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Abstract-

In this work, miniaturized tunable twantenna MIMOsystems composed of printedsiot

shape is developed to operate in the GPS, PCS, DCS and UMTS bands. Tietetwent

MIMO antenna occupies a volume of 50 x 37.5 x1.6°mamd is printed onraFR4
substrag. Initially, the frequency twbility of the MIMO antennas was verified by lumped
capacitors with values between 0.75 to 2.75tpFachieve atuning range from 1.55 to
2.07GHz while the low mutual coupling between the radiators was accomplished by addi
an |-shaped branch to eutaway ground planeThe two antennas arinen loaded with
varactors to simultaneously achieve miniaturization and tunability. Simulation and
measurement results demonstrate the successful implementation of a tunable MIMO with
coupling reduction mechanism for a portable handheireless transceiver The channel
capacity of the proposed antenna is investigated and found to be close to that ef an un

correlated system with efficient diversity in which the mutual coupling across the full
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bandwdth wasbetter than-13dB. Owing to he compact size and ease of manufacture, the
proposed antennas can be a promising solution for adaptive MIMO systems in dandhel

devices.

Index Term8 multiple- input multipleoutput (MIMO), tunable antennaaractor diode,
GPS,DCS, PCS, UMTS

1. INTRODUCTION

The next generation of highit-rate wireless communications will exploit the advantages of
reduced multipath fading and increased channel capacity inhenentitiple-input-multiple-

output MIMO) RF architecturesMIMO techniques are already present in 4G wireless
systemsTher use increasethe communication throughphbt usingmultiple antennas dhe
transmitand receive terminals. The design of MIMO antenna systems for handheld devices
poses a serious challenge émtenna designers due to fiteysicalspace requirementk the
literature, sveral antenna structures are used for MIMO applicatifir30]. In general
various planar types have been used, including planar invertggeFantennas (PIFA); a
dualelement PIFA operating at 2.5 GHz is discussed in [1]. Attributes such as small size, low
cost andeaseof manufactureof printed monopole antennas motiviéteapplication [2]. One
advantageof the printed monopole antenna is the inhelgnomnidirectional pattern for
achieving maximum channel capacity [Blapid developments ithe use of MIMO systems

in wireless communication demand novel antenna designs that can be used in more than one
frequency bandThe design of two baeto-back monopole d@annas connected with & T
shaped stulfor 2.4/5.2/5.8 GHz WLAN and 2.5/3.5/5.5GHz WIMAX applicatiors is
presented in [4]A tri-band Eshaped printed monopole antenna loaded with twahé&ped
resonance paths suitable for MIMO systems for WLAN applicatomering 2.4, 5.4and

5.8 GHz is reported in [5
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It is more challenging for engineers to design a MIMO antenna for handset applications than
for the base station, mainly due to the need for miniaturization and the mutual coupling that
exists etween tke element antennas 19, Indeed in the latter, it is difficult to pack multiple
antennas elements closely within the cordioea mobile handset whilst maintaining good
isolation since the antennas are strongly coupled with each other and share a common ground
and near field coupling [8]. Tirepatterncorrelation coefficient is directly related to the
couplingand a low valuéncreases the achievalifansmission speeds [9]. Many studies have
been carried out to reduce coupling between multiple antenna elements. A corrugated ground
plane witha4 slot was used to reduce the interference of a current flowing irothengn
groundplane [10]. In [1312], a protrudng T-shaped stub and L shaped stulthetground

plane are used to reduce coupling betweenamtennasilt is also interesting taotethat by

adding a lumpeelement decoupling network after the two coupled antenneat-pott
isolation better than 15 dB can be obtained for two planar radiators separated ey T8D69
However, this method will ingr aslight inciease in manufacturing costs and any losses in the

lumped elementwill impair the radiation efficiency of the antenna.

