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Abstract—A new compact pattern reconfigurable U-slot
antenna is presented. The antenna consists of a ldtspatch and
eight shorting posts. Each edge of the square patihconnected to
two shorting posts via PIN diodes. By switching beteen the
different states of the PIN diodes, the proposed &mnna can
operate in either monopolar patch or normal patch nede in similar
frequency ranges. Therefore, its radiation patterrcan be switched
between conical and boresight patterns electricallyln addition,
the plane with the maximum power level of the conal pattern can
be changed between two orthogonal planes. Owing @ novel
design of the switch geometry, the antenna does noged dc bias
lines. The measured overlapping impedance bandwidtfjS;;|<-10
dB) of the two modes is 6.6% with a center frequernycof 5.32 GHz.
The measured radiation patterns agree well with simlated
results. The antennas are incorporated in a 2x2
multiple-input-multiple-output (MIMO) orthogonal fr equency
division multiplexing (OFDM) system to demonstrate the
improvement in system capacity. In the real-time MMO-OFDM
channel measurement, it is shown that compared to
omnidirectional antennas, the pattern reconfigurabé antennas can
enhance the system capacity, with 17% improvementni a
line-of-sight (LOS) scenario and 12% in a non-LOS NLOS)
scenario at a signal-to-noise ratio (SNR) of 10 dB.

Index Terms—Microstrip antennas, reconfigurable antennas,
multiple-input-multiple-output (MIMO), slot antenna s.

I. INTRODUCTION

I n the past few years, reconfigurable antennas rexaived
significant attention due to their ability to impm the
performance of wireless communication systems 10}
Typical parameters of an antenna that can be regoefl are
frequency, radiation pattern, polarization or camaitions of the
above. Pattern reconfigurable antennas have thenibait to
avoid noise sources by changing the null positimnsave
energy by better directing the signal toward inehdsers and
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to provide larger coverage by redirecting the mbeam
[7]-[10]. Among the reported pattern reconfigurakletenna
designs, several [8]-[10] feature the capability switch

between boresight and conical patterns. A coniadiation

pattern is generally one for which the maximumctikéty is off

boresight (where boresight corresponds to the tifirecormal
to the plane containing the antenna) and the patbape
resembles a cone. In [8], a wide-band L-probe tarcpatch
antenna with dual feeds was presented. Unfortunatah

integrated matching network consisting of switchesds to be
designed in order to reconfigure the radiation quatt
electrically. In [9] and [10], single feed patteetonfigurable
square-ring patch antennas were designed with ais go
increase the impedance bandwidth, and dc bias rietweere
used to drive the PIN diodes.
reconfigurable antenna structures, dc bias lineseguired to
control the switching elements, which can make wh®le

antenna structure more complicated or even deghedentenna
performance. This hinders the wide applications of
reconfigurable antennas. Therefore, a reconfigerapitenna

structure without bias lines is desired.

Very recently, reconfigurable antennas have foumsv n
applications in adaptive multiple-input-multipletput
(MIMO) systems [11]-[20], enabling the dynamic cbanof
radiating characteristics of each antenna elemegtrding to
the usually fast changing channel conditions. Calyerthere
are two methods to increase the MIMO system capdumjt
employing reconfigurable antennas. The first isgduce the
correlation of sub-channels by using polarizatianpattern
reconfigurable antennas. Specifically, this is iempénted by
switching between different configurations of refigurable
antenna arrays according to the varying channalitons. The
polarization or pattern diversity in some of thenfigurations
can be used to realize low correlation of the dudmaoels. The
second is to increase the signal power receiveshitghing the
antenna radiation patterns according to the chanfeemation.
In [12]-[15], the capacity of a MIMO system was iraped by
using polarization reconfigurable antennas to redube
sub-channel correlation. In [16]-[20], pattern nefigurable
antennas were incorporated in MIMO systems to ecdndine
system capacity. In [16], a MIMO system with patter

In most conventional
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reconfigurable antennas was tested in an anechaiulger with
artificial objects acting as the scatterers thatdenaip a
multipath environment. The system capacity increases
mostly attributed to the increase of average

direction. In [17]-[20], the capacity of a MIMO dgs was
increased by exploiting antenna pattern diversityntroduce

sub-channel decorrelation to the MIMO system. Foe t

experiments in [17], the reference antenna wagosee one
configuration of the reconfigurable antenna. knewn that an
omnidirectional antenna can receive rich multipathich can
lead to low sub-channel correlation [20]. Theref@eapacity
comparison between systems with
omnidirectional antennas is necessary for highighthe effect
of pattern diversity on the sub-channel correlation

In this paper, a new pattern reconfigurable miciodt-slot

patch antenna using eight PIN diodes is proposeght E
shorting posts are implemented around the patchaoge the

operating mode of the antenna from monopolar patctie to
normal patch mode. In addition, the two modes asegihed to
resonate in similar frequency ranges. Therefore,pitoposed
antenna can electrically reconfigure the radiatioattern
between conical and boresight patterns with anlapping
impedance bandwidth. Furthermore,
maximum power level of the conical pattern can laeied
between two orthogonal planes when the antennatgsein the
monopolar patch mode.

