate antenna w.r.t.
the spaced FR4 antenna is close to dB. This difference
is less than the measured peak gain differences seen in Fig. 6.
In other words, the difference in gain becomes narrower when
the antennas are operated in a mobile scenario similar to the one
considered for the MEG calculations. Second, the MEG for the

spaced metamaterial-substrate antenna w.r.t. its FR4 coun-
terpart decreases to dB. However this difference in MEG
is still less than the measured peak gain differences. The pre-
ceding two observations can be explained by the correlation co-
efficients of the antennas shown in Table IV where the closely
spaced FR4 antennas suffer from high correlation compared to
the metamaterial-substrate antenna.

Fig. 10. Measured mutual coupling between the antenna elements for different
antenna spacing for the metamaterial and FR4 substrate antenna arrays.

Another observation is that there is an improvement in MEG
as the cross over to positive XPR region occurs for both spac-
ings. This MEG improvement can be explained by the higher
XPD values for the metamaterial-substrate antenna shown in
Table III. In the positive XPR region, most of the incident power
is vertically polarized and proportionally, the metamaterial-sub-
strate antenna can better capture this power than the FR4 an-
tenna resulting in an increase in MEG.

VI. CHANNEL MEASUREMENTS AND RESULTS

The performance of the designed metamaterial-substrate an-
tenna array as well as the FR4 array was evaluated in terms
of achievable channel capacity by taking measurements on a
2 2 MIMO testbed. The measurements were performed in two
different indoor environments. One was a medium sized labo-
ratory (test environment I). The laboratory is 20 m long, 8 m
wide, and 4 m high. The lab has several cubicles segmented by
metallic walls and has other typical laboratory furniture, elec-
tronic equipment, and cabling scattered throughout the room. A
single transmitter location was chosen. Channel measurements
were performed for six receiver locations. The second environ-
ment was a medium sized atrium situated inside the Bossone
research building on Drexel University campus (test environ-
ment II). This space is enclosed by a combination of walls and
metallic doors with the space within the atrium being practi-
cally empty. Channel measurements were performed for five
receiver locations. The CAD layout of both the environments
are shown in Fig. 11. The transmitter locations are denoted by
a “TX” and the receiver positions by the corresponding number
in the layout diagrams. Receiver locations were chosen so that
there were a combination of both LOS and NLOS links in both
environments. For all the transmitter and receiver positions in
both the environments, the antennas were mounted at a height
of 1.5 m.

Measurements were taken with two nodes of the HYDRA
testbed [27]. The HYDRA testbed is a 2 2 MIMO orthog-
onal frequency division multiplexing (OFDM) communication
system equipped with frequency agile transceivers operating in
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Fig. 11. 2-D CAD model of indoor (a) Test environment I. The number in the
brackets indicate the height of the antennas at the particular location. The NLOS
links are due to the 2.5-m partition walls which are higher than the height at
which the antennas were mounted. (b) Test environment II showing the trans-
mitter and receiver locations and the antenna array orientation.

the ISM and UNII radio bands and a baseband processing com-
puter. The baseband chassis performs the analog to digital and
digital to analog conversions required by the two transceivers.
The system employs 64 sub-carriers in a 20 MHz bandwidth
centered around 2.484 GHz out of which 52 sub-carriers are
used for data transmission. The rest of the sub carriers are used
for training.

The communication channel is assumed to be a flat fading
MIMO communication channel, described by the following
equation:

(6)

where is the transmitted signal vector, is the
received signal vector, is the channel transfer ma-
trix, and are the number of receivers and transmitters,
respectively, and denotes additive white Gaussian noise.

Measurements were performed for six different array con-
figurations: metamaterial-substrate antenna array with inter-el-
ement spacing of and and the same spacing re-
peated with the FR4 antenna array for test environment I and

four different array configurations: metamaterial-substrate an-
tenna array with inter-element spacing of and and the
same spacing repeated with the FR4 antenna array for test envi-
ronment II. The matrices obtained for each link were normal-
ized with respect to the corresponding spaced FR4 antenna
array configuration in order to remove the difference in path
losses among the different array configurations. This Frobenius
normalization factor is defined as [4]

(7)

The channel capacity for each array configuration was com-
puted using the normalized matrices as follows [28]:

(8)

where is the identity matrix, SNR is the
signal-to-noise ratio. is the number of channel
realizations measured at each receiver position, is the
normalized channel matrix corresponding to the th channel
realization, and denotes the complex conjugate transpose
operation.

