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Abstrach A decouplingnetamaterial (MTMYonfigurationbased on fractal electromagnetic bandgap (EMBG) structure
is shown to significantlgnhance isolation between transmitting and rece@irignnalements in alosely packed patch
antenna arrayThe MTM-EMBG structure is crosshapedassemblywith fractal shapedslotsetchedin each arm of the
cross The fractals areomposed of four nt e r ¢ o nshap@dslasdhatéare separatedth ani n v e r-shapdd 6 T
slot MTM-EMBG structureis placed betweethe individual patch antennda a 2x2 antenna arrajMeasured results
showthe averagenter-element isolationmprovementin the frequencybandof interestis 17 dB, 37 dB and 17dB
between radiation elements &1#2, #1& #3, and #1& #4, respectivelyWith the proposed method there is no ntd
usingmetalic via-holes.The proposed array covers the frequeranygeof 8-9.25 GHz forX-band applications, which
corresponds to &actional bandwidthof 14.5% With the proposedmethod the edgt-edge gap betweeadjacent
antennaelementc an b e r e dwith eodiegradatiorin thBamtennaa r r aaglidiengain pattern.Across the
arrayos o phlemeduicdeainvaiesbetdeert dBi and7 dBi, andtheradiation efficiency varies from4.22%

and 88.71%The proposed method is applicaliethe implementation otlosely packed patch antenna arraged in
multiple-input-multiple-output (MIMO) systemsind synthetic aperture radd5AR).

Index Term8 Fradal, mutual couplingjsolation enhancement, planar antenmdectromagnetic bandgagNIBG),
metamaterial (MTM), multiplenput-multiple-output(MIMO), synthetic aperture radar (SAR)

l. INTRODUCTION techniquesdegradethe radiation patternef the antenna

1 [10]. Other mutual coupling suppression techniques
ortedto dateare basedon slotted and meander line
fesonatorsioweverthese techniques aapplicable over a

narrow frequencyangeandcan undermingheant ennaé s
radiation patterngl1]i[13].

It has been demonstrated tekctromagnetik®andgap
(EMBGSs) structurepreventpropagation ofurfacewaves.

This property habeenexploited to educe mutual coupling
in the antenna arrayd4]i[19]. It is shown in[14] an
EMBG structurewhenlocatedon top ofa radiating layer
canenhance the isolation by HB. Although gplication
of EMBG configurations in antenna arrays haveen
shown toimprove isolationbetween radiating elements
however as these configurationgre multi-periodic and
require a relativelylarge surface area which is not
conducive in the implementation ofcompact antenna
arras.

This paper provides a solution to theersizeissue
encountered with antenna arrays employing conventional
EMBG techniques to suppress mutual coupling between
neighbouring antennashis is achieved witffractatbased

Electromagnetic interference between antenna elementsﬁ
a major issue in mukantenna systems. This is becaus
mutual couplingresulting fromsurfacecurrentsover the
antenna can serioustiegraddts performancen terms of
radiationgain, operating bandwidth, amddiation pattern
[1]. In multi-antenna systemsuch assynthetic aperture
radar (SAR) and multiple-inputmultiple-output systems
(MIMO), where multiple antennas asgrangedn close
proximity to each other cacausestrong mutual coupling
between the antennafhe consequence of this sgvere
degradtion in the overala n t e madiatiénsefficiency
and consequentiyegative impacbn channel capacitgf a
communications systeif2]. It is therefore crucial to find
an effective solution that mitigates/suppressesutual
couplingin antenna arrag/

Various methods have been exploreddate in the
suppresi®n of mutual coupling effectbetween adjacent
antennas, e.g. (@efected ground structures (DES)i [6];

(i) neutralizatiodline [4], [7]; and (iii) slot combined
complementary spliting resonatar However, these



metamaterial EMG structurs. The proposed MTM-  frequency of the stopband, the structufenctions its
EMBG structure is crosshaped microstripine with fundamental resonant frequency.