To demonstrate the benefit of using
reconfigurable antennas to increase the systemcitgpfour

antennas have been employed in a 2x2 MIMO-OFDM
demonstrator. Omnidirectional antennas are usadeference

for capacity comparison. Channel measurements cbedun
both line-of-sight (LOS) and non-LOS (NLOS)
environments show significant capacity enhancement.
Part of this work has been described in [21]. Thesent
paper extends the work in [21] significantly by yidbng the
antenna design principles and showing the equivalesuits of
the antenna with PIN diodes. We also present ayptrac study
on the antenna resonant frequency and describmdasured
reflection coefficient, radiation pattern, gain agfficiency of
the antenna. In addition, a discussion on the medsealized

receiv
signal-to-noise ratio (SNR) by changing the mainarhe

reconfigurable and

the plane witle th

the proposed

indoor

(b)

gain of the antenna is given. Furthermore. the epatt Fig. 1 Configurations of the patch antenna with Bidbdes (a) antenna in Ref.

reconfigurable antenna is applied to a MIMO- oritg
frequency division multiplexing (OFDM) system antet
capacity comparison between systems with
reconfigurable antennas and omnidirectional antermshown.
Compared with antennas in [8]-[10], the proposettrama
has three main advantages. Firstly, only a sinigis-tee, which
superimposes the bias voltage on the RF signaleésled to
control the PIN diodes in the proposed antennas€guently,
the complex bias network for PIN diodes or the miaig
network for dual feeds is not required as parthef printed
antenna structure, which greatly simplifies the idev
Secondly, the proposed antenna is compact andaopiofile
since it is designed on a single layer microwavessate.

[23] with two shorting posts; (b) antenna with falnorting posts; (c) antenna
with eight shorting posts.

patteffhirdly, compared to antennas in [8]-[10] which cswitch

between two radiation patterns, the proposed aatbas three
different patterns in a similar frequency band. Theger
number of patterns gives the proposed antenna fiexibility
to improve the system capacity of a wireless lidkwever, a
disadvantage of the proposed antenna is the usélof PIN
diodes, the loss of which will reduce the anteresdized gain.
The effect of the loss of PIN diodes on the antegam is
discussed at the end of Section IV.

This paper is organized as follows. In Section the
operating principle and structure of the propossdrana are
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Fig. 2 Simulated normalized radiation pattern (&eana in Ref. [23]; (b)
antenna in Fig. 1 (b).

described. Section Il presents parametric studfigise antenna.
Simulated and measured performances of the antanma
provided in Section IV. In Section V, the effecfstlie pattern
reconfigurable antenna on the capacity ok&22MIMO-OFDM

Firstly, compared with the antenna in [23], we ue®
shorting posts at either side of the feed point.otder to
simplify the bias network, the shorting posts anplemented
around the edge of the patch and connected tceatich pia PIN
diodes, which is shown in Fig. 1(b). It is well kmo that the
resonant frequency of a patch antenna loaded \eiictive
components can be varied depending on the typeaattance
used [24], [25]. When the shorting posts are cotatkto the
microstrip patch, the antenna operates in the mulaogpatch
mode. In this case, the increase in the numbehartisg posts
will increase the resonate frequency. On the offaexd, when
all the shorting posts are disconnected from thehpathe
antenna operates in the normal patch mode. Inctge, the
increase in the number of shoring posts will redheeresonant
frequency. Therefore, the frequency difference betwthe two
modes becomes smaller as the number of the shqrtists
increases. The effect of the number of shortingsgpos the
antenna resonant frequency will be detailed iniSedtl.

Secondly, we examine the normalized far-field radia
patterns for the antennas operating in monopolathpaode in
Fig. 1 (a) and (b), which is given in Fig. 2 (a)dafb),
respectively. The antennas are analyzed usingrtteedomain
solver of CST Microwave Studio [26]. For the antemm Fig. 1
(a), as is described in [23], two identical conipakterns are
located in two orthogonal plan@s+45°. For the antenna in Fig.
1 (b), the maximum power level of the conical paitan the
plane@=90° are 6 dB greater than that in the plga®°. The
qualitative explanation of this behavior is that tivo shorting
posts connected to each edge of the patch careatedras a
shorting wall that suppresses the E-field at thetreeof that
edge. Therefore, the maximum power level in the@ig=0° is
lower than that in the plan@=90°. In order to have another
similar conical pattern with the maximum power Ideeated at
the planep=0° for the antenna in Fig. 1 (b), four shorting{so

system in indoor environments are analyzed. Theempapare inserted into the substrate around the otheetiges of the

concludes in Section VI with a summary and suggestifor
further work.

Il. ANTENNA DESIGN

A. Design Guidelines

Microstrip patch antennas excited in the normatipahode
for boresight radiation and monopolar mode for cahi
radiation have been reported in [22] and [23], eesipely. In
[23], the monopolar mode is excited by two shortpasts
located to the left and right of the feeding poihijch is shown
in Fig. 1(a). If PIN diodes are used to connectstherting posts
and the microstrip patch, it is possible for thigye antenna to
operate in monopolar patch mode or normal patchentmd
switching between the different states of the Pliddds.
However, according to [23], the resonant frequen€ythe

microstrip patch, which can be seen in Fig. 1 (c).

Finally, as the probe-fed microstrip patch antetmas a
narrow impedance bandwidth that precludes its ndgpgical
communication systems, a U-slot is etched on thehp#o
increase its impedance bandwidth [27].

