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ABSTRACT

This thesis presents characteristics of NRD-guide coupler combined with microwave
planar circuits. The proposed structure consists of a microwave planar circuit placed between two
NRD-guide dielectric rods. The coupling depends on a leakage mechanism, namely, a leaky wave
can propagate from one NRD-guide to the other NRD-guide through the microwave planar
circuit. The microwave planar circuits fabricated for this thesis are a dielectric slab, a microstrip
line planar circuit, a FET amplifier circuit and a band pass filter circuit. Theories and the
measurement results of propagation characteristics of each coupler compared with the theoretical

results are proposed in this thesis.
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lavh y/ Aedndmnaisiniingn (magnetic scalar potential) 1a q simiuvimsuny £ uag

H winaums 2.5) tezaunis (2.17) asluaunis @.D)wld

VxVxF = joul~ josF -Vy’) (2.18)
N30
V(V . F‘)— VF =I*F - jouVy’ (2.19)
Wieswn v’/ Wusnedala qaniusoaenld
V-F=—jouy’ (2.20)
wld
v/ =/ jou)v - F @21)

unuauns (2.21) Tuaums 2.17) 92 18iinnives 7 de

R _
H=-joeF +—v(v.F) .22)
jou
wozumumums 217 lumums 219) wwwuh Fooeglumenvesnumsiedussand

t 4
(Helmholtz equation) A1



(V2 +k2)F=0 (2.23)

NNAUNIT (2.5), AUMST (2.6), AUMS (2.14) wazaums (2.22) 1 9218 e Midisauae

[} (=1 o dy
UEiIManI L uaae ladail

E=-VxF-joud +,LV(V .4) (2.24)
JoE
A=Vxd- jocF+—_v(v.F) (2.25)
Jou

dar as
2.2.1.2 amu"lumeu‘umﬂmwﬂmfmnmé’ (Scalar potential function)
o v o P 2 ; o do o o p
hwirdelisnsihmsiiguiinnivessuuia W humenvesilsdsusndmnary
aw o g 9 o A ad a dA4 a - @ & R a
rupwnanin  Mnanildlumsinsanfe ladidnani hiinsga@ouvueniug S
a o {
WITWIABT £=4556, UAT =, 1A6N 4, uaz &, foamuFu’ld (permeability) tay
ANINYBY (permittivity) TuBIMAIIN AL taz &, Aomawa ladinasnduinivesna
ad =
nanladianain
1) anuluuueuay LSM
dmivanmluwuunundu LSM swivsenl® F=0 uay A= joe,¢'5 Tnoh

L4 3
¢° foilensusindenad dniuaums (2.24) uazaums (2.25) szaagtlaedsd]

E=-jou,A+——v(v-2) (2.26)
jwe
H=Vx4 (2.27)

mmsassnmntfhuasmmsimanlumenres ¢ z'ldoadilszneuves

| o d’l
AUINAN 9 AU

2 re
ot (2.282)
€, Oxdy
. 1 a2 e
E, =ki¢* + 5)5’-2— (2.28b)
g =19 (2.28¢)
' g OOz '
H =~joe, 99" (2.284)
oz

H =0 (2.28e)
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s )

ol . i 4 4 . A
WUNUUBUNUANUE (even mode) UATUUVUHUAAUA (odd mode) Fas 0LV IM SRR
fAuse

2.2.2.1 WUUUAUATY LSM (g)
P =3 J o o o' o’: a o £ .’f l1$lu
NN 2.2 unavesrndmna s usuves ladidinasnuas lusuoimea uanelds
4
ae il
¢ =4 sin(mizx/a)cos(ﬁy y) [Y[<b/2 (2.32a)

=4 cos(ﬂy b/ 2)sin(m7zx/ a)e;("/ ) [ > 8/2 (2.32b)

Taoii 4 Aosasiala 9

B, femasiaimsunsnszoeludia y (the y-directed propagation constant) Iusuves
ladidnasn
uaz ¢ Aemnsdamsaanoylusuoinis

Anlszney e/ Tumums (2.28) sxgnas’d (liviunfinsen) wsitiaed B,

1 4
v

B, wog ¢ Tanuduiusiugail
B? =kye, —(mn/a) ~ B} =k} ~(mz/a) +¢? (2.33)

¢ J ' J
avflszneuvesmmA o lumununiy Zsi @ mnsamidlumenves 4
} 4
Tagmsunu ¢° ninaums 2.32) uauns (2.28) vz lRoerilsznvuvnsauusie q lusu
4 t 4
laddnnSnuas lusuenmedai

uinuiuladianesn ()< 5/2):

E, =-A(B, /e, szt/a)cos(mmc/a)sin(ﬂy ) (2.34a)
E, =(4/s,)g” sin(mmx/a)cos(B, ) (2.34b)
E, = j(d/e,)BB, sin(mm/a)sin(B, ) 30
H, =~Awe, Bsin(mnx/a)cos(B, y) (2.34d)
H, =0 (2.34¢)

H, = jAwe, (mlr/a)cos(mzzx/a)oos(ﬂy ) (2.349)
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s ()| > 5/2):

E, = FA¢ (mna)cos(mm/a)cos(B b /2)e¢ ) (2.35a)
E, = Ag’ sin(mzzx/a)cos(ﬂyb /2)e{("/ 1) (2.35b)
E, = +jAp¢ sin(mmx/a)cos(B, b/ 2)< 2.35¢)
H_ =-Awe,fsin(max/ a)cos(ﬂyb / Z)e‘("/ ) (2.35d)
H y = 0 (2.35¢)
H, = dae,(mrfaoosmma)eos S p 2k s

] ] ) }
TasfnToamneduvuiasduanluaunsi (2.35) unususinird iy nuazdudie e
iy deorsansmAuzi 22 uazm g maldlae

2
g’ = B> +(maja) = ke, -B)=ks +¢? (2.36)
° o s o ﬂy a oo oW ] [ a o Y
mnsuueyesndseneuau E, inudidudaseninemedyladiinasn oz 'ldeuns

f]mﬁ"ﬂymz (characteristic equation) ﬁ'ﬁ'g

B, tanlB,b/2)=5¢ (2.37)
Tauf 9ineums (2.36) o214

¢’ =kie, -1)- 52 (2.38)

aums (237) wmileuivaumsquinyazvouukundy TM (g) Yoo

A ad a o 1 o ad a o o o o o £a
ndulaBidnanauay flinmumn b uassnsialedidnaSnduing & anuduiuiilg
Anarmusam dnnmsdszyadlfinaiin EDC [3] mamasvesaumsii 2.37) 9 ld9n
fUIZ (eigenvalue) ¥09 B, unz &, Tavh n dudmaug (n =0,2, 4, .) udaensians

uninsenenuveduuusuniy LSM (g) 9z'1den
. =kse, ~(mnfa)f - B2, m=123,.; n=024,. (239
4 <
2.22.2 WUUHUATYU LSM (R)

[] 4 4
gl 2.2 inndvesfindmams ¢ lusu'ladidnasnuas luFuveseine uandld

o g
aasie llil



¢° = Bsin(mmc/a)sin(ﬁy ») |y < 5/2
= Bsin(mmc/a)sin(ﬂyb /2)e‘("/2"' )iy >b/2

=-Bsin(mzx/a)sin(B,b /2>, y < ~b/2

13

(2.40a)
(2.40b)

(2.40¢)

Tashwisidliaes 8, 4,,¢ fanuduiusiudaums (2.33) ssmlseneuvesauy

AN 9 veuuuINIAAY LSM,, () aunsom Idlumenvesiinedi B Tavnisumu ¢° 90

F 4 4
auns (2.40) Tuerunis (2.28) szldeadtlszneuvesanudie q lusilasdnasnuas lusuy

¥
2IN1AASL

vinusu ladianadn (|y] <4/2):

E, = B(B, /5, Jmr/a)cos(mms/a)eos(B, y)
E, =(B/s,)g* sin(mzm/a)sin(B,y)

E, =j(B/z,)BB, sin(mmx/a)cos(B, y)

H, = ~Baws, Bsin(mm/a)sin(B,y)

H,=0

H, = jBas,(mr/a)cos(mm/a)sin(5, )

vinaduemet (|y]> 4/2):

