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Abstract

| n modemmuni cati on systems, t he gr owi ng
di mini shing spatial resources Wwith increa
become increasingly pronounced. The 1issue

garnered widespaemmo daatttee nrha roen a&rmt eancnas wi t

resources. Extensive reseamnscht ohasd doreeesns ctoh
probl ems. Different from conventional antert
presents an innovaenhnaecounplishggiassoas of r am!
filter theory.

This thesis first introduces the backgro
wor k. Then, the gener al mut ual coupling p

techniques ar e sr etvhieeswee dp r olbol eandsd,r esul t i pl e
presented An hybrsdt hesdsng network is pre
i solfdtlacder i nCga sacnatdeendndaese ® ampeéatt magr ks ar e i nvest
provide two i sol &bpseydn tahnetseinsn amecthhaondn ednsd st e
Then, a novel concept of designing two sl o
seddcoupl ed antenna pocodst desc uelsiemg etdec T

presented to decoapktbh Bwbeoahasel Yhpl Acedtpt

by the electric and magnetic coupling theor
is inspired by the coupled transmission | i

Al l contributions havae edeenfThe s pe reixnd ntia
robustly affirm the practical utility of fi
design, of fering valuable insights and dir
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Chapter 1
Int rotduon

1.1Moti vati on

Wireless technologies have evolved very
2G to 560G, the throughput of ci vil wireles
sever al t i meshawWe rrbeel ®eme etdr uf nosr ci vil use i
decades. A brief spectrum map for modern 4C(
Excluding the mmWavéHDbahdequeédrhey srudbnge i s
congeAsittendough di ff er enhta vree gdiiofnfse raenndt csotuanntdrair
to their wireless policies, to embrace the
all the potential spectrum to ensure they

arfel]

<1GHz 3GHz 4GHz 5GHz 6G Hz 37-50GHz 64-71Gl
3.1-345GHz 24.25-24.45GHz 37-37.6GHz
Q00MHz 2.5/2.6GHz 345355GHz 37-  4.94- 24.75-25.25GHz 37.6-40GHz
EE 00MHz (2x35MH2) (2x3MHz) (BanaT) 3.55-3.7GHz 3.98GHz 4.99GHz 59-71GHz 27.5-28.35GHz 47.2-48.2GHz 57-64GHz 64-71GHz >95GHz
26.5-27.5GHz 37-376GHz
(%) s00mHz (2x35MH2) 34753.65GHz 3.65-4.0GHz 27.5-28.35GHz 376-40GHz 57-64GHz 64-71GHz
‘ 700MHz (2x30 MHz) 34-38GHz 5.9-6.4GHz 24.5-27.5GHz 57-66GHz
:F 700MHz (2x30 MHz) 34-38GHz 26GHz 57-66GHz
< — — —
@ 700MHz (2430 MHz) 34-38GHz 26GHz 57-66GHz
‘ ' 700MHz (2x30 MHz) 3.46-38GHz 26GHz 57-66GHz
‘ ' 700MHz (2x30 MHz) 36-3.8GHz 26.5-27.5GHz 57-66GHz
a 700MHz 2.5/2.6GHz (B41/n41)  33-36GHz 4.8-5GHz 24.75-27.5GHz. 40.5-43.5GHz
) : 34 342 37 - 25.7- 265 289
or 700/800MH: 2.3-2.30GH - G 57-66G
o 000wz =" 342GHz 37GHz 4.0GHz 971Gk 265CHz28.0CHz 20.5GHz S0 o7-66GHz
[ 36-41CGHz 4.5-49GHz 26.6-27GHz 27-20.5GHz 30-43.5GHz 57-66GHz
24.25-27.5GHz
& 700MHz 33-36GHz 27.5-29.5GHz 37-43.5GHz
- — — —— —
@ 34-37GHz 24.25-295GHz 39GHz  57-66GHz

New 5G band

Global snapshot of allocated/targeted 5G spectrum
== Unlicensed/shared

5G is being designed for diverse spectrum types/bands b

Fi g1 Part of the spectr[km for 5G commun

To satisfy consume rfsabc adoednsahni dg hf opre rsfnoarl nha nf cc

mai nt ai mwiomg ef r,itcrmaenugsagt @ reonti nual ly striv
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size of their wireless devices. I n this ci.
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e

Htriequency band requirements into one sin
eds to be cdr3dfwmviey , c oviheind earnad desnmaalsl ar e
stance, the mutual coupling between thes
upling is high, the transmitted signal f
t ebme cwhadhliysr ans migintae d | sf o mipil glhhe edpower ,
sulting interference may potent4dillakely dam
toabpling also makes the active i mpedanc
rcehyasgd st anttihadclaynw wintgh e, which consequen
anning angl e5lbnfdetrhet hey sntactmiarnatlesnicvaes t r ai r
gar diompgertatheinrg frequenci es,i stnha kmutyualo ddc
'y addressed by f amak iamgnydiehre nt hpihsy sdicrad U igs
t ual coupling problem between antennas

searchers ardaresngineers these vy

Filters, especially bandpass filters, ar
terference. Over the past few decades, fi

d indepeh&érihid webijtheet use of HBtketHewst hs

tennas, few have considered applying cer
sign, especially in tManycapeemfa adhdoenuwun
chniques can be found in the |litttamnatsdr e.
el d perspective. Some decoupdufrifgeatmec hni g
mplicated schemes or | ow performance.

Filter theory i s -ptohret anrett wooarkeser nTirnagn srhualt t

latnit enna systemsasahospggrombiee t wgrak ssedCons
ere may exi st significant correlations
search, the filtermthwamny ewminlal dlee i ymne dvi tt d

ol ati on.
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1.20bj ecti ve ecatnd hMaiPr oGontri buti ons

The objective of this work is to invest
antennas. This work focuses on mxht@mndi ng s
ant emodadless i gns, i ncluding fnitletnenra sn,g aamd eanmte
decoupling networks. This job represents a
antenna design, particularly in the area
classical theory in fil tenrcedpetssi gtno, atchhiise vweo
higpkerfor maaateemud tsystems. This work intenc

for -smmuit émna system design.

The main contributions D6l tbws. work can |

1) A novel filteraddgr dghsedmnguaét woukl ing pro
t wodentical and adjacent channel s.
A staoabderthodealtesonator is used as t|

The even and odldoanbad sa mlebd ri bteacmt eb y
designed to senmel swo di fferent cha

5

Isol ati on i s ptrloegprerdcoghieexwwed ilmyg bot h r

5

2) Decoupleictihogfiogruefsi | t eri ng antennas.

A filtering decoupling net wor k i s
filtering fangéetohi bfTddi iBegr ed wtoe kn a&sa.n
used to decougwilth thwe aamehdiaff erent

A s-byspge@al i zati on pewaiesks sprfoovri dseudc. h

5

., By connecting this network to the

mut ual coupling <can be dramatically

original filtering function of these
3) A new concept for-poheé¢ demaleenat nah afp priulct
A hybrid mode concept i s proposed.

5

., Two microstrip glesti gaptdenmasf oame ac
bandstop filtering structure.
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, The energy, which is expected to be
i n this bandstop filtering structure,
are achieved at both antennasd ports.

4) Se-découpled patch antennas ucsanncge lellaetcitorni.c

, Electric and magnetic coupdrnegs bet
studi ed

Mut ual ceupligngficantly reduced by
el ectric and magnetic coupling bet wee

., This simple yet expemenval tegcherqtbe
bot helft wment-edaedhehdouMl MO arrays.

5) Sestl écoupl ed patch -amdemnmsesda@si ng higher

|l nspired by coupled transmission |
duahtenna MIMO is realized.

Two patch @amdreatniarsg aoc-eedet hembdehbhi ghe

5

The coupled sections introduce a tr:

band and i mprove the isolation bet wee
1.30ut |l i neThesfi st he

I n this thesis, tHeldomwsents are organi z

| €haplt,e mohtei vati on and objective of this

techoowct@tl i btutiisonworof are summari zed.

Chaptfeirr s2 egdiih®c ugsesner al mut ual coupling
communi cat iReng agtdd éngms f r esq ucefn ¢ ¢ phaeraamdi tong |t
coupprn olgl ecnast eagrioen i @ edwh enpmar mait ual @dupling
band mutudheaootplei dgcoagdr egoskihengdhsn iogfu emsut ua
coupling probl ems | taegrei nignt airetdaircfreadb. atreedcth n i q

decoupling are also investigated.
Chapter Bwprdeeotupling techniques for two
over the same and adjacent bands. These t

cl asfsiilctadér t heor ywyntThheesyda zeerded i m¢ | t cot he tar
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antennas. Using these techHhmrmiagnaad ,c atlwoy fdielctoe

with good filtering performance maintained

Chaptperresdent s a novel c oamu dmdir tf oaBnytt hren a .e a
designing two slot antennas aweld bdaencdsutpdped
by the bandst opi 4raemsd ornesfel. e cTthiemni adbtls etrwoe dant e
by the radiati on pramnae srse,f | aahili bbwns ncgoeh d & pcti

provides a new direction for the design of

Chapter bBwpreseehhbsques for decoiuplamdg pat
magnetic coampdioaguplhedrtyr ansimifsislitam eld ensei gtr
investigated and ext8ontdédtebbaglopwessbdbbe, de

simple design processes, and compact struc:

A conclusion i sPomadeblien dahepxttdrond f or f

provi ded.
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Chapter 2

Over viMuw wWablup !l I ng
ProblasmmmdecDoupl i ng
Techni qgues

Il n this chapter, ofahmuettuaaill eado udpilsicnugs spromb
correspondi ng decionutprloRruge &trddd mgi d lhees fareag u en
the antennas involved, the mutwwalcadceymlriiredsg
idand mut ualMCrarud-douwatgn d( ImBIt ud OB ME BMCi ng
represents the scenari o where two antennas:c
bands whereas the OBMC corresponds to the
opeati ng frequencies. Decoupling philosophi
which aeeiawed in this$hfeihlatpetreirng |an taedndni a ito
i ntr oadtuhceedend of t hodbantdapdeebuplfhigigtoagt
antennanvesaligatedmonbdrilaicmiut atsi on of f il t e

for addresBamdg OBMCcproskl e ms.
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2.1ABr | Refvi etwhMuft uCalupIProgl em

211l ncr e@soiwdgpdct r uSmaV Soerrfact or

Figlprovides a brief overcrwovveweddfert e vi @i ¢
(UDsuch apd opsmanthp lektmee car . amdaédmpla@aagasaantaasn
enabdciamgs access to 4G ainearWiGiisaleotaways ks ar e
provided for highend cars. In addition, accommodating GNSS (Global Navigation
Satellite System) such as GPS (Global Position System) is obviously essential.
Bluetooth antennaenables the remote control of cars such as remote door control.

Future V2X communication antennas (58885 MHz) may be added to cars for 10T

applicatonsl n some cases, some of these antennas
housi ngs @ushaskafinfofomr factor. As a resu
mut ual coupling problems among them, espec

overl appi mtangaedqgaedpagyent bBiNds 2aslindicate

L N —
Bl 5G \R Key isolations:

- ® LTE & WIFi

VX ®LTE & Bluetooth & WiFi

Bl Bluetooth| @ WiFj (5.8GHz)& V2X
®GPS&LTE

Number of Antennas

T e T T
1000 2000 3000 4000 5000 6000
Frequency (GHz)

Figl Typical gw@amdambdsiecov &Ds.

Fi B2shows a common scenari o wheba&aseaea UD i
stad®y (These devices are always equipped w
cellular network communicati-@GHzs . WiHrRIr eb d red
(55151. 8 GHz) and 558 GHRz )b.anSlsp pfds €3 baorteh wi r el

wi tIR M|l MQ taerccthur e s .
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WiFi 1 0 \0%° ,7\
P2 /
+ - — /
|
| S /
v /
WiFi Module WiFi 2 //
IF1
¥, o

\ \Oo',

! >

\ Q(‘DS,

/

NR Module
— — — — In-band Mutual Coupling
— — — — Out-of-band Mutual Coupling

Figg2ll lustration of t heamordtearnf ecroammouen i sccaed n arni &y

The mutual coupling problems in modern c
di vi dedc atned gobtaweod : mu hu al e@euapldi mou taumad ocuwtu p |
|l dand mut ual coupling happens between two
(Wi Fi 1 and Wiofian2l) muwhiiall e cowtpl|l i ng repr esc¢
bet ween t woel deisfsf enreeeto rvkisr ( Wi Fi  and NR). To
coupling probl ems, t he dec oiumpt arnrge spproonbd i enngs

t wo paratngd: dierc o uhiamgl aredc oawwtl i ng.

212 InnrBand DecouBD) ng

|l dand de¢bBpPdpmemset he cases where the an
operating over an o\Serneappnersg ftrhegu emacyy hbaa

physsitcrauctwhiesh I s very common in most acad

2121 Ml MO Technol ogy

There are two typicalThsecémasitoxakcer htalpips
applications, where more than soingen malnstheen na |

same freqidncydhkeandsMO technology is believ
33



i mportant technol ogi es tfeans. mowhemn t emrbumido
the standard i1s | imited, MI MO architectur

increasing the number of antennas in the s

25

%
TR -
TR

g

L

1, M=1
F1-N=2 M=2
N=3, M=3
et Mo
v -
20 ’
et
) :
15 ’ 7
2 |
>
| . : -
(o] 10 -
3]

SNR (dB)

Fi g3Channel capacitywoft ha dMif MEesogEndtreammmimét and
receiver antennas.

For a-amtuénnmnasgpyptbleer, M rercei ving Bntennas

transmitting antennas. The channe8] capaci t’
C=log, det +STNF%H“ Ooit/s/H: (11)
(; -

Hedlies the identMI Ny $&NRt pnadfirssHize, t he
channel maiiNi xth@facsitzyeof an i deRdyIMIiMoOh sys
fadi ng channred mhefrt 9t rdainfsfnrertemtnd r eEkegve ant
2.3. When the 9NRi ghs, atdheequaampaci ty of the s}

l inearly by increasing the number of anteni

However, when niunteu@anityenrdrdecsh aanrneel s ar e corr

channel matri x can be expressed as

H=R"> B, RG (1.2)
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WheHgi s the ideal RhaanmBmaele mahter icxoranred at i o
When the independence between channels s

pootrlan the i deal resul ts.

21221 mand Dupl ex

A ondecdommuni cation system mainly wutilize
i solated transemvihgnghandel s: frequency di\
di vision duplex (TDD). FDD technol ogy separ
into two parts and allocates them at diffe

band in bettweetnhefTdhildeali dup!l ¢h®ey smeiint c @ah e x
transmit and receive simultaneoufsl| vy, oV
dupl/emxuelrt i mme kpeorr ti ddleawd ceseparate one signal
i sol ated signalys batn ddsi.f fTeor emts ufrree puema at e
i s always needed between t hestulpd itnrka msandi tdtoiw
and receiving channels by making them oper.
receive functacocnusr oifn tthhee ssyasmeenf r equency ba
To prevent uplink andcldasmiang katr dapemi 9dgi DB

Thesedupallefx techniqgues transmit and recei Ve

over diffebentdsfrefguehcgonsequently wil/ d
increase the cost, and | ower the spectrum

By all owing the ttroamsmwirtatt eérh ea nsda nree cf erievgeure
si mul t atneaebuasnldy ,f ul | dupl ea pgoBEMD)I lr ovdo ddes L

system capacity &add &Hpevetvreal, d fBfFiDcisaufdye r s
probl eimnt esrefl gr e nt bree cTeoi vperre vfernam r ecei ving t
own transmitter, tthtee an smonlttadtni nognhrabnede we e n g

antennaadnecguatbel y high

Consider the communiaB&t imwma s ¢ ematnrat bdt w
Fi®g.4 Suppose thethBeSnismi 24 pdBvrarWwhiifsl e2 1t h a't

dBm, which are very typical values for mod
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110 dB, the dgihBeBawhirek ei yetlebig®dRNLO-8Sd by

dBm. | f the BSFiDro ®e ewiatt h nage dtwai id vhes thiBt 2 @Ir at i o
dB, the received power by the BS063830r=ceivVvel
4 dBm, which is much hUDheri ndhBagsdt dnc nisn gna
this circumstance,ectolgenieB S icgannaln of rloom gtehre UL

alsomansmitting.

dBm

24 BS TX power
UD TX power 2 T P

|
I Isolation of 20 dB

Y 4 <

Path loss of 110 dB
> 93 dB design gap

1 —
A
i
|
|
|
|
|
|
34

Received power by UD -8

Fi B4An i | | wesxtarmgptlieveof dindrealf eardcseellfevel s.

