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 PHY 403   ELECTRODYNAMICS III 
 

 

MODULE 1: PROPAGATION OF PLANE WAVE IN   UNBOUNDED 

                       ISOTROPIC MEDIA. 

 

UNIT 1: PLANE WAVES IN ISOTROPIC MEDIA 

 

1.0 INTRODUCTION: 

  PROPAGATION OF PLANE WAVE IN UNBOUNDED ISOTROPIC MEDIA 

There are several kind of waves in nature. We have sound, light, heat, 

electromagnetic waves, mechanical waves e.t.c. These waves are either transverse 

or longitudinal. The electromagnetic wave we are discussing is a transverse wave. 

The movement of wave from one point to another with respect to time is referred 

to as propagation. 

 

Plane waves refer to waves whose wavefront are parallel to each other. A plane 

electromagnetic wave that is polarised would have its electric field vector 

oscillating in a specific direction and its Magnetic field (B) oscillating 

perpendicularly to it. The direction of  propagation is then normal to both 

directions of E and B. If the E and B vectors oscillate randomly {with both 

perpendicular to each other} the electromagnetic wave is said to be unpolarised or 

randomly polarised. An electromagnetic wave can be linearly polarised. An 

electromagnetic wave can be  linearly polarised ( the E vector oscillating in a 

straight line) or circularly polarised ( the E vector oscillating or a circular path) or  

elliptically polarised { the E vector oscillating in an elliptical path) 

 

An isotropic medium is a medium having  a similar property in all direction. An 

unbounded isotropic medium is therefore an unconfined medium having simiar 

properties in all direction. A simple example is free space. 



 4

In this module we will look at maxwell’s equations in free space and in material 

medium,wave equations of electric and magnetic field. We will also consider 

reflection and refraction of electromagnetic waves. 

 

 

2.0  OBJECTIVES 

By the end of this module the student should be able to: 

1. define a plane polarised wave 

2. express a plane wave with a mathematical expression 

3. understand isotropic media 

4. understand polarisation of plane waves 

5. explain the origin of electromagnetic wave. 

 

3.0   PROPAGATION OF PLANE WAVE IN UNBOUNDED ISOTROPIC 

        MEDIA. 

A wave may be regarded as a plane wave far away from its source of radiation. This 

applies to wavefronts of different shapes. The wavefronts of a plane wave are parallel 

to each other. It is necessary to mention that a line normal to the wavefronts or planes 

is called a ray. A ray indicates the direction of propagation. 

 

There are many types of waves such as sound wave, hydromagnetic wave, 

electromagnetic wave etc. Their properties include (i) transfer of energy from one 

place to another. (ii) exhibition of diffraction effect and (iii) obeying the principle of 

superposition. 

 

The wave we are considering here is electromagnetic wave which is generated by 

accelerated charged particles. In the neighbourhood of an electric charge is electric 

field, E. As the charge moves (oscillates), both electric field and magnetic field exist 

in the neighbourhood. An electromagnetic wave is then propagated. Recall that 

electromagnetic wave exists as a result of variation in electric field with time, 

producing magnetic field (i.e. at high frequency) and the varying magnetic field 

producing electric field (faraday’s law) which process is repeated continuously.  
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v
ztjwEuE ox exp  ------------------------------- (1) 

Equation (1) implies that E oscillates along the x-axis while the wave propagates 

along the z-axis. The velocity of the wave, v = w/k, where w is the angular frequency 

and k is the wave number. In free space, v = 2.998 × 108ms-1 (to 3 d.p). Eo is the 

amplitude or peak value of the varying electric field. The magnetic field, B, which 

oscillates along the y-axis is represented by 

  













 

v
ztjwBuB oy exp  ------------------------------- (2) 

where Bo is the amplitude or peak value of the magnetic field. A polarized plane wave 

has its field of oscillation changing with time in a specified direction while for 

unpolarized plane wave the direction of oscillation of its field change randomly with 

time. The specified direction of oscillation of the field could be rectilinear, circular or 

elliptical in which case rectilinear, circular and elliptical polarization result. In 

equation (1) is represented a linearly polarized plane wave. Circular polarization of 

the plane wave will be represented by 
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This is because for circular polarization the two components of equal amplitude must 

be perpendicular and have a phase difference of π/2 between them. If the amplitude of 

the components are unequal, elliptical polarization results. 

Note that the directions of oscillations of electric field and magnetic field and the 

direction of propagation of electromagnetic wave are mutually perpendicular to each 

other i.e. the three directions are orthogonal. See Figure 1. 
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The relationship between the electric field, E, and the magnetic field, B, is obtained 

from Faraday’s law as follows. 

 

Using differential form of Faraday’s law i.e. 

  
dt
dBE   ----------------------------------- (3) 

or 

  
dt
dB

dy
dE

u
dz

dE
u x

z
x

y   

Since the simple case of Ex constant in x-y plane is considered, 
dy
d 0.      

