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Abstract

ABSTRACT

As the field of structural health monitoring (SHM) continues to develop, patch
antennas have emerged as a novel type of passive wireless sensor, increasingly utilized
in SHM for measuring variables such as structural stress and strain, environmental
temperature, and humidity. These monitoring variables are often very small and exhibit
complex coupling effects. Additionally, many complex structures impose stringent
requirements on sensor placement and spatial constraints. Therefore, researching
methods to enhance the sensing sensitivity of patch antennas and reduce their size is of
significant practical importance. Moreover, exploring ways to expand the application
scope of patch antenna sensors and integrate monitoring functions is closely related to
economic efficiency and the simplification of monitoring processes. To achieve size
reduction and sensitivity enhancement of patch antennas, this study proposes a
sensitivity enhancement design method based on fractal patch antennas and two antenna
miniaturization design methods. Furthermore, to expand this design approach, the study
applies fractal patch optimization to two types of patch antenna deformation sensors
and investigates the temperature effects on fractal patch antennas. The research content
of this paper is as follows:

(1) The sensitivity of patch antenna humidity sensors is positively correlated with the
edge length of the patch. This paper proposes a fractal patch antenna design scheme
that theoretically enhances sensor sensitivity. Sensitivity tests were conducted using the
High Frequency Structure Simulator (HFSS), and antennas were fabricated according
to the design scheme. The sensitivity was tested through cement curing time monitoring
experiments. Simulation and experimental results were consistent with theoretical
assumptions, showing that increasing the fractal order of the patch antenna enhances its
sensitivity, with the sensitivity of the second-order fractal patch antenna nearly doubling.

(2) The resonant frequency of a patch antenna is inversely related to the effective
patch length. The position of holes on the surface of the patch antenna humidity sensor
affects the direction of sensitivity change but does not affect the direction of resonant
frequency change. This paper proposes a moisture-sensitized fractal patch antenna
design scheme that theoretically achieves patch antenna sensor miniaturization and
another design scheme with a central rectangular hole for moisture-free miniaturization.

Resonant frequency and sensitivity tests were conducted in HFSS, and antennas were
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Abstract

fabricated according to the design. Initial resonant frequency and sensitivity were
experimentally tested. Simulation and experimental results were consistent with
theoretical predictions, indicating that increasing the fractal order of the patch antenna
lowers its initial resonant frequency, while increasing the side length of the central
rectangular hole further lowers the resonant frequency and slightly reduces the
sensitivity.

(3) Theoretical studies were conducted on stress-free patch antenna sensors and air-
gap sensors, and optimization designs using fractal methods were proposed for both
sensors. Simulations in HFSS were consistent with theoretical assumptions. Simulation
results showed that applying fractal patches to stress-free patch antenna sensors reduced
the initial resonant frequency and nearly doubled the sensitivity within the operating
range. For air-gap patch antennas, the initial resonant frequency was reduced, and
sensitivity decreased by about one-fifth. This design method achieved performance
optimization of the sensors.

(4) The study investigated the temperature effects on fractal patch antennas,
analyzing relevant factors and their impact on the antenna's resonant frequency.
Simulations in HFSS compared fractal patch antennas with rectangular patch antennas,
and results were consistent with theoretical assumptions. Simulation results indicated
that the thermal expansion effect of fractal patch antennas is weaker than that of

rectangular patch antennas.

Keywords: Fractal patch antenna, Humidity sensor, Deformation sensor, Passive

sensor, Sensing sensitivity, Temperature effect, Miniaturization, Cement setting time
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Er
4] 1.11 55T EBG %549 93k il 8 149

Adhesive Masking Tape
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2 A B RE4E (Mandelbrot Set) B9 X EFE LB FE L —, HAHE
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UEFF AR AT ECHE A Y BRI



BE %R

K 1.18 Z /RAAEEZE (Hilbert Curve) AR EE

T 28 (Dragon Curve) [0V: 1% /& —Fiuii i $ 48 sk AR 20 TR 2E 1) 43 T il
2%, TERBLAT B e, EAEBEE M. 2SRRI LRz
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SR ERR N TR W T . X — WS 5 1 Nathan Cohen £ 1995 4F4& H FF
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TR T R EAN RN GRS S A, $2F TR R BT @it s
KA AR ERA BT I iR ik MPSA M RBUE LS MPSA &
4.28 £ 6.10 fir.

K 1.33 1548 MSPA (/) 5 Yeo 5542 Hi {25 i 5N MSPA (1) SEARS EL &S]

1.43 55 EHEAR

St (15 5 AL B AN TR R R AR AR M R BUE B E 2 R ML &
SRR A HoAR, AT LR 2K BB SR A i E S S, BIMEESS
SIS B R N R R AR, B, ERX R ZRI RIS S AT B Ak
RISEACBE, T DAER M X 70 15 SRS N H bR {5 5, 3 i s i v o L A T
FEPELOL,

M 7 A AR [ B o A R 2R BET P R AR S A DE R B AR M L B 80 1
DU Rk b F BT PO SRR 75 PR, v 5 5 RIS L (SNRD . XX T
RTT AT JES A5 1 0 1 SR PSR/ AR A 3 AR R FL L

1.4.4 ERRFMBRFZIIL

RGP TR 3 i A ks RGP R — AN EE Ty . W K& S HAh
R AL INBOR S . AD B s AL PR g B3 Ak, W] LLBME S AE AR fanid 72
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sk, REBARGENTER. B, SR8t Al DERGES Fr b R A6 R R £
AN AL T, XA RS Y EAT R B P . AERR AL PR S

1.5 NBUE R 53ttt

RERT BN BB SR BA R A= e DR R ]
LURE 2% 5 B pl B 25 A U e i B RE T AL AR RN AT v] ZF st & rh, A
UL T e RESEPEAMEE e R, RN AR RGO SR L EE A
FURS . BeAh, ANRUREGRIME T TR RARL, AT BT ARG A, T
A BT 5E 4 /. BEETH 77 dhia SN B DRtk i s A &
J&, RE/NUAL RO o 28 8 A5 U 7T 1 — RIRL

1.5.1 R&ENBMLEE L

FESCHLR &N RE R, TR 1 22 Ah B3 5 2ok PRI R At
JOT RN RN, FOBETEREA 2. AN AR LR N R T %, 224
RO LRI TS, B R R R TEREAM D REVEAT 5 22 3T HE M

1.5.1.1 5 ittt

W GBI, AT DA R SEEIL R 2 1 /N A T AN F It e . 5,
FIH 53 T et v] CAGN A 2 A Al B8 7 R 28, X PR RVFRZRTE 2 AMEL LT
B, Hg5m 7 HIhaetk, [EIN L a] DUR 2 /N R RS 8 i HUE o kL2
TP R T, X MR AT DGR R LR IR R, DT )N R 2 A
FATE, gesh, @ G FRAR T, AR IR . R e s AR AL G AR,
WRETEORFE R AT RER AT, SEELRZR /N AL, .