To over demeg agpphi ssli fferent techniques base
proposed by neadodgmer s, te@@@dmdjgdegi t al dom
techniuéEswmoamt enna design point of Vi ew, a
decmaahsei-i nalefr f erence of an | BFD system i s |

the antennas of the transmitter and recei Vv
2130ubBand Decpo0OBD) ng

Anot her decoupling scenario happens bet

di ffer entanfdrse.quTehnicsy ibs a very common probl e

systems due to the I imited space for all oc:
The -oduand mut ual coupling is more I|likely t
when their opgpgr dtaindg famequwd ose while their
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sufficiently | arge. One HDwrsemntg Wway tteos sr ¢ 0 |
t he-odbwatnd spuri ofuls2]ef@essrahsby, to @auppress
Sspurious bamdgzetr maagmedg ehililsdl However, when t hi

is very close to the passhbard,y. thig ht nosabpwj c

no filter technology can provide a perfect
channelinwréedosung the insertion | oss at it
dBm

TM BS TX power WiFi signal
UD WiFi power 21 T-I- ---------------------------

--------------

Interference on NR bands

|
|
|

B

Out-of-band emission by WiFi TX -29
Interference after filter g9 1 _____________________ FE===ssssssssssssoooooo - |

i W. antenna decoupling i
(15 dB)

Interference with antenna g, __|

decoupling ~  |! | j|eglationgap * 40920 2o
RX signal of NR
Noise floor »
Frequency
Fiasl |l lustration of interference from Wi Fi
The interference between the Wi Fi channe

exampl Betp understandFitdbi sWiitsbiure , t as Samevn
5GHz Wi Fi itbamBd GH%Z.)15 nd 55 GHz )baardes wi3t. IBi n
close frequency range. Assuming the UD is r
TXower of 24p atBhmo.fl %140h daB, t he power recei V¢
i 86 dB.silmnhuyadatsiugpnposi ng t hat Wit e gu@liss ttor dtrhn
tower with a TX power of hNeRL bdaBnnd sa nids i5t0s diBn
tdan this value. Here the ratio between the

own TX power is called AdACdLRYNdr Chwhinmke | 5 Q@ ec

a commor 13&a&l et he filter rejection | evel
i nt enrcfeerwd | [F60edBEE TMED dB) dBm after the fi
a common spatial i sol ation of 15 dB bet we«
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interfereneet IdBwmegl whiilclh bhes still 2 dB hi gh
asshownFi ighb. Il n this situation, tditer osnpgur i o u

interference and additional i sol ation met hi

22L1 t er Rd wWirew

S gnificant maftbiefoe 4 e daarnsch deereegni neer s t o r educ

coupling between ante@nad.heAsnumeuratlisccmeud |iim
bet ween two antennas can be categorized i n
221ln-BanbBecoupling Techniques

The decoupling between two antennas owni t
been studied for many year s. From the acad
t wo or more identical antennas as the targ

221 1Decoupl i mg ivailt mn3p Pol ari zati on Di

Y;Separationy 9_|

Ant. 1 Ant. 2 Ant. 1 Ant. 2

@)
Fi 86 $Hpaa)t i al Palnadr i(badt i on diversity decoupl:i

To address the mutual <coupl innags ,p rtohbel emmo sbte
direct met hod i s increasing the antenna sp
identical antennas will be i mproved when t|
phenomenon is always true f ewavVneonsgt hb apg atncche
ant enhas hoglviel eng{ h6di fpadldessdh osritotf 189t ennas
However, fowasemengtar aetenna straeatdures s

sl ot antennas, the isol ati on einsn an ¢stlp%®Bacliwiagy s
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21] This phenomenon is WwWanvdebohmemaff@r ant e
their unbal anced f eeddlnsgsetsheh amegr otumels ep | am
radi,attoor sobtain wider bandwi dt h eamd oaifnfdi c i e
pl ane shoudan silvdkesryesdabaelecoupl i ng process i s
ant elnials

Anot her effective way to reduce btyhe mutu

making them operate over diFfifgé(rbe)n.t Spuoclha ra nz

arrangement can provide inherent I sol ati on
canonoupbeone another. This concept has bee
[ 2235 ]

2212Decoupeét wmgr ks

An early work on this topic can be found
1971&,6]as shiogwha) n This work introduced t he
transmission |ine structure connecting the
coupling. 't was found t halte haalwaind nichu tvu alual
i mpedance between the antennaBhustepnasr i ti c al
are arranged with some specific spacingtoendiad he ant empadacegs s el f

are real and the mutual impedances are reactive.

| nstodcaoch megc ttihe net wor k at the feedlines
edlf ound that the mutual <coupling between t
connecting their radiat[ol.%] Tvhiitsh teechan qouw |
knowaneawt n @lni 4 dto einrdtnednsi ve applications 1in
Il n 2008, a more gener al decouplRitgabnnehwser k
wor k, tthe iinemodddeti onal path between the
The mutual admittance between antennas was
l ines at the antennas6é feedlines. Then a | o
admi ttance bied weletewoe cdretdennas at the point

admittance bet weelny naang i@nhaaraygp eird gahldeaw oglkr e

39



can then cancel the mutuadl scamiopmlaienpdg beat wee
appl itederaind ennai m@8yTlki s i dea i scoalpsedappl
resonatwp2@s 30]

Ant.1
Ant.2

t "~ Lumped
element

L Rt Via hole

Port1 Port2

H}'
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PCB 40 mm x 100 mm

DCSPIFA
10 mm X305 mm x 8.5 mm

Feeding strip 1

UMTS PIFA
8 mm x26.7 mm x 85 mm

Shorting strip 2

©

antenna 1 an}enna 2

105 : i_-i—.. !
tional coupler
i 1 ;)nn_llr layer
VI
< 148 2
(d)

Fig7 (a) Decoupl i2my Desctawpclteud emdnécpol es i n
Neutralization 1% e DBdcocawpluregaeahamguer
[ 3.1]
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l § 3,1]anot her decoupling net Wprk ameheept
aspect i s presented. Thhee tdreacnosunpilsisnigo np acthha r
achieved using | umped el e nbeen tdse saingdn etdr awistnhi
magnitude, but 180A phase differmdoremne tthe t he
ener gy htewow mpat hs wi | | cnacnyc eol f oiuntt earte stth e Ufnrf
the control of t behaptafe atr men dd emagup ltiumdge net
compl iacsahtoenan Fi g. Td. 7e(nds)ur e t he phiassse and n

smal | as p o sesliebneand Isa dadsi tthamsaal ahi@infuead toirg n a l

couplers are needed in this work-limhesd | ir
applications. Besi des, this method also su
decoupling netwd82k is not | ossl ess

2.213Me tia8ulr f aces

1
ol
Ground plane u - rrr e

il
Patch antenna V2

@) (b)
Fi g8 Decoupling surfacesMwdihi eld f3geg€dmd patt el
pl apatearhrja3j9]$ttdacked[ 887 face

Met al lic decoupling surfaces can al so sce
antennas, which is widely used for BSs. Me
are widely used to suppress [t3B&] Bwr faadade nvga v
one addititdmati all ayerf a¢e array absocweel @ he p
antenna array can be decoupl ed wi t h mi n o
characteristics regarding [i3nTp,e ddaBdc @ ramd erda
met al | | ardseusrifganceeds wi t h| 86 Afl#P esrh B wpHBtitrer ns

From these examples it can be observed that
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Response of a typical duplexer

Circuit1 Ansys

abnat nednsn,
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] 5 dB(S(Port1,Port3))
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Freq [GHZz]
Fi 389The si mwylpateesdponse of a dupl exer.
The decoupling bet we@BD}t wpu idtief fairfefnd r ebnatn
| BD. Because in this case whiefrfee rtewot
decoupling process happens iim
of the most common medbhaondsmubualddcespl it heg
using filtersthaltlfolWd egi g rsiafla ddref vaecgapesrcc y
pass smhppreeiei rsg gn al I n ot her frequency

devel oped

f

Il ter i

ng

functi

ons

c

an

b ¢

fdrd2inBnikt greaa,r sedpédiemilst ly ddiamfderae

[ 43,
hybrid p#d®puc®k0mésni ng
can form a multiplexer.

RFpatvht h
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pl otfFedd imn this duplexer, the isolation b

mutual coupling | evel between these two che

However ,thneokti/gphh pkekasirgns are too bul ky f
applications because the resonators invol
wavelengths at their operating frequencies.
surfazoerstic wave (SAW) wawned pBANW)oafsiotudséer s
minimize the | ow frequency (|l ower than 6 G

seveu &l imetregs, ,1Zzommonl yY6Jwith a surface a

5mm5mm fcommerav ail ll gbl[e5.7p]r oduct s

FiglLo (left) SAW filter measurement|[ &a®hld (right

High-band antenna Low-band antenna

Figll Filtering antennas ff®dB]l]adjacent ban

Despite the filter solutions, from the a
can also be foundds8ilhitheringeantanea &hnchi
first ti me iussoeldattioo nacbheiteweeen t wo cl osely pl
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as shbwLli nTwo bandstop filtiem et fectdli ea® sa
pat ch @antsaimprpa sosbsa ndcd emwtunal 5,8 pausp liil fFgugitnr at ed
212 Baodch struct (6®¢$¢ratbeusbmezpdrponse. Co
deawpling net wor K[s6 tlapr es ucpopnrsetsrsu cttheed aidnj acent

coupling.

wgnd

Figl2 I ntegrate Bandstop fil[the] into the f

For -odouatn d decoupling, the difficulty i n
frequency r ati@esbealweeern. cWhaennn etlhse fr equency
antennas is vepli sgmat hroudpr fdielctoer s wi |l | b
we sat haenftiecnenas 6 Apseraf orrendbialotd . decoupling tec

for smalid ati ®egseraywri os are highly demande
223Mul t iApt ex n a

Anot her solution to address the anut ual C
mul ti pl ex antennat hpér-cee s £ g d e 8 fatdererdteeggenian g
arr angamieinxte d, the multiplex antenna <conce
ant ennnaes cioomnoon modul e. These antennas are

and/ or embedded radi ator s.

A sceildgl exi daepwlll aarr i zed ant enbn3al The @mme eeaamtae

composed of a ring patch and a citmwoul ar p
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antenna ports is highly related toAthe pol
simstaucturp6itg ackideve a triplex antenna,
patch modes and one monopole modehase exci
modbawve fferent pol arizations, these antenn
hi gher t ha[n6,22](a -pdoBr.t r lannt e n naac crecs G WAIPaos fnar (

presented Fi&ds3shown amdesngsedr wi¢tdh a shar
| sol ati on between aag &fmenead ipnogr tssc hiesmea cahni de vter
posts bet weenbanhde mmulGtilspelre ainnaatt eonde f oun:

l'iter@a2-de2@5

150 ~ 0

m
Top view = Simulated = S,,
@ \ Measured @S, ®S,, 4 S;; &S,

5

0.4 mm thick FR4 substrate 'S -10
9.6 mm to ground plane E
Port 3 6.8 8
| i O

2

31
=
't ©

e -30

3 i 3.0 3.5 4.0 4.5 5.0 5.5
v , Frequency (GHz)
Pot1 ¥ ‘)0 31 (b)
Four gap-coupled shorting (GCS) strips 0
atS1, 52,53, 54 Simulated -=S;; S5
Measured #S,, 4-S;; 4 S,
®-Sy; ¥-Sy4 Sy
Side view Annular patch

S1~, } 1.6y 52 -1 9round plane
yan et T
0.4 mm FR-Q—;_.I e 110 mm

9,6 mm air layer I T

To Poet4  Portl Port 2

(@)

Transmission Coefficients (dB)

3.0 35 4.0 45 5.0 5.5
Frequency (GHz)

(c)
Fi3l3 -baand quadrupl[etXx]éBn) eBhauchure. (b) Refl e
(c) I sol ations.
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W51
4.
Port 2
( Lez2, Wez Port 3
Lps, Wes ~
t~ Lr2a, Weza N RoRR 0”;3
Port 1 G ] . | Ws
Le1a, W Lpy, Wy Lsz, Wsz - :K-Spg—)

esm"; ?’ y

! N2

W
Ie L ek L )|& L —)| 4
(a)
0 0
% -5 4 Simulation
ot 104 — Measurement
(2}
T 10 4 o
.g T
& 15 1 w207
' c
- - .9
O =0 ® -30
= ° 1S, 1S3l
S 25 4 0
5 40
= -30 4 Simulation Syl
&’ — \easurement 5 “O!L" ; t
ottom Layer op Layer
-35 T T T T T -50 T T T T T
0.0 05 1.0 15 20 25 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
Frequency (GHz) Frequency (GHz)
(b) (©

Figld @utand tsrliapilt en[n@a3l]ifnar)uct uRed .l e(chh) on
coefficlBehasi ofs)

Mul ti plex antennas with differ[emB7] oper at
A triplex slot ph8pnsadwi®ldsdeporthbdsi wor k,
antennas operating over edi efsfi egrneendt  sfhraer g unegn
common sl ot radiator. The isolation betweer
toethesul taSpWasedt gdadrupl ex addé¢hoar i s p
i solation antennas are achieved sharing on

are quite narrow, and the size of the cavi

General ly, mpsexobnteodamedl sacenhorosnwhil
on -odbband multiplex laemd ® naddinoisdyperlcdst el nvteel dy
workwsfffream narroswrbamadwgridadaMoernenawor k 1 s stil
to addmelssi peexaaproblem with wider bandwi

high isolation, and ease of fabrication.
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23Fi Il tering Antenna: The Past

As one of the most | mport ant hbeaonndppoansesnt s

filter (BPF) iphiagsf ar &kreye rodepsienssi.om

Especially for the OBDdet betmipeeefiomanlaniceolod

bet ween two channel s iamr céhimajward awgasy .s eleange wn

good enough for demandsai | i mptyeasiscgdi ng a
will inevitably introduce additional nsert
cost . Neverthel ess, without filtering func
channels may rgs eelrApaignhsste mdadé&gdlound, t he

filtering ant etnheep o h b 5 gt e \pipshigachhontthoer opt i on

and

to some exttmeo,nvieattti-pined hdnda esol uti on.

)
5 04 04
N

c —

(@) ~
2 £

©

©

“ O]
o g

s c

5 g
= Reflection coefficient < =
< Realized Gain

Frequency fo Frequency

(@)
Fi3al5 Rauirresgofhfsiel t er i ng)Fialnft ematai.orn( bwi t h

suppression | evel s.

Any antenna, which can transmit and rec
ranges while showing high attenuation in
filteringasantkelffrn@lplat e@Gener al |y, the filt
component that combines the functjo8s of
79] I't means that only the signal +wdeded ¢
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band signal will bgnshappreemedvelSycat ar deti

as | ow |l oss, cosmhpact esmnicye, and
The current concept of filter antenna c:
net work design of antennas. Some fundament

early I[i8@rafidhPplano studied the I mpedance m
i mpedance. Then t he I mpedance mat ching c

enhancement of Mmi8&@r,.os8t3n]i p hantvemiyasbegi nni n

concentrathd mandwobdth of the antenna, bec
ant emaasmcst a serious problem at that ti me. \
space for the i mplementation of | &tssamited |
the antennaur ideowl Mcesdr t hel es s, some of the

wi deband mat BiRe,d &@rjatcedneddd ,, p &FHddh c opplt edh mul t
strufc8@fcecan already be regarded as filter.i
definition.oal paloPvs&,edParhe concept of the f
firsf8¥%]Anegener al synt hesis method for an
then on, different filtering ant[e@880d concerg
Now,hfei i hagnrt @ rerceh nlodbsegy me one of the most por
antenna community. One can find many diff

|l iterature by searching keywords such as

6filtennato.

Gener,altthe mainstream for the realizatio
roughly divided into two different categor
met hod which all ows the designer t-o develo

devel opetthéotye The second met-bbdnidsTEg i nt
on the gain response of a wideband antenna
these TZs have a -edbraong seppeCsmoomlit h,e vielud
cl oseri st hteo TtZhe edges of the operating banc
il lustFriagléPThe second method is more direc
compared with the cascaded resonator struc
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very specific. For eaxdampl e,0sduwt tairreg ws ldeetl sy .
patch antenna desi gms8- 33y 1liineésedueehgal oagize:

wor k for ot her antenna structures.

Compared to this met hod, the synthesis
real i zatifoomr pa ofcieldtuerei ng antenna. This conc
antenna type but can be applied to various

[ 94, wAlvegui f8B&InSEeWndsBMO6phasd sl[o88,ant enn
10-608]Thbéagl synthesi zed fil ter ionfgf arnateinon aisn
t he sekitthe gain response depending on the
function. For an higher selectivity, mul ti|

gai ponse®e, referring to tA& mat[]BBds 4bs, e dl 0f9q,

110]

However, there will always be a cascaded
such an architecture is used, making the o\
gl obal synt hesis method is stild]l very use
selectivity, and ease of filtering specifi
more gener al t heory for the desigoar of fil
filtering antennas with more compl[@®&%,funct.i

97, 98, mahltdipl exi ng 1flidlAtledpuoall gr ianej@Fjakt enn
115]J]and circul ar|[ $y1@68)larized filtennas

Al t hough t WP thhaeso riyeecefl wBpleld f or many yea

ideas in filter designs can be directly ©bo
stil | s ytsamaki ofgwmnttbdkdomrs such a cascaded r e
antenna. Besaube desrggarréeo have the know
antenna and filter. This part wi || provi de

synthesis and a comprehensive design gui del

research fiedidgn Ifrpromulasnst and techniques ar
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231From Filter to Filtering Antenna

The most widely used design method for f|
and a resonating antenna according to the ¢

ant emoraks not only as the radiator but al s

bandpass filter. To get a better understan
filtering antenna, an equivalent circuit of
pesenthe 1L 6Fi 3L 6)a s hoNwerder BPF, in which cou

resonators iJsnveptlesetweend tHlyem.

C. Ly CulLn |
o— - — —e
L I L |
Zy| T ; Ji2 N IYERY (i Innet | Zo |
o— :T —e |
(@ Y |
ClLl | C L R:
| L .
L ' L <
J J coee | Ivan [l s |
Zo 01 T; 12 N-1,N I T ; |
()  YooL________
FigagleEqui valent <circuits of BPF and filtering

antenna.

I n this equivalent modellLGtels® n@autoputl oafd etdh
a reshstanstormed t Whrouw Basaend iomverhtesre circ
we assign the |l eft port as the input and r
with a |l ossy resonat oa ,oldtheinn ad i @HG6t)ehradwmmrg iam
This | ossydersctomattohe radiator, i n which t1l

for t he amdoenna resona

For a resonating antenna that c¢cd&n ghe mode

216b), we have

11,10 23
Q Q Q Q '
Whe@Qes the unl oadedQipunaldr i®py efseenttorquardd ty
associated with radiation | oss, dielectric
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want to achieve the same reflection coeffi

foll owing relationshper asthionnd ©d)f meqesancys f(i ed
Yin:Yin (24)

This can be achieved by making the reson

l ine enclosed) the same and Q)heecgeuwalertnalt It
unl oaded quaRLECy r fQac¢ twhif camft stelpehes ant enna.

C; Ly G L, Cs L3
Zo Joa + ; Jiz + ; J23 + Jag Zy
€)
Ci Ly C Ly CL R
SRR R
(b)

Figal7 Lumped ciTamudeaer fmandmd 98 dfeirl tfar .t e(rbi)ng3 ani

0

N
o
1

S-parameterse dB(
1

D
o
1

— S, 0f the filtering antenna b
- - -S,,0f the BPF
- = S,,0f the BPF

-80

2.'45
Frequencye GHz(

Figl8 Simulated response arfditlhtee rliunngp eadn tcei nrncau. i

For vertwocadwimpedit exampl es arFe gsi mul af
217)a shompsed BRF wirtdlrera Chheibryds hev response.

of this BPF are given as foll ows:
Passband 2. 453FBWD. R2%) 2. 447 G|
Ripple level S20dB)
Port 1 mpedance 5@

The dweslingpgmsded can be calculated wusing th

_FBW _ 99 g7

: 2.5
NEX:R FBW &9

52
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wh egies hvea | utehleofvass f il ter prototype el eme
in a filterfdesisgmehatygdibedikklBW eogroesent s th
required fracKaronadnwemidevi dd h.we make both
same induct oralareth &apbollefthoan be decided acc
to the d@fitmhadat oins of

Q =mRC (2:6)
Hermwi s the resonant fiSeqge€néheaedtfebdy KkKeasdt

an@i s edqumal hRtomarnt hlee dedugdBeod ht cilrec u3 83 ar e s
and their respbinBle& latr es hpdwltd elde imoted bec
antenna in t-hercimetuwdr ksomal pniehe refl ectio
As can be observed Boet Ascinductasedaveae 6beaes
[ 9HU8] we can bel respoinse ©o& the filtering a
tren®i,0ds the corresponding filter, as |l ong

coefficient.