Many efforts have been made using electromagmeticl gap (EBG) structures4f18] to
suppress the unwanted surface propagatiave at a specific frequency, and thus minimize

the inter-elementcoupling These EBG structures provide substantial decoupling but suffer
from large srface areahigh co$ of manufacturingand complicated designio avoid
increasing the volume and wetgbf the antenna, authors i6F23] propose a neutralization
technique to cancel out the reactive coupling between two closely placed radiators. This is
done by physically connecting the multiple antenna elements with a transmission line. This

method has been initially used on a suspel&A antenna structur@s in [10-20], andwas
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further adoptedh a printed microstrip antennaray for mobile applications [B. The results
in [19]7[21] show that this technique provides an isolation of about 18 dB between two
antenna element©Other nmeta-material inspired solutionsffer further choices to mitigate
mutual coupling [4]. This technology has the advantage of reducing the circuitveizkst

providing equivalent or better performance in both antenna and passive circuit applications

However,all these methodElL-24] are only capable of offerinfixed frequency bands and
cannot be altered once fabricatedhe smart handsets for emerging marksperate at
multiple frequency bandsndrequire a relatively large antenna footprifihey employ more

than one radiating element to support multiple wireless functions or provide the diversity
needed in a MIMO technologyAdopting tunable antenna designs is a viable solution to
overcoming bandwidth limitations set by antenna @ize ChuHarringtonlimit) [25], and to
compensang for the loading effect of the deployment environmehtpractical design
objectivein implementing tunable antennas is to achieve adeduaibeg rangeandtuning
resolution across as many channels as possitagh tuning resolution is not a problem for
continuously variable tuning elements such as varadResently,a reconfigurable antenna
array has been usedn an adaptive MIMO systemo further exploit the theoretical
performance of MIMO systen26-29]. Such a system is capable of changing the radiation
properties of the antenna elementiepending on real channel responses that its
performance can be optimized. However, to realize a reconfigurable antenna in a wireless
device, especially in anohle device, presentslifficult challenges due to limitationsf o
product volume and manufacturiegst. For MIMO sysems,mutual coupling isa new and
important parameterthat has tobe considered with traditional parameters, suchgas,
radiation pattern,radiation efficiency and reflection coeflients in achieving high

performance of the antenna system.
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A natural approach to achieve low mutual coupling is to physically separate the an8hnas [
-33], which of course is barely possible for MIMO systems implementedhanalsetthat
needs to be ergonomically small and sliflmus, in this paper, BIIMO antenna with two
tunable closely spaced monopole antenggsoposedThe antenna system discussedhis
paper is based on the tuned structure proposed by the authadd-358].[ The design
presented here is essentially a feasibility study for a compact printed MikOnansystem
suitable formobile tracking and wireless sensor applicati@m& withan acceptablenutual

coupling (below 13 dB).

2. THE ANTENNA DESIGN CONCEPT

Fig. lashows the geometry of the proposed-wonopoleMIMO antenna system formed on

a singlelayer of low cost FR} material with thickness 1.6 mm, dielectric constait and of

loss tangen0.02. The size of the system PCB selected in this study is 37.5 mm x 50 mm,
which can represerthe circuit board of a wireless termindlhe two monopoles are printed

on the two opposite corners of the PCB (shawthe top portiorof Fig. 1(a)). Thesare only
afew areas where the antennas can be positionddrrestrictions imposetdy mobile phone
manufacturers and this is uswyalbn the top edge of the PCB5. Considering this
constraint, we simulated and liead several twanonopole configuratian locatedin close
proximitytoeach ot her . During analysis of the mut
remained fixed; only the distance between the elementshentdack protrudedtrip was
adjusted tamaintaina low coupling The distance between the two monlgpantennas was
chosen to be Bmm (equivalent to 0.013- a tmaximum achievable tuning frequency).

The monopoleradiaing elementconsistsof a rectangulaF-slot patch. The dimension of the
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rectangular patch is 1% 18 mn?. Each monopole is designed in a clearance aavhere

the ground plane is removetdhe two monopoles armirror imagesand symmetrically
placed with respect to the PCB cemline as show in Fig. 1(a). A 50 ohm microstrifwith
dimensions 17.0 x 1.5nfinis used to feeéachmonopole antenna, which is also printed on
the top layer of the substrate. Good impedance nmagican be obtained without any other
matchng circuit. Figs. 1b and 1c show the bottom layers of the péssjround layers
proposed in this workThe layout of the antenna with varactors and passive components is
depicted in Fig. 1d and a simplified circuit diagram over the antenna geometry for one of the
varactors tbdes is presented in Fig. 1e whisiows the flow of theD.C. bias applied in this
design.This design has functional similarities with the single antenna application detailed in
a prior investigation [8, 35], the MIMO operationbeing achieved by the duplicated
structure The main ground ptee of the MIMO antenna is about 36 37.5mnf and there is