1.5.1.2 BiARBIHR

FARGIH RS RE DB 5 — DR EF R HHLB RS (MEMS) B8
FEARALAF AT LB TR 3E R T O R 28, I e R 4R el Ik A 3R R L &
4 LLIE REAS [R] 3 AR A, Al K M3 o 1 R 2RI R GG PEFIE F M . 4K BRI
SN FVRAE FH AR AR il 1 Al /N R 2190, I b BEANORSH N, T HLA
AR AR . Ak, EREE AT SR AL T B bR A R AT REPY), X L
FAREE RS R P an A AT 6 28, W LA SR IT R A 3 UG g 12 )R R
2k, H—BHE R AR DT
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Patch layer

W

Ground layer

Metamaterial substrate

P 1.34 Lu S5 IR HEE A RE RO R 2 Bt 7 & E o

1.5.1.3 RG&ERK

RGP AT SLIL R 28 /NI OB . 75 B8 TV IS R 28 1 4 A
FREAEWN, AT LR R 5 NS (a1 i, K RZR R T LA T
)—EBAAMNTTE T 2300, IG5 T RERIRY, B 1T AN 1 mT Re .
X RSO IEARANAR AL 7 ¥ 301t ] REiE T K 2R HoAh AL P ) T
VRS m B AR B a5 It R o BEE SR AR B AU CHOR I R e, REH WA LR
KRR TEEE, ARSI B AR A AT 77

K 1.35 iPhone 14 FHLAM5EH IR IR £k

AN I L NI T i R T 38 AS R IR A W0 AT A 280 SR 26 Y
NUAE, RIS R T AE B N R 2N B R L2 TR R . B HOR
WIS, TR IR LA N A Gk 825 38 A5 U ) — A BT )

1.5.2 K&/ By BIRFRER1E
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BT RE/NLITTE, 00O 2 MEORBAR BENE SEILR 26 1 =y 05 =
RN BT . IXEEERARIR TR |0 T R T R, MO IRS Rk, S
AEFELE . S RE . MEMS BoR. BEMESE RN LKL 2 JZ /1 3D
ITEIHIR S o RER R HARF LSRG R 5, IR E 2@ 5 AL 1
BER S 7 2RI T %

1.5.2.1 7R

I REEFHE I U458, 0 Koch #1£E. Sierpinski =A%, SLHlE
APHFE R Z I ERAE . 2 LA st ii s | AR UE R 2 207 AR
KR, REVMBERSTRAN, Vieh 808 5 2 B 5e v o . X fl
BTG G SR EM S, T PIB B A4 U 7 &

1.5.2.2 i Rk

ity REk (patch antenna) & —F-F AR L, 38 H HI < W ATA ki
PR Ho BN R AR B G AMIS . 5 TR L BR AR b o Tl R 4R
AR RS AT DATE A 15 Ut B TR A RS ez ], [0 P s P v/ i 8 280 ) R A A
BEA DL — B /N RE R X RE T 2 M T EEBE. BE R BN
(WLAN) FI#ENHEE RGEH

1.5.2.3 frigiRaE Xk (DRA)

I BB IR & R Z A F A BURAE 5R S oo, il Ay BUM BRI IRk SE S
SHEST. DRA BAEAHBEE, 7T LLREZR/NREIRS, RIS pt 58 5000 A
FREE . DRA REMTERA R oT LRIE R F,  DUE A RN A 7K, & H
TR A (UHF) MH, WKl EfEE RS .

1.5.2.4 T B SRR R L

IS A B R FE S M B TE, AT DAE A PR S (8] S8 IR R AR, AT
SEPLNEAL . B, BB R 2RI R 2k SRS R ek, T AR RN ) EE
JOST P SEELECK I A FE R S AT 4 . 3T 8 RENEE I R FHh 2 ki &,
PNER RS P RIS S I e K B . IR SR gEME A T FR B R E T I RIS 1k
e AE A .
1.5.2.5 # Rk

HIERZ (conformal antenna) »&F5 KRR SEARR LR —2, 7L
LRAEA R B i ()20 b X PP AT A, k] LA SR
AR S RRE . SHRREIEH T WL, FIAEANEFE B, IR
Wi~ & AP K FIPE BE B 1% O T S 4 AT 58 13845 A ML Re .
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1.5.2.6 F MEMS HARHI KL%

WAL RS (MEMS) FOAR AT LA AR /N B <o, SO TR
LR AT LSl R R AL . MEMS RZB@E o THASE, A SR,
NS AR DREBIRE s BT Z R TR Sl (E . A5 B8 I 28 R AL ’e 1 1
#, RAERIE R REAR IR TT R

1527 BEEMRIEFHM R RZ%

16 B AR AT & & R AT DR R R 4R B PR RE AN /N UL AR . i dn, fd A
AT B BRI 5 Z A L AT LA /N R ZR I RS,  [RIIE ORARF R G () S R
YUK ELANEA B (metamaterials) W7E KL /N RILH B X 77, Eid
FR P RGP AL AR, SeBl N R R R R T
1.5.2.8 ZEXR%5 3D $TENFAR

ZEREE LS Z AN FHEMNTE, KIRLHR /NN Z TR
3D FTERHARAAT I8 R G S0 A )3 BN SRERRS #4, 7T DS B v R 8 ]
I ZEAE FIA BT o IXEEHORIERT AR . B B A o S W& A3 1T
2N

1.5.3 R/ NBULATBRSI SHkbk

RGN BIREIACHE B & ik TR 2 a4k, k& @, 56
RN RRAS 35 2, (HIX — I R AR A — Lo BR PR AT M R B ARAh . A/
W RS R 2R/ IN BT 5 11— 2 = R AN AT R R 11 ]
1.5.3.1 =3 BRI

/INBRY AR IR 288 T I 1) — A 2 2 ) R A i A PR3 BRR B, RERIR
TS HEAER KM OCEL, RS 4i/N il s R RNEIRIR R &, SETH
[ B ekl o X0 T TR AR SR FISAERIRI A gy BN 2 UdE
FEE) MR TR
1.5.3.2 SRR

B 5 R 4. R IR N, B S AR A 2 Bsem Y, NBR 2 FR AT
BHIE /N, SRR SRS, X ATREIEIN R G ThFE, WSS AL &
FUF . NT4EFFA IR, FE@EPRR T L raE R4k .
1.5.3.3 ¥R A0 77 o) 14 A0 44

/INTR A R 206 PR 3 2 AN ) MR R 2 2 B . B/ IN IR R 2R B R ST BR
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T RS R R AN DT AR I REFT, X AT RES BUE 5 o v AR YO
MR, JEHRAAERE R AVER NS, WE FEE A EE RS, DR
PRI BE AT RE TS0 A2 ™ 4 2K
1.5.3.4 Zi 5iF R aI kR

N AN TR B SR SRS £ B £ A RS B B RHS). S e P e A4 R A
ARG PURM B BARE SR R B 8, (EAE SEFR N o AT e I I A
fill i B A AN SRR (B . BRAh, A N RO R B R 2R e i A A
BRI AT iR