232Design Process for Filtering Anten

F i 81 &) shows the universal circuit model afri\w, order filtering antenna.
Some of the most significant parameters for the syntlestgghlighted in the model
with the corresponding circuit model parametdyk; is the coupling coefficient
between théthandjth resonatordMin rrepresents the couply coefficient between the

Nth resonator and radiatolith given specifications, these parameters can be

determinedat ol | ows i f-p acslsa spsrioctadt yypoews ar e used
M = FBW 27
v e, |
FBW
My = (2.8)

\/ gN gN+l

Foll owing the deBiizglmbf)l,ow hpersees el tasscds iicm |
provide some gener al fi-dared rmrefslpeomtsiecsn wad d 4

However, sometimes these simplecfuwictyohesr
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the target applications. Filtering functior
a more complex filter function for higher
matrix was f [ ddandprterseem tehidtr@ myeedh etr @ | coupl
matrix by R110, Caféron

\AJ

Joa + ; Jiz + ; J23 _"'_JN-l,N + ; Inne + ; <
]
(@)

Given Specifications
(FBW, inrband RL,and
frequency)

v

Calculate design parameters

(Qe, Qu, Mij, MnR)
v

Parameter extraction

v

Initial design

[
)

Meet the

specifications? Finetuning

(b)

FialL9 (a) Key steps in the filtering antenna ¢
filtering antenna design.
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s 0 my m, - My, m, M)

n: m

My m, - n}n 1 rqu m
: N/ :N Co.u'pling:Matrix ; i :

st Mhgg Mygo s Mgay Mgy Mgy

n mn,s : mm m_Q rn‘nl rmni rmL

External coupling Inter-resonator information

Fi B2 0AN+2 gener al coupling matri x.

A coupling matrix describes the relations

ciréeuBa2Ghows an eNa2npdeneorfalancx.upllmnntghimat ma

the port information is in3l| adeddlydomnddids (r e
numbers Mhdemotleteach resonator, respective
information of the couplingt acroefwhiclienttlse be
red area shows the coupling between resona:

m/plimmeans the correspondisngcawmigindat oo/ ¢ &
resonator. Because a DPPFti sredlwewaks d hreecio!
i s symmetmzsinc, fhat2j sé n.

The relationship bet Speaerna mentee rco uipd ignigv ema t

Sa=2 = [ 4 29
S,= @ i[ﬂlﬁ) 21D
wi t h
[Al=[d+dU -irh (21}
whete i[sintamiet or i dgnt idonmpantmraitx i wi,t H al | ¢

zer o, exceq@ihnder @y amd i[s the gener al mat ri
ninreci procal mmam)r.i x (that is,
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The key deshigglOwgl weasn ibre cal cul ated from

using the following formulas
— "1 3@1. _& s FBWC (217
c 2
¢
M =m; €BW (21 B
1
Q = Qum (21 %
These i mportant parameters f or Tfaibllteeri ng

2-1.

Tab2le Kpayamet &érlst ednd r@ gersai g n .

Par amet er Description
Qe Input port externa
Couptoaffici entrsadhbatt
Mi |
resonators
Coupling coef f iraida mtt
Mn, r
resonator and r
Qu The unl oaded qual ity

233Fi Il tering Antenna Performance Evall

As a filtering device, the performance o
aspectg&@ shows an il lustrative response for
response of the filtering &ntresnna trhearbatniden
(fi-f)of t he ant ennthfeisl tiemp aargt annett . woAsk i n fro
ant emwa e ndp e dmantceehe b wor k, the final i mped
of a filtering antenna wusually is much wi.dd

bandwi dth enables the antenna to provide hij
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Reflection coefficient
Radiation curve

[

frze f1 fo frz2 Freq'uency

FiBg21Fi |l tering antenna performance evaluati or

Second, the selectivity of the filter fu
a filtering antenna. The selectivity of a
facttdlreemcati on of TZs and s uepfpfreestssitvoonr Blaecv e | s

can be bypmdesud ad-o wfattiltoe (fRwIRI) of the radiat

respohis®2 BEsn an example, the ROR can be calc
RORIow- band: Ab- Al
fl'fT21 215
RoR a3

high- band™— f

Froma2BbBn@lbone can notice that the sel ect
by dlope of the radiati on ciusrov et.h eG epnaesrsabl a nyd ,
| ower their suppressi oHoWwevelfs,iaanshobhledhbe
RoR i s noet halgahaeyrs tthhe better. There is alw
RoR, suppression | evel, and | otspasédbawd ha
TZs wil |l debaendofate ethegi perf ormance r egaé
insertion lidgdgsatOtomesr ssuagdc as tot al efficie
size are also very important for the eval u:
(FA) .
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233 1AnEx ampl e $fen@BD o

Fig2Zhows a filteringnoart arcmanfagddrby Tdim
can provide multiple TZs along each side ¢
filtering antennas adezZzZ@mmyced hebasdétaweenc
them i s PRil @2t3t ewlheinn no filtering function i
coupling between two cl1a9% sdB aps& isgh®\wam tienn n a ¢
the firstthhasgudgraskeand , bet ween two filter.i
As can be obsbeande dT,Zst hoef hFAglhehrel p reduce th
FA20s operating bands when thewnwdaldf& pfFaé¢ad
i mpr avhes i saotl athenfrequency of the FA106s a
architecture, the i1isolation between two an
band of interest. The isolation | evel even

second antenna.

+~ Substrate
. Air gap !
«—Ground IS’} I
«—Substrate sl

@) (b)
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0
= -10%‘
g- -20'§
g =
© c
T - 30 8
é g
-40
1 50
frz1 frzo  frzs
(c)
Fi 3822An example fi(aprBbPgvaeweohat héelha&nt enna s
geometir t he antenna. (c) Antenna respo
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Fi g23Responses for two coupled antennas. (a)
filtering antennas with the same guard

wi mdmal |l er guard band.
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I n the sectomel gaasrd band between two filt

this extreme scenario, the filtering functi
the overall i sol ation between two operat.i
filteri monnaont ecronvaeerc the entire frequency ba

range between two bands.

| n summary, t he filtering anbbdbrama str uc
decoupling scenari os. However, due to the
transmission zeroi todhi lai tfy [tterswmwgpfanstt e,
the fregugecywhich is extremely c¢close to t

very |l imited.
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24SUu mmar vy

Gener al muttoalcepdspeécogpl i ng techniques |
in thi Deplapt @ogp eornattilneg bands of tmte ant en
decoupling techni dhes f shmvted dmab et ewcshend .q u e
introduced and evaluated regar dcFirrogn itthe smut |
l'iteratusemaga ekepeywshal |l enges for antenna d:¢
concluded as foll ows

Decoupling techniguesaswgacheo.ut occupyi ng
Si mpl e -canmsdbdmdwdband decoupgling solution
., Widebabnadndi ndecoupl ing.

, Ouodband decoupling when the frequency I
i nvolsmdalli.s
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Chapter 3
Decoupled Filtering

As the suppression | evel of a filtering
the cidedacoulpdtivimgmmttennas with extrraetmedsy s me
i's very ¢ bbfailll ®ermgsdrugce t he mutual coupling
frequenogwbaesdgabtrnee gdredaddi-danmdh decoupling be

two identical Bl sbewvieny ampemnnanti sshen Ml
i nvolHoeved v er , mo st of the decoupling techn
original i mpedance characteristics of the

antennas.

Il n thi 4 wobwapgttdgsmb,dr decoupling betaween f il

presédmteedi rst technique 1 nvestihgeatneust uaald e c
couprlneacawgbei ween two filter irregg oadmtteorurpd s .ngThii
net woR&kaf dWesdgweth the coupled filtering
on the originaByfcodmnreectnigng etspionn seest wor k i n
antennas, the mutual coupling between the

suppr essed,f rwhgearhdelrestshey operate over the

bands

The secondactheelvrisquevo 1 sol ated filterin
filtering fTleredaifnge dhiengvom&kt. woe&komwanagi sssr ¢t
which ghamesmadeal r esonator. This structure

t wo -wedllated channels through thsofexpmleoi t a-
du-smbde resonator. By applying balanced exci
excitahe omvarm mode, the two modes-liclaem be s
feedi ng Wittrhu ctthuirse .f eeds olffaitdetdeed men,g tamd ennas

deg gned with a shared radiator.
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I n this chapter, all the prod odypemblwed e
by the atptararme tTehres Ive raehtahavars three Ant enna Lab
University of Kent. The radiation performar
the anechoic chamber at the Ureicvheiri iitayn dur .

Antoni o Mendoza.
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3.1Decoupl i ng NBa&mdnAk toffBan dl n

Decoupling

3.11Conceptraamlewor k

The main idea of this work is to find a
filterinfgheanDtNeninsasexpect edsutcoh bteh aat ftihlet enmai gn
of the transmission coefficient for both pea
build such a DN, the i mpedance behaviour o

studied first.

Radiation Radiation

DR

Antl l [ Ant2
Port1e— Filtering Filtering|_, Port2

network network

(a)
Mag(Suc) § (Swc)

Hﬂs‘

Port l&—— Power : Power —ePort2
Divider | — - — - — Decoupling path_ _ _ | pivider
Mag(Son) § (Son)
(b)

FiglL Conceptual framework of (a) coupled fildt

filtering antennas.

Fi®l a) shows the conceptual framewor ks f
signal i s Amj ecANaId iPnatrot tohfe t he energy wi l |
sSspaceremaifilmgener gy i s then c¢oupdsesdu mion gt hteh aste ct
energy wasted i n tThhee ntahtaelrlieanig ei sl ineesg liing itbhle
and mutual coupling are almost indistinguli
Consequentl vy, I n-dit Wi &i nwgo r tk ea ungolrikro gfeorrr e edles ¢
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constructed before the radiators to assig
radi at Fn3l( pasmows t hehd rmrmempwoge&kd odedoupl ing
SwcanScr epr e Spratr atmeeleatsed t o mutual coupling
respectively. As can be spanglobheeld ecooauyq li innyg

path between the antennas. This pwayh can b
power dividers in front of each filtering
di fferent parts. Then to make spuearef etchtel yt r @
suppressed, the following conditions need

1The transmission coefficients for both
t haMagw) SMagg ( S
2The phase sl opes oftshehboubhdsmesshensaa

paths, that is
_ HISecw) _HSc(w
(W= =07 s w == (3.1)
f o2r fAi<¥y< 2 Awhanfdarfe the | ower and upper b
band of interest, respectively.

3The phase di f fterraennscnei sbseitowe ecno let§hfeh e e @t s

to be 18DAX) t&lf&y #s180A.

To ensure that al | t hese constraints are

coupl ed dreecsoaurpdtionrg net wor k wi | | be introduc

312Circuit Models and Anal ysi s

The frequency"%rredsepro nGheesb yostheav 2BPF wi t h a
dB are Ppigrté&dd icmn be observelddrtdke PRE&ESe

keeps being a constant value at its centre
the phase sl ope incretdcas lwetbonokudadedhat
response of a bandpass filter network is d

prototype used.
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54 50+
-10 o]
-154
g ! 5 5
% 25 éi -100 H
2 i}
% -30 + i ! ﬁ -150
= % vil ]: .y —rBw=005s % -200-
-40 4 . T o-----FBW=0.1
-45 ' © - - -FBW=02 -250+
-50 : MR , -300 y x x
08 1.0 12 08 1.0 1.2
Normalized Frequency Normalized Frequency
@) (b)
Fig2 (a) magnphade apdpgdprbders OfelRyshev BPF net
a function of normalized freque=ncOy. 1lunddBer. di f f
Antenna path
CL
T3 =] 3
J J
cL 12 T oL Zy
o Port2
Tt
Port1) Tt
ort
J'12 1 ; JaL Zy
T
Decoupling path Port3
FPD

Fi 83 Circuit model f ordefciolutpe riinngg paantthee.nna

Based on theFiad8de¢pyisctss abloeeci rcuit model
t hat i ncorporates ahnl tadidsi ta ofniall t ereicrogu pp 0 wey|
The power dividing happedfiijsustPrDbefsobeithea
to the cascaded filtering cirfcu,jt2]theory wt

As t he axitrggdue viicea we only need to conc
coefficientshdadivofi 3B Kewiclilr crueintai n audndc hnagn gaend a
additional decoupling path, provided the f«¢

J1'5+J 155015 (3.2)

whehs#lenotes the original coupling streng
and patch. J/THe¢sk=dt3iJd3)ofdeci des the power di
the FPD. For this filtering power tdhewi ding
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circuit is |l ossl ess, then the transmission

to each other according to the energy consce

2 k? 2
S = e @ 481 (3.3)
21 2
S —W(l‘lﬁjj) (3. 4)
These relationships i ndicat e t hat t he

coefficients for both paths just reflects
AKi s a real constthaatt ,t hdhemower cdinviscieng r at
the phase responses of the transmission co:¢
resufFit®(Pp,n the phase sl ope for both paths ¢
as t hey are synthesized with the same b a
demonstration, a liumpRanaincewdi Demodgeal Siyst e
Simul ated responses with dif ffe §%tnotg eptohweerr di
wi ehemeadtibsee cases are studi edSsasdi0e which
dB ( c alsbe diB) ,( c a2s0e d2B) ,( caansde 3) , respectively
share the same filter prototype, which is ¢

ldand retldr ml Bl. os s:

Centre frequency: 2.45 GHz.

Fractional bandwidth: 3. 26 %.

During the tuning, the reflection coeffi
be the same. oRbhSegnIicosenkeassfirsAltasdeare
ceaes share the same | owpass prototype. The

are designedowaeit\hirdhbitfidoesrrphtase reSmonnmnses f o

Sare always the same for all the ltemses as
obser Fe@d4aisn ohewliagpm each other. These resul
previous anal yses. This charact groirs ttihci si s
wor k. It all ows us to control the amplitud:

the decoupling path independently, such th

3 I's possible.
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— Reflection coefficients for all cases
Case 1i—+—S5, —— S,
Case 2:—o— 831 Case 3:—=— 831

. 100
50
0+ ]
0
o
) 50
[} ()]
()
E -20 -100 2
5 3
© ©
= 150 £
-200
-40
-250
Phase of S, & S,
T T -300
2.2 2.4 2.5 2.6
Frequency (GHz)
Fi 8Frequency respionslesntofcitheuit model with

di vidi nfy=rgi=ds= 26. L6 m8, ¥ HF.,75 pHFEr Case 1:
38.401%S,13.61 mMSrsr COs@AAZmIB, 44 m3:= Chak.e5 B :
mSJi= 4.12 mS.

According to thEigxhée¢emat powgirvemjiercted i
port can be divided into two parts. One pa
radiation. The other path siedimdgd)aftaro tohfe d
t hi swatywounequ al power divider can be deci de
amplitude to be suppressed.

Let us consider the thre@&@hfeiomgt tda @mdi tmeon
be met by the Ppretpkeo( ryalt'dneoddi pgftn ekdlor t he ot her
conditions, two basic premises for filterir

The first one is that for a filtering c
coefficient I s decomibdeadl by piptle b a&rwvewi ditstke da n d
the second condition, the coupling path a
bandwi diblanana iip®] dhkevéeher premise is that
t hseof a filtering circuit will not be affec
power dividing means that the original tr

constants dmd wioltlh matt hshange the phase res
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coefficient of the drivemapmoosianged uas psohraw
Fi34d These two premises allow the possibil:@

responses of the decoupling path separatel

3.13Physi cal Reali zati on

Il n this section, the detailed design pro
The DMewidlelsi-gpwad®pst dmsed on the aforement.

3.1.31St epovwer PDiNwit dviom K

Figbshows the structurre odédmomet Ehtperriing &
For the sake of generality"%ndesi mpeskdboat pr
aperture coupled filtering antenna is used
withmm a2 r gap between them. The common gro
surface of the bottom substrate. The feedin
Ssubstrate are then aperture coupled to the
shstrate. The whole st-wavelberagiBb rcempoatadr
antenna and a fecudlieme twhitcihb a fss iphatppt r as e s a't
in this study are al/l Rogers 4003,o0having ¢
0.813mmhe simulations are all carried out i

(HFSS). The respodee Diltar snFgied.onfdsn ncaan s ¢

be seen, thi%hbrahderenmial tsdroiwsg 2per for mance. ]
filtering antenna are given as foll ows: f
frequency = 2.45 GHz, rpppkcedubeeebf =s0QcB d
antenna is out cbobhm@mtnale i $c amen dfe tfhoiusnd i n m
l'iter4a4fusl it i s not given here for brevit)
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x 'Yy
. 4—Wr
!
.‘-.‘\ Wf-}n IITE—EI:I.
\ \ a' .:4.)' Wp
> «— Top substrate PN [,
- <«— Air >l
“\\ "
/\\ <«— Ground Wy
¥
> <«— Bottom substrate l: tl
lp
(@) (b)
Fi 85 Configurations of the filtering antenn

Di mensi onliss i58mMm20,=7 51,8.=9 1=, 13 +9805=w,0 1,35,
45 . %7, 4w%=5,0.5.

Figal so pr &pademet bes when two identical
pl aced close to each other. The distance b
16. 2 mm, w h i cak) whieseweasb otuhteg ®fcrde3evavel engt h. Th
couplingl6i dBaautt he operating Bdmd. b@tenh ma
antennas are al most wunchantgheeoaant eeanmaet ual
very strong. thatanhhbesbhperwvédthe curve
coupbindpet ween these two antennas i s very ¢

of a | ¢8dy BBBFdes, t h&ipshavseer ys Isapaeb | cef itnhet h

band of i nhHtehpeestvi olibretugdy, such a phase b
with two ceuplead faddemrd ng networks. This ¢
that the signal goes through four resonato

ot her . Coen sciodueprliendg atriti &® n avee giawerd iinmd t hat t
bet ween two ah6 edB.asAdcCoonraldionigintedo i nserti on
the decoupling &t dBs hAwl da arlessoul i g t he in
decoupling BatdB.s Howledrebe this value shoul
compensate for the | oss | mtdr oduacnesdmi lsysi tome |

Thuisn, this design, an initial wvalue for the
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T T T
0
1 0

5
_-101
g 1 -200 @
w 15 =
[} i Q
- w
2 20 £
o
© 1 -400
g -25
w -

-30 1 —S,, of coupled antennas
1 Phase response of S, -1 -600
-35 ---- 8., of original filtering antenna
T T T T T T T T T T T
2.30 2.35 240 245 2.50 2.55 2.60
Frequency (GHz)
Fi 8. Frequency responses for the filtering ant

Fi 87 as)hows the structure for electromagn:é
observed, another resdmgttomr eisonactwpl, editvo d
into twolJdipmpandisre Tbentroll ed by the |l ocatio
(I, wa,la) and &P, sreepectively. This structure
the strFu@burFeori nnnstance, one castst@age anot!t
reson&ti®b iTrhen the coupltsitmg ebatevseoenmattolre afn

should be decreased to maintaitnFit3fifeb i mpeda

(7]

hows the frequency r ePproetsvecsr ki ossh otwhse asltmou

(7))

ameias the original ftihe eirnsigr taindre nin@as s Bfesn

—+

he dr i(weomtpdrnt to the decoupling port (pol

noted here all/l t he qp onptesdl amrce dasichmaead wint H

Then, the first step is done.
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v
[« y
lp
(@)
0 100
_5__ 0
-10 4
| -100
@ -15 4
= 200 5
n -20 4 o8
S )
g 25 -300 &
5 7 1——s._ w. decoupling path 400
) - ,»» W. decoupling pa
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40 4 = --S,,, wo. decoupling path
phase (S,,), w. decoupling path 4 600
'45 ] ' 1 ' ] 4 ! !
230 2.35 2.40 245 2.50 2.55 260
Frequency (dB)
(b)
Fig7 (a) EM structure of the proposed filterin
l1=4.14,1,=14.255= 9.4,14= 11.26,ls= 14.25],= 17.09,w.= 1,1 = 13.98 W = 0.4,S, =
0.35,=0.35,5=054,I,=45.62w,=455.( bSpar amef et e filtering an
with/without decoupling path.
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31325t ep 2: Construction of the Decou

Antl Ant2

Port 1 Port 2

Ground pads Resistor

R _ _ 1
IAZ i |5‘:|| 54\
|p Wa:+ ‘_:'L‘ ‘_I'l'-l4: |3 Aperture |7
AT A B

Polarization

v_ | Polarization

Port 3 Port 4

Ground pads Resistor

(b)
Fi 88Test struct ur edse cuosuepd itnog fpiantdh .t h(ea) Coupl ed
DN. (b)cwWwaepkked antennas with DN.

