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In general terms, a waveguide is a devise that confines electromagnetic energy 
and channels it from one point to another.

Examples

– Parallel plate waveguide
– Rectangular waveguide
– Circular waveguide
– Elliptical waveguide

Waveguide Introduction 

Note: In microwave engineering, the term “waveguide” is often used to mean 
rectangular or circular waveguide (i.e., a hollow pipe of metal).
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Types of guided waves: 

Field Representation (cont.)

 TEMz: Ez = 0,   Hz = 0

 TMz: Ez  0,   Hz = 0

 TEz: Ez = 0,   Hz  0

 Hybrid: Ez  0,   Hz  0
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Modes in waveguides

Modes: certain field patterns that can propagate independently

• TEM mode: Transverse Electromagnetic mode

All the fields are in the cross section or there are no Ez and Hz components

• TE modes: transverse electric modes

Electric fields are in the cross section (or no Ez component) Only Hz component 
in the longitudinal direction. Also called H modes

• TM modes: transverse magnetic modes

Magnetic fields are in the cross section (or no Hz component).Only Ez
component in the longitudinal direction. Also called E modes
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Condition for the Existence of TEM Modes

• At least two perfect electric conductors

Propagation modes
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General Solutions for TEM, TE and TM Waves

Assume ejt time dependence and homogeneous source-free materials.

Assume wave propagation in the  z direction

zjk zze e 

     ˆ, , , , zjk z

t zE x y z e x y z e x y e   

     , , , ˆ , zjk z

t zH x y z h x y h x y ez   

,z zjk k j    

z

y

x

, ,e 

PEC

transverse 
components

J E



8

Assume a source-free region with a variation zjk ze
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Field Representation: Proof 

cH j Ee 
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Assume a guided wave with a field variation in the z direction 
of the form

zjk ze

Field Representation

Then all six of the field components can be expressed in terms 
of these two fundamental ones:

 ,z zE H
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Combining 1) and 5)
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Cutoff wave 
number

Field Representation: Proof (cont.)

A similar derivation holds for the other three transverse field components.
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These equations give the 
transverse field components 
in terms of 
longitudinal components, Ez

and Hz.

Field Representation (cont.)

2 2

ck  e
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Therefore, we only need to solve the Helmholtz equations for the 
longitudinal field components (Ez and Hz).

Field Representation,

2 2 0z zH k H  

2 2 0z zE k E  

Helmholtz Equation
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Transverse Electric (TEz) Waves

0zE 

In general, Ex, Ey, Hx, Hy, Hz   0

To find the TEz field solutions (away from any sources), solve

2 2( ) 0zk H  

2 2 2
2

2 2 2

2 2 ) 0( 0 zz k H
x y z

k H  
   

     
   

The electric field is “transverse” 
(perpendicular) to z.
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Recall that the field solutions we seek are assumed to vary as 

zjk ze
( , , ) ( , )

jk z
z

z zH x y z h x y e 
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Solve subject to the appropriate 
boundary conditions.

2 2 2
2

2 2 2
0zk H

x y z

   
    

   

Transverse Electric (TEz) Waves (cont.) 
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Once the solution for Hz is obtained, 
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For a wave propagating in the positive z direction (top sign):
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Transverse Electric (TEz) Waves (cont.) 

For a wave propagating in the negative z direction (bottom sign):
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0zH 

Transverse Magnetic (TMz) Waves

In general, Ex, Ey, Ez ,Hx, Hy  0

To find the TEz field solutions (away from any sources), solve

2 2( ) 0zk E  

2 2 2
2

2 2 2

2 2 ) 0( 0 zz k E
x y z

k E  
   

     
   



17
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solve subject to the appropriate 
boundary conditions
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Transverse Magnetic (TMz) Waves (cont.) 



18
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Once the solution for Ez is obtained, 

For a wave propagating in the positive z direction (top sign):

For a wave propagating in the negative z direction (bottom sign):

Transverse Magnetic (TMz) Waves (cont.) 
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Transverse ElectroMagnetic (TEM) Waves

0, 0z zE H  

From the previous equations for the transverse field components, all of 

them are equal to zero if Ez and Hz are both zero.

