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BORIPEREZERMSMAPEEEI NG 0 EROMIREEEEZS 2 e nTcE 5,
ELT, RV v b ERZICEER L 10 W CEIfET 2 MSA DOFEHII[18]1% X 1.2 IZ/RT,

% V) v 7 MSA[22]-[24]13. KE X DERLZIEKDY v I/TBETEREL. L 7u—71C
LOMETMETH L, Pl LT, Vv IR IBHETZEMT 22 LI Y FRE
WCEET 2 3 ) v 7 MSA ORI ZK 1.3 1R 3[22], £/, %V v 712 MSA XX
14 ICRT LI 2200 L 7o — 7R ERT ZMEICHET 5 2 & T, BRREILA{L A
BE L 72 5 [23] A B W CIRERRHELADZ01c% ) v 7 MSA OfiE% IcH T
%, %V v 7 MSA O 7 JFERRLRF 1L 5E —FIC TR 5,



(a) Perspective x'i?w
a
—ip= P bl 1 [:J}, :
=2k P L ]
% i ¥ T‘l . HI § -
(b Cross-sectional view {c) Antenna element

h, =238 he=6.87,w =0.4,w, =02 w =125 =p=g=0.4d=01.F=318F, =156
P=5.0P,=0.0,P,=0.8.P,=0.8 P=0.75. D=0.50,t =t,=1.2, unit:lmm], ¢ =2.6
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(d) Reflection characteristics

L12EHEVERY v + O LIE MSA DORERLX

(Ref. 18)
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Frequency [GHz)
{a) Top view. (b) Reflection charactenstics.

h;=23.8,w~ws=0.4,g1~gs=0.4,d=0.4 P=3.8, P=1.5,
P,=0.0,P4=0.8 P,=0.8 P=0.75.t;=t>=1.2,unit:[mm). : =2.6

1.210 JAWEHE V F R Y v FEERTO LI MSA
(Ref. 18)
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(b) Cross-sectional view (¢) Antenna element

[ a,-b,=22.1, w,~w,~ | 6, d,~d,-0.4, P-10.8, P, ~1.5, P08 P,~0u8, P,-2.25,
=1 2, unitanm], ¢ =26, 8,1 /18,73.65%, £1S, /8,71.21%, S5+ /8,-0.41%

i

1.3 FR#% ) v 7' MSA O FEARERK X

(Ref. 22)
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{Port-1) - . N ?
Frequency [GHz]
{a) Configuration, (b) Reflection and port-isolation. (Sim.)

a=p=22 1, wy=ws=16, wy=12 d=d:=04 P,=P=98, Py =Pg=58,
FPo=Pe=1.5, Fy=F,=0.8, Py=Fp=0.8, ()=1=1.2, unit:[mm), £=2.6

1.4 EXmFEILAHEL V) v 7 MSA
(Ref. 23)
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KIT, MSA DILFIBAL D AT ik~ 5, nE, KL TSHIC L 72 MSA D LA
2DV T D BRI 2R SEATISE & RIS L O FEl 2 B IC D W TIZ S —TmIc bR %, & d
RN 72 MSA DR b ol & L T ekl &46 8 MSA25]. ¥ v+ v 7#aE MSA[26]2%
REINTW S, EHAEAHE MSA OREN %M 1.5 1IR3, TEICEE L - G EMREE T
Hir~Ar7aAbY Y TP O HHHETTH S5 MSA ICEMEAREZITIMETH S,
¥ v v 7HaE MSA ORGEXIZ [ 1.6 IR, fELY v 2w 28F O MSA & T, K
WHETFLOMEBEY Y ORFICARLZEMN L ZHETH 5, WINbHEL L B oMIC
NEWYV T 72V AZMABZETIT 2R Y AR ZHREL, LI, vE—&F v &
~vF VI EHFLILEHNE LEWETH 5, 8E DO MSA O AR 2% 1T LT,
BRAEOHTE MSA 25 13%. ¥ v v 78 MSA 28 15% & NIt 2B o 5 2 & 23
INTWD, b, KFCICE T 3 SO ER T, KA EHR-10 dB % T (0] 2 J&H L
LLTWw3,

Radiation
element

Dielectric

tuning
substrate stub
feed line
ground
plane
1.5 JEHER GG MSA
(Ref. 25)
Radiation
element
Dielectric
substrate
ground

plane

X 1.6 ¥+ v 7HE MSA
(Ref. 26)



Z DDA MSA O & L C L 71— 7% MSA[16]. A& v 7 MSA[27]. U A 1
v b MSA[28]. E-shaped MSA[29]7 ¥ 3% F b b, L 7' v — 7HA%E MSA ORARLE %
1.7 18R T, ISR 7ZIE S AHE MSA - ¥y v 7% MSA LFHERIC, L 7r—7 LK
FETOMICELI2BBEY T 72 v ALK VEHRICES T, v =X Vv R~y F v
#EAEETH B, Tu—TREEI B L TCRENY T2 &2 v AP EEATRE 75 JHI
BEIFAL LN T L BT TH D | I 35% & e 2 JAHEFE A S o v b, L 7 —7
fa 8 MSA AR IRIE Z R S8R & LT, BREMEY 727 2 v 22 Mz T s it EE—
FRFEIETWEELED S, HEE— FICX ZAHEA Ol 2 FHEIC O W3 &
ICCiRR2, K18 IKRT ALy 7 MSA RIERERT2MEET 2 itk TEAE—F
EREIEDLZEICLVINFEELT aMETH Y AL 52.5% L o T, ARy Y
MSA I RIFRIEFEFESSRON S —T . Rud L CBmERTE2EEST 27207 v T
EEROFHIBKEL D MSA 2T 2 HEROEHD L hoTLE I ABET LN,
CORMEFRT 272010, —EETHEE - P2 REIEIHEL LZbDH U AR
v b MSA TH %, HEARE#K 1.9 1T/RT, UAB vy b MSA OHIIL 30%TH 2 Z &
BHEINTWV S, URAB vy b MSA &[ABRIC—JEREE CRATRETH 2 LTI MSA & L
C. E-shaped MSA 2MEE I LT\ 5, MG %X 1.10 1IR3, HRE RS 2 < —
Rz, misGElAs 2 2 et L iR 3 2 E £ — F 2 fllafdbe s 2 L T
HEE— FeREIEREML T, FHE—FVZH0Tw 2 2DRE L BUHE
MPEER2 C EAARETH B, AL 27%TH B Z B |ME SN TV,

o MSA DILTFHALDEAR D 5 B ARG TIEL 70 — 7HEMSA ZIGHL TH Y,
< NF ANV MMLD =D IR IC Y v Vg F e vz L 7o — 7iaE Y v 71 MSA 23
FATHFEE L TiTOIL T 5, T OWIFEDFEM Z iR & AT MSA O JFBERIC DWW TITE —
EICTihR 3,

Radiation
element

Dielectric L/

I'---l7
Ty
substrate "E"):\
() L-probe

ground plane

X 1.7L 71— 7% MSA
(Ref. 16)



Parasitic
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Dielectric s — g
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substrate A o - /
feed pin——+ Driven
Patch

ground plane

1.8 2 & v 7 MSA
(Ref. 27)

Patch
U-slot

Dielectric )
substrate . i
feed pin

ground plane

K 19U 28 v b MSA
(Ref. 28)
E-shaped Patch

Dielectric o
substrate

feed pin

ground plane

1.10 E-shaped MSA
(Ref. 29)



1-2-3 2 FBIAHIE MSA

INFET~ATF Y PR, F 72 AT E 2 9 2 MSA O fTHFFEIc o v Tl
TS, IRHIREE &~ L F o8 v FERIE R RIS 9 2 MSA 1D W T DJETRTSE b 17T
W B ARG D IAHHE R L = v F Ny FREERFIRFICHE T 2 MSAZ HEF L LT3 720,
AL OfLiE DT - B BRI 2 2010, & 2T 2 B CEIfE L. 20 L%
35 MSA DFEATIFFEIC DWW TR %,

2 BRI MSA & LT, 2 DD R 2RI~ CRCE L, RFRICACE X
N7=L 70— 780N L TENEFNICHET 2HEED MSA 288 T T w3[30], 1
R ER 111 IR T, TV T TR0 mE S IR RERE O OB B> TR 0145 R
& 7o T | HARIEIIAKEBGR T 20.8%. R EH T 17.9% %2 "3 Z & B3fE I T3,
ey > v I cHo 2 R ClhwiERE s BT 2 LR T v TS O T
%, —Ji. TOMSA F2 DD HET ZW_THEL TWd720, 7TV 7 F2E0 M
BREL RS TLE D, BT, 7 ¥ T F RO MBI L TRELZ L2 b, H
Pefllo B H O ERBESENTLE S XD D 5,

ax

4—W1

500 SMA
connector

f— 12 —| i‘-"'e

‘—qu
X 1.11 oLz L Fe—7ck WiaE I 5 2 FEF MSA
(Ref. 30)



R JEBAN DU R+ D BRI M O R F A EE I b L) ICiEI ., 2 D20 L
Ta =TI ) ENZENMEEZIT I MSA BERE I N TS [31], MERZX 1.12 IR,
TV T REROEETIEH 0139 R L 5 Hear I RSB T 26.6%. =BG T 42.2%
T, 2 DD ETAE R OICEE LT B 2o, iR & SIS L i oS & —
VBB LNTE Y, HICMOIIIE & L THIEAIA W EBEFTH 5, —T, Sk
(A D T it 35 - 7% SR 3 2 BV AEC ] B A D S 38 - s MU SB AR D AR B 2 4H 5 7= AKJEE M o
R L B Z T 27200 T RRETHY, COTVTFH Tk 4 Ko7 ik
LT3, Hic, L 7v— 7%\ AL mAEHIcZzEAZMOb DEHNT W5, %

DIz, T T FOREEP NG TH %,

(b)

112220 L 7 -7k ViiEINDE 2 X v 7 MSA
(Ref. 31)



1-2-4 EXRREEILH 2 B LARERE: MSA
AL 2 AP CIA R E 2B 33 MSA I oW, HICERmRERALEZTY 2 b
ZHEEE LCWwb, REICIE 2 RS CILFERHE 2 A 3 2 BERREILH MSA O E1Ti5E

ICDWTIER %,
30D VITBETFEREL 8AD L 7o — 7k VIE I N5 MSA 28, BRI
MR MSA & LT 2 JAWAHEEEEZET5 2 L AMEINTWA[32], HEN%EZX 1.13

ICRT . TV T T REOEmIIFH 0150 KL hoTH Y, Wiﬁﬂ&ﬁf%9@r%
JR T 552%% R 2 EBEINTWE, HiT, 74V L—v a VEERIEEAT 30
dBLAE, o T3, FIRKCENEL 226, IEFEICIAVIFHEE T AV L —v 3 VE
HEEHL TR 0T v T FOMHRTH S, RE& LT, K1LI2ICR L7 MSA &
(AR (2K JE AR D 5t 3 - 0% v JT AR o0 B D B i i8R D 1 % ﬁbtb mﬂﬁﬂ@
T & WBR DS NI L 70 5, F 7, EEBAN OFHIE % [R5 72 O IC AR E R T
xﬂvﬁ%ﬁ&tfwétb\%?@ﬁﬁ%ML?V%%QW®%é%k%<ﬁo<wéo
BT, FURW - IR - BT A4 Vv — 3 a YR EH S 3 72 0 IR B & SRR o
ZNZNITKHBRIEEZ V2 BB D 5,

P
/ £ (lower band)
% ‘
K
\
Lowest paich
'\.\ (lower band)
Lower patch
L-shaped probe  Upper patch (um,ﬂ-::d,
(upper band)  (upper band)
ooy
Coaxial cable with ~ F===== SMA connector
mx‘:{:.m.;‘:r T Lower patch (lower band)
(upper band)

connected 1o ground Hm: T
1 Haz g

Lowest patch

(Io:\erbmd) Coaxial cable 2r (lower band)
substrate r”' Th. H,
L
| Frecrron reracac om) {1 o - . 5 wTerar §

e 7
SMA connector Feeding network Feading network  plane  Microsiripline
(upper band) (upper band) (lower band) (wa.Tm
B 1.138 2D L 7'u— 71 X V58 & 112 EA M FH PR 2 JEl MSA
(Ref. 32)
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BERmEERC R OCRET A Y v—v a VREOERZHI L L 72, BRI O B Rk
HHAFIMSA & LT, K113 ICR" 3 MSA LAFRIC4 2D L Ve -7 X W ifEI D
A Xy 7 MSA DMREINTWB[33], MEX %X 1.14 1I</"3, 1 JEECEIES 2 MSA @
720, K113 D MSA LKL CL 7 —708i3FEnicikoTnd, TV T Fekos
UL 0132 R L 7 0 HIIE 224%. T A VL —y 2 VEREIR 36dBULEE o T B,
1 A CEIEST 2 HZBR VT, M 1.13 D MSA LAOH#MEZALTH L, T4V L —
va v AEBEABETHE T, 4 2O L 7o —7ICHET L7200 RIESLEL
D, BEEPEMTH L EBRETH B,

\, > Gw, -

N
I
e |
¥ |
4 | al
Y
N
Vertical metallic
sidewall e s
Hy -+ khi z
\ W !._Wgzlt}h N :(_“
* p L p— p— ---.n-iW’l-
op T & 1 x T FTE
T DR I
Microwave 2R 1 Ground plane

114420 L 7u—7IC X VA X 5 ERRREAR LA MSA
(Re. 33)
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TE R CEIE L 2 B CIATISREZ B L, HOoMEMEEZ LIS LW MSA & L
T, 420 L 7u—7L&EAEL2 W25 MSA MER I N T 5[34], HER%X 1.15 1278
ToT7 VT RO T1F0.195 K TH Y | Hoar AR JEBERT C 22.4%. =1 8 T 43.9%.
TAVL—va vz 13dBLLEE Lo TWw3, [M1.14 1C7RF MSA & HIlR L T, #ER
FAEBEL L TWARWI EPHETH IR, T4 VL —v 3 VEERED -0 Ic 8RR 7
OREL T2 -oErsE@cd s &, EBMAEM L R ZHR R ALYy 75#K
TLRAEROAMRT 2 A2y 7 FR 22 NZ N2 OBLE LA 4 FZTFTEELTE D
1 FVCEIET 2 HhED MSA & i L TGO BEEME W C L AR ETH B,

!
?3‘\ Side wall

vy Wall b AN
X : o .
T—b '\‘Jr"'lf’o polarization (port 1) (a) Top View ‘/‘_450 polarization (port2)

ol o

(b) Side View

1.154 20 L 7'v—7 & &JFEE % F W 2 [E A % H: F E AR R 2 J83 MSA
(Ref. 34)
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ERMR I CERMREIH 2 BRA SRt s L OmT74 v r—va vRtER A L. Ho
Y TINBHEECEIERRETH B MSA L LT, FHERTEHTLAX Y 7 MSA MMREX
NTWw3[35], HEXRZK 1.16 IR d, K 1.6 18T MSA EFRIRICE v v 7HELEHWT
N3 e S, AREE L @A ORFE 2N EZ BB T 2L TT 2T ANV P
o3, £/, FEOY v 7EEFOHMICEKE S N 2FERFICL T &
TAVL—=va vEE2FEBEL WD, 7 v 7 F2hom S KE B o 0RO/
0.09 MR TH Y, HFEHITKEER T 12.4%. SFEBH T 149%,. 74 Y L —va VEE
X 17dB A EE o T3, MERKCEZEO T, EEEELHCCELT Y Y Ik
WETHLLPFRTH L, — T, HHBCCHRNT L, FERTEEMT LI LI
KXo TT7 v Fako HERESEMT 2 SB35 LTET L5,

[ Top patch N Bottom patch
_ Firstsubstrate | Ground plane

~ Second substrate

(@)

(b)
X 1.16 FEFZET A T 2 ERmB I EARR 2 kA £ v 7 MSA
(Ref. 35)

DL 2 JE# - IR MSA OEITIIECTH 5, AL CTIRET 27 v 7 Fid, 2 JE¥ -
A - EARNE - BRI c E T A Vv —va VR R LR b v v S LHDa Y
NP EREEE VIR E AL MSA TH 5, IRET LT v TS L LEROKETHRL D
AR R HERELLIRICRI L TR =F D D RFE D Z NE NOfSwIC Tk~ 5,
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1-3 B L 7 3 R L FEIiconwT

KX T, IV ED=—RITIEzx 5L 2 JEWA CIAHHERRE 2 B 3 2 StkGe e P
TvTFoERZHEL L TCwE, 22T, IV FEOREBENEHEO—D>TH S 5G ICiEH
L BET v 772356 0HE I Vs - 3V B IC THEAZRET & 0 C v 2 JERE0E & /13
—F 52 EEHEE LT

K17 AY A BRI - pE - #E - HRICBIT 2 5607008 Y- 3 KED
JEI B #E] D 24 TIRUL36]TH % o 27GHz T3, 40GHz T3 D JEIIEFAFIEAE Y 4T H T
%, 27GHz #T1Tl%, 24.25GHz %> & 29.5GHz £ THFH L T\ %, H.LJEHEEDS 26.875GHz
TR 19.5%CEIFS 2 7 v 7+ ThE, 27GHz T D4 T O JEREHIFH % H N —F
22 EDAEETH Y, AFHXD Istmode DX —7 v b NV FeF 5, —J, 40GHz LT
I¥. 37GHz #* & 43.5GHz ¥ T, MU 47.2GHz 2> b 482GHz £ T#{f L T\ %, 37GHz %
5 43.5GHz % T RGP IX, T0 RS 40GHZ THAFIK 15% CEIfE S 2 7 v 77T
HNITETHN—T B LENARETH B, 472GHz 75 48.2GHz % T JH B ICEE L
T, HHIRT 2%FE & 2 D @E D MSA THAN—R[REARHINTH 2720, KFHLTIE
37GHz 7*5 43.5GHz % 2ndmode D X —7 v b NV F & F 5,

T AV A - BINE 65GHZ T b L T 225, ARFHSCTE 2 A ics T 2 8% H
e LTWwab 7o, 65GHz L% &8 7z 3 BIIKIAHIRD MSA I35 %O HEE 35,

Y LV ERIRERSIEFICHEL, Ty T oA X IEFE TN S wi ool
ERSES LI E 5, 2D=OARHMLITENTIE, <A 7 v I T - BER O E 2 5
et A, 2N o DfER» HHE I Y - 3V ~DICHOEH 2155, 72, &5
L 3% 1st mode & 2nd mode D JEHELL X, EFED 5SG o =—XicfiEv27:40 L L, H
e 3 2RIz Z 2 20%, 15%FEE & 3%,

K1 TAY A - WM - HE - EE - HAROJEREEEIY Y TRIL (Ref. 36)
- Hitdk IENZ S
T AU - 27.5-28 35GHz(2019 4 1 H ITE )

* 24.25-24.45GHz, 24.75-25.25GHz(2019 4F 4 H12#24)

- 37.6-38.6GHz, 38.6-40GHz, 47.2-48.2GHz(2020 4F 3 H |Z#24)

* 57-64GHz, 64-71GHz(5eiF~ZF]H)

R » 24.25-27.5GHz(24GHz LA TP 5G FATEAD 2D D/SA F =T /R R)
- 40-43.5GHz(fif 22 7 X —%BE L7235 5G /N R & LTHRED

* 66-71GHz(FFF A ZHH)

i - 24.75GHz-27.5GHz
- 37-42.5GHz
i [E - 26.5-29.5GHz(2018 4 6 H1ZEY)
* 24GHz UL L0 #8n> 6 2GHz g
HA - 27-29.5GHz(2019 4F 4 H1ZE2Y)

- 28.2-28 3GHz(12 —71/L 5G & L C 2019 4F 12 A £ 0 SaFF G5 1 Bl 4f)
» 28.3-29.1GHz(12 — A1)V 5G IZHhlS TiE)
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{EICBE3 2561709, BIFE L 3 2 sGHRBEC & iR ic > v~ %, 35 " F Tld, MSA
ICREF 2 FARTEGR, ARG B WOl d BHE AR ©H 2 v F o3 v FL - Rk
BE3 2 HiEm & SefToE. MUK CHOWARMERICOWTHRS, FEETIE, 72TV
Ny FREE IR A FIRFICHE T A MSA E LCL 7 —7fRE2 U v 7S MSA 122
WTibR 2, FEUETIR, L7 —7HE2 Y v 7 MSA ZEXRmKEHLLT 27201 L
7u—T7HERTAMEIC2 ORET 2 FiEiCowTii~ %, FHE T, BERXmEILHAL
ENFZL7Tu—THE2) VI MSA DT AV L— a VR RGET 3 720 I it &
THRICET ZEMT 2 FHEICOVTHRR S, FRETIE, FHAFEE TITHRETL 72 MSA 2
HEA DK E 21T X > THIE ’Hlirb SB B 2L RS B 72910, MSA DOJEFICF v &
T A BB L 2SI O WG, BLEETEHATR L OMmE RS,
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A