E, =—B¢(mr/a)cos(mmx/ a)sin(ﬂyb/ 2)e‘("/2‘|”')

E, =+Bg’ Sin(mmc/a)sin(ﬂy b/z)ec(bﬂ-lyl)

E, = jBp¢ sin(mx/a)sin(,b/2) 4+

H, =FBwe, ﬂsin(mzzx/a)sin(ﬂyb /z)ec(b/zw
H,=0

H, =t jBwe,(mx/ a)cos(mnx/a)sin(ﬂyb /z)ef(bﬂ—iyl)

(2.41a)
(2.41b)
(2.41¢)
(2.414d)
(2.41e)

(2.419)

(2.42a)
(2.42b)
(2.42c)
(2.42d)
(2.42¢)

(2.42f)

[] ' } 4
TasnToamneduuuunzdudanluoums (2.42) MG aUNTIT YOI UOIN AT AT

vauazdds iy diefinsendnduglii 22 uar g SawduiuiReaums @.36)

e 4 '&v a o oW * o ad < o » -:’
Wnaeg E, iuiiduirssninenedylatideete e lounisnaudnvasded
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B, cot(B,b/2)=~Ce, (2.43)

Taeit ¢ oz B, fimmduiuifeaums (2.38) nnaums (2.43) sty niinnumilousy
ﬁumsqmﬁ'numzumuummuﬂﬁ"u ™ () veaerhnduladidnaSnauaviiiaaumun b
uaziimnefaladidinain £, wamasvesaums (243) sz ldoINAUNIZAN (eigenvalue) Y89
B,, waz ¢, do n auudiuihiudnng (n = 1, 3, 5,..) dausneiansunsnszneaiuse

Tdonaums (2.39) e m =1,2,3,...uag n =1,3,5, ..

2.2.3 finorlveamnuvearierinaau NRD luuyuusvnaau LSE (E;=0)
Avsannsuwsasevniuvewunwundy LSE luvievhadu NRD dieaunl
aslAsunasdaednlszney /@4 Tasii B Aeminsdamsunsnszaioaiuluiens z
& d’ 9 o o 4 h y
muveURUAduTnsauaal 1a Tumeuvesdndainas ¢" aveums (2.31) auiuee
2 i y 4 4 o =
TIVAUULUNUARYE (even mode) HATULULHUARURA (0dd mode) FaiTrvzThMTHIENTY
#dune
2.2.3.1 (uusEuAIY LSE (g)
& = V7 &, YA N S 3 o
nnglit 22 dnedvesindmnanilusuvesladidnnsaunzlusuoime ueras léna
i 4
@o lil

¢" = Ccos(mmx/ a)cos(ﬂy y) s<d/2 (2449)

=C cos(ﬂyb / 2)cos(mmx/ a)et ) s>8/2  (244b)
Tagiivsilimed B, taz ¢ Hanwduiusiy g ot
B* = ke, —(mz/a) - B2 =ky ~(mxfa) +{7 (2.45)

uny ¢ vineums (2.44) luaums (2.31) uasuny 8/éz do — jB ezldesiilszneuves

\ 1 a J L) 3 =, -y I’I’ o y
w1 q lumenvesdineda C Fminsanlusuladidnasaunslusueinmeadsil

8
uTnuduladidnadn () <b/2):

E, = Cay, B, cos(mmx/ a)cos(ﬂy y) (2.462)
E,=0 (2.46b)
E, = ij,uo(mzr/a)sin(mm/a)cos(ﬂ_yy) (2.46¢)

H, =CB, (mn/a)sin(max/ a)sin(ﬂy y) (2.46d)
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H, =Cg cos(mzzx/a)cos(ﬂy y) (2.46¢)

H, = jCB,p, cos(mmx/a)sin yy) (2.46f)

uinuduen (| > 5/2):

E, =Cou,p, cos(mmc/a)cos(ﬂyb / 2)e‘("/ 1) (2.472)
E, =0 (2.47b)
E = jCa),uo(mn/a)sin(mm/a)cos(ﬂyb/Z)e‘(bﬂ"ly Y (2.47c)
H, = ¥Cg(mz/a)sin(mmx/a)cos(B,b /2)e ) L @410
H, = Cg’ cos(mm/ a)cos(ﬂyb / 2)s -1 (2.47¢)
H,=%jCpL cos(mm:/a)cos(ﬂyb /Z)e;("/ ) (2479

g . ) s
Tasfinssanutsaiuutasd o luaumsn (2.47) unusuenigdiuenazdiudas an

.
o =)

] t4
Ay Wenss AU 2.2 uazat g sglinnudunus fadl
2
g’ =p* +(mr/a) =kic, - f; =k} +¢’ (2.48)

¥
v @ @

° L4 po A a 1 a ad - o c:y
winsuues B, ikufiduiaseninemaiylasianedn ez ldaunsgudnvaedl
B, tan(B,b/2)=¢ (2.49)
Taeh 91naums (2.48) 1519214
¢ =kile, 1)~ B} (2.50)

auns (2.49) semilousurumsgudnyasvesunuinundy 7€ (@) vomierhadu
ledidnainmuauiifitwmn b uaslidneialadiinnindiing ¢ wamasvemuns
(2.49) 92 180101203 (eigenvalue) Tavaundld ndlubaug (n=0,2,4, ...) Anadans
unsnsevigveaLusuniy LSE (§) sxmisBvinaamduiusaee il

2 =keoe, —(mrfa) = B2, m=123,..., n=0.24,... (2.51)
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2.2.3.2 UBUUAUAAY LSE (R)

a o 'S o o o qlz' ad a 3 9/ o
nnglil 22 inadvesdindmaary luduvesladidnasnuaslusuornma uaneldn

ao'lulit

¢" = Dcos(mzzx/a)sin(ﬁ'y y) sl<d/2 (2529
= Dcos(mzrx/a)sin(ﬂy b/ Z)eg(b/ 2-) 1 ¥y>b/2 (2.52b)
=-D cos(mmc/a)sin(ﬂyb / Z)eg(b/ 247) s y<=b/2  (252)

Tashinisilimes B, waz ¢ lianuduiusiudauns (2.45) fnsuny ¢ ein
aums (2.52) Tuaums 2.31) uasunu 8/éz daw - j3 ﬁnz'k’l'ummuemuwmq q us

laBinasnuazsueImeade i

v
vinaduladidnadn (] < 5/2):

E, = Day, fcos(mx/a)sin(g, y) (2.53a)
E,=0 (2.53b)
E, = jDay,(mxn/a)sin(mm/a)sin(g, y) (2.53¢)
H, = -Dp,(mx/a)sin(mm/a)cos(B, y) (2:53d)
H, = Dg? cos(mmx/a)sin(8,y) (2.53¢)
H, = = /Dp, cos(max/a)cos(8,y) (2.539)

vSnasuene [y > 5/2):

E, = +Day, f cos(mmx/ a)sin(ﬁyb / 2)34("/ ) (2.542)
E, =0 ' (2.54b)
E, =+ jDayu, (mzz/a)sin(mmc/a)sin(ﬁyb /2)2‘("/ i) (2.54c)
H, = D¢ (mz/a)sin(mm/a)sin(B b /2)e< ) 2.54d)
H, =+Dg* oos(mnx/a)sin(ﬁyb /Z)ed"/ i) (2.54¢)

H, = jDB¢ cos(mmc/a)sin(ﬁyb/z)e{(b’z'w (2.540)
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L)

° o ad

mnsuuesaun H, ANUA
1 4

@o 1l

udassninemaiyladidenin e ldrumsqudnuasds

B, cot(Bb/2)=~¢ (2.55)

4 o o do w 1 1Y
Tavh B, uay ¢ NAnwduusAUAIIUMS (2.45) SeWuTIAUMS (2.55) miloufuauns
LY 4 4 t o 4 ad a 1 '
AuAnN¥MEveMULIHUARY TE (7) vewsthaduladidnaSnanauiilinnumun b uasiin
o ad a o W t P <
asladianaSndning &, wamasvesaums (2.55) s ldnndunzn Tasicn@ld »

duswaud (2 =1, 3,5, ...) MasdamsunsnszawveuuuuHunAY LSE @) wzmlden

=kye, —(mn/a) - B2, , m=123,..., n=135,.. (2.56)