1.5.3.5 BB R T [alRR

W 5 R B RS B9/ B 2% A B AR BB I 3 v, B4 (EMID iy —
AN R K e 7 ) 1) R . /N % R R 2R AR I 2 (R B8 A H - 4 A 2 (R ) R S
W/, PTREREBCH BTG, 520 R Z 1t RE AN 1 2% 1A E 1

SR AAAE X L PR AT RIBR 1, B 70N DR AR TS £ a8 i 3T 0 et T vk
S HERP R AT F R B AR I AR v IR IX £ ) @, DASEIR e B AR 13— 250
A ERE AL . B SRA R MR SIERN TR, KRMIRLE
R T8 A B S I FR 1], a5 AR B R R TR i T R

L6 AXHEHER. EXERAR

1.6.1 imBEHREENX

) e RRASIN A, el BTN B R A B AR DL (AR S TR
FRBRE S AR N ) AR 4 ) S R E RN S5 R B PIR S S 2 5l . 218 B
FAAER SRR & RN AT R, DAL, A7 SoAR IR 1) RS SR THIE T SE AR HE
e HA RO I X s Ap A B B e 1 il T e 22, BRE. &
JE SR IUEEVE 2 G S5 A4 10 e Bt 00 75 R A% Sk A 1R N 2 254 P 0712 1l I 39 2 0
PI%g, HEZE. FERAMT SR BR 2 18] A K 25 il 5t . S TR A 45 1) 55 5 s A ox
TAR IR BOAT B B S [MAFAE BON AT ZI B ZEOR, A EHIE FE RE S RN £ 44 A 76
ARG S5 HoAT Ve R AN R AR S L B R e R, SRR
fer] LS T 100 2 A R SR (E 8, B2 n] DL ke I 2 e e (R I A
SE LI 2 A S HERIF IR PR S M, W 2 R 22 5 2 ad i TSR T DA K i
TRERIfaIAL, DAL, BIF T nn] 0 Fee A JEe s 1) Mt i e T O 2 ol A i 1) 0 2y e
BRI BER,
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FRIRIREARIKER T, TFIRTU TR 70 TG Fr R AR A% I RE

1.6.2 AR AR

AL FERMBEWHET . TRk TEE. SLIRIIER ORI,
T3 TG Fr R ER (R TC A Tk S 38 SO L) B /N RAL T ST ) AR TS 240 T

(1) DASEBUE BT o0 H b, ARSI A% OB R et I O T h e, 4R
— R TG RGP [RAS B OB ks BT HFSS HURBADT A X 3
AR BEEREIEAT NG BRI RN TORE, SRR E M A O AR IR 4%
BEATA LTI, BETE K Ve ot i Ta) s 00 S 96 0 X e Ik HeA% SR fE

(2) DS/ BE A bs, dR ML it BEie, SRR SR
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AT IR AT VE RGN ZeAT) TN LRER, R R ERILE 70 i O R4
BEATA BRI 1], BRI aa PRSI 5 00 1l 5 B 5 A J R A 00l 5 B B Uk HL A%
PERE

(3) FETPIRL IR BN R AR s, B HE 3 WU 70 FE BEi 7
IRRYRIAT IR, £ HFSS WU B Ao P b % S A DAk e it iR i AT Bl

(4) FET I REGR LR AL, UG 73 JRE UG v IR 28 A% [ PR i B RO 15
UL, {E HFSS HRLAT B AF o o M REGEAT AL, IR SR o R 2t
ATEEE,  BRUERR IR TI .
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1.63 TEMRARS

AT EWTFCA R S BT LA 0T

BB W, TEX IR LS R 2 A% ks (/N LA LR S BT 1201
WEFLBLREEAT 18, R T REAR I NI et Fe i B8, HAREL T
I RERAE R &AL IR A 1)/ N RUAL UL K RBUSESETH 7 AT B 77

BT RECER A . AE DL e W T AL, W R
LR AR IR B B S B AR A SO SO AT T U

5= TN B R A AR IR B BB ik B L Ty Rt
A w FEIZ RO T E R BB ARYE . VO ROR BT 1A .

S5 VU 2 0h 3 PGy R 2 Al 18 P B BB T D VA AE /K Yl et S I T S 00 2
HERHE S . TR DT BRI UE R SR IG IR . AR N I AR
HIEIR AR . BTty . AT PRIRIEREAT 1 iR

5% B DA P 1 A A RE SR RO R 23 P R A ks /N AL BT DT R
PO TR 5 EERIGIE A SEIRI0UE . AT 32 B P AN AL BT
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FHE M.
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F2E MR RENEBSBMERT(FRE

R A% TS P L AR P ARRAE S5 M T 75 EE N B R 2 8. A2 24T 7T
et SEE AT R R R A 5 R I 2 U TR] R 9% 2 BE D T R AN
B, CAREARAE R AL IRER A lAS . O T AL REGHL R VE S S5 B S 82
I &R, HEAT R MR TE R R AT 702 A3 e B Re il e, BB BB R
FEARSCHT TN EEE SR, AR T I T 22 5e W 45 T RE A A B VR X s R 2 (1 1 A
WURPEAT 7 HEARHES, JHRIT 1R BRI (2 M AR

RS 2.1, A4 T Wl BRI SR, QAR RS i r i oy F A I
RIRETT o

55227 T REGEA SRR, A AR T 1 A R ERIE IR AR
HDEER R/ VS

55 2.3 W ARGEMLUE S 1R RS IR IR I A 3R R R, e
B it iRt TR T,

2.1 BRI R ZLERIED

REAR MR, HIpRERAE T HERE S SHETHRRESZ
[ HEAT ELA, T2 B AR R S AR SR A B T REPOL. AE IR TR LR PR T
TR R (R A R P A B o AR S M FL A I S R B e —— R T R
RE A, BET T IS T R A FRCRUA S R G 7 T P E 079

2.1.1 ERHFHIEAH

2 SO T 5 RE AL R A WA I PR AT N I oo T R, DA T R
Jlo  HAII T Ao i T B -

A. JEN BRI E
VAL 56 P T L S R i A P SR R vk Ay B i A W 6 I B A5 S ik

B, JRSRBOEIEE S i, sl 2.1 s,

VXE o8 2.1
XE=——
ot @1

Kb, E2lpsfE, B /LRI R, « 2ntE. &5
Ko, B[R] AL R RS mT LA A BB N T A AR Aok LA H S, It — PR
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AR R 37 9 R T P 5 A I T8 s R R 3 5 E AR A A ) B AR S o

B. BRERE

535 B G IR S AR AL, %ﬁ%%Mﬁﬁﬂ%iﬁﬁﬁ%ﬂ?é%ﬁ
ERE, EHEELEMR TR ERN KRN —DRECRR, HARMD
R 2.2 fios.

VxXH J 2.2
xH=—+
ot J (2.2)