The 2nd term on the LHS = 0 since 0
dy

dExu y , therefore, 

  
dt
dB

v
ztjwE

v
wju oy 
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  j
dt
dEB ooo    ---------------- (iv) 

where j ≡ conduction current density and μo ≡ permeability of free space. Note that 

equation (iv) is the Ampere‘s law modified by the addition of displacement current, 

dt
dE

o when the electric field varies rapidly. 

 

Outside a region of changing charge and current distribution, the Maxwell‘s equations 

given above i.e. equations (i) to (iv) becomes 

  0.  E  --------------------------------- (5) 

  0.  B  ------------------------------- (6) 

  
dt
dBE   ------------------------- (7) 

  
dt
dEB oo  ------------------------ (8) 

By taking the curl of (7) i.e. )( B
dt
dE  , we have 

  EEE 2).(   

Substituting for E  we have 

  )().( 2 B
dt
dEE   

Substituting for 0.  E  from equation 5 and for 
dt
dEB oo  gives, 

 )(2

dt
dE

dt
dE oo  or  2

2
2

dt
EdE oo  -------------- (9) 

or 

 2

2

2
2 1

dt
Ed

c
E   ------------------------------------------------- (10) 

where 
oo

c


1
  ------------------------------------------------------- (11) 

by taking the curl of (8) i.e. )( E
dt
dB oo   , we have 

  )().( 2 E
dt
dBB   

Using equations (6) & (7) we have 
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 2

2
2

dt
BdB oo  or  2

2
2

dt
BdB oo  ---------------------- (12) 

or  

2

2

2
2 1

dt
Bd

c
B   --------------------------------------------------- (13)

  

Equations (10) & (13) are the wave equations of electric and magnetic fields 

respectively. 

 

4.0  CONCLUSION: 

Plane waves propagating in an unbounded isotropic medium may be polarised or 

unpolarised. An unpolarised wave is also referred to as randomly polarised wave. A 
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7.0 REFERENCES AND FURTHER READING 
              1. Kennedy, Davis  Electronic Communication System , Fourth ed. McGraw-  
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              2. Dunlop, J. and Smith, D.G.  Telecommunications Engineering second  
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              3. Grant, I.S. and Philips, W.A. Electromagnetism ELBS Manchester 1974 
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UNIT 2: PROPAGATION OF ELECTROMAGNETIC WAVE IN AN  

                ISOTROPIC MEDIUM 

1.0: INTRODUCTION 

  The student should be familiar with wave equation ie the second order differential 

equation that relates the displacement of vibration of  particles of medium to the 

spatial and temporal variationm of wave. For electromagnetic waves, rather than the 

particles of medium,it is the electric field and magnetic fields that vibrate. As such we 

talk of wave equation for magnetic waves. These wave equations are derived in this 

unit 

 

2.0: OBJECTIVE 

By the end of this unit, the student should be able to: 

1. derive wave equations for electric and magnetic field in an isotropic insulating 

medium. 

2. derive wave equations for electric and magnetic field in a conducting medium. 

 

3.0  PROPAGATION OF ELECTROMAGNETIC WAVE IN AN  

        ISOTROPIC MEDIUM   

CASE 1  

Propagation of electromagnetic wave in an isotropic insulating medium 
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Suppose the electromagnetic wave travels in an isotropic insulating medium and that 

the relative permittivity and relative permeability of the medium are εr and μr 

respectively. 

Equation (9) becomes 2

2
2

dt
EdE   ------------------------------------- (14) 

or  2

2

2
2 1

dt
Ed

v
E   ---------------------------------------------- (15) 

where ε, the permittivity of the medium is the product of εo and εr
 i.e. ε = εoεr and μ, 

the permeability of the medium is the product of μo and μr i.e. μ = μoμr. 

Note that 
roro

v


11
  --------------------------------------- (16) 

i.e the velocity of the wave in the medium. Equation (12) becomes 

  2

2
2

dt
BdB   ------------------------------------------ (17) 

or 

  2

2

2
2 1

dt
Bd

v
B   ----------------------------------------- (18) 

Comparing equations (11) and (16) shows that  

v
c

rr   

But the refractive index, n = c/v therefore, rrn   -------------------- (19) 

n is the refractive index of the medium. 
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Where H – the magnetic intensity – equals B/μoμr (μr being the relative permeability of 

the medium) and D – the electric displacement – equals εoεrE (εr being the relative 

permittivity of the medium). 