/

) -1 a
uneladidnnsn

i Tane

Ui 23 dumveauusunduiulng (dominant mode) LSM,, veavisriinAu NRD

[ o
unuaun i uag ------ UNUAUIMINIAN

Tash

viothndu NRD Suuuununiuiiuivg (dominant mode) AenuuLHUARY LSM,,
Fednuazveudumumvenwuinunaudulugd eraa1@degadl 2.3 Feermududuoum
vorionAu NRD  esfinmmumndie bimmindlenSoudivutudummesieviniy
Tanenseatmdonuain Suudiniethndy NRD ifesflsznouvesmumnihamen
{longitudinal electric-field component) uviviaﬁ‘mﬁu’ianzm qﬁ'm‘é‘uuuumn 1%

2.3 MIMIAINDAA (Cutoff frequency) VBN IADU NRD

4 @ ] & ] o &
ﬁ1nﬂumsmmmmmwsnsmwﬂﬁwemau'mnu NRD ﬁﬂ

B, = ki€, ~(mn/af - B}, @57)



Tagh B, Aernsdamsunsnssneluiiay

¥ o X ‘iu = J 4
viorndu NRD amdansuiiaduidie g,

angal i

k&, ~(mz/a) -

v L4
1ath k, = w,[,6, F0iunInaums 2.58) annsaowlmi1&iiu

(o=t [ 22) 42

. 27r\/_

r . ° v M o qﬂ
waznnaumsguanyuslunuuuwundu LSM_ vesvioindu NRD uaas 1ddadi
B, tan(B,b/2)=

v ] [ 4
WeegluannzaiuGda masiansaaneussniiugud duiusnaums (2.60) 9214

tan(8, 5/2)=0
uagnInauMs (2.61) 114
b nrx
SN
A1y
nmw
S

s (2.62) unuasluauns (2.59) s lBaumsitemianuasas

s (2

Taoh m= 1,2,3,... uag n=0,12,,...

18

E 4
=0 [2] ANUNAANNIS (2.57) AWITD

(2.58)

(2.59)

(2.60)

(2.61)

(2.62)

2.63)

1 d' -~ o |4 J
lunséinvuuwundu LSE,, Arunsomaunsarwidaldluihnesfisidy Sates

1Aaaaunis (2.63)
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2.4 UHUMNITIAUUUMS (Operational diagram) vaana1IARY NRD

Fait1dnaranudai frn1azamudan (cutoff frequency) azvin Iy B, =0 ,ﬁmfuﬁ
annzanddavesmuuninduiiulng LSM,, | uuuunuaﬁ"ué”uﬁuqaifu“lﬂ (higher-
order mode) LSM,, uazunmmuﬂﬁué’uﬁ’uqﬁyu"lﬂ LSM,, ssuanl@ssi

ANSANUDAAYBULVUHUARY LSM,; (B, =0): a=A,,/2 214

Ao = 27[/ ke, — Bl (2.642)

anZAMVDAAYOILUNUADY LSM,, (B, =0): a=4,,/2 ']
Ao =21/ k26, ~ 2 © (2.64b)
ANILANNAAAYBULLUNUATY LSM,, (B, =0): a=2A,, (2.64¢)
& & 4 o
we A, ADANNYIINAUAR (cutoff wavelength)

vierndu NRD wenunAudentslums hifimsukndae iufle a<4,/2)
& (] & q ) o % <
uy uuuusunduiiuine) LSM,, Fufhuuuuununauifie) (single mode) vomorinausiia

¥ ] L 4
il vzdnsagmulditeulude 1
Aeto[2<a< A0, 20, /2 (2.65)

ununmFeduiiunmsvesieshniu NRD ieuvisladidnainfiléde ezgiiun
(e, =9.5) uamladegun 24 Tasfinsmssumasnadiniusssnhonniinesivesia
Tad (/2 We, =1 M1 afd, vinamsiauvewmmwunduiiulng (LSM,,) szgn

douseudiudulfe A, =24, 4

(4

o=a uag A, =2a uaztﬁ"umquu'm‘i"’a Ay =2a 9N
nsmleznuiuduTRvwomuuunundy  ISM,, (8ulfs o A4, =a) szilifiufives
yinumsiauusieiniu NRD aans uuuuwuhﬁ"ué’ué’uqaﬁu'lﬂu?uﬁyﬁnwﬁaifmﬂ"e
Huvialasidna3niifien e, gandmigadanyion (treshold value) Faninfy 6.8 Kariuluma
U5 Sehidesmsididauuuimuniudendniy mazeshliundiaivesnsmemlu
unuusundwuiivlngjaans msﬁ16’mwuuwuﬂﬁ"uﬁua"uqaifu‘lﬂtmhffmmsnﬁﬂﬁ' fhld
wrivlaBidnaSnuneas nieldnuauseninuiuTanzunsduladdnasn vieden1dladidn

a da o
ATNNUMNM &, AN 6.8
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15F
a b C
f— 1.0 B
|
wl-
<
=2
05 F
0 1 F 2 | 1 L 1 1 1
L2
0 0.2 0.3 0.4 0.5
ald,

N 2.4 wnun B uiumsveariethadiu NRD i ladidnniniil#e ezgiiun

(6, =95)nM a: A,,=2a,07M b : A, =2auazps ¢ : A, =a

2.5 AMUANHMZNIINIZILAINANIND (dispersion) VBINBIIAAH NRD
Mnsdamsuwsnseawvesuuuuruadudiulvng LSM,, veevievhndiu NRD

s 4
aunsamldnnmsdmuald m=1uaz n=0 luauns 2.57) F192'1d (4]

B = \/ ke, ~(mfa) - P (2.66)

i 25 unawadnsitldannsinnavemainvasnsastremunInd dle
lndifnainiil¥feergivy Felisasidan (B/a)ye —1=10, 1.5 uoz 2:5 UnuAReSHI1
dauvesnamennduluezginiifinouenliéia (1) denruerandulurievndy (1,)
unzunuusuResasiduvesnawd () denawdda (f) vosuuuwunduiiulng vin
nrmlazwud dulfsmsnsznnwninivesieinin NRD sziinanladifsefuedi
vinfudulfinisnszaisauniuivesieindulans Tasmnizifedasidau
(/a)fz, =1 fisnn duhiethadu NRD aunsefinsenduriernduTansifionsid
TadidnaSnaety (dielectric-filled metal waveguide) infinisanlutuvesgadnuusns

AN wihquanyarmInszewannudelinnuadientaduedinn ud
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. [ 1 4
uvuAdaiveamshnuluuuuininduies (single mode) YoviOTRALNIABIIEIAMY

1 L. A =% o o 1
uanAnnu deg ldesuisludiduasly

0.8 o
0.6
< 04
(b/a)Je, ~1=1.0
0.2

1.0 1.2 1.4 1.6
NORMALIZED FREQUENCY f/f,

25 dulfnsnszeemunnud vesiernau NRD (iie ladidnaInAvargiiun (du
fiv) WSoufsutuvesrieiniulansiforginegnislu (fuse) uuudSarn

vegniiadasuvunsundy LSM,, (o) n3e LSM,, (x) &918uane 13 18

(Y] \ a ¢ 0 4
2.6 AUANYBZUUUAIANYBINBIAAY NRD
ALY f, (upper frequency) ORI £, (lower frequency) YBIHIYAIIND
.
lunslfamvesuuunundui@on (single mode) ansam ldvinnisufaunmsde [4]
a=min (z/h, 2n/hy, Ay /2) dwsy £, (2.67a)
a=rx/h, dmiv f, (2.67b)
[ 1 4
e &, Innuduiuifiy £, ung £, Al
hy=eky =B =ki+¢7

TUMS (2.67) 9z1AAINDAR (cutoff frequency) Tidfigasenennddaluuyy

uHundY LSM,,, uvuuwundu LSM,, unsanuadanbaeinaiuduiud a=1,/2 (ndu
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a1 o H { o A g
NUANDNIY (radiated wave)) luasiziaunms (2.67b) seldanuddavesuuununautiy

y
] 4 ' v @ ° 1
ngj LSM,, weSidudveummdiaiduniniannsosnnaldnnaumsde 1y

BW =2(f, - £,)/(f, + £,)x100% (2.68)
60r
5 Absence of LSM» mode
R ‘—-\:>’\,
40r =< .

