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Figure 8-20 Even and odd mode field distributions in a dielectric slab waveguide. (Source: M. Zahn,
Electromagnetic Field Theory, 1979. Reprinted with permission of John Wiley & Sons, Inc.)

Advanced Engineering Electromagnetics (Second Edition), Balanis, Wiley, 2012, ISBN-10: 0470589485,
ISBN-13: 978-0470589489.
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J
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8’,‘77‘7, C; 60;47‘1
ex. A slab of Teflon (so2le,) IS

1

/6 ” 7L/ln’c/6, /gf/e/minc ﬂzc )Cfrsf
Siy modes and cvfrtsyam,«//nj
CM‘/(p )é\'[‘ PCf‘ezmdnCt'&f,

o /6’*/&[475/ 3%,( - Z/(%‘)p,ozﬂ/[/ézm
= 45.0/421379 GHv

m | Mode | £ (6H2)]

O | TMFodd O

[ | THMFeven | “5.0/ |

TM* odel | F0.029

—

ya

2| THS even| 135.04%2
4 Tﬂ/),foc/o/ /80,057
S

L_/l_@;%cuen 225.072

= FO/ a Thinne. 5.,\19577:4%5 u// a
/dw’é’/ é/} I/m ,,m/,‘/ée/y Yo excife
Swrtace waveS o,me/ Yhan TMO% oa/[/:
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. Covt 7L

/’/04../ c/o we 1[;,1&/ fycl, 0()/0} aﬂ//gg 74/ e
/ar?ir'au/a/ / M} ,44,@4/6 @ « ?pféjlﬂfﬂ'&/f

aém/e ;71:( cuﬁ/’f %/&Znﬁn(_/’?

Method (
—bﬂgfmmé’ éa/éa/ J ),‘/ and ¥ are fCaown

> Poplyjuse (§-160a) or (8-/606) Fo
/'7L¢/0\‘7Lh/e// 74,,;/ ﬁ)&! o Sryo Thal worlc

> Find f; usias eifher (§-1602) or (8-60d)

WMethod 2

—béraoﬂh K/ol’\ S a ’t(;n&ﬁ"ﬂ ‘9//{}4“
Lo, The a///f(aé/& maﬂ/t/ss

- Fi~d a//po/f/afe /m‘fz'f'ﬂ/’”j

curve [cm/&fad PN ne;(‘/’f&b?f’ay,)

‘Qﬂea/ 0241[ 0(,,L\ ¥ ﬁ},‘;h
= Find /jz Using (gf/éﬁé) or /g’/éﬁc{)
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25/ 46
9:7, l Co/l?f

4 éra/hlca/ So /M7L:'0/‘ w[(‘?r Tmﬂ?(é/gn) an//
TMZ [&JJ} Modes

-2 Ve /ng/é‘/e& ?C/ ‘f"

> Use /9’/60a) for //7731 /e/c./r\) here m=(38
or”

(6-160t) for T (sdd) where m=a2 %0
To //071' °(}/0Ll S a 71;04&7‘70»4 0/ ﬁ}/‘jl\
7[or- mode(s) Otf in?Lﬁ/esf
- ﬂ/ eaclh node TMAQ) The ranse of %7,(&,,/, will
be .-’f’—zr-- < ﬁyJL\ < (_'Z‘fl_g.-}f-» when e use
(3-/60 a)\ a{b//p/ (%-/606) o cal culate O?o hm
/‘/o;./ a/o e v[m/ Co/reaf’ /0/'/17L(S) d/oﬂj

-/7\6 Cu/t/((f)?
Add (8-1co2) and (8-1604) +o get -

pri" = - f
bt = f -

“yo" t fyd" = f B = Ol -p48) (846)
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872 U cont
M"'/f"f//” /6’/5?) é)’ W fo 9&7‘"
("(yo M)Z+//S/J L\)LZ (wh)?'//%éo)(ﬂ/érf/)