I n this step, we need to conneftcétpot wo i de
i mitate the behawvamtuenmd dthrebcyHowmped cesdb @Wwdy i n
the decoupling path solely, the mutual COu|
step. This can be realized by makiiang ttohe p

each other, such that only the coupling rel

Fi®3 a) shows the structure of twlmecoupl ec

edgedge didsthectwedn tweth@qs2nmms Beth il
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antennas are dkirg/ctThecopligddifberence i s
to the decoupling padgthedissttoerr.miWiatthe dt hwiist hs

coupling strength betweenddmwoi nudexittiigat i dn
found, which is reflected by the transmiss
Fi @8 a) .

With result&i8gdftagi meddfyromhen the di mens
be decided thrndughh prowcrdare. The test str
of DN i sFisgB(opwn Tihre physical Idgi MmdAdAl dn&85i n m
[3= 9l4=4 ,1 1I5=2 61,4l¢=2 52,173 51 11§=3 96,193 57 la&5.,1 & =9,

11 &, vy 1=, 18Bwa®H M= 0r=8 13w=9 8054 ,0%350. 35,

S= 0S54 0hE245Ww,6245Nn5this structure, two fi
designed with the same filter function but
t heoupling strength dominated by the DN ca
bet ween-DNwoesasluibzed by an aperture on the g
coupling to the patch radiator, the apertu

strmue,t uthe energy from port 1 can be trans

filter function of the decoupling path. Bes:s
for decoupling is composed of 4 res@®@nators,
mut ual coupling counterparts. By this met hc
mut ual coupling path and decoupling paths
same filter function.

For the Bit3Buctlue edii memshiapres afpetrharlé domi

transmission of the decoupling path. Besi d
shaped aperture wil |l raenscuwel tf riem uae nscliiegsh tofs hi
in the decouplingupatnly. | Af ttéhre saomulh it oe |, t

transmission coeffi ci eFnit88(bbe)t weeaenn bpeo rma d3e atno

one between pdrn®8la)amds prir@b(caa)t.ierd i n

| ®#i 9t he magni tude and phase responses fo

compared. As can be observed, despite some
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transmission coefficients four \wed hssdw usit mil
trends too. ApBheassied edi,f faerledic e can be obser\
attritbouttelde exter nal coupling structure w
transwriisnsei nCTL) s e edteisamsn.e dS uCcThL rasf tomrautcltasr e ¢
an i mpedance inverter in the vicinity of t

i ntrodu@dpehase disfof erence we need.

T T T T T T T T T T 600

400

200

Phase (Deg)

-200

S-parameters (dB)

-400

T T T T T T T T T T T '600
2.30 2.35 2.40 2.45 2.50 2.55 2.60
Frequency (GHz)

(a)
2 : . : -150
1- 1-160
) =)
] 1 (]
= e
§ O_Q/_\/ -170 [}
7 0
w 19
]
jg _1_"",///,——”______—-‘-___(Ei:::——————-\~_180 =
= 1190 &
o
-3 - . : -200
2.40 2.45 2.50
Frequency (GHz)
(b)

Fi 82 Si mul ated Spas almeds gbfsaMagni tude error and g
[ 3.99denotes the mut u&lr ecporepsleintgs whheer edaescoup | i
transmission coeffi®iSesntPhavkag ndt&idesKgerceor= =
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Fi 8 b shows the magnitiudeemrce obetawelerrp htals
paths. As can be observed, in the band of i
in a very small range which is smaller tha
t wo paths is AtM8MOhByrtimge, onkhé76nitial di me
DN can bd ndeachiedesduubsequent step, we wi | | C

filtering antennas for final adjustments.

31335t ep 3: Parall el Connecti on

With al./l these effortscomdi tciamndeamgae amamn
the | ast step, the realized deeaoupelninmag ne
modul e in parallueli . ngAf ttehre §dmelf idnenensi ons

antenna syst efn 3L.&nrh obwes dtehcei dseedr.uct ure of the
The di mensions afrle prFroav itdheedi pngneeTita bilnej g3catrd d
the power wil/ be s ploiutg hi ntthoe tchoeu pd escdo ut prlainms
power dividingqtstamnsmiusneisonfieshP0are bent f

soldering of the connectors and to avoid u

EAGround pads Resistor

50-Ohm TLs

Fi 80 Deedudliadltenna stirfnahbhdraanthdmrntihe
application.
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Tab3dle Di mensi ebnasn do fa ntdnleadijoha derctoup!l ed fil tering

Di mensi ol I1 I I3 l4 Is le l7 Is
val u | b a n 11.(11.
(mmy|Ad] ag3.914.) 9. 411,117 2. C I

band '

Di mensi o |lg l10 l11 l12 la1 | la2| la3 Wa
val u ldan/{14./3.911.|11. 4 .1

i a- 16./11 1

(mm)|Adlad, o 1, 491 |11, 4

band

Di mensi O Wa2| Was3 It 1) S1 S S S
val u | b a n 0. 8 13 .

( mm) Adj a-qg 0. § 1 13. 14 0.30.40.50. 7

bandgd '

Di mensi o SB 86 |pl Wpl |p2 Wp2
val u l#dan/ 0. 5§50 3 45 45

i a- 4 .|l 4 .

(mmy|Adiaqq og 4453 °:l48.l45

banda

314Adj] aBam@per ati on

Anot her key advantage of this DN is its &
over adjacent bands from diTHies erstpe cioanm
characteristic is very important for moder
For instanied,00BAMHZz()23 B0 one of the bands ¢
freqguenncrye.al products antennas Wwaarckeidng nf aar
' i mited space. By using this DN, the mutue
suppressed dramat i calanyt.e nFroar sdyesntoenns tirsa tfiuornt,
based on t hda 8% 0Trhuec tduirme nisni onslTad3dleThprsovi ded
design is built by si npHe rcihgpntgi magl ft hceef dti hm
Fi 80 The el ectrical | engths of the filter
structure are increaetaisend, fwhi ¢l oweov dras dt loe eE
DN on thend isgihde i s changed acdadhtadi mgkg. |t
sure the filter function for both antenna

simultaneously, then®dNslmust be tuned synchi
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315Experi Dembabtamd iinscussi on

3.15.1l mpedBellcaevi our s

Two prototypes were fabricatiglil sdoomadvsmeas ul
the photogr aph -boafn dt hdee cfoaubpiffiie@ha faendt ievmtas . t h e
simul dt md a&Gmareamet er$¥ ahdr alndktadandd mascceenntar i os .
can be obfeglvea, fdeosnpi te someéh,islthgeghtantereeqga
covel.#dh&Hz Wi Fi band with a m2aSuL% e@Hband

(6.4%). The DN can i mprove the decoupling
i s about 34 dB in the measur eme 6. aompar e
i mprovement of 18.9 dB is achieved.

FigllFabri da@wedenna proltaondg pepld3ouA]t i oin

In addi foontdhanddjcasent a mut ual coupling
can be guaranteed witFi lLi@gbg . ndhel mMmPHsasedh
coupling i-33 | dBveirn tthheen band of i nterest, wl
simulated result. This can be attributed
Compared with the origamt@adésnymsa @pl evd t iho NI e h
an i mprovement of 18 dB on t Re8lghbo)l aalisoon |
indicate that a simplerdiytleandgeanhenmat g
problem between two extremely c¢close bands.
highly related to the -order bODfltae fuhterol
hi gheof frorldt i-ofb@amd itdslsi dihtu s, a complicated

feeding network is needed to suppress the
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adjacent frequency bands. However, the expe

that 1 nst eadoraferushignognea whoirckh to i mprove t hi
t wo adjacent bands, the proposed DN offers
small er size, | ower cost, and simpler stru
0- —— Simulated w. DN
- == Measurement w. DN
—=— Coupled antennas 7
S 151 S Nt Ny - -
i
L)
J]
S
S -30-
@
Q_ _________
n
-45
2.3 2.4 2.5 2.6
Frequency (GHz)
@)
%)
2
&
s
(O]
S
o
a
& ;
« 1 1
60 4 Solid lines: Simulated results w. DN o
i Dash lines: Measured results w. DN '
20 Lines with symbol: Coupled antennas ]
2.1 2.2 2.3 24 2.5 2.6 2.7
Frequency (GHz)
(b)
Fi 82 Decoupling performance of the antennas.
antennas. (b)) Decoupling of two[8Btennas ope
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Addi ti amelrityh, niott i ng that the transmissio
curves result from the cancellation of sigr
and phase error conditions alignapgdrteonl y
highlyssesdpmoesal coupling, another signifi.
has | ittl e efSparctnoefh etthiee foirlidge rncaally bheatemaars

frém@l 2 This i s crucial for filtering anter

3.152Radi aPer or mance

|t soteworthy that some resistors are ut.i
i mpedance condi ti onTshefscer rtehsd sftiolrtserwifldndtnie
some | oss to the circuits, which in terms
efficiency of the corFRFiedEl@olndtisngt fe |l measuwmmge
Si multoteedf i ci enci es of t ke nfdi lotp@rearttg oaant en
effi cdioeascyef[i99ed as

Mo =@ 1 8) Agaion (3.5)

Hededi btSont he radi ati on Ceofofdi cfiientceyr ionfg tpheer f
can be observedbhraedasel mrgt i-dvfeft gruaatAe hd g ht hreo
of the curve i-cr pgorssfiibllteen ff andhti igbberi s used
the measured tot-Al 9 4fnfl Btchiee nbcayn di so ftatbiosutter e s
investigation, the deterioration of the to

the couphedndaafFiuct ure in

This drop in efficiency 1is mainly attril
attritlmuttehde | oss i ntroduced by the transmi:
Anot her reason is that two resistors wil!/l

efficFiighpyovides the simul at-bdntdoappl ethtci

with di ffedget dedgyances. As can be seen, Wwi
the drop i n the total efficiencyfadact atltsat i r
to suppress higher mutual coupling, more er
path, which also means more energy wil/ be
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met hod still provides an effepliwg met wee nf
two filtering antennas when i solation is o0
the |l oss i-nesaoaocphtcocospDNEdwi | | be carried ou
the distance bet ween btehHo wewleiryp adtcdteances ad
further be os(efBdnu)c eadn & os t0i.I012 produce an i mpro
of about 15.B5i §1Bwh £ hs s dhwaovesu o lhiengleper f or man«

di fferent antenna separations.

0 -
14 - = - = - - ~ N
] ’ N
-2 / B \
—~ T !, N N\ \
%, -3- Il’ R\ \
= 44 7 \
s 1, \
54 U \
L 5] 3 N
= 64 ’ A\
L 1 / \
g 79! ,
o 4
F 84 - = - Measured total efficiency with DN
o]/ — Simulated total efficiency with DN
] - - Simulated total efficiency without DN
-10

2.30 2.35 2.40 2.45 2.50 2.55 2.60
Frequency (GHz)

Fi8lL3 The simul ated and measuarnetde ntnoat asly setfefm cfioeri
band ople3.@ati on

)
)
>
(&)
c
8
Q ;
= y —— d=16.2mm wo. DN ‘\
S I - - - d=16.2mm w. DN NN
ol .
= 871 - - d=12.2mmw. DN \
L d=8.2mm w. DN '
o
-10 T |

230 235 240 245 250 255 260
Frequency (GHz)
Figld4 Simulated total ef ftiewdgecdipsBt9gqwn aehs di f f
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O,  ===-- d=12 mm wo. DN
- = = d=8 mm wo. DN
_10_
a ____________
)
o -20 -
g
£ 30 .
% e . ,‘:"""\l
= B it . ’
g_ Fr‘#. " I,._'\‘.‘,‘
v 401 --m--d=12 mm w. DN
- o - d=8 mm w. DN
50 —+— d=2 mm w. DN . .
2.3 2.4 2.5 2.6
Frequency (GHz)

Figlhb Simulated decoupling perfor ma[nk®] with di

FigLa@i spl ays both simulated and measur ed
f or-bannd apap(lsitcrautcitounrse Biewrmabtsg. oBB. 1hhle. symmet
structur e, only the radiation patterns for
measur ement , one antenna i sqteexrcmitneadt ewlh i |Teh
simulated and measured resuét sH-palganeee siwse | |
slightly tilted from the broadside directic

effect between two patches, which can al so

300° PUEERS | 300° 60°

270°

‘ i \ “ 270 ‘ N\ 90
240° h ’ < | 240° ‘d 120°
J 210° 150°
180° 180°
Epl ane Hpl ane
Simulated Co-pol — — — — Measured Co-pol
Simulated X-pol — — — — Measured X-pol

Figl6 Simulated and measured-amacginatai cry sp a&tmt ¢ om
band operation [39].
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316Compari sboscasgdgi on

Tab3d2eComparwisiowhe viwou & s

Edgeo | dband :
. |l sol a Filte
Refer{ Met ho edge| adj ac (dB) Resopo
Spacan band P
[ 10]] Net wo N. G. | b and 29.1 NO
[ 11] Net wo 0.1 | b and 23.9 Yes
[ 12] Net wo 0.2 | dband 32 NO
[13]| Netwo| 2.58| Ad123C 30 N. A,
band
St ack
[ 14]| Decoug 0.2 | b and 25 N o
Sur f a
(157] VedM e 5 01¢ 1wand 20 N o
reson
[16]| BaM®I| o ¢ AdlaC 25 N o
reson band
(177] TPltel o | AUl A 30 Yes
circtu band
i I 4
Thi s F|.Ite 0.13 M and 3 Yes
circtu Ou-o4b an 33
Not NG : Not gi ven, N. A. Not applicable.
Tab32shows the comparison of the perform
works and this work. As canetigeobpacved, ¢t
work achieves a very competitive decoupl in
antennas piékehdledo iwmi th filtering ability,
eit hteand nor-badgasemsnarios. This work is th
botdaina andbaandd aocpeenrtat i ons. Al so, this work
for the deeceonuptlwongf iblettew i ng antennas. As th
coupl ed resonator s, t he bandwi dt h of t hi s
according to the bandwidths of the antennas:s
introduced irny tohtiheerwdrelcoumanng probl ems b
filtering antennas can be solved, but not |
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Besi des, compared with thpldEgtchhea ppri oo e
met hod can achieve lan mohies cwonpla,ctt hesplgas
controlled by the ¢da@apledgr esamamossi wmi Il &

shifter are needed for the adjustment of t

couplers [dPldrus ded nipewmemtamfathe decoupling
al so increase the cost and aciomel|l el tbeodat
decoupl i ntghdnesestiwgonr kpr ovi des a moeéfgeneval ,

solution for the de&ongumlnitregh ntaest. ween two f i

32Du&lo|l af Do eHlielxt er i nsg Ant enna

3.21Du&lol ari zed Filtering Antennas

The struct prod acfi ztelde fddhaler imiggladantTédmena i s

whole structure is composedmmfaitwogap.bsTh.
inclusion of an additional substrate reduc
|l eading to a broader bandwidth. The feedin
and feedlines, i's situateat en Thhe Dlodrt toimn g

the design have a diameter of 0.4 mm. The
upper surface of the bottom substrate and
coupling between the feedingadtcrhudtsufeabanda
on the upper surface of the top substrate.
a dielectric constant of 3.55, a laoses tang
uti ITihzeedd.et ai |l ed di mensvensa$ &ifFoliBawstruct u
o= 18nmass 13 Iymml 2. 05 MmBs=mm, 25= nmin3,. 285 mm,
= Mmlo= 9. 2bhFEmeh, Ny=mm6. Gy=mdhy7 . BEme). Bz mm,
12. 6wsem,1. 2vs3mm2 sprm,0 . Z=mM2. mm, 0. 2%= mim, 55

mm.
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_ - Patch

.«— Top substrate

.- Air gap

«— Ground with apertures

— Bottom substrate

(b)
Figl7 Configurat-poharoketdhéi dualting antenna. (
Bottom view. (c) Top Vvi ew.

3211Hy brFiecedi ng Structure

Zl;Ml Zl,M]_/Z
= 2 Zy, My/2
1l
Zo, My 275, Mp
(a) (b)
Fi8l8 Equival ent clicgaded rfleas)o fistitanbs.d ubesonator.
even mode. (c) odd mode.

To mpa ehend the mechani-pml arfi ztehde apnrtoepnonsae
i mperative to investi gatoeadtehde rfeeseodniantgo rn e tavs
i ®F1i 818 is commonly employed in bawdpass fi
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characteristic andiZBW]cdimps i casemato-r uics uec en
wavel ength mai n preaensdoenda t tru ba npgoesaintrFeone d has
symmetrical conmndfibderanhabpsi evean be util i ze
modes: an even mode with a magnetic wall at
an electricali owapdllamda,Fi®4s8 ssfiybomamemhmerhn r esonat
a characterizand ampeldaadtgead voehrl n sl etnhget hr eosfo n a
bombdes, whil e d)ohnd ystadlf elcasgttthe( resonance
mode. Consequentl vy, the resonance frequenc
independently by altering the dimensions of
sudy, it has been discovered that two highl
mode can be excited by an individual port.
Fi 819di splays the <current di stributions
frequenci es. For the even mode, the current
t wo arms, whi cjhuncsk is®innsiylnanre ttra cacliTricnutietrefda c €

[ 1L.9pheurrent flows from the two arms of the

stub. For the odd mode, the current on the
convent iwanvell emagltth resonator with its centr
gradun and ideally, no current shows on the
used to exoiatde dt resotnhabh or from its two arn
excited. I n contrast, i f an unbal anced exc

excited.

Symmetrical interface Symmetrical interface
(opencircuited) (shortedcircuited)
| |
< i » i >

@)
Fi 8.9Currentdivstcrtiobruti ons for even and odd mode
mode.
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Based on these analyses, the feeding network shokig.iB.20(a) is considered,
and two virtual ports are added to investigateldbleaviourof the energy coupled to
the patch. It consists of a differentiafigd balun and a-junction power divider. Té
differential port port 2) excites the even mode of the haHvelength resonator. Due
to the standing wave characteristic, this epaded hakwavelength resonator can
operate as a wideband balun. Therefore, port 2 only excitesdihenodeof the
comnon resonator. Thugports 3 and 4 give owudf-phase signals. The even mode of
the common resonator is excited from the stub of themhoale resonator by another
resonator, and only theven modef the shared resonator is activated. The-kiaded
resongor behaves as adB power divider and divides power from port 1 to ports 3 and
4 equally. In summary, for the odd medeven channel, the structure functions as a
balun, while for the even modkiven channel, it operates as @B power divider.