4
// _ =7 Existence of LSM mode | ~~~-_

~."~u

N
(=]

Relative bandwidth (%)

2
(b/a)e =1

it 2.6 avwduiussanhumudiniduing fuilaisu (b/a)fz, -1 dollasidnnsn

A9 9 fu laoh unuTwdalasu (g, =2.56) , ------ unuiadneIng

(fused quartz) (¢, =3.8) uag —-—-— inuegiii (g, =9.5)

307 2.6 urRenNUFITU e Ay FindveevietnRy NRD Tuuusns
aduidulng) (dominant mode) LSM,, fuileii$u b5, —1/a iiielfinialadidnasnfiuan
ANy 3 silafe Wdaledu (s, =2.56), #adnroand (fused quartz: 5, =3.8) uns
8:giiun (£, =9.5) vnnsglil 2.6 urmslfiifudmiethndu NRD 713 InsEnasniis
s ladidnasndn o (&, =2.56,3.8) unuadanee LildTunansenusnuumuniy
LSM,, iieswinfindraudrinieindu NrD #luidlad@nasniis &, #19 Tnezhida
wwninungy LSM,, 3 usiifeldozgiiun éaﬁﬁmqﬁ’a‘laﬁtﬁnﬂ?nqa (&, =9.5) szmld

a P 4 4 3 da o ° =y
NALUBURUARN LSM,, Y Feesiinadouuudia ufe seilfuuuddarinuag

2.7 msgaudelunetinay NRD
msgeyiemsderiumsluvierhndu NRD (a,) wilsznsudiemsgadoveauniy

Tanzdnia (conduction loss : @, ) uazmIgydveslaBiainadn (dielectric loss : @)

a =a .+ (2.69)
t ¢ d
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Tauh
a.=P [2P, (2.702)
a, =P, [2P, (2.70b)
4 M o w o o & ' 1 e A v A
(S1)3] Pc ADNIAINTUNYNVIGABUUINUWWANTVYIIMULUUIIIVDINBUIAAU  DUIUBINIIN

MIYYIAIYDIANN

P, Aefdsnufigniisdenilimianumamunaniveniethndy  suideansin
migydvvedladidnasn

P, fomdanusaiigni iy Tasuuumunudiulng LSM,,

4
frdsumIaNAIsama 1avin

P.=2R [ |H, (x=0)dy (2.71a)

P, = we e, (tan 5) zz [ (jExlz +|E,| +|E,|2}1xdy (2.71b)

P =-[ [EHddy (2.71c)

4 ad a
(die tand AoumusuamIgado (loss tangent) ¥09ladidnasn
sy
R, foamudnumuiufiesuriuTans Sdwidy R, = Jau, 20

A ° . f® 4
o ABANINY (conductivity) YDA lane

Mmnsunuauns 2.71) asluaums .70) sz 14

a, = [ 22Rs0)€°6;,ﬂ'2 - ][ ﬂyb + [1 + Cﬂj /gzgr )]snl(ﬂyb):l (2_723)
(kO & = ﬂ)’ )'&1

B,b+1k2 (e, =1)/¢? [sin(g,0)

_| ko, tand || B,b+ [_l —(2,3; / kée,)]sin(ﬂyb)
a, —[ 2p J[ ﬁyb+{kj(gr ~1)/ Czdsin(ﬂy b) (2.72b)

gl 2.7 nmamsgyFsnsdeivesrieindu NRD iefvsantefidnaing
AN 9 fiu 3 Filafe

1) mHasu (e, =2.04,tand =1.5x10*,5=3.5mm)

2) IndaleSu (s, =2.56,tan6 =9x10™*,5 = 2.4 mm)

3) oxgiiui(e, =9.5,tand =10%,b=0.93.mm)
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100
sof
30}
20 Polystyrene
g .
5 10F W\ @ TUveeee-- T
g F
g sk
S [ ea Ny
3 | Poly- T~
2 styrene \/ - :_\ _.\\“;}_{_\__
________ iy ARl -
A =
1k Teflon  Alymina  Teflon and
n Polystyrene
0.5 [ 1 1 4 1 1 1 ] 1 1 1 1 ] 1
45 50 55
Frequency (GHz)
a2 nsvlugaansgaidsmsdeiuvesieindu NRD Taofi numsqayde
ia 4 2 P ad a -
nAATUNINNR, --=--- unumsgyidoves ladianasn uay —-—-— UnuMSgYIaY

vauru Tangdni laddnesnn 1lumsfinisand 3 ¥iiade mvaoy, Indalasu

(ag pTguwl

nnpTMesnuMsgiFsvesdnhwsiidnioseiis iimafa ufissoevinsening
wivTanzaueslniosion Adhusudimmshmm i luumsundums i
(operating mode) 111 vzl uiru Tane aunsgaioves ladidnasnyoarazyien
A szmioufumsqavuosianmeladidnasnitnruer hifin (the infinite dielectric-
medium loss) :‘Bauﬂm1?’1’11’1‘11”hwﬁmwmﬁumuﬁmﬁn‘lﬂﬂﬁwlnnﬁ wwgniiiasgniely
um‘lﬂamnmn dmiuvothnduin 1 Tnde lndy sefimsgydovesladidinnsngann Adly
wudiinse mmegmwaﬂnnmnmnir"szNuTncm7ennmtmuzwmmsﬂtymwm
ladidnasn mu'ummﬂnun'l'ﬁwmf'lmumumsqq;mwm'lﬂamnmnq«qn 184970867
unusndmsgeogeiiqe denfs Ssudisuduumusuinsggifoveaniasunazesgiiun

msqafenisdeihusauveaeindy NRD fignoenuuvetummzmy aasezde
vison 10 vhwesmsgafensdeiuvesmedann T Tnsaasy (microstrip line) in2118
50 GHz tiie14ladiiina3nyiinderty [4] gl 2.7 finawid 50 GHz WNUNNITYY
domsdariiyesriondu NRD tﬂah’f'azqﬁgn weiifnlszing 5 dB/m denSeudoudy
meduuylyTasaas cﬁﬁﬂapusmﬁaasgﬁm NNMITWIUNTIUNITIMIgRTUNT

1 1 i { ¥/ J 1 1 L ] q a -
deruiinud 50 GHz 01 57 dB/m Feszwuinierindu NRD #19ezgiiun 9:linsqey
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3 ¢ ° ' ' a ' 1 % o & t o &
@emsdanuiinhwesmeduwylulnseadl 10 oh finawd 50 GHz tude vethady
~ )4 o s:f = ° s d"u J o 1
NRD #ildesgiundl fanummnzanlunninnlden wsnvniigawuh nsgauiunisda
] A ] v ] 1) ] a d a o
HIM9zBAnue szesvssninukulane (a) uazanuneveaisladidngsn (5) fim
& q " a a ] ° i o ' o 4 a &
i dieuvisladidnaianiunidu s ¥niwada (cutoft frequency) TA1M109 FaFail

4 )
sei limsgandovesdniianag ANUMIYYTINTARINIINAADY (H1DI9INNITARAIUDY

P v o A 1 ad a a !
MIYYLYYDIRIU HJE]H‘VNvlﬂﬂlﬁﬂﬂiﬂllﬂ')']llﬂ%’ﬂﬂ‘]ﬂ‘uu

2.8 a3l
A:’I 9y < = Y (K] & 4 1 Q2 a s
himil dnandmquijuasndnmsvesiothadu NRD Sandiasiinoiauies
] v ) ] 4 .
vishndu NRD e lunvuusuniy LSM uasiuuununay 1SE vimiuse Idnaaftensm
ANUDAR (cutoff frequency) UWUATHITARUTTUNTS AUANVULNITNTSNEMUATING e
o g o i a cg f o g ¥ ¥
naAn¥sLUNAIAN AnoRILNTIgYdeTIfiatu luviehndu NRD tediunondiug iy