(y =a" (3-/¢3)
ﬂ%s iS 71116 @Z}i 7[2;/ a c.'/g/c ' "
T%e r‘a;//'w: 78 o7£ The &r‘/c/e (S

a:w/'\/;/oZ,,//(fﬁ' 5,&/44//,&'/ (8-16%a)

eéﬂ/éw/ﬂfc A a/l;/ dran arc on

//"7‘: oF yoh vg ﬁyd‘x curves
> fead o valaes of (<gulid, # [ b)m

for models) where arc inTersects

Cnrvels),
> Since hois Known, Xy, m +/5},¢/Jm can
Yhen be caleulated o These mode(s).
> Use (8-tioe) o (8160d) To fo0d fo
for each of The peode(s),
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Recreate Example 8-11 of the text using MathCad

Example- Polystyrene dielectric slab .= 2.56 and i = 1/8" in air

h:=.125-0.0254 h = 0.003175 m €r:
-7 . _ —12
po == 4-7- 10 H/m £0 := 8.8541878-10
pd == po ed := er-e0 (30
30 = 628.754  radm

Use (8-166a) for even modes wherem=1,3, 5 ...
use (8-166b) for odd modes where m =0, 2, 4 ...

Use (8-160b) for TM* odd modes- m=10,2,4...

g0
oyOh_odd(Bydh) := —-(Bydh)-tan(Bydh)

Use (8-160a) for TM® even modes- m=1,3,5...

-0 _
= (Bydh)-cot([3ydh)

L=

ayOh_even([bydh) :=

n:= 0.. 1460
For TMO [Fydh0, = n-0.001
fe(0) =0 Hz
For TM1 (ydhl, := n-0.001 + 0.5-7r
10
fe(1) = 1.88997 x 10 Hz
For TM2 Pydh2, := n-0.001 +
10
fc(2) = 3.77994 = 10 Hz

Per (8-168a) a:= w-h+fpd-ed — p0-£0

™
— IMr—

180

m:zﬂ..gﬂ B

m

a_hory, := a cos[{-}m]

256 fi=30-10" Hz
F/m w = 2-mf
= W -0 Bd == w-fpd-ed
3d = 1006.006 rad/m
o1 fe(m) := -

4-h+fpd-ed — p0-20

and Pydh start at 0, 7, 27 ...

and Ppydh start at 0.5z, 1.57, 2.57 ...

ay0hO, = ayOh_odd([Bydh0, )

ayOhl, = ct}rﬂh_even[["i},rdhln]

ay0h2, = ﬂ}rﬂh_odd(["n}rdlﬂn]

a= 2.49337

a_Very, = a- sin(l[—]'m]
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5 T T T T T
4r . -
ryOhOy :
ayOhly I_.-'
oyOh2y : '_-"
a_verm | !!' |
1 ; A
0 | [ I
0 1 2 3 4 5
Pwdh0y, . Pvdhly, PBydhly  a hory
Using trace function of MathCad, the intersection of arc @ = 2.49337 for = 30GHz with the
TM, mode (odd) trace is at fydh = 1.329 and ay0Oh = 2.103
2 2
\/1.329 + 2.1057 = 2.4894
2.105 1.329 2 7
ay0 0 := Byd 0 = Bz 0 = 3/ pd® — Pyd 07
- h - h - -
|D.Y|:]_|:] = H6(2.90 | NP.-"IIII ||J|Yd_|:] = 418.58 | l‘ad."ln'_[ ||’|2_|:] = 014.79 | l'ﬂd.-'lllll

Using trace function of MathCad, the intersection of arc a = 2.49337 for f= 30GHz with the
TM,; mode (even) trace is at Pydh = 2.3388 and ayDh = 0.88134

J2.3388% + 0.88234 = 2.4997

0.88234 2.3388
oyl 1:= 5 Byd 1:= o Bz 1:= J |"’nc12 - |"r3.rcl_12
3z 1 =685.14 | rad/m

||"'Yd_1 = 736.63 | rad/'m

lay0 1=277.9| Np/m
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Example 8-11 Analytic results versus normalized frequency

» Note that /=30 GHz in Example 8-11 is f/f.; = 1.5873 on Figure 8-23 where units are
rad/cm (f. & B.q) or Np/cm ().