Hdr, HZEWB7HWE, D2 s AR RGN F FEIE S, J s
FE, ¢ JefiE. Z RN, BimaT AR iR el S R A, b1
AH 537 96 P e B Ok o 5 L Z21) PRV 1) 8 S AR 45

C. &

T R R IR TE P A T N, HLAe FE e AR AT S A P AR B HRL 3 2 T

PR Z, HAmEs R 2.3 fr.
V-D=p (2.3)

E¢,DE%ﬁ@E,p%ﬁ%%%%ﬁ%Eoﬁﬁﬁ%%,?ﬁﬁ%ﬁm
Hh T ) P 3 B R ik P T N B L B E A O s E R B AN i il
ﬁwm%ﬁdﬁﬁi%ﬁéﬁ%ﬁﬁ%ﬁﬁ%omﬁﬁiﬁﬂﬂ,§ﬁ$W§
PR 18 P b T ) PRI B R AT 0

D. S ER
5 e i AR e T A SR 3 £ P i T P RT3 o3 A RS

HAmtin AR = 2.4 Fios.
V- B=p_ (2.4)

Horr, B RWENIREE, p S HImRIEITEE .. iR, TR
da [A] o T F4) R0 8 5 22 DD A T PN O BT BE A S H T R R R A I A
T DRI, RN O A TR A T P R R R BTN 00

2.1.2 REMUL FLHE B RE T

2 R TR AL 1 MR R M EAE I BT 3. Gl R
g, HAMELRENS TARE S, JFIEIRRE . ORI HR N
IR RUEE, XA R O A A AR A B LR R AT RS R
2R LRI DX Fa 37y A AR AR S AR IR 5 I H AN e A, XAk
I HLIE ) S AR R IR AR B Y Bt . BRI, REAE N — P34k, REfE St

PURRUE S 5 BRI VAR 5 Z A A
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T BARBIBCOR B PRAN, DA SRS LRGN, AR E A7 P AR AR
IR CAEAE ARSI ) (TR, H SN TR s 0 i, Wi 2.1 fors.

y

>%~M&1 Stk2

K 2.1 W RERE K

TEIR FLR L — %12 A-B, FEXTHIFEATHEIZR S, SRS U. &% A
A2 B SREAIAT Ry, RIS EE P HEE U

U=Usp =" E-dl=[" Eudx 2.5)
g B HOOS R AR BV 1) SR O 5, 8 PR S R ARG B E A o AT PT 45
L=l -Zdx=-2[) Bydx=-2 (2.6)

Fobt, 7 B dx B AB MBEEHR . SRR 26, HFR 2.7

V_ oy 0

CrA ot
Hrp, L WSERE AN ER RN, @ AR B . %30
AL T 77 A o 37 () W I P, s 5 F B 7 ) Bk P P TR PR R % o
TR 22 e W 5 AR A rh, vy B PR R B o it A L VAL e AR G B
BRI, SRR, A HRER:, XESSL I [ ##171H5E, 5350 2.8
= 2.9:

$H-dl = a4dx+H(w)_|+j-—-ds (2.8)
Ol oU
E___(CU) --c% 2.9)

FERANXT, C KRR FERLE AR EN R, X o thiid
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HL37) R I B R 5 R R R IR TR DG R o 25 RS 38 R 4 119 PR 28 R R Jk
THREE R REIVIRZE C A, @it gsa a0 2.7 02,9, AT CATHE H g
M. T2, BUFLRR LA B i f 3% mT DU R 28w sURET 1 A7 T R AR

SRTT, 28 R8BI T R 28 10 A% kAR 75 S b B FH H 75 B2 1 R LR A, HiR
AR B R R IRAIE . RN, KD SERR TSR AR
Bl 2 e TR R RO, TS R A B T S PR R R T i, g
B AT . VIR RS BN AE R SR AT VR AT B . AR T R A
AR I ORI, AR S PSR BT AR ZEOR, WEChE SR
RIFERN—FAIRG A, TEIFEN FHEAERE TR, 5X8hEMELT,
PRI AR R VT SRS FE AN U S B IR RE AR R R, Rk, 7EZE 2.2 T E A
T IEIR ISR RS AT M e R (1S TR A%

2.2 M R HE AR R

FEPRIF UG R RS SR B, PRI BOE 203 7 R M 0. IR I
SERE LB Fr RECON— A8 1B P 2B P A Jls 8 P ap £ Tl N A
PEBIR GEIRIRD RIRG o R BT, 2 5 Al i AR 2 1 20 A A
FH LA BRI R AT o AR PRGN 403X — BRAR DLRSETE G A Rk 1
RS T AR T 5

2.2.1 IR R ARIRIS

—AMKL TEL RN a, b, d BEEAR B PR IR E A 2.2 s
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R, KR d W7 1R e UG AL #6 7 1R) o BUE SRS L AN
PRARRGEE, N 2.2 R EIRIEAE IR BERAERE T ) B, BREIEIRE S5 F R
e, HHEGDME(x,y, 2) P LEES H, W 2.10 Pros.

E,(x,y,z) = sin (%x)sin (%ny)(Cle_jkzz + Cyetika2) (2.10)

KA, my n 25 A RGBT R A B8 B 7 Tm] B IR B 2, R ¢y

Co AT AT AN AT I AT ARG o ko0 m n VETRIRZS NS B HL BG4 75 77 17
ARl H &, B 211 5

=2 = Ji2 = (22 - (2 1
Seof, p RHURTE RS ORI, B kTR F SRS
k = wiE 2.12)

Hp, o BZHEBBEPIR, u. e NUEIREE N5 LS A HH 5
H TAZBEIRE N E PR, A7 7 BN AP A A 2 nr =R 2.13
214 Hi5E .

E,(x,y,0) = Ey(x,y,0) = 0 (2.13)
E,(x,y,d) = Ey(x,y,d) =0 (2.14)

¥ 2.13 5 2.14 L A Sk AR 2,10, FT45:
—C+C,=0 (2.15)
—Cre /Kt + Cretha? = 0 (2.16)

Bar 2.15 5K 2.16, AI45:

C,=C (2.17)
2jC;sin (k,d) = 0 (2.18)

B 217, 32,18 A [HIF 2.10, AT LAAS 23S PR IR G A FRL LR A% 3% 7
[ ) L7 70
E,(x,y,z) = Eosin(%x)sin(%y)cos(%z) (2.19)

Hr, EguHH, HAESET2C,. B 219 AT, m. n AFEA 0, B
PRI B LI 7 B O TE R SO 0 B BRI, 2 IR v B 7 IR 3R I,
ALK T [l R 55 FE 7 ) B VIR BCAN BE R 0, T AE 1R BE 7 1) BT LUK 0.

