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Abstract

This paper summarizes the research that has
been developed by the authors for the last years,
concerning the design of compact planar anten-
nas with multiple ports for MIMO and diversity
applications. Several designs based on two-port
planar monopole antennas are proposed for WiFi
and WiMAX frequency bands. All these monopo-
les present two highly isolated feeding ports in
order to provide diversity, and hence capacity
increase. A planar multimode MIMO antenna for
Wireless Body Area Networks is also presented.
This antenna uses multimode diversity, a com-
bination of pattern and polarization diversity, to
obtain uncorrelated channel impulse responses
for MIMO systems. Prototypes of all the anten-
nas have been fabricated and characterized at
iTEAM's facilities. Measurements of the proto-
types have been made at Universidad Politécni-
ca de Cartagena using a MIMO channel sounder
based on a multiport network analyzer.

Keywords. MIMO systems, diversity antennas,
monopole antennas, multimode antennas.

1. Introduction

Multiple Input Multiple Output (MIMO) systems
are a very up-to-date solution to face the grow-
ing capacity demand for new wireless commu-
nication systems. By using multiple antennas at
the transmitter and at the receiver, significant
improvement in the system capacity is achieved
when working at rich scattering environments
[1]. Since this kind of environment makes sig-
nals from each transmitter highly uncorrelated
at each receiver, very high data rates may be

reached opening parallel spatial data chan-
nels within the same frequency band at no ad-
ditional power expenditure [2]. Alternatively,
MIMO systems can also be used to improve the
performance by decreasing the effect of the
multi-path propagation. To achieve high per-
formances, good isolation between the anten-
nas is required. To obtain the required isolation,
the multiple antennas that constitute the system
need to be spaced half wavelength or more. The
problem is that the volume occupied by multiple
antennas is often prohibited, especially for mod-
ern compact handsets.

Recent studies have demonstrated that multiple
antennas can be replaced by a single antenna, us-
ing different techniques. First approach consists
in using compact integrated diversity antennas,
like the one described in [3], that incorporate two
antennas into one, and uses two isolated feed
ports to provide diversity signals. Another alter-
native is to use a multimode antenna, like the bi-
conical antenna proposed in [4], or the archime-
dian spiral presented in [5]. This kind of antennas
radiate different modes depending on the excita-
tion, so different radiation patterns can be gener-
ated simultaneously at the same frequency band,
in order to obtain uncorrelated signals.

In this paper the above described techniques are
applied to design compact planar antennas with
multiple ports for MIMO and diversity applica-
tions. In Section 2 several designs based on two-
port planar monopole antennas are proposed.
All these monopoles present two highly isolated
feeding ports in order to provide diversity, and
hence capacity increase at WiFi or WiMAX fre-
quency bands. The different techniques applied
to achieve the required isolation between ports
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are explained in detail. Prototypes of the pro-
posed antennas are shown, as well as experimen-
tal results.

In section 3 a planar multimode antenna for
MIMO applications at Wireless Body Area Net-
works (WBANS) is presented. MIMO systems not
only have demonstrated to be a perfect choice
for capacity increase, but also have proven to be
an attractive option for WBAN, as they counter-
act the signal fading produced by the presence
of the human body [6]. The proposed antenna
is a capacitive loaded metallic ring that exhib-
its a multimode characteristic. The multimode
behaviour is obtained using four feeding ports
excited with specific phase configurations.

2. Compact Planar Monoroles for
MIMO and Diversity Applications

In this section three very simple, yet effective
diversity antennas based on planar monopoles
are proposed. Planar monopoles are very well-
known antennas that have long been used in
mobile communications due to their remarkable
properties such as wide impedance bandwidth,
omnidirectional radiation pattern, simple struc-
ture, small size, and low cost. Because of the
broad bandwidth they provide, planar monop-
ole antennas are extremely attractive to be used
in emerging ultra-wideband (UWB) applications
[7]. Moreover, they are also considered excellent
candidates to face up the increasing demand for
wireless communication services, which require
multi-band or broadband antennas capable of
operating at different standards.