90— N
B /'l & /’
n Y /
- 7 /7 %y
= 4 /
4
721 /s 4
L_‘ z 7/ //
™ / /
| O 7 //
7
5.4ﬁ /S //
. 4
= /s /
n 4 /
36—
B
18— yd _,./"’"_ (B-/Bo)?
- -—
= - 7
L
00 [ il B SN I B A AR N A B AU AN PR BN AR A
0.0 0.4 0.8 1.2 1.6 2.0
f ' — 189 GHz Normalized frequency fif,,
c .
(a)
90—
B Z
- ™
- 1
72
54—
L
3.6
B
18— (B./Bo)*
- e
ool o Ly ey v Lo A0 00 s byl
0.0 04 0.8 1.2 1.6 2.0

Normalized frequency f/f.,

(b)

Figure 8-23 Attenuation and phase constants of TMZ, modes in a dielectric slab waveguide (g, = 2.56,
pr =1, h =0.3175cm, f = 30GHz). (a) TM§ mode. (b) TM; mode.

Advanced Engineering Electromagnetics (Second Edition), Balanis, Wiley, 2012, ISBN-10: 0470589485,
ISBN-13: 978-0470589489.
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Figure 8-24 shows some trends as either & (TM? modes) or . (TE? modes) for
the dielectric slab vary.

4712 —
m=0, m=
cven
3927 — Odd g
3.142 —
5
o 2.356
1.571
r~
/i ©
A
«
0785 — co& (UC Q/ v 3
W
o e T '
0 0.785 1.571 2.356 3.142 3.927 4712 5.498 6.283

ﬁy(}h -— ﬂyd,l

Figure 8-24 Curves to be used for graphical solution of attenuation and phase constants for TM?, and
TEZ, modes in a dielectric slab waveguide.

Advanced Engineering Electromagnetics (Second Edition), Balanis, Wiley, 2012, ISBN-10: 0470589485,
ISBN-13: 978-0470589489.
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6.7.3 Transverce Electric (TE?) Hlodes

The precedure tor a/m/}/g-;,,j Jhe 7£2

prodes for The dielectric cluly pmmoomie
Follons a siomilar procesS To Fhal Voo

The THM® podes,

2> [ooll hacl 1o SecTion £.2.) -

:"—I_O)F — ——4) 96
Ex € 571- Hy : sl I
L oA 5 VA
E)’ € HY' c./;llf a/at
£2= 0 %) G-
2 wﬂ{w L) (3)

/; :[C» COS(/{,U()"' ﬂ. 5:‘/7%()(][62 Co;%,}/) +4§//;//K//i
X[/LZP A B cﬁﬁ?? (8-¢)
——L\Sng _
= Ia ;/aé, 2SSume Ao chanse b X -die
wL\SGLI f,‘m//:,/c‘ej ,‘/57" te rom 0F/6’é)
‘f? a conSTanl
$> oﬂ/y Mnfz'ﬁ/t/ et €S £ +2—ﬁ/,'/e¢7€.on
— - d BT
/'?J: [(2‘!@5[”57‘(%) vl 12:/5;/\ //{),J/)] AB e Jﬁi’

eﬁcm modes ,9/ meodeS
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g% ? Conz
/575[,—,9 FZ: = (l d/{;dc”‘(g/c/}/)c

s ’/7,J/43Jf"f"[/@/f}/) e
Z
A TRy S TR A
ﬁycl ‘fﬁzv are /95"7{—1(1/6 ani( /dﬁ/o

e
v'/gf &

yoh (abse s/ab)

= (B, I Y b @7)9’43? 6'”{2

e/ ~ %0/ /eaanef“"' %J
5607‘ _ me - /o/ —Jﬁz /ey’e/\)
Foo = ne. cf#b()"’/evﬁi [05/‘/)