B. Antenna Structure

The layout of the proposed pattern reconfigurablsldd
antenna is shown in Fig. 3. A U-slot is inserteth ia square
patch of dimensionks1xL1. Each side of the patch is connected
with two shorting posts via PIN diodes. The radafsthe
shorting posts is 0.7 mm. The feeding probe connected to the
U-slot patch through the ground plane and substisatdfset
from the top edge of the patch by. Since the length of the PIN
diode is less than the width of the d&f conducting ring pads
are placed around the shorting posts to enablehatiant of the

monopolar mode is roughly a factor of 2.5 below th&IN diodes. The parameters and dimensions of ttenaa are

fundamental normal patch mode. In order to desigardgenna
with two modes resonating at similar frequency emngnd
having a reasonably wide frequency bandwidth, we liaken
three measures in the design process.

given in Table I.

Beam lead PIN diodes (MA4AGBLP912) are used as the
switching elements. The equivalent circuit used the
simulation software is presented in Fig. 4. Accogdio the PIN
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Fig. 4 Equivalent circuit for PIN diode (a) forwabths (b) reverse bias.

Table Il Three states of the pattern reconfigurdbkot antenna

Radiation

i Patterns

Diodes Group A| Diodes Group

Boresight

State | pattern

Zero Bias Zero Bias

Conical pattern

with maximum
power level in

the z-y plane

State Il Reverse Bias Forward Biag

Conical pattern

with maximum
power level in

the z-x plane

State I Forward Bias Reverse Biag

Dielectric

Shorting
Post

Bias
tee
Fig. 3 Schematics of the pattern reconfigurabldd/antenna.

SMA Substrate

Ground Connector

Table | Dimensions of the pattern reconfigurablslbt-antenna

Parameters L1 L2 L3 L4 L5
Value (mm) 12.6 50 5.5 5.4 4.2
Parameters L6 L7 L8 L9 r
Value (mm) 4.6 0.7 1.7 9.8 0.7

diode datasheet [28], the resistBg)(is 4Q in the forward bias
state and the capacitd+) in the parallel circuit is 0.025 pF in
the reverse bias state. The resisi) (s 10 K2 representing the
net dissipative resistance of the diode in the nséias state.
For the zero bias state, the valud&pfs almost infinity which is
equal to an open circuit and the loss caused byesistor Rp)

is negligible.

The orientation of the diodes is also shown in BigAs all
PIN diodes are mounted across the ground and tttergeatch,
only a bias tee attached to the SMA connector &led to
control the PIN diodes. When the bias voltage p$ad from
the coaxial probe, opposite bias conditions ardiegpo diodes
in group A and B due to their reversed orientatidten the dc
voltage is zero, all diodes are turned off. In t@se, the antenna
operates in the normal patch mode and radiatesresigbt
pattern (State ). When the dc voltage is negatiliedes in
group B are on, and the other diodes are off. in ¢hse, the
antenna has four shorting posts connected andeaedarded
as a monopolar patch antenna, which radiates aaqattern

with the maximum power level in the z-y plane (Stdk).
Changing the polarity of the dc voltage from negatio
positive, diodes in group A are on, and all theeottiodes are
off. In this case, a similar conical pattern carobserved with
the maximum power level in the z-x plane (Statg. ITThe
possible radiation patterns of the reconfigurablgidd antenna
and the corresponding diode states are summarizedhle I1.

Ill. PARAMETRIC STUDY

Three important parameters which affect the inpflection
coefficient of the two modes of the proposed reicuméble
antenna are the radius of the shorting posts, tetante
between shorting posts and the pdt8hand the number of the
shorting posts. Also it is well known that the Wisplays an
important role on the performance of the patchramdeSince a
parametric study of the U-slot has already beeortegd [29],
we only examine the effects of the former threeapeaters in
this paper. The other parameters remain constaghttlagir
values are given in Table I. As the shorting pbsige the same
effect on the reflection coefficient of States Hdalll for the
monopolar patch mode, only the results for Statearié
presented for the parametric analysis.

In order to better analyze the effect of the patamse the
equivalent circuits of the antenna with PIN diodfmsStates |
and Il are given in Fig. 5 (a) and (b), respectivéh the
equivalent circuits, a parallel resond®itC circuit is used to
model the patch antenna with a U-slot. The purpafséhe
electrical models in Fig. 5 is to give a physicaight into the
behavior of the antenna for the parametric analysis not to
exactly predict the antenna input impedance. Alammethod
has been used in [30] for the parametric analyfsésmicrostrip
patch antenna.
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Fig. 5 The equivalent circuits of the proposed angefor (a) State | (normal patch mode) and (b)eStgmonopolar patch mode).