ARETII, KL TR 2 ¥HT v T FTHE, <4 270 A ) v 7T VT FMSA)D
FEEEHERIC O W TR B, FARER, FfliF v © 7 4 =7 AT X B NERERER. SRR,
A4 ve—xva, faatRfG, BaR 0Qn). BEEIEE, HiEHic oW Tilir 3,

RIT, R 5 MSA DJGH L L T d BE BRI cH L~ F N ML - A
AL IS O W T OFEM 2 3 & S TSR IC D W TR B,

BRIC, RFmIcB W L 2 HIERICDO W TR~ 5,
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2-1 MSA DENEFRE
2-1-1 MSA DEARERK

~A 78w XY v 7T VT F(Microstrip Antenna ; MSA)iE, X 2.1.1 IC/RT XL 9T, HWE
AR (Ground Plane) 112, JE & ¢ EEE R s DFEMR, £ O FITET % T (Antenna Element)
RECE LMK E 7o T 3, GBEFE T v T FHER E LTk, KFER (5=12~5.0)
K OMEFEBEAREL(tans=103~10)TH B3 L BEEI L W0, 770V 77 74~
MR (6=2.33~2.60) LFIIMEL (6=1.10~1.20) FXH VLN Z 3%, L LA b,
R - JNEIBLAR Q () &R I N GE TR, = Y= = B EHF W D
Na56b55, X211 LX), MEFETTFEHETA R THL,
X, BN R T OO HEEEE 00 DALE CTHERE 2O 2 1Y ¥y b7 — 7 VO [REIFREE
XV EERET AR TH D,

K CicbsnwTlt, BERERICIET 7y 2927 7 4 RS, YEHEITs
=2.6. tand=2%x103TH 3%, £72. SMA Lt 7 X7 v a4 7 2iC X 3 &5EBETXE2HNT
W3,

AN

Dielectric Substrate Antenna Element

Ground Plane

F : Feed Point

2.1.1 J7E MSA D EEAKE 1k [X]
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2-1-2 MSA O NERERER
MSA (2. A MY v FiREEZ UM L CRLE L72b DL AE 500, A MY v TiREED
JEIPH 7% R EE CAA% L 72 E 2 5> T 5, hE & G O BAfR 1L, EREE L ER OBRE R L
TH B0 5, MO KR Z KT IE, iR BEBRIIRKICA VERIIEY LR 5, 22T,
Z b Uy TERE R EARE T BREEoh R TERIZTE e L BERIIRKE
%, ZOWED»OWNHERTIE, K212 RTF X ET 4 TT ALY Z OEUFELS KD
bid,

\

A
®©® ® ® ® ®
—————— >
—————— >
—_ e — > I y ® @ %Eﬁ
———F - —> — >
se e (o
Y >

2.12  JiTE MSA @ NEFEREFL S g 77 A i =0

zzic, *a?ﬁx%w@ X mbEEE”‘BFaEJ{EzEJO RTINS T, EROES

m (z#l7m) i 5 (E.) %75’9’"5 TM ERRE 5, #E> T, FARE—F TM)o
ﬁ%ﬂ&ﬁwfﬁ%éht% DWNERE BEXRACTREING,
E. =E, Sin(zxj @.1.1)
a
H, =-JE, a;[oa cos(% xj (2.1.2)
E.=E,=H =H_=0 (2.1.3)
7272 L. Eyi3BER (E) DIRME. wold EWETDH B,

X 2.1.3 I TMyo & — Hﬁbiﬁ)ﬁﬂj@ﬁﬁ/ MSA @P\PK BRI T,
F 72, TMioE— FOIIREIEEL fo 12, xR c LT B L
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f = ¢ (2.1.4)
= 1.
2aeﬁ"\/g_r
T T T, ag 3IFMAREEIENE DD TH S, Thid, K213 IRTHEHFETIwRICE T
57V vV IR EFEEBICANLEREITHY, BUEROESNR a K VELS L2, apl a
DOREIfRIZ. FEFEEFe FHV 3 R TREIN D,
h(e, +0.3)a/h+0.262)

a,=a+0.824 2.15
K (6, —0.258 a—h+0.813) @13
-1/2
g, :8’+1+‘9’_1(1+10ﬁj (2.1.6)
2 2 a

2.13 JiE MSA © NEBERE S
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2-2 R RER RIS
2-2-1 st

MSA DREHERTE . FEAEROE S 1 25 HHZERIIE 1o CH~FHhE v &
b, X212 OWREMER L 35 2 & C, FilRECLVkoohsd, Thabb, Yt
FT ORI R I T 2 SRR A . FRRS T 2 C 8o X o THEHERMES Rk &
N2, TOFEIC YR -HEHEAE IR TRE NG,

—JjkR
E,=—j © (Mj cos(k()Ta sin 6 cos ¢)

R P 22.1)
{F(6.9)cos ¢~ F,(6.4)sin ¢}
— kR
E,=j ¢ (ZkOhEO ]cos(koa sin 000s¢j
R P 2 2.22)
{F,(8,4)sin ¢ + F,(0,4)cosp}cosd
7272 L.
2r
k,=— 223
=7 (2.23)
sm(kozb sin @sin ¢]
Fl(0,¢)= 2.2.4
0:9) k, sin Osin ¢ 224
k,a’sin Ocosgp . (kb L j
F,(0,¢)= 0 sin| ——sin @'sin 225
:(0.9) 7* —(kyasin @cosg)’ 2 / 223

221 I MSA OUHIsRED Y S 2L —v a Vilidrd, 727 L. BERY I 2
L — & & LTIZIE3D A\, 60mm X 60mm D FHFEHIN Z{KE L T3,
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0 0 [deg]

180 180
E-pl H-pl

[f()ZS.O[GHZ] , &=2.6 ,a=b=17.4 =12, W=W,=60 unit: [mm] }

2.2.1 J71 MSA D~ & — v T fiE D —15]
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2-2-2 fEmEMHEFS
T v FofERENSIT. EBHFRICEIT 5 —HROKETEIEE L &SNEE 22T M
BV EELA-BNEELDkTHY ., X TEKINS,

G,(0.9)=—— 41(0.9) (2.2.6)
[ [2|E(6.¢)’ sin aaaig
=72 L.
E©.4)" =|E,(0.9) +\E¢ @, ¢)|2 (2.2.7)

E 70, MSTE NAVIE, % b 7 v 7 RHCO BRI OB E B8 L i
HORFI £ V3, SERERIT G, 1, BORAIR ) & JRIIHERI & XD & 5 ek S B,

G, =nG, (2.2.8)

a

BRI, 7Yy TFF~0RBICEBF[4 v E—KX v RYy F Y IOREEMICX
PREEGEYED D, ANA Vv E—XV REBFROEEDBIN TR W ERGIETRY, vk
B L7=T v 7 oGz BRI LIRS, BERITE G, 13, EEERKE (VSWR) S %
Atk ch5z b3,

G(l
Gy = v; 2.2.9)
2
M = (1+5) (2.2.10)
48
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23 AHAve—&Xv =&
MSA DANA VE—F VR Ziy 13— FRKICKEA VT 4 v IR 7 P AERHGTRD L.,
XAXTcHEzbNn3,
1

~V..V
b 0" Yo

7 =

" P+ 20W,-W,)

T TT, Vo Mo*lFZNZENaEE L L 2 DEFALZTH 5, £72. P i MSA HZ D2

K&EIITH Y EHE P(Radiation Loss) . E{A&$H P.(Conductor Loss) X Ui FE 448 P, (Dielectric

Loss) DFITH %, Wee Wy lZZNZF N MSA OPEIKICE 2 N 2 EAM, AT 4

LF— DR TH D . MSA ONEREMA %2 MSA ONEFEICEin 35 2 Lic X bk
o, UToXricbGzbns,

2.3.1)

P=P+P +P, (2.3.2)
1

W= 4, j (2.33)
1 2

W, = JHo L|H| dv (2.3.4)

f:fib\ Pr\ PC\ Pdci%ﬂ%‘\ﬂé_\’ftb‘:i Dﬁ\z&bbﬂéo

P,=lexH*-ndS
2 Jsh

el 2 (23.5)
2 .
- EJ.O .[02 QE9| + ‘E¢‘ )R sin G ¢
P=R][ j02”|H|2Rd9dR
) % re 1/2 (2.3.6)
- h /Joo-c
1 2
fa :EadﬂE' v 23.7)

=2eW tand

T, shIXFERICEZERABES TH 5, $7-. R IRFIEY. 0, 3FEROEELXRTH
D, &Lk ckaIns,

R = (2.3.8)
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o, =wE,&, tanod (2.3.9)

72l Ly w0 3EZEFOEER, o PEROEER, tan 0 FHAEROFERIEETH Y. A
M7 v T F BT TOEZILS,

Ly =4rx107 [H / m]
o, =58x10"[S/m] (2.3.10)
tans =1.8x107

X 2.3.1(a)Ic i MSA DANA v v — & v 205 E, [FX(b)ICHAEEME ICHT 3 A

NA ve—Z v ROFEELR R T,

60 ——————

() A4 ve—xv=

0 02 04 06 08 1

O 1
2p0/a
(b) MMEMEICNTEANA vE—F VR

231 JHEMSADAJIA vEe—XVv A
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2-4 AR Q. BHIRKR HBIE
MSA DIEERT Q(Qo)lE. BUNEIEE n L UHHEE B & B8 5BR 2z Fi>2EERTH 5, Qo
X MSA ZHREF L F 2 72 & ZICHIRBNICER I W oA v ¥ — (W) L HAY47- 0 DiF
KEH (P) DHtTEE B,
W,

W,
= 0—=0————— 24.1
Q=0 P +P +P, @41

t

/o, BORHER. SRE, FERRICERT 2 0. 0n 003X TERE 5,

w,

= —

0, =07

/4
=w—- 2.4.2
0. P (24.2)

v,

= —

0, P,

HoT, QIERAD X HICKRT LA TE B,
1 1 1 1

(2.4.3)

[ +_

QO Qr Qc Qd

TZCy WeWaAWy TH 5, 72, HIRFFICE W TIE W=w,, DBIRAD LT 5 DT,
(232~9) X%#@242) XcRAFT 2L, ZhZho QflidkE 5,

0. = h,/% (2.4.4)

1
_ 245
Z tan o ( )
¥ 72, BUEhE o W BW ILEERIL S (VSWR) ZHW TR TcRans,
y= (23 (2.4.6)
0.
B =S=1 2.4.7)
0,S
P> T, VSWR=2 oz ke 2 %,
gw =107 [%] (2.4.8)

0

241 ICHIE X # 2L &7 & & |AN O, BERIEn kOtilig Bw oG HEE%
NI
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100 10
g%m *8@
rc.9360- -6§

= ]|
i 3 =
Egﬂim 4 =
g 1. &
=90 2
". L L L L L L L 0
0 0.02 0.04 0.06 0.08

hl Ao
[€F26Jmuﬁﬂﬂom,0568X1W[Wm£

241 75 MSA OEMNE X 1T 3 MG M O, SBUNEHER, i

D FHEAE
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2-5 =)LF N/ F MSA

HITET & TR~ 72 B 7 & D MSA 13, H— DA CEIfE L. R D 2%REDJE
S OFBERIEREHCCTE Y L 2%RETH 5, AFRITATE D BT~ 728 Y
MSA D=L F v FL - Rt A, V7 v 7 & LCHER 2 EERELLEZ B e
L72bDTHY, 2D MSA DAL F Ay FLE RO 2N Fn % LB 3%
FRHMBBERTRCTH S, £ CTREITIE, $9 MSA D~ LF Ny FMboB R L L
T% Y v 7' MSA(MR-MSA:Multi Ring-MSA)[22]-[24]1C D\ TN T 5,

MR-MSA & id, HEDY v 7EHRETF L PROTTTERT B2 NE NE T 5 JERBCCEES
LR T L L, L 7 =710 X > TZ o OIS E T ICE S SHRET 2O MSA T
Hb, MR-MSA IZHBWTIE, Vv 7ERTFMOPROTGTEHRFZZNZENERKEE T 5
BEEOREZEARAE-FBRET 20T, FFORCISLEEHEOEAE - F2BELN
5, ZDHKADE—FICBLTEWTINSHELRE— FCEIfFS 25720, Bk B4
—VHPREONDE, MR-MSA Z~ AV F NV FPEHT VT Fe LTy vy Ik fiErza L,
3 JEIKLA EOBEELATRETH b HICEZ R I - FIRHEAL - BBz A S TH 2
EWwORRERT %,

Xl 2.5.1 1T 4 JE¥ - EAMREI CEIE T 5 MR-MSA DREARERLX[23]1%2 R 3, BEHETIXFE
—HLICEEI N 3O ) v IR L REICERE S W LR FICL D 725,
¥/, FY VIR TIE SOQRDOMERLBEIEL720, A M) vy TROBEAA LT
DEEFINLBHHEAHOL 7o — 71XV ilRE N T 5, 20 X ) &% 3 % MR-
MSA DRHEFDEFRIME LTI 252 ICRTEIRDDEEZOLN, FNLOLDKALD
IS ICOMIC L CEAE— PR L, ~ v F 5 FRIERFEF I NS, 7k, [2.5.2
R TEIMAMIL, BHER Y 2L —RIC XV BONHREERM L 2EBAKTH 5, 7.
HFE—FDE—FHZHICDWTIZ FHE— FOMIRFERE S CEB L. f DK WIEIC, 1st mode,
2nd mode, 3rd mode 2 Uf 4thmode & L T\ 3,
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Antenna Element a -~

/ - W2<|-
b | -
/ Wr ————— — jZ
Ground Plane | e

w3
(a) 2R —ds|
b v fi
L Py o, " oo |
% AT }THJ,
(b) Wi () TvTFHFT

a=b=22.1,wi=w»=1.6, w=1.2, di=d=ds=0.4, P=10.3, P,~1.5,
P=0.8, P~0.8, P=2.25, h=t=1.2, W.=W,=75, unit:[mm], £,=2.6

2.5.1 ERRIE MR-MSA(Y v 71 3)D EAHE K
> P — <

—>

T—b—b <+ <—f

IR
L)

—>-—>-—> >

(a) 1st mode (b) 2nd mode
FEeTy
£4444
14414

(c) 3rd mode (d) 4th mode

252 ERMEE MR-MSA(V v 78 3)ic B 1) 3 B oAk
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TDX I, MR-MSA 1, V v ZTEET KO MSA £ 1 DR TEICHIS L TEE DR
KE—FERREILDL LN TE D720, N BEBEERICE T F o5 FRE
DEBIATRE L 72 5, 6o C. INEFEZ R TREROERBMHL 72 5720, A8 7%
Ao 7a -7 LTHONTWE L 7u—7%2H0nC w3, /2. L 7e—7i1ck 3
MSA O JEHHEAL O JFFRICE] L TIZXANIC TR,

[X] 2.5.1 IZ/~83 MR-MSA O KR %X 2.5.3 18R F, 2.68GHz IZ 4 b1 5 HIRIR IZX
2.5.2(a)lC/" 3 Ist mode DEBWMAMICKIET 2HDTH %, 7z, 3.37GHz, 4.33GHz KU
6.56GHz IC A4 b 1L 5 R R 1T, K4, X2.5.2 D(b)2nd mode. (c)3rd mode % U8(d)4th mode
KHIET 2D THDL, 22T, K252 WCREINIERIMLVHL 2R LI, Vv
LTI A DB EICH)G L CERRER OS2 T 2, /toT, K253 1cHond X
S, E— FOREBDE L 2 2 IR TEROCERBIERDSEL 2720, Z0&K~LD
E— FOMIRFWBO LA ZIES . b, K253 %558, FRED MSA FFICHIGT
2 AR EL b b 4thmode DHIRSEFEIL, V v FTERERFICHIET 2fthoE— F D
ZNHICHART I EEIENICEITLTwE, 2k, K252 1R d k5ic, 77 MSA #
T OHIRFEWEL L 7o — 7 ORI TTAICHIGT 2 77F MSA HTOFEFURICK ) IRE
ENB70THD,

Reflection [dB]
=

o)
S

253 ERMFEE MR-MSA(Y ¥ 78 3) D SR
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2.5.1 IZ7R 3 MR-MSA DG -3 2 — v Ot & SEHIE % X 2.5.4 12783, 1st mode.
2nd mode. 3rd mode 2 OF 4th mode DGt ¥ % — X EH. HEILICH RO BRiFm N X —

VERINLTZ, ¥, fRNTEAR 2B &, 4th mode D H HDRERIKE D D ETHLL Tnw b

bOD, ZNPANDE— FICEWTIE, ERBI b Il T TE Y Bifk 3 &

—vBRELNTWE, FREEREE—FicBWwCy IalL—yvavfitluw—ErELCE
0. RERERSDRTHA P ARICEWT, 20dBRET il hCcwna,

(a) 1st mode (@2.68GHz)

(b) 2nd mode (@3.37GHz)

00 [deg] 00 [deg]
0

00 [deg]

FAER AER
B SR

\J
]20 ]20 120 120
]50I50
180 180
E-pl H-pl
(¢) 3rd mode (@4.33GHz)

(d) 4th mode (@6.56GHz)

2.5.4 TEHFIE MR-MSA(Y v 78 3)DRE X % — v
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MR-MSA D#&E— FiZ BT 2 FF O iE M CFENEZ X 2.5.5 1IC7F, &E— FOofE
IZ 4.1 dBi~7.2 dBi & BIFRfERNE LN TS, NTHE & F2HIE O a3 —3 L T w»
5, aB, VY IBHREFEEELAVEBFEONE MSA OB ZRELZLE A, K251
NI TEANTA=2%GT AT v 7, Thdbb. FA—F 1L (@=p=22.1mm) %*H
T2 51 MSA I8\ Tlt 6.3 dBi B DIEAE & iz,

B 4th- ]

n | t. 834 _
S ‘2nd

0 30 40 50 60 7.0
Frequency [GHZ]

Gain [dBi]
O = N W B O O O @

2.5.5 TERRIE MR-MSA(Y v 7% 3) D F5EM:

Doz bbb, MR-MSA 1Z~ v F Ny FEEZHE T2 MSA & L CEN-HREEXE T
BZENBHLIICE-TED, KFICHBWT D B 2 HIRERECEIET 28D Y v
IWEFERHZEFL L CHOWL 7o —7ICCREITS FEAIEHL W5,
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2-6 LTI MSA

ARHFITlE MSA DILFHEAL D FE[371E . = O FiEZIEH L 72JAH IR MSA D EfTifge D
—flcH s L 7u—THE) v I MSA[38],[39]ic DWW Tk 3,

¥ MSA OILFIHL D FIEBTNIC O W TR S, MSA I HHRA 7 v 7 FTH b, EHFD
MEOYER_RAE—FNIHE—-TH b, ZOWHDIA T O HITIKET 5253, H—DHIRT
H 5L QMHEICEIT 2 TRD B TIT ) IAHHBILICIZRA S H 5, F72. MSA DJRFFEAL K
C=nF Ay VLR ERT 2 HEE LT, 7Y T FINBIcBE R %2 &\ 5 T4 H 5 25,
BARIFKIC X 2BEPFAE LBHDEIMET L CLE IR0 D 5, BEMEEHCTIA
WHICHoTA V=X Vv A=y F Vv 7 %55 =01Cid, TV FHE2EKDE— FH
RAETIRHEL L, B oE—FE2lladbe s icky 7T v rraetkof ve—xy

ZaMflT 5, bbb )V T2 XV AEDEZ/NIL TEHLBMELR DL, ZD®D

@%&&Lf‘%&54Vt~ayx@§@aﬁépﬂﬁﬁ®%—b&ﬁﬂ%ﬁ@%—F
ZHAEGDLE T T 7 2V ARG 2 biHTFERINE TR I LT D