Unless 2 0ck 

For TEM waves 2 2 2 0c zk k k  

z ck k  e 



In general, Ex, Ey, Hx, Hy  0

Hence, we have



Rectangular waveguide

Need to find the fields components of the em wave inside
the waveguide

Ez Hz Ex Hx Ey Hy

Equations3.5a to 3.5d express transverse components Ex Hx

Ey Hy in term of longitudinal fields components Ez Hz

e 22

22
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equation:
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Rectangular Waveguide

Method of solution:

1. Solve Helmholtz equation for either Hz (TE) or Ez (TM).

2. Solve for the constants from the boundary conditions. In metal boundaries 
which is tangential E = 0 on the boundary. Now you have Ez or Hz.

3. Use 3.19(for TE) or 3.23(for TM) to find transverse components from Ez or Hz.
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d) “Guess” the form of the solution:

22



c) Use boundary conditions to solve for A,B,C, and D:

Substitute ex = 0 at y=0,b into equations above.

ex(x,0) =(-jωμ / kc
2) ky (A cos kxx + B sin kxx) (- C sin ky0 + D cos ky0)=0          So, D = 0

ex(x,b) =(-jωμ / kc
2) ky (A cos kxx + B sin kxx) (- C sin kyb + 0 cos kyb)=0          ky = nπ/b 

Substitute ey =0 at x=0,a into equations above:

• ey(0,y) = (jωμ / kc
2) kx (-A sin kx0 + B cos kx0) (C cos kyy + D sin kyy) =0       So, B=0

• ey(x,a) = (jωμ / kc
2) kx (-A sin kxa + B cos kxa) (C cos kyy + D sin kyy)=0  So, kx =mπ/a

Now we can simplify the form:

• ex(x,b) =(-jωμ / kc
2) (nπ/b) (-AC) cos( mπx/a ) sin (nπy/b )

• Ex =(jωμnπ / bkc
2) Amn cos( mπx/a ) sin (nπy/b )e-jβZ

• Ey = (-jωμmπ/akc
2) Amn sin (mπx/a)  cos (nπy/b) e-jβZ 
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From these equations we found that:
TE00 does not exist as all E components=0 there

So either m or n allowed to be equal to 0.

TM modes has components fields  m,n start from 1
i.E TM00 TM01 TM10 does not exist(page111)and lowest
order TM mode to propagate is TM11

TE mode
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• phase velocity is frequency dependent so waveguides are dispersive.

Group velocity : Is the velocity at which the energy travels.

• The lowest cut off frequency called the dominant mode. Assume a>b dominant mode is TE10

• Wave guide is said to be overmoded if more than one mode propagate 

 


/

1
gv

The guide wave length is defined by the distance between two equal phase planes along wave guide
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Example 1 :

X-band rectangular waveguide X-band≈8-12GHz

For a=2.29 cm , b=1.02cm
Find (a) first 8 mode of propagation      (b) 𝛽 and 𝜆g  at 10GHz       (c) 𝛽 and 𝜆g at 6GHz
________________

mode Fc [GHz]

TE10 6.55

TE20 13.1

TE01 14.71

TE11 16.1

TM11 16.1

TE30 19.65

TE21 19.69

TM21 19.69

(a)

Air filled i.e. 𝜀r=1
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(b)

𝛽 = 𝑘2 − 𝑘𝑐
2 =

2𝜋∗1010 2

3∗108 2 −
𝜋

0.0229

2
=158.25 rad/m

𝜆𝑔 =
2𝜋

𝛽
=3.97 cm

It propagate at TE10 mode

(c) 

𝛽 = 𝑘2 − 𝑘𝑐
2 =

2𝜋∗6∗109 2

3∗108 2 −
𝜋

0.0229

2
=-j55.04 

it is converted to attenuation with 𝛼=55.04 Np/m

So no propagation and 𝜆𝑔 not defined

at f =10 GHz

at f=6 GHz
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Example 2 :

a=4.5cm

𝜆𝑔 =
2𝜋

𝛽
=

2𝜋

𝑘2 − 𝑘𝑐
2
=

2𝜋

2𝜋𝑓 𝜇𝜀 1 −
𝑓𝑐
𝑓

2

=
𝜆

1 −
𝜆
𝜆𝑐

2

For fundamental mode
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Example 3 :

32



Example 4 :
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𝛽 =
2𝜋

𝜆𝑔

𝑣𝑝ℎ =
𝜔

𝛽
=

2𝜋𝑓

2𝜋/𝜆𝑔
=
𝜆𝑔

𝜆𝑜
∗ 𝑐

Remember

if the medium is free space
then 𝑣𝑝ℎ𝑣𝑔 = 𝑣2
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Example 5 :
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