Such dour-port network is a welknown 3 dB 180°hybrid.

—s— Phase (S,) —— Phase (S,,) - © - Phase (S,,)
200 4 I I I . I L 200
\%\ “'&Otb : ‘I—’ i ssz'T 542 - 150
O
1
N 1 ‘OOO%%(

C 100
0000,

50

I -50

Phase (degree)

I -100

Phase difference (degree)

+-150

I -200

24 26 28 3.0
Frequency (GHz)

Fi820 Hybrid feeding network. (a) struct.

When a signal is injected into port 1, two egamplitudein-phase outputs can be
obtained at port 3 and port 4. A signal injected into port 2 will be divided equally into
port 3 and port 4 but will be 180ut of phase. Then these two -@itphase signalwill
cancel out with each other at the point where the stub is loaded, such that ideally port 1
and port 2 are perfectly isolated according to the reciprdeiy3.20(b) plots the phase

responses of the test structurd-ig. 3.20(a). As a symmetric structure is used, only the

94



phase of%:is shown here. The iphase and otaf-phase relationship maintains over

a very wide frequency range, which means this decoupling mechanfssquency
independenover this frequency range. Thus, it is easy to understand that the isolation
between two ports highly related to the symmetry of the feeding structure and purity

of the differential excitation.
3212Wor ki ng Mechani sm

By using sluickhe as thryubcrtiudr e as the feeding n
filterpamlgardiuzaeld antenna is realized. The f
radiating patch through three apertures on
mechani sm of the dual pol ari zaRiiga,ort he <cu

even and odd modes operations, respectivel:’

[t Lol |
N

&)
(0

= EEsrEY

(a) (b)
Fi821Currdnstri butions for different channel s.
Odd mode dri[Bd@i channel

When port 1 is activat-kedaddader esyrema tnoord e\
excited &s33bdPwnThae feedi ngBs tprouwetru rdé va odtes
the current on t hleo atdweod arrensso naft or ha sstiwmb pl
Consequently, fbir@2tld)e, ctalsee esfhfoavnt iectfi ct he ec
current related to apertures 1 and 2 wil!/|
to the same patch. As a result, the horizo

the vertical pol arization wilel .be excited
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For t-medderdidven channel, the corresponding

i ki 82@Mm) . For this case, the currefat mai nl
wavelength resonator, whil e aTmoaspternourceur r ¢
3canhetexcited. Besides, the current on th
arms, which makes the equivalentamagn®&s i c
a result, only the horizontal polarizati on
By this means two highly isolated channel

achieved using this hybrid feeding network
3213Experi ment al Demonstration

Aprototype with a centre frequency of 2
measured to demonstrate the idea. AlIIl the
this design, both cH®rmelrs Chredbydbdevgnmedpw
synthesre pobteaws t he common [nPe,t h2ldBoZ2n] t h

brevity, i1t is not presented here.

The simul atedpandmatdsgaied s hiwg2 2i n
During the gain measurement, a balun is us
antenna gain is characterized as the real
correspondiwngt epdrwhi bebalcther mit me&tred.neTheas meas
10 dB i mpedance bandwi dt h-2fd®9 Isélzh (dhdfomel
maxi mum measured realized gains for bot h
respectively. AsFicg2m hbee iosbosleatvieodn flbreotnween t

measured to be higher than 39 dB over the o

the measur ed ainadn scanm!l heedbseplVad her e. TFh
i solation is attributed to measurement t ol ¢
here that i f an unbal anced excitation sch

decrease to 30omBacaootdtiengitmal ahi s study.
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Fi 23 Simulated and [nBG]sured i solati on
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—— Co-pol, simulated
—— Co-pol, simulated E-glane —_ X-psl, simulated
—— X-pol, simulated - == Co-pol, measured
- - - Co-pol, measured - == X-pol, measured
- - - X-pol, measured

o
|

=
3
L

W
o
!

N
o

w
?
. Normalized Gain (dBi) |

Normalized Gain (dBi)

i
3
L

o
L

Fi 82 4Radi ation phaberdouwplelliatihz2ed antenna when
di fferential 3@grt is excited

Fi 825 Fabri cppdleadr iduead ant enna.

Fig2shows the measured and simulated rad
antenna. For conci seness ;modarel ytritidveanredasdi at i
shown here. The measured results agree well

pol arsomapressi onFiwg Sthoo was5 adp.hot ograph of t

antenna.

322Dupl ex Filtering Antenna

As mentioned earlier, thedi $§eldingnnmeé i
realized by the interaction between a widet
Fi 820b) , t hd asesormat o hsehsoonwst paukts over a Vv

bandwi dt h. Besi des, the powejumdcwhiadelr used
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exhi bphassel nout put characteristics due to i
phase asti gintasl st wo output porasgeveoccowaenvhdebina
i f the operating frequencies of both <chani
satisfied, ensu.rimhag wedrfiefcyt itviei 9,5 od adu plne x a
di fferent bands is desi ¢g@&ddVMHzor atnhde 2L T4E @BH:
Wi Fi banhaé4®M#H£0 1

3.221Ant enna Structur e

(b)
Fig26 Configurations of t(hae) dBomtlteoxm fviileve.r i(nbg) al

Fi8264G |l lustrates the structure of the proc
artnna' sipdhiesckame as -pbbharbftetdhenduabever al
were made to reduce the overall size of th
on the ground pl anehaped mEg Geeidu i end Or 4 weos Lt
field distributions in the apertures for bc
arrangement gupohareéeeatioovn camad sl ow mutual

chahse
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] I
vy T11
1
< AP
BN I
< - Polarization:
PoIarizationF: i F:
e P
N ____ e
T Tt
(a) (b)

Fi827 Electrical field distributions in the ap
activated.

I n additi-emd s$theb openchanded wientnrend | 9med
before, the centre of the mainThruypsssbnangr i ¢
a short pin at this point will not infl uenc
Then anotwavelgamgttlerr esomratshinritedcoetplbed htr
short circuit vi[a2.bJAfmegnethic,cawplriedgice t

the resonator but not destroy the symmetry

t he si reqlde domameltemgt ht hesowayprthis | oop s
wi || not affect the behaviFout hef mohe, oddem
openrcuited boundary condition in the symn

i mp acbte htalnn@fourhe even mode.

3.222Mu |-Rait@Go u p ISc h g me

The coupling topology of the proposed du
mul tiple gain zeros f or -phitghterc osuell @ stgi vsittry
introduced for the first time to achieve g
achbeeatransmi ss Naonr dzeerr oG h efboyrdNRamwi t hlouér |
considering sofu2z.&leHolro aad fciolutperiinngg ant enna,

introdu-ceadoaoupling as the owhipdutc cpuwprited s
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t o ftrheee Tshpuesg,ei. nt r oduce o heulptaitk -g@asiocaeoo,

coupling is utotdeedfihteuchgacthcudt .

Take tJdme® ddervievnen <channels for exampl e. Th
i ntroduce an i releeroe natt ttrhaen sfmiesegsumaemdy swhudn
l ength equals a quarter wavelength. Il n t hi
hi gher stopband. Then to i mprove the selec
Cr esosuploed he praa cihgt iwhhn ch wor ks as the | ast
filtering circuit.

This coupling topology is seldom used in
it oif $ en i mpractical to coupl e a resonato

simultdm@dlisHoywever-Lbaythre anurl udt ure wused her

found i n many antenna designs, makes it po
A similar coupling t ojolddergiyvar @HhHasmonals.ed f
Path 1
////’_H_\\\\\
© 000
\\\_H__///
Path 2

Fig28 Coupling typology for the higher b

To get an insight into the physical real
mechani sm of the higher band channel i's ex
coupl ilnogg yt ofpoor t he hi ghe@2& baomeil ng st ¢ htolwaen
i h24]wibere@resents the source and circles
resonators. The solid Iines meacaodpbkieng. col
Erepresents the EBhmeanhsitctlhe magmpeéti ing aomdpl i n
there aresosuwbi ng paths in this topology.
bet ween the source and patch and path 2 r
resonator and patcikknolat t az ciandtedoduc s cd | W

here and f(tewkrzédand gai ph2.4)Trhoe fporri mahrey cchhaan
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for this topology is controllFing28t hTehicsoupl i
i nclmamasgi ng coupling from source to reson

that the phase relationships between every

I n this design, the feeding network and
apertures on thg gtouoatdurdhis wbdel ynused f
operating mechanism for such a coupling me
some regedr.clF&frs a strong coupling between
patch, a |l ong, &a$vi bheemcproyahatoshbet opti m
apertureenadtf etthhee pat ch, the magnetic dipo
maxi mized while the electrical dipole coupl
bet ween the resorndt ocores nmaangdh etth ec . p altheem wio r
coupling between the first two resonators
their open ends, where the electric field:
souresonator «cecuwplbiyng@ icy orsesalvierqf eterdd d tner e

as shown i Ri g&2hge) i nEeowpgloifng i s much weaker

t he -pnattm cowplcihngg, nsaocrow aperture i s a ver
smal | ground aperture etched away from t he
effect is minimized and then electric coupl

3223EExperi Dembabktamdiisochus si on

For validation, the duplex filtering antenna fabricated, and its detailed
dimensions are provided iifable 3-3. The measured and simulated frequency
responses are shownhiyg. 3.29. The simulatedbandwidths for both channels are 2.21
2.4 GHz (channel 1) and 22162 GHz (channel 2)The corresponding measured
results are 2.22.40 GHz (channel 1) and 2-2/62 GHz (channel 2)The measured
bandwidths are slightly wider than those obtained thraigiulation The measured
isolation between both channels is higher than 38 dB over the operating bands; the
simulated value is 48 dBlhe discrepancy between measured and simulated results

might arise from fabrication and measurement er®ush a lowmagitude response
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is very sensitive to the environment and fabrication tolerance.

- = -Measured gain for port 1 - - - Measured gain for port 2
—— Simulated gain for port 1 —— Simulated gain for port 2
---- Measured S - - - - Measured S,, = - -Measured S,
—— Simulated S, —— Simulated S,, —— Simulated S,
T T T T T T T T T T T T T
0 .
= -20
Z
.
© 401
)
£
©
2 601 g
" -
[
-80 - !
l
T T T T T T T T T T T T f
1.7 19 2.1 2.3 2.5 2.7 2.9 3.1

Frequency (GHz)

Realized Gain (dBi)

Fi 829 Simul atedands anleiad ulr ie n epge)t & solr eth nicien & so)r
dupl ex fil t[e3r0i]ng antenna
T a b3-3eDimensionsof the duplex antenna (unit: mm)

Parametel |1 P! I3 la Is le I7

Value 8.9 3.21 1.885 13.05 4.425 13.8 0.85

Parametel |s lo l10 l11 lp Wp Is1

Value 3 4.25 4 5 48 44.6 10.9

Parametel |s2 Wis1 Ws2 S1 S S S

Value 12.5 1.9 1.6 0.2 0.2 0.7 0.3

The i solation mechanism

t he

ofd htehibsal deaciegn ai

unbal ancedlnexcciatlatgpopnesi.datfifement i al

real i

|
t

i mi

h e

zed

t ed

bgtmpradtaudniseaahi eve hpesref eowutt pan tsi
frequenTlyufdpan d.e ¢ mdeondbea skeeds i g n,

by

phase

t hi

error

S
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To verify ®uaupel pprcdgpeat of thmpetfeedtni g\
di fferenti al excitation should Wwte crontshaeer
phase error of the differential excitation
its effect on the igTold aetxitodpmaspilgainfso mpa nce . T h
for tphoer tssubof port 2 are set to be unequal
of the excitationLYThe Itehregtdii fu relraelnarec eb e(t
extensi oblex-kamellhye reference frequency for

the substrategTused]) |l aidtmmd&oe about 10A p

-20 T T T T T T

—— LU =1 mm
-30 4 —Oo—LU=2mm

-40 -

-50 —+

Isolations (dB)

-60 ~ 50-Ohm TL

E‘Hi
-70 T T T T T T
2.0 2.2 2.4 2.6

Frequency (GHz)

Fi 830 Parametric study oinfitaeepthiasle exciorabof

Simul ated isol dtUaoaesp WoitglRed iwithhm €emhe mptr esent
parametric study on theiphasédsecnor bef obs¢t
isolation of 31 dB between two channel s <cai
20A. Comparedewambtde odbsrgmomsldt he i sol ati on
hi gher robustness to the esxecitthodpihmmstephase

excitatieomuaf mddet hi s rsd albiyz etdhee dbsesoh at or

104



bal un. TBhtiosnsdhbraé usnit abl e response over the f

out put characteristic i s toniltys rtewoatoepdent oe nd

Fig.3.31shows the radiation patterns of the duplex antebomae of the simulated
crosspolarizations are not visible in this figure due to their small magnitBdéh
channels show high polarizatigurity. In the main beam direction, the measured co
polarizations for both th& andH planes are at least 25 dB higher than the eross
polarizations. In contrast, the simulated results show a difference of approximately 35

dB. A photograph of the fabricatl antenna is shown Kig. 3.32. As can be seen, the
feeding network only occupies a small area of @52.34ay, whereayis the guided

wavelengthat the centre frequency of the lower passb&uanpared to other methods,
the feeding network used in this design can be confined to the area beneath the radiation

patch, which minimizes the surface area required on the system's printed circuit board.
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300°

-30 1

°-45 270°

-30 1
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-15 4
300°

-30

90° -45 270°

-30

240°
2154

180° 180°
Epl ane H-pl ane
(b)
Simulated Cepol — — — - Measured Cgol
Simulated Xpol — — — - Measured Xpol

Fi 831 Radiati on fpaabtrtiectapseedgaf f{ heéering antenna.
activated. (b)3.®pbrt 2 activated
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Fi 832 F abrdiucpdat@etde[nh(]

Tab34eCompari sprrdfortmmaemce bet ween different wor
this [B®D]Kk

Duak Frequency Isolation Profile
Ref. | polarized rgtio y (dB) FBW ( &
/Duplex
Dual
[31] : N.A. 20 4.8% 0.04
polarized
[32] Dua_ll- N.A. 20, 24 3.8%, 6% 0.063
polarized
(33 | Dbyt N.A. 25 27.6% 0.11
polarized
(34 | Puar N.A. 37 12.3,7.6 0.13
polarized
[35] | Duplex 1.1 32 5%, 4.2% 0.05
[36] | Duplex 2.16 20 4.5%,5.5% 0.014
[37] | Duplex 1.26 45 10.6%, 6.9% 0.08
[38] | Duplex 1.16 23 3.2%,3.9% 0.03
This Duplex 1.08 34/38 7.8%,8.8% 0.028
work

N o t eis thefsee spacevavelength athe center frequency.

Tab34ec ompares the performance between ot}
work. As can be observed, thi-Bambr&nad ealt z
odband operationsnl Betwbhdi&s, detoupl & htewo c o

filtering channels with no guard band bet we
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antennas eithefreqgtiéecy frawmirfeoab-pdogutealni npady
operation. The chamaepemidenitc i cgfol fart & @ me Mma Kk

better option for the design of t wo decou

requi rement on the filters -bebiatdetdhehanhe
operating over a very small frequency ratic
potenti al of the I mpedance bandwidth of t

provi de sufficient bandwi dt h mma nisauagtpioa rt

standattdsa very | owasprofile of only 0.028

108



33 Summar vy

This chapter introduces two novel technic
The first technique uses an additional dec
patbhhet ween t wo coupled filtering antennas.

synt hesi zed with the hdosup|heedsnedéi flacetr i g tamae
filtering performance of the original anter
feedingk.neTlwe network can split -niohdee even
resonator, to achieve two isolated channel
compact as it requires no additional decc
experi ment alolwi nwe rgiofoide dd,ecsoupl i ng perfor man
operating over the Ssianntee atnhde afdijlatceernitn gb aanndt:
supprebandl mseual coupling is |imited, the

for this wopecific scenar.

109



Ref erences

[1]

(2]

(3]

[4]

[5]

(6]

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

F-C. GCehteenafiDesign of filtering microstrlippEEBNtenna
Transactions on AnvehnaéSan®oOBrapaddati 603

F-C. ChkE.n,Ch#®n, CRu, and M-bad. waargastder fidiXering a
with nonuni f orl rE EfEe eTd asitsrawcd ti ornes, @ n  Mi cvroolwa vee5 ,Theor
no. 12,-4%90, 43@aB7.

X Guo, L. Zhu, and W. Wu, AfDesign of complex wei
coplreedsonat or IfEHBE eTrr atnhseaocrtyi,cons on Mi cwmlwavée?7 ,Theor
no. 11,-4%%5, 430869.

K. Yoshi da, T. Takahashi, and H. Kanay a, ASuper
i mpedance matl EEEnJraeansaedppbded Swmpdr .carndu mtoi.vilt,y,
10B06, May 2001.

R. E. Lovato, T. Li, and X. Gong, ATunbBEE filter,/
Transactions on Microwade The o rnyd 2a0rbd) , T2ecdhon.i4gluOebs |,
M. Me n g, . C. Hunt er, and J. D. Rhodes, iThe de

nonuniQf esmnaE&Es Toansactions on Micvowaveél T Theory
1, pB81372013.

D. R. Jacjowski, NnPaaiomemeahawae e &EtEt-SVAl Titekst er s,
Mi crow. Symp.13®dB8&,5 2004.
V. Miraftab, and Y. Mi ng, AfAdvanced coupling matr|

for dissipati veEBEcATowasacfi bherenoMi cvowave Thec
57, no. 22M,38pp.200M829

Shuai Zhang, Salaman SNaedem KhRend,uci ng mut ual coup
cl opalcked t enaebRdel@Ahuay through a resbeamweenl, @t an
| EEE Transactions on vhnlt.ensn8a s nadid d 6BPr doppg g a2e707416 ,

H. Ma ket matfaNo v e | decoupling conc edpetp efnodre nstt raonnt gelnyn a
arrayesEEO Transactions on vhnt.e nénsa s nadnld5 B0r, o2padg.7a.t5i 1o4n7,
Y-M. Zha@.g,YeQ. G. F. Peder sen, and IB.wizhlanfgi, | fidr ism
response for patEEhE almrtaenmsraec td rornasy so,no vAonlt.e nén9%,s naon.d
11, ppr.d3M4272021.

Y-M. Zhang, -LS. Ldhanmnnd JG. F. pedheseedndeiAutpddamgmime d
f oMl M@nt enanyad BEE Tr ansactions on VAmlt.enGh7a,s mn.d Pro
3187131, 2019.

