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Microwave Circuits Design

Fundamental Waveguide
Theory
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Types of Waveguides

. TEM and quasi-TEM waveguides
. Metallic waveguides (TE and TM modes)
. Dielectric waveguides (TE, TM, TEM or

hybrid modes)
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TEM and Quasi-TEM Waveguides

TEM:

Coaxial Strip Line Rectangular Coaxial
Quasi TEM:
Microstrip Line Slot Line Coplanar Line
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Metallic Waveguides

Rectangular waveguide

Circular waveguide
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Dielectric Waveguides

‘9r2

Planar dielectric Fiber Ridge waveguide
waveguide
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Modes Iin Waveguides (1)

Modes: certain field patterns that can
propagate independently

TEM mode: Transverse Electromagnetic
mode. All the fields are In the cross
section or thereareno E, and H,
components
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Modes Iin Waveguides (2)

E modes: transverse electric modes

Electric fields are in the cross section (or
no E, component).

Only H, component in the longitudinal
direction. Also called H modes

TM modes: transverse magnetic modes

Magnetic fields are In the cross section (or
no H, component).

Only E, component in the longitudinal
direction. Also called E modes
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Conditions for the Existence of
TEM Modes

= At least two perfect electric conductors

= Dielectric distribution in the cross
section Is homogeneous

@

YeS YeS NO

Note: TEM line can have higher order
TE and TM modes

9
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Quasi-TEM Line

= Some planar waveguide structure with
Inhomogeneous dielectric distribution.

E,#0 , H,#0 But [E[<<|E|, [H.[<<[H,

Microstrip Line Slot Line Coplanar Line

http: //webpages.iust.ac.ir/nayyeri/cour ses/mecd/



Microwave Cir cuits Design Dr. Vahid Nayyeri

lli R

Basic Waveguide Theory (1)

- Zgy iy
Equivalent

(e B
[Ea ] Zoy ko
Gl

ZomH o
E=E +aF,
H=H, +a,H,
with E, => e, (X, yV,(2) Generalized

Fourier Transform

Ht = thm (X’ y)lm(z)

http://webpages.iust.ac.ir/nayyeri/cour ses/mcd/



Microwave Cir cuits Design Dr. Vahid Nayyeri

Basic Waveguide Theory (2)

Z,

m

dVv_(2) :
n =—0k, Z. | (z
dZ J zm—0m m( )
dl (z)
—JK,.Y, Z
dZ J Om m( )

1 . L
= v is the characteristic impedance of the mth mode

Om

K, is the propagation constant of the m*" mode
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Basic Waveguide Theory (3)

V., (z) = A e " + B el

T T

Forward Backward
Wave Wave

Effective Relative Dielectric Constant of the mth mode

l;Zm )2 — kzm2 — kOz‘c"eff

0

Ei = (

The mode with the largest &, is called the dominant mode.
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TEM Mode (1)

Maxwell’s Equations

(VxE =—jouH TEEE/(I)mode "VXEt = — jouH,
— i H.=0 VxH, = JosE
<VXH JocE : < t J t
VE:O V'Et:O
V-H=0 V-H =0

Let v:axi+ay£+azi
OX oy 0z
—~ H,_J

[ S

=V,+V, —
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TEM Mode (2)

—

(V.+V, )xE, =-JouH, > V., xE, =0

oE,
o

(V. +V,)xH, =—-JowcE, > V., xH, =0

O : .
(aZE)XEt =—JouH, > a,x(—") =—jouH,

% . oH .
a —)xH,. = E a L) = E
@, )3 H = josE, > a,x(T 1) = josk,
V.-E, =0
V.-H, =0

http://webpages.iust.ac.ir/nayyeri/cour ses/mcd/



lli R

Microwave Cir cuits Design Dr. Vahid Nayyeri

TEM Mode (3)