FINEIRIE FERAE f 5 SR o KK R

f=5 (2.20)
Borat21, K2.125502.20, 1 MG EIERE BRI AT A R 2.21:
f= Znic/ﬁ = zj,l—g\/(%)z + ()2 + ()2 (2.21)
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51N B RLRGE FE e st 2.22, A3 2.21 @ w] PAE—B it ot 2.23:

c= \/g (2.22)

(o

[ == (O O+ (2.23)

A, e IR PN o KA S U B

2.2.2 B FiEiRIERENM A REISIRINEITE

W unlE 2.3 Fros IR o R 265 18 2.2 R RIE AT LU, AT AR
B, I Py R 2 B e S U 5 e R T T AL D IR S A T BRI, G
Fr REGIMLEE RO — AW IF B RO IR o DRIk, — LR B IR i ) DY e i
PR AT AL B AR R, 3t m] UL RE P R M (0 IR A3 T B 2 FOR Al
AT A R EG B IRIIR .

G Fr REGE A R LN F R I, R £ R AR R AR AR A R
Mo~ T (R T AT o [R)R F A 2 8] AR SR 0 S R S e £E AR ELAR RS, i
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PRI BEAT B —He 05 H

AR A7 L 5 v AR B A A TE Omm 25 2mm Y6 Bl Y 2R A UG 1 K 2%
FRIRERI S11 2k, AT A3 AU AT IR AR 25 Bk 6.3 Fir .

R 6.3 P H A RPN AT 2 R AR AR IS IR IR AL AE 2 (0-2mm)
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I AF XA 7% LA PNAY 2 B TG R 2k
(mm) WRAE (GHz) IR (GH2)

0 1.94 1.601
0.1 1.941 1.598
0.2 1.936 1.581
0.3 1.933 1.576
0.4 1.929 1.569
0.5 1.925 1.563
0.6 1916 1.56
0.7 1.919 1.544
0.8 1.907 1.541
0.9 1.906 1.532
1 1.908 1.522
1.1 1.901 1.513
12 1.9 1.504
1.3 1.886 1.494
1.4 1.893 1.483
1.5 1.888 1.475
1.6 1.885 1.466
1.7 1.879 1.457
1.8 1.877 1.446
1.9 1.873 1.437
2 1.87 1.392

IR 6.3 Hh PR ING Fr R 2R A% IS T R AR A 2] LIS 2S5 Fr AR XS S #2 7E
Omm-2mm B P53 IR AIR 505 AR XA R 1ok R a0 6.5 B o
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2.0
® EELRXE
©%00e, B 2NSTMREES
LS B X '
1.9 F — R ® ......
s Sl AL v
__L8F
N
=
&
~ 1.7}
iy
=
X 1.6 [ ll.
R "Epg
i ...
g
1.5 F .I
...
I..
1.4 | 8|
] ] ] 1 ]
0.0 0.5 Joud) 1.5 2.0

Ny EERIAZEE (mm)

B 6.5 47 FL A RN P 2 AR S IRV IR AR 55 I P AR A A2k R 1 (0-2mm)

KR 6.3 FIEHEIAAI 6.2 AT LAERIFEIENG i RETE AL KA S 2 e
W Fr R AL AL AR AE Omm % 2mm 5 A TR AAR IR R BUE AR 3R 6.4 P
R 6.4 1 Fh IR Fr R Z VAL (L RAS R BUE S 2 (0-2mm)

R 25| A N4 2 B TG B R 2k
AR K R (GHz/mm) 0.035 0.1045
REERIAR (%) / 198.57%

H13R 6.4 AT AN, 40 A TE Omm £ 2mm RGP, B 2 B T
Fi B TE L 73 3 Fr R 28 10 A A% SR 1A A Sk SR RE AR - SR AR G FE U8R Tt T
198.57%-

CA_E A A RAUCR R IGAIE 1 73 B S st ok 7 ik i AT ik, AR EE R
A ARG RS, FEAT G %I A AT I I 2SR ) A% Sl v Bl P Se Bl 13
e B RBICR

6.2 S [BIFRTC T LM R 2 3L 15 RS

Xue SEUR T — ML T XUZ T R TG R AR AR A AR BRI T3 3 1%
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6 T MU Fr RECES M AL A IR SR S RS S i E 7

R P R 2 sk b B — AN SRR i REE AL I . A% s Il ke
WGk BRI A R S BAREATE G, KgAK ARty
REZ BRI AAL, AT 51 S [ 1 R 26 5 20 i W A Ae 4k, itk 51k
TEIRMR (A0 . RGP R 2 (10 I A0 BRI ] A [k R MR A (R AR X £
o, AN IR B FR B 1 DL o

AR, A N IR AR B0 1 2 R R UG P R B A A% IR A% A AR Bt |
R B REE O Fr R 2, FRHR Y FL i s A B 18 5 FAobit 22 Jon 20 7 2
W 1R 2 =F AR N 2 o e R g AT /N R BT IR R AT 1,
7 0O P RRIUG Fr R Z BEAT T AAR BN, IF XS EUA AR, #RTT 1 AR HED
B THE R TAT

6.2.1 fERLEF I ITRIE

6.2.1.1 ES AR RER TERF[IEKRRE

2SI I P R 2 AR AR i BRI can B 6.6 B, B, R 5m ST
v A RSP TH ER R AR BT, W R R AR R 422 I v R A o AR 3% RO3010
MR o 5t R T R FH FLAR A & 40t H 7 200 10 F R 28 1 A R G 2 s, b
WA AR, TEEARMARIR AR, 8K 12 R 20 A KA 2 B A e M T 45 4
b SR A R AT TR T AR NS, At AR L 4 P T ) ) A5 <A B R
FER AL, RIS UG Fr R SR (R 55 R0 F i R AR AR A, R 2R IR TS HR A3 0 [ i
A, o SRR R T AR T 2 AR B R R A R R B I IR 2 A Ak, ad T W R
VSR ARG, 0] DS 25 44 28 1 () s 0
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(a) =ZERCRIE

E%E“,“LEFL

=5 AJBs

MBS
(b) ML

6.6 /ARG Fr R A AR R ds s B 1A

5 R RN T B 2 e R DN e B9 R R AR R AN R R D AR 2R SR B =
ik HEATAERZEAHEE, AR BB RN, AL
P NIRRT K. T AR B H BB AR B KM, T E H 2 e
I HUER,  wOR] DL I R 2 RN RS R ASK U T I IR AR

BRSPS A BRI, AT HE S PSR M A (K3 DA R L ORI AL
PRI, Wl 6.7 P, Hrbe Me iy E R EEMABEL, dAdy 70508
P R P AT AR BB

&1 dq \

~ ER/IARY
FATIRES

-

P 6.7 XUz Ha A o LA S A

SR ERRACH R ERAECH MW TR 6.3 F1xK 6.4 iR .

SlA

Cl = i (63)
A
C, = Sdz— (6.4)

JUPHR 3 - 30k L 2 U S ST R 2 R R C I R 3K 6.5 T
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C1C £18A EeffA
c =l 1€2 — Ceff (65)
C1+C2 £1d2+€2d1 d1+d2

ol SR A He,, BT R 6.6 .
< — £182(d1+d>)
eff £1d2+€2d1

B LA B e, AR, N2 RRIEE, A LLTR 6.7 &
X611 S .