NOTE: that (i) H = B/ μoμr in the absence of magnetisation current and D = εoεrE in 

the absence of polarisation charges otherwise


 MBH
ro

, where M = 

magnetisation, a vector quantity and D = εoεrE – P (P = polarisation, a vector 

quantity). Equation (20) can be written as 

  
dt
dEjB

rof
ro




  --------------------------------- (21) 

From ohm’s law i.e. I = V/R -------------------------------------------------- (22), 

the electric field E = V/l ≡ potential gradient, the resistance 
a
lR 

 -------- (23) 

where ρ ≡ resistivity, a ≡ area and l ≡ length,   

  E
a
Ior

l
ElaI 


  ----------------------------------- (24) 

by substituting for V from equation (22) and for R from equation (23) 

(σ = 1/ρ = conductivity), I/a = j., thus equation (23) becomes j = σE, and equation (21) 

can be written as 

  
dt
dEEB

ro
ro




  ------------------------------ (25) 

Taking the curl of equation (3), 

  )( B
dt
dE   ---------------------------------- (26) 

Substituting equation (25) into equation (24), we have 

  2

2

dt
Ed

dt
dEE roro  



  ------------------ (27) 

The LHS of equation (26) can be written as 

  EEE 2).(   

Substituting this into equation (26) and noting that 0.  E (since the microscopic 

charge density is zero for a wave propagating through a conductor) gives 

  2

2
2

dt
Ed

dt
dEE rororo    -------------------- (28) 
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Note that 2

2
2

dz
EdE   

This is because the electric field, E is constant in x-y plane at a fixed z-coordinate, its 

amplitude however decreases exponentially with increase in z.  

Thus equation (27) becomes, 

   2

2
2

dt
Ed

dt
dEE rororo    ------------------ (29) 

A simple approximation can be made by comparing the coefficients of the two terms 

in the RHS. To do this effectively d2E/dt2 can be put in terms of dE/dt i.e. 

dt
dEjw

dt
Ed
2

2

 (since 





 

v
ztjwEE o exp )  so that equation (28) becomes 

  
dt
dEjw

dt
dE

dt
Ed

rororo  2

2

 ----------------- (30) 

   roro jw
dt
dE    ----------------------------- (31) 

The electrical conductivity, σ >> ωεoεr. Therefore equation (30) can be written as 

  
dt
dE

dz
Ed

ro 2

2

 ----------------------------------------- (32) 

   

The solution of this differential equation (i.e. equation 31) is of the form 

      zzwtjEE o   expexp  --------------------  (33) 

Substituting (32) into (31) yields 

  
2


 ro  

The reciprocal of 



ro

2
  is referred to as skin depth, δ and it measures how 

rapidly the wave is attenuated. Using 



o

r
2,1  . 

When ω is high, δ is very small. 

Example: determine δ when frequency is (i) 60Hz (ii) 60MHz 

Solution: 

(i) cm85.0
120109.5104

2
77 
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(ii) cm4
677 105.8

10120109.5104
2 








  

Example (ii) shows that at high frequency, the current is carried in a very thin outer 

layer of the conductor. This phenomenon of current being carried in a thin outer layer 

is called SKIN EFFECT. 

 

4.0 CONCLUSION: 

The  wave equations for electric field is different for an insulating medium and a 

conducting medium as expected. This is because for an insulating medium conduction 

current J = σE is zero. Thus the expressions for the electric fields on both media 

differs. 

 

5.0 SUMMARY 

1. The wave quations for electric field and magnetic field have been derived for an 

    insulating medium. 

2.  The same equationms have also been derived for a conducting medium 

3.  The difference in these equatons for both media is on the fact that conduction 

     cureent is not in an insulating medium. 

 

6.0 TUTOR MARKED ASSIGNMENT 

1. Derive the wave equations for electric and magnetic fields in an insulating 

medium 

2. Derive these equations for a conducting medium 

3. Define (i) skin depth (ii) skin effect 

4. Calculate the  skin depth in copper for a wave of frequency (i) 50Hz (ii) 1MHz 

given that µ o =4π  µ r =1, σ = 5.9 x107 

 

7.0  REFERENCES AND FURTHER READING 
              1. Kennedy, Davis  Electronic Communication System , Fourth ed. McGraw-  

                  Hill International Edition 1993. 

              2. Dunlop, J. and Smith, D.G.  Telecommunications Engineering second  

                    edition, Chapman and Hall London 1989. 

              3. Grant, I.S. and Philips, W.A. Electromagnetism ELBS Manchester 1974 
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              4. Richard, P.F. , Robert, B.L. and Matthew Sands. The Feynman Lectures  

                   on Physics.  Addison-Wesley London 1982. 

MODULE 2: REFLECTION AND REFRACTION OF ELECTROMAGNETIC 

                       WAVES 

UNIT 1:  BOUNDARY CONDITIONS ON ELECTRIC  AND MAGNETIC 

FIELDS 

 

1.0 INTRODUCTION: 

When a wave passes from on 
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From equation (7) in section 1.0 i.e.  

dt
dBE  , 

In integral form this equation becomes 

  
r s

dsB
dt
ddlE ..  -------------------------------------- (1) 

Let r be the rectangular loop placed along the surface common to the two media as 

shown in Figure 1. 