fractal shapedslots etchedin each arm of the cros3he

fractal configurationis composed of four interconnected

0 Yshapéoslots that are separated hyn ver-s edp & @

slots The MTM-EMBG structureis placed between

individual patch antennaim the 2x2 antenna arrayVith

the proposed method the eedgeedge gap between the
antennacan be significawithhy reduc
degradation n t he antennadb6BEBVBGc har act
approachegresentedn [14]1[18] and[20] haveedgeto-

edge gapin the range of0.5as to O . 3. 5Tbe fractal
geometry employed heiie inspired by the work in[21]
which is based on th&" iteration of Mooré surve as a
variant of Hilbert curve22]. The proposed methodology

is verified with measured resultd/hen theantennaarray

is combined withthe fractal decouplingstructure the
measuredesults show that thaverageisolationis better
than-30 dB for Si», -41 dB for Si3, and-28 dB for Sis
across the aperateg baadwiditef 1.25y 6 s
GHz from8 to 9.25 GHz which is twofold greaterthan
reported inliterature In the abovecitationsthe antenna
arraysare1x2 configurations wheredsere wehaveuseda ;
2x2 configuration The size of the proposed antenna array oy, ‘ »
is 2.4apx 3.2a0 With edgeto-edgegap between the radiating = ' :
elements 00.5a8 centredat8 GHz

without Fractal Loaded

Ground plane

1. FRACTAL MTM-EMBG DECOUPLING with Fractal Loaded
FRAME

Configuration of the referenantennaarray, shown in “Pir

Fig. 1(a), comprisesour square patcheBach path can be Ejj‘g iﬁiﬁﬁ
excited individuallythrougha 50Y waveguide portwhen S S

one of the radiation elements in the array is excited it EELEZ

causes surface waves to spread out and induce currents
other antennas thereby creating mutual coupling betweel
the antennas. In this study radiation elements #1 & #2 arfractal isolator loaded between arrays
usedfor transmissionand #3 & #4for recéving. The (b) Simulated layout
antennaarraywas fabricated on FR lossy substrate with
thickness of 1.6 mm, dielectric constapof 4.3, andoss
tangent of 0.025The measured bandwidth of tiheference
antennarray, shown in Fig2,is 1.25 GHz from 8 to 9.25
GHz. Average mutual couplingneasurecbetween each
radiation patchi.e. #1 & #2, #1 & #3, & #1 & #4in the
reference antenna arrés/-17.5dB, -18.5 dB, and-17 dB,
respectively.

To improve mutual coupling suppressidretween
radiation element# was necessary to insettie fractal i . jeie
isolator, shown in Fig. 1(b)between the patches. The Fabricated prototype
fractal isolator proposed here limsed on MTMEMBG (©)
structure which is etched on each arm afressshaped Fig. 1. Layout of the antennarray a) reference antenna array with no
microstrip configuration The fractal slots are constituted fractal isolator loading, b) crossetiaped fractal decouplingructure
from four i nisteaped slotn that tam d and @) aytenna witfractal isolator loading.
separated with an n v e r staped stofl This slot

configuration was determined through investigation Olc'JIistvr\?tl)luti?)i OSVZ?V\{Ee herge otsheedsu;;‘?ace ;l:lrﬁztre ddeencsrltte);ses
numerousfractal curves. This fractatonfiguration was prop Y

choseras it had mini mal ef fe g_upsra t'ﬁ”y tv:lﬁh.e thea 'ﬁ‘lctll:r?oﬁ] n?r% H%taltbﬁg)tﬁ' THr\]/? dt h
and radiatiorgain characteristicsThe factal slots behave simufation analysis reveais that with no metaflic patch in

as electromagnetic baighap (EBG) structure that preventigiur;:;d?rlle S;;Egeart?g]:tgjnnfec:;gi ;i:iflﬁll sé:)uuctﬁges
propagation in certain frequency bands. Detailed P PP ping

. s - between the antennas #1 and #4, and between #2 and #3.
explanatiorand analysiss given in[23],[24]. At the cutoff This indicates the direct interaction between the fractal
structuresis necessaryn the proposed techniquélso,