V4 ,xya‘.wg;;ﬂ,lswz/d%é
/
= 0()/0 [ s /Qggﬁ‘vf g,/;/ /«fﬂ/d’
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7.3 conT.
V< -l (be/oe s/ab)

- o~ +. \ o +)PBfet e —J'égez
F?0 - [/42.«:, e %/+ gzo ey/) /739 “
&

E9Y G (evanesee)
Fol = 220 ke (evenl

Foo = gmi Sats e’j bz (odd)

h// "of/oz‘fﬁzz'}%azzwzwo |
ﬂle Same b&{dn//ﬂfy &&né//f/ﬂf’f ﬂ///

%J[/, L./z> = E:f(}/;&) z)
£ ly=h2) =57 (y=h,)
A lly=h,2) = H (y=t, )

HXJ/}/::-J/\) %) = /’/Kor()“ -h, )

/4?‘“'"‘, (T rg éonl/ﬁ/lfet/l% Jo a///)/
these fo even o 96//”1&%’5 §€/a/a7;'//,
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5.73 Con?‘.
5/(/‘/’///75 7718 ,"/,‘71'3/7475,/:’”7(6 57[6/‘(/ "‘/cﬁef

— A
o //57" h) 6077%7/“) = oo TE? feven) (8-/67)

% (b h)tan (B h)= b TE ) (gnt)

IA)/JZ.I—%?L:/AJL; (");/JéJ =2 /5},/1 ;ﬁlz’/g}i /6-/5?6)
Yor éom TE& (Bc/c’ﬂ ¢0a/a/) fnS/ﬁé’

T 3 T
,,(}loz+l5;¢/g(92;w% &= %y ;/52 —/g, /9,/;%/)
for s 7—52 /et/tri %:9/;/) ol Sicle slab

f = /‘ﬁ' — M:OIZ,‘I’ ree /05//) /g—/f?fj
G T Sl ol 3,5, Cener) (0-15)

/1/07%: /)/JI/I = MZ /M:OIZ,‘/’ ,,,) 74( oc//nzuc/l’j
/{}}'d,/\ st M//Z /m-;ljj,fl,,,) ﬁ/ CLUEN Mo%’_f
5’(” ce /%c/ :% (A a/mosf ;,// //acf,'c‘h/
caSes, (§-/67a) and (8-/676) v.:ll be

5/"7hf/}’ 5;/"//6'/, Than The TM® e5'ne
‘4// é/éc, ferms /8*/6003 ¥/6—/60é).
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6);23 Cant
/‘%/ The TE}moz/é’Sl Tlhie wace t'm/f%f/”ff

of -
A SRS Y AN
/‘f%?* Hgo/ /°
Yo bolh even ¥ ol modes,
= rE 5:4/7%53. W avés are SA//:/fC/

ét/ {a/a«ct%‘t/c’ Suctaces o’

'a/f.

)MJ/I.G&ﬁonj o~ mr:?['h male s
77)6 ja/mf/vn ?LeéL'ﬂ)(ﬁméf are Ve/y

5}/71//»?/,

Meﬂloﬂ/ / (’4"“/1%’5\4

> fnowr Ay + £, A} and £

> Apply fuse (8-1694) 4/oc (8-/74)

Yo 7%6/&176‘/5// 7[:’,7/ /6/1 F Sy
77!&7‘ ol 74( predes 07£)ﬂ7te/€S7l—
(need £ aboce Fou)

2 Fnd Sy usins /9'/676) 6 [@'/é?J)
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gt? 3 Coﬂt
/ﬂemoo/ a /é/a//u‘ca/)

S /Lnow_/é/‘/féd’ L\/ 0/4/3(,

— Mfe /6’-/6?4{) ‘té;f 7752'5(/304 ma/e’f
where m=135,, Buh = "%
or
pSe (8-169b) Yor T¥ 2'0;// /?10/'?f
-
(’\/L‘?/C m-:O,Z,&/u« f /g/JL'M: MA
fo //0% 0(/, L‘n/l versas /%/d "

véz eaab\ VVI(D[I/B 07[1"1%9/5’5-7'