 

 

 

 

 

 

 

 

 

In the limit that ∆b → 0 i.e. along the interface,   0.dsB , ds being the surface area 

and the product of l  and b . Thus the LHS of equation (1) equals zero and 

    0. 21 lElEdlE  or E1 = E2. 

This implies that the electric field is continuous. This is the boundary condition for the 

electric field. The boundary condition for magnetic intensity can be determined from 

the modified Ampere‘s law (i.e.Maxwell‘s 4th equation) by considering Figure 2 

below. 

 

 

 

 

 

 

 

 

Equation (20) in section 1.0 can be rendered in integral form as 

 

 E1 E 

Medium II Medium I 

 
  Δ b 

       2   
 Δ l 

FIG: 1 

 
H1 

 
H2 

 
       Δ b 

 
            Δ l 

FIG: 2 
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ss f dsD

dt
ddsjdlH ...  ----------------------------------- (2) 

For the other medium (i.e. the second medium) of finite conductivity, the first term in 

the RHS of equation (2) becomes zero. The second term is zero in the limit that ∆b → 

0 i.e. at the interface since ds is the product of dl and db. Thus the equation is 

 

  0.dlH  or  021  lHlH  

2

2

H
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4.0 CONCLUSION 

The boundary conditions on the electric field, E and magnetic intensity,H are 

somewhat similar. Also those on magnetic field, B and electric displacement, D ae 

similar. This is because for E and H we use line integrals while for D and B we 

use surface integral. 

 

5.0    SUMMARY 

The boundary conditions of  electromagnetic wave are 

1. Etangential is continous i.e Etangential (medium 1) = (Etangential (medium 2) 

2. Htangential is continous i.e Htangential (medium 1) = Htangential (medium 2) 

3. Dperpendicular is continous i.e Dperpendicular (medium 1) = Dperpendicular (medium 2) 

4. Bperpendicular is continous i.e Bperpendicular (medium 1) = Dperpendicular (medium 2) 

  

  

 6.0 TUTOR MARKED ASSIGNMENT 

1. The boundary conditions on E and H are similar with a slight difference. 

Explain. 

2. Why are D and B’s boundary conditions similar but different from those 

of E and H. 

3. The refractive index of water for waves of frequency MHz is about 9. 

Calculate the reflection and transmission coefficient. 

       

      7.0  REFERENCES AND FURTHER READING 
              1. Kennedy, Davis  Electronic Communication System , Fourth ed. McGraw-  

                  Hill International Edition 1993. 

              2. Dunlop, J. and Smith, D.G.  Telecommunications Engineering second  

                    edition, Chapman and Hall London 1989. 

              3. Grant, I.S. and Philips, W.A. Electromagnetism ELBS Manchester 1974 

              4. Richard, P.F. , Robert, B.L. and Matthew Sands. The Feynman Lectures  

                   on Physics.  Addison-Wesley London 1982. 
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UNIT 2: REFLECTION AND REFRACTION (TRANSMISSION)  

                COEFFICIENTS OF ELEECTROMAGNETIC WAVES 

 

1.0 INTRODUCTION 

In this unit the coefficients of reflection (ratio of reflected to incident wave) and 

transmission (ratio of transmitted to incident wave) are determined. Calculations of 

percentages reflected and transmitted wave in glass and water, for example , are 

made. 

 

2.0 OBJECTIVES: 

By the end of this unit, the student should be able to 

1. define (a) reflection coefficient, R 

                  (b) transmission coefficient, T 

2.  obtain the expressions of R and T in terms of poynting vector 

3.  calculate the percentages of R and T for any medium relative to free space  

     given its refractive index. 

 

3.0   REFLECTION AND REFRACTION (TRANSMISSION) COEFFICIENTS  

        OF ELEECTROMAGNETIC WAVES 

Noting that in medium 1 we have only the incident and reflected waves i.e. two waves 

while in medium 2 we have only refracted or transmitted wave i.e. one wave, applying 

the 1st boundary condition we can write 

  Ei+ Er = Et -------------------------------------------- (1) 

The second boundary condition gives 

  Hi – Hr = Ht --------------------------------------------- (2) 

where the substricts i, r and t represent incident, refracted and transmitted. 

Note that the reflected magnetic intensity, Hr, points in the direction opposite the 

direction of Hi. This can be visualised by making the middle finger of the left hand 

point in the direction of propagation (z-direction) while  forefinger and the thumb 

represents E and B respectively (i.e. in x and y directions). By pointing the middle 

finger in the negative z-direction, the thumb representing magnetic field is observed to 

be pointing downward i.e. opposite its former direction. 
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using 

  
o

i

o

i
i c

EB
H


   -------------------------------------------------- (3) 

since B = E/c from equation (6) in section 1.0 and Hi is in free space. Substituting for 

oo

c


1
  in (3) gives 

  
 
 2

1

2
1

o

io
i

EH



  

Similarly Hr (also in free space) = 
 
 2

1

2
1

o

ro E



  

Ht is however in a medium of relative permittivity, εr and relative permeability, μr. 