L. Zhaw, QKan;L. amth, KAA cascaded coupled resonato
mitigating interference between EtEW#oa rsaadcitoiso nisn oand
Mi crowave Theorwola.nd6 Zlech@b §Rle,s2Ppa4.2680

K-L . Wu , C. Wei , -Y.X. Zhven ga n afeAdrnraa.yd e c o ulpg Bk g sur f a

Transactions on Anvehnaéb5and®&6FB38Rag@g@Ppifrob /28

110



[15] M. ,LIiB. G. Zhong, and S. W OMH eMpragt ,¢ hfi lasnat leantniaosn uesni
ne-darel d resonamode 45 antsrdeyicd e irgg s act i ons on Ant
Propagvadtli.on7, +764,220AP9. 755

[16] J . @tg alil sol at intn oifmptrwow etmeghtly coupled antenn
frequency bands usliEhgE fOpenerd onugr nsalr uocft vAonetse nonas a
1, pR.142072020.

[17] Y. Zhang, X-H. Y.YeZMamd,a Ytb.afmBudlase station array
antenna el ements for mutEEEEl Tecauwplaicn g omss p @me shsnito
Propagvadtli.on4, n3»43®, 2pPL6.3423

[18] J-X . Xu, and AX.o mp.acdhehnlgf€ dinpl exer usi-hgadedimon st
resonator with controll aEE&E fTfregeanti essand Maodw
and Techaoli ques, nd6481, 2PA7.4636

[19] L. Gao, X. JY.. Huh,angndNoBQel -Xmuwelht iloaded resonators
applications t o viaEEEo uly almesmadp a sosn sf iolnt eisc,riowave T
vol . 62, nlol72, 2p0plL4.1162

[200z-C. Guo, L-WZMeoengandASquantitatesve appbaadpabkerfd
composed of trahEEEBEr¥méadnsesbnansrenoCircuits and
vol. 66, #81,4204A9. 577

[21]] M. Ohira, and Z. Ma, AAn efficient desiuwint met hod
synthesis theory of n2i0clr50 wanvtee rbnaan d poansasl fSiylntpeorssi,uom
Propagationobb8B8AP) TAS, Australia, 2015, pp. 1

[22IR. H. Mahmud, and-gMu.i nJ.a-bldanndcinadsdttehr ,f ifilHiegrhi ng pl anar
baed sol ely I|lobBEFR eTroanmstaocrtsi,odons on VvAnlt.e nenma,s mon.d ZPr o
23@mB75, 2017.

[23] C. &&inng, -ChanFgu, -HD.hgZhiand W. Huan, AA novel Cros:
applications t&EEaddpasscfiwvatveer & mce Mir wodnd 5T7e,c hni g
no. 7, -1p/6.9,1 2DD 9.

[24]3. S. Hong, amd cMosdripafhcasees, f,orNewf /Yoir &r o W&y e
USA: Wiley, 2001.

[25]S. Amar i , and M. Bekheit, i Phynsiilcaarli tiyn tterrapnrseftoartm ac
in coupled resdiE&tEorMrfainlstaert i dasi gm, Mi cvolwave Thec
55, no. -B15%p.20aB89

[26] Z-C. Gu o, L. - WZhWonghdidSynthesis of transversal I

rect athtgludme waveguUEHE Tmamnsaesi ons on Microwave TI
vol . 67, n®»660, 2PPL9.3651

[27] M. Bekheit, S. Amar i, and W Menzel, AiModel ing
bandpasé$ EfEIEl Teassacti omy yormnMi chemhavbefuelmeo. 2, pp.
430, 2008.

[281 D. M. Pozar, " Microutprdieg dmt @B ma ca menvrailipe ti2nle " ,n o .
2, p-p0, 4%an. 1985.
[291 M. Kahrizi, T. K. Sarkar, and nZg. sA.otMarni ctehvei og,r ofufm

of a micrloBEH iTpr dnisn.e,Mi cvroolw. 4Tlh,e @riy. Tlesnhp pl 9 V.
111



[30] J . @tamAComppotadiuaé¢d/ dupl ex filterlihgE aOpeemna wji
Journal of Antenwnals. ah@gi8Pyr.od@BaBti on,

[31] W. Deanafpwdlari zed filtering antenna with high se
| EEE Transactions on vhont.e norda s nadnld9 B0r, oPpfefdg6a.t4i 108n8,

[32] C-X. Mato , ali.A -aharedbaendpedl alri zedntfeantntaayi nvg t h
i mproved frequUEBEyTraspaansieonds on VAnIt.ent@;m,s mn.d &,
pp. -18846, April 2017.

[33] S. J.etYaalghbowf i p®!| dubked f iellteecrtirngc nda gid@teo ant ent
applicbEEBENnSransactions on VAnlt.enhas me.@24BQoppgatt
2019.

[34] Y. Li, Z. Zhao, Z. Tang, -mandd-pobdddkaed fiDIi fE€erepgtan
with high §6ludctgihei tbyasfeorst dtEIEEn Tamamilsiacdt iomrss o A
and Propwpadat i6dn, n23 &, 2p020.3231

[35]C-X. Maqgq afCompact highly integratedmulnarcan i dwnsl, ex
| EEE Transactions on Micvolwaveéesd Threawlrlyd,a RduplTeez G 6 g

[36] Y-J . L-de, Tadrngd, @hdn&, AA filteri-mgndi ppexatnigomnwie
similar radi ation -ppadawmtréeans | BEEI| sh\odve ncnraoss sa n d Wi r
Propagativwonl .LeltasdrnmspApr5.8 2016.

[37] X:J . L-Mn, XiBe, Zth.ang, and Y. Zhang, AA broadband fi
hi gh i sloHEaEt iAonnt,eonnas and Wisryeolle s sl 6Rlr dpfia,g a2 @ 3o07. L et t

[38] K:Zz. eHu, aRhCompact, vertically integrated duplex fi
siw calvEEE eBr,adnsactions on vhonlt.enbna s +@adn7d, 1P2r Go@pda.g abt0i 2

[391J. Ot aahA crasca@amatdor decoupling netw&EkAhbennhas f i
and Wireless Pvopaga2elionglUleOtlRer®R3.3187

112



Chapter 4
Bansdt op

R aQduiaadtriuvpd e X

S|l ot Ant enna

Il n ¢hapt er nopcerlt

foluaot antenna designed fo

operationsThs si woradusednspir efd lbtyerd hye. di s

Firsdeband NR antennas are achieved using

sl anht enna-sesir @n ecdo

as a radiative bandstop

resonance frequencies of t-rheej ehcytb rp ai nntosd e f

bandstop filter, aa nti edrerbaa ndt rdwectowrpd eids daiaHh |
functitowmealdaddyi,ti onal ports are incorporat ec
these two NR ports, resulting in a quadrup

of the antennas

N79 ba3bds0 (GHz) ,

5.8 GHz). Compared

demonstrate t hat

wi deb amd di msmal |

modul e, but al so

I n this chapter,

e optimized for 5G NR ap

while the remaining two an

to other presented wor k:

this work not onl vy, for
frequeondbyundatdiup!l k. 05:) omwe

has the advantages of hi gl

all the prototypes were

by the atptardremesT hveer®y mnelatsluocreeche Ant enna Lab

University of Kent.

The radiation perfor mar

the anechoic chamber at the University of

Antoni o Mendoza.
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41Ba nsdt Rpdi aStirwet ur e

Figlillustrates the basidncahmgdspgtwoofs| tohe
antennas are connge€ectletdertion gf osrtm uac ttuared s tAsp W
injected inod Bhdbandpbtbppéitetalretsedtbpbln
whi ch r esuwuletfsl eicit | S dllels ponn ¢ e t flewesr, griyeef | ect e
classic mésboth ms$ res,t sz]or

Radiated Radiation
S Tl

~——

Port 1 @ e Port2 i e ° Port 2
Back to port, thus high reflection Radiated to free space, thus low reflection
(a) (b)
Fi4l Conceptual il lustdaetcioump!| @efd tame epm@apos €
Conventional bandstop netwamhenhla)s Rsomgs ¢ dh e

radiative bandstop concept.

Il nspired by this, we devel oped a bandsto
is radiated to théi dnbddhephasi asmashlmavmi s m
strucdiumiek diceo ntvoent i onal di sperdiyvaibdrdsestnce
bet ween them $simhaonvéetiresalktibantdlsee op f i |
radi ation resistance of the antenna struct

di spersive bandstop structure wil/ be intr

420f f-Be8l ot Antennas

Fi 42di spl ays the proposed hybrid slot rac
rectangul ar sl ot etched on a copper ground
here Rogers 4003 with ,a adiledsesc ttraawgdcnan safa n
thickness of 0. 8 lo3fcfenmb y e€fthlree srhiod r o sst rfiepd | 0 r
i mpedance matching. The reBipg8Bnslenocdonthreast
t he tradiftedonsatlr ucrtoubree t hat connects the o

coaxi al cable to the slot's edgreiBgodtehi s f e
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resonance near t he f uhhiasmemé saadn anoade iodf d au

i nteraction bet ween the mi crostrinp l i ne &
interaction is mainly determined gy ht he f ece
Ud3’Z3 dl,zj-
nl:1
Zo n2:1 dz,Zz G,

(@) (b)
Fi42 (a) Physical structure and (b) equival ent
sl ot radi ator. [1D6l;mé nlIg&B205wsd Qi. S hm:

—— 3D model
20 - - - Trapsmission Iinle moqe . ,
2 3 4 5 6

Frequency (GHz)

Fi 4g3Sparameters for theasstmitsaindoenhiananchoddéle

The current distributions at two resonances are showkign4.4. The first
resonance, which occurs at 3.3 GHz, is associated with the fundamental mode of the
slot, where the total slot length is about half a wavelength. At this resonance, the current
densty peaks at the short ends of the slot and decreases to a minimurceatri¢sas
demonstrated ifig. 4.4(a).
Fi 44( b) depicts that the hybrid mode has
fundamental sl ot mode, but it wutilizes the

stub restri ot ssptrlreeadad inrgr ¢ mt ofnreo end of t he
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current onbéehaviwaoduwibat Elsi $ hatFit®Whies sa choynbdr int c
mo ddeomi nated by the di mensions of the micr
uni que hybrid mode can provide inherent hi

are placed in close proximity, which will Db

Jsurf [A/m]

50.0000
I45.UUUU
40.0000

35.0000

30.0000
IZ.SU[]CIU
20.0000

I1SUUUU
(@)

Fi 44 Current distributions at different modes.
mo d e .

10.0000

5.0000

0.0000

432-El ement MI MOAp Iri &&t INRRNn s

Stu bS(dg, Z3)
N

I B
Shorted endgd;, Z1) Shorted endgd;, Z1)

(2dy, Z,)
Fi 45 Structurantodnndemadualle.

Fi 45shows the structure in which two ide
together sharing the same tohrsdswndd pglharne.s ulc

architecture ensluateesd tovba n mehlesr emhtdry titseo s |

the hybrid mode. There are two factors that

Firstly, the slotline structurestodp the t
filter, |l eading to a dexn.dsAmpeedifealterftorcitrl
t he -adnutaelnna mo duR ie46()s. sThhoiwsn nond e | can be si
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transmission path witFh 46(Vwdi ¢6(wchs ,s haoswss haov

transmission"bi dersrbadm tf iolft ear .3
Shorted ends of the slot
Stub Stub
.
) TEoy ez Lk
nl:1 nl:1

Connected center of the slot

(a)
Zo

Transmission pat

|O.253~stubsI

1

(b) (©)

Fi 46 Trmransmission |inanmedeh Mmodut bBe {@dbal Si m
conceptual mo d e | of theamadieaniavenobaheéswhp che s

transmission 19 mekeemomaendotrom f3i | ter.

When the | engFihgep€¢) the atgbarner wavel en
frequency of t he hotrdap paon ch,t tbhH e cwkisr ttthael t r an
ports. Compar iFnighe(tbh)Eitgel cict weecan notice t |
antenna modulteop sfial t ®ers syt btamel sfdi sgaéoay wh
hawadvel engt h, whi ch i s near t he resonanc
transformat iwarvedfengt guatther short ends of t
open ends just |l i ke theFsg46(ogstubDefbdberehe b
conventional BSF in which the energy in the
port, the energyejefciect ¢d gidu rétese a ma a dimaod Wl
is radiated to thasfi¢Biugglp adheldphitwhsestsluact ui

be regarded as eandrgpewdiceé BSFsuplpesed to
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absorbed by the radiRit46p)a. rlessia traencwel ta,s tshe

hybrid mode widrpadslaowve beasgpgo®Ense near its
0
-10 ¥~
@D 0
S 20 e X
g 304 Classic slot mode Y '-}f!f}
et ] Ao
o -0 -S_of TLmodelw. G i\ ¢ Tzs
E -40 - 11 r
® |- ®-S, of TLmodelw. G, " K
8 504{- o -S, of TL model wo. G, ,#
0 1- = -S,, of TL model wo. Gr'“'
607~ 4 -5  of EM model u
- 4 -S_ of EM model "
-70 —2L — .

2.0 2.5 3.0 3.5 4.0 4.5 5.0 55
Frequency (GHz)
Fi 47 Frequency responses of EM and transm

The responses for both transmission |ine
i Ri4g7wi th the falilr@gwiagekr -z~ 182
= 1R &= 0. 08 1ISHO-A,3®A, 6BMe el ectric proper:t

el ement i n the mdvbeeksonamcesarise éoteach modiéh.e3 GH 7z st
resonance is the <c¢classical sl ot mo d e . For
bandpass filter with very high mutual coup

ari ses aGHzabaute 4«c.onnected sl ots dogredthemak
At this frequency, the whol e stardu catturvee acStFs
wi Gilset zer o, the energy wil!/| be reflected
resul ti narge fil n&qa naweael dfiogw.coi nt he proposed radi
structure, the energy in the stopband is r
achieVasd.i ghtly kewféemredqbémdepwbeantennads ope
arises for both EM and transmission |ine m

by the dobewmgch of related to theTHhHysetdo posit
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ensur e -rtehjee datainlo c | o €@ ntgo btamed copgertehe ant enne

b ® fcfe nft & k.

Jsurf [A/m]
.40 0000
36.0000
32.0000

2o Dummy current area

24.0000
4___@ &
I— 'F- |
12.0000 : e ——
8.0000
I 40000 A
0.0000

Fi 48 Current distribution at the hybrid

20.0000

16.0000

Despite tbheendsatdoptahveer acteri stictheattroduc
greatly affects the isolation between two &
for the hybeidumodets.for these hylbyriidn sl ot
the region | i mikltiendeolty itnhee AmiamBom4sinroinme n
port 1 i s exechiatnedd ,s iodnel ys Itofteylaraiegaretr § we b k vat)
can be observed in the <central .sl|Tohti sar ea
phenomenon r evheaanlds stihdaet ptohret Iweifltl not be st

activated port.

Parametric studies on fceiefdfi e ment efnge chisn gvey
ot as il Fugxardhedfieed position,diwhig.h gove
46( agf,f ects both the operating bandZof the
as 1| | Fsg®(gat ed i n

The | ength of liit Rieg5fdeiemilg6hae) staudn (be uti |l
shift the resonancedérelosecytofthbedeThybre
i solation,Fi&a9 b%hewnthe stub | ength is inci
frequency mdded hehlihdmberi tdfior equency whil e t he
remaincshanged. This i s becauasfef ethhees| ceinmgd rhs iod
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d:i Fi 46( a) . Hiowemw®ar,t ant to note that the st
the |l ocation of the hybrid mode but al so
Consequenotffy, bat weadei mpedance matching anc

arise when deal idngmowdietsh. mul ti pl e hybri

S-parameters (dB)
S-parameters (dB)

—— ——1,=14.9 —o— ——1,=785

401 40
o ——1, =189 —— ——1,=9.85
3.6 4.0 4.4 4.8 34 3.6 3.8 4.0 4.2 4.4
Frequency (GHz) Frequency (GHz)

(a) (b)
Fi 49 Parametric studies with different feeding
Feedline |l engths.

44Wi deband SAnotte nviaMO Aprp I51Gc aNtRi o n's

The module discussed above achieves two inherently decoupled slot antennas.
However, the bandwidth of each antenna is too narrow. In this section, a wideband
design is developed based on the aforementioned néand module.

The structure of the wideband MO array is shown irFig. 4.10. Compared to
the structure irFig. 4.5, two loading resonators and four slot stubs are added to this
wideband moduleFig. 4.11 shows the evolution of the proposeddeband slot
antennas. First, two additional quarter wavelength resonators are loaded to the slot as
illustrated inFig. 4.11(a). Such a resonattwadng slot structure can also realize a
hybrid resonant mode which has been analyz¢8]imThe concept fronB] is adopted
here to introduce a lower band resonance together with a transmission zero. When the
total length of the resonator is about a quawi@relength, the bandstop effect will stop
the signal from transmitting between the two ports. As a result, this resstatiore

hybrid mode (RSHM) also features a null at the transmission coefficient between the
120



two ports. Additionally, this RSHM exhilis a current distribution similar to that of the
microstrip-slotline hybrid mode (MSHM). Consequently, the passbands dominated by
this RSHM are also inherently decoupled. Then, to further improve the bandwidth,
multiple stubs are added to the slot as shawfFig. 4.11(b) andFig. 4.11(c). These
stubs can introduce two additional hybrid resonances for each antgniigy this

method, the bandwidth of each antenna is significantly increased.

Fi 410 Geometry of-ekt neMIWMQ esbaontdDaZzmeesnans i n mm:
lh= 5 .,5 595 I2|4:5 14I5:78135:|3 ®7=91,1 3= 369=4 ,5 4&513I 58,
L Ws6H,3 w2,1.w25.

i

(b) (©)
Fi 4gl1l Evolutlon of the wideband sl ot antennas.
design 2, (c) reference design 3.

Fig.4.12presents th&-parameters of different structures. The initial design which
is presented ifrig. 4.5 only has one resonance. With additional loading resonators, an
additional lowetband resonance is achieved. Then, two slot stubs provide two
additional higheiband resonances. Finally, a wideband response is achieved, covering
the 5G N77, N8, and N79 bands. It should be noted that the impedance bandwidth is

calculated when 1< -6 dB, which is widely used for terminal antenna designs.
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-15 -
-30 -

-45 4 - v —— initial design
- = —O— V. resonator
- &~ —/—\, resonator and one stub
60 — & —o— w. resonator and two stubs

30 35 40 45 50 55
Frequency (GHz)

Fi 4L2Sparameters of sifderemeés antenna

S-paramter (dB)

With all these efforts, a duaintenna module with both antennas showing-four
resonance wide operating bands is obtained. More importantly, all these resonances are
realized accompanied by a nearby bag@ctpoint. Finally, a wideband slot MIMO
array with isolation up to 18.5 dB in the band of interest is achieved. The antennas are
designed for MIMO operation &ub-6G standards, which cover N77, N78, and N79
bands (3.3GH5.0GHz).

Jsurf [A/m]

50.0000
I45 0000
40.0000

350000

30.0000

25.0000

20.0000

15.0000

10.0000

5.0000
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(@) (b) (c) (d)

Fi413 Current distributionsome antbefrerkeent efireq@a
3.4 GHzGHtb) (GHAA4. 46Hz 4. 98
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Fi4lL3hows the current distributions at di
only one port is ée&xycmatecdh endi.t hT hteh ef iortshte rr epsoo
3.4 GHz. For this resonance, the strong cul
|l oading resonator. The current fl ow ter min:
which indicates bhatd mbde mbdéhesshothyand
frequency gets higher, the current shifts
From 3.9 GHz to 5 GHz, di fferent sl ot sect
resonance at 3.9t lGédzmaisn dolméotn.at Elde byehavi o
resonances whGHzZ &amrd s&£. B8 @HZA 5respectivel vy,
sl ot stubs. For all these resonances, t he
upper half partrefwhédreantemeaacstremct udens,|

very weak.