From
V. xE, =0
V.-E, =0
V. xH, =0
V.-H =0
—>

The fields in the cross-section are similar to
2-D electrostatic & 2-D magnetostatic fields
for TEM mode even if actual operating
frequency can be very high.
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TEM Mode (4)

Laplace

Equation

i
i

5

v, = [ E

| =§H-dl
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TEM Mode (5)

E : E,
a, (Y= —jouH, = H =-——a (Y
0z Jou 0z
: E
az><(aH‘)=ja)gEt :azx—_1 a(azxa ‘
Jou 0z 01
0°E
a'z X (az X gt) — Q)ZIUSE,[
2
0’E,, O°E 0°E
4, S5 -2, a) =0t where 3@,
OE, k’E, =0 2 2
= . +KE, = where K° = ue
. . 82Ht k2
Likewise poy +k°H, =0
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TEM Mode (6)

For +z direction propagation mode, we have

E, =e(x y)e " 5
_ — 8_22 _sz
H, = hy (x, y)e k-
2
From aézEzt -|—k2Et =0 — (kz—kzz)et =0
Since e, #0 = k?=k, For TEM mode

or: kS =k*’-k,”=0

where k. =k, +k,°
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TEM Mode (7)

For +z direction propagating TEM mode:

E=e(x,y)e ™
H=nh(x,y)e ™
V.V =0
e=-V\V
From: H. =—iazx(aEt i——jk
Jou 0z 01
JK a, xe
= H = — a,xE = h-=
Jou Ui

o, u  wave impedance of the media
k ¢ Inside the TEM waveguide
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TE, TM and Hybrid Modes (1)

From (g« E = — jouH
V H:- E 2 2 =
|V x Jwe [ VE+k°E=0
V-E=0 VIH+k*H =0
V-H=0
(7 2 2 .
For z component: <V E, +k°E, =0
V*H, +k*H, =0
(V2E, +kZ2E, =0
or . _, ,
ViH,+kiH, =0
since o =—k*, kZ=k?-k?
8Zz z ! c Z
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TE, TM and Hybrid Modes (2)

For a mode propagating in +z direction: 9

From VxE = - jouH

OE . .

L+ 0k,E, = jouH
By K, B, = Joun

. oE,
_szEx_ ax :_Ja):tu 9
Ok

. _aEX :_ja)/qu
| OX oy

= — Jk
P JK,

VxH= JocE
aHz+ijHy:—ja)(9EX
oy
—ijHX—ﬁHZ = Joeck
oH

y _ A, = JweE,
| OX oy
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TE, TM and Hybrid Modes (3)

|:> E :—ij@EZ+—ja),L1 oH ,
" kZ  OX k 2 oy
— ik E ' H
Ey: JZZ8 Z+ Ja)l;’l a YA
K, oy kS OX
Hx_ja)zg 8Ez+—j|2<28HZ
ko 0y K, O X
— jwe OE, — jk, oH,
Hy_ 2 2
K, O X K, oy
Or _
E, - szvth+wa‘azxthz
_ja)g _jkz
H, = - a,xVv E, + - V.H,
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TE Modes (1)

E o~ jou OH,
" k2 oy
' oH
E, Ja);U z
ke  OX
H — Jk, 0H,
kZ  Ox
" — Jk, OH,
y kCZ ay
E =0

t 2 z z
:_a;/uazXHt
H, - Xy

t > t z
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TE Modes (2)
For a mode propagating Vih, + kZh, = 0 + Boundary Conditions
In +z direction: o _ — Jou oh,
. x 2
E =e(x,y)e Ke 0y
. jou oh
— jk,z e = Z
H = h(X,y)e y kc2 ax
hx _ JL(z 6hz
k;,  OX
— jk, oh,
hy o 2
ko 0y
h, = — jfz Vv .h,
.
e, = — ali'u a,xh, =-Z.,a,xh,