Thus 
 
 2

1

2
1

ro

tro
t

EH



  

Equation (2) can then be written as 

  
   

 
 
 2

1

2
1

2
1

2
1

2
1

2
1

ro

tro

o

ro

o

io EEE












  

or 

  
 
 2

1

2
1

r

tr
ri

EEE



  ------------------------------------ (4) 

1r  for most dielectrics so that equation (4) becomes 

    trri EEE 2
1

 ------------------------ (5) 

Using the amplitude of the electric field of the incident, reflected and transmitted 

waves and substituting for  2
1

rn  , equation  (5) can be written as 

  otoroi nEEE   -------------------------------------- (6) 

 

E 

B K 

y 
z 

x 

 

K B 

E 
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Also using the amplitude of the electric fields in equation (1) we have 

  otoroi EEE   ----------------------------------------- (7) 

By combining equations (5) and (6) to eliminate Eot gives 

  
n
n

E
E

ot

or





1
1  -------------------------------------------------- (8) 

Equations (5) and (6) can also be combined to eliminate Eor. The result is 

  
nE

E

oi

ot




1
2  ----------------------------------------- (9) 

The ratio of the reflected energy of the wave to that of the incident energy is referred 

to as the REFLECTION COEFFICIENT, R. Also the ratio of the transmitted energy 

of the wave to that of incident energy is referred to as the TRANSMITTED 

COEFFICIENT, T. These ratios or coefficients are determined from the time average 

of the Poynting vector over one cycle for the incident wave, the reflected wave and 

the transmitted wave since Poynting vector is energy per unit time per unit area. 

We can use the combination of the energy of static electric and magnetic fields to 

approximate the energy of an electromagnetic wave. Using a capacitor, the energy of 

static electric field is obtained as follows: 

Work done in transferring a charge from one plate of the capacitor to the other plate is 

  dq
c
qVdqdW 





    since V = q/c 

Integrating we have 

  
c

qdq
c
qW

q 2

0 2
1

   or  2

2
1 CVW   

For a parallel plate capacitor 
d

AC o , 

the energy density of the electric field, UE, i.e. energy per unit volume, 

  2
2

2

2
1

2
1

.
E

d
VV

dAd
A

U oo
o

E 








  ------------ (10) 

(volume = Ad, E = V/d and εoE = D) 

  ED.
2
1

  --------------------------------------------- (11) 

The energy density in a magnetic field is obtained as follows: let a solenoid have a 

cross sectional area. The volume Al of the solenoid would store magnetic energy. The 
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energy density is the energy stored divided by Al where A is the cross sectional area 

of the solenoid and l its length. 

The magnetic energy dU, stored Vidt  or  Vi
dt

dU
   or  

dt
diLi

dt
dU

  

Since 
dt

LdiV  where L is the self inductance 

Integrating, 

  2

2
1 LiLididU    

The energy density of the magnetic field will then be, 

  
Al
LiU B

2

2
1

  

Substituting for lAnL o
2  and 

n
Bi
o

  

where n ≡ number of turns of solenoid. 

  
o

B
BU
2

1
  ------------------------------------------------- (12) 

Substituting for 
o

BH


 , HBU .
2
1

  

and the total magnetic energy is 

   HdvBU B .
2
1 --------------------------------------------- (13) 

Equations (10) and (12) can be combined to give the energy of the electromagnetic 

wave assuming that it doesn’t change for varying fields. Thus  

   dvHBDEU em   ..
2
1  

For a plane wave travelling along z-axis see Figure --- at speed c in a box of cross 

sectional area, A and thickness dx, the sun of equations (1) and (3) give the energy 

density of the electromagnetic wave i.e. 

  
o

oBEem
BEUUU



2

2

2
1

2
1

  

The energy Uem stored in the box =  AdxUU BE   i.e. 

  AdxBEdU

dU

dUdUdUdUdUdU

dU
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2

2

2
1

2
1

2

2

2

2 .

oi

ot

oor

roro

oi

ot

roi

ot

o

oi
oi

ro

ot
ot

oioi

otot

ii

tt

E
nE

E
E

V
c

E
E

c
E

E

V
EE

HE
HE

aveHE
aveHET 

























































        -------------------- (21) 

Where nr   and  1r  

Using equations (8) and (21) 

  
 21

4
n
nT


  --------------------------------------------------------- (22) 

Example: Given that the refractive index, n, of water for waves of frequency 100MHz 

is 9 ( rn  varies with frequency). Calculate the reflection and transmission 

coefficients of the medium. From equation (20), 

  64.0
100
64

91
91 2











R  

using equation (22) 

  
 

   36.0
10

94
91

4
22 
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 aveHE

aveHE
T

ii

tt




  

 

 

3. From       
2

1
1












n
nR  

 

 

                   
 21

4
n
nT


  

  

the reflection coefficient and the transmission coefficient of any medium relative to 

free space can be determined. 