The average capacities achieved as a function of signal to
noise ratio over multiple channel realizations and different links
for the six different array configurations at the edge frequency
of 2.474 GHz for test environment I are shown in Fig. 12. Due to
their much higher gain, the FR4 substrate antennas outperform
the metamaterial-substrate antenna. However, it is important
to note that the performance of the metamaterial-substrate
antenna is relatively unchanged with different inter-element
spacing. The spaced metamaterial-substrate antenna array
shows only a 0.4 bit/Hz/s maximum improvement over its

spaced array whereas the spaced FR4 array shows
a 2 bit/Hz/s improvement. This unchanging capacity can be
explained by looking at Fig. 10 and Table IV where mutual
coupling and the correlation coefficients vary comparatively
little with increasing inter-element spacing for the metamaterial
array. For a given throughput requirement, this significant result
makes the metamaterial-substrate antenna a highly suitable
candidate for a MIMO system because it can be spaced very
closely together without sacrificing performance. This close
spacing reinforces the already small structure of the metama-
terial-substrate antenna, leading to a significant reduction in
antenna footprint in the system.

Similar capacity results for test environment II at the same
frequency is shown in Fig. 13. Again, the same trends are
present. The difference in capacity performance remains within
a very close margin between the and spaced meta-
material-substrate antenna arrays.

Fig. 14 shows the capacities achieved by the metamaterial-
substrate antenna array at the different sub-carrier frequencies
of the OFDM system at 10-dB SNR. The frequency span of the
OFDM system is 20 MHz centered around 2.484 GHz. As it
can be seen, the capacity is a function of frequency. This can be
attributed to the small scale propagation effects at different fre-
quencies combined with the subtle gain differences within this
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Fig. 12. Test environment I: Average channel capacity as a function of SNR for
the metamaterial and FR4 substrate antenna arrays for different inter-element
spacing.

Fig. 13. Test environment II: Average channel capacity as a function of SNR
for the metamaterial and FR4 substrate antenna arrays for different inter-element
spacing.

band as listed in Table II. Yet the figure shows that the achiev-
able capacity does approximately vary about a mean line within
the 20-MHz frequency range.

Finally, to compare the two antenna substrates with normal-
izations to remove relative gain and efficiency effects, a cumula-
tive distribution function (cdf) was assembled using the capac-
ities computed for all links and all sub-carriers in test environ-
ment 1. The channel matrices for each antenna array configu-
ration had its own normalization factor. The Frobenius normal-
ization factor in this case is defined as

(9)

The cdf results are shown in Fig. 15 for a SNR of 10 dB.
For a given inter-element spacing, it can be seen that the two

Fig. 14. Average OFDM sub-carrier capacity for the metamaterial and FR4
substrate antenna arrays with different inter-element spacing. ��� � �� dB.

Fig. 15. CDF of channel capacity for the metamaterial and FR4 substrate an-
tenna arrays for different inter-element spacing after normalizing for efficiency
and gain mismatch effects.

arrays show similar performance. For any given outage prob-
ability, the metamaterial-substrate antenna array either outper-
forms the FR4 array or lies within a 1 bit/Hz/s difference. These
results confirm the fact that the performance gap between meta-
material and FR4 substrates in Fig. 12 can be attributed to gain
and efficiency factors.

VII. CONCLUSION

We have compared the correlation characteristics, mean
effective gain and capacity of a 2 2 MIMO communication
system that employed a metamaterial-substrate antenna array to
that of a system that employed patch antennas built on a conven-
tional FR4 substrate. The metamaterial-substrate antenna array
showed significantly less correlation between its elements in a
typical indoor environment scenario for different inter-element
spacings. This result also manifested itself in the measured
channel capacities in two different indoor environments where
the capacity improvement did not change significantly with
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increasing inter-element spacing. Although the gain values
were significantly higher for the reference FR4 antenna, the
difference in analytical mean effective gain was significantly
reduced due to the better polarization discrimination properties
of the metamaterial substrate. When normalized for gain and
efficiency effects, the metamaterial-substrate antenna array
showed very similar capacity gains to those of the FR4 array.
Analysis also showed that the efficiency of the metamate-
rial-substrate antenna can be improved with better choices
for the host dielectric material. This makes the metamaterial
substrate a very cost-effective solution to miniaturize antennas
in future communication systems.

Our results show that the designed metamaterial-substrate an-
tenna array is a good candidate for space constrained MIMO
systems. With further improvements to its efficiency and gain,
a topic of ongoing investigation, a metamaterial-substrate an-
tenna array could become an ideal candidate for future MIMO
systems.
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