(6.6)

82 = 80 (67)
& =&E& =€ (6.8)
di=t (6.9)
d, =A (6.10)

e _ ggo(t+A) _ g(t+A)
eff = er€oA+egt o (t+Ag;)

Hdeg NEZSAHEEL A BB TR E A 3.4 7]
PL15 2 75 S 8] R QNG R ZR AR AL A8 IR AR f 5 2SS E BRA) 8 R FRIE
= 6.12 Fis.

(6.11)

f(&) =f(0) |— (6.12)

Eeff
XA, FO)REZ SN R IEIRMZ . HZaUnT k0, i 230 0A] B
JERERGIN, REFEMA S 8 e pp 23l REIIE IR IE K, H
SEPEARAT B AR I

6.2.1.2 EREPRN T NG F Rk A% s/ N EULIRIE

2 R A TG R 4 11 A% T 5 8 S5 T s i R R AR TR], MR B 5 e
5.1.1 HR R FRLRER AT BE AR W] RN 4 TG R e B R I AR B AR BE K, WIAR T IR
A, PRAR I R 2 /N AL SR, AT DAIE ik T G A8 SO 0 TE AR R
SIS AR R G R Bl AR I /N AL T

DRI AT DA tH B TN, R 2 == 3R ) 2 [0 TG B S T T g
FREAL AR, AR ISR Z E G

BRI FH 73 TG P 23 BEARRAL A T AR VS R, (HJ2 HH 6.2.1.1 AR5
P AXHERITE, XFRBTH IV T AR R A T bR P AT AR R A AR
B H ] DAHEWTIX A8 T 7 75 T B 0 A% RO R 7= A 52

e 73 TE W T AN AL, W ER AR RN NA,, HS T EBE
MARA IR R W R 6.13 fis o

A < A, (6.13)
BXFRERRARK 63 £ 65015 FK 6.14 5 6.15.
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_ Eepph
= diid, (6.14)

k=22>1 (6.15)

Aq

Hr, e BTS2 N R 6.16 s

e _ &182(dy+dy)
eff €1d2+k€2d1

HANX 6.7 2K 6.10 TR, 7T USRI TEIE o RESE R B Hle, 1
It E AR N0 6.17 fizw.

(6.16)

e _ ego(t+h)  _ g(t+h)
eff T ereghtkegt  (kt+Ag,)

W el o MITHBL AT AT AL, AMIIIN, £l B/ NEE e,y TG, 4
F T2 I A TG R LA O MR £ T 2, P 6.12 T,
FEAEALIT , 7 H7 (U B T AT Y A S B F O AP B, B 43
AN 5 1 2 ) B M R 228 B B A T AR TR, SRR R
R4 R

1 0 S 0 B P T T RO 0 T AR, A T 0 YU
WRADS W, 0 AR+ A0, 5 R 5 T /N A U i
R B ATATHE

(6.17)

6.22 (HEZHh

N T BSIE RF 23 TR W R 6 2 AT R O e R 2R T AR A 83 /N B R T
IR AT P, 38 X AR T AN 43 T P R T 2 T 8 A6 S 38 EAT A L0 AT, LR
PE TR, R hdn.
6.2.2.1 HFSS &#&

fE HFSS S B8 i g r 25 S B AR T WG i R R T AR s 5 o T
Wi REAR IR E 6.8 Fim o AR AR AL R U i REGH RSTHE B S 5 == i
FETEIG F RS 2 B I i Rk — 3. BAN R 2R 3R B4R F RO3010 7
R G, HAREHN 102 HARED EPh ISR EEE . N 17 AR )
GRBUE SN R AL R R, WEWE NS SEREEE N HFSS 4
AR, BT HARUERIEEN 02mm £ 1.1mm, #XE S EE G iaE AN
0.2mm-1.1mm, KN 0.lmm. B REBALRHALEBAEHERNX, AT
AL, TE R IZE Ak (1) R 2R 5 208, B I N PML 58S W Sal 7, BRI K
BT &R/ E RN RS, Pk rBRIRERIK, REM RN A7 50F
TAEDT B R R R BESF I, HA i S BN S HIBE (Perfect E) RN R4S
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5 6 T TN Fr RERESHITE AL IS P RO M it 7t

PRSP AT RN

(a) FEIEME it (d 2B M
P 6.8 i Fifr s I B U Py T2 A2 Akl 07 320 A TR 1

6.2.2.2 IRHER

MR A 7 B g v 545 31 (1) 23 TR B JE AR A B P A U R 2R AR B8 1 ST
M2 s, o] LA R SR EUARATT I R A 2R % 25 5[] B JE B ) R A0 15 IS =R 6.5 Fi
TRo

R 6.5 (7 F A R B AU P R AAL IR I IR AR A2 A f5 B

7S A R R A PN 2 o T v R
(mm) WIRMZ (GHz) WIRMAE (GHz)
0.2 2.013 1.782
0.3 2218 1.917
0.4 2.349 2.004
0.5 2.458 2.104
0.6 2.547 2.177
0.7 2.628 2.261
0.8 2.69 2.301
0.9 2.744 2.345
1.0 2.793 2.399
1.1 2.834 2.432

MRYEER 6.5 PRI A R LT I R IR I35 B AT DAAS 21 3 (R R AR
5 BRI R R 6.9 Ps.
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3.0
® LR XE
2.8F | B MM AR
__2.6F 71 £ 0,017
N o-ggecs
% 5
— 2.4 s =
iy
=
X 2.2 f
o
=
2.0 F
[
1.8 F @
1 1 1 1 1
0.2 0.4 0.6 0.8 1.0 1.2

FHEFEEE (mm)

K 6.9 15 LA Al UG 1 R A% SR TR R 5 22 R T B 2 R AR A 50 % I

HE 6.9 ATA1, SRR 2 B 20 TR Fr R R T AR A% SR 38 [ AT AR VB R A 26 %
FE I T AE B (U IR A2 350 /N T 40 TR WGy R R A A, WL B AR R T — Ik A5
F5E BN BT 7 R R RATHERAR B T YPIAIE .

XTSRS B BRI 5 W A ALRS I RAE G R, ST R &k
SIMHBAELM R R, ML EIIHKRECN 0.99629, 73BN k& £ HE
PR ZR, MhZI &R E RN 0.998.