. 

6.0 TUTOR MARKED ASSIGNMENT 

 1. Define reflection coefficient and transmission coefficient 

 2. Calculate the reflection and transmission coefficient given that the reflection index  

      of a medium is 7 

 

 

7.0  REFERENCES AND FURTHER READING 
       1. Kennedy, Davis  Electronic Communication System , Fourth ed. McGraw-  

           Hill International Edition 1993. 

       2. Dunlop, J. and Smith, D.G.  Telecommunications Engineering second  

           edition, Chapman and Hall London 1989. 

       3. Grant, I.S. and Philips, W.A. Electromagnetism ELBS Manchester 1974 

      4. Richard, P.F. , Robert, B.L. and Matthew Sands. The Feynman Lectures  

          on Physics.  Addison-Wesley London 1982. 
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MODULE 3: TRANSMISSION LINES. 

UNIT 1: TRANSMISSION LINES. 

 

1.0 INTRODUCTION: 

 A transmission line is the medium for transmitting electromagnetic energy from one 

point to another. For electromagnetic signals with high frequencies, the energy has to 

be well guided so that the energy will not be radiated away. At high frequencies, of 

the order of kilohertz and above, electromagnetic energy is transmitted via parallel 

wire transmission lines, coaxial cables, waveguides and resonant cavities. The first 

two will be discussed in this unit as the type of waves transmitted by them is different 

from those transmitted by the last two. 

 

2.0 OBJECTIVES 

By the end this module the student should be able to 

1. give a simple sketch of transmission line in any number of cascade. 

2. derive the wave equations of voltages and currents of a transmission line. 

3. determine the expression for the (i) characteristic impedance (ii) speed of 

propagation of signals in transmission lines. 

 

3.0 TRANSMISSION LINES. 

A transmission line is a system of material boundaries which forms a continuous path 

that can direct transmission of electromagnetic energy from a power station to other 

stations or for transmitting energy from one point to another. A transmission line is 

uniform if there is no change in its cross sectional geometry. The wavelengths on a 

transmission line are compatible with its size at gigahertz frequencies and its 

capacitances and inductances are very small. 

The change in potential difference per unit length in Figure 1 i.e. 
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  IRwLj
dt
LdI

L
V






  -------------------------------- (1) 

Or in the limit of ∆L becoming dl  

   IRjwL
dl
dV

  

Where L is self inductance due to magnetic field around the conductor V and R, is 

resistance of the conductor. The change in current flowing in the line is given by 

   VGjwc
dt

cdV
dl
dI

  -------------------------------------- (2) 

where C is capacitance per unit length (formed because of the finite distance between 

the conductors of the line) and G is conductance per unit length (whose existence is 

due to the dielectric losses of the dielectric medium in between the conductors). 

 

If we assume that conductors have zero resistance and that they are separated by a 

perfect insulator (in which case the transmission line becomes lossless), equations (1) 

and (2) which are the basic equations of transmission line becomes, 

  
dt
dILdl

dV   ---------------------------------------- (3) 

  
dt
dVC

dl
dI

  --------------------------------------- (4) 

Differentiating equations (3) and (4) with l and t respectively we have 

  
dldt

IdL
dl

Vd 2

2

2

  ------------------------------------- (5) 

  2

22

dt
VdC

dtdx
Id

  -------------------------------------- (6) 

Equations (5) and (6) can be combined to obtain 

  2

2

2

21
dt

Vd
dl

Vd
LC

  --------------------------------------- (7) 

  2

2

2

21
dt

Id
dl

Id
LC

  -------------------------------------- (8) 

Equations (7) and (8) are familiar wave equations of voltage and current respectively 

implying that both voltage and current propagate as waves along transmission lines. 

The velocity of propagation is 
LC

V 1
 from equations (7) and (8). It can be shown 
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that the characteristic impedance of a transmission line, LCzo  . Try to obtain the 

net impedance of the circuit in Figure 2 which is three cascades of a transmission 

line. 

 

 

 

 

 

 

 

 

Hint: let zo equal the net impedance between a and b. The impedance to the right of c 

and d also equals zo. 

 

 PARALLEL WIRE AND COAXIAL CABLE TRANSMISSION LINE 

Two major examples of transmission lines are (i) the parallel wire and (ii) the coaxial 

cable. 