In last years, a lot of work has been focused on
the determination of the planar monopole shape
which provides the wider impedance band-
width. As a result, a great number of different
planar monopole geometries have been charac-
terized experimentally [8]-[9], and automatic de-
sign methods have been developed to achieve
the optimum planar shape [10]. However, other
strategies to improve the impedance bandwidth
which do not involve a modification of the ge-
ometry of the planar element have been inves-
tigated.

In a previous work, a thorough study of the
properties of the current modes in planar mo-
nopoles, based on the Theory of Characteristic
Modes [11], led the authors to the conclusion
that the bandwidth performance of monopole
antenna would improve if only the presence of
the dominant vertical current mode was allowed
in the structure. This was accomplished with the
double feed planar monopole, proposed by the
authors in [12] for UWB applications. This mo-
nopole exhibited a novel feeding configuration
that consisted of a splitting network connected
to two symmetrical ports on its base. The sym-
metry of the ports prevented the excitation of
horizontal currents and assured that only the

dominant vertical current mode was present at
the structure. As a result, an improvement in the
polarization properties and impedance band-
width of the square monopole was achieved.

But let us suppose now, that the correlation
between the two ports of this double fed mo-
nopole were small. This would mean that the
two ports could be fed independently providing
diversity, the same way as the Y-patch proposed
in [3]. In section 2.1 and 2.2, it is demonstrated
that a long slit cut along the symmetry axis of
the monopole is a possible solution to get the
isolation between ports required for a two-port
antenna diversity system. In section 2.3 it is
shown that the isolation between ports can also
be obtained by exciting a higher order mode of
the monopole with an appropriate current dis-
tribution

2.1 Planar monopole with isolating slit
for Wifi frequency band.

Fig. 1 shows a planar monopole valid for diver-
sity applications that is derived from the double
fed square monopole described above. To obtain
the required isolation between the ports and
guarantee the only presence of vertical currents
on the structure, a long slit is cut along the sym-
metry axis of the antenna. The dimensions of the
antenna have been optimized to operate at 2.4
GHz. The location and size of both ports have
been adjusted to match the connectors’ imped-
ance (50Q). The feeding ports are symmetrically
placed on both sides of the isolating slit.

A prototype of the monopole is presented in Fig.
2.The monopole has been fabricated on a cooper
sheet over ROHACELL foam, and it is perpendicu-
larly mounted above a metallic ground plane.

Fig. 3 illustrates the simulated and measured S
parameters for the antenna prototype. Simula-
tions have been performed using electromag-
netic software Zeland IE3D. As observed, both
results are in fairly good agreement. The struc-
ture presents a S|, parameter less than -10 dB in
a range of frequencies of about 1 GHz. Besides,
the S, parameter takes values below -35 dB at

55 mm
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4 mm

55 mm

Figure 1. Geometry of the planar square mono-
pole with isolated ports.
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Figure 2. Prototype of the square monopole with isolated ports for WiFi fre-
quency band.
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Figure 3. Simulated and measured S parameters for the antenna prototype
shown in Fig. 2.
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Figure 4. Envelope correlation between ports obtained from the S parame-
ters of the prototype shown in Fig. 2.

the design frequency. Therefore, the required
isolation between ports for a two-port antenna
diversity system is achieved

To characterize port isolation in a more precise
way, the envelope correlation has been calcu-
lated from measured S parameters, as described
in [13]. Using this definition good diversity gain
is said to be possible when the correlation is
below 0.02. As observed in Fig. 4, the prototype
provides correlation values that stay below 0.02
in all the bandwidth of interest. This means that
the antenna could be also utilized as a duplexer,
allowing the received and transmitted signals to
have separate signal paths with more than 20 dB
isolation.

L — g
250 5 0 5 10

(b) XZ Plane

Figure 5. Simulated radiation patterns at 2.4
GHz: (a) XY Plane, (b) XZ Plane, (c) YZ Plane.

Fig. 5 shows the radiation patterns computed at
2.4 GHz for the antenna using IE3D. These pat-
terns have been obtained by exciting port 1
and terminating port 2 with a 50 Q load. As ob-
served, the XY plane presents omnidirectional
characteristic. Due to the symmetry of the sys-
tem, the radiation patterns for port 2 are exactly
the same but reflected in the plane of symmetry
in the XZ plane.