NMotle ! For cach mp/e Yhe ranse &7[
lg}dl"m /4 éc
(mrt)i7

Za-f’dff D(OL\M._; o2
yohp = O 4

/”a/ée Swre 0(},01/\ anl /g/‘{b 50/{/¢"f

as € JThe same // .Ze.) Sjuwz//ﬂzz(
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8.7 3cont.
/Méﬂo;/ Z C&/)'f,

> To Lind The correcl /a}n
Yhe curvesS ot °(yoL‘M VS ﬁ/,{hm} use

[*OL)L-,L /,‘5‘},',/4)L —a‘- Can£7£m/t7" (§-169 )

where a:w//'/;/;gdq,g,flj:whm
e (6-/69.
s Yhe padins of an arc on The plo¥s
> fead ot vnlues) of yob, ¥ friba
here The arc wnTersecTs the
Xyohp V'S ﬂ},c(l/\ FracelS) o r The
VariouwS moedes mf,,.‘fe/esf //,é
fie modes where f> )CCM)

+05) a/anj

bydhm
- Cﬂ/&w/ﬁ+€ °<),0M .,f____________._._ dﬂ/,é)’c!/ yd

> USe (8-165¢) or (8-/69d) Fo £ond fo o m,
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Recreate Example 8-12 of the text using MathCad

Example- Polystyrene dielectric slab £, = 2.56, p, = 1, and & = 1/8" in air

h:= .125.0.0254 h=0.003175 m er:=256 jpr=1 f:= Sﬂ-lﬂg Hz

10 =410 Hm 0= 8.8541878-10° 2 F/m w = 2-1f
pd = pur-p0 ed = er-&0 B0 = w/p0-e0  [3d = weyfpd-ed
30 = 628.754  radm 3d = 1006.006 rad/m
Use (8-169¢) for even modes wherem =1, 3, 5 ... or fe(m) := m
use (8-169f) for odd modes where m =10, 2, 4 ... 4-h+fpd-ed — po0-20

Use (8-169b) for TE® odd modes- m=0, 2, 4... and pydh start at 0, &, 27 ...

0
ayOh_odd(fydh) := % -(Bydh)-tan(3ydh)
L

Use (8-169a) for TE® even modes- m =1, 3, 5 ... and fydh start at 0.5z, 1.5x7, 2.57 ...

—p0
ayOh_even([3ydh) := % ([Fydh)-cot( [Fydh)
L

n:= 0..1460
For TE, (Fydh0, = n-0.001 ay0hOy, := ayOh_odd( 3ydhoy, )
te(0) =10 Hz
For TE, Gydhly, = n-0.001 + 0.5-7 ayOhly, = ay0Oh_even(Pydhl,)
10
fe(1) = 1.88997 x 10 Hz
For TE, Gydh2, = n-0.001 + 7 ayOh2, = ay0h_odd(3ydh2,, )
10
fe(2) = 3.77994 x 10 Hz
Per (8-169h) a = wh+fpd-ed — po0-£0 la = 2.49337
3 . . ‘
m:=0.90 By = 111-ﬁ a_hory, = a-cos[ﬁmj a_Very, = a-sm[Hm}
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5 T T T T T
4 .". .
yOh0y
ayOhly !."
oyOh2y .
a_verm . ' |
Ir _,-" A
[:| | . | | .'. |
0 1 2 3 4 5
PydhOy | Pydhly , Pvdhly  a hory

Using trace function of MathCad, the intersection of arc @ = 2.49337 for = 30GHz with the

TE, mode (odd) trace is at fydh = 1.11 and ayOh = 2.2359.