Fig. 5(a) shows the equivalent circuit of the anteaperating Fig. 5 (b) shows the equivalent circuit of the ante
in the normal patch mode. The microstrip patch with-slot is operating in the monopolar patch mode. As withdineuit of
represented by RLC circuit (R, L, Q. For the normal patch the normal patch mode, the microstrip patch withslot is also
mode, only the PIN diodes and the shorting postéd #re represented by RLCcircuit (R, L, Q. In the monopolar patch
attached to the radiating edge are consideredeiregfuivalent mode (State Il), four PIN diodes (diodes A) areerse bias.
circuit, and the effects of the two PIN diodes ahdrting posts According to the analysis in the last paragrapdjotial effect of
at each edge are combined together to simplifyethévalent the shorting posts with PIN diodes in zero biastests
circuit. As the PIN diodes are all zero bias, adoug to the PIN  capacitive. The only difference between the zerd mverse
diode datasheeRs is almost infinity. Therefore, the equivalentbias states is the value of the net dissipativistasRs of the
circuit of the PIN diode in this state is an indurdt; in series PIN diodes. Therefore, a capaci@yis used to model the total
with a capacitorC;. The parasitic capacitance between theapacitive effect of the shorting posts connectil diodes A.
shorting posts and the patch is modeled by a cpddi. The A resistorR; is used to represent the losses in the four PIN
shorting post is represented by a shunt indud¢tor The diodes. On the other hand, four shorting postsanmected to
imaginary part of the input admittandg from the reference the patch by PIN diodes B that are in the forwaiak Istate.
plane on the right hand side of Fig. 5 (a) is itigaged by using Those PIN diodes are modeled by an inductan series with a
CST Microwave Studio. Simulation results show titais resistorR.. In addition, the effects of the shorting postd #re
capacitive with a capacitan€®, within the antenna operating parasitic capacitance between the patch and theirgh@osts
frequency range. are represented by an inductgrand a capacitat,,
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Fig. 6 Simulated performance of the proposed amrtersna function af (a)
input reflection coefficient of monopolar patch neogb) input reflection
coefficient of normal patch mode.

respectively. The imaginary part of the input adamte Y;,
from the reference plane on the right hand sidei@f5 (b) is
investigated. Simulation results show that it ghuictive with an

inductancd._;, within the antenna operating frequency range.

A. The radius of shorting posts r

Fig. 6 (a) and (b) show the effects of the radiishwmrting
postsr on the resonant frequencies of the monopolar patidh
normal patch modes, respectively. It is observeat tie
resonant frequency of the monopolar patch modeasas with
the radius of the shorting posts. This is due éoféict that when
the radius increases the inductance from the sigpipiosts

o
o
w 25| v [ —— 18=1.5mm
a0 | VA - - Le=1.6mm
....... L8=1.7mm
-35 L —o—1.8=1.8mm
40 3 ——18=1.9mm

5.0 55
Frequency (GHz)
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-40 . ] . )
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Frequency (GHz)
(b)

Fig. 7 Simulated performance of the proposed amtesma function df8 (a)
input reflection coefficient of monopolar patch neogb) input reflection
coefficient of normal patch mode.

B. The distance between shorting posts and the pa&ch L

Fig. 7 (a) and (b) show the effects I8 on the resonant
frequencies of the monopolar patch and normal patotes,
respectively. As seen from Fig. 7, the resonanfueacy of the
monopolar patch mode increases wh8iis reduced. However,
the resonant frequency of the normal patch modeedses with
L8. This can be attributed to the fact that wh8rmecreases, the
parasitic capacitance between the shorting poststenpatch
C, increases. The increased capacitai@e reduces the
inductive effecti(;,) from the reference plane in Fig. 5 (b), but
increases the capacitive effe€,] from the reference plane in
Fig. 5 (a) and th&; in Fig. 5 (b). The decreaseg, and the

reduces, which make4;, decrease; hence, the resonarincreasedC; have reverse effects on the resonant frequency of
frequency of the parallel circuit in Fig. 5 (b) iease. For the the monopolar patch mode (the resonant frequenaypafallel

normal patch mode, the resonant frequency remdmssa
unaffected by the radius change of shorting poBtss is

RLC circuit). However, the simulation results showtttize
effect ofL;, outweighs that o€;, which leads to an increase of

because thdl;, in Fig. 5 (a) is almost stable within the changinghe resonant frequency of the monopolar patch m@uethe

range of the shorting post radius, which is evidenby the
simulation results. Therefore, the radius of thershg posts
can change the resonant frequency of the monopateh mode
but has little effect on that of the normal patobde.

other hand, the larger capacitaigewill decrease the resonant
frequency of the parallel circuit in Fig. 5 (a), i will shift the
resonant frequency of the antenna in normal patotienio a
lower value.
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Fig. 8 Photograph of the pattern reconfigurabldds-antenna.

C. The number of the shorting posts

In the design guidelines (Pa&tof Section Il), it is stated that
an increase in the number of shorting posts wikease the
resonant frequency of the monopolar patch modeyduliice
that of the normal patch mode. The reason is émisl For the
monopolar patch mode, the increased number ofisggrbsts
means that for the diodes in forward bias stataenmaluctors
(Li,) are paralleled, which makes the effective inducta
decrease. And for the diodes in reverse bias statze

capacitors C; are paralleled, which makes the effective

capacitance increase. Simulation results showtligatiecrease
of the total inductance outweighs the increase hef total
capacitance on the resonant frequency oRIb€ circuit in Fig.
5 (b). Therefore, the resonant frequency of theapotar patch
mode is increased when the number of the shortiogtsp
increases. On the other hand, for the normal patotle, since
the PIN diodes connected to the radiating edgesalreero
bias, the increased number of shorting posts meanoe
capacitors are paralleled, which makgsincrease; hence, the
resonant frequency of the normal patch mode (tlsenant
frequency of a paralleRLC circuit in Fig. 5 (a)) will be
decreased.