(1 2.6.1 1T 5 GHz THIfE3 2 /712 MSA OfEEM L 4 v v — X v REHE ORISR %2 R <
A F v — M TR T, RFEBE f(5 GHz) 1cxf L TR EGE Tl 4 v v — & v 235
A SRR I A BT A HIIRFE A R L T b, X o T MSA RJAHE
WAL 3 2 7= D i id . HRIERBEL fo 1t U TERERRBEHI T I3 4 v v — X v R IIEEE. &)
&Wﬁﬁfi AR R, EYVHHRREE A HAGDbERIETRVWEEZOLNDS, £ 2T,

WEAHHRRIECTH 2 L 7o —T7 %202 FERHEINTHB[17], K262I1CL 7

m~7%%NBA®W%E%%?OM&x?W%%%kLL7D~7KlD%@%S%%%
ﬁ?%h@%%oL7U~7YRBA@ﬁK¥¥77ﬁﬁEL\C@??Vf%ﬁbf%%

BIEEITONE -0 BEWMEV T 7 2 Vv ARKET 2, CoRBHYV 727422 L 7
U-7@EW%%E%%AWLt4yE-ﬁyxﬁ\ﬁ%%%@%?%%h@A@D?ﬁ&
VAR EITBIET L ICEENT 5, L 7 r— 7HaTE MSA O FTEE % X 2.6.3 ICRT,
MSADA V=XV A% Z L7 —=TDA V=XV A% Z . REW) T 7 2 v A% jX,,
ANNA V=XV A% Ziy & LT3, JRmllExat % L72BRD L 7' — 757 MSA D A4 v
V=XV 2R R I A F ¥ — P TKI2.64 1R T, Z T LT jX+Z xflartbe s &
T, LA TI T 7 2 v AR %ITHbiET ISt T22 8T, Z, 13 LI TRIRF
Y— oL THZ#CREZRL, INFSICEYV A v e —X v R=y F v 7 2f35 2 L
DHREL T B,
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W

X

: t
< a »
W < >
Y b
o’ xf
&r
(

a=b=18.35, W,=W,=18.35, x,=2.6,1= 0.6,
[mm] &= 2.6, tano = 0.002

v
S

joo

“ ./ ©4.75GHz
“efx/ 55,00 GHz
i 133 ¢ 5.25 GHz

-i50
2.6.1 5GHz THEIE$ % /5T MSA DOREEN & 4 v v — & v R O iR s R

33



MSA

L-probe

Ground
Plane

gap

2.62L 7'u— 75 MSA DX

—o T Z
JX,

S 7 Z,

oY
S

2.63L 7' v — 7HEE MSA O 0]

264 ARG A LB L 7o —7HEMSA O 4 v v — & v 2 Epk:
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KIT, TS MSA OB L LT, L e — 7B Y v 71 MSA[38],[39]IC D\ Tk~
%, BER#%X 26518 T, BBL7ZL 70— 7%E MSA OffUFE T2 ) v 7FE e L
&L hoTwB, VY ZIEEFEHVTW 3L, Biffiic TR L7 MR-MSA % &%
KLY VIR TFEMP T L T F ANV MMUBTAIREL 7 5720 TH B, 7T VT F 2K
DEE1E 0.14 49 LHEFE D MSA ICHERTREWfHE LTW5, Tt 2.4 8T TR~ 72
A O KO BW L EREORFR» O, EIREEZ K& T2 L TOMER T2 HE
MEBWIIKEL D720, TV T F2EROE S 1L#HE D MSA IR TAE {EFFEhTn
2,L7u—7,Y v rHETOMOERE 6 TEMEAREIC X 2R 70 58] 75
HICREIND -0, WEMEALL L 7o —7$Ccolfiffn 2 KEF22L T, TV F
EEROEE 1+ ERELK L QEZ T T2, L 70 —7#E YD v 7T MSA OFENTE - 5
HHE IS DT RONFRIEZ B 2.6.6 1, FlFSRMEZ 2.6.7 1T, UM XX — v %[X] 2.6.8 1T T,
KT EH-10 dB % T 0] % sl it 46%. Fl#52% 4 dB % LAl 2 FeAidki% 39% & e > CH D |
INFHIRFFE S D T B, i S & — v 1, 10.0 GHz TR BIF AR 5 T 2 25,
JEBE D K 72 B IS ONFEREAMEE RZERE D RKE L RoTwd, L 7e—73 L 7
VI FLEOEEE L TCwE o, L 7 e -7 o/IRBRELZGAE WL T v T F DK
2T, i L 7Y T FICXBMS & —vige /) K= T7 v 7T FICHENL Ik
5728, MSA DHARE—FICHE T EMHN2— v EHETEHRL 25, FEEIEL 75
ONEH AN Z =V RENT B 2 ERS L 7u— 70 X 3 EHIERESEL kb icon
ML w2 eEz L5, KEFHME IO L CRIAR o bl s BEBRS L 7e -7
I X B QIR S S % — v OE DR TH 2 L EFEZ LD,

Antenna element :
4—a—>
Dielectric W, P e W,
{ b
substrate ey
! [
> -
P,

(b) Lower layer (c) Upper layer
a) Perspective view
(a) Persp »}p i | ,
a=b=50,w =0.65, Lpr ~ ‘ Y 2)
P,=10,P,=025P,=05,P,=03,P,=1.15u=09, || % A
W.=w= 25,t,=3.0, t,= 0.6, Units: mm, ¢,=2.6

(d) Cross-sectional view
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X VAN
RN
i

@;{ﬁﬁ@@
i

TRy
BN
_EXPDCo-pUI ~

Co-p
== ==Exp. X-pol.
H_S fane ::::L;Elrzps% ?(p’,ﬁ'u F;]?}%lane
(a) 10.0 GHz

N N\
Ik -egd
120 120

150

180 180
-~ Exp. X-pol. H-plane s E-plane
H-plane  oiibimt E-plane P IR P
(c) 12.9 GHz (d) 143 GIlz
06 [deg]
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7
V/AE

] 1‘ 7 X\ B
i)
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(e) 15.8 GlIz
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2-7 HIEHR
2-7-1 S¥F A —ZRBE

IS BT BHERICOWTHRRL, REITIE, TV 7FD S 87 A—ZHGEITDOWN
TS 2, KFSLTIENZ bty 87 —2 T F 7 4 4 keysight 8722C Z VT S ¥ 7 X
— X %WE L T3, keysight 8722C DHFHE% X 2.7.1 IR T, HEFEO R CHIfE L
EH 1 2TH D MSA DHEIEICEHTIE portl DA ZEAL S11 ZHIEL T3, FHY
ZP I ESRE AL L 72 MSA ICOoWTHRET L CEVBELLL 2 2 Th b0,
portl 2 #ZNFNMHH L 2N FNDIELRIC I T 5 A FTES11,522) & Bl E 1 (S21,512)
ZHIELTW 3,

271 A v F7—72TF 7 4 ¥F(keysight 8722C)
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2-7-2  TCHRRERIE

2-7-2-1 fEAEHEIE

KX BT 25RAEOIE L, BERBEENICTEET VYT F(@ 7RI T YT HEH
3.2m BB ICERE L 2 MR A ICHHE T v 7 R EE ., ET v 7 Rl X 27z
BRoZEEN ZME L. ZEE OMEME ML T 2 HEEHA T 5, BEEENOH
EHRDOWHEX %X 2.72 1TRT, KXk b~ 4 7 v 0Bl E#bHIz /T 2.5GHz
THY EEBT v T FEWET v T F 2 32m BT 384 &L 2DY 4 (7277 L.
DIX7 v T FOIOE) TH2Z L5 25GHz TIET v 7 F DA~ #25 600mm FEE #)
5 ER)ECETAZHERRETH 5, [FEFERIIT VI A X - 24— keysight
83751A, ZIEHEITIZRA T b 7 LT F 7 4 ¥ keysight 8596E Z T\ 3%, T NENDEHE
#2273, X274 187,

HERIE

PRy TTF
B Fo7- ) N—

:ﬁ E&s
s

PC
(R 1EHE)

X 2.7.2 EEPRHREE OB
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574 &R (keysight 83751A)

f

=

273

B (keysight 8596E)

=

B4

2.74
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2-7-2-2  FIFHAIE

K ic BT 2 FEOHEIZ, FEFOMEBHATH 28R — v T VT F2RET VT
FELTHY, K272 IR THIERBEICE T 2R~y Ty T F EWHET v 77D
ZAEBEOHBIC X o THHIE T v 7 F oG 2 H T 2 72 HeTw 3, R — v
7 v T FOFfSE Gy[dBi], BHER—v T VT FERZET VT LTHWEBROZEE
J1% Py[dBm]. #WHIET v T F2ZET v 7 F & L THWEZBO%Z{EE N % Py[dBm]& T
5 e, WHET v 7 F OHIfG Gu[dBilldLA T oK TRdD b1 5,

Gu= Gr— (Pu— Pu) (2.7.1)
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—

2 R LR EETAL e —TRE2 Y VI
MSA
3-1 IC®IC

HIEE D 2-5 fiiC/R L7z MR-MSA (I~ F NV FREZH 3% MSA & L CEN-TERE
N EDBHL DT o T 528, HOFFERERIC X KRS T 5 7 o Bk
T, T2, BIED2-6HiTRLEL 7u—75EY v 7T MSA 13 L 44% & lHE O
MSA ICHARTIEHEERELRHE O N D Z ERHL 2T 5 T B 5, H— R CEfET
5,

Z T TCARETIE, MSA o= T3y MMl - KRk o FiEzfladbe b2 itk b,
2 SR CIN I E 2 H T3 MSA & LCTL 7u—7%E 2 U v 27 MSA 122 W Ci#lT
& EEROMH 2> H MR L 72 K5 R [40]-[46]Ic DTk~ %,

ARECIRET 2 MSA 13 55— 1-2-3 i TR L 72587058 & RIRk I, 2 A MSA
TH D, ZTNUHETHIEICH T 252K MSA OEAEICO VT, R Z 1T - iR 2 &=
KoAEFmICEE T
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3-2 EARRK

31 L7 e =742 Vv 7T MSA OHEARKIX 2R3, LE. HE. THE» 5K
% 3 @EDOT v T THh Db, FEROPEICBHFETL R v 7HTEZREL T
WE,2MHD ) v IR FOTEER IR ICHEET LT LT, 2NET N R 2 B
WCMRL T 27 Ay FCOBERTREL 7 %, LD FE T (Istmode). H/EDFHET (2nd
mode) 725% NEFNDHFHEWI TR T 2 X 9 1c, BFETFOTERZRET S, chbD)Y
VIWHRTRITFTEICRELZ L 7u—71cX hitEIh s, LFEEEE2EON2 L5
7 VT FOREREEFERT S 5. 1st mode & 2nd mode T JEIE DIE N IT X 0 s 72 KAk
EnE7 5, WEEKD) LY v IR TECOME T v T FOHREE LTARAEE 2720,
2200 v ITEETDOZENENIRD A RFFES GO ES B I LT 5, &
JEI#E 1st mode % 3.5 GHz. 2nd mode % 4.75GHz & L7z, 7ak. STICIZERFT Y 2 =
L — & IE3D [t UF ANSYS HFSS ZflifI L, etk e L cHiFdE#H 2.6, EX 3.0 mm, 1.2
mm ZP0.6mm DT 7Y TRAT 7 ANEEWE -,

Antenna Element

Upper
layer

Dielectric
Substrate

Middle

ayver

Lower
layer

Ground
Plane

L-probe

3L Fu— 7B 2V v 7T MSA O IEARER X
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3-3 EREiCBE 3 5 REt

RET VT F2HEAT2CHh20 ELDICT VT FkoiREoki %175, K1 D
EAEM LY, 7 v T F ko R IEEERD 5 EED 1st mode IRAD V) v 7&K
FCOHECIREEI NG, 2 2T, METEEEO) v IR ToORL L, FTEOL 7r—
TICEVEIND 2 BEEHY) v /=T ICEWT, HEELS FEoY v /ETET
D & HIROBRE R T 5, BiTE T AR 32 1WRT, T VT FEROENE n+n %
b X E7z & 2O RFFFEDOZLZ 33 IR T, 22T, FEDEX =24mm & L T
BV, L7e =703 4 #2LIET0D, 4+6=9.6 mm XN t1+6=102mm & L 725&1C
e AR R R 23 D 7z,

Antenna Element

Dielectric
Substrate

L-probe

W,
«— a >
b ’ |
a R
wl ﬁ
| 1 f
P, @#Pl
W, P=S
Pw2
(b) Upper layer (c) Lower layer
w.=70.0, w.=70.0,
PPy a=18.0,  b=12.0,
T R,=3.0, P,=2.0,
‘ L P,=3.0, P,=19,
D 4 p,=53, P,=14,
=3 P,=15, D=12,
. . t=7.2 t,=2.4
(d) Cross-sectional view [lmm] ’ 52:2 6

322 f@HEER DY) v STV
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20l * =1 +4=9.0mm |

30 = = = +£,=9.6mm

—t;+1,=10.2mm |

=t t1,=10.8mm
| ' | s

Reflection [dB]

35 4 45 5 55
Frequency [GHz]

A
NS
W
w—

332 fFMEHR ) v 7 ETMICE VT p=24mm CHEIEL n 2Z(L T ¢ 72560
SRR
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34 L7u—708 3 icET 38%E

L70—7DEE niconTHiEdT 2, K32k Mt cRFAREZRLEZT VT
F 2D EMNRE t1+6=9.6 mm X 11+6=102 mm D 2 Y ICOWT, L a0 —7DEX 1 D
izl & 27z & & o RHFEEIX 3.4, 35 ICENTIRT, WINDZ T 7 ¢ D
DERIC X Y IR EN T 2 HABS A LN, 7TV T FefoiE2 zhZh—
TEDMEICHEIE LT 2728, 1 DIEDZALITHE W B8 0 BMRE 6 D FRFICZ s 2 2 &
X0, VY IETFORIEREAEN L TWwE EEZLNS, 1=7.2 mm, H=2.4 mm D
G 1=7.8 mm, Hb=2.4 mm DEIC, Ist mode ICE T 3 TR, WA RD B 7A{EHE 7t

277,

_—
=)

Reflection [dB]
)
(=]

o
S
T

—t,=7.2mm, t,=2.4mm T
== =t;=7.8mm, t,=1.8mm |
t;=8.4mm, t,=1.2mm
L | L | L | L | L
3.5 4 4.5 5 5.5
Frequency [GHZ]

A
NS
W+

5

342 BRGEH Y v 7 ETAICBWT 4+6=9.6mm & L # 2L X2 -5 ED

FERE

=)
=
=)
2
=
3

% ‘_: = 1 =7.2mm, ;=3.0mm

22 -30F , = ==f,=7.8mm, ;=2 .4mnr

F #,=8.4mm, ¢;=1.8mm

m—t=9.0mm, £;,=1.2mm-

= =£=9.6mm, #,=0.6mm

_48 I . I . h . I . 1 .
5 3 3.5 4 4.5 5 5.5

Frequency [GHZz]

352 E@REEHY VS ETAICE LT 4+6=102mm & L # 2 2L X ¢ =840
SR
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3-5 FERCLEEOR XY 5 KET

2oy v 7EHETFE EE, REICENENBEL T 2T AN Y FCTEfET 2 ET VICD
WC, EE, PEOEI ARG 5, BETET A %K 3.6 IR T, ZOET M, K311
YRR & RO TH 2 720, RERKITET 5, X34, X 3.5 OMETCRF A
FrE %R L7z =72 mm, 5=2.4 mm K =78 mm, ,=2.4mm D 2 Y ICOWT, L 7a—7
L EED ) v R ToMichEER T ) v TEETFEREL. EOREX % 6, FEOE
T LT ks aeZbdds, X3.7I1C 1=7.2 mm, 6+5=2.4 mm DA, K38 1
61=7.8 mm, L+6:=2.4 mm & L 72560 e 2N E R d, 1=7.2 mm, £=1.2 mm, :=1.2
mm X 4=7.8 mm, n=1.2 mm, 5=1.2mm & L 7235& 1, 1stmode. 2nd mode 3L iC BT 70 AR
BREZ R L 72e 200 2 DDGE D RSFHED HE % [ 3.9 IR, 1st mode, 2nd mode
DI DL X FWAFR L TH 5, EWEICOWTIE, 41=7.2 mm, 5=1.2 mm, 5=1.2 mm DHE
DB 0.6mm /NS4 XAMTHEATHS7-0, ZoHAEDEEZREEE L, Tk
% D A IE 1st mode 23 20.2%. 2nd mode 7% 16.7%TCT&H - 7=,

; W,
< a »
—
b
a b HRwl
w,
(a) Upper layer (b) Middle layer
RYZP sl
t
P wl 132
* t'f D—’H" 1
P“,, O*P; g
P w2

(d) Cross-sectional view

(c) Lower layer

w.=70.0, W,=70.0, a=18.0, b=12.0, c=13 , d=9.0, R,,=3.0, R,,=2.0,
P,=2.0 , P,,=3.0, P,=7.9, P,=5.3, P =14, P,=15, D=12, =72 ,
t=1.2,4=1.2, [mm] ¢,=2.6

3.6 3JEME2 ) v rEF L
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[dB],
(o) —_
. = . (=] . (o]

Reflection
o
(e}

h .
-40t- ! + ==t,=0.6mm, t ;=1.8mm|
—t,=1.2mm, t;=1.2mm |

., 77 %=1.8mm, t;=0.6mm
3.5 4 4.5 5 5.5

Frequency [GHz]

1
Wi

O

) T

w -

373ERE 2 U v S EFAICEWT (=72 mm, b+t5=24mm & L b, 5 Z 2L X & 7254
D [ R

Reflection [dB]

- =£,=7.8mm, ,=0.6mm, =1.8mm |
== 't1=7.8mm, t2=1.2mm, t3=1.2mm 1
4 | _t|1:78mrln, t2:1.8lmm, t3:|06mm
M3 35 4 45 5 55
Frequency [GHz]

383 EEE 2 Y Vv 7 ETAICBNWT 4=7.8mm, ht5=24mm & L b, 1 %
2L X & 7= 56 o SRR
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Reflection [dB]

_11:7.2mm, t2=1.2mm, t3:1.2
== '11:7.81'1']1'11, 12:1.21’111’11, t3:1.2

S35 35 4 45 5 55
Frequency [GHZz]

3.9 #=7.2mm, = t=1.2 mm DA & #=7.8 mm, tr= =1.2 mm DLHH D
BB 0D E g
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3-6 F—FERIC2@DY) v IIRFEZEBEL 2T VICE
3 5HRET

3.6 ICRTETACTIE, 2D ) v 7EHE T ZHEICIE L T8, KREiclk BEic
MDY v IEFETFERE T 2T VIOV TRET 5, X310 IKHETE T VAR T, Ml
DY v IHHET % Istmode, = DHAMNCEEL 72V v 7TEET-% 2nd mode & L, Tt h
B B AP CRE e 5, M3.6ICRTEFTALLEILT, 220 ) v 2HREFERIEL
YL 7e—T7%E L 2O 2 JECHRRIEETH 5,

WHIDHZEF DI ¢ O d % 2540 X 2 72354 0 SO ED 2L # X 3.11 1IR3, C
DL EYVIUE R IE2mm TREE & L7z, X3.7~3.9 R8T 3 J@EE T LV ORE L ik
LT, 2nd mode IZBF 2 HLIENEONR NI & PEZRTE %, 1st mode TIAFIHEEDS
LA 5 E S IC 2ndmode D ) v ZTBEHETFZBLE L TV %729, 2ndmode T 7 ¥ 7 F D
IBRKETEC~ vy F v 7N, 7203 Istmode DV v ZHEE T & 2nd mode A D
VY IR TFOHEMMNET E57-20 ) v 7RO ERHL ok EDJRRREZ 5N D,

Antenna Element

Dielectric
Substrate

w,
. a
1 <b—>
C
allbl iy 4 s R,
=R LA
- ! P
! Py OJ,Pn |
I/I/:V [ -
PWZ
(b) Upper layer (c) Lower layer
Py Py W,=10.0, W=70.0, a=18.0,
e b=12.0, c=11, d=7.0, R,,;=3.0,

R=20, P,=2.0 , P,=30,
= Py=19, Py=53, P,=14,
D~ h| P15, D=12, 1,=72 , ;2.4

g [mm] &,=2.6

(d) Cross-sectional view
B3.10 [F—FHEic2fflo) v/ EHEFEEELZ2EEE2 ) v 7ET 0

5}
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=+ —c=11mm, d=7mm |
-30F ¢c=10mm, d=6mm-
===c=9mm, d=5mm |
c=8mm, d=4mm
_49 L | L | L | L | L | L