58 SRS AIBR G Fr R 28T A% SR A (A B BB S TT R X 6. 18 1A H o

_ Sfmax—fmin
§ = mmaimin (6.18)

Kk 6.5 HRIBHEAAI 6.18 W] IR BTN Fr REIL AR KA 5 2 B 70 E
WG Fr R LA AR AR T A AR I R BB AN R 3R 6.6 TR .
% 6.6 {17 L PRI R LR YA A RS (A% R U S R

KL 55 AN 2 M TG AR 2k
AL I RIBE (GHz/mm) 0.821 0.65
RIPIZE TR (%) / 20.83%

HI3R 6.6 A%, 7R MBEEE 0.0lmm £ 1. 1mm FIRTEEN, N 2
B 73 P ) 2 T B s e R 1 A A T s 1) A Sk SR B AR R 1 SRR S
ANEE T 20.83%, W] RN 0 WG Fr (/NG BE T D5 3200t 223 U RI BRI A%
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SR 1 R B SE MBI, X A% S A B R B M E SRS AR v 14 (4 L
W R, RN TR e A AT AT .

6.3 RE /N2

AR = PRI 2 B B A R ER I WG o0 T B T N R AE T
PRSI AR AR I b, JE T b AR Y T e R A 2N Fr R A s (18— b
R I T VR A A SR R N R A s 1 — Rl N R k. B T
PIRPOLAE BT TEAN B HE S, IRl 1 0 ORI, S5 Ak v it R AR T
W REHEAT TRIEE, BEETR

(1) TN A HIETEN Fr R AL KA B 2 B e i, i 2
THE T 0 A H AR SR R AR BRI A AR T 3, R RN R 7 w] BLSR L%
felas it /N BTt BEJR, IO RS X RN R ARG BB T Uk
A DL A% s AT IR MR BEAIS, IF A AR R B SR T Wi, MIDBRIIE 1 1%
BEVH IR AT VR o (ERAE N 3 5 A1 BB (1 Ve Bl S 12 RBUSE SR T 2K
FAIRE GG,  HWG A ALR2 5 REEIRAR AL KOS RN ARZ R &

(2) fEZSBEAFEM Fr REGEAAL K as BN 2 B I i, i
AR HE 0 M HAR I AR A B IR AR 1A e 7 3, H0D HE I IR 5 92 m] A SE IR
AR IR BN R BT, (RN R AT, A% ORI W) e & BRI
bt i, 3 SIS X RN R A Y T D5 9T A A% J s 1) T R R A
I e B EAS AL AR AR R R R 2 B IRA Fr 2, o] AR AT X —
PRI R ZR AR N 37357, IR Bt i — e Ul AT 1

(3) X FARESEH PR R 2 G B Bt I ik G P R kA ks, AR
BT R AR A B R AR 2] 1A B R S I, EARER A0 2
R — Bk R, (BRXS TSEba M5, 1K AR 2 I R 3BT 5 ik
RS B R AT 11 L 24 30 o 5 O 1 5 9 ) SR AR R IS IE DR O BEAR A (1 FLAE BT AN
FRAL R BE 20 VR 2 SEBR I B A B RERE S, sei AR 2 R DX 2L ),
AR POX SR L, A RESEE W TR, SE T RSE PR AT PR IR E . B AR
B 7 N 2 25 JE BT BAR SRR R I8 UEAS 5 e H I PR ST
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B 7B REX SRR REHFNIRE

PRI A 2 1R I P R AR A R R AR LR AR A i
FERIARA AT 52 M0 R 2 A% T s IR R R o Xt AR SCRIE 7E (1R B B 1 IR AT
AP RALIA TR BE AR NG R ZGIR A5 s, PRSI 8 (28 A 2 5 i i
PRIR ML, TR, AL

R FA P A L2 ST I AL U R e A R (I BE P REHEAT TR TE, BN A&
GHLFE T R ZGE IR AR A2 R A B A ], SRR I FO S i T
IRIGAIE TN, SR 1IN A AU R AR AR AR BEAME T

AR AN R LGSR S A S AR SR, AR AR 122 iR 2 E A ) W T
AR RSN Fr RS =2 RN 2 Brod I  REGEIRIR 5 m,  Jf
A7 FBANIG AR BRI . e ARl xS LR ANIG ORI T B R, KA
H R X 0 G i R R IR M 451

7.1 Mh R REETRINER 20 B 2 E K [RIE

S I R AR R IR AT 2 7 AR SR, T B PR D T AR A o R A e
IR . R AR R AR H AL, FRINHRE T Aid & S 850K
LA, ARERRCTIEIN, i S BOB R AR IR AL IR B AR A
M2 RN AR ) <5 20 (VT FL 3 2, 1T < e Y HL 3 R 2 B TR A T T BRI
XA RE MR ZG Ml N (Q IR ) AV 5, [ M IR AT

MRYEF 5.1, FIRAING R LR PR IR AR By AR R B A A S AT 2
FERSEIRAE s AR A H AW A R 2 I IR 2 3R, JBE 52 i) ) B A B 3 %
ST e TONNE G LAYV NG S AL PNSE

Cc

f= 2LefrVer (7.1)

7.1.1 P BRI

ISR AR, WA RESRAELH, HEHTSERREKREBCAFHE,
SEZERIEFEEN T, SEUZEIMER . FRNG AR 2R 5210 B 520 1 AR i 45
BOREEIE 7.1 s
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SEETI R/t T | EENa )
T R B RS

he

| e |

hc hd

7.1 FEIIG Fr R R R AR T s

Y SEAR AT, Wy R AR J7 1) A1 58 2 7 0] B RST A2 A AT DAFH R =X
718725,
ALy = ayo ;AT (8.1)
AWr = @yyepfAT (8.2)
Horb, ALp AU BE SRR AR S I A KB T7 R RS AR E, AW =2 2 5
RIS W SR FE T RS 2 e o5 e 23 0 K BE AT SR BE 7 1o (14 56 202
KRE, EATSH R BB RAR ST G AR 280 o6, Bk R R
R 7.3 M5 7.4 Fross

p _ ad,lLeffEd,lhd+2aCLeffEChC (8 3)
teff 2(Eqhq+2Echc) ’
a __ aqwWeEqwhgqt+2acWeEch, (8 4)
weff Eqwha+2Eche :

Horf, aq Mag w70 999 BREEAR AL A B 7 TR MTSE 57 [ R IR SE 2R I AR A 4
Eq) FEq v 73 3 N9 5 R ALK B 7 1) A0 58 5 077 1) _E S PERR &, hg AT 20 308
I3 T A AR JE AN R S I P IS, o ATE il D 6 S N Py L PEE R B2
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HORFPER R . T BRI, REN ENOB H A 5 mFEVERA R, A
K PETT 1) 5 98 BT 1) b R VA B S TR 2RI K AR AT RE AN — B

712 ERATEEHRZATMN

S J5R AR R XA HL R TR AE Bl A BN, S T RS A A RO LA
REHIE R, BRI, A AR i B R AR, XA
AR AT LLH R 7.5 FoR .