IV. SIMULATED AND MEASUREDRESULTS OF THEANTENNA

Based on the above analysis, a pattern reconfitputiislot
antenna was designed and fabricated. The proposedra
was etched on a 3.175-mm-thick RT/Duroid 5880 salest
(dielectric constant, = 2.2,tand = 0.0009). A photograph of
the fabricated prototype is shown in Fig. 8. Figand 10 show
the simulated and measured reflection coefficiertsus
frequency for three different states of the antenespectively.
Compared with the simulated results the measursdneat
frequencies for State Il and Il are slightly highélhis
discrepancy can be mostly attributed to the inaawas in the
fabrication of the shorting posts. As is shown @tt®n Ill, the

State |
25 - - -State Il
F o ssseees State Il
-30 R ] R ] R
4.5 5.0 55 6.0

Frequency (GHz)

Fig. 9 Simulated input reflection coefficient féret proposed antenna.

".f_." State |
25 | - — -State ll
------- State Il
-30 ] ]
4.5 50 55 6.0

Frequency (GHz)

Fig. 10 Measured input reflection coefficient foetproposed antenna.

resonant frequency of the monopolar mode is q@itsitive to
the radius and position of the shorting posts. Harethe
simulated overlapping impedance bandwidth,(}5-10 dB) of
the three states is 6.5% with a center frequency.24 GHz.
The corresponding measured bandwidth is 6.6% cehtat
5.32 GHz, which agrees reasonably well with theutited
results.

Radiation patterns were measured for the threesst#tthe
proposed antenna using a spherical near-field (Signna

measurement system. Simulated and measured noechaliz

radiation patterns are compared for both co-pdtion and
cross-polarization. Figs. 11 and 12 display theana z-y plane
radiation patterns for the three states of theranatet 5.3GHz,
respectively. For State |, boresight radiation qrag with a
maximum cross-polarization level of -20 dB are shamwFigs.

11 (a) and 12 (a). For State Il, a symmetrical calnpattern
with the maximum power level in the z-y plane diegt at
(elevation angle) 44° is plotted in Figs. 11 (bfdr? (b). For
State Ill, an asymmetrical conical pattern with thaximum
power level in the z-x plane directed at (elevatogle) 45° is
drawn in Figs. 11 (c) and 12 (c). It can be seemfFig. 11 (c)
that the pattern is asymmetrical and there is 1didfgrence
between the left and right maximum power levelhaf tonical
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pattern. This is due to the position of the pradedf Simulation
results show that if we put the probe feed at #mter of the
patch, the difference between the left and rightimam power
level in Fig. 11 (c) will become smaller. Howevar that case
the overlapping impedance bandwidth of the two rsosié be
reduced. This can be viewed as a compromise faritenna to
provide good overlapping impedance bandwidth aniati@n
patterns. In Fig. 11, the simulated cross-polaorgpatterns for
the three states are not given since they aresreayl compared
to the measured ones.

Additionally, the realized gain was measured ush®gain
comparison technique [31]. The losses of the cabtkbias tee

have been calibrated out of the gain measuremehe T

measured gains for the three states are plott&dginl3. The
measured efficiencies of State I, State Il andeStaat 5.3 GHz
are 86.6%, 45.1% and 45.4%, respectively, wherendgesured
efficiency is obtained from the difference betwé®mmeasured
gain and directivity. From Fig. 13, it can be sdbat the
measured gain of State Il is 0.5 dB greater thah of State I,
which can be mostly attributed to the asymmetrihefconical
pattern of State Ill and slight variations in thesistance of
individual diodes. Furthermore, at 5.3 GHz the gdiBtate | is
approximately 3dB greater than those of State dll ldn which
is mainly due to the loss of the PIN diodes. Onahe hand, for
State Il and IlI, four PIN diodes, each acting a&Q@ resistor
(Rg), are attached to the antenna, but for StateRIalldiodes
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Fig. 13 Measured gain of the proposed antenna.

are turned off. To examine the effectR{ we have simulated
several different values d®s at 5.3 GHz. Simulation results
show that wheiRs decreases to zero the realized gain increases
by 2 dB and 1.75 dB for State Il and lll, respeelyv On the
other hand, for State Il and Ill, diodes with fenialueR also
have more losses than the diodes in zero bias wstatdh is
approximately lossless. Simulation results showdh&.3 GHz
when Rp changes from 10k to infinity the realized gain
increases by 0.32 dB and 0.27 dB for State Il ahd |
respectively. Therefore, the loss of State Il dhisimuch
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Table IV Envelope correlation coefficient of ninenigurations of the array

0 - -
Configuration 1 Configuration Pe
[ = = Configuration 2 1 1.12*10?
-10 | Configuration 3 2
| —-=Configuration 5 2 0.02*10
Configuration 6 3 0.16*10?
20 L Configuration 9
- gutaton” 4 0.02+107
S 5 1.60102
- 6 0.05*10°
N
) 7 0.16*10°
8 0.05*107
9 4.12*10°
-60 . 1 . 1 . Table V Envelope correlation coefficient of threéates of the antenna
45 5.0 55 6.0
Frequency (GHz) State | State Il State I
Fig. 14 Measured mutual coupling coefficient fdifetient antenna
configurations. State | 1 0.013 0.07
Table lll Nm.e conflguratlons of the reconfiguralaletennas at transmit end State Il 0013 1 0.33
Configuration Antenna 1 Antenna 2
1 State | State |
State Il 0.07 0.33 1
2 State | State Il
3 State | State Il
4 State Il State | traditional beamforming array. Rather, each antémasats own
5 State Il State I radiation characteristics. As each reconfiguraliitermna has
6 State Il State Il three states, there are nine configurations oditttennas at each
7 State Il State | end. For each measurement, the configuration ofr¢beive
8 State Ill State Il antennas is the same as the transmit antennas Thbives
9 State Il State Il nine configurations of the reconfigurable antennas.