5 3 3.5 4 4.5 5 5.5
Frequency [GHz]

Reflection [dB]

A D PR

51



3.7 220 v 7“%%%%'1@1‘5%%%&:@5?‘ % Rt

HIE & CICBRET L 72 JBIRECH & 1387 3 2 O JEIEGHE % et R L L7z 2 BRI
I MSA %55t 3 2 720 DifET & L'C 2200 /7%#\\%!35]@1‘915_% KO WTHGETT %,
2V VI RENE NI L CEIfET 255, ﬁﬂ{)}‘ié‘k@ 1EER) vZ7ORIEL
NIFRWZOHEHIARSG TH 22, HAMELREL COIGAREAEZER L CalT
LRERH D,

2 ) Vv IHOFEIC O WTHETT 2720 X 3.6 IKRTHEED 2 Y v 7T MSA ICD W T,
Istmode DV v 7FRFDOAREEIE L 72560 KEFHE & 2nd mode DV v 7R F DA%
BUiE L 7= 85565 O S FRFE DT L 72451 % X 3.12 1ICR 3, 2 U v 7 MSA OFittE% (A).
Istmode DY v 7FRF DA EBIE L 7256 0K % (B). 2nd mode DV v 7'FH T % liliE
L7EGHEOFEZO) L LTWwa, (A)EB) 2T 2 &, 3.5GHz L THIRA B/ L Tw»
5 RUTZEALD 223, RETEAS-10dB % T [0l 2 JERE#IPH (X (A) T % 3.1 GHz~3.8 GHz 1T X}
L. (B)TI3.1GHz~3.6GHz TH V), T IZ LB H > 72, (A) (ORI T % &,
HIEHE 5 T B R AN(A) T 4.75 GHz T TH 3 DIkt L(C) Tl 5.0 GHz 4T
HY . KEED-10 dB % TIa] % JEH A 1X(A)Tld 44 GHz~5.15 GHz I<xf L, (C)TlX
4.05 GHz~5.45 GHz ’C“%of:o JERREL - TR & DI LR L U, (AL (B)EB L TA)
EODHEIZ VTN EEIC R R ER D - b, 2 U vy RIS RFEAE LT
B Y SERITHN L CEIfEIX waztwbsx Z DA RITFFEICKE BB (L2 RITTRE T
EmnwZ enbh b,

—_
o

Reflectjon [dB]
S

(%)
(=]

=—2rings (A)
$ + = =Ist mode only (B) |
. —an mode only (C)

1

L | L L L
3.5 4 4 5 5 55

A
NS
(9,
W

Frequency [GHZ]

3022 ) VY ZFEMSA & 1Y v 7T MSA O EHRE o i
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3-8 HHEoOFRESEICONWT

3-6 i E CICERGH L IRET v 7 F O EETRIIZ 1stmode 73 3.5GHz {13/ T EbAi 5 20.2%.
2nd mode 2% 4.75GHz i THAHIH 16.7% TH - 7225, AREiCIXBIE ST 2 BPEGH K O
%2 FEE T 2 FIRIC O W ORT, METIIARE 3-5 HiINDK 3.6 ICRTIRET v 7 F D~k
LI TEY, ZOftho~EIXK 3.6 ICRIETEEL T3

Hloic, BifE3 2 A % 3 2 iR oW TR, @ﬁ?%ﬂ& Hix2o00 v
THHETDOREIICL > THIRIEINS, Istmode DI ET DU a. 2nd mode F D T
FF DI c ZZENENZAL T 125G DR FEZ X 313, 314 107 F, a 22 LX ¢
% Z & T Istmode, ¢ # &AL X4 % Z & T 2nd mode D IARFERE R LELL Tnwb, 7=,
INFNOEAICEWTHR L EELIE TR VW—DE— FIZKEAEB R
EWBOh D, L EDZ Lh b, BIET 2 EBER IZE LT LD E— FRIRT 2 ) v /&R
TONA%EELE S & THEEAEETH 5,
0

B
S

[dB]

Reflection
)
S

2.5 3 3.5 4 4.5 5 55
Frequency [GHz]

[X] 3.13 1st mode S 3BT DAL a % 240 X & 72 B8 D KET R
0

[dB]
=

Reﬂectlion
I\
()

55 3 35 4 45 5 55
Frequency [GHz]
X 3.14 2nd mode FET BT DA ¢ % 280 X & 7= B D SR
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R, HIIR % BT 2 FRIC O W ORT, WRIEZ T 272007 A -2 L LT,
DI REDOHMIZIC O WTHET L 72, L 7' v — 72K 3 2 FEFRIM DJE X 1. 2nd mode
O BEFR T2 E S T 3 FERIERDOIE X 1, 1stmode F DGR 72 EE & T \n»

LB BHIERDIEE 6% 2 NZ NS B -BRo KAHFFE%E K 3,15, X 3.16. X 3.17 IR
T, M31506, 1 ZBLE 222 LI X > T Istmode DHIEIEA 2325 Z &, KU 2nd
mode DFFENRRKELSENT L2 030D 5, 11 Z/NE T 513 & 1st mode DHFIEE AP <
7255, 2ndmode TlE~= v F v 7 RN WVHAB R ON S, 72, 6. 6 ZZ2LIETD
Ist mode, 2nd mode FHICHIHIFII R Z CEL L T2 & 30D 5

0

=10

=,

g

=-20

3 [

g i 8.4
1 t=9.

#-30¢ ! —=72]
{ - = =1=6.0
} —1=48

-40 | ) [

25 3 35 4 45 5 55
Frequency [GHz]
3UA5L 7'u— T REEL S 2 AEERERDIE S 1 2 2L X & 7 BRD SR

)
E_
o)
.2
3
%-20
4
230 . . . . L .
2.5 3 3.5 4 4.5 5 5.5
Frequency [GHz]
%] 3.16 2nd mode FH DN ZFDEE X N TV A BBHRENRDIEX b 2B X & 725D
SCET R
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0 T T T T T
m
=-10
[
2
3]
O
S-20F —t-1.4 1
Qﬁ _13:1.2
====1.0
" _t3:0.8
230 I ."_ut3_(.)'6 .

L L | L
2.5 3 3.5 4 4.5 5 5.5
Frequency [GHz]

3.17 Ist mode FH DU Z T HRME I N TV EFEERERDIE L 1 2L X B 72 [FD K
W RRME
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RIZ, 220D Y v ZEFEAF DN OWTIRET L 72, 1stmode H DN R+ DWIL by 2nd
mode JHDOBUHFE T DML d % 2N ZNZAL S #7560 KR %K 3.18, [ 3.19 1TR
T, 31806, baZ{bE ¥ 3 Z & T Ist mode DA ZEL L CTH Y. 2nd mode D ik
BRECEALL TR EDBDOP 5, /7 K319 2013 d 2ZLEE 5 2 & T 2ndmode
ZENE S 2 JERECE DAL L T 2 3iEidia RE K E L T w2 e 3b b, ¥ 3.15
oM 319 XY, K7 VT FOWRIBIBSHRTO ) v IR TONLEZELEE S 2 L
T, 1st mode DO A FHFER[RETH %, 2nd mode DHIH A CTE o 2JHKE LT, Vv
THHELFBL 7Tu—TRO—I7D Y v TIEH#T 55X 2 HiA 05 1stmode & 2nd mode Tl
B o720, HEATA—2 2B I BEOREOELOMEAIO R 270 THDE LEZ
b,

m-1
=,
5
5-2
3
=
& 3 £ = =p=15]
) 1 —p=13
W —p=12
" b=11
_40 . 1 . 1 . 1 . 1 P .
2.5 3 3.5 4 4.5 5 5.5
Frequency [GHz]

[X] 3.18 1st mode G R F DN b % 254k & & 7 FR D ) FetE

0 T T T T T
m'
=10
o)
.2
%-20 d=11 -
~ d=10 1
—d=9 1
= =d=38 1
—d=7 ]
_30 L 1 L 1 L 1 L 1 b L
2.5 3 3.5 4 4.5 5 5.5

Frequency [GHZz]
¥ 3.19 2nd mode IS ¥ D WL d % AL X & 7= BE D SRR
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3-7 BIET v T F ok

IHECOMERE S LI, 2 M IC BT RFALFERE2 RS 7 A —2 2k
EL, 7Y T FORMEETORHEOF M 2T o 720 RAIET v 7 F ORER K AT XA =2 %
X 3.6Cnd, £z, AIE7 v 7 FOEEZX 320 18T, EEICHEEL T, Istmode
DIFFHRFBEINTH S,

RIET v 7 F O KR O FEHIE & T EZ X 3.21 1SR T, KETEA-10dB LT &%
JE e BB 1X . 1stmode (X 3.1 GHz~3.8GHz & 7 b FbAirisix 20.3%. 2nd mode (¥ 4.4 GHz~
5.15GHz & 72 Y URHEIZ 15.7% & 72 o 7z, 1stmode. 2nd mode O i JE £ I 5\ TR AF 70
JRAHSSRE S D Tz, F 7o, FENIE & AT iE 13 —B L 7=,

X320 EL 72T vFF

0
ELIO
=
a
2-20
8
=
(0]
~-30
-4 . |E. 1 L L -. _|H':FSS
8.5 3 3.5 4 4.5 5 5.5

Frequency [GHZ]
321 MET v 7 F OSSR o FEMIE B DT
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AMET v 7 DFFD I {Eézﬁﬂﬁ{ﬁ%l 3.22 IR T, X321 KB 3 AT E2-10dB
DAF & 72 2 JEI RGP 1 35 1F 2 FI#5 12, 1st mode Tl 3.0 dBi~5.8 dBi. 2nd mode Tl 7.6
dBi~8.6 dBi & 72 > 7z, 1st mode ICH~XT 2nd mode DFE B EWAER L o7z, T AT
HEDSE 2nd mode DT RICH L CT v T F 2B RKEL Az 5720, fRAMEDHL
5 ZLBERTHDLLEZOND, HHfE L HFSS OfENTE%Z KT 2 & Istmode Tl
FHMEDS 2 dBi FREARWME & 72 D |, 2ndmode TIFR K —E L 72, KT v 7 FIidiFEARIER%Z
EBMERTEELTE Y, ERZERIRIC PN Y VINTEETE U 72N ) I X o THR
U234 U %, fbr cidbRfiliz e & LT3 72, Z OFRFEIC X - CghTiE & S2HlE
WCEBRELZEEZ LN S, Istmode & 2ndmode ZJilR3 2 Y v 7HR T2 HET 5 L, 2nd
mode Z iR % VU v 7F T3 TE & FE ORNICFRE A U5 2 23, 1st mode Z k3 % U
vIZERTFIETEEREoORICMA T, HfE e EEoRICD ERAELES, Lo T, B
T X o TH L 2FE~ DR E T Istmode DTSR & Wiz FIEFFE: X 2nd mode Tl fig
BriE & X < —Z L 7223, Istmode TIIENTE & ZELEL-EEZLND,

10 T T T N T
: . — ~I\ ,’.“'..‘N
5L oor” o.“'ﬁ\ ‘/ S 3
— .“' i l\“ | ~~'~.E
5 L HE
= ! i ]
< | ¢
o ! ! :
SE s WD e Eip.-
s "' . ----IE3D)
e % | - —HFsS

53735 T4 45 5 55
Frequency [GHZ]
3.22 ME7 v 7 7 O AR o FEHIME S Mg i
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321 IR RAED-10dB AT & 72 2 JJRBEHIPHIC 350> T Istmode D B A 3.1
GHz & = 834X 3.8 GHz, 2nd mode @ i fKJEHAEL 4.4 GHz & e A 5.15 GHz @ 4 5
ICHF % H K E HOB Y2 — v O FHIE & T EZ X 3.23()~(d)IcZNZIRT,
B, ENTEE L CHFSS ICX 2R EZFHL T2, Wiho N2 — v FRKEIZIER
Hranc R RBiF R %2R LT3, 3.1 GHz, 3.8 GHz TI3 E D ERmi#E D3 2 1 d
WTED, T, WITNOREREEBICE VT HIRDRZEMRIE S TRA-10 dB 2 & L/ \»
B0l TNHIEIL 70 =T 2T 2 TEOERPBEL L 7re—70 7 DRI
KEL 22720, L 70— T OEBEMUBE 2 —vEELZEEZONS, LT H—
Th O OBEHTEEE A E L b IgERELS B EEZLN, ZDODEBEBBEL %5
KONKERBEIIREL BoTwd, WTFNOREEEICE T D B, RERNK & bIcHE
HIE & BT I — S L 72,

== =Exp. X-pol.
HFSS Co-pol. 150 150
180 ++=—HFSS X-pol. 180
H-pl. E-pl
(a) 3.1 GHz

HFSS C;p'ol. 150
120 ++==—HFSS X-pol. 180
H-pl. E-pl
(b) 3.8 GHz
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H-pl. E-pl.
(d) 5.15 GHz
X 3.23 B1ET7T v T F ot Y& — v o FZHIE K& OfETiE
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3-8 fEEw

RECHIEFHEFEL T a7 ANy FEEZFRARICE T 2 FET7T v 7 LT, LELh
JE IR T LR 2 B v IR TE2ZNENREBEL, TEO L 7r—-7IC X YV iE
23 @G 2 ) v 7 MSA OFEHEIC O WTHRET L7z, IR T v 7 F 28 2 AEH I B » T
N 252 C A TEBLRBOIEE %y I a2 —2a VICX VL AIC LT, 72,
vial—vaviEREb LT v T FoEE - ER T o2, KETEA-10dB LUT E A&
% JE I P o0 FE I X 1st mode T 3.1 GHz~3.8 GHz & 7& U Hb#ikid 20.3%. 2nd mode T
4.4 GHz~5.15 GHz & 72 Y Feiitflld 15.7% Ch o 72, T2, FlfF, BE S Z—viconTdh
R Rtk 2 il E Lz, ML EDRER D O, KETRE L 72MH&E D MSA 13 2 I B W»
TR ZZINFIEREZ R T 2 ARG I I T,

FATWIIE I 3 2 ARECTIRE L 72 MSA DB EEZ R 720, H—% 1-2-3 filR L7z 2
JER AT MSA @ 2 O DSEfTIFFE[30],[31] & DHERELLIK # K 3.1 ISR T, RHD Lo iZZ N
ZND MSA DEIES 2 KA O LERBIC BT 2R E LTS, £, TV T 5D
RIHMOKE I3, HWEEAZEERVEERTETORETMORETIL LTV,

K316, REMSA O e L TUTHAET N5,

o LT e,

o L7u—T70HDLYl, % DMbEREER R\,

@ TVUTTORIFADORZTI, TV T FRERDOEI NI,

Lo TIRET vFFOBEMEIR., v IVHDay s a2 b Th D,
7 3.1 REORE MSA & SefTHFZE D MERELLER

REDORE Ref. 30 Ref. 31
MSA
KA D | 20.3 % 20.8 % 26.6 %
i
R O | 157 % 17.9 % 42.2 %
I
L 7e—7o | 11# 1 i 2 il
¥ (Ber 2 L 7= F2IR) (ET7TWNZETHER)
TV TFREIT 02271 0.441 1 ¢ 0.376 1o
HROKE X
7 v 5 g e | 011220 0.145 2 ¢ 0.150 2 ¢
D X
. L 7L ?74$ c v
. B I ARIKIFL Fr—7
i EET LS
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UEoz epn, KFcsTHEAR L 22, 2 FEHCHsCORREFEE2HT 25 L
7'n—7HaE 3 EE 2 U v 7T MSA ORGIHEERERRHE 157z, KELARE TR, AR CTRES
L7z MSA B L CHi% 5 mERE(L 2 5T S 2.
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EIUE
BERRELA{LOEZDIC L 7u—7%BEXRT 3MEIC22
BEBEL~ZL7ue—7%E2 Y v/ MSA
4-1 IILBICT

HIE O L 72 2 AR # 632 L 7o —7#E2 Y v 7 MSA O 7t 5 &1k
Bt ic, RECTRERTIMNBEIC2 9D L 7 —7%ET 32 ik > TERR
WAL & 2 Fikic 0T, fijFT & EEROTH 2 5 MET L 72 555 [47]-[50] 2B~ %

ARECIRE T 5 MSA X, F— 1-2-4 filC TR L 22B1THTSE & Ak IC, BRI 2

JABIEHIE MSA TH 2, 2N 5Tz Ic il 4 2 REDIRE MSA DB %2 /RT 720,
SEATIIGE & DIEREHIL 21T - -4 S 2 SR O fEFIC L 3,

4-2 FEEARERK

4112220 L 7'n—7%ERLT HEICHE L 72, B 2 A8 MSA
DEARNH 2T, K36 IR LMELHIRL T, L 7 —7%ERT SLEIC 2 D
BLEWEE o TWwd, L7 —73RITADRKZINRT 2720, 200 L 7o —7
FERTAMBEIERET 2 2 LICX> T, TNENDERT 5 W CEIE L. BRI
{LRT[REL 72 %, E 72, BUNEF L LTHOTWB Y v 7EEFIIFEE LTw 5, #fFHM
FEREURBRIC, L 7n — 7% WE L8 L U FR T2 & L Es T e, HB) v
THET CIEIRERMBEEMOIRR & 7225, MEBY v 7 HEFTIEIZORELZZITIT W
EEZONG D, REURECTIEIIEY v 7R T EZRHA L T 5, BEHEBREUT 1stmode
% 4.5GHz. 2ndmode % 6.5GHz & L 7z, 7ad. MANTICIZERESR > I 2 L — X ANSYSHFSS
AL, R E LCHEEE 26, EX12mm K 0.6mm DT 70 Y 77 A7 74
ANEMRE VT2,

Dielectric

bottom layer

Ground plan

4.1 RET v T FOHARERX
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43 L7u—7%2EXRTAMEIC2OEELAEZZLICK
2t~ DR

KEClREZRRREA LD 72012 2D L 70— 7% ERLT 3608 ICEE L 2B Rk
DZEALIC D WTIHTIC L VRS L 72, K42 IR T 220D L 70— 7R EAZT 3B ICHE
L7cHdgE e, -0 L 7' — 7 %ZEE L 2#HEICO W TENE NI 2T W& RRHED
BZfTo7k, H—D L 7u—T7%ZEELLMEL. K420 2200 L e —7D5b—7
RV HETH B,

portl

(a) top layer (b) middle layer (c) bottom layer

W =50, W =50, a=8.0, b=5.5, ¢=6.0, d=2.5,
P45,P'=3.0, P=8.75, P=5.5, D=1.20,
4%480,52120,%=120[nﬁn]g=26

(d) cross-sectional view

X 42250 L 70— 7%ERT SMEICHEL 72
EA R IL R 2 B A MSA @ B &
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A3 IR FER R T, L 7 —7% 2 OftE L 7285413 1st mode, 2nd mode 51210 dB
Z T2 e RIA oz, M 44 CHBRMEZ RS, L 70 —7 % 2 ORLiE L 256G
EH—DBEOFRFFEIZIZIEFE U TH o 72, £ 72, portl & port2 O KR & RIS
MEEDONIRED 7= 2RI LFREZ R LT3,

0 T T T T T T T 7
+»y —two L-probes S11]
o ¢ * —two L-probes S22
A ¢ = = =one L-probe
[an
3
g L
=-10F
5]
o L
=
O
(2
| |

N5 4 45 5 55 6 65 7 75
Frequency [GHz]

X432 200 L 7u—7%EL-HEL 1 OO L Vv —7%0E L 7-H&ED

SRR o Lk

Gain [dBi]

——two L-probes portl |
= = =two L-probes port2 |
' ==one L-probe

0S4 45 5 55 6 65 7 75
Frequency [GHz]

X442 00 L 7 —T7%MELZHEE 1 2OL 7o —7%EE L 7-H#hED
FISFRM: D L
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Ist mode & 2nd mode DO H.LJEHETH 2 4.5 GHz & 6.5 GHz IZ B B4t <& —vico
WTC, 4512200 L 70 —T % ERT AMEICKE L 2fHED 2 —v iz, K4.6I1CL
Tu—7% 1 OFE L SO AN R — v B ZNEIRT, ok, X 4.5 1% portl OFFEER R
LTHY, port2 DFEIZFRIEORMEZ R T 7208085 %, K45 EX462HIKTZ L, F
Wi 13 BT H 2 bp3 e A3, TR /7 1 O R 2RI I 2L L 72,

06 [deg] 0 0 [deg]
— T0

—H-pl. Co-pol. H-pl. Co-pol.
150 150 ----H-pl. X-pol. 150 150 === -H-pl. X-pol.
180 E-pl. Co-pol. 180 E-pl. Co-pol.
= —E-pl. X-pol. =-—E-pl. X-pol.
4.5 GHz 6.5 GHz
45200 L 7 u— T %ELE L - MHE DB SN & — v
00 [deg] 00 [deg)
TO [0~

H-pl. Co-pol.