Ae, = ke, AT (8.5)

Horr, Ag, RS B H BRI AR R &, koA nade T A/ e A
BT RS B RO B R R B —MRAE T, AR AR TE A AR K,
I HL AR LA RO DL UE E AN

7.1.3 FERME R IR B SN S0 T FIE TR ITR

ZiE 711 5 712 MPRREmEAER, XTI R, HZRRERE
AT, EIRPUR fr T E AR AT LA 7.1 5K 7.5 AR 5.1 8319
T

fr= 2(Lefp+ALT) & +her +AT (8.6)

BT ERITEBONE 2, Hl FRERA RS FFEVERM R, HARNKE
J3 TAIANGE FETT TRl R AN IR, WO BB AR F 2B W P R R IR 5
M 238 I BEAT 1Ko

7.1.4 ST R R AR B SN S0 T BIS R

TR =PRI 2 o B Rk, T A IR RN A G DL
SO HABUE, # 7.1.1 RN i R 20 IR BN, 2 B AT+ A 5 UA
HiEH. T2 nB R RE, HZAIKIKAREL N 7.2 Fis.
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SEETNG /At | BN
T iR B O EEREAKES

he

hc hd
Kl 7.2 73 TG Fr R 28 52 85 52 AR TE s i

2 B a3 TR Fr R 2 BRI AR 52 777 A P T 738 T 18 R 0 256 1) 5 i g Bl 6 JEC 4t S5 T
AR L e ARG B, BTG TR 20, Joidkidad fa] s i o 507 1%
B A K 2 E R S B E . (HET 2 B TR A R 2R AR L A T AR
ANTIRFETEIG B R 2, HORAE 20 7.7 Fros AR i AR 2K A 20, AT DAHEIAZ AL,
IR EGIREE, 2 M or TR i R 2 K FE AR A AL /N TRR I R 2
MK FE A B AL, T 7.8 .

AS = 2Sa AT (8.7)
ALy < ALy (8.8)

Hrb, ASHEHEAEIR ARG IR R, SHEHZ RN,
a NHRRIZIK BB, AT NIRERE .

e = 7.8 AR B2 R W REVEIRATR TR A 7.6 ATED,  AEXS THEE
W K2R, 3T v RS2 FE S AR AT, A RRIEZ I Xof 18 i A0 26 (1) 5 i) 235 SR
TESS, ARG, AR A FL 58 0T 1 R A e 1 5 e 2k R B T

Shr b, EERAVEEU G A R, TR RS, AR
I, JEAR A L BB A SR R R 2 IR A Z AR ) 2 R Tk, ] DAHE
RO 7 RIEE AR 2 Mo e roRE, AH0 THBM K2k, FHaER
B2 PR R T BE 2 NS, PO AZIK A AN B2 (H T AU
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AR BB AR X T AR A L R A IR AN B D 3K, XA S R R ]
RE 2 I JE AR F SR I ) S (R S e OR T R o, ASk P 4l R AR AT E d s 2
B o3 P R 2 S TP SR (R R8OR TR T P R 2 LF- 80T 22091

PRI (1 D% B T IR AR R RO VR 5T, R U BRI RS AR
BRI PR R R IR A 320 LR i R RCR B 22 5 T REA R, (HAN R %
RBBUN, DI RE AT BERAF RO B 12 57

7.2 BE XM R K& iR

HI T AN Fr RERS 2 B o I P R 2 B2 U 52 Wi I RS IR A i e T
HRONE S, Bl TSI BT A8 5 A 5], ws A B U
PEREAT BRI

FEATTH, A HFSS i SRS R v R 2 2 B o G Fr R A
BRI R L EAT 1 AR S A, R 2 Btk AT P i 5
VI HE 1 IR R AL TR AR AU I IR AR S DL, BB RAE 7 7.1
PRI RN AR R AL

7.2.1 HFSS &4

£ HFSS "3 a0 K 7.3 Fros (RN R ECS 2 B 70 RN P R 2R 10 L vl
PIEMR, ZMRR S5 R 5.2.3 R REKR LRSS R A MR S80S
FEFSHGE A, EX T 2R KAESH, REHASHREN 0TS
50°C, AWAKIN 5T, FEHH HFSS 4R A8 50 HEpf A i H 2805 A0 1 i RS
AT AR R RCE, Hd, FEBCRA RTS880 miliik &, HAHREE N 2.2,
I LR B RS R HON-125ppm/C o

P R 2 220 R SR P TR W5 L, D 1 AU T BRI A PR R 2 SN AL, 3¢
BHINGO8 PML RS ISGA S, BERE AR R eIy RIESE, P
HE KRR BEARAR, REM ERRSING F.  m-PiE B R R B i, JF
Wi R BN 5ESE B (Perfect B) KN R S 4T T HEA T RL40L
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‘ s, ¢
s . c=SaF
> SR
L.
B TE

(a) FETBMG A K2k (d) 2 Brorems i Rk
7.3 TR RN P NG A R 2

R SE R JR R DR Oy 1A TR 2 Bk g T 545 tH PRI UG i R R
S11 K, SEHCHE AT B AR AL I AR PR 2

7.2.2 tRILER

WRAE 07 FAH AT BRI PR IUG Fr REi S11 BB R, AT DL SR Al AT TRE iR
FEARAHEIRANRAF BN 7.1 B
R 7.1 7 FR PR R RS IR A B A I AR A A

TR I P R 2 2 oy M Fr R 2
(C) WERMIE (GHz) EIRMIR (GHz)

0 1.94 1.601

5 1.94 1.601

10 1.94 1.602

15 1.941 1.602

20 1.942 1.603

25 1.942 1.603

30 1.943 1.603

35 1.943 1.604

40 1.944 1.604

45 1.944 1.604

50 1.945 1.605

RAEL 7.1 (0B, wT LRI ARG R 2 2 B o I e R 2R 1 3R
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PR 5l AR 2R B B e AT Ve A S & 7.4 AE 7.5 R .

Lo45 k| @  RUENG R REIEIRMIR (GHz) .
VR A 3 5 PR IR O R AU it 2k
|| y = a + bkx
1. 944 d;ih'\' 1.93955 + 1.93085E-4 L
FaEd 1. 05455E-4 + 6. 52747E
f[\\: Pearson’s r 0. 98319
= ; R 47 (COD) 0. 96667
i": L. 943 1 il-‘dﬁ*j.m‘r Ji 0. 96296 L] ®
@L%z— o o
=
3o
e
1. 941 | (]
1. 940 | L] ® [ ]
L L 1 L 1 : 1 . ] X 1
0 10 20 30 40 50

MELRE (°C)H
7.4 R REGVESRIR S50 AR R 2R ]

Leos | ® 2B ORTEIG A RERIEIRMIR (GHz) o
W R AT AR B o0 RIS Hh £k
Jif v = a + b¥x
i 1,601 + 1. 7565364 |
1.604 | | 7.636366-5 + 5. 9381 ° ® Y
i~ Pearson’ s 0. 97385
= ROF 45 (CoD 0. 94839
< 4 RO 0. 94265
5 1.603 | e o o
=
1;’
i
1. 602 L ] [ ]
1. 601 | [ ] [ ]
1 " 1 N 1 X 1 X | . I
0 10 20 30 40 50

IR (°C)
P 7.5 2 B 4P T P R AT 5 TR A X e
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