Mo lszgnaldee 1y



UNN 3
=\ o | ] 4
nguguazanm NIz unnud lulaso

3.1 umi
Lo a 4 o 4y oo 4 2 o .

lumsdandammSensidoudendenunnganiteluddasanitady fanwsuiy
atha?nﬁﬂzﬁaaﬁﬁaﬂmﬂumsﬁq Tuse uumsﬁamsmumwmnqusaummmn"luTﬂva
i danaeradiuene uredialsian “lunsfumq Wlunsdedaenu doamsdanarsd
aunsadedyau ldedreiivsednsam muumuﬂ‘lsﬂﬁﬁ'mmzﬁ%ﬁqmnmwuﬂmaq YU
weldmsdadygnaduss@niamgeiiqa dwmfudmnuddniaadllns oy
Mmandounusm (coaxial cable) Tunsdedayanar ualiemnseldeemidaunusaniy

1
<

msdsdygnalddiodesnsdedyaraiiinnuiqe wuludmanudlylasod 0145ms

a

Vv S ] <& ' .. % o 1 o &
AARNUTIYAIFUADUYUN FIT18TUUUVTSUIY (planar transmission line) ﬂtﬂuﬂ‘lﬂ’dﬂmﬂﬂ'm

A

hannsodsdyanaldludunnuigs
ﬁwdquw?muﬁﬁau11’5':J1ﬂﬁﬁ%ﬁﬂwﬁaﬁ‘a"lﬂﬂmﬂ?ﬂ fiosnndlumsiied

amsnigUnseinieg mﬁﬂmwsaﬁswuu"lﬂﬂsﬁmﬂ uenen lulnsansues 191dume

daudy feamnsadnmlszgnaadaihiaceseeg 14 @uatesuees 29snses (filter) 15 Taiu-

005 Fanan (mixer) U30AATOUAD (coupler) 1

3.2 ladidnasnauay
1 ~ - lé d‘ﬁ < = A (Y3
MwauuusznILBnsianianlsuly Ao ladidnasneuay Fali lnseadsuaasldes
‘ﬂ' é «y ] o - 4 ' - - L]
0 3.1 ety 24 udie y ilennudilunsSn e 5195 Re15 03 uny x

tazuny z Ianuen e tasaud i adudunielusie 2

y

e

2d L eogr

i 31 Tﬂﬂﬁ%ﬁwm‘lﬂmaﬂmnmmn
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e ASUHANAIIY
0 0, ¢ P Pl P

é 6, eoeré 1.
£ LN - LN LN

(b

32 wiuplvesnaudioRnsautiudwas wladdnasnauoy @) wwuismsusing

11U (6, <8,) b) wATmshadu (6, >6,) [2]

AeufinIsanaduszuuAnnsEN AR TN UNYe AU AR s T 198 1n AL
Tadidnasnyoslndidnainauay definsandiudin Waduannszmuvingdudanlndion
M 6, ummdeglit 32 @ Siiesanlasdnssnaouichudulondnihume udandy
sswnvfssRnsenduies yuannsenufivalfifansasRoundumua Funinginga e

y
anuduRusaall
\J&, sing, =1 (3.1)

1 A = % ' é -
duguannsznuiinadesniyuingaudindudauniiezaztoundudiunly
o - 9 ! é LJ I’l’ i L g 4 o @
laBidnaTn uazndudndaumileszinmdh i lusuvesomeduuy Taenyuvinmiiiiu

FutnAviriy 6, uaznnnguesiuad (Snell's law) 93 14
sing, =1/a, siné, (3.2)

¥ : @ - - o o &
aduinsioundudunluladidnedn ssliyuasdoundumidunimnonseny Fuhs
] E 4 | 4
Weawngmsazieundy sduduilvzRumsldannssnusufiufiadusasendneniaiy
ad o d 3 - L -: a o o o - & : o g
TadianaSniidudieves lasidnasnauoy o Rufdudaiissfaneniunsounduuazaty
o 1 - o A A a da ad - [ a:l
HMIsURINUBAtwAUN AN TENURRIALYed ladtinaSnauay  uazidhuguil

] P % o ' v A ' e
ool luiiemauny z ilesniinisi unededeiites nielinmsusndsnuy (radiation) ¢
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~ 4 da ad VA o - ac g as
enaauinalunsdiil (6, >0, >0) NAAUTT (leaky wave) taziFonuUUITAITHIMVLIE
ASUANWSIY (radiation mode)
duannszny (6) finnnndudnga (6,) udssdansasteundunuaves
[ ) ] ¥ ]
atudndaladidnatn umnadgli 32 @) tufendinuimuaveniuesastounty
[} a a v { o ad a 1 o
unzeyluladidnasnauay duntuinmaisuen ladidansnauavsranasedesaadauuy
o a ~ A ad I ~ ad Ed
g Iwuudon Sonatulunsdlil (6, >6,) 1AAURY (surface wave) tazGenuuyiEatsi
TMVVITNIAAY (guided mode)
ad a 4 a 4 4 a
Tadiananauay ewszfinduid luuuuimuniu 70 wasluuuiundy TE 1
' 4 ' & 4 ' $ o
nuey wuuwundy TV SenléBnedumilsiuvummundy £ ndnfeuuuununsyi
o A P T o
nniaed Iz ufussnuvesmsannssnuvesndy Gz yz) luvasiaumuiman
[ 4 ¥ v
simmizlufiemedidannfussinufandn @ x) dehlwwuemndy 7as vziioan
o o 4 1 ‘é v
Uszneuveosauinie H_, E, woz E, dwmiuuvuuwundu TE Senldsnedamiteiumy
4 é a1 4 o o
uwundu H dafiosidszneuvessunie £, H, uwoz H, awvddadu@dumsludie z
o o - Bz 4 (] - = a Qs
unzidhuileriFuves ¢ * uazflevraniniivesladidnasnauay auvezanauiiufeiey
v y ] ! ¥
vea e U)ot 3.1 vszneu) Wosnmnmnui 1dvh Imunmsaduduese safusing

[

o v o « { o =l o o do 4”
AINTTUNIATLIY (ﬂ (9MUIUTY)) HAZAIMIAINTTAANDU (@) UANUTUNUTHUAL
B =k +a’ (3.3)

laeh k, ﬁafhmﬁ":mmws'ﬂizmu'l‘ummﬁ:in
mmunﬂawamamﬂnu (A =27/ B) unzanuSauna (v, =/ ) oo

ﬂﬂuqﬁﬂlﬁﬂﬂiﬂﬂ'uﬁﬁ muauﬂﬂmmunﬂauua"mmmMmmﬂnus"um‘{ummﬁ'm

3.2.1 muusvnay TM veslasidna3naiay
< -] - - 1 -
HamnsveLLLALAIY TM vodladidnadaauay wivisanléiiv 2 daudeuun
uwundu 7™ Tunsdinuuusundug saviuuuwundu TM Tunssiuusundvd
. 2 y
saflsznouves H, vsavuuwuntu 7M ﬂsﬁzmmmuﬂﬁuq ueraslanail [2]

Asec(pd)cos(py), |y|sd (3.4)

Hy = Ae-a(lyl—d) MZ d

; 4 o o
uazesfitlszneuves A, veluwuIKuAAY TM nsdlnuuurundud uaas M [2)
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Ae™ 09, y2d
H, = {Acosec(pd)sin(py),—d < y<d (3.5)
~ 409, y<-d

L4 3 N
aums (3.4) uazaums (3.5) use hividnlszneumsunsnseoieadu (e #)
a ° g a ad ) 1
W9sen uaz p Aedmdundiu (wavenumber) luiie y moluladidnaSnaay aunisen
3 4 4 o @ .
loinu (eigenvalue equation) vesuAaztUVLHUARY v¢ 1d0IANISHLAT LR (tangential

] L4
field) N52UW p = +d Fauaasldnede il

&,ad = pdtan(pd), uuuuwuﬂﬁ"mj (3.62)
g,ad =-pdcot(pd), HUUHHYRALA l (3.6b)
Tai
(ed)’ +(pd)? = (e, =1)(k,d)’ (3.7)
B=k}+a® =kle - p? (3.8)

3.2.2 wuvuwuany TE veslasidnasnauay

s 4 g 1 o o
osfilszapuves E, veduuuunuaiu 7E nsdluvuimundug taaldasd 2]