150 ----H-pl. X-pol. == --H-pl. X-pol.
180 E-pl. Co-pol. 180 E-pl. Co-pol.
--—E-pl. X-pol. E-pl. X-pol.

4.5 GHz 6.5 GHz
46120 L 7u—7%E L 7-HhED G X2 — v
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X 4.5 L 4.6 CRTHERP L, K421RT MSA X220 L 7ua—7icMicL <Thb
T TH D HBREE ﬁ@‘éi@“éf&b EHA R ORERIELEML-eE2bNDE, 72, 2
DD L 7u—7%EELGEICRKEFESAFE L A2ZER}E LT, F— oA
XY RBEMET Lz72® k%x b2, X421 RT 20D L 7u— T RERT BMEIC
BUiE L 7-R5E O KA E(S11) & K — OB EESI2) 2K 4.7 IR, 7ok, S21 X S12 &
MRMEIC X D &L FEUFEEZ R T 208K 2, B0 L 7o —7%E L - L i
U CRHEDME N L7z 4.0 GHz 1. 5.0 GHz 8 X U 6.5 GHz LARRIC 3517 2 #5 &8 13 LUk

BIRKRZEWEE > TED, —FFEJ@,;::. JOREEMENLZEEZON D,
LEozedrb, ‘Eicfﬁzﬂz ﬁﬁﬂc@# L2290 L 7e—T7%EXRTAHEICHEL 7
Ba. KB FE— o aic X M%ETL B8 2 — I FRPEIC O W TIIZEL L 2

MERTLL7a—7 ul%ﬁ%@tﬁﬁﬁﬁﬁ#%mﬁéuk#%b#uﬁoﬁo

0 T T T T T T T T T T T T

S parameter [dB]
T 5 T T T

[\
=)

S 4 45 5 55 6 65 7 75
Frequency [GHz]
47220 L 7u— 7 %E L 7 & O N FHES 1) &S A FRFES12)
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-4 BT v T F ORE

421RT 22D L 7 u— 7 RERT OB ICHE L 7 BRI 2 kA 2 Y
Y 7T MSA DT, GE - MIE 217\ 2 OFRfEZ MG L 72, SUELRET v 7 F 0%
EA 48 1CRT . FiEiicix FEICEE L7 Istmode F DT E T2, B Ic 11 bk & 2
DD SMA 247 ZADPFEENT 5,

(b) Hi
X 48 HIELARET v 7T
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RIET v 7 F O KGR 0 F2HIE & fTiE 2 X 4.9 1IR3, KoTRE O EHIEA-10dB LT
& 70 2 R BCHIBH 1X . 1stmode 2% 4.1 GHz~5.1 GHz & 72 Y FbHFIK (% 21.7%. 2nd mode 7% 5.9
GHz~6.8 GHz & 72 b b3 14.1% & 72 5 72, 1st mode. 2nd mode O [ JE AT IC BT
IR R ES R D T, E 72, FEHIME & TR IR —B (L 72 IET v T F T A v L —
voa VRO ENIE & ENTIEZ X 4.10 IS F, K48 1B 2 RKPHEHMA-10dBUAT &2
JABEFH I 5T, T4V L—3 a VD SEHIEIL 1st mode 25 12.5dB LA E, 2nd mode
2316.0dB LA E & 72 5 7z,

Reflection [dB]

——S11 Exp]

= —S22 Exp.]

3 I L ._|_-.SI]ISI.m"

9.5 4 45 5 55 6 65 7 1715
Frequency [GHz]

4.9 RIET v 7 F O JFFiE

Isolation [dB]
5 T T T

[\
S

3 L |E M :
9.5 4 45 5 55 6
Frequency [GHz]

K410 AIE7T v 7FDT 4V L—v = VEE

N R
65 7 15
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RAIET v 7 F ORISR O FHIE & fEFTEZ X 4.11 1SR 3, 2 2 Tl portl DFEH D HIR
L7z, X 48 1CH1T 2K ED-10 dB LAT & 70 2 I IC 35> ¢, FlIfFIE 1st mode 2°
5.4dBi~7.2dBi, 2ndmode 2* 5.4dBi~7.1dBi & 7z > 7z, Istmode & 2nd mode D % L7 #Li%
FHEWETH B 45GHZz & 6.5GHZz D2 HIC BT 33MET v 7 F DI & — v D EHlIfER
412 1TRT . WM OJEBED FRBITIER T I BRI R T RGN — V355
iz IEHET RO R R L ~v i3 4.5 GHz 220 dB, 6.5 GHz 2°-18 dB & 72 > 7=,

2

g
<
©)

. EXp-_:

' ' ' _l_. Sim.:

PR I S I NN NP [N U S R A B
9.5 4 45 5 55 6 65 7 75

Frequency [GHZ]

411 MET v 7 F RS FEE
7 00 [deg] 00 [deg]

90 90 90 90
120 120 120 120
H-pl. Co-pol. H-pl. Co-pol.
150 150 —-—H-pl. X-pol. 150 150 =+~ —H-pl. X-pol.
—E-pl. Co-pol. 180 —E-pl. Co-pol.
-===E-pl. X-pol.

- ==-E-pl. X-pol.

4.5 GHz 6.5 GHz

4.12 RET v 7 F DR < & — v (EillfiE)
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4-5 ¥&im

ARETIE, 2HEWELFRL 7o — 7882 U v 7T MSA O ERREI IO W TR
L7z BRTHAEIC2 20 L 7 u—7%EET 51 X 0 ERMRHEILALATRETH 5 2
EBHLIC I Nz, TDT v T F il E URRERHE %2 17 o 724558, SO o FEHIEA-10
dB LAF & 7 % JE BRI FH 13 1st mode 2% 4.1 GHz~5.1 GHz & 72 9 Hea#id 21.7%. 2nd mode
2359 GHz~6.8 GHz & 72 0 LbAFIIE 141% & o 72, TS DFEEEIF O R — FE T 4
VL —va VRO EHNE X 1st mode 23 12.5 dB LA E. 2nd mode 7% 16.0 dB L F & 72 o 77,
Dbz &b, 2 ANAHEEE2HT2 L 7u—7#HE2 Y v 27 MSA # BRI
T 27201, BERTIMEIC2 2O L 7r—7%ET 2 FESEHTH 5 2 LA
LR o7, —HTHEAL LT, 220 L 7o —7iciEanIAE L, 2N X 31EH
FHROREMmMENFET 2 HABT N5,

ARETIRET 2 MSA DEAMIEICOWTRT 20, F—5 1-2-3 filc/R L7z 2 JERIA TR
MSA @ 2 D DIEITIFFE[32]-[35]1 & DYERELLER % 2 4.1 ISR T, RND Lo 13 ZNZ D MSA
DEIET REBT OO EBICHE T 2R E L T2, 72, TV T FTORITIAOKR
T X IMEREEE R VEREORRAMORET I L LT 5,

K41 56, PUEICRT MSA OFf e LT, U065,

® b e,

2 Jie - ERRR CEIES %,

L 70 —708DP7%u L, OB aiiEn /s,
TYTFTORITIMDOREI, TV T F2EDEI NIV,
TAYL—3a VEEIRR R,

PUEIRS MSA 1E, =&EITRT MSA &[EkRIC, v 7 AHD2a v 7 F iETH %
T EBENRTH D,
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F 4.1 KEDIRE MSA & BT O MEREL L

KB D I E | Ref. 32 Ref. 33 Ref. 34 Ref. 35

MSA
KEHKE® O |21.7% 43.9 % 22.4 % 22.4 % 12.4 %
eI (1 JEi%)
EEEE O | 141 % 552 % 43.3 % 14.9 %
LI
TR [ER S (EN i R [ER (TN TE AR AR 8 TR AR 8
L Ya—7 |21 8 1l 4 1 6 fIEl 2 [l
DI W4 KiZe 7

T LEE
7 VYT F 410108, 0.150 1 o 0.132 1 0.195 1 ¢ 0.090 1 o
RoE X
T VT FE|102841 0.579 % o 0.371 1o 0.378 1 ¢ 0.306 1 o
X mE DK
%X
N @ & | 13 dB 30dB 36 dB 13 dB 17 dB
INT A4 Y L
—va v
Z DT | L 7 4K SIERE2W |4ABTTEE | FAEET 4
AN L 7u—7%@ | 45 5 [0 5 25 | 3 % HhE &
FerapEy | g S EEE 7 K

He 7E ] B 3 2
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FhE
TAVL—v a vVEERED D ICEHFEFPRICET %
R L-ERRELEHAL e —78E2 Y v 7 MSA
5-1 IIC®»IC
RIE GRS L7z, ERXTAMEIC2 2D L Fu—7%ET 3 Fik% v CERRRE

AL L 7= 2 RRAH S 2 H 42 L 7o — 7B 2 ) v 7T MSA oS & LT, #—
FET AV L=y 3 VREOR/MED 12.5dB TH O, —EF TR L2 TIFSE L IR L TR
RNT L R0, £ L 70— RO AEIC I VERT 2 L 70— 75 5 E skt
L. IEHE T OREMRBEABEML 72, 2o O ES 2 RT3 7201, HBEILT v T
FEHETCORI LT 2T RMGFETHRICHEET 2 FHIC2 W T, T L EERO M
2> LIRGET L 725 R [50]-[52]1 2 b~ %

AREETHRET 5 MSA 1, FIUEEIC TR L7z MSA MOV — 1-2-4 fiiic TR L 72 61T %%
ARG I, TESRIEILA 2 EIRIAH MSA TH 5, KETIRET %5 MSA OEA oW
T, HREHIR 21T o 72 AR 2 R OfGImICEE 37

73



52 FEARERR

ARECIIERREILH 2 ARAFHL 7e—7HE2 ) v ZEMSADT 4 VL —v a v

FESED -1, R T ORRICE T 236 L 2 fHE 2 MGt L 72 K51 I BEARERX
T BIEOK 42 IR THEGE L KT 2 & R T o hRic %%%#%LEM%%%
if%%ék?6t7% AR L2 L o T B B WICTER T A& ICHE X -2 2
DL 7v—73FHWIHE LR EERONE D, H42LT¢%LiZO@L7U“
7 D3 & O W FRYE X O 1st mode. 2nd mode Z AL ZF LD E M?ﬁj\iﬁ@ﬂﬁ‘ MEZEL L. Wik &
BT BMDEMPFELET 2720 ERXTAMEICKELZL 70— 7T ICHERHEET 2,
%LT\%%%E%%Lft7%)V7f%¢% W45 2 L CRE— FOEBEMA
DR MERF S B [S3]c L ic kb, 2O@L7u~7ﬁ@mu%ﬁﬁ?5w%#EL
N5, ixetJEHEIL 1stmode # 4.5GHz. 2ndmode # 6.5GHz & L7, 7. MNTICIZER
Bl 32 L —% ANSYS HFSS #ffF L, LﬁﬁﬁkLT%$%$26\Eéllmn&U
0.6mm DT 70 YT AT 7 ANFEREH G,

Dielectric

via

bottom layer

Ground plan

X 5.1 IRET7 v 7 F O EARREKX
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5-3 BERFORRICET ZEN L ZEBORE~DOHE

RETCIXESSRBE AL 2 FIREHEE MSA 7 4 VL — a VEEWED -0,
TR T BEER L 2o B LiIc o WTIEITIC L VRS L7, K42 ICRTET D
ROHEE & X 52 1R T RN L 2SO SRR kA 1T - 72,

1 /4

(b) middle layer

portl

(c) bottom layer  (d) cross-sectional view

W,=50, W,=50, a=8.0, b=5.5, c=6.0 , d=2.5,
P,=4.5, P,=3.0, P=8.75, P=5.5, D=1.20, D,=1.20,
h,=7.2, t=4.80, £,=1.20, £,=1.20 [mm)] ¢,=2.6

5.2 URFR TR e T 2 5 L 72 ESRBIE 2 FERIA T MSA D FA G
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M 42 IR TET DR WIE & X 52 ICRTE T 2 5EA L 2 EED KSR E X 5.3 12,
FIBRFFEERM sS4 ICZNZrnd, K530, ©T7OFMICX > CHIRBEREE L i
RELBENDBEL N DS, MS54006, ©TOFMEIC X > THISRME T 1st mode
TltA E L. 2nd mode Tl — 723D 2N LK 1T o728, EH 6D
WL RARE LTREREMDPEL RV L RDr 2, Lo b, ©T7ORMEICK 5
TSR & MR ICBEE g B 2 KIS S RS L h3b D5,
0"':"':"':|'I:'I

dB]

k

Relﬂection
[\)
T o T T T T

—with via
i = = = =without via]

NS4 435 5 55 6 65 7 75
Frequency [GHz]
X 53 ©7 OFMIC X 5 REHEDZAL

8_'|'|'|'|'|'|'|

Gain [dBi]

—with via port] -
I - - -with via port2 1
without via portl]
’ L | L | L | L | n - I—.‘Viﬂ;louin: Vl?’ p(?rtz-
9.5 4 45 5 55 6 65 7 75
Frequency [GHz]

54 ©7 OfFIC X 3 HEREDZA
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TAVL—Ya vEEERK 551K, K53 180 TREED-10dB LAF & 7 2 JEHEK
HPFANDOT A VL —v a v ORMEIZ, BT Z2EML T ARWHHETE 14dB THo7D
CRL, 7 220 L2ETIZ20dB THo 72, TORERLI S, €T RHEMTILICX
- T 1st mode. 2nd mode DN ICEBWTT A VL —> a VFEZRERRETH D I &

DB DT T Nz,

O T T Ii T T E T T T i T T
I ’ ——with via
I -+ F=--without via
— ! A W ; _
A 10 iIstmode ! , ! 2nd mode;
5,107 —
o= L
S
2 |
< L
2 201
= B 1
- )
| 1
1
L : h
Lt 1

|I|EI|
5 4 45

.

5

A T R
55 6 65 7 75

Frequency [GHz]

X 55 ©70HFMEICE32KR—ETAVL—vayv

Rtk o ZAL
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Ist mode & 2nd mode DHLJEHETH % 45 GHz & 6.5 GHz ICHIF 2T ORI L %
WE DS N2 — v O ZEIK 5.6 1TRT, X 5.6()iC T D7\ WiEE DB ¥ &2 — v (X
45)% . K 5.6(b)ICET DB HEEDKE & — v ERT, T2 Tl portl DFfEERL T
. port2 DFFEIXFIRCTH 2 720 EME L7z, X 5.6 D(a)& (b)% HHiKT % & FRIKIL E [ H
AT A, IEE T A O R R 1 4.5 GHz, 6.5 GHz & $1C 3 dB R GE L 72,
R RIc e 7 2§56 2 & T, BT 5 L 7u— THOREIMEIR L. AR
DF B S =720 EZ2bN5,

UEoZ o, BINHEFHRICET 2383 5 2 &Ik o T, REFHE, FISRREICIE
SEE R E R IS T e, TA VL —3v g VEERZWEL HoIEH A O R E RN %
Mg 2 2 L DBAEETH B T LRI Tz,

00 [deg] 00 [deg]
- =10

—H-pl. Co-pol. H-pl. Co-pol.

150 150 ----H-pl. X-pol. 150 150 ----H-pl. X-pol.
180 E-pl. Co-pol. 180 E-pl. Co-pol.

=-—E-pl. X-pol. =-—E-pl. X-pol.

4.5 GHz 6.5 GHz
(@)2 2D L 7 —7%EE L 2fEEDOE 2 — (K 4.5 % F5i8)

00 [deg] 06 [deg]
0T 30 -

120 T 120 120 L2 120

—H-pl. Co-pol. —H-pl. Co-pol.
150 150 ----H-pl. X-pol. 150 150 ----H-pl. X-pol.
180 E-pl. Co-pol. 180 E-pl. Co-pol.
—--—E-pl. X-pol. =-—E-pl. X-pol.
4.5 GHz 6.5 GHz

(b) ET &I L 7 & DU S & — v
5.6 [UE-¥ 2 — v oLk
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5-4 BIET v T F ok

X 5.2 1RGSR FrhgIc v 7 RS L 2 EARIEEH 2 BIRIAHE 2 U v 2T MSA
CoWT, ffE - WEZFTZOREERMET L7z RIELZRET v 7 F0EERK 5.7 I
NT, XMATIE, Ist mode HOMEFZR TR UITA VL —va viEDDDOE T O I,
B CIEHEER, 2 DD SMA 2427 ARV TA VL —v a VEED7ZHDOE T O T ElH
BRLERINTWEESAEI N TS,

(b) E
X 57 BMELAERET v T FOEERE
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HMET v T FOREEERR 5.8 1T, TA VL —a VEERN 5.9 IcE nFNEHIfE
fRNTIE % 4, KEED-10 dBAFHOFR— 74 VL —2 3 v2820dB ML EE 2 5
BEBHIPH X, 1st mode 2% 4.2 GHz~4.9 GHz & 7¢ U MEaiFtkiZ 15.7%. 2nd mode 2% 6.0 GHz~
6.7 GHz & 72 9 FEHIR(IZ 11.0%Td - 72, 1st mode. 2nd mode O i & R I 351> T BATF 7%
IRFEEREE T A Vv L=y a VRRIESME S, SEIIE & AT I B L 72

Reflection [dB]

——S11 Exp-
» =522 Exp.]
3-.|. ,,.,.I.'I".SIIISi.m,.
ST a5 5 55 6 65 7 75
Frequency [GHZ]

X5.8 WIET ¥ 7 F O U FFE

o777 ]
Exp. ]
== =Sim. b

Isolation [dB]

N 445 5 35 6 65 7 75
Frequency [GHZz]

K59 ME7vTFFOT AV L— 3 VR
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RAIET v 7 F ORISR D FZHIE & fEFTE 2 X 5.10 ISR T, & 2 Tl portl DFEH D HIR
L7ze 57108102 KETED-10dB L FH2OXI 5813574V 1L — a2 v 20dB LA
& 7 B EBEET R I 31 2 FISHE 1st mode 7% 6.0 dBi~7.2 dBi. 2nd mode 2% 5.4 dBi~7.0
dBi TH o7z, Istmode & 2nd mode D % N2 NEXFIEHELTH % 4.5 GHz, 6.5 GHz D 2 i
BT LEET v T F OB 2 — v OFHEZK 5.11 ISR F, WINOREEED . T
BATIERT NS A 2 R 3 RIF RS2 — VMG b T, IEET R ORI L <t 4.5
GHz %°-24dB. 6.5GHz #°-18dB & 7z o 7z, SHPUFE TG L 72 © 7 22 L T 2w iE o
MSA O IE[H /7 [ DR O FZHIE & i3 2% & 4.5 GHz Tlt 4 dB. 6.5 GHz Tl 2 dB
KT L7, RIfiCRLZ@ASSEY  ERT 2 L 70 —7~OfENE b 2D
B2 © & 72 & & 23EMIES © D HERR S 7z,

9'|;'|';|'|'|'|;'|

o))
—

=
= b : :

g0 > -
S 3l §2nd mo;de 0

° —p(')rtl Sim. ]
. ® portl Exp. ]
L | s |

05 4 45 5 55 6 65 7 75
Frequency [GHz]

5.10 3E7 v 7 F OFERE

00 [deg] 06 [deg]

120 120
H-pl. Co-pol.
150 150 =-—H-pl. X-pol.
180 —E-pl. Co-pol.
- ==-E-pl. X-pol.
4.5 GHz 6.5 GHz

511 3 MET v 7 F DG ¥ 2 — v (GEHIE)
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5-5 fEam