45Quadrupl ex Sl ot Antenna

Based on the structure obtained in the last section, two more ports are added to
achieve a quadruplex operation. As aforementioned, the current for all the hybrid modes
does not flow to the centre of the slot in its operating bahtth means the NR ports
will not detect the ports placed in this area from 3.3 GHz to 5 Ghe.geometry of
the quadruplex antenna is showrfig. 4.14. Two more ports are placed between the
NR antennasd ports. These two pGHzWiEi excit e
band (5.155.8 GHz).

There arefour antennas in this moduleamelyANT1, ANT2, ANT3, andANT4,
correspond to the antennas excited by port 1, port 2, port 3, and port 4, respdatively.
cover the whole 5 GHz WiFi band, filtering antenna architecture is adopted for the WiFi
antennas ANT3 and ANT4) to extend theiimpedance bandwidths. The detailed

dimensions of the WiFi antennas are provideBig 4.15(a) andFig. 4.15(b).
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Fi 414 Getornye of t he quadrmemlsax nlen ticlgalmik= 8 ,
2.15= 1415=9 8,3l6=2 ®Iz=8 ,1 &= 35 109 54,8, 1 4. 88wi3 , W+
0. VT Wi Ows2,0wES5,1. 25.

(&) (b)
Fi415 Structures of the WiFi antennas. (a) ant
mm:li = 3|13_-5 s ]|10=, 7|15:8 s 2|1a:6 s 5. = , 1 0|1873 59,'1.9:7 ,|20F 21, /8 s
8. Wb, 3ws33,1 w5 0wi@, 3.

Fi 41l®resents the coupling topologies for
Wi Fi antenna excited by port 3, to excite I
feeding structeurpeorits i ad d pdpepokrdt €itdo r@ soent er
symmetric feeding scheme wil.l then activat
radi ator terfderrmfa Iseedcdmdy response. For th

to port 4, an asmenmies r use e @8 6)BRooratn hdi ni s
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tapped -wav el ehnagltfh resonator. Then the reso
resonance of the s-liome@ltdtr oturgdndihtei on .cr Dise r

of cbBua simpler filteringl3ant@&lonat st sunbture
here foirane e tchioenstdhse

[ 1
(PO-EHHORY !
| | @ Odd mode @ Even mode

Slot |

R1 _:_ = | @I/O Ports % Resonator
| _! Radiative port

Fi416 Coupling topologies for the WiFi

46Ex per i menttalonVearnidf ilciascussi ons

Fi4lL7 Photograph of the fabricated pro

To verify the concept, a prototype of the
and tkisgle’dhows the photograph ®hethendlabr
s mul ated and measured responses for t he ¢
presemri gd38 iwmi th the di mEngldomki gobeJbprted ir
are totally four protréamsnasn dan sb erodeuveedte d hier
MI MO arrays. One of which is designed for
for Wi Fi applications. Then the decoupling

categorized into two parts: | BD and OBD.
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S-parameters (dB)

Fi 418

Fi ¢l9

—— Simulated S,, —— Simulated S,, —— Simulated S,,

- &~ -Measured S,

Simulated S, —— Simulated S,

Simulated S, —— Simulated S,
Measured S,, - -<- - Measured S,

- o - Measured S,, - © - Measured S,, --v--Measured S, - © - Measured S,

0_ N7y a7y P

‘ 1
o g NN
L7Q l.
i
NR WiFi
3.0 3.5 4.0 4.5 5.0 5.5 6.0
Frequency (GHz)
Si maheéeéaedured performance f o]t he
NR 2 WiFi 2
1 Decoupled
NR1 hybrid mode.
91 Decoupled
hybrid modes.
- 1 Filtering
WiFI 1 structure. 1 Evenodd
1 Openend mode.
stubs
Performance summary and decoupling

modul e.
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The measured results show that the mutual
than 1Bhme adsBu.r ed performance of the fabrice
Fi4§4L9 n brief. To keep all the ports isol at e
worhkave al so bedémn 4L DRecalduidnegd tihne matr i x, t h

strategies for this work are concluded as

1. The 1 BD for NR antennas is realized by the
hybrid modes arise with twin TZs-bandits op

i sbil an.

2. The 1 BD for Wi Fi antennas is achieved usi n¢
modes. A deliberately designed feeding schei
Thus, two isolated channels can be achieved

3. The OBB5GHDmM s reakbthnéedubcgurtrmeenatk ear ea resul t

hybrid modes and filtering antenna archite
current excited by NR ports from flowing to
further I mprowayptgeacshhsmadasi gnabyat the WiF

4. The OBD-5f@Hzn i5s r eal i-eredl dDtyuh svoato pteme f eedl i
ports. The TZs introduced by these stubs su
antennas and Wi Fi anng ntnhaes ,i stchluast ihamg.hl y i mp

Detailed explanations of these decoupl il

di scussed in the next sections with corres

46.11 BankHer f or manceAnd fe nnlas NR

Fig. 4.20(a) shows the simulated and measured reflection coefficients and IBD
performance for NR antennas. The operating band with % dB is from 3.295 GHz
to 5.045 GHz, which covers the frequency bands of N77, N78, and N79. The measured
isolation between two NR antennas is higher than 18.5 dB from 3.3 GHz to 5 GHz. The
NR antennas are decoupled by the hybrid mode theory introduced in the previous
sections. Fouhybrid modes are excited for each NR antenna as shokig.ih.20(a).
The first RSHM is dominated by the loading resonator. This mode comes bdtida
reject frequency point at. 345 GHz, which helps improve the isolation of the low

frequency band.
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0 el ‘ 0 [
sl VAT TR\ LR | 10] TN ST
= 151 Vo nerini MSHMs _ e
E AR =< ’1- _CCQ; -
Q '30* " . 1 ‘I ] :’
o ' Ve '\ 8-
£ 451 '.{— Simulated S+ £ -
g .60 —— simulated s,, \/'{ £ . -
o - Measured S, =3 ' Dashed lines:Measurements
" e M v -601 Solid lines:Simulations
-5+ - - - Measured S, 1
; : -70 ; Y x ;
3 4 S 6 50 52 54 56 58 6.0
Frequency (GHz) Frequency (GHz)
(a) (b)
Fi 420 Si mul ated and omeefsfuirceide mted |lercd iloBID perf o
NR antennas and (b) Wi Fi antennas.

The other three resonances in the operating band are related to the MSHMs. These
modes all have their corresponding twin TZs near their resonance frequencies, although
some of thee TZs may not have very deep nulls on the curves because of their low
guality factors. These TZs greatly improve the isolation during operating band. With

the aid of all these TZs, the isolation between two NR antennas is higher than 18.56 dB.
46.21 Bankef or man c eAnda fe nWi aFsi

The performance of the Wi FiFiajg0bhnaIhes m
me as u6r eddB b anAWiBd taAnNd# o abr. &8 &8z and5.58.1145
GHz, respectively. Wi ANE naAtNile d fheer antel ansgu r ke,
i solation is higher thanANG®. 4 sdB.l i ghd | me ansal
than the simulation. The s nmaanldl ndeiasscurreepda nrceys

can be attributed to tehsomeasurement and f

The I BD between two WiFi aottdnmadei shaohi
[ 8] Port 3 excites the even mode of the | onq
ANT. Port 4 excites the odd mode of the sl
shownFi ghbb) . For this mode, the electric

symmetriThepleamrmem. and odd modes are orthogon
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architectur e, theFi |l Bht pnobhkemsf aresWil ved

additional decoupling structure.
4630BD between Wi Fi and NR antennas

Ast hi-psordt antensapmodiuus$ two standards wit|
guar dthen®BD problem should be carefully a
performance for both RF channels. The meas:!
t he Wi Fi antennas gehred NR aantlOnmBasdBarfeorhit h
interest FRisg2dhdwn aicmi eve the | ow mutual c

frequency range, tnudhnipgJuwesdiarfeeruesngad OGBD t hi

Consider the NR freqthen&Hz)r.anTghee ffiirrsstt (f3
i mproves bhedadesoept ing i s the MSHM struc
the previous sections, the TNRe saen theynbnraisd ammoed
do not show ground current distributions i
result, when two Wi Fi ports are placed in
the NR ports. This effect gheate!l ywomphames

the frequency range of 3.3 GHz to 5 GHz.

0~
15+ ’ STt v
)
2 -
¢ 301 ===
2 L '
= ] ;
£
© 45 \
@
Y
n | '
604 i —S,, w. stubs ---- S_ ‘wo. stubs
—S,, w. stubs ---- S, wo. stubs
1 N I ' I N I " I ' 1
3.0 35 4.0 45 50 55 6.0

Frequency (GHz)

Fi 421Si mul ated OBD performance wji?7h (w.) and
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The second techni qtbhea ntdh dts oil mgri mwme § sa djheac d
architecture usletds fhoerb WMi Rihaatntaenfnadst.eri ng a
increase the antenna bandoddand @ingledlid.t elrn
wor k, bot h Wi Fi antennas use filtering ant
Wi Fi antennas decrease the interference b
frequency range of ANWX,baannd sa s yEnsnpeetcriiacl | tya pfpc
couplcihmgnes i s uti IFi #&lblas Edhrownudm an exci't
a TZ can be obtained -ewhen $:¢ibske salbeorugt ha odfu atr
wa v glt ehn Il n this work, this TZ is allocate
coupling betweemrNHAR ®&ntbhnnaesaendwo techni

frequencyb5r@Hg)k i(S8ol3ation is guaranteed.

The -oduatnd decoupling in tGkz ftr@lhauehscy r a

much easier as its bandwidth is much narro
maiynlr eal i z e de nbdy sttwad sopoenn t he feedli-nes of t
end stub will produce a transmi ssliiom zero

Fi g. ald44) wdhtes et he gui ded wavki 42ngarhp arme & he
the responses of the structures with and w
stubs introduce aS#AaAAIatWhen ht hebnesvceudo sferaane f r
the structure, the isolation bdeB wete na btcuet N
5.65 GHz. With a stub | oaded at both input

be easily increased to 24 dB in the simul a-

464Fi eDi dt ri buti ons

To validate the effect of the aforement
di stri bauttu dimeéd dhirecussed in this section. AS
same structure, only three cases are studi
exedtsolely, and ANT4 excited solely. These
ranges.
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(b) (c
Fi 422 Current distributi onsANTi sdiefxfcarteerdt. f(raeq
GHz. (GHz .3 .(GH)z .4 .(@Hz .4. 9

Firsturbémtvisowrt udi ed in the f5req@Hzency r
Fi42Zhows the field distributions when por

four different frequency points, where the
deep nul I, are plotted. First, these curre
activated, the current density at the ot hei
points, which means that the signal i nject
ports.

Foml |l the frequency points utppecupaentofl

modul e asFisd22vnThiins characteristic great]l.y
perfor manoér adg udurimagye . Aftr etqhuee nltdive banodyr ent [
bl ocked by the | oadi 4232 a)e.s omart otrh ea sf rsehepuwenn a
by the MSHMs, the current bbB&N4g2rby) ,i s( ct)h,e -
and (d). When the frequency goes up to 4.9
of the Wi Fi band, t he i sfoillatteironciirscupédar tolfy
antennas. Especially for port 4 strong c
resonator as [Eia42 gbde) .o biste rseheoduelddnt hat t hi s s

i ar e soutlhte -bajne@lct response of the tapped exte

For the higher d esc.08u pGH n,g thhraendc drrroemt5 di
provikiegl 3Fing28)a &nd@¢)28b) show the current di ¢

port 3 is excited. Port 3 activates the ev

131



techniques used, al | the ot hErd4g2tghcr)eeanpdor t s
Fi4928d) show the current distribution when
the odd mdehee sd ot, which showensttrebngf ctuhe e
sl ot . The orthogonal ity beentswgreeosd t h e o loatdi oa
bet ween port 3 and port 4. The decoupling
port 4 ttr@anponmttingnd port 2. Consequently

weak current density.
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Fi423 Current distributions at different frequ
(b) 5.8 GHz w. ANT3 excited. (c)AMNMT 2e XGHizt evd. AN

The <current anal ysi s provi des strong va

technisqgque béee hiapt Ehesresults al so-poevteal t |
antenna modul e achieves four isolated radi
Wi Fi applications with a very compact form

465Radi aPer oor mance

The resultsare presentedn Fig. 4.24. As ANT1 and ANT2 are identical, only
three antennas are measured. It should be noted that in this process, the other three ports
are all5 0 tegminated when one antenna is tested. The measured total efficiency for
the NR antennas is higher than 56%. Bger NR MIMO, the envelope correlation
coefficient (ECC) value calculated from radiation patterns is lower than 0.07. For the
WiFi antennas, the total efficiencies for the ANT3 and ANT4 are better than 69% and

53%, respectively. The ECC for the WiFi MIMQray is lower than0.02. The
132



measured efficiencies are generally lower than the corresponding simulations, which

can be attributed to the fabrication and measurement errors and unwanted leakage from

the cable during the r advhatcihon sp evrefroyr ntaonncne
sl ot antenna measur e meThis effect darhbe reducedtbye gr o u

increasing the ground plane size or using ferrite RF chocks [17].

The normali zed -Dadumnstamgdopgpanesr as e2 measu

wi tehsurl t s pHKiog2i5d e@ooidn omni di recti onal radi e
observed for al/| the antennas, which is de
roples in the radiation patterns are most]ly
connectors used in the measurement process.

in many other MIMO sl ot antennas.

- -0 - Measured NR antenna efficiency —=— Simulated NR antenna efficiency
- -0 - Measured total efficiency, ant. 3 —e— Simulated total efficiency, ant. 3
- v—l (l\)/leasured efficiency of ant.4 —v— Simulated total efficienC):/[ %nt. 4

0.8
>
S 0.6
3" S
RS g
W 0.4 ’
S
S

0.2+ - & -ECC of NR MIMO

—a— ECC of WiFi MIMO
0.0 -

3.0 3.5 4.0 4.5 5.0 5.5 6.0
Frequency (GHz)

Fi 424Tha mul ated and measured radiation perfor
antenna.
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(d)

(h)
—Jl— xoz planemeasured —A— Yoz planemeasured
--[}-- xoz planesimulated --/\--- yoz planesimulated

Fi 425 Measured radfathenapaehefapn3AMEGCGHZ. W7

excited. (ANIT3e®ciGHed w.AINCT) edx.cdi tCGHlz. WNTD 4. 9 GH:

excited. (ANB5eR2ciGHezd w.A(NfB) ebx.c8 tGHz. ANGl) 5. 2GHz
excited. (ANZT5e8ciGHed w.
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466Environment al Sensitivity

|l i s widely acknowl edged that the sl ot

environment . To investigate the robustnes:
environment al conditions, some measurement
From the reskil 426 pirte sceannt ebde isneen t hat 1 n

the proposed bandstop radiative structure \
of 20 dB across Holweventi deeNRobames di el ect
t hemahnu ti ssue, a slight frequency shift i
significant when the handse xatprpernoea cshc ecnl aorsi eor
human fingers make contact with the dielec

regihenhiantd responses of the antennas are st

According to these results, -stitesd ffoaumnd
portable devices. I nstead, it is very usef.
pr enmigsueée pment products, which are typically
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Photographs for the test environmen:

47Compari son and Discussion

The performance of the proposed quadruletennas compared with statef-
the-art multiplex antenna designs in the literature and sumathinTable4-1. Notably,
this proposed design addresses bothand and oubf-band decoupling problems for

the first time. Additionally, it achieves cof-band operation with a frequency ratio of
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only 103, which is the smallest to the best of the authors' knowledge when compared

to other presented multipleantennas. Although some designs also achieve multiplex

operation at different frequency bands, they are only verified with relatively larger

frequeng ratios and narrow bandwidths. Regarding bandwidth, the proposed structure

demonstrates a much wider frequency bandwidth than other planar designs. The general

isolation level of 18.5 dB is also adequate for most terminal applications. In summary,

the prgposed design achieves highly competitive performance regarding bandwidth,

isolation, and size.

Tabd4le Performance compari son between this wor
IBD/ Iso. Size
Ref FR OBD No P| BW ( d B (ST H)
7%, 24
[ 9] 1 IBD 3 8 %, | 30, 0. 30 . &7 7
4.51 30
[1q 1 IB D 4 41 % | 13 0. 74710 .od 4
[ 11 1 IB D 3 5 79 11 0. 1A 0. 56
19 %, | 28 .
[ 141. 97| OBD 3 17.819. 0. 1820 . § 1 6
9.5119.
[ 13 2. 24 OBD 2 4%, 26 0. 16120 . § 15
12 %
[ 14 1. 0| OBD 2 <1 0% 22 0. 1%0.8®12
5%
1.18,1.1 30/; 28 =
[ 175 7 OB D 4 129 1. 3%6.&§34
1.0 2.8(31.
4 . 4
[ 16 1 IB D 2 6% 23 0. 2%0.aP9
: 18 .
Th i 41 . 8 -
Wor 1.0 Botl 4 12%19. 0. 988.&16
30
Not es: FR:ratfreguBaPy Number of ports; B W: Ban

Sur f ace
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4.8 Summary

I n this chapter, a quadruplex sl ot ant er
composed!l MO awoaMs. Two antbn@kz arperddsdsingr
for 5G NR MI MO application. TGz oWihFeir tw
application. A new multiplex antenna desi
modul e has achi eved ifnouar viesroyl actoemdp accht a nfnoerl m
decoupling techniqgues have been wutilized i
evemd mode theory, filterimg) aotemaaopenh

stubs. For the firsdrddaganeng amo-batnntdeindeap lameoxd ui

and small frethaendcyupadteixohast been achieved.
wireless standards have been covered in a
application prospect g sftermsmodern communi ca
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Chapter 5
LovWoPDtecoupdadmmi gqiues
f oPPatAnit ennas

This chapter appblvesatalaecetorfitchaend magnet i
t heortyhceeam@ | ed t r ans noins sa notne nlnian ed etshi egonrsy. Fil
t havacl osely placed patch antennas can be ¢
el ectric and magnetic coupling mechani sms
di stinctive mutuals croeuapliiznegd nbeyc hsanmpsings et c h
radilbstiorg this technique, tplad crhutawmndale nma@awsp Ici:

reducaz@ dB without wusing any extra decoupl:i

Il n section 5.2, the classical coupled tr:
guide the decbuphtedma® utgmo spantud ati ons and
is proved that two closeddycpapked byt cnbhkamt
opemategmioMe, instead of admaseicdhef medamaen
of tdeckmisqgquemal yzed from both field and cir
met hod is verified with three delfdmeretnt a
MI MO ar raanyt,enana2 system with adjesetemenbper a
MI MO array.