Bz 0:= \/ |'-’.d2 - |-’w_s,rd_|:f:l2

rad/m

1.11

2.2359
ay0d 0:= [Hyd 0=
- h - h

¥ 7
\/1.11" + 2.23597 = 2.4963

3z 0=1943.3 |

||"'Yd_ﬂ = 3490.61 | rad/m

ay0 0= 70422 | Np/m
Using trace function of MathCad, the intersection of arc @ = 2.49337 for f= 30GHz with the

TE,; mode (even) trace is at fiydh = 2.1228 and oy0h = 1.3073.

2 2
\/2.1228" +1.3073" = 2.4931
Bz 1:= \/ |'-’.cl2 - |-’.§,rcl_12

1.3073 _ 2.1228
ayld 1:= m PByd 1 := o
[byd 1=6686] radm  [3z 1= 751.68 |

ay0 1=411.75 | Np/m
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Example 8-12 Analytic results versus normalized frequency

» Note that /=30 GHz in Example 8-12 is f/f.; = 1.5873 on Figure 8-23 where units are
rad/cm (f. & B.q) or Np/cm ().

90 __ ,, ﬂz /
/ /
n // y /Otyo
: — E ?’ V4 //
/
72— / 0 V4 /
" / /
= / /
/ /
- ; /
= ,,l //
5.4 : /1 /
L / //
L /' //
36 L ARy P
18— (B.1Bo)*
—
7
0.0 I RIS AN RN B A AN A AN B A B AN AN SN A |
0.4 0.8 1.2 1.6 2.0

T 00
fél - /8‘9 éf{z, Normalized frequency f/f,,

(a)

10.37—

: TE,
7.8+
519
259 —

B (B.1B0)

0 1 i 1 1 I ] 1 1 i
0 0.5 1.0 1.5 2.0

Normalized frequency f/f,,
(b)
Figure 8-26 Attenuation and phase constants of TEZ, modes in a dielectric slab waveguide (g, = 2.56,
ur=1,h=03175cm, f = 30GHz). (a) TE] mode. (b) TES mode.

Advanced Engineering Electromagnetics (Second Edition), Balanis, Wiley, 2012, ISBN-10: 0470589485,
ISBN-13: 978-0470589489.
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878 Dielectric- Covered bround Flanie

Ty

KR
5 Ly
7 7 //77/// Sl

R e ground plane
/1/07(63 We cre noe ﬁo’“j -,ﬁf‘pm

O 4/4 //] 14/ onr c[,g/ch//c
unlille The ;frc/ec‘/?ac s/ab o7
géCfr‘&ns 9,7’/ — 9‘74—/ Wl/‘e/@

- h éyfh 7[0( 774(; 5/}&/¢C7L/fc

::>/%0¢/€ ‘r‘ ﬁ‘e/ﬁ/ ﬁ/m/}/;,‘; wﬁ//pa/ .47
DF oﬂ'e/ec'lL/'/c §/né. f @4//;3/ },‘967(/'&/)_(;

= Now E_;—m,, [y:O/Z’) =0

Eam / L‘ Z’) E-/—u /)/-*L‘ %)

Hf'&n (y:blz) = H—fan [7;1’11 ‘2’)
> No Lrelds for ng,,
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8.7.5 cont
/Co//m,./:'nj eq//,‘e/ ol
TM%[CVC/?> /}/léb\

£yt =
d — )"'éz o -1 p22
)’e ey b Aﬂe ;ﬂffngy)e
£z = ) /g’l ’gf Pone “"(ﬂ/a/)/)éﬂg% (8-1772)

Coll €4
:>//07/0§5;é/e since Epe [}”O)ia

C/ue fo Cogcé},‘(/)//ﬂ):’/ / Ter iy,
T (oel)

Exod =0
£y’ = jﬁﬁd Au cos (Fyay)e 2
Ez—oJ )@%ﬂm:(f m%vc// P (% 177

q/
:—' W‘S /449/9 19 /ﬂ /é/é Since /ga —,'L’/'fl

{»/)///J/)/ = O satistes &1
bowndary éﬁm/ 'y
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