When two antennas are located close to each other,

greater than that of State | and the correspongging is much mutual coupling can produce pattern distortion ahduld be
lower. In order to increase the gains of Statent! Hl, low loss ~€liminated. Therefore, the spacing of the two amsnat both
elements such as radio frequency microelectroméciian €nds is set to be one wavelength in order to keepnutual
system (RF MEMS) switches could be used. Howeves, t coupling to an acceptable level. The measuredteeisuiFig. 14

disadvantages of using currently available RF MEMS the Show that the mutual coupling is lower than -20 B all
higher cost and lower reliability than PIN diodes. configurations at this spacing. The mutual coupliegults for
configurations 4, 7 and 8 are not shown since ltiaeng the same

V. APPLICATION TOMlMO'OFDM SYSTEMS reSUItS as the Conﬁgurations 2, 3 and 6, resmgtiv

For the reference antenna, in our study, commdycial
available omnidirectional antennas (Sky-Cross SN2A&BUA)
are used that have omnidirectional patterns wittkggin at 2.2
dBi. The spacing of the two antennas is also sdbetane
wavelength to keep the mutual coupling below -20 dB

When evaluating the MIMO antenna array performatioe,
envelope correlation coefficient is another critigarameter as
it provides a measure of antenna diversity perfoiceaa The
antenna diversity will be better if the correlatiooefficient is
lower. The envelope correlation coefficigpican be calculated

Since the proposed pattern reconfigurable antencampact
and can vary its radiation pattern without dc Imesvork, it can
be easily applied to a MIMO system. The performaate
MIMO system is affected by the spatial correlatwimch is a
function of the channel characteristics and theram array
properties. Therefore, the antenna elements canebéed as
additional parameters of the MIMO system. In thést®n, a
typical example for the application of pattern nefigurable
antenna in MIMO-OFDM system is described.

A. Antenna array in MIMO-OFDM system using the farfield radiation patterns of the ansenf82]

In previous sections, the design of a single patter = . 2
reconfigurable antenna is presented. In this sobesge we ” F.(6,9) [F, (6,9)dQ
incorporate the pattern reconfigurable antennasdar? x2 0. = an 5 5 1)
MIMO-OFDM system. [[IF.6.9] dad[|F 6.9 da

At each end of the MIMO-OFDM system, there are two an an

reconfigurable antennas working as a two-elememayar whereF (8,¢) is a complex vector indicating the electric field
However, this does not imply that the array operatea radiated from thé" element. The envelop correlation
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Fig. 15 (a) Layout of the indoor MIMO-OFDM testiegvironments; (b)
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coefficient between the patterns generated anbgorts of the
antenna array for different configurations (Tablg ks well as
between the patterns excited by a single antenndifierent
states (Table Il), is estimated by using equatigra¢cording to
the simulated radiation patterns. Table IV gives é#mvelope
correlation coefficient for different antenna caufiations at
5.25GHz. It is evident that the envelope correfatioefficients
of the configurations (2, 3, 4, 6, 7, 8) havingeat diversity are
lower than those (1, 5, 9) with the same antenttips, and
they are comparable to the results of the anteim{&3] that
employ both the pattern and polarization diversitgble V
shows the envelope correlation coefficient foretiéint antenna
states at 5.25 GHz. It is observed that all theffiodents
between different antenna states are below 0.Bhndtisfy the
criterion for enabling the antenna to provide adydevel of
diversity [32].

B. MIMO-OFDM demonstrator

Actual MIMO-OFDM channel coefficients were measureqenvironment

Fig. 16 MIMO-OFDM demonstrator with reconfigurataletennas.

receive antennas are connected to an antenna@ositjoner
controlled by a computer. The channel training sege is
designed to estimate the frequency response oveiOEDM
subcarriers in a 40 MHz bandwidth with a subcasjgcing of
312.5 kHz.

C. Measurement location and process

The 2x2 MIMO-OFDM channel measurement was
conducted in the CSIRO ICT Centre indoor environime&hich
consists of both concrete and gypsum-board wallassg
windows and wooden doors. The channel was meagutgdS
over a 5 m distance and NLOS over an 8 m distartoe layout
of the LOS and NLOS testing scenarios are showignl5 (a).
For the LOS scenario, both the transmitter andiveceare
located in the same laboratory (Lab 1) equippedh witme
metal bookshelves and cabinets. For the NLOS siertae
transmitter and receiver are placed in two adjatsgratories
(Lab 1 & 2).

Each reconfigurable antenna is placed verticallghasvn in
Fig. 15 (b). In the LOS scenario, the reconfigueadmtennas at
transmit (Tx1) and receive ends are configuredatte feach
other. In the NLOS scenario, the reconfigurablecanas at
transmit (Tx2) and receive ends are configured atce fthe
negativey and negative directions, respectively. The reference
antennas are located with the omnidirectional patédigning
with the horizontal plane (x-y plane).

For each measurement, the antenna positioner nihees
receive antenna array to 10 location samples with5 O
wavelength increments. The position of the transmiennas is
fixed.