ARE Gl ERIIL 2 AR L 7o —7RE2 )V Vv ZTEMSADT A VL — =
VRO UGRIC O WTRET L 72, URFE TR T 2T 5 2 Lick VK- FHET A
Vi —vavRERREI NS L, EHT R ORERE KR TE 2 2 L AL 20X
Nl TOT v T F %R E LRRETHE % 1T o 726558, KEE2-10dB ULTH274 VL —
voa VEMED 20 dB DAL & 7r B JEBGHIBH X, st mode 2% 4.2 GHz~4.9 GHz & 7z Y HRH
1% 15.7%. 2nd mode %% 6.0 GHz~6.7 GHz & 7z b AT 11.0% & e o7z, BHIT, 74V L
—va VRERREI NG Z LI Lo CTERTAMEICKELZ L 7v—7I1C X 25 %
Mg 2 cepncE, EHAMORERKEDWET 52 LBARETH 5 Z L3S 22T 78
277,

ARETIRET 2 MSA DEMMEICOWTRT 20, 5 1-2-4 HlCR L 72 ERE LA
2 JER A MSA D JefTiFE[32]-[351& oMEREIR % 3K 5.1 1T, 72, ERREILA 2
JEIRIAHI MSA & LCPUE T/R L 72 MSA IZ2OW T H ERMICE L 72, KHND Lo lZFNF N
D MSA OEIMET 2 KB O FLREERICE T2 HEEL LTnwE, /. TYvTFOREX
FIADORE X IHEEREEE R VEETTORE I L LT,

Kb, HETRLZIEE MSA DR L LTUTIAE TR,
[R5 ARt VI
2 i - ERRRI CEIES %,
L7u—7080 7%, ZOMMEREED T | KROATH S,
TYTFORIFADORKE S, TV T FEEDEI /NI W,
TAVVL—=va VEHEZRRE W2, FIUEICR L7 MSA LT 2 L K& W,

PUERIC/R L7z MSA & IZISFRIBEOREZE L CTE Y, PUFEIT/R L7z MSA & IR L 2854
TEHERPPRERT AV L —va vVREPRZVWE WO IREER L TWw 5,
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F5.1 UL AECHRE L 72 MSA & SefTHIFE D EREH S

E D | 7LE O | Ref. 32 Ref. 33 Ref. 34 Ref. 35
KMSA | £MSA
EREFHR D | 21.7 % 15.7 % 43.9 % 22.4 % 22.4 % 12.4 %
bt i (1 JEB)
FEBR D | 141 % 11.0 % 552 % 43.3 % 14.9 %
b
Tl ER R | ERRRE | PRI ER R | ERRREL | ERR R
L 7ue—7 |21 2 il 8 I 4 il 6 il 2 il
DI M4 Kizer
BT LER
7 VT F4 | 0.108% 0.108%0 0.150%0 0.132)0 0.195X0 0.090%0
(ENDY=S
T v T FE {0284 0.284X0 0.5790 0.371)0 0.378%0 0.306\0
EWCII2VN
X
HIHN O | 13 dB 20 dB 30 dB 36 dB 13 dB 17 dB
INT A VL
—vayv
ZOfthE | e L T IA | BT 4K SJEEE 2| 4 BT CH) | HEKET4ME
U T i L 7u— 7% | i B3 2 W&
TeTALER | MEMKYS | SEEETK
WERABE | B
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BNE

¥¥ 7 4 ENERBRIEAL 7v— 788 2 BBELRE
2 Y v 7T MSA
6-1 ILBDIT

R ¥ CICHRET L 72, BB T ohdic e 7 2386 L 2 BRI 2 BAEs L 7
THEE2 Y VI MSA OFRES & LT, T Y T F RS 2 IO K E S ic X - TF]
BRKECEHLCLEIRNDLH D, KMS2CRLZHED MSA KL T, 27 v 7T
@%W@~L@Eé W W, % ZAL X 2 7256 OFSFRHEOZ(L 2 X 6.1 ISR T, b, A&
CET BT > I 2 L — & ANSYS HFSS Z T\ %, Ist mode TiIFR DK %
T X o THIIFIFRE S AL, Fric, 3.25GHz L Tl W=W,=100mm & W,=W,=300mm
I L 7256, FIfSHEM 3dB 0 Uz, K 6.2 18 W=W,=100mm & W,=W,=300mm O
AT OWT, 3.25GHz IC3B T 2 E T H OWIEIN OB & 2 — v s,
FHE T 234 LT % W=W,=300mm TIIFERERIERN KN Z OEFHEDOERIH N L 25D
D25, K7 vFFHIEEVWEEREREZAVCT VWS, ZOKE XIC k> TFERICH > T
i 2 RIS WHRE N D, ZDRDX 6.20b)ICRT & 9 IS Y& — v 238, Fl
BPETT2EE2ZLNSE, 22T, ARTRIERDOK E T 0B{IC X b FICLE L 72015
RS2 c 2 HIME L, BRNKA T Z @iﬂ%%{fﬁﬁwﬁ%ﬁiﬂz%mﬁ%ﬁ%f:&)@ﬂw
ET 4 BEM T 2 TR VT, T & EERO M 2> b BET L 725 R [54],[55] % ik

T30 35 40 45 50 5.5
Frequency [GHz]

B 6.1 X 5212789 MSA ORI % 2L L 7= 85565 ORISR D AL
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©riwnivse]

5.22000a002
i
il

L o

0 0 [deg]

dielectric substrate

(a) W.=W,=100mm

E Flaldiv/ml i

AL
e
v zasTeacaz

3. ez
PRt
P
CopEiLeEe
&, e sa:
ERTE

e o 0 ) Ldeel
B dielectric substrate

2, 571408
A

(b) W.=Ww,=300mm

6.23.25GHz ICE1F % E HFHEOWIHNOER 7B L g% — v
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6-2 FRIHEFHIFHI D FEITDWT

Wiz d 2 B L OMHA SIS IEm AR ofEm Ea & HINiC, chEcice4 2
v Z by 77T FOERmEINENICE T 28 Th T 5, REBFHNE O ST %
& LT, FAERTZEMT 2 I7E[57]. FHEIC X 2 Y F¥ v v TRk Z2 RIS 2751k
[58]. F ¥ v T 4 BEEMT B FIK[0N R EDH 5, TNZNDFiE%E T2 MSA OEIEX %
X 63~ 6.5 1C"d, FPAEIC L2 Ny Py y 7RI EREEEE2BE LB, 12
KT VT FIE 2 ER CIATISICEIET 2720, NV F ¥ vy PR 2 B o R
ICEREF T A BN D B 08, W DJEAWIESE DNV B X e v TR 1 ERcEIfEL . Hogk
WIRTH 2, 7, FAFEEEACIEET v TP efomBESEMmLCLEwT L —{ko
BRCEFRPRELSRoTLE S, FERTFEZEMT 2 HED BIARE & Rk IR
HTH 27720, BET VT FIIHLTF v T 4 G2 2 JEBE © LRI K % EwT
THBU TR TH B EZONS, Ko T, KL TIE 2 FRIAHFH MSA I ¥ v © 7
4 RERT B TERRA L, XEUBIETF v T 4 BENRET v T FIcE 2 350 RIco
WICHRRTT %,

patch

parasitic elements .

| |

X 6.3 ZFAEFET %M L 72 MSA
(Ref. 56)
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Electromagnetic band-gap structures
patch

T 75T YT LT T
TS T YT LTS

LT T /7T [T/ T
LT (T T (5T feT 5T

6.4 NV F ¥y v TR EE T 2 G EBG) % 2 L 72 MSA
(Ref. 57)

patch .
/ cavity

y, H i
- . A o -
i H E i‘\-—"
' = ®

X

@ - ® -
AM!!!!!!&%“
el SEEEEEEREE &N
shelcieolieieoiesRele

6.5 ¥ v 7 4 BEEH L7~ MSA
(Ref. 58)
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6-3 EBEBICX > TR INZF ¥ T 4 IOV TORE

ZUoic, RuEZENT2MEe L CRd BMiAETH 2 B8EEEIC L > TS 1
TeF ¥ ET 4ICOWTHET L7z, MSA DEIFICEEEEIC X o T I N F v €7 4 &3
L7242 T v 7 F oMK% X 6.6 108 T, SEBEIIHIEARICEINAZES Imm O&
Bl L. v 71 0BIREIHEE L,

A
v

v

(a) Upper layer (b) Middle Layer

—» FDS h
4

(c) Lower layer (d) Cross-sectional view

W.=Ww,=100,a=85,b=5.0,c=70,d=3.5,
We=50,P,=55,P="10,P,=3.0,P,=45,
D/ =D,=12,t,=48,t,=12,,=12,
t4=10,h=72 [mm]¢& =2.6

6.6 BIEEEIC K o THER L 72 F v &7 4 M L2 RET v 7 F DHEN
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SEEEIC X o T L7 ¥ ¥ €7 4 ONH We 2 Z{L &2 2856 0FERFEOZL %2 X
6.7 1T, ZDMDFEIZK 6.6 ICRTHICEHELTWS, ¥ T4 2R L TR
AR T, Fry T4 2EmT 22 i X D FIFIRAILLEL T35 We=30mm D¥& T
Istmode, 2nd mode LICFIBF2MET L TED, Fr T 4 ONMIF—EUL LDOKE X H0H
THB bbb,

SEEEIC X o TR L 72F v €T 4 OE X h 22 S 25500 EH 02 %X 6.8
IR, ZDOMOEIZK 6.6 IRTEICEEL T2, F¥ET 4 DOEmIAEZKRELTS
Z BRI ET 2R br5, K67, K680, YT 4 KT 2E8EEDS
SROCNLOEIBRKEVIEEFEGEZA LS L BAHETHIEELILNDS,

10_ T T T T T T T T
[— =30
= = =.=40
8F —Ww.=50
[ — =60 )
= [ "w/ocavity ./
s, o Vi
= | .-
S 4
2k .
oL— Ao 1 N - L]
3.5 4 4.5 5 5.5 6 6.5

Frequency [GHz]
B 6.7 ¥ v T 4 DNl We 2 AL X € 7856 ORIERTE D 21l

10

Gain [dBi]

WO

5 4 45 5 55 6 65
Frequency [GHz]

6.8 ¥ ¥ 7 4 DFEI h 2RI 5O RIEDZAL
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6-4 ETICXoTHRINEZF Y VT 4 ICD2WTORE
AT I BRI X > TS Nz v © 7 4 BEEMTT 2R IO W TIRET L 7243, MSA
TFEFERIC X VI N2 720X FROEBEREZMNT T2 2 L I3ASTIER Y, 22
T\@ﬁ®57mi01#%8?4%%ﬁ?%ﬁ&momfﬁﬁbko%ﬁﬂ%ﬂ69mﬁ
T BT IRATERICERIRRIC LTw3,

A
v

3
S

(a) Upper layer (b) Middle Layer

(c) Lower layer (d) Cross-sectional view

w.=Ww,=100,a=8.5,b6=5.0,c=7.0,d=3.5,
We=50,P,=55,P,=170,P, =3.0,P,=45,

D, =D,=12, D;=24, t,=48,t,= 12 t,=12,
=72 [mm]e.= 2.6

X 69 ETICXoTHERIN-F Yy T 4 ZERMLZRET v 7 F oSN
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Bl 610 iICF ¥ T 4 & LCIEL T OREEZL T & 256 0REREZ R,
D72, X 6.6 ICRTEBEICK o THEK L 72 % v © 7 1 230 L 72858 DL O Ff5HF
PE(We=50mm, h =72mm)% FIFFICR L TWwW3, £/, ZOMmo~1iEIK 6.9 2R3 fE TR
ELTW5, 7 DR § KDOEAIC 2ndmode DFIFFIZET L7225, 12 KL EoB& T
FOITNSEBRONm D572, $/o. BBEEICL > TR LZZF v 7 1 2R L7128
AL T 2 LRSI T LTw 3,

M 611 ICERLE L 72 7 OE & 22 S ¢ BRofERFEZ R, ©T7ORBIZ 12K, %
D D~IEIEK 6.8 ICRTHICEHEL T2, ET7TOREIEZRELTEIIL, bTHLTHD
25 Ist mode DFERH ELTWBZ ERbhs, 72, WTFNDOEED ¥+ 7 4 23N
LTWwWaAWES T 2 L MG EL T3,

10— . . .
—svia ' ' ' '
l= = =]2via
[+ =—16via

8 20via
— [+« -wall cavity
m
=,
£
<
@)
~ -.{
= I I

0 . 1 . '."‘ 1 . . ]
35 4 4.5 5 5.5 6 6.5
Frequency [GHZ]

6.10 © T DR % ZA X & 7255 OFIERHE D 2L

F T T T
- =—h=6.0

]

- - -h=8.4
— b 96
Fa :' * "w/o cavity -~
3 r (4
=
5 4
O 1

2F -

= '0\"

>0 I

0 L , | ,

3.5 4 4.5 5
Frequency [GHZ]

X 6.11 ©7 O X %21 X 8 =560 R0 221k
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6-5 AV vIREFLETIRIoTERINEF YT

A DWW T ORRE}
Kic, FRORERTORICRE LA v /ET L, ke HIK Y » Z7TET

TS 8 RDETICL o T E Nz F v BT 4 IO WTHRET L7z, B %X 6.12
GRS, TNETOMMN LY, Fr T 4 OEIFHFMDORE I 2HMNT 213 EFIGH EoR)
RBBONDMEARD D 5720, FYET A DOEIFTROKRE I ZERDIEX (+6+6)MA L
T2LT VT REROEINEMNT 5, 22T, eT O REICHIBY v IRRTERET S
LT, TYTFLROE I AN 2 2L A BT AEREAEICH Y T 3 D & 2l

RINRBAFE N D,

A

(a) Upper layer (b) Middle layer

s ik I — = 1 | t3
=2
(c) Lower layer (d) Cross-sectional view

W,=100, W,=100, W, =50, W,=38, C;~20, a=11.5,
b=6.5, c=8.5, d=5.0,w=5.0, w,=3.5, P,=4.0,
P,=12, P,,=3.0, P=6.0, D,=12, D,=3.0, t=7.2,
t=1.2,;=1.2 [mm] £,=2.6

X 612 /Y v IZIEETFLETIC X > TR I N v 7 4 23R L 72 MSA
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6.12 1T T MSA ICD T, ¥ ¥ ¥ 7 4 OHEICH T 2REDO LA 2 RE 32, 1FLD
CF X ©T 4 2T 27720 v STEHRTOINL Wo 2 L T 2 72RO FISRHEZ X 6.13
RS, Weor #/NE L F 513 L, Ist mode. 2nd mode FLICHIEDHRAMEIZKE { 725D 1st
mode DFHHIIKL 2 b, RITICT, Wer ZKE K F513&, 1st mode DFHHILIA DS 5 23F|1F
DI AKEIZIET L. 2nd mode TIIFIFORAMEIZM T Lt b < 72 o 72,

Fr T4 2T 2B v IIERTOWNY We 2240 3 ¢ 786 ORISR E D Z1L
%X 6.14 1278 T, 1stmode. 2nd mode FICHIFFFRIEDEL /NI W LD 5,

R
B == -WC1:45'
10_— _WC]ZSO_
- C Wy =55 ]
WCl:6O
WC]:65-

J .

I L L | b
5 3 3.5 4 4.5 5 5.5
Frequency [GHz]

6.13 JjIEY v 7IEFR T DINA Wer 2 ZAL T 2 56 ORISR E D 2L

12_ T T T T T T T T T T T
C '_Wcz:34-
10F == 'Wczf36-
”"
@ ot /
o,
g
C@ -
O 4F
of
. L | L |
8.5 3 35

Frequency [GHz]

6.14 JiiZ ) v ZTEHEF DINL Wer % Z2AL X & 7356 OFISFRHE
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YT 4 ZHKT 5T OER D, # B &R 55 0FEREOZE K 6.15 1R
T, Dy RELTAI3L. Istmode DFEDE TR E < 72 52— HEIZHA L 72, 2nd mode
TIEIAIE - e DML 7,

12 ——

—————

Gain [dBi]
(O8]

/
!
i
l

:I:l .

3.0

2.5

Frequency [GHz]

6.15 ¥ 7 DL Dy # 2L & & 72 R ORISR
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RICF X UT 4 2RRT 2T ORBICOWTHETT 2, ©T7ORBAZN X754
DAFFREDZAL 2K 6.16 IR T, T ITHFEMFRICEE L. B Dy 13 0.6mm (C[EE L T
W3, BT OREEEESL L 72854, Istmode DFEDEIT K & 72 5 — R IZEA L. 2nd
mode TIFAIE - HHH L bIC EL, ©7 OERE D, 2 K& LBA L FAkoMEmsA b h

77e ETOEREAE 4ARE L25GEIZWEEIHE HICFHIZETLTCEY, 2og&iixy T
4 L LTCOMER S THRVWEEZLND,

12 T T T T T T T T T T T
I ——via4 X D,=0.6mm
= =via8 A& D,=0.6mm
9l —_ vial2 A& Dy=0.6mm
A L ~< =—=vial6 A& D,=0.6mm]
[-- “) BEN
-l MRRN \" ~—
i N
1
:‘—‘ ’l \\
\i\ o * -
a2
|
| M
s s

] ) ] ) ] I; ] )
30 35 4.0 4.

Frequency [GHz]

6.16 &7 DAL Z 2AL X ¢ 7z B O AIFR
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6-6 ¥ YT 4 RERLAEZ LICK 3B E~DEE
AKEICIEFAEICTORLZF Yy T 4 OFMEZHRE T 2720, Fr 7 1 OFMIC K
MSA OFEDOZL Z KT 5, M S2 ICRTF ¥y T 4 ZERML TG L I612

WRTF ¥ U7 4 ZEFLZEEICONT, Eio—doRX w,Ww, #Z{tx 2728
RATFREZ X 6.17 1Ic, FIRFREEZR 618 ICZNE T, M 6.17 226, KRR ¥ v &
74 DFEREROKRE Ik S, 2 R CIAEEFEZ R L Wb 2 e bbb,
X 6.18()D ¥ v &7 4 2 IEmMOLE, —fHle LT 3.0 GHz fHETiE We=w,=100mm &
W=W,=160mm D&% KT 2 LFfFIZ 4 dB IZEEDPEL TV L DI L, X 6.18(b)D
¥ ¥ €7 4 ZEM L72EA T 2nd mode TIIAHTOLEHNIA LN S D DDOFFEOLH) 1T/ X
{. Istmode TITWITNDEEDLEL TEWAIEFEZTRIL TV

0
0 \' ! ' I T /:/..\' T T T
/ \
'_‘1 — | \‘ -
QE 0 %-10 s / P
= = ‘ / _
220 220t J
S | ---weweso 1 28 - = =W, =W,=80 | 7
R Mg SR Mg '
= % W= 14218 { & W= =140 -
W=W,=160 W, =W,=160
_40 L 1 L 1 L 1 L 1 L 1 L _40 L 1 L 1 L 1 N 1 L 1 .
25 3.0 35 40 45 50 55 25 30 35 40 45 50 55
Frequency [GHz] Frequency [GHz]
(@) * ¥ v 7 1 LM (b) F ¥ & F 4 Hfif

6.17 F ¥ ¥©'7 4 OFEIC X 3 RO Hik

Gain [dBi]
Gain [dBi]

L 1 L 1 L 1 L 6 1 L 1 L L 1 L
3.5 3.0 3.5 40 4 5 50 5.5 25 30 35 40 45 50 5
Frequency [GHz] Frequency [GHz]
(a) ¥ ¥ &7 4 JRLEqT (b) ¥ ¥ &7 4 M

X 6.18 F v &7 4 OFMEIC X 2 FERED LK
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6.1 ICEWTHIEHE T2/ & N7z We=W,=100mm & W,=W,=300mm D HAEICDWT, *
Y BT 4 ORI X 2B REOZILER 619 ICRT, Fr T4 2ERTLIILT
W=W,=300mm D& DOFFFHEDK T AKES Nz L B3b2 5,

[ 6.2 12 3B W CREEERIMR N I O % QUL IR E R LT 7z W=w,=300mm D%
BD325GHz ICDWT, ¥x v 7 4 OFMIC XD E M7 DK O BRI & -« &
—VOHKEM 620 ITRT, ¥F¥ T 4 %M T 5 I & CHERERNT RO Z 0D
BARPNI Lo TWBE T b, Fx T 410X o THEMRIMRNE K% 0irfFicih
o B 2 RMPEAMEM I N e B X OGN D, $72. F v T 4 BEER L 28558 DU
Z—VIFIERAFAICHEREZRLTEY, B ASX—vhodb F v 7 410 X 3 RAPUK
WD NF % HERRT & 72,