an kshaped branch extending fratmand between the two monopole antennas. Bibih |-
shaped branch and the main grounchelare printed on the bottom layer of the substrate.
The dimensiors of the branch ard.5x 15 mn?, having been properly selectenl dbtain a

high isolation The preferred dimensions for antenna along i 1-shaped branch were
obtainedwith the aid of thecommerciakimulatorHFSS B6]. The cutaway groundstructure

is used to improve the impedance matching of the antenna as previously proposed by the
authors in $4-35]. The mutual coupling betweethe proposed closely spaced antennas
mainly comesfrom the induced current due to the sharingh&common ground and near

field coupling.

To achieve sufficient isolation between the two identical elements and to maintain a good
impedance matcehg over the desired frequency band, ashaped branch is introduced in

this study. In principle, its function is to introduce ampogite coupling to reduce the mutual
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coupling. Hence, the existing electromagnetic coupling between two antenna elements can be
weakened. To find optimal locations of thesHaped branch, several simulations were
performed to check the isolation, returrsdoand radiation characteristics of the antenna. It

was interesting to find these findings were in agreement with published worlay [ B8].

Lsmm

I
15mm
18mm
“mm .

. 3mm

Ean

(a) (b) (c)

Varactor

Varactor

grounded

Ground

{PCB)
FR4 substrate

grounded S

(d)



IET Science, Measurement and Technology, 2014, vol. 8, Issue 6, pp. 359-369; ISSN 1751-8822; doi:
10.1049/iet-smt.2013.0276

Figure 1. Geometry of Proposed antenna, (a) Top view, (b) ground veittaped branch, (c)
ground without 4shaped branch(d) 3D Schematic view othe proposed antenna with DC
bias circuit, (e) A simplified equivalent DC bias circuit for one of the varactor diodes

To evaluate the effectiveness of thehlaped branch, the simulated reflection coefficieq) (S
and mutual coupling ¢@ of the proposed unloaded antenna with and without the line are
shown in Fig. 2 Due to the symmetrical structure, onhs 8nd $; are represented. As can
be seen, by introducingshaped branch onto the ground plane, the effect of reducing the

mutual coupling to approximatel}3 dB, whilst leaving the resonant frequency unaltered

To further explain how theshaped ground branch reduces the mutual coupling, the surface
current distribution of unloaded structure at the resonant frequency of 2.2GHz is shown in

Fig. 2b. The surface current distribution on the entire element withaut-sihaped branch
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wheninput port of theantenna 1 is excited amgput port ofantenna 2 is terminatday 50q

load, wasdemonstratedin this case, thenducedsurface currenbn the antenna 2 is strong,

so the mutual coupling is highVhen the dshaped kanch is added to the ground plate, the
induced surface current on antenna 2 is much weaken thksame excitation was applied

so the mutual coupling is much lower. The reason is @md¢nna 1 induces coupling current

on the Ishaped branch and ant@n@, respectively, and theshaped branch also induces
coupling current on the antenna 2 where the two induced coupling currents on the antenna 2

are reversa so the isolation is strengthened.
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Figure 3: Prototype of unloaded antenna, (a) Top view, (b) ground wstiaped branch, (c)

ground tshaped branch.
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3. RESULTS AND DISCUSSION

To validate the simulated reflection coefficient resultshaf unloaded antenna system, a
prototype of the proposed unloaded antenna as shown irB kgs first constructed and
measured based upon on the design and dimensions as described in Figd $héigsthe
measured reflection coefficientgi&long withtheir simulated counterparta/hich aregiven

in Fig. 2 (it should be noted theh; = S, for symmetrical structureland the isolation &
between the two monopoles. As can be seen, the experimental datandilréee simulation
results. The measured impedance matching of the two monopoles over the 2.2 GHz band is
below-10dB return losgthat is equivalent to VSWR . Phe isolation between the antennas
was found below 13 dB. It is observed that withoutltesbaped branch (the reference design,
see Fig.3), the antenna port isolation rapidly deteriorates by about 8 dB as seen & Fig.
This behavior suggests thahy strengthemg the isolation, an Fshapedyround branch with
proper dimensiang may beused to generate an additional coupling path to lower the mutual

coupling (below 13 dB).