Asec(pd)cos [ £d

E - _aq(id)) (r»). ¥ 39

Ae : | yl 2d

uozesnsznouves £, veummunundu TE nstituuumunand uraeldaeil 21

Ae 0D y>d
E, =4 Acosec(pd)sin(py),~d <y <d (3.10)

~ e y<-d

aumsa lownunaas ldaadl

ad = pdtan(pd), uummuﬂﬁ"ua' (3.11a)
ad = —pd cot(pd), u’uuuwuﬂguﬁ (3.11b)

Taoh a, p uaz B Sanudiniusivu@ertvaunts 3.7) uazoums (3.8)
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3.2.3 MIMANNDAA (Cutoff frequency) I ladidnaSnauay
o g = < ‘U L) : y L Q’I’
dmivlad@nadaauay anuddasziiatuile B. =k, [5] anduninaums (3.8)

aunsoangl gy

(3.12a)

2 2
Ao, = ke, = Breko

=@, 14,8, Ve -1 (3.12b)
,pz=ko v ﬂz kz

tas

=0 (3.13)

Bz=ky

] .” .
lﬁﬂﬁ'l'duﬂ']i (3.12) uazaums (3.13) (lﬂUﬁ\ﬂuﬁUﬂ'ﬁﬂTblﬂlﬂuﬂlﬂ\iﬁﬁllUUllNUﬂﬁu

g 4 'u .24 -é )
TM uwazupuuwundy TE el@aumsiVeninandsamiiousy Fawnio sy

Ry

+
o

UAUATUGUAZILVIHYAR YRR Y]

=t A - 4
AItlLULNUARUE 924

tan(pd) =0 (3.14)
AU
pd=da, e, J¢, -1 —% (3.15)
?Nﬂz”lﬁ'ﬁun‘mﬁamﬂmu?;ﬁﬂﬁaﬁ
m
NE ,m=02,4,.. (3.16)
2 4d.[p8, e, ~
AsdluuBIAUARYE 9218
cot(pd) =0 (3.17)
ﬁ'ui"’u
pd=do,\[ue, ¢ 1--’%”— (3.18)
qm.."lﬁ'ﬂumstwammw?; anaatl
(N, i ,m=135... (3.19)
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wuniwuniaiulng (dominant mode) TnlABiENASNALAVRBILLHLAEY ™,
uazuuLUNLARY TE, e‘*ﬁqﬁmmﬁﬁmﬁﬁug{uﬁ 711 33 uanenTnsznativesaIY
E, Tunuuusundy TE, waz TE, uazmanseorennudinyeauiy H, Tunnuumundy
M, uar TM,

y y

!
1 h
|
‘\ TE,,TM, \ TE '
\

e, > (

v ( *
3N 3.3 msnsznanmaessilszney E, hunuwundu TE uasesslszasuusq

-

e

m
o
Pl

RN

-

H, Tuvnimmndy 7M1 ; (a) LB AFY TE, woz TM, (b) LULLAEY TE,
uas TM, [2]

3.3 meadwwylulnsansy

T lasanSuilfumedaussnuiiionldfustann Wosnnfinansdwlumsdh
daraveslulnsonsy ﬁuﬁaiwdamﬁmQﬂﬂsqfﬁyquaﬂﬁvluazwmc‘l’fw'l’iuuﬁ'amhm Y04
IaseadaluTnsansy uam'mﬁyﬁqmmsnﬂ%"mm'qqﬂﬂsm"lﬁ'munﬁamnmsa%’mnwsué’a
Tnssarinves lulnsanTiluanaldfagysi 3.4 Uszneudaetangiusesladidnasndedrua
9XANVUTEUTUAFIN (ground plane) tnzdmuMIzOgARfUF I WOLLALY (strip
conductor) FudluimvesnisFenirlulnsaniy 1ﬁ'uﬁmu‘lﬂ»’hunzﬁmmmmamm
Tulnseaduhildegludauvesinggusemionun dufumsumsnsznoniulumeduy
Tulnsanduee Wilsuvuumundu TEM etmysed udeedhummusmmdundis TEM
(quasi-TEM mode) Falinnu§uervesmsumsnsznonduded

v, = = (3.20)

Taofi ¢ Aeamuuaslugaanme Sawivy 3x10° wasdedu

a0 o ad a a a . . . >,
&, ﬂﬂﬂ'lﬂ\lﬂ'ﬂﬂﬂlﬁﬂﬂiﬂﬂizﬁﬂ‘ﬁﬂﬁ (effective dielectric constant) YONITAFIUTON
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wuugy luTasaas

{ 1 lwi ]

ad a
la8ianasn £,
szuadiun

11 3.4 Tnssardreveslulnsansy

3.3.1 Jaggiusedlatidnaia

a 1 ad a da ° o (]
AT 3.1 llﬁﬂ\iﬂ?ﬂﬁﬂ\ﬂlﬂq"lﬂﬂlﬁﬂﬂ5ﬂﬁuﬂuu1u1ﬁ%ﬁ~u'ﬂu']ﬁﬂ“§1“70\1%0\1'ﬁ"mﬁ\1

wvvluTasansy

MmN 3.1 Yaggusesladidnaiaiilonlfiihuaggmsewesmodauuylu Tnsansy

wilnvaaladianasn Aneialadianesn | unusudmsgande  GRUY)
(€.) (99 10* #1 10 GHz)

8Qiu1 (ALO,) 10 2 31N
we3alae (BeO) 6 1 -
AI0UR 2.56 1 -
Hanta F8n1 (Aend) 3.78 4 nfsw
una@ene1i1s lud (Gaas) 13.10 16 nlse
FAnDU 11.7 - -
masu-Tluesnaa 232 - -

Aneia ladidnainilseiiniim (e,) vermodauwylulnsaniezeglumenyea
HandusnadaladidinaSndiins (¢,) anugussinggiuseslasidnasn (1) uasniw
nhavesiniuouuny (w) oumsildnansnansvessineialadidnadnduinsilse

a o

Aniwa e ¢/h <<0.005 urae1Adail

g+l ¢&,-1 12 )" w)’ i W
=2t 4 1+ +0.04/ 1-— o —<1 3.21
Ce=T5 T2 ( w/h] 4( h) h @3212)
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n3o
12 '
=t &1, 12 do 2>1  321p)
i 2 2 w/h h
anuentulumedauy i Tnsaaside t/h<<0.005 ugadldasaunisde Wi
Ay £ v s W
A= r e —-20.6 (3.22
Je [1+0.63(a, —1)(w/h)°"255] p (3-222)
130
12 .
iz e e = <0.6 (3.22b)
e, [1+0.60(e, ~1)(w/h) h

lavh 4, =c/f fennuemndulusineig
¢ foanuFwaslugegnia Sty 3x10° wasdeSuaii
¢, ernsi ladidnaSnduninsyestoagusesledidnasn

217 3.5 uamenudiniufsenhenennduuesion ladfy w/k

1.30

Ag= free-space wavelength
1.25

1.20

1.15

1.10

1.05

1.00 T piatl ' I N R
0.1 1.0 10
w/h

aliizs  aswinnwduniussenieanuenaduvesia ladwesmedauuy lyTnsaady fy

w/h
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332 Buviunusdgadnyey

Sufiuaudnadnuasvesmedannlulasansy e 1/4<0.005 sunsauma’ld

st
Z, =0 1| 3 025” do X<l (3.23)
Je, \w/h h h
n5o
120 1/ 4
Z, = / do L>1  (3.230)
w/h+1.393+0.667In(w/h+1.444) 2

aumsasndnelfldfdedlonsnmin (1) Truiugud wie 1/4<0.005 sdrals?
a1 & t/h>0005 wunu wluyng aunisdasnnunadss@nina (effective width:

W) wﬂﬂuﬂawuminu o t/h une t<w/2 udd w, sznarenuiiy

2 4 w1
+—|1+1 o —>-— 3.24
o 71'[ I{t/h]] h 2z ©.242)
e
t 47 4 w1
+—|14+1 e —<— 3.24b
4 v ﬂ'[ n(t/w]:, h 2rm (.240)