INLDFERDLS, Fr T 4 BERT 22 & THNICH > TR 2 REHRZIH L.
HERDOKE T DZAIC X 2 FIfFOZLE) 2 KJHATRETH 2 & L 23SH O 21T 72 o 72,

12 I - T ——W=W,=100"W/o cavity
I .- -Wx=%=300 w/o cavity

i W,.=W,=100 with cavity

9 T — —.Wx: W}V,:3OO with cavity

Gain [dBi]

L 1
3 4
Frequency [GHz]

1 6.19 W,=W,=100mm & W,=W,=300mm D551 313 5 FlfGHEE
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E Flald[¥/u]

5
LIz
LTt

X 6.20

dielectric substrate

(@) FX T4 2EML AR WES

dielectric substrate

90

(b) ¥ ¥ 74 BEMLEGS

06 [deg]

00 [deg]

W=W,=300mm D5 D 3.25 GHz <38 5 E [H /7 [ D Wi PN O T 555045 S UK

Bz — v
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6-7 BIET v 7 F DEE

F ¥ T 4 LA L 7 BRI 2 JERRAHHE MSA 120w T, BE - HIE 2TV ZED
R BT L7z, X 6.12 ISR MSA 138 X 9.6mm TH Y JE X O/NE WEEENRIMR % 85
HRCHFT 2L, HERKIMLT2Z 3LV, 22 C, HHoERKrEEENS DT
72K, BRI ZESE S LRI T s 2 Lz, HEEHL2EE2 K 621 1TRT,
TYvTTREOEILE XY ET 4 DOREIFIM4IRTMSA &H—¢ L, £72, Vv
BHEF.L7r—7, Fr 74 Oz iiET 2EICOAEX 0.6mm DHMp A, %
D22 5E TRERC L 720 7 ds. IR 2 S5 2 72 D IR D A R —F —F 7z, 2
SEEHV2 2 TS 2 FEREROBE 2SO T2 enTE, BEIIMIT S
EBTE D, EXREEH 5 LM R REMES/NE (e 5720, iEHEEEIZK 6.12
IC/R T MSA &l L TEWREIREICH 725, Istmode % 4.0 GHz. 2nd mode % 5.25 GHz I
FXAE L7z,

(a) Upper layer (b) Middle layer

t,=0.6mm : Z225JE

t,=0.6mm : 75 ERIK

==

= }

| Z“ B

D t,=6.0mm : =58

(c) Lower layer (d) Cross-sectional view

w=100, W=100, W,=50, W,=38, C;~20,
a=11.5, b=8.0, c=8.5, d=7.25, w,=3.5, w,=1.25,
P=40, P,=2.0, P=8.0, D=1.2, +=0.6, 1,=0.6,
,=6.0 [mm] ¢,=2.6

6.21 ZERJEEZHW=31ET v 7 F DK
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AELT v 7 FOHEEZIK 622 ISR, RETIE, Ist mode FHOBEFR T, 74 /L
—vavEOLOOLT O L, KUCRNREBH Oz o0 * ¥ v 7 1 2K 577
VY IR TFEETOEEAEINT WS, HEEH T, HEA 22500 SMA axs X%, T
AVL—vavBEDEDO LT O FH, RUOHGESHH DD * v 7 4 KT
T OTEHAETNT S,

(a) ZKIHI

(b) i
622 AEFL7T v T FDEER
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RET v T FOREFRHE. 74 v v— 3 vRrE, FISRHE o ZRIE & fETiE % 2 h 2 h
6.23. 624, 6251 d, RO FENEA-10dB AT & 72 2 JEECHIDH X 2 2
. 1st mode 2% 3.6 GHz~4.2 GHz. 2nd mode 7* 5.0 GHz~5.6 GHz T» - 7=, gz
ZN153%., 11.3%Th o7z, KEFED-10dB LT & R 25 NOFR—ET7A4 VL —v =
v OFEHIEIL 1st mode 2% 14 dB LA E. 2nd mode 728 16 dB LA ETH D FIEFDOEHNE I 1st
mode 2% 8.0 dBi~10.2 dBi, 2nd mode %° 7.0 dBi~8.5dBi TH - 7=, &k, 74 v L —v
= VR, FISRRE O FEHIME - MEbTIE 12 3 e b 3L 7=,

0 "1'|1"'|}'|3'

Reflection [dB]

Frequency [GHz]
6.23 AIET v 7 F O ARk

O T Ifl Ii' T T | T |3.

Isolation [dB]
(8] [\ —_
S o o

N
(=]

! | 3 ' | 3 L | . . L
3.5 4 45 5 5.5 6
Frequency [GHZz]

N
L»Jo,

6.24 MET v T FDOT A4V L—v a ViR
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Gain [dBi]

NS I e e

12

(@)

10

6.25

AL 1 A
4 4.5 5
Frequency [GHz]

e T v T F OHIGRHE
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6.23 IS SR ED-10dB AT & 72 2 I BEHIPHIC 350> T 1st mode D AKX Ke£4 3.6
GHz & =8B 4.2 GHz, 2nd mode D FAR K4 5.0 GHz & i JEl L 5.6 GHz D 4 Rl
B 5 HIHMKOE HD B2 — v O FHEIE & EITEZ 2 12 1 6.26 (a)~(d)ICR T, W»
THhoFEKICE Ty, ERFFETTA RS at 2R EsE oz, $72, @
Pl & EEE IR X < 3L 7z, BRAICR 218 EREREIBEMT 2EmE 720, 5.6 GHz
DHMETHRA-2dB & 72>72, £7-. 5.6GHz @ E [ D TR D 60 E/5AIC-5dB FRE DO v
—LDFRELT, FEBSELR3I13E L 707200 e F v T 4 OFERKE
b7zt E2HbN5,

0 [deg]

00 [deg]
r— -

3

120 120
Co-pol. Exp.
Co-pol. Sim. T _Copol. Exp.
180 2 Xopol Bxp. 180 <= - X<pol. Exp.
H-pl. POl Sim. E-pl. —-—X-pol. Sim.
(a) 3.6GHz

00 [deg] 00 [deg]

—Co-pol. Exp. ——Co-pol. Exp.

Co-pol. Sim. Co-pol. Sim

180 - ===X-pol. Exp. 180 - ==-X-pol. Exp.
H_pl ------- X-pol. Sim. E_pl ------- X-pol. Sim.

(b) 4.2GHz
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(d) 5.6GHz

6.26 MMET v T F Dl & — v
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6-5 FEEm

B L 2 B IA R MSA D FEAR DK & & o2 bicxt 3 2 flfF o &8 % Jiifil 3 2 7=
B, MSA DFIFICF ¥ €7 4 ZEMT 2EICOWTRET L7z, v 7 1 13 EEORU
FRTFLICEE L 72778 ) v 7T & HiBRL T v 7R T 2Esi T2 8 Aov
TICEo TR L7z Fr T 4 M T2 2 LIk o T AR ICIZSEE n i 8% KIT
T AL, EROKRE JICHT 2HG0 LB ZIGIRTGETH 2 2 L AFHTIC X Y B S 2
IC7 577, FEERCIREWERA S 28 % F v - iE o3%EE - SMER 1T o 72, EEROHEE,
KYTEA-10dB & 72 2 B EHEIFH 12| st mode 2% 3.6 GHz~4.2 GHz & 72 b HefKi3 15.3%.
2nd mode %% 5.0 GHz~5.6 GHz & 72 U [bimikiz 113% L e o7z, F72, MiFHNCTRIFA T
AV L —va VRHE - FSFREZ R U, FEHIE & T I — B L 22 A5 SR 38 b vz, DA
rFoz b, BEHRTFORRICE T & EEA L 72 BRI 2 A MSA o J& i
F XU T4 RIEHRT S LT, 2 S CIA IR 2 MR L e 0t b B0 K & X o ZEflic
L 2HEOEBZIH TS 5 L WL I I NI,
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FELE Lo

KiwmXlt, BEARAEEEZD IV HO=— G2 &R FE T v 7+ & LT, 2 /E
P I EIE L IERRE LSl RETH 2 MSA OFEBZHM & L THET 2%
770

BTz oER L. RiSCTRE T 2 BT D» T~ 7z,

BT MSA OREFEHER, ~ A F ANV RRET VT FTH B4 Y VI MSA &R
ﬁ¥ﬁ7/7%<%5L7u—7%$)/7%¢@A@@ LRI O WTEL L 72,

BT 2 BB CIATIEEE A E T 5 MSA IO W TG L 72, L8 & g IicidiE X
N7 2l V) v ZEBEN R L% T OEWiFEERERICHEK I Wz L 7o -7k - Tia
ETL, L7 —7RE2 Y v 7 MSA I 2 B CIAMIREER SO D 2 ey 3
L—ya vtk VLI N, COT Vv T FEHMELZEC A, KEEH-10dB LT
& 70 2 JE B BCEIPH o FEHIE 1 1stmode 2% 3.1 GHz~3.8 GHz, 2nd mode %* 4.4 GHz~5.15 GHz
D, I ZNEIN203%, 15.7% ThHh o7z, COTENL, L7 —THE2Y) v
7T MSA DENE MR X iz,

BT, 2 WA EEEEE A TS L 7 —7HE 2 U v 7T MSA OEAMR I
fLicowThEf L7z, L7 r—>7 %$2)>¢GBM&x:2@@1;7u~7%Eﬁ?¢6m%
CHLE T 2 & & CERmELAESAEETH 2 BV Ial—v a VICLVHL I
Neo 2OT VT FRAELE 25, KB DFEHIEL-10dB LA & 72 2 JEI A
Ist mode %% 4.1 GHz~5.1 GHz, 2nd mode %* 5.9 GHz~6.8 GHz & 7z V|, [tiF ﬁﬁi%%ﬁ%h
21.7%. 14.1%E o7z, N0 OREEBHIFHO R — T A VL —v a2 VEREDERIEIX
Ist mode 2% 12.5 dB BA L, 2nd mode 28 16.0 dB ML L& 7 o7z, T b DfER S, 2 FHIA
WHFEZE T2 L 7 =782 U v 7T MSA OERREILHL D720 ER T 2 {7iE
2o L 7'm— 7% BLE S 2 FEOHMEDHL 278 o 72,

AT, ERERILH 2 FERATI L 7u—7HE2 Vv 7T MSA OT7 4 VL —
v a VRHEOUGE TR IC O W TRET L 72, MSA DGR T Hhouic Bk & 7 v 7 F B
ICOEILARBIETEEMTEILICLoTTA VL= a v ERKERETH B C
EHRVIal—vavilX VLRI N, COT VT FEAMELZE T A, KEER
“10dB A T2 2oT7 4V L— 3 vERED 20 dB BAE & 72 2 JEE TP X, 1st mode 7% 4.2
GHz~4.9 GHz. 2nd mode %% 6.0 GHz~6.7 GHz & 72 b | LI Z N2 15.7%. 11.0%T
Holze TOFERNG, BEARMmEIH 2 FIKIATH L v —75E 2 U v 7T MSA DX
WHERFHRiceT %4 ﬁ?é LICEWTA YV L —va VIR SET B FIEOGMEDS
BH & 210 72 o 77,

AT, HHEE IR L 72 MSA 8D K & X112 X o TR ICZ B 2342 L
52 L BfERT B720, MSA DJEIFHICF v © 7 4 &3 5 FiEICOWTRET L 72, U
FrhRICE T 2EM L ZERRELEH L 7o —7%%E 2 U v 7T MSA © LJE D it
TOREBICHBY v 7R TFEZEE L, HIBY v 7R L HEHhREERT 2 8§ Ko7
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X o TR ENZF Yy T4 28T LICX->T, EROKE ZDELICK TR
ELEMEEEREONZ Ry IalL—va vtk VHLRICINE, 2OT VTF

EAfELZE 2 A, RYTED-10 dB & 72 2 JEIECHI PR 1Z . 1st mode 2% 3.6 GHz~4.2 GHz,
2nd mode 7% 5.0 GHz~5.6GHz & 72 V| iz 2 £ 153%. 11.3% & 7% o7z, $72. C
NS O I IC 351 2 FHF 0 FHHE IXFIG O EMIHEIL 1st mode 2% 8.0 dBi~10.2 dBi,
2nd mode 7% 7.0 dBi~8.5 dBi & 7z b SEHIfAE & AT I R —E L -FE RGO, T b
DT Lps, ERmELR 2 FHAFIRL 7o —7HE2 V) v 7 MSA RO K E X0
ZAtIiC X 3RS0 S % IHT 3 7291 MSA DAHIC F v © 7 4 2% 2 Fioa0E
DL DT T o 72,

PLEX Y, KESCTIRET 27 v 7 FIE T 2 T AN v FRE - IR - 182 IR 3 A
w747 v —v g vt IR K& 2R S R WE L - FIE R &2 3 fi 2 72 &
WReR T v 7 e LTAEMG BRI R VB2 2 L 2R L7z,
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Radiation Properties of Wideband Multi-Ring Microstrip Antennas
Fed by an L-Probe for Single- and Dual-Band Operations

Yuki KIMURA ™, Student Member, Sakuyoshi SAITO?, Nonmember, Yuichi KIMURA, Member,

SUMMARY  This paper presents the design and measurement of wide-
band multi-ring microstrip antennas fed by an L-probe for single- and dual-
band operation. The proposed antennas consist of one or two square ring
patches and an L-probe arranged in a multi-layered dielectric substrate. By
using a thick substrate for the L-probe and optimizing the distances be-
tween the L-probe and the patches, wideband performance is successfully
achieved. The optimal substrate thickness of the L-probe and patches to ob-
tain good wideband performance were determined, and prototype antennas
for single- and dual-band operation were fabricated and tested. The mea-
sured fractional bandwidths corresponding to reflection coefficients below
—10dB were 46.1% for the single-band antenna and 20.3% and 15.7% for
the dual-band antenna. The measured gains of the test antennas in the above
bandwidths were 0-6.9 dBi for the single-band antenna and 3.0-8.6 dBi
for the dual-band antenna. Although the E-plane radiation patterns were
slightly tilted against the frequency, stable broadside radiation was con-
firmed. The proposed antennas exhibited excellent performance as wide-
band planar antennas for single- and dual-band operation. The proposed
wideband antennas can be easily extended to a dual linearly polarized an-
tenna by using another L-probe in the orthogonal position.

key words: multi-ring microstrip antenna, planar antenna, wideband,
multiband, L-probe

1. Introduction

Interest in wideband and multiband antennas for various
wireless systems has recently increased [1]. Microstrip an-
tennas are characterized by their small size, thinness, light-
ness, and low cost. They have been extensively researched
and are commonly used for applications such as mobile
communication, broadcasting, and sensing. The multi-
ring microstrip antenna (MR-MSA) has been proposed as
a multiband planar antenna [2], [3]. MR-MSA consists of
multiple ring patches arranged concentrically on the up-
per layers of a multi-layered dielectric substrate and an L-
shaped feeding probe (L-probe) on the lowermost layer of
the substrate. MR-MSA exhibits excellent multiband per-
formance with stable radiation patterns because the operat-
ing frequencies are designed flexibly. Another advantage of
MR-MSA is that the linear or circular polarization of each
operating frequency can be designed individually. The only
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disadvantage of MR-MSA is that each operating frequency
has a narrow bandwidth.

Wideband MSAs for single-band operation have been
reported with L-probe-fed MSAs with a thick substrate
[4], [5], a U-slot MSA [6], [7], and a stacked MSA [8].
These MSAs had, respectively, fractional bandwidths of
35%, 30%, and over 50%, with thicknesses of approxi-
mately 0.1, 0.08, and 0.18 wavelengths at the center fre-
quencies. Furthermore, a dual-patch antenna with a branch
L-probe [9] and a stacked dual-patch antenna with two L-
probes [10] have been presented as wideband and dual-band
microstrip antennas. The dual-patch antenna with a branch
L-probe [9] has fractional bandwidths of 20.8% and 17.9%
with a thickness of approximately 0.145 wavelength at the
lower center frequency; however, since the two patches are
arranged side by side, the overall area of the antenna is in-
creased. Also, the radiation pattern in E-plane is split at the
higher band. The stacked dual-patch antenna with two L-
probes [10] has fractional bandwidths of 26.6% and 42.2%
with a thickness of approximately 0.139 wavelength at the
lower band and stable radiation patterns for the both bands;
however, the patch for the higher band is placed over the
patch for the lower band. Furthermore, two independent L-
probes for the lower and higher bands are arranged in the
different layers. Because the lower patch is used as a ground
plane of the upper patch, it is necessary to connect the lower
patch to the bottom ground plane with several vias. The
structure of the whole antenna is so complicated as to make
fabrication problematic.

In this study, wideband MR-MSAs fed by an L-probe
in a thick dielectric substrate for single- and dual-band oper-
ations were designed. The proposed antennas operate with a
feeding L-probe and have wideband and multi-band charac-
teristics. Furthermore, its radiation patterns both in E- and
H-plane are unidirectional because the radiation elements
are symmetrically shaped and arranged.

The advantages of the proposed antennas include sim-
plicity and compactness. Compared with a dual-patch an-
tenna with a branch L-probe [9], overall patch area is
smaller, and its radiation patterns are more stable because
the two patches are superposed at the same position but on
different layers. In addition, the L-probe has a simple shape
without branching. Compared with a staked dual-patch an-
tenna with two L-probes [10], the height of overall the an-
tenna is smaller because the two patches are operated by the
same ground conductor and the patch for the higher band

Copyright © 2021 The Institute of Electronics, Information and Communication Engineers
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is placed beneath that for the lower band. Also, it operates
with a single L-probe. Generally, rectangular ring-shaped-
patches are used for a broadband patch antenna because
their patch area is larger than that of a square ring-shaped-
patch and it can lower the Q factor. However, in this paper,
we have adopted square ring-shaped-patches in order to ex-
tend the proposed antennas to dual linearly polarized anten-
nas in the future.

Firstly, a single-band MSA with a single ring patch was
designed. With the use of a thick dielectric substrate for the
L-band with a thickness of approximately 0.14 wavelengths,
a fractional bandwidth of 46.1% was obtained, correspond-
ing to a reflection coefficient of less than —10dB [11], [12].
Then, a dual-band MR-MSA with two stacked ring patches
was designed. The thicknesses of the substrates were tuned
to achieve fractional bandwidths of 20.3% and 15.7%, and
stable radiation patterns in dual-band operation were ob-
served [13]-[15]. In Sect.2, a one-ring MSA to provide
the widest bandwidth characteristics in a single band was
presented. In Sect. 3, a two-ring MSA with wideband char-
acteristics for dual-band operation was presented. In Sect. 4,
conclusions of this paper are described.

2. One-Ring MSA for Single-Band Operation

This section presents a basic study for the design of an MR-
MSA with wideband and dual-band characteristics. To this
end, the design of a one-ring MSA was considered to pro-
vide the widest bandwidth characteristics in a single band.
Figure 1 shows the configuration of the one-ring MSA for
single-band operation. The one-ring MSA has two layers
of dielectric substrates with a square ring patch for the ra-
diation element on the upper layer and an L-probe to excite
the patch on the lower layer. The dimensions a and b of
the square ring patch (see Fig. 1(c)) are determined by the
design frequency of the antenna. To achieve wideband char-
acteristics, an L-probe with a thick dielectric substrate was
used. The L-probe was printed in a T-shape on the dielec-
tric substrate for impedance matching with the antenna. A
50-Q) coaxial connector was attached to the backside of the
ground plane of the L-probe for feeding. The design fre-
quency was set to 12.0 GHz. The relative dielectric constant
of the dielectric substrate was &, = 2.6, and the loss tangent
was tané = 1.8 x 1073,

2.1 Substrate Thickness of the One-Ring MSA for Single-
Band Operation

To design the one-ring MSA with wideband characteristics
in the single operating band, the thickness of the dielectric
substrate was first elucidated, as this is an important param-
eter in defining the bandwidth of the one-ring MSA. The
simulation was performed with Zeland IE3D. Figures 2 and
3 respectively present the reflection characteristics at differ-
ent thicknesses #; and t, of the lower and upper dielectric
substrate layers. The other parameters were fixed to the val-
ues given in Fig. 1. Figures 2 and 3 show that the antenna
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Fig.1 Configuration of the one-ring MSA for single-band operation.

has two resonances. As shown in Fig. 2, the frequency of the
one of the two resonances is decreasing significantly as #; is
increased. Because #; corresponds to the height of the L-
probe, which is one of the parameters affects the resonance
frequency of the L-probe, this resonance is likely due to the
L-probe. Furthermore, as shown in Fig. 3, the frequency of
the other resonance is increasing slightly as #, is increased.
Because 1, corresponds to the height of the ring patch, which
also affects the resonance frequency of the ring patch, the
other resonance is likely due to the ring patch. From the
above, this antenna has two resonances corresponding to
the resonance of the L-probe and the ring patch, and when
the heights of the L-probe and the ring patch are optimized,
they yield wideband reflection characteristics. In the case
of this design, good wideband characteristics were obtained
fort; =3.0and 1, = 0.6.