To verify the suitability of this new design for
MIMO applications, the antenna has been meas-
ured from 2 GHz to 3 GHz at Technical University
of Cartagena. Fig. 6 shows a schematic of the
channel sounder used for the measurement. As
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explained in [14], this MIMO channel sounder,
that is based on a multiport network analyzer
(Agilent ENA) and a fast switch, have been used
to measure the frequency response in an indoor
environment with LOS conditions. The multi-
port network analyzer (ENA) plays the role of
transmitter and receiver simultaneously. This
simplifies enormously synchronization prob-
lems (frequency sweep triggering and 10 MHz
synchronization). The control of the measure-
ments is automatically done by a Laptop, which
is connected to the fast switch via GPIB and to
the ENA via a WLAN. It is possible to use 2.4 GHz
WLAN or 5 GHz WLAN. For the 4x4 MIMO system
depicted in Fig. 6, the four receiving antennas
are connected directly to the ENA ports. Another
port acts as the transmitter, and it is connected
to a 30 dB low noise amplifier, to a low losses 50
metres cable and to a fast switch, in order to in-
crease to four the number of transmitting anten-
nas. The antennas are mounted on a 1.5 m mast
equipped with two guides to vary the spacing
between the antennas up to 2\ at 2.4 GHz.

For the characterization of our antenna, a 1x2
SIMO (Single Input Multiple Output) system has
been implemented, using a Cisco Aironet omni-
directional mast mount antenna (AIR-ANT2506)
with 5 dBi gain as the transmitter, and the two
port planar monopole as the receiver. The dis-
tance between the transmitter and the receiver
has been fixed to 3 m. Measurements have been
taken in 1601 frequencies, with an intermediate
frequency of 1 KHz. During the measurements,
there has been no movement in the lab, so the
channel has been supposed quasi-static.

The performance of other 1x2 SIMO systems has
been studied for comparison purposes. In all
these SIMO systems, the planar monopole has

Multiport Network analyser

Figure 6. Diagram of the channel sounder based on one multiport network

analyzer and a fast switch.

been replaced at reception by two Cisco Aironet
monopoles with different spacing d. Fig. 7 shows
the relative power measured at each receiving
antenna, for the two ports of the planar mo-
nopole, and for the two vertical Cisco monopo-
les with different spacing. As observed, in every
SIMO system, the power received by each an-
tenna at reception is similar. Obviously, the Cisco
monopoles present higher gain than the planar
monopole, so they receive a higher power. It can
also be noted that high power is received at the
WiFi band (around 2.4 GHz) since the monopoles
are tune in to that frequency.

Fig. 8 shows the correlation for the two anten-
nas at reception for this environment. In general,
the correlation decreases when the distance be-
tween the two receiving antennas increases. As
observed, the behaviour of the planar monop-
ole resembles that of the two Cisco monopoles
with A/2 spacing. According to these results, the
two port planar monopole could be considered
equivalent to two vertical Cisco monopoles with
/2 spacing at 2.4 GHz. Therefore, it seems that

(a) Monopole with two porfs (b) Cisco Mononoles d=A/2 (c) Cisco Mononoles d=A.
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Figure 7. Power measured at each receiving antenna as a function of frequency, for the two port planar

monopole, and for the array of two vertical Cisco monopoles with different spacing d.
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(a) UPV Monopole with two (b) Cisco Monopoles d=i/2 (c) Cisco Monopoles d=2
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Figure 8. Correlation between the two antennas at reception, for the two port planar monopole, and for
the array of two vertical Cisco monopoles with different spacing d.

the proposed antenna meets the requirements
for achieving diversity, and hence to increase the
system’s capacity, while it presents compact size
and wide impedance bandwidth.

2.2, Printed monopole with isolating slit
for WiMAX at 3.5 GHz frequency band.

In order to obtain a compact antenna with MIMO
behaviour appropriate for a WiMAX system, the
dimensions of the monopole previously present-
ed have been scaled and optimized to operate
at 3.5 GHz. A printed design, with the radiating
element at the front side, and the ground plane
at the backside of a printed circuit board (PCB),
has been chosen since it constitutes a more com-
pact solution than the one proposed in section
2.1.The dimensions of the antenna which are de-
tailed in Fig. 9, have been adjusted to match the
size of a common PCMCIA card. Again, port isola-
tion is achieved by inserting a decoupling slit be-
tween the excitation ports. Fig. 10 shows a pro-

40 mm

30 mm

L.