The next phase of this worls the antennatuning mechanismwhich relies on the
introduction ofa varactor ovethe slotted radiatorpatch, whichwas derived from the HFSS
model. For proper realization, this tuning requires the addition of two vadiottes fixed at
locations over the Blots of both radiatoralong with passive componer(tee Figure X)).

The target tuning range is obtained by setting the same capacitance values from 0.75pF to
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2.75pF over antenna element 1 and antenna elemerd. 3 $fiows the simulated scattering
parameters (@, $i) for the loaded antennas without thehlaped branch on the ground
plane. It should be noted that without thehbped Branch present on the ground plane the
effect of this capacitive loading cause tradiators to resonate over a wide frequency range
from 1.55GHz to 2.07 GHz covering ti&PS, PCS, DCS and UMTS bandsid moreover
satisfy the impedance matching bandwidth requiremer@lf< 7 10 dB, with the mutual

coupling being approximatehg dB.
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Figure 5: Simulated S parameters of loaded MIMO antenna withsbhaped branch
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For-proof-of-concept, the antenna prototypeluding the ishaped branch present on the
ground planealong withtuning circuitare depicted in Fig6aand 6b Two varactor diode
package (MMBV3102) with tuning circuis were used to achiewtbe tuning capability. The
proposed antenna design along withsthgvo varactor diodesand passive componentse
shownin Fig. 6a. As can be seen, for each antenna element, capacitor value of 100 pF was
used to allow the RF sign& pass and block DC, while the second capacitor value of 1nF
was used to avoid the shorting as shown in the pateb.100 nH RF chokewere used for

DC passing. A 100 q resistor was usédlke to co
same frequencyrange from 1.55GHz to 2.07GHz was accomplished, but an opposite
coupling is introduced due to the presence of thleaped branch on the ground plane which

in turn reduces or improves the mutual coupling between the two element antdinmeas.
simulated ad measured values ofiSand $; are plotted in Fig6(c), theseresults exhibit
reasonable agreement withe simulated results computed by HFSIE is noticeable that

some discrepancies in simulated and measured result which can be attributed to : 1)
fabrication tolerances in antenna; 2) some uncertainty in the electrical properties of substrate
material; 3) accuracy of the simulation model for Wagactor; 4) use of an ideal model for

the resistor in simatkion; 5) cable and SMA connector effed¢t®wever, both results clearly

show thatthe impedance bandwidth of the antenna encompasses the operating frequency
spectra from 1.55 to 2.07 GHz for eflection coefficient foiS;; < 1 10 dB while keeping

the mutual coupling at the acceptable le®] € 1 13 dB) over the usable bandwidth.

Figure 7
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Figure 7: MIMO Characteristics of the antenna, (a) Correlation coefficient, (b) Capacity



IET Science, Measurement and Technology, 2014, vol. 8, Issue 6, pp. 359-369; ISSN 1751-8822; doi:
10.1049/iet-smt.2013.0276

For diversityin the proposed MIMO system, the correlation between signals received at the
same side of a wireless link by tdestinct antenna is an important figure of merit for the
whole system. Commonly, the envelope correlation coefficient (ECC) is used to evaluate the
diversity capability of anulti-antenna system. This parameter should preferably be computed
from 3D radiation patterns39], but this method is laborious. Assuming thatnaltiple

antenna operates in a uniform multipath environmenECCcan alternatively bpaQ]:

” — S + s (1)

To evaluate the performance of the MIMO antenna, the calcul@&€icurve isshownin
Fig.7a. It should be noted th#fhe ECCof the two element antenigmalways below 0.0 over
the whole frequency band, which is comparable to the results obtained fron9[5[T ks is

good indicatorfor promisingdiversity performance

In theory, the channel capacity can be enhanced by increasing the number of antennas of the
MIMO system. Nevertheless, the presence of Rayladimg MIMO channels will induce

loss of channel capacity. This loss can be calculated fromotinelation maiices given in

[41], [42]. In the case of 2x2 MIMO system,assuming thabnly the receiving antenna

patternsare correlated and assuming the worst scenario where high SNR isiray;cilne

capacity los®  can be evaluated by using thilowing equation[40], [41]:

# a € @WQP 2)

wherel is the receiving antenna correlation matrix ilsafivenby:
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[ = w7 p SYs SYs ,and” YUY +Y'Y | for @G 1 or2 3)

The capacity lossesf the proposedMIMO antenna are shown in Figb,7where it can be

seen that neither exceed2® bps/Hz over the targeted operating frequency barwhioh
approves that good impedance matching and isolation between two antennas elements lead to
low capacity lossThe ECC and channel lossong withbandwidth for each capacitor value

is detailed in Tablé.