WA 3.6 urawnudniuseniiduiiun udqadnvazvosmedamylylns-

anduiy w/h die & Haeneg

1000

Zy(D)

1 Lot a1zl 1 t 1 421141
0.1 10 10
w/h o’

z v o & I - o ¢ - u..
1l 3.6 nsmlamduiuiseniBuinaudgadnuazvesmedauwy lu Tnsaasy fu w/h
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¥

3.3.3 msgaudelumedamylilasandy

dmivTaggusedladidondni Wifanuduwimen wiinsguidvaesriaiina
FulumodauyluTasandy uuﬂamsﬁmmﬂ'uaq“lﬁamnmsﬂmﬁagmsaq‘lﬂamﬂmsﬂ
uazmsgeyfoRloviuiln (ohmic skin loss) TudMhunuuAVIRY TN Has T 18
'ummssaumsamtﬁuﬁ”’qaawﬁﬂmmmm‘lﬁ'xflumsﬂtytﬁudeﬂ'Jmmmﬁwﬁ'w‘lumml
vosinlszneunsaanen (a) ninnqumudelaond MdsnuiigminnTaendufiduma

Tufienan z uaaelgsed

1f
2 Z,

P =%VI' =%(V+e'“’1+e_"‘z)= 2% = p g2 (3.25)

2
4 4 g "y
lagi P, = |2 +Z| MAKIUN z =0 MndImsaaneuansouaad iy
0

_dPld

2P( ) =q, ta, (3.26)

laoi o, AefasiiaanonlasiSnnsa
- ] @ ¢ a
a, Aemndaaneu levuiin
nsisudvesida i ludia 2 luaums (3.25) mmsm‘uuu"lﬁ"lumawaammmma
ummamunammmwummcmQmmsns"muTnummmumu uazmsgFoveaigs

\11119]8?111”81’)"”\11114')81“1ﬂﬂlﬁﬂﬂ5ﬂ Wufe

o

;( ‘;’Z) -—(RI)I +-o~VV

Mfxefonror, o

Taoh o fleanmi (conductivity) vasTaggmusesladidnen imsimumums G.27) 1u
AUy (3.26) 0214

F,
= /' 28
a, 2P(z) (Np/cm) (3.28a)
£ (Np/cm) (3.28b)

%= 2P(z)



36

$ o { a o { ' é ]
Taeh P, ﬁan'maq1uﬁqqu?rwaq‘lﬂmﬁﬂﬂsnTﬂamﬁu ABNHANUIIAINYT

wag P, fefidanuigyidsvesinihlaunds sonitimizonnuen

33.3.1 msgadavesladidnasn

1 4
ﬂ'lﬂ\iﬂ’lﬂ’liﬁﬂﬂﬂullﬂﬂiﬁﬂﬂiﬂ Tﬂﬂ?’l'ﬂﬂﬂ llﬁﬂqul Aatl

a, _-5 £ (Np/cm) (3.29)
&

1 o a d a P Py o a ad P
mﬂqm"lﬂamnmnmmmwuu"la‘lumawaumumummsqutﬂwm"lﬂamnmsﬂ

“Q
=1,

tang =< (3.30)

el
@ o o/

J o/ o «a et ﬂé 4
nivnsdimsaanouladdnadnansadou 188 nguumiteed
@
oz & -2—1//16‘ tand (Np/cm) (3.31)

dissninaedaiuy luTnsaasy Tufinduumimdauasiiauves lasE nasaney

U o

S i a a ' v o P 1ot
oy Auiuduiegimunvesladidnaiauazegmilodniuauuny suifhionieie it

qayiie 100F (Welch) agtwsng (Pratt) Tahmsigniineifimsinsaaneuvesiaggn

vy v

< L) \ o g A o
s01adinaSn denmyan (Pucel) unzasiz TAvhnsiulyemumsvenas & lakadniite

434 99 [#o _1.634x10° 92 (dB/cm) (3.32)

% &

Tumrums (3.32) dieunu 1 Np i1y 8.636 dB, &, AemnsdaladiEnadnylssAntna

vorinagsesii ldvinauns (G21) g q ﬂtﬁlamuﬂﬂmes (filling factor) Vo1 ladiAn-

@sn nﬂnumn"l"ﬁﬂmamas (Wheeler) fio

g=S==1 (3.33)
g, -1

1 g ] J t L y
uﬁ":mmmaﬂ‘nauﬂzgﬂuﬁmnanummummun fatl

ﬁ]_tang (dB/em) (3.34)

a;= 27.3( p

re (-4



37

Taoft A, = 4, /\[s,, uaz 4, feanuemniueimeii nie
Ag =C/ (f\/ 8re)
4 & <
dis ¢ AsanuEwalugyenme
lg o 3 L) o 1

6’11mumu¢7msqwt?m (tand) hiduruadudr msaaneuvesladidnnindo
amugnndufer hitufunuddaosuty viendnldEneghamieh danwmivesdag
gmsm“luwﬂm'nunuﬁa dmfunsdimsieinh msaaneuvesladidnnindoniimiae

LYY a s

Alitufuanudoudy dessn g Wuileiduvess, unr wh dnfuiaduninneives

g ° as a o
unuoudntsgady (g, /s, ) unzvesanmih (¢/ |z, ) Awduileisuvensfinas

J ~ v o o 1 Aa o o e

na1IRe 317 3.7 wamannuaNHUSIEn et TvosmusuAMsgendedy w/k
Tudrsvesrneia ladidnasnfinnzandmsvaeessautnamd i lnsom vingii 3.7 92
wmwﬁaaquwﬂmawammumuﬂmsﬁmmu awiinndrlnd 1 o Aneialnsidnasniinudy
Indoiud (& > w) wadmivlumalfiaduingfadumamessindaunse

Uszuaat I 1

€, = 105 (rutile)
100 1 l |II V- <JELIE I 1 ‘ L I LI l L l L ' 1

> —— e wewn

- €.=50

0.98— =l

0.96

B[E

0.94

= 9.35 (AL-995
0.92 alumina)
0.90 I— —
088 Ll o 1 s 14 1 sl st st g tlal g
0 02 04 06 08 10 12 14 16 18 20

w/h

it 3.7 aowdiniufsznhsfadaninnefdmivumusudmsgeyfevesmodauyy

TuTnsandyl Auiladsuves w/n



38

3.3.3.2 magauieleviuiia (Ohmic loss)
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1\2
aZh 868, (WYl A h( 2k t (3.38b)
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27
aZoh 8.68 W w(zh)
R D) W 2Lh w/(2h)+0.94
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Abstract

The effective dielectric constant (EDC) method and
the mode-matching method are employed for computing
the propagation constants of nonradiative dielectric
(NRD) waveguide. Three configurations of the NRD-
guide, namely, the basic structure of the NRD-guide, the
insulated NRD-guide and the broadside-coupled NRD-
guide are considered. Numerical results of the EDC and
mode-matching method are compared. It is observed
that, for all configurations, dispersion curves of both
methods for the lowest TM guide mode are quite
indistinguishable.

1. Introduction

The use of dielectric waveguides has been increasing
for microwave and millimeter- wave integrated circuits
[1-3]. The analytical techniques of dielectric waveguides,
both approximate and rigorous, are available considering
the propagation characteristics, loss, field distribution
and so on. The customary approximate and rigorous
methods are the effective dielectric constant (EDC)
method and the mode-matching method, respectively.

The EDC method is very simple and practical
method for obtaining reasonably accurate values of the
propagation constant (/). A  search through the

literature on dielectric waveguides reveals, the most
customarily employed approach is the EDC method {2-
4], however the progress in this direction has been rather
limited. An alternative approach, which is often used to
analyze the dielectric waveguide, is the microwave
network analysis method. Between these two methods,
the EDC method is simpler and has been applied to a
larger number of waveguide structures. The most
commonly employed rigorous method for analyzing
boundary value problems is the mode-matching method
which can be obtained not only the propagation
characteristic but also accurate field distribution, wave
impedance, and losses [5-6].

The nonradiative dielectric (NRD) waveguide,
which is first proposed by Yoneyama and Nishida in
1981, is a new dielectric waveguide [7]. It has become
increasingly important in millimeter wave applications.
Compared with other transmission lines, the NRD guide
demonstrates its simplicity in mechanical assembling,
ease of fabrication and low-loss propagation. Moreover,
it can almost completely suppress the radiation at bends
and discontinuities.