In each scenario only the antenna configuratiochanged.
Any other factors that can possibly vary the channe
characteristics, such as the number of the scedtared their
positions, remain the same. The measurement isrpeztl in
the night to avoid the human activities, so thetings
is entirely static. A photograph of the

by the MIMO-OFDM hardware demonstrator developed b)OIIMO-OFDM demonstrator with reconfigurable antenras

CSIRO ICT Centre (Sydney, Australia) [34]. It opesaat 5.25
GHz and supports an operational bandwidth of 40 MHwe

the receive end and the dc power supply is shovAignl16.
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D. Channel measurement and capacity estimation
The MIMO-OFDM channel is characterized by its cmiéit

matrixH (i, j, k,1) , the element of which is the complex ratio of
the signal output from thith receive antenna over the signal

input to thgth transmit antenna at thth OFDM subcarrier and
the Ith location sample. The Shannon capacity of
MIMO-OFDM channel is given by [34]

Zn: il‘)gz

c=L1
mhis &
xmahﬁﬁgﬁmﬁIﬁﬂﬁﬁﬁﬁf+ﬂ

where C is the system capacity in bits/second/Mz,is the
number of sub-carriers, n is the number of locasamplesN,
is the number of receive antennblsis the number of transmit
antennas |y, is the N,xN, identity matrix, H, j,k,I) is the
normalized channel matrix, the superscript + dendtee
conjugate transpose, and SNR is the
signal-to-noise-ratio over all receive array eletaenThe
capacity of a wideband channel is the average vafuthe
capacities over all subcarriers of the MIMO-OFDMtgyn and
the 10 location samples.

It is convenient to use the normalized channel isnaty that
the capacity of the channel can be derived as etitmof the
average SNR per receive antenna over all OFDM stibcs,
receive antenna location samples and MIMO sub-alanfihe
normalization is performed as follows:

HE LKD) = HG, ik
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where H|| denotes the Frobenius norm of the channel matrix Fig. 17 Percentage improvement of the reconfigerabtenna MIMO system

In the MIMO-OFDM channel measurement, the peak géin
the omnidirectional antenna is 2.2dBi. But the g#idifferent
states of the reconfigurable antennas varies fr@62 dBi at
5.25GHz. The antenna gain of each configuratiqoréserved
in |H||. The lower gain of the omnidirectional antenaa lead

capacity versus SNR for Method I. The benchmafg)®mnidirectional
antenna and (b) antenna configuration 1.

matrix of each antenna configuration is normaliegth respect
to that of the reference antenna (Method II). lis thay, not
only the sub-channel correlation but also the redateceived

to a lower value of|H||. Therefore, compared to the propose%ower difference, is preserved in the capacityudation.

antenna, if all channel matrices are normalize@ twommon
factor, the reference antenna will suffer a capdoits due to
the smallef|H]|.

In this section, we aim to show that the proposgdrma has
the ability to improve the system capacity by uspaitern
diversity to reduce the sub-channel correlatiothéfgain of the
antenna is taken into account, the extent of tiauerement of
the system capacity derived only from the pattéverdity will
not be explicitty shown. Therefore, the gain effest the
capacity should be eliminated in order to realizefaa
comparison. In order to separate the effect ofepattliversity
on the system capacity from the effect of antenaia,gwo
different channel matrix normalization methods employed.

Figs. 17 and 18 show the system capacity percentage

improvement for different antenna configurationssdzh on
channel normalization Method | and Method I, regpely.
For each scenario, the capacity improvement igifference in
capacity between the system with one configuratimhn
reconfigurable antennas which gives the largesaciapand the
system with reference antennas. Then the improversen
normalized with respect to the capacity of refeecaatennas.
For channel matrix normalization Method I, it cae b
observed from Fig. 17 (a) that compared with onmeitional
antennas, the proposed pattern reconfigurable magamprove
the system capacity by 17% and 12% for the LOSNIDOS
cases, respectively, at an SNR of 10 dB. This tabsge that

The first is that the channel matrix of each an#nni antenna pattern diversity the correlationuti-shannels is

configuration is normalized independently (Methddlh this
case, the antenna gain is not included in the dégp=sdculation.
Therefore, only the effect of the sub-channel dati@n is kept
in the capacity evaluation [35]. The second is thatchannel

for the environments with

reduced. Therefore, the system capacity is improesgecially
insufficient scatters. lour
experiments the best configurations, which leathtolargest
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system capacity improvement, are the configuraibnand
eight for the LOS and NLOS scenarios, respectivéii.
explanation of this is as follows. Although the emmtas with
omnidirectional patterns in the horizontal plane eonsidered
to be a good solution for MIMO systems as theyreaeive rich
multipath in that plane, it turns out that there atill many
multipath components outside the azimuth plane vban be
received by other states of the reconfigurable ramas.
Therefore, system capacity improvement is posdilyleising
pattern reconfigurable antennas.

In addition, since antenna configuration 1 (Tablledcts as a
two-element rectangular patch antenna array witledight
radiation of each element, a comparison of the adgpaf the
system with configuration 1 and the best configorst is

N
o
o

350

0T

300

on

N
[$)]
o
T

on
m

= Line of Sight

Percentage capacity improvement (%)

50 + o Non Line of Sight
0 1 1 1 1
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SNR (dB)

conducted, which is given in Fig. 17 (b). It carsken that at an Fig. 18 Percentage improvement of the reconfigerabtenna MIMO system

SNR of 10dB, the system capacity is improved by E8fb 13%
for the LOS and NLOS scenarios, respectively.