Ground plane



parametersa and g have a great influence on the mutual fractal MTM-EMBG isolator haa measured bandwidth of
coupling. Maimum suppression was obtained whbée 1.25 GHz from 8 GHz to 9.25 GHz. Thegsults show that
dimensions oboth these parametemsere 1000 microns improvement in isolation is at the expense of it
The fractal isolator was inserted between the four patchcoefficient however thebandwidth which is defined for
as shown in Fig. 1(c). |Sw1| O dB is the same for both cases of with and without
The separation between adjacent patcted.5%, MTM-EMBG. With the fractal isolatotheaverage mutual
where a is freespace wavelength at 8 GHz. Optimiseccouplingmeasuredbetween radiatioslementstl & #2, #1
parameters of the antenna array and fractal isolatot.are& #3, and #1 & #4are -30 dB, -41 dB, and-28 dB
=23 mmW=23 mma=1mm,b=2mm,c=3 mm,d respectively.Compared with no fractal loading there is
=20 mme=2 mm,f=4 mm, andy= 1mm.The simulated substantial improvement in mutual coupling suppression of
S-parameter response trgnsmission and reflection 12.5 dB, 22.5 dB, and 11 dB between elements #1 & #2,
coefficients) of the proposed antenna array without arll & #3, and #1 & #4respectivelyThese results are given
with fractal MTM-EMBG isolator loadings shown in Fig. in Table I.
2. It is evident that with fractal loading the isolation
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improvementbetween antenna ports #1 andif#@reases
from about 5 dB at 8 GHz to 18.5 dB at 9.2 GiAithough 10 — S 10
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(c) Reflection & transmission coefficients between Antennas #1 and #4€COUPlingstructure S1=Sy, S,5=S4, and $=S; as the antenna array is
asymmetrical configuration

Fig. 2. Simulated reflection & transmission coefficients of the equivalent . . . .
model for the proposed fractal structure. The equivalent electrical circuit model of the antenna

array loaded with the fractal isolator is shown in Hg.
Fig. 3 shows theneasured resultsf the antenna array where the patch radiator is represented with a resonant
with the proposed techniqu&he antenna array with the circuit comprising inductancép, capacitanceCp, and



resistanceRe. Equivalent circuit of the fractal MTM Optimised values of the equivalent circuit model were
EMBG isolator is represented by inductarigeand the extracted using optimization tool in fullave EM
capacitanceCg, whose magnitudelepend on the gap simulation by CST over 8 GHz to 9.2 GH#agnitudesof
between the radiators. Metallic patch in the middle of ththese parameters are given in Table Il. Hmplified
array connectinghe four fractal sections is modelled by equivalent circuit modelwas used to determinehe
inductancd.c. Coupling between patch and fractal isolatoe f f ect i veness of the fractal
is through capacitandgc which is dominant because thereturnloss and isolation performance. Input impedance
fractal isolator is coupled to the patch via fradiating and admittance of the proposed ami@ arraycomputed
edge of the patch antenna. Ohmic and didéledtsss using fullwave EM simulation tool are shown in Fig.
associated with the fractal isolator are modelled bDue to accurateestimation of theRLC parameters the
resistance Re. The resonance frequency;)( of the circuit model and CST resulsre perfectly mapped on
decouplingstructureis dependent on the magnitude oleach other for both of input impedance and admittance.

inductancel(r) and capacitanceCf) given by:
TABLELANTENNA ARRPARAMETER PERFORMANCE

Q — @ ISul 00 80-9.25 GHz
(BW =1.25GHz, FBW = 14.5%)
= S12= S Max.:-38dB @ 9.25GHz,
Patch #2 Pm h # with isolator Min.: -22dB @ 8.15GHz, Ave.:-30dB
Si2= Saa Max.:-21dB @ 8.0GHz
Port #2 Port #1 withoutisolator Min.: -15dB @ 925 GHz, Ave.:-17.5dB
Isolation improvement| Max.: 17dB, Min.: 7dB, Ave.: 12.5dB