In this paper, three different variations of the NRD-
guide, namely, the basic structure of the NRD-guide, the
insulated NRD-guide and the broadside-coupled NRD-
guide are presented. The propagation constants of these
configurations are obtained by using the EDC method
and the mode-matching method.

2. Configurations
The basic structure of the NRD-guide consists of a

dielectric strip (height a, width b, permittivity &,)
sandwiched between two metal plates that the plate
separation is less than half the free-space wavelength
(A/2), as shown in Fig.1.

dielectric strip y

po=

z

[ a2 |

metal plates

Fig. 1. Cross-sectional view of the basic structure of
NRD-guide, which a < 4,/2.

The second configuration is the insulated NRD-
guide [8]. It is the improved version of NRD-guide. The
NRD-guide, which uses the high dielectric material,
leads to some disadvantages. One is the narrow
frequency band for single-mode operation. Another is the
dielectric strip must be unusually wide in one dimension
of cross section and thin in the other. The insulated
NRD-guide can overcome some disadvantages that occur
when the high-dielectric materials (high dielectric
constant) are used in the NRD-guide. Moreover, it has
low transmission loss. The insulated NRD-guide consists
of the high-dielectric strip sandwiched between low-
dielectric overlays on conducting plates, as shown in
Fig.2. This guide was proposed by Yoneyama using EDC



method, however, it has not been analyzed by using
mode-matching method.

The last configuration is the broadside-coupled
NRD-guide that has a vertical slit at the center of the
dielectric strip, as shown in Fig. 3.
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Fig. 2. Cross-sectional view of the insulated NRD-guide.
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Fig. 3. Cross-sectional view of the broadside-coupled

NRD-guide.

3. Analysis
3.1 Effective Dielectric Constant Method

For simplicity of analysis, the basic structure of
NRD-guide is considered. Generally, the hybrid modes
of the NRD-guide are classified into TM modes to y

(TM” or E”)and TE modes toy (TE” or E*). In this
paper, we consider only the 7M” mode, since this is the
most important in practice.

The first step of the EDC method is to divide the
NRD-guide cross-section into two regions, namely an
inside region and outside regions, the inside region
corresponding to 0<x<a and outside regions
corresponding to x<0,x2a. The constituent region
containing the dielectric is viewed as a portion of a

nalysis of NRD-Guide Using Effective Dielectric Constant and Mode-Matching Method

planar slab guide of infinite width, as shown in Fig. 4 (b).
Therefore, its guidance behavior is considered to be
identical to that for a planar slab guide of infinite width.
By using a transverse resonance condition considered in
the vertical (y) direction, the characteristic equations are
then obtained as [9]

ﬂyntan(ﬂynb/2)=—£,.qn :n=1,3,5,... (1a)
By collBubf2)=6,a,  n=0,2,4,.. (Ib)

where S, is the y-directed propagation constant in the

dielectric region and g, is the decay constant in the air
region. The parameter S,, and g, are related by

gz =ke, -1)- B €)
| |
| |
outside inside "~ outside
region | region | region
(a)
Air
7227277
Air
(®)

7

%gejf ;

_

Fig. 4. Analytical models for applying the EDC
method: (a) original basic structure of NRD-guide, (b)
horizontal slab guide representation for inside region for
determining £, and (c) vertical slab model for

determining £, .
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When S, is known, the effective dielectric constant

of the inside region is obtained from
2
geﬁ' =&, _(ﬂ_yJ (3)
ko

where k, is the propagation constant in free space.

The original structure is next replaced by a vertical
layered model wherein each constituent regions is
replaced by a uniform vertical layer having the same
thickness, as shown in Fig. 4 (c), and a relative dielectric
constant equal to the effective dielectric constant of the
corresponding horizontal slab guide model. By using a
transverse resonance condition corfsidered in the
horizontal (x) direction, the characteristic equations,
which the x-directed propagation constants S, are

attained, are obtained. When the S _is known, the

propagation constant in the direction of propagation is
then obtained from

Bl =kiey - B} ()

Similar analysis applies to the insulated NRD-guide
and the broadside-coupled NRD-guide.

3.2 Mode-Matching Method

The mode-matching method is customarily
employed for obtaining solution of boundary value
problems. This method is useful for analyzing structures
having a junction between two regions. The modes are

classified into TM ” modes and TE” modes, in this
paper, we consider only the TM” modes. The
electromagnetic fields of TM? modes can be expressed
in terms of a scalar potential function ¢° as follows (4].

2 ze
g, =12¢ )
g, Oxdy
1 3% ).
y=;:[3—5;J¢ (sb)
_ _jﬂz a¢e
E, = e o (5¢)
H, "'-a)ﬂz€0¢e (5d)
H,= (5e)
- o¢°
H, = jos, Fw (59

Referring to the basic structure of the NRD-guide,
as shown in Fig.l, the expressions for ¢° in the
dielectric and air regions can be written as

¢° = Asin(mmx/ a)cos(ﬂ y y); | < 5/2 (6a)
¢ = Acos(ﬂyb /2)sin(m7zx/ a)e‘(b/ 24)) ly|> /2 (6b)

The field components in each region are then
obtained by substituting (6) in (5). Matching the
tangential field components E, at the air-dielectric
interface, we get the characteristic equations in the y
direction and the y-directed propagation constant ( 53, )

can be obtained from these equations. When the £, is

known, the propagation constant of TM” mode is then
obtained from

Bt = p} -(mn/a) - B} Q)

Similar analysis applies to the insulated NRD-guide '
and the broadside-coupled NRD-guide.

4. Numerical Results

The propagation constants determined by EDC and
mode-matching method of three configurations are
compared. The normalized propagation constant 8/,
as a function of frequency for the lowest TM guided
mode (TM) of the basic structure of NRD-guide, the

insulated NRD-guide and the broadside-coupled NRD-
guide are plotted in Fig. S, 6, and 7, respectively.

It is seen that, for all configurations, curves from the
EDC and mode-matching method are quite
indistinguishable. Therefore, the accurate value of the
propagation constant can be obtained by using both
methods.
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Fig. 5. Normalized propagation constant £/f, versus

frequency of the basic structure of NRD-guide
using alumina dielectric.
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Fig. 6. Normalized propagation constant /S, versus

frequency of the insulated NRD-guide
using alumina dielectric.
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Fig. 7. Normalized propagation constant $/f, versus

frequency of the broadside-coupled NRD-guide
using alumina dielectric.

5. Conclusions .

In this paper, the propagation constants of three
configurations of the NRD-guide, namely, the basic
structure of NRD-guide, the insulated NRD-guide and
the broadside-coupled NRD are analyzed using the
effective dielectric constant (EDC) method and mode-
matching method. Numerical results of both methods for
the lowest TM guide mode are compared. It is found
that, for all configurations, dispersion curves of both
methods are quite indistinguishable. Therefore, the
accurate value of the propagation constant for the NRD-
guide can be obtained by using both methods. However,

inalysis of NRD-Guide Using Effective Dielectric Constant and Mode-Matching Method

the EDC method is simpler than the mode-matching
method.
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ABSTRACT

This paper presents a new directional couplers using NRD-guide combined with microwave
-planar circuits. The proposed structure consists of microwave planar circuit attached two NRD-guide
rods by side view. The coupling depends on a leakage mechanism, namely, a leaky wave can
propagate from one NRD-guide to the other NRD-guide through the microwave planar circuit. The
microwave planar circuits fabricated for this research are a dielectric €lab, & microstrip line planar
circuit and a FET amplifier circuit. A transmission coefficient of each coupler is demonstrated. It is
observed that the improvement of the coupling was occurred when using the FET amplifier,

compared with the coupler with the other planar circuits.
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Figure 9 The measured S,, of the basic NRD-guide coupler.
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Figure 10 The measured S,, of the NRD-guide coupler with the dielectric slab.
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Figure 11 The measured S,, of the NRD-guide coupler with the microstrip line.
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Figure 12 The measured S, of the NRD-guide coupler with the FET amplifier.
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