2.2 Design and Measurement of the One-Ring MSA for
Single-Band Operation

On the basis of the above findings, a one-ring MSA pre-
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Fig.3 Reflection characteristics of the one-ring MSA at different
t, [mm] values.

sented in Fig. 1 was designed for single-band operation and
measured. The design and simulation were performed with
Zeland IE3D and ANSYS HFSS. The other parameters were
tuned to obtain wideband characteristics around 12 GHz.
Figure 4 presents the measured and simulated reflection
characteristics of the one-ring MSA for single-band opera-
tion. The antenna was confirmed to show good wideband
performance. The measured bandwidth with a reflection
coeflicient below —10dB was 10.0-15.7 GHz, which cor-
responds to a fractional bandwidth of 46.1%. The both
simulations and the measurement were in good agreement.
Figure 5 presents the measured and simulated gain of the
antenna. The measured gain in the above bandwidth was
from O to 6.9dBi. The bandwidth over a 4 dBi gain was
9.8-14.6 GHz, which corresponds to a fractional bandwidth
of 39.1%. The gain was lower in the band above 15 GHz
because of an increase in the unwanted radiation from the
L-probe. The proposed antenna operates in the wide band.
At the lower frequency of 11.2 GHz in the band, the gain
is about 6 dBi, which is a typical gain of patch antennas.
On the other hand, larger gain of approximately 7 dBi is ob-
tained at the higher frequency of 13.2 GHz because the patch
area at the higher frequency is larger than that at the lower
frequency in terms of wavelength. There was a large dif-
ference between the simulated gain by IE3D and measured
gain. The designed antenna has a relatively thick dielectric
substrate and the IE3D simulation defines the dielectric sub-
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Fig.5 Measured and simulated gain of the one-ring MSA.

strate as infinitely wide, hence the gain reduction due to the
infinitely wide dielectric becomes very large in simulation
by IE3D. Since, the large difference in gain between the
IE3D simulation and the measurement was observed, and
the HFSS analysis was performed in addition to the IE3D
simulation. Figure 6 presents the measured and simulated
radiation patterns of the antenna at 10.0, 11.4, 12.9, 14.3,
and 15.8 GHz. The bandwidth of the proposed antenna is
widened by the combined two modes of the resonance by
the ring patch and the L-probe. In case that the resonance
due to the L-probe is dominant, the radiation pattern is close
to that of a monopole antenna, which is a disturbed pattern
for an MSA. In order to show the changes in the radiation
pattern of the one-ring MSA to the frequency in the band,
we showed the radiation patterns at 10.0 GHz, the lowest
frequency, and 15.8 GHz, the highest frequency. Further-
more, since the measured fractional bandwidth of 46.1% of
the one-ring MSA corresponding to a reflection coefficient
below —10dB was very wide as shown in Fig. 4, we added
the patterns at 12.9 GHz, the central frequency of the band,
and at 11.4 GHz and 14.3 GHz in Fig. 6, which are the in-
termediate frequencies between the central frequency and
the lowest and highest frequencies, respectively. From 10.0
to 14.3 GHz, the radiation patterns in both the E- and H-
planes were good and stable against the frequencies, how-
ever, the patterns at 14.3 GHz were slightly distorted. At
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Fig.6  Measured and simulated radiation patterns of the one-ring MSA.

15.8 GHz, the patterns in both the E- and H-planes were
distorted significantly, and the direction of maximum radi-
ation was tilted. Unwanted radiation due to the resonance
by the L-probe influenced the patterns and caused the gain
loss gradually as the frequency is increased. These results
confirmed that the one-ring MSA shown in Fig. 1 has good
wideband characteristics for single-band operation.

3. Two-Ring MSA for Dual-Band Operation

On the basis of the results presented in the previous chap-
ter, a two-ring MSA with wideband characteristics was then
developed for dual-band operation. Figure 7 presents the
configuration of the two-ring MSA for dual-band operation.
Compared to the one-ring MSA introduced in the previous
chapter, the two-ring MSA has three dielectric substrates
and has two square ring patches as radiating elements ar-
ranged on the upper and middle layers, respectively. The
square ring patch on the upper layer is a radiation element
for the first mode and the one on the middle layer is a ra-

diation element for the second mode. An L-probe to ex-
cite the patches is again deposited on the lower layer. To
achieve wideband characteristics, the L-probe was imple-
mented with a thick dielectric substrate. A 50-Q coaxial
connector was attached to the backside of the ground plane
of the L-probe for feeding. The target fractional bandwidths
and the design frequencies are 20% at 3.5 GHz for the first
mode and 10% at 4.8 GHz for the second mode, respectively.
The relative dielectric constant of the dielectric substrates
was g, = 2.6, and the loss tangent was tan¢ = 1.8 X 1073,

3.1 Substrate Thickness of the Two-Ring MSA for Dual-
Band Operation

To design the two-ring MSA with wideband characteristics
in dual-band operation, the thickness of the dielectric sub-
strates was considered. The simulation was performed with
Zeland IE3D. Figures 8-10 respectively present the reflec-
tion characteristics of the two-ring MSA at different thick-
nesses t1, f, and 3 of the lower, middle, and upper dielectric
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Fig.7  Configuration of the two-ring MSA for dual-band operation.

substrate layers. The other parameters are fixed to the val-
ues listed in Fig.7. As shown in Fig. 8, the bandwidths of
the first and second modes became respectively wider and
narrower, respectively, as #; was increased because the op-
timal value of #; for obtaining wideband characteristics de-
pends on the difference between the frequencies of the first
and second modes. In Figs.9 and 10, both 1, and #; affect
the bandwidth of the first mode because the height of the
ring patch that excites the first mode is #; + #, + 3. In con-
trast, only #, affects the bandwidth in the second mode, be-
cause the ring patch to excite the second mode has height
1| + t,; thus, the value of 1, affects the second mode, whereas
that of 73 does not. Therefore, the height of the ring patches
that excite each mode determines the bandwidths of the both
modes. From the above, it was determined that the two-
ring MSA can be designed to have wideband characteristics
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in dual-band operation by setting 71, #,, and 3 to appropri-
ate values for the first- and second-mode frequencies, re-
spectively. In the case of this design, wideband character-
istics were obtained for both the first and second modes at
t1 =72, = 1.2,and 13 = 1.2. At 3.5 GHz, the height of
the ring patch that excites the first mode ¢, + #, + #3 is ap-
proximately 0.112 wavelengths. At 4.8 GHz, the height of
the ring patch that excites the second mode ¢, + t, is approx-
imately 0.133 wavelengths.
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3.2 Design and Measurement of the Two-Ring MSA for
Dual-Band Operation

From the above results, the two-ring MSA presented in
Fig. 7 was designed for dual-band operation and measured.
The design and simulation of the MSA were performed with
Zeland IE3D and ANSYS HFSS. The other parameters were
tuned to obtain wideband characteristics at 3.5 and 4.8 GHz.
Figure 11 presents the measured and simulated reflection
characteristics of the two-ring MSA for dual-band opera-
tion. The MSA was confirmed to achieve good wideband
characteristics for both of the target bands. Two frequency
ranges with a reflection of less than —10 dB were presented
at 3.1-3.8 GHz for the first mode and 4.4-5.2 GHz for the
second mode, and their respective fractional bandwidths are
20.3% and 15.7%. The simulation and measurement results
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were in good agreement. Figure 12 presents the measured
and simulated gain of the antenna. The measured gain was
3.0-5.8 dBi in the first mode and 7.6-8.6 dBi in the second
mode. Although the measurement and simulation results
were not in perfect agreement for the first mode, the mea-
sured gain of the second mode agreed well with the simu-
lation results obtained by HFSS. The test antenna contained
small gaps between the three substrates as a result of man-
ufacturing error, and these gaps are likely the main cause of
the difference between the simulated and measured gains.
Because the ring patches that excite the first mode are ar-
ranged on the upper layer, both the gaps between the upper
and middle layers and those between the middle and lower
layers were affected, resulting in the difference between the
measured and simulated gain of first mode. Figure 13 shows
the measured and simulated radiation patterns of the an-
tenna at 3.1 and 3.8 GHz of the first mode and at 4.4 and
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Measured and simulated gain of the two-ring MSA.
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5.2 GHz of the second one. The radiation patterns in both
the E- and H-planes were good and stable. The measured
cross-polarization was less than approximately —10dB in
both the E- and H-planes, which is relatively large because
of radiation from the L-probe and slight misalignment of
the ring patches. The simulated and measured patterns of
co-polarization were in good agreement. These results con-
firmed that the two-ring MSA shown in Fig.7 has good
wideband characteristics for dual-band operation.

4. Conclusions

This paper presented the design of two wideband MR-MSAs
fed by an L-probe for single- and dual-band operation. To
obtain wideband performance, a thick dielectric substrate
was used for the L-probe. With the dimensions of the
ring patches, the L-probe, and the substrate thickness opti-
mized, the fractional bandwidths of —10 dB reflection were
46.1% for the single-band MR-MSA and 20.3% and 15.7%
for the dual-band MR-MSA, respectively. Moreover, good
gain and stable radiation patterns were confirmed for both
MSAs. The validity of the proposed wideband MR-MSAs
for single- and dual-band operations was demonstrated by
measurement.
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Abstract:  This paper presents a linearly dual-polarized dual-band and
wideband multi-ring microstrip antenna fed by two L-probes. The proposed
antenna consists of two circular ring patches and two L-probes arranged in a
multi-layered dielectric substrate. By using a thick substrate for the L-probe
and arranging two ring patches as radiation elements, the proposed antenna
exhibits wideband and dual-band characteristics. Furthermore, by arranging
two L-probes at the orthogonal positions, the proposed antenna can operate as
a linearly dual-polarized planar antenna. The measured fractional bandwidths
corresponding to a reflection coefficient below —10 dB were 21.7% and 10.6%
for the first and second modes, respectively. The measured isolation between
two ports of the test antenna in the above bandwidths were larger than 13 dB.
Keywords: planer antenna, multi-ring microstrip antenna, wideband, multi-
band, dual-polarized

Classification: Antennas and Propagation
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1 Introduction

Microstrip antennas are characterized by their small size, thinness, lightness, and low
cost, and they have been extensively researched for various purposes [1, 2]. Multi-
ring MSAs fed by an L-probe shows good characteristics as a multi-band planar
antenna [3, 4]. The one-ring MSA fed by an L-probe for single-band operation
that uses a dielectric substrate having a thickness of about 0.14 wavelengths at the
center frequency can provide a relative bandwidth (—10 dB or less of reflection) of
about 46% [5, 6] and the two-ring MSA for dual-band operation can provide relative
bandwidths of about 20.3% and 15.7% for the first and second modes [7, 8, 9]. These
antennas are designed for single linear polarization.

Dual-polarized MSAs for dual-band and wideband operation have been re-
ported [10, 11, 12, 13]. The stacked dual-patch antenna with four parasitic patches
arranged around the upper layer patch presents fractional bandwidths of 12.4% and
14.9% for the dual bands by the simulation [10]. A thin substrate with a thickness of
0.90 wavelengths at the lower frequency band is used and results in slightly narrow
bandwidths. Furthermore, the four parasitic patches to improve the isolation between
the two ports increase the area occupied by the patches. The stacked triple-patch
antennas fed by eight L-probes for dual-band and dual circularly-polarized opera-
tion [11], the 2 X 1 stacked patch antenna array the stacked patch antenna arrays fed
by four L-probes for single-band and dual linearly-polarized operation [12] and for
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dual-band and dual linearly-polarized operation [13] are presented. These dual-band
antennas in [11] and [13] provide wide fractional bandwidths of 22.4% to 55.2%
below —10 dB reflection, however, the antenna height becomes large more than 0.150
wavelengths at the lower band because the patches for upper band are stacked on
the patches for lower band. Furthermore, at least four L-probes for dual-polarized
operation, the feeding circuits for the L-probes, and additional sidewalls and vias
around the patches are used to improve the isolation between the ports, which makes
the antenna structure complex [11, 12].

In this paper, we examine the dual-band and wideband MSA for dual linear
polarizations. Two L-probes are arranged at the orthogonal positions of the dual-
band and wideband two ring MSA [9]. The advantage of the proposed antenna
is simple and compact structure. Because the patch for the upper band is placed
beneath the patch for the lower band, the antenna height is not increased by adding the
patch for the upper band for dual-band operation. Furthermore, the two ring patches
for the first and second modes are excited by one L-probe in the proposed antenna.
Therefore, dual-band and linearly dual-polarized operation is realized by the two
L-probes. The wideband performance of 21.7% and 10.6% fractional bandwidths
below —10dB reflection for the two modes are obtained by the prototype antenna.
The measured isolation between the two ports is more than 13 dB in the two bands.
Although the proposed antenna is simple without additional structures, reasonable
isolation characteristics are observed.

2 Configuration of the proposed antenna

Figure 1 presents a configuration and parameters of the proposed antenna. The target
fractional bandwidths and the design frequencies are 20% at 4.75 GHz for the first
mode and 10% at 6.5 GHz for the second mode, respectively. The proposed antenna
has three layers of dielectric substrates. The circular ring patch on the upper layer is
a radiation element for the first mode and the one on the middle layer is a radiation
element for the second mode. The two L-probes to excite the patches on the upper
and middle layers are deposited on the lower layer. For wideband characteristics,
the L-probes were implemented with a thick dielectric substrate. At 4.75 GHz for
the first mode, the height of the overall antenna #; + t, + 3 is corresponding to
approximately 0.114 wavelengths. Two L-probes are placed at orthogonal positions
to achieve dual linear polarizations. 50-C2 coaxial connectors were attached to the
backside of the ground plane of the L-probes for feeding. Port 1 and port 2 are
assumed to feed the two L-probes that excite orthogonal linear polarizations for the
simulation. The relative dielectric constant of the dielectric substrates was &, = 2.6,
and the loss tangent was tand = 1.8 X 1072, The proposed antenna presented in
Fig. 1 was simulated and measured. The simulations were performed with Zeland
IE3D and ANSYS HFSS.

3 Simulated and measured results of the proposed antenna

Figure 2 (a) presents the measured and simulated reflection characteristics (S11
and S22) of the proposed antenna, where only the simulated results of the port 1
are presented because of the structural symmetry. The antenna was confirmed to
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Fig. 1. Configuration of the proposed antenna

achieve good wideband characteristics for the both port 1 and port 2 and for the both
target bands. Two frequency ranges of S11 with a reflection of less than —10dB
were 4.1-5.1 GHz for the first mode and 6.2-6.9 GHz for the second mode. The
fractional bandwidths are 21.7% for the first mode and 10.6% for the second mode,
respectively. The simulated and measured results were in good agreement.

Figure 2 (b) presents the measured and simulated isolation characteristics (S12)
between the two ports of the proposed antenna, where only the results of S12 are
presented due to the reciprocity. Good isolation characteristics between the two
ports over the target bands were confirmed. The measured isolation characteristics
in the above bandwidths were from 13 to 22 dB for the first mode and 13 to 24 dB
for the second mode. The simulated and measured results were in good agreement.

Figure 2 (c) presents the measured gain of the proposed antenna excited by the
port 1 and port 2, and the simulated gain excited by the port 1 of the antenna, where
only the simulated gain of the port 1 is presented because of the structural symmetry.
The measured gain of the port 1 was 4.7-7.1 dBi in the first mode and 3.6-5.1 dBi
in the second mode. The gain of the port 2 was measured similarly. The simulated
and measured results were in good agreement. Figure 2 (d) shows the measured
and simulated radiation patterns of the proposed antenna excited by the port 1 at 4.1
and 5.1 GHz of the first mode and at 6.2 and 6.9 GHz of the second one, where only
the radiation patterns excited by the port 1 are presented because of the structural
symmetry. The radiation patterns of co-polarization in both the E- and H-planes were
good and stable. The cross-polarization in H-plane is increasing as the frequency is
increased because of unwanted radiation from the L-probe, however, the measured
cross-polarization at the broadside direction was preserved below —12dB at the
frequencies. The simulated and measured patterns of co-polarization were in good

359



IEICE Communications Express, Vol.10, No.6, 356-361

0 T T T T T T T
) 2108
g . : 7 I
a30F i W et L - w30F : —Exp.4S12 -
B RS~ . 0 I
4 Lt _ o rHFSSS§IL b, 4 RS R |r| o
9.5 4 45 5 55 6 65 7 175 9.5 4 45 5 55 6 65 7 15
Frequt?ncy [GHz] Frequency [GHz]
(a) Reflection (S11, S12) (b) Isolation (S12)
9 T T T T L T TT
6L fon;‘... ‘.é\ :
i i '
z, 3
=0 1!
g : Ie |
S -3 '—iE3D :.‘ 7
gL---HFSS ! i
° Exp.-portl ale |
of * Bxpporz  ei ]
35 4 45 5 55 6 65 7 75
Frequency [GHz]
(c) Gain
00 [deg] 00 [deg] 00 [deg]
3030 330 30 - =0 30
60, /’Q@%@\\' 60, Jé@é\;\ 60 60, /,@%%& 60
"‘%9"‘ G 3 ‘r ¢§'.¢‘
. @é}@@ﬁi v ‘n%%%%’ v %g%!%g;%
IR Ty i
l20[20 120120 10
f=4.1 GHz /=5.1GHz
00 [deg] 00 [deg] 06 [deg] 00 [deg]
G Y
(AR ) LR

NS =R i~
NS

150
180 —+—IE3D-X-pol. 130

(d) Radiation patterns

Fig. 2. Characteristics of the proposed antenna

agreement. These results confirmed that the proposed antenna shown in Fig. 1 has
good wideband, dual-band, and isolation characteristics for dual linear polarizations.

4 Performance of the proposed antenna

The performance of the proposed antenna in comparison with the antennas of
Ref. [10] to [13] is summarized in Table I. The proposed antenna exhibits 1.7
times wider bandwidth for the lower band in comparison with Ref. [10] while the
antenna height of the proposed antenna is larger. On the other hand, the proposed
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Table I. The performance of the proposed antenna in compari-
son with the antennas of Ref. [10]-[13]

Antenna Proposed Ref. [10] Ref. [11] Ref. [12] Ref. [13]
Design
Fractional 21.7% 12.4 % 43.9 % 19.8 % 15.7 %
bandwidth 10.7 % 14.9 % 552 % 23.7%
of lower and | (b¢low ~10dB | (below ~10dB | (below ~10 dB | (below ~14dB | (below ~14 dB
reflection) reflection) reflection) reflection) reflection)
upper bands
Minimum 13 17 30 36 30
isolation in
the  above
bands (dB)
Polarization | Dual linear | Dual linear | Dual Dual linear | Dual linear
circular
Number of | 2 2 8 4 4
L-probes (Need for | (Need for
feeding feeding
circuits) circuits)
Height 0.114 0.090 0.150 0.132 0.195
(wavelength
of  lower
band)

antenna is simple and compact in comparison with Ref. [11] to [13] because the
patch for the upper band is arranged beneath the patch for the upper band. Addi-
tionally, only two L-probes are used and additional feeding circuits and structures
for isolation improvement are not necessary for the proposed antenna, although the
isolation characteristics are degraded in comparison with Ref. [11] to [13].

5 Conclusions

This paper presented the linearly dual-polarized wideband and dual-band MSAs
fed by two L-probes. In order to realize a linearly dual-polarized antenna, two
L-probes are placed at the orthogonal positions of the proposed antenna. Good
wideband characteristics were confirmed for the both bands and for the both ports.
The fractional bandwidths of —10 dB reflection were 21.7% for the first mode and
10.6% for the second mode, respectively. Furthermore, good isolation characteristics
between the two ports were confirmed. The isolation in the two bands was larger than
13 dB. The validity of the proposed antenna as a linearly dual-polarized wideband
and dual-band planar antenna was demonstrated by measurement and simulation.
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