Si3=Su Max.:-57dB @ 8.27GHz
with isolator Min.: -25dB @ 8.7GHz, Ave.:-41dB
Si3= S Max.:-20dB @ 9.25GHz

T@

without isolator Min.: -17dB @ 8.2GHz, Ave.:-18.5dB

Max.: 37dB, Min.: 8dB, Ave.: 22.5dB

Isolation improvement|

Sectign I11 J
(( nuph 12 Part)
Section Il (Fractal)
Section I
(Patch Antennas)
Port #4 R1

LC CC Lc cc¢ R; Port #3 Su= Ss Max.:-37 dB @ 8.85 GHz
I} T with isolator Min.: -18 dB @ 8.38 GHz, Ave:28 dB

Crr 3Lr Su= S5 Max.: -20 dB @ 8.3 GHz
Rr without isolator Min.: -15 dB @ 8.86 GHz, Ave:17 dB

Isolation improvement| Max.: 17 dB, Min.: 3 dB, Ave.: 11 dB

Fig. 4. Equivalent circuit diagram of the proposed antenna array.

TABLE Il. OPTIMIZED VALUES OF THE EQUIVALENT MODEL REPRESENTING THE PROPOSED STRUCTURE

Re Ce Le Cr Lr Re Cc Le Ry

50 Y| 15pF 9.02nH | 9.7pF | 1.8nH | 75. 5 122pF| 1.0nH | 82 . 5

Z [Real Part] Z [Magnitude in dB]
70 40

® & & 711, Circuit Model ® & & 711, Circuit Model

50 Z11, EM Full Wave Z11, EM Full Wave
50 . Circuit Model ® & ® 712, Circult Model
40 EM Full Wave 12, EM Full Wave
10 ® & 713, Circuit Model « & & 713, Circult Model

713, EM Full Wave
o « & & 714, Circuit Model
.
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Z [Imaginary Part]

* & » 211, Circuit Model
Z11, EM Full Wave

® & @ 713, Circuit Model
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® o o 714, Circuit Mode|
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¥ [Real Part]

o0 Y11, Circuit Model
e Ircul el
0.035 ’
Y11, EM Full Wave
0.03 } ; ® & Y12, Circuit Model
0.025 1 Y12, EM Full Wave
0.02
b o oo . ® @ ® Y13, Circuit Model
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0.014 ® @ # Y14, Circuit Model
0.005 : Y14, EM Full Wave
-0y ssees :
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-0.01 - -
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Y12, EM Full Wave
0.01 4 . i ® @ & Y13, Circuit Model A/m (log)
Y13, EM Full Wave
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Y14, EM Full Wave 154
101
- - 63.7
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(b) Fractal loading
82 B4 86 88 9 oz Fig. 6. Surface currerdensitydistributionsover the antenna array
Fresuency [ Gz 8.27GHz

Fig. 5. Input admittancgs 1 / q) of the pr.oposed antenna arrays

Surface currentlensitydistribution without and with
the fractal isolatoy which is shown inFig. 6, provide
further insight on the antenna array. It is evident from this
figure that thecrossshaped fractal decoupling structure
behaves as an EM baigep structure to significantly block
surface currentBom electromagnetically interacting with
adjacent radiation elements in the antenna array. H-plane @ 8.27 GHz E-plane
Destructive effects of surface currents in the antenna are
significantly suppressefilom effecting thefar-field of the
antenna array.

Radiationgain performanceof the antenna array was
measured in a spherical chamber. Fig.shows the
measured radiatiogainpatterns of the four patch antennas
in the array with and without fractal decoupling structure.
Compared to the reference antenna arrayatti@tiongain
characteristic of the array with therossshaped fractal

MTM-EMBG structurds a crude approximation. H-plane @8.85GHz E-plane

H-plane @ 9.25 GHz E-plane

y
: i ZL x Fig. 7. Measuredadiationgain patterns, lefand right columns represent
' Port #1 ' Port #2 H- andE-planes, respectively.