Figure 8
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(b) Simulated and/leasured peak gain for proposed loaded MIMO antenna at 1.55, 1.67, 1.8, 1.9 G
2.07GHz (c) Radiation efficiency of proposed antenna.

Table I: The ECC and channel loss with bandwidth at each operating frequency band for the

proposed design.

Loading Cap| Center Freq. | Bandwidth Envelope Channel Capacity
[pF] [GHZ] [ %] Correlation Loss pps/Hj
Coefficient (ECC)
0.75 2.07 8 0.01 0.24
1.25 1.9 10 0.005 0.25
1.75 1.8 9.5 0.006 0.23
2.25 1.67 7 0.01 0.24
2.75 1.55 6.5 0.008 0.23

Farfield radiation patterns of the prototype loaded MIM@&enna were measured in a far

field anechoic chamber. The reference antenna was a broadband horn (EMCO type 3115)
positioned at 4 m from the antenna underwdstretheinput port of antennd is exited and

input port of antenna is terminated by 50hm load. Two pattern cuts (i.e. thez and xy

planes) were taken at 1.55, 1,.8.8, 1.9 and 2.07 GHz when the capacitance of the varactor
diode was varied respectivel@.75pF, 1.25pF, 1.75pF, 2.25pF and 2.75pke simulated
patterns were generated fmoHFSS for the same cut plandhe patterns were normalized

for ease of comparison and presentydFig.8a The results indicate a notable agreement
betweenthe simulated and measured radiation patterns at all the designated frequencies, as
shown in Fig.8a Significantly, these radiation patterns are consistent over the operating

bandsThe results show that the radiation patterns are more or less omnidirectional.
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Fig. 8billustrates the measured loaded MIMO antenna gain compared with the simulations in
the broadside direction for frequencies between 1550 and 2070 MHz as the capacitance value
varied from 0.75pF to 2.75pF accordingly. It was found that the maximum measured antenna
gain at the selected frequency bands were 1.58, 1.75, 1.8, 1.9, and 2.1&sgBctively,
whereas the simulated gains were found to be 1.78, 1.83, 1.91, 2.18, and 2.55 siBitacro
chosen frequency bandEhere is a small discrepancy between the measured and simulated
results. This may be accounted for by (1) misalignmenthef dapacitor in the antenna
assembly, and (2) the fact tithe presence of the SMA connector pin in the measurement
was not taken into consideration in the modelling procebka®etheless, these results can be

said to be in reasonable agreement.

The radiation efficiency ofhe proposed antenna is shown in Fig. 8bese curves include
the effect ofthe return power los and inter-port coupling;in which the total efficiencies
achieved on lower side but reasonable around the selected bameld. he antenna
efficiency decreases from 82 to 62% when the capacitance value increases from 0.75pF to
2.75pF respectivelyThe efficienciesover the operating bands are reasonable for practical

mobileand portable wirelesspplications.

4. CONCLUSION

A smaltsize tunable printed multiplieput and multiple output antenna has been presented.
A ground plane wittan I-shaped branch was used to reduce the mutual coupling between the
antennas elements. iSlHunable MIMOantenna provides better th&t8 dB mutual coupling
covering the entire frequency band for a separation distance of 0.012 wavelength. The

prototypes of the proposed unloaded and loaded MIMO antennas have been successfully
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implemented and reasonable antnperformances were observed. By varying the
capacitance value from 0.75pF to 2.75pF, the resonant frequeasghifted downwards
from 2.07GHzto 1.55GHz whilstmaintainng the return loss;;) below1 10 dB and the
isolation characteristics;) less tha 1 13dB. Both the simulated and the measured patterns
aregiven ingood agreement. Moreover, the envelope correlation coefficient of this MIMO
antenna iswvell below 0.025 which leads to a good diversity characteristionttigate the
multipath fading.The proposed design is simple and low cost providing a promising solution

for mobile terminals such as PDA atadbletcomputers.
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