To obtain the propagation velocity, V and the characteristics impedance of any 

transmission line the inductance per unit length, L and the capacitance per unit length 

must be determined. 

(a) PARALLEL WIRE TRANSMISSION LINES: Recall that the electric field 

E of a conductor is given by Gauss law for electric as, 
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q
r

E
roro 


22

  

 where λ (linear charge density) = q/l, for a conductor in a medium of relative 

permittivity (dielectric constant), εr. For the two wires, each of radius x and 

separated by distance y. 

    
l

q
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q
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qEEE
rororo 


2221  

The capacitance of the pair is obtained from 

 

 

 
Fig 2 
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 i.e. capacitance per unit length. The inductance per unit 

length is obtained as follows: the magnetic flux of the two conductors (whose shape 

are approximately cylindrical), 
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But self inductance, 













 x
y

i
L

ro
B

2ln
 

Thus the velocity of propagation, 
roroLC

V


11
  as expected. The 

characteristics impedance, 
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(b) COAXIAL CABLE TRANSMISSION LINE: The capacitance for coaxial 

cable is obtained following the procedure used for the parallel wire except that the 

Edr  is from a to x and b to y, a being the radius of the central conductor and b, the 

distance between the centres of both conductors. See Figure 3. The capacitance per 

unit length is thus 
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The inductance of a coaxial cable is obtained as follows: the flux of magnetic field, 

ɸB, through a closed circuit formed by joining the conductors at the end of a section of 

cable of length, l, is 
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Recall that self inductance, 
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infinitely loss line is regarded as a cascade of infinite number of such circuits. For 

example in Figure 2 is shown a transmission line of three cascade. 

 

4.0 CONCLUSION 

The type of waves propagated in parallel wire transmission lines and coaxial cables 

are the Transverse Electric and Magnetic (TEM) waves. In these waves bothe the 

electric and magnetic fields are transverse to the direction of propagation. As such 

they are different from wave propagated in transmission lines such as waveguides 

which are discussed next. 

 

5.0 SUMMARY: 

1. The transmission line for three cascade is given in the text. 

2. Voltage and current are transmitted as wave, the equation of which are given in the 

     Text 

3 From the inductance and capacitance per unit length of both the parallel wire  

    transmission line and the coaxial cable, the characteristic impedance and speed of 

    propagation of both transmission lines are determined in the text. 

 

6.0. TUTOR MARKED ASSIGNMENT 

1. Sketch a transmission line in 5 cascade 

2. Derive the voltage and current wave equation. 

3  Determine the characteristic impedance and speed of propagation of (i) coaxial  

   cable (ii) parallel wire transmission line. 

 

      7.0  REFERENCES AND FURTHER READING 
              1. Kennedy, Davis  Electronic Communication System , Fourth ed. McGraw-  

                  Hill International Edition 1993. 

              2. Dunlop, J. and Smith, D.G.  Telecommunications Engineering second  

                    edition, Chapman and Hall London 1989. 

              3. Grant, I.S. and Philips, W.A. Electromagnetism ELBS Manchester 1974 

              4. Richard, P.F. , Robert, B.L. and Matthew Sands. The Feynman Lectures  

                   on Physics.  Addison-Wesley London 19 
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MODULE 4: WAVEGUIDES 

UNIT 1:  A PAIR OF PARALLEL CONDUCTING PLANES 

 

1.0 INTRODUCTION 

For the sake of simplicity, a pair of parallel conducting planes is discussed first before 

considering a wave guide. Note that a waveguide is a system of two pairs of  parallel 

conducting planes forming a rectangular hollow box. 

The only difference between a pair of conducting planes on one hand and parallel 

wire transmission lines and coaxial cable on the other hand is that conducting planes 

are not as lossy as the other two and therefore more efficient. The same TEM waves 

are however propagated in the three of them. 

 

2.0 OBJECTIVES 

By the end of this unit, the student should be able to  

1. obtain the equation relating the wave number and the guide wave number. 

2. determine cut-off frequencies of a pair of parallel conducting planes. 

3. obtain the expressions of electric and magnetic field components of TE waves. 

 

3.0 WAVEGUIDES  

Waveguides are used for the same purposes as transmission lines i.e. to transmit 

electromagnetic energy. However, waveguides are used at microwave frequencies and 

they are not as lossy as transmission lines which are used at lower frequencies. There 

are two types of waveguides, the metal tubes of any cross section and the dielectric 

rods. Wave travels on the inside of the first type and on the outside of the other. The 

second type is outside the scope of this course. Also, we limit our discussion to 

rectangular wave guides. 

 RECTANGULAR WAVEGUIDE. 