Z.. = @K characteristic impedance
K,  of TE modes
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g, - 3% OE,
K OX
— jJk, OE
Ey JZ : ’ Z
k> oy
H ja)zg ok,
Ko 0y
- Jowe OE,
H
! k2  ox
H, =0
VIE,+k’E, =0
— 'kz
Et kJ2 VtEZ
Ht = — Jf)gazxvth
zak)—gaszt
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TM Modes (2)

For a mode propagating

INn +Z direction:

— Jk, oOe,
e, 5
E =e(x,y)e Ko OX
H =h(x,y)e " o = K. 28,
) y kCZ ay
Jows Oe,
" k2 oy
n - Jwe Oe,
’ k2  ox
e, = — sz Ve,
ht:ak)—g XE = a,xE,
z ™

Dr. Vahid Nayyeri

VZe, + k’e, =0 +Boundary Conditions

Z _ K:  characteristic impedance

@& of TM modes
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Hybrid Modes

- 2 2 —_—
For a mode propagating {V 8, +koe, =0
In +z direction:

E =e(x,y)e

V2h, + k2h, = 0

e __jkz aez +—jCC)/J ahz
: x 2 2
H = h(x, y)e—szz ke OX k: oy
e = B sz 6ez 4 JC()/J 8hz

Y k2 oy k2 oox
joe oe, — jk, oh,
x +
k2 oy k2  OX
— jowe 0e, — jk, oh,
= =

h

h =
’ k2 0Ox k2 oy
B sz JC()ILI
e, = 2 V.e, +=——a,xV h,
B j(()g B sz
h, = —a,xV e, + —V h,
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Phase Velocity and Group Velocity (1)
For a single frequency: e_JkZZ = COS(a)t — kZZ)

Phase velocity: the velocity of constant phase plane (wt-k,z=const)

AN
/N V

_w
s =

k

Z
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Phase Velocity and Group Velocity (2)
Waveguide
- jk,z
f (t) cos(w,t) Ae s(t)
= Re]f (t)e’™"]
I S(w) = F(o—w,)Ae™ "
Flo-w,) 1 [+oo ot }
s(t) =—Re| | S(w)e’”d
g (t)]= F(o) =s=7 Lo (0)edo
1 ~ )+ 0y, -
= —Re S(w)e'*d
F(a)) 4 27 ['“)o—wm (a)) w]
R ~ L Reg[™
0 27
_a)m a)m e

L a)o —a)m

"AF (0 — w,)e'“ " d o]
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Phase Velocity and Group Velocity (3)
1

s(t) =——Ref AR (0 - @,)e ) d ]
/A Wy — W

Expand K, (@) =K, () + ok,

dw

o, (O — @)+ ...
dk
~ K, (w,)+ r z o (0 —w,)
)
Let kzO — kz (&)0)
I(lZO — dkz O=0,
dow °

= K, (@) =K, + Ky (0~ @)
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Phase Velocity and Group Velocity (4)

s(t) = —R el [ AF (0 - @y )e e ek kg

P=w—aw, . O, . '
— A Re[e J(@pt=k;02) J: F ( p)e J[t_kzoz]p dp]

27
= ARe[f (t —kj,z)e (" *? |
= Af (t —k,y2) cos(w,t —k,42)

/ T

Informatlon with group velocity Carrier with phase velocity
=Kk, (w,) o,
1 1 Vp -7
Vg = = kZO
kle %
do '™
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Phase Velocity and Group Velocity (5)
//\ f(t—k,,z)cos(w,t —k,,2)
\\ %, ’
N / e
“ \\
t Z
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o Cutoff Frequency In
Metallic Waveguide

For eI
When kz2 < 0, the mode is an evanescent mode.

Find cutoff frequency

k2 =k?>—kZ=0

Z

k. 1S cutoff wavenumber.
From k, =24f Jue

——> cutoff frequency f, = K,

Zﬂ\/,uig
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Degenerate Modes

If two or more modes have the same eigenvalue
(propagation constant kz) but different
eigenvectors (field patterns), they are called

degenerate modes.
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