
3.Plane Wave in Free Space

Starting from Maxwell's equation, we obtain set of differential 
equations similar to the transmission line equations.
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Assumption: time dependence exp(jωt)
propagation along z direction
no variation in transverse directions (x, y)
no Ey (Ex only)
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Then, Maxwell's equations are reduced to
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Plane Wave in Free Space

)(
1

)(
1

1 ztj
x

c
y

ztj
xx

eE
Z

H

eEE

βω

βω

−+

−+

=

=

xx
y

yy
x

EjEj
dz

dH

HjHj
dz

dE

)"'(

)"'(

ωεωεωε

ωμωμωμ

+−=−=

+−=−=

)()()( CjGYzVY
dz

zdI
dd ω+=−=

)()()( LjRZzIZ
dz

zdV
dd ω+=−=

plane wave transmission line

)(1
21

21

z
x

z
x

c
y

z
x

z
xx

eEeE
Z

H

eEeEE

γγ

γγ

+−

+−

−=

+=
from the similarity to the transmission line equation

ε
μεμωγ == cZj    ,with

η
ε
μ
==+

+

y

x

H
Ewave impedance:

εμβ
ω 1
==pvphase velocity:

+z propagating wave:



4.Transmission Line Composed of Two Conductors

4.1 Electro-static model
The electromagnetic (EM) wave of TEM mode can be determined 
by an electro-static model. 
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Transmission line with two conductors

z
t eyx γ−= ),(EE

z
t eyx γ−= ),(HH

εμωγ 22 −=∴

02 =∇ etφett φ−∇=E
0=Ediv

ωμ
γ

j
t

t
EkH ×

=tt j HEk ωμγ −=×−

( ) 0
j
-

j
    

j

=×∇⋅=×∇⋅×∇⋅=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×⋅∇==

ttt

tt

EkEkkE

EkHH

ωμ
γ

ωμ
γ

ωμ
γ

-

divdiv



Coaxial line and strip line

4.2 Coaxial line
charge density per unit length=q[Cm-1]

voltage between inner and outer conductors=V
capacitance C[Fm-1]
characteristic impedance cZ

4.3 Strip line
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Dominant guided mode is a TEM mode.
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Micro-strip line

4.4 Micro-strip line
a quasi TEM mode
approximate representation of characteristic impedance

0-th order approximation

1-st order approximation (Schneider's expression)
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5.1 Rectangular waveguide
EM field of TE and TM mode

orthogonal relation among eigen modes
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Rectangular waveguide
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Rectangular waveguide

)()sincos(22 yYxBxAj
x

HjE xxx
c

z

c
y βββ

β
ωμ

β
ωμ

−=
∂
∂

=

a
m

axatEa

xatEA

x

yx

y

πβ

β

=∴

===

===

)0(0sin

)00(0

boundary condition at x=0, a

b
nb

C

yy
πββ =∴=

=

0sin

0

yDyCyY
xBxAxX

yy

xx

ββ
ββ

cossin)(
cossin)(

+=
+=

xEboundary condition for       at  y=0,b



Rectangular waveguide

Field components are determined as
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Rectangular waveguide
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Rectangular waveguide: orthogonality

TM mode (between transverse field component)
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TE mode (between transverse field component)
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5.2 Circular waveguide

TE mode
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Circular waveguide : TM mode

TM mode

nmcn paJ →= 0)(β

)(                    

1

1

cos)(

222
2

2

2

2

0

εμωγβ
β
ωε

θβ
ωε

θβ
γ

β
γ

θβ

θ

θ

+=
∂
∂−

=

∂
∂

=

∂
∂−

=

∂
∂−

=

=

c
z

c

z

c
r

z

c

z

c
r

cnz

r
EjH

E
r

jH

E
r

E

r
EE

nrJEE

θβ
β
γ

θ nrJE
r
nE cn

c

sin)(02=

εμωγβ 2
2

     , −⎟
⎠
⎞

⎜
⎝
⎛±==

a
p

a
p nmnm

c



5.3 Cut-off

Rectangular (a=2b): listed in the order of low cut-off frequency
TE10
TE20, TE01 (same cut-off frequency)
TE11, TM11
TE21, TM21 ......

cut-off frequency : 
The frequency at which the propagation constant of 
the mode concerned γ becomes 0.
The mode is evanescent below that frequency.

Circular : listed in the order of low cut-off frequency
TE11
TM01
TE21
TE01, TM11, .....


	3.Plane Wave in Free Space
	Plane Wave in Free Space
	4.Transmission Line Composed of Two Conductors
	Transmission line with two conductors
	Coaxial line and strip line
	Micro-strip line
	5.1 Rectangular waveguide
	Rectangular waveguide
	Rectangular waveguide
	Rectangular waveguide
	Rectangular waveguide
	Rectangular waveguide: orthogonality
	5.2 Circular waveguide
	Circular waveguide : TM mode
	5.3 Cut-off