20 mm

Figure 9. Geometry of the printed square mo-
nopole with isolated microstrip ports.

totype of this antenna fabricated in microstrip
technology, on a GML 2031 substrate of height
h=0.76 mm and relative permittivity £ =3.2.

Fig. 11 confirms that at 3.5 GHz, both the meas-
ured and simulated S parameters are below -20
dB. Moreover, it is observed that measured S
parameters for the prototype are in close agree-
ment with the simulations performed with IE3D.
In Fig. 12 it can be verified that the prototype
also provides envelope correlation values lower
than 0.02 in the bandwidth of interest.

Fig. 13 shows the radiation patterns computed
at 3.5 GHz for port 1 of the antenna using IE3D.
As observed, the XY plane presents omnidirec-
tional characteristic. Due to the symmetry of the
system, the radiation patterns for port 2 are ex-
actly the same but reflected in the plane of sym-
metry in the YZ plane. It should be noted that
although the magnitude of the patterns from

Figure 10. Prototype of the printed monopole
with isolated ports for WiMAX at 3.5 GHz.
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port 1 and 2 are similar, their phases are different
enough to produce low cross-correlation.

Once again, the prototype of the antenna has
been measured in the lab of the Technical Uni-
versity of Cartagena. In this case, a 2x2 MIMO
system has been implemented. As observed
in Fig.14, in this system the transmitter is the
printed monopole that behaves as two anten-
nas due to the high isolation between its ports.
The receiver is formed by two omnidirectional
UWB antennas, EM-6116 with 1dBi gain that are
spaced s=2A at 3.5 GHz. A photograph of these
antennas can be seen in Fig. 15. Measurements
have been taken at 801 frequencies from 3 GHz
to 4 GHz, with an intermediate frequency of 1
KHz, in a rich scattering indoor environment
with LOS condition. The measurement has been
made for different distances d between the
transmitter and the receiver. The result at each
measurement point is a 3-D channel matrix
G, Whose dimensions correspond with the
number of receiving antennas, transmitting an-
tennas and analyzed frequencies.

For a MIMO system with M transmitting anten-
nas and N receiving antennas, the maximum
theoretical capacity for a uniform distributed
transmitted power with a signal to noise ratio of
SNR can be expressed as [1]:

=== $11 (dB) measured
—e— S41 (dB) simulated
——— $12 (dB) measured
—a— §12 (dB) simulated

|
20 25 3.0 3.5 4.0 4.5 5.0
Frequency (GHz)

S-Parameters (dB)
Y
o

Figure 11. Simulated and measured S parame-
ters for the antenna prototype shown in Fig. 10.
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Figure 12. Envelope correlation values between
ports obtained for the prototype of Fig. 10.
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Figure 13. Simulated radiation patterns at 3.5 GHz: (a) XY Plane, (b) XZ

Plane, (c) YZ Plane

Cinio (f)= log, (det

1N+SAZJH(f)HH(f)]) in bit/s/Hz
M

where [ is the identity matrix NxN, ()" is the
complex conjugated function, and H(f) is the
Frobenius normalized transfer function of G, us-
ing all the realizations of one measurement. Nor-
mally, the capacity is averaged over the meas-
ured bandwidth.

For the sake of comparison, the capacity of a
reference 2x2 MIMO system that uses EM-6116
antennas at both transmission and reception has
also been calculated. A schematic of this system
is shown in Fig. 16. At reception the antennas are
spaced s=2A at 3.5 GHz, whereas at transmission
different spacing s between the antennas has
been considered.

Table 1 shows the channel capacity of the refer-
ence system for distances between the transmit-
ter and the receiver d of Tm, 2m and 3m. A fixed
SNR of 10 dB at the receiver has been assumed in
all calculations. Surprisingly, the greatest capac-
ity values are obtained for d=3m. This happens
because the higher the distance d is, the closer
the receiving antennas are to the lab’s left wall.
Reflections due to the left wall of the lab, lead
to higher multipath richness and time delay in-
crease. As a result, the capacity rises. In contrast,
high capacity values are obtained for shortest
spacing s=A/2. This occurs because with this
spacing there is a strong spatial correlation and
a strong coupling between the transmitting an-
tennas. As explained in [15] when spatial correla-
tion is strong, the mutual coupling is beneficial,
leading to MIMO capacity enhancement.