I n this chapter, all the prototypes were
by t he atptalrcarme tTehres 3Iwve rdehtaheovarst three Ant enna Lab
University of Kent. The oagpaetsi wmaspeaefhoeumarc
the anechoic chamber at the University of

Antoni o Mendoza.
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51Lowost Decoupling Techniqgue Usin

Magnetic Coupling Cancell ati on

Thsescpresent s -cao sntovified r habéwc oup |l phgcedo cl
patch alrhteernmesa. i s inspired by the electric
i's widely used@his hewteredtsignand magnet.

( EMCC) decoupling conefefpactiisvesi mpelgeuiydatnghi

decoupling structures or complicated manu
proposed concept, the mutual coupling bety
controlling the Byeiaghhdt nbBlfg odpdt @ o@l( ettt rwiee n( t |

When E«cloelpl i Hhgo ulamldi ng ar e comparabl e, a dee
mut ual coupling curve, resulting in high i

t he approach, t wo-e Ilpe md mte iy @ m\éInM@orrr abyost,h a2 e

designed, fabricated, and measured. The e
simul ations, hi ghlighting the advantages ¢
i solation, and simple antenna structures.

51.1El ect rMacg nagCbcdu p | iFn ¢ Deesmi gns

Elﬂ? Coupling—__ H, 1H,
k

Resonator 1
=

Hi

H>

Resonator 2
=

Fi 8l Generead rceosuopniat or s.

Il n filter t hceooerfyfkibatithesre tem wipnlaestdogncaatno rbse
def bmsca rati o of coupl ea¢.eh éwlhger ¢ oa lslt ofriedl
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are determined at¢ol umsgegaats, aardotviee entir

wi pbrmittUdmnwd tyerorheabi |l ity of

(= A 4 Fdv . M/ fi
Jii FER 2 A REF v A AMHEPAe  AHERAY (5. 1)

The firstritd@mmdadre trleogresents the el ectr]|

secondstermm magneticcacoplpl ng gthediheaks mwo

coupling strength between two resonators i
widely used i womlawmlye plrietsematedr e f or achiev
with different filtering functions.

Thr otulgshtsud vy, it is found thatr &dccen aruitnug |
antennas, such as patchaamttenrmad,i omamfaled @
mamgetfiel dMen it comes to antennas, the onl

the coupled circwht chs mabways heossyoaded ¢

resonator is very | ow.

I n the electric and maghnetaiffcosad walyisng t !
have difsf ewkint¢dhsmgans a mi xed electric and
each other and result [i2Hnapio@ér bygotupi sngo
el ectric and magnetic couplingt mesthhbeou s d 1 I
mutual coupling between t wo p atacdha habnethegn na s
coupling componefi de cdiidrfidi enlad ed by t he

512Tw&!l ement MI MO Arr ay

5121JAnt enna Structure

Fi 82 a) depicts the physical structure o
il lustrating two patches placed in extreme
t wo patches iTéoaseéenmas Oarne mimed by a met al

0. 35 Trhrm. substrate employed in this design
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constant of 3.55, a | oss tangent Fofg.0. 002¢
52( a) shows only two modified patch antenn
el ement s. The only modification applied to
c o r nTée specific design rules to deeithe patch dimensions will be elaborated

upon insections 5.1.2.3 and 5.1.2.4.

20— X

Patches

+
Ground plane |Pr0be H h

(c)
Fi§g2Structure of the propose®decdecphpdled patch
ant ennResf.er(@mxciegn of coupled antennsadewith din
Vi ew. Di menkd olnlsd 534t , Wp: Owp=2 , A20= H ,3=.

5122Ant eBRenraf or mance

According to classical antenna theory, th
is closely associated with 3,hedAls etplag adntoenrt
are placed in closer proximiery, Ihhe ametsu alh
the patches are positionte@adm a@tnheerx,t rtelme | K

i mpedance has a significant i mpact on the i

First, a reference design witthloutThany ¢
di mensions of the edffFe B3 rbde tcha ssi grefeaermre ncwet
t wo patches ar e st r onhgel yr ecsopuopnl Beedg3p |adsh & el dl uisn
antennas coepnétrreegeeatc yaof 5.9 GHz over their
A potenti al application for t h5e9%25 aMHze)lnnas
The totathkbepgtlydeséchi bheare-wapel exigmat al

5.9 GHz.t@dgeedgetance between the patches
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t @/555 . a6t t h e caemtft er ey ailtese® i the freespace wavelength at
5.9 GHz.

WD
S o
M 1 M 1

1— Simulated S, of coupled antennas

S-parameters (dB)
A
(@)

-501 —a— simulated S,, of coupled antennas }
-60—- - = +Simulated S,; of decoupled antennas |
{= = Simulated S,, of decoupled antennas
-70+- - - - Measured S, of decoupled antennas 7
.80 1- .- I}/Iealsurled Sy Iof dlecoluplled almtelnnalls _
50 52 54 56 58 60 62 64 6.6

Frequency (GHz)

Fi 83Si mul at ed and measured responses for the
decoupled antennas.

Wit hout any modifications to the rectang
strong rcesuwplltiingmg in a | ow isolation of onl
when arranged at a distance of 0.1 mm. Thi
amount of energy wil|l be consumed by one

transmitting.

For vtehre fication of the effect of t he ©pr
prototype of the decoupled patch antennas
phot ogr aphki sgthoWwme i qar ound pl ane size of the
mm I 130 mm. The siSmarametdeasdf measbeegrop

antennas atre 9pr efdhen tme@d Biumaaddwi dth is 5. 72
GHz, while the simulated bandwidth ranges
frequency of the operating band exhibits a

range duenterfabsicatio
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Fi 84 Prototype of the proposed MI MO arr

Using the proposed decoupling technique,

e two antennas was reduced to 18. 7 dB.

mpared to the reference design is introdd
i t h as uscnha | | change, a deep null i's observ
coupledFaBl enreagdiing to a substanti al i mp
814dB at the center frequency, compared t
Thr oulgshtsud y , it i s found that when the s
extremely small, the electric fieled domi na
upl i nggortreer sf owfr t he patch are cut, ef fe

neath the patches awayEftooml eaghcabhbkbe. ri

ile the Meogplti md dcdeare be increased conse
ni ng IEaannddec,o utphhe ngs become comparabl e in
nd. I n this specific scenario, the two
sulting in a |l ow | evel of mut ual coupli

principleseatg.olgpiv.eh amd 5. 1. 2. 4.
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ol Total efficiency of the reference design 40
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Fig5 Simul ated and measure

Fi®si |l lustrates the simul at
During the measurement proce
termi natbe0gd | wa tithhedasentire str
measurement is required. The
the simulation. The measured

band,Siwe s $-10hdB he peak tot al

Fi B6shows the simulated an
decoupled antennas, whose s
symmetry, only one antenna i

withOgawi dethal oad. Broadsi de

d gain and effic

ed and meas

ur e

SS, one ant enn:

ucture is s

y mm

measured real.

tot al ef fi

efficiency

d measur ed
tructure i s
S measur ed,

radi ati on [

simulated and measured radiation patter

cresod ari zati oAl 6i. ¥ IdBveamhBlt h a

mspectively.

integrity ofe,thenegramurednmlsamhow good d

pl anes with very weak backsi
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300° 300°

270°

-30+ 270° 90°

240° 240° 120°

180° 180°
Epl ane Hpl ane
Co-pol simulated —-—-— Co-pol measured
X-pol simulated — — — - X-pol measured

Fi g6 Si mul ated and meaoudr dd er aadchit aetidina®n )iGhbztFti ggr. n <

51.23Decoupl ing Mechani sm

To gain insight into the physical behavi
the electric fi elohodRisog/(rd)buitlilons tfroat & sh et hrev
di stribution beneaatdi athiengpgaeddedmommoAletilsn awm
exhibitwaval Babgfh st anddiuntg owa vaet -r faidasladt iwidoig st a
edges. The electric field reaches its peak
A"), while it drops to a minimum at the cen
field distributiontedcuerst eart dfhet wa rgaitad H y(

weakens at the open ends (regions A and A')

When two patches are positioned in close
through tBe aemlde arl)rginmeetairc f(i el dFsi,g7(ab8Bydepi ct e
altering the struct Eraenddlcofuptl heegeontcmioe d eeld g
When they are comparabl e, tdheec r ;evaesreall Ib ymuttht
cancelThasi EGmM™MCC behavior can be explained
magnetic couplings always possess opposite

network afi §aewn This characteristic is ¢
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designs to conftZsoll nt hdédi poswiorikons$ hef t heory i

the coupling between two patches. I-n filter
odbandquferne i es t o i mprove selectivity. Ho w
performance i n antennas, the TZs must be | c
To accomplish this, the &electric and ma g |

magni tude. Cloesegusntbihy,the patches need t

ensure the EMCC occurs in the frequency ba

Antenna @ Ports
-90 @ E-coupling @ H-coupling

(c)
Fi§87. (a) Eldicgtrriicbutiiedm under t he gn@tdeh for it
(b) coupling bet ween tEwonldfaiteclhd sa.n t{eonpnoatso g phl ri onugg
for the coupled patch antennas.

5124Par amé&ttudice s

To provide a better undemethamdi ndheofprtolpe
decoupling technique, sever al key paramet e
HFSS. It i's i mportant to note that when

parameters are keptkFi®g2 the values specifi e

First, the most i mportant parameter that
depth of the cut on the patepht chheotduéequen
di fferent cut depthsFag& NMhrnl athedeand mmoo"
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patch, wrd®dmeltyhe two patches are electrical
transmission | evel between the anthé&rna port

el eactoruipd ed patches exhibit a TZ below the

N
o
1

S-parameters (dB)
8 0B

5.0 | 5.5 | 6.0 | 6.5
Frequency (GHz)

Fi 88 Responses for the antennas with diffe

As the edges of the patcdhmhcareaasmsedi ftiheed ec
coupling decreases while the magnetic coup

gradual frequency shift of the TZ to highe

dept h, the transmission zecescah bbaepast er
resulting in a deep null i n the transmissi.
Anot her factor affecting the coupling bel

of the cutl)on At parpaethi ¢ sweéeeglpgi bhdohe on
simul ated re$subBb?s Tphreowiudevdesi n ndi cate that
sholg=zt 3( mm), the transmweri ofnr zceyeonadys Harcdt
to the antenna's resonancelcFr dgaedcy. mimg ,t I

transmission zero shifts to higher frequen
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an even | RFg®r mmal,ue he transmission zero

frequency band.

AN
o
1
w
N
N

i E LC:3 mm

—e— —O—LC:S mm

S-parameters (dB)
w R
2 2

—,— —— LC:7 mm

—_—— —— LC:9 mm

50 55 60 65 70
Frequency (GHz)

Fi 839 Responses for the antennas with diffe

This phenomenon can be expl ailnleds tbryatsda di d
i Ri®97. The el ectric field in regions A and /
in the cut | ength has a sgghifetanedetfbeth
field. As the cut l ength increases, t he e
transmission zero to shift to higher frequ:
B, further increasi rHgc otpH @ nagu tmob-eenm g phlhai nivgt ehkee |
Consequentl vy, wicth9ammeprythenmagmomeéti(c coup

smal |l er than the electric coupling again,
coupling mechanism. This hre sludwesr ifnr e ghuee nTczy
i n t eSpnrasr aonfiet er s . From this parametric stuc
derived: the cut should be designed with ar

can deteriorate the decaluptld nogp tpiemifzoea ntahnec ec,
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achieve the desired coupling

characteristic

l ength smatlHierrd tdhfant memepatch | ength I s recc
-10
m-20
2
(@)
=-30 1
o
-
Q
.40+
©
=
=
=-50 - O~
—o—w_=0.1 mm, E-coupled
1 _ -600
60 —o—w,_=0.6 mm, H-coupled
5.0 5.5 6.0 6.5 7.0

Frequency (GHz)

FiglOhBse responses of tElt® umpu teidadaunmioaigh | p atgsh é ©.

I n addition to the previous studies, anc
phase response of the mutuiahfocoouaelimg Vvali:
the proposed decoupling cbngleOp tT.woT hcea sreess ual r1
studied here. Il n the fliimgt doans em,atwlser @ tshea
l i nedewi @®@hl mm) is i mplemented. Conversely,
magnetically coupled widt=h Oa 6d emenp)e.r cut (bl

When the patches are eleceri takelgyveocacypba
When the patches are magnetically coupl ed,
phase responses of the two cases exhibit d
the patch. Notably, the diffff ey ensecoaltwean
pl otted. As can be seen, t he phase diffe
appr oxi menteealry t1h8&0 resonance frequency of t|
perfect EMCC occur s. This phenomenon provi
proposed decoupling concept
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5125Fi eDidst r i

To gain a

di stributi-onadgi atti ndg ee chgens ,
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I n the case of strongly ¢
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significant for
Since the
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The field

physical real ity
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radiating edges have a stronger effect on

control io¢ ame mdgrmeéetric coupling.
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Figl2 Current distribution®haod shedepptatbbdsi whe
(avpctpdrot for the cMagidieplugpmtfchrest.hdg boupl ed p:
Vectpdrot for the deMagmilEldd aftcrhetshe (ddécoupl ed

Current distributionBi®lnwvitthle dplaed dheisdar e
port exciteddi sStrricdaug iboanrso esnér ved on both p
are coupl edi lRLaskdFa@whebnh. The current distri
t hat the porthesx ciitmaud tamteloupsdty because of |
Af ter decouplimag, abnhhy ebdgenonf the patch
cancell ation happens, shbiws st som@t custmramtg
met hod does nohgbbetWwereackit awtoildmd nehdeg ecso.nt r ar
this phenomenon indicates that coupling car
in the other region of the coupled patch i :
bet ween the ttswo sanstnmeanna plohre current distri
t he-hlhedt si de patch is activatednwhddithencgc:
the symmetgmodbd drmhet TeM exci ted patch 1 s |1 mg
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513Suppl

ToF urt her

e m@ansiStau dyy

demonstrate t

he

effecti

veness o0
additional case study is presented in this
performance of the proposed technique for t
a nhdielectri cmnstunbiBcokg@at e4083 1sbbstrate is
configuration of the dedpaBhed antennas i s

Rogers 4003,
thickness = 1.5m
A
]
)
]
]
|
P
)
i
@)
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-10 - X Pl \\ o
™) ol 5
E e \
9-20—" |
5 B \
Q \
‘% 30 —-—8,, of decoupled patches \ P
- — Y - -
© —o—S§,, of decoupled patches A "
(?)' ——38,, of coupled patches, unmatched '-‘ /
-40 +--- S,, of coupled patches, unmatched -y .
i —TZ
|—=—8,, of coupled patches, matched N
- —e—S,, of coupled patches, matched
z T g T x T T T Y T T T i T ¥
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Frequency (GHz)
(b)

Fi #13Decoupled patch antennas without air sub

decoupled patchesk= DlilpggesdLi owms , 0 WpEAn3 0= 1 .
(b) Simulated responses.
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|l mhis scenari o, the mutual coupling betw
governed by magnegtiin@alcdumlnismg.ssi on zero i ¢
frequency range of the antennas'’ operating
prevsa@aedt:n st he weight of electric coupling s
magnetic coupling. To achieve this, gr oove
regi on orfadtihagd i mgn edges of the patches. Tt
effectoveheuprésence of a strong magnetic
this alteration serves to reduce the magn

magnetic coupling cancell ati on.

Th&parameters of t he dec oRi gileBdb ) p a tTchhee s
observed results indicate a notable enhan:«
reaching 16.6 dB wit hiim-1t0h ed Bo.p elrna ttihoen aalb sheanr
modi ficati ons t o t he pat ches, t he consi d
i mpedance matching for FobdpidBpbantennasi mper i
note that although both ports can be opti
structure woulydo oap ebraantdep assismiflialrt er wi th a v
up -306 dB. I n this scetnuaarli o¢ o utphlei ngyt, r otnhgee r
bandwi dth. The energy injected into one por

instead of radiating to free space.

514Fowerl ement MI MO Arr ay

Thgroposed EMCC decoupling concepnt can al
of l-aac aMdeM@ r r ay s . For dembemenat i MOMO ar f a\l
designed withptlaes 4 dneel pgnesndth eosnseRr uct ur e of
f o-arement MI MO afi @y4 ivhearepitche df dinr patche
al ongH-ptlheenn& ol | owi ng the design concept intr
of the patches are all modi fi eddi. r Pueabhbehhae
(ANT) #Bodrth AN#)e,nntahegse two antennas are
di fferent di mensions from t A&Z2o0tAnNgF) .t wo ant
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The di mensions of t FRFe®ls4 rTuhce uarnet earrnea pirso vfi adbe

meas UFri@gtl presents a photograph of the fabri

Ant. 1 Ant. 2 Ant. 3 Ant. 4

Figld Struct terle mefntt iV DMOmen g iagnks= i 1nlnBndbm:
20 Ik, 41265006 ,2 0:=4 5 wb=wee=0 . W=, 2 B»=9 ,2 6,0, 85,
d=1. 45.

) D

FiglboPrototype of-ef leemeptt o pMd MOd a4 r ay.

The simul ate&pamnameneearsserl efinetnite Ml dWOr arr ay
preseht®ldé iThhe mle sduB ebda nAMT daAlNGE faoie 5. 78
6. 1 GHz -@and4 5GHA, respectivel vy, whil e t he
bandwi dt i6s. 0B8f GHzH22 08 BHZ4 r espleltOi vdeBl y. Wi
bandwi dths, the minimum isolation between t
measured isolations betwe&)h adgacint da&t ¢h
which correspond to simulated valThes of 1
i solations-adjea svverrtin maincShlesamd e P,5d@iBt( h(
corresnpgonsdi mul ated values of 26 dB and 32
reflection coefficients, the simulation a

despi redmiffierences in resonance frequencie
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errdbmes .i sol ation curveandpragqgdeacwall el @omme
variations in the-aidg alcatnit oSped einevne&exwa nf(dre no

attedbuto t he semagni vudeg tof anlsanw ssi on C O ¢

surrounding environment in the measurement
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)
£
L f
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©
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(b)
Figl6 Simul ated Spad amedsumsddedoanent hdMl WMD) array.
reflection coefficients. (b) isolat
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(c)
Co-pol simulated —-—-— Co-pol measured
X-polsimulated — — — - X-pol measured

Figl7 Radi ati on paltdme mtsa MiodD tFh @ . B-bl). alrbe
wi ANT exciH-gldand¢AbNL tdix ciHpeldanegAdWE tdaxci ted. (d)
H-pl aneANE tdixcited.

Simul ated and measured radiameon pPhMOean:
preserrtidgd 7i mwo cases are measured here. Ge
patterns can be observed for both cases. B
ground pl anehow hveerayntleonwn alsacsk si de radi ati ot
changes are made to the gemmdéeryadf attihen |
preserved for all the antennapol dhusatiabhs
More speci ANTal byacwhenated whereas the oth
wi 6l oads, t h e -proelaasruirzeadt icornmo slsevel s are 18.

t han -gdilearcioz aE-aoHipIf @me s her es pAeNCt, i vt ehley .c rFoosrs
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