Rectangular waveguide is a hollow infinite rectangular pipe of highly conducting 

material. A rectangular waveguide is made up of two pairs of planes. For the sake of 

simplicity a pair of planes will be considered first. 
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TRANSMISSION OF WAVES IN A PAIR OF PARALLEL CONDUCTING 

PLANES 

Let the separation between the pair of planes be the distance, d, assuming the planes 

are perfectly conducting and of infinite length, the characteristics of the electric and 

magnetic fields that can travel down between the planes have to be determined. It is 

necessary for the fields to obey Maxwell’s equations in the free space in between the 

plates. The following are the boundary conditions on the planes.  

(i) parallel or tangential component of electric field and the perpendicular or 

normal component of the magnetic field must be zero at every point on the 

planes. This is because there is no electromagnetic field inside perfect 

conductors.  

(ii) perpendicular or normal component of electric field and parallel or tangential 

component of magnetic field need not equal zero. This is because there can be 

charges on the surfaces of the plane, and surface currents in them.   

Obeying Maxwell’s equations implies the satisfaction of electric field wave equations 

and the magnetic field wave equations i.e. 

  2

2
2

dt
EdE OO  --------------------------------------------------(1) 

  2

2
2

dt
BdB OO  ---------------------------------------------------(2) 

A linearly polarized plane wave whose electric and magnetic fields, respectively are 

  )](exp[ wkztjwEeE Ox   -----------------------------------------(3) 

  )](exp[ wkztjw
c

EeB O
y   --------------------------------------(4) 

is not only a solution to equations (1) & (2) but also satisfies boundary conditions (i) 

& (ii) stated above. 

 

A linearly polarized wave whose electric and magnetic fields are expressed above is a 

transverse electric and magnetic (TEM) wave. This is because both fields are not only 

perpendicular to each other but are also transverse to the direction of propagation such 

that the three are mutually perpendicular i.e. orthogonal. Though TEM waves can 

travel in a pair of planes just as they could in parallel wire and coaxial cable 

transmission lines, they cannot, however, be propagated in wave guide which is a 

hollow conductor. This is because the perfectly conducting walls of the waveguide 



 33

will short circuit the electric field, electric potential not being able to exist across 

perfect conductors.  

In Figure 1 is shown a pair of parallel planes separated by distance, a, in the x – axis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The superposition of the incident and reflected waves whose electric fields and 

magnetic fields are represented by E1 and B1, and E2 and B2 respectively in Figure 1is 

also a solution to equations (1) and (2).  

 

If E1 oscillates along y – direction, its expression becomes 

  )]
.

(exp[ 1
1 w

rktjwEuE oy    

       )](exp[ wrtjwEu oy   --------------------------------------------- (5) 

Where 
V

u
V

uv zx  sinsin
1 


  

Such that 

  
v

z
v

xr
V

 cossin.1

1




  

And equation (5) becomes, 
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  ----------------------------- (6) 

on reflection the wave has velocity  
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a
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Fig 1: 
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The electric field, E2, of the reflected wave is given by equation (7)  

  )]sincos(exp[2 v
x

v
zwtjwEuE oy


  

Superposing E1 and E2 to obtain the resultant field E gives 

  )]cos(exp[)sinsin(2
v

ztjw
v

wxjuE y
   ------------------------- (7)  

The planes in Figure 1 are placed at x = 0 and x = a since by our boundary conditions 

E = 0 at the walls i.e. first at x = 0; substituting x = 0 in equation (7), E automatically 

becomes zero showing that the boundary condition is satisfied.   

If    is chosen such that 0sinsin 
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Electric field components for TE waves are 
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By the differential form of Faraday’s law i.e. 
dt
dBE   we can obtain the 

components of the magnetic fields by using 
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we have 
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Integrating gives 
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where 

  22

22

22

11
aw

n
vv g


  from equation (10) 

Note that we can also add two waves having their magnetic field in the y-direction 

only such that 
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Superposing the two fields gives a set of equations in which the resultant B has only 

y-component, By; Bx and Bz being equal to zero. The electric field, E, will then have a 

component in the z-direction. Such a wave is called a transverse magnetic (TM) wave. 

 

4.0 CONCLUSION 

The pair of parallel conducting planes just like parallel wire transmission line and 

coaxial cables transmit TEM waves. TE and TM waves are also propagated in the pair 

of parallel conducting planes but not in the other two. 

 

5.0 SUMMARY 

1. The equation relating the wave number, K amd the guide wave number is derived  

     in the text. 

2.     The cut-off frequency is obtained from    
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UNIT 2: WAVEGUIDE  

 

1.0 INTRODUCTION 

Two pairs of parallel conducting planes form a rectangular waveguide. There two 

types of waveguides- the metal tubes of any cross section and the dielectric rods. 

Wave travels on the inside of the first type and on the outside of the other. The second 

type is outside the scope of this course. Also,we limit our discussion to rectangular 

waveguides. 

 

2.0 OBJECTIVES 

 By the end of the unit, the student should be able to 

1. determine guide wavelength 

2. obtain the equation relating wave number and the