Table 2 shows the channel capacity achieved with
the compact 2x2 MIMO system of Fig. 14 that uses
the printed monopole with two ports as transmit-
ter. The difference between this capacity and the
mean value obtained in Table 1 for the reference
system is also included in Table 2. As observed, for
a fixed SNR of 10dB, the differences in capacity for
the two systems are not large.
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Figure 14. Schematic of a 2x2 MIMO system
that uses the printed monopole with two ports as
transmitter and two EM-6116 UWB antennas spa-
ced s=2I as receiver.

Figure 15. Two omnidirectional UWB antennas
EM-6116, with 1dBi gain.
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Figure 16. Schematic of the reference 2x2 MIMO
system that uses EM-6116 antennas at both trans-
mission and reception.

Let us calculate the channel capacity again, con-
sidering now real values of SNR. SNR is comput-
ed from the mean received power, supposing a
noise level of -70 dBm. Results for the channel
capacity obtained using the real SNR are pre-
sented in Table 3 for the reference 2x2 MIMO
system and for the compact 2x2 MIMO system
that uses the printed monopole as transmitter.
As observed, the mean power received when
the printed monopole is used as transmitter is
7 dB lower than the mean power received by
the reference system. This is logical, because the
EM-6116 antennas are considerably bigger, and
present higher gain than the printed monopole.
Since the radiation efficiency, is directly depend-

ent on antenna size, it is normal that the EM-6116
radiate higher power than the printed monopole.
Note however that in spite of the received power
difference, for distances between the transmitter
and the receiver d=2 m and d= 3m, a richer scat-
tering environment is obtained, and the capacity
values given by the two systems are quite similar.

In conclusion, it has been demonstrated that
in rich scattering environment the proposed
printed monopole with two highly isolated ports
behaves as two independent antennas, but oc-
cupying much less space. Of course, the per-
formance of this monopole that has been fabri-
cated in microstrip technology is lower than that
of two EM-6116 antennas. Nevertheless, due to
its compact size and low profile, the printed mo-
nopole can be easily integrated in handheld ter-
minals, and constitutes an interesting solution
for a mobile 2x2 MIMO system.

2.3 Dual polarized printed monopole
for WiMAX at 3.5 GHz frequency band.
Let us consider now a dual polarized printed
monopole with two isolated feed ports. This
monopole provides polarization diversity, and it
is suitable for MIMO applications at WiMAX 3.5
GHz frequency band. The main differences with
the design already presented in section 2.3 are
that this new monopole uses polarization diver-
sity, and that the isolation between ports is not
obtained now by means of a decoupling slit.

Fig. 17 shows a schematic of the proposed de-
sign. It consists in a square planar monopole
with orthogonal polarization microstrip ports,
and a corner ground plane printed at the back
side of the PCB. In a rich multipath environment
the two orthogonal ports are expected to work
as two independent antennas. The required iso-
lation between ports is obtained by exciting a
higher order mode, whose current distribution
at 3.5 GHz is depicted in Fig. 18. The current of
this mode that has been calculated with IE3D, is
very low along the diagonal that connects the
upper left corner of the square with the lower
right one. This diagonal current null divides the
structure in two independent antennas, and pro-
vides low coupling between the ports, so there is
no need of an isolating slit.

Fig. 19 shows a photograph of a prototype of the
antenna, fabricated on a ROGERS4003 substrate
of height h=0.813 mm and relative permittivity
€£=3.38. As observed in Fig. 20, the input match-
ing requirements are accomplished, and the
isolation between the ports is higher than 20 dB
at 3.5 GHz. In addition, there is good agreement
between simulated and measured S parameters.
It has also been verified that the envelope corre-
lation is below 0.02 in the operating band.

The 3D radiation patterns computed at 3.5 GHz
for port 1 and port 2 of the antenna using IE3D
can be seen in Fig. 20. As observed, the patterns
present orthogonal polarization.