Furthermore, as is seen from Fig. 17, the percenta

improvement of the system capacity for the LOS adenis
greater than that for the NLOS scenario. This is tduthe fact
that generally the sub-channel correlation in afoar LOS
environment is larger than that in an NLOS envirentm
Therefore the extent of improvement of the systapacity by
reducing the correlation of MIMO sub-channels igéa for the
LOS scenario.

For channel matrix normalization Method
configuration is antenna configuration one (Tablgih terms
of the system capacity for both scenarios. It carséen from
Fig. 18 that at an SNR of 10 dB, the peak improvarise285%
and 2649% for the LOS and NLOS scenarios, respdgtiwvhich
are much higher than those in Fig. 17. The reasanantenna
configuration one outperforms other configuratiasswell as
omnidirectional antennas to such a great extesiri¢he higher
gain of the antennas in configuration one. Spedificthe [H||
of the system with configuration one is much greétan that
with other configurations. By Method Il, this effés taken into

. i
account because the channel matrix of each antenpl

configuration is normalized to a common value hiis tvay, the
normalized channel matrix of the antenna configanabne is
scaled up by a large factor due to the normalimatience, the
improvement of the capacity is significantly larger

From channel matrix normalization Method I, it isokvn that
the pattern diversity of the proposed antenna esexbloited to
improve the system capacity by reducing the sulmobia
correlation, which is evidenced by the fact thateana
configurations six and eight outperform the oth@nfigurations
and the omnidirectional one in the LOS and NLOShades,
respectively. When the gain of different configioas is
considered, however, it is found that the effecamtenna gain
outweighs the effect of the channel decorrelatiothe system
capacity. Therefore, the antenna configuration whiech has
the largest antenna gain becomes the best in bettagos. In
this situation, the pattern diversity loses iteeffon system

II, the thes

capacity versus SNR for Method Il. The correspogdimnidirectional
antenna MIMO system capacity is used as the benthma

gapacity due to the large gain difference of ddfagrantenna
states.

In order to employ the pattern diversity of the geed
antenna in a practical way that the gain differéadecluded in
the capacity calculation, we need to improve tladized gain of
antenna States Il and Ill. As discussed at theoéiide Section
IV, compared to State I, the lower gain of Statartd Il is
mostly attributed to the losses of PIN diodes. €fae, low
loss switches, such as RF MEMS, should be usedate rthe
gain of States Il and Il close to that of StateAh updated
antenna prototype with RF MEMS could be designed an
adopted in our future work.

Reference [17] also demonstrates the capability pattern
reconfigurable antenna to improve the MIMO systapacity.
Compared to [17], our work has three main diffeemnd-irst,
the mechanism of the pattern reconfigurabilityhef &ntenna in
[17] uses mutual coupling of two closely spacecanas. The
pattern diversity will be reduced if the antennaasation is

reased. Therefore, the spatial diversity, whighanother
eéective scheme [36] to improve the system capac#én not
be efficiently employed together with the patteivedsity in a
MIMO system. However, as the way to reconfigureph#ern
of our antenna is changing the antenna operatirdgntbere is
no space limitation on our antenna. Second, iregperiments,
at an SNR of 10 dB, the capacity percentage impnave is
17% and 12% for the LOS and NLOS scenarios, resgdet
These results are larger compared to the averagé 10
improvement reported in [17]. Admittedly, since ttepacity
measurement is heavily dependent on the testingoement,
the improvement could be significantly different fither test
scenarios. Third, as has already been mentionedhén
introduction, the reference antenna in [17] is ehtis be one
configuration of the antenna. While in our work,
omnidirectional antennas are used for referencenceSi
omnidirectional antennas can receive rich multipeththe
horizontal plane, this comparison can highlight #ffect of
pattern diversity on MIMO system capacity.
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VI.

A new design of a pattern reconfigurable patch rardeis
presented. Shorting posts around the patch aretaselthnge
the antenna operating modes. The antenna can shételeen
three different radiation patterns by employing Flibdes. It is
compact but can realize an overlapping frequenaghvadth of
6.6% with a center frequency of 5.32 GHz for the¢hstates by
etching a U-slot into the patch. Compared to mosventional
pattern reconfigurable antennas, the proposed aat@oes not
need additional dc bias lines to control the PIbNdess, which
greatly simplifies the antenna structure. Due te #imple
structure and pattern reconfigurability, the anterras the
ability to improve the performance of a wirelessoaunication
system considerably.

To demonstrate the antenna’s capability of increpshe
system capacity,

CONCLUSION

conducted. Capacities of the system with patteranfigurable
antennas and reference omnidirectional antennasoanpared
based on two channel matrix normalization methobise

comparison indicates that, for normalization Methodhe

system capacity is improved by 17% and 12% foll 4B& and
NLOS scenarios, respectively, at an SNR of 10 dBidigg the
pattern reconfigurable antennas. When the gaincteffe

considered, the configuration with the greatesemma gain
produces the largest system capacity. Thereforarder to use
the pattern diversity to enhance the system capaffictively

in a practical way, the gain of antenna Statesdl 4l needs to
be improved to approach that of State I.

Future research includes integrating RF MEMS sweisolith
the proposed antenna to increase the gain of amtStates I
and Ill. Furthermore, work will focus on designiogmbined
pattern and polarization reconfigurable antennasdbieve
higher system capacity improvement.
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