22

ISSN 1889-8297/Waves - 2010 - year 2

d=1m d=2m d=3m

s=M\2 5.3941 5.0482 5.9738
s=\ 5.0303 49546 5.9576
s=3M2 4.9861 4.9775 5.9911
s=2M\ 5.0135 4,9864 5.9975
s=3\ 47917 4.9497 5.9040

Table 1. Channel capacity (bit/s/Hz) of the 2x2 MIMO reference system for different distances d between the
transmitter and the receiver, and for different spacing s between the antennas used at transmission.

d=1m d=2m d=3m
Channel capacity 4.7170 5 5
Difference with the mean capacity 0.3261 0.0167 -0.9648
of the reference system.

Table 2. Channel capacity (bit/s/Hz) for the 2x2 MIMO system that uses the printed monopole with two
ports as transmitter, and difference with the mean capacity obtained in Table 1 for the reference system.

d=1m d=2m d=3m
Mean received -35.01 dBm -40.98 dBm -44.7 dBm
power
Reference 2x2
MIMO system SNR 24.99 dB 19.02 dB 15.31dB
Capacity 15.19 bit/s/Hz 10.71 bit/s/Hz 8.1 bit/s/Hz
Mean received -43 dBm -48.41 dBm -51.7945 dBm
2x2 MIMO system power
with the planar SNR 17.0176 dB 11.0176 dB 82522 dB
monopole as
transmitter
Capacity 7.7963bit/s/Hz 11.6220bit/s/Hz | 8.2522bit/s/Hz

Table 3. Mean received power, real SNR, and channel capacity (bit/s/Hz) for the reference 2x2 MIMO sys-
tem, and for the 2x2 MIMO system that uses the printed monopole as transmitter.

The prototype of the antenna has been experi-
mentally characterized at Technical University
of Cartagena. A 2x2 MIMO systems has been
implemented, using the printed monopole with
dual polarization ports as transmitter. As in sec-
tion 2.2, the receiver is formed by two EM-6116
antennas with 1dBi gain that are spaced s=2A\ at
3.5 GHz. Measurements have been taken at 801
frequencies from 3 GHz to 4 GHz, with an inter-
mediate frequency of 1 KHz, The measurement
has been made for different distances d be-
tween the transmitter and the receiver. Table 4
summarized the channel capacity achieved with
this 2x2 MIMO system that uses the printed mo-
nopole with dual polarization as transmitter. The
difference between this capacity and the mean
value obtained in Table 1 for the reference 2x2
MIMO system is also included. It can be noticed
that for a fixed SNR of 10dB, similar capacity val-
ues are obtained for the two systems.

Table 5 compares the channel capacity obtained
using a real SNR for the reference 2x2 MIMO
system and for the compact 2x2 MIMO system

that uses the printed monopole with double po-
larization as transmitter. Calculations have been
made considering a noise level of -70 dBm. As
observed, the mean power received when the
printed monopole is used as transmitter is 6 dB
lower than the mean power received by the ref-
erence system. This happens not only because
the printed monopole presents lower radiation

4593 mm

27.85 mm|

L.

Figure 17 Geometry of the printed square mono-
pole with orthogonally polarized microstrip ports.
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Figure 18 Current distribution at 3.5 GHz com-
puted with IE3D.

Figure 19 Prototype of the printed monopole
with orthogonally polarized microstrip ports.
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Figure 20 Simulated and measured S parame-
ters for the antenna prototype shown in Fig. 19.

efficiency than the EM-6116 antennas, but also
because the channel matrix elements are unbal-
anced. It should be note that EM-6116 antennas
only receive vertical polarization, whereas the
printed monopole transmits with horizontal or
vertical polarization depending on the port. As a
result, there is a XPD (Cross Polarization Discrimi-
nation) [16] of 7 dB, which is the mean difference
between the power received at co-polar and
cross-polar elements. Evidently, this 8 dB differ-
ence reduces the mean received power and also
de system capacity. However, the low capacity
values obtained when using the double polar-
ized monopole as transmitter, could also be due
to the non-perfect orthogonality between the
radiation patterns at the two ports that yields an
unwanted signal cross-coupling.

According to these results, it can be concluded
that further investigation needs to be performed
to increase the polarization purity at the orthog-
onal ports of the antenna in order to reduce this
unwanted cross-coupling.

3. Multimode MIMO Antenna for
Wireless Body Area Networks

MIMO systems have recently proven to be an at-
tractive option for Wireless Body Area Networks,
in which body shadowing and user motion lead
to multiple rapid changes in the channel charac-
teristics. In this kind of networks, multiple anten-
nas can be used in combination with space-time
coding, to save transmit power or to reduce the
probability of link failure due to body shadowing
[6]. However, the integration of multiple anten-
nas in the personal sphere is not easy, due to the
usually limited available space. A possible solu-
tion for this scenario is to implement the MIMO
system using multimode antennas.

A multimode antenna is an antenna where sev-
eral modes are excited separately on the same
antenna structure at the same temporal fre-
quency. [4] This results in multimode diversity,
a combination of pattern and polarization di-
versity to obtain uncorrelated channel impulse
responses for MIMO systems.

Exciting at Port 1

Exciting at Port 2

Figure 21 Simulated 3D radiation patterns at 3.5 GHz when exciting at port 1 and port 2.
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d=1m d=2m d=3m
Channel capacity 5.0032 5.2066 5.3442
Difference with the
mean capacity of the -0.0339 -0.2233 -0.626
reference system.

Table 4. Channel capacity (bit/s/Hz) for the 2x2 MIMO system that uses the printed monopole with dual po-
larization as transmitter, and difference with the mean capacity obtained in Table 1 for the reference system.

d=1m d=2m d=3m
Mean received -35.01 dBm -40.98 dBm -44.7 dBm
power
Reference 2x2
MIMO system SNR 24.99 dB 19.02 dB 15.31dB
Capacity 15.19 bit/s/Hz 10.71 bit/s/Hz 8.1 bit/s/Hz
Mean received -40.35 dBm -45.91 dBm -48.99 dBm
2x2 MIMO system power
with the double SNR 19.65 dB 14.09 dB 11.01dB
polarized monop-
ole as transmitter
Capacity 9.87 bit/s/Hz 7.20 bit/s/Hz 5.83 bit/s/Hz

Table 5. Mean received power, real SNR, and channel capacity (bit/s/Hz) for the reference 2x2 MIMO sys-
tem, and for the 2x2 MIMO system that uses the printed monopole with double polarization as transmitter.

In this section a planar multimode antenna for
WBAN is presented. This antenna offers charac-
teristics similar to an antenna array though mul-
tiple modes using just a single antenna element
with four ports. The multimode behaviour is ob-
tained exciting the four feeding ports with spe-
cific phase configurations. Since only one anten-
na element is needed, the multimode antennais
more compact than traditional arrays, and itis an
interesting solution for MIMO systems working
in the Personal Area Network at 2.4 GHz.

Fig. 22 (a) shows the geometry and dimensions
of the proposed MIMO antenna. The antenna
consists in a metallic circular ring with four slots
placed at ¢=+45° and +£135°, that act as capaci-
tive loading. As explain in [18], these slots allow
the control of the resonances of the orthogonal
modes that will provide the desired multimode
operation, so all of them would resonate at the
same frequency band. In this case, the dimen-
sion of the slots has been chosen in order to fix
the operation bandwidth of the desired modes
close to 2.4 GHz. The multimode operation is
accomplished by exciting the antenna with the
four L-shaped microstrip lines shown in Fig. 22
(b). As observed, these feeding lines are sym-
metrically distributed along the structure.

A prototype of the antenna fabricated at iTEAM'’s
facilities can be seen in Fig.23. The capacitive
loaded ring has been etched on a cooper sheet
over ROHACELL foam. The microstrip lines have

been printed on a ROGERS4003 substrate of
height h=0.813 mm and relative permittivity
€=3.38. The hybrid microstrip network shown
in Fig. 24 has been designed in order to obtain
the desired phase configurations at the differ-
ent ports. Future work will focus on obtaining a
more compact solution for the feeding network.

Tab. 6 summarizes the different distribution of
phases that can be employed at the four ports in
order to excite characteristic modes J, J,, J, and
J,. Further information about the radiating be-
haviour and current distribution of these char-
acteristic modes can be found in [17]. Note that

The antenna
offers
characteristics
similar to

an antenna
array through
multiple
modes using a
single antenna
element with
four ports.

99 mm

99 mm

(@

®)

Figure 22 Geometry of the multimode antenna: (a) Radiating ring with four

excitation ports. (b) Microstrip feeding lines.
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Fig. 25 shows the current distributions obtained
at 2.4 GHz with CST Microwave Studio when us-

The pattern -
p. ing the three feeding configurations described in o
associated to . i
th d Table 6. Arrows have also been included to facili- i
e_mo == tate the visualization of the current flow. The use .
excited by of the first feeding configuration results in the ex-

each feeding

' citation of mode ./, which presents currents form-
configuration

ing a close loop around the ring. The second con-

are orthogonal figuration excites degenerated modes J, and J,’ LS I P——

in order to simultaneously, resulting in a current distribution 0| | 2nd Cont.

provide MIMO with nulls at 45°. Finally, the third configuration s ) A A A
behaViour by excites the hlgher order mode Jz which exhibits 2.300 2.325 2.350 2.375 24;;0 2.425 2.450 22&;2500 2525 2550 2,575 2.600
multimode four current nulls £45°¢ and +135°. requency (GHz)

operation.

Fig. 26 depicts the return loss measured at each

Figure 23. Prototype of the multimode antenna Figure 26. Return loss measured for the antenna

with four excitation ports.

Figure 24 Hybrid microstrip network used to
obtain the desired phase configurations.

due to the orthogonality properties of charac-
teristic modes over both the surface of the body
and the enclosing sphere at infinity, they radiate
power independently of one another [11].

e

(c) 3™ Conf: Excitation of mode J,

Figure 25. Simulated current distribution at 2.4 GHz for the feeding configu-
rations proposed in Tab. 1.

P1 P2 P3 P4 Excited modes
1* Conf. Leoe Lo Lo Lo Jo
2" Conf Lasoe | Lasoe 1o Lo J )
3rd Conf. 1400 14180“ 1‘0., 1,{180“ Jz

Table 6. Feeding configurations (amplitude and
phase) for the excitation of different characteristic
modes of the antenna.

port of the prototype when using the three feed-
ing configurations of Table 6. Because of the sym-
metry of the structure, the return loss obtained
at every port is exactly the same. Considering
a reference value of -6 dB for the return loss, a
bandwidth (BW) of 2.6% is obtained for the pro-
posed design. Notice however that the central
frequency of the operating band is not 2.4 GHz,
but 2.5 GHz. This means that the dimensions of
prototype need to be slightly scaled in order to
shift the operating band towards 2.4 GHz.

Finally, Fig. 27 shows the radiation pattern ex-
hibited by the antenna for each feeding con-
figurations, at 2.5 GHz. These 3D patterns have
been simulated with CST Microwave Studio. As
expected, the pattern associated to the modes
excited by each feeding configurations are or-
thogonal in order to provide MIMO behaviour
by multimode operation.

Although capacity measurement for this anten-
na are not available yet, all the results presented
here seem to confirm that the capacitive loaded
ring antenna with four excitation ports behaves
as a multimode antenna, and consequently, it
is suitable to operate with different orthogonal
modes in a MIMO system.

4, Conclusions

Several designs of compact planar antennas with
multiple ports for MIMO and diversity applica-
tions have been presented. These designs, that
can replace antenna arrays traditionally used in
MIMO systems, are formed by a single radiating
element with multiple ports. Due to its compact
size and low profile, the proposed designs are a

ISSN 1889-8297/Waves - 2010 - year 2

prototype using the three feeding configurations.

very interesting solution to provide MIMO op-
eration at mobile handsets. The first designs pro-
posed are based on two-port planar monopole
antennas, and they have been optimized to work
at WiFi and WiMAX frequency bands. Capac-
ity values obtained for the prototypes of these
antennas at Universidad Politécnica de Carta-
gena confirm that, at rich scattering environ-
ment, the monopoles with two isolated feeding
ports provide capacity gain, as they yield better
performance than a single antenna element. A
planar multimode MIMO antenna has also been
proposed for Wireless Body Area Networks. This
antenna presents multimode operation, and
uses a combination of pattern and polariza-
tion diversity, to obtain uncorrelated signals for
MIMO systems. A prototype of this antenna has
been fabricated, and although capacity values
are not available yet, measurements performed
at iTEAM’s lab seem to confirm the suitability of
the design to operate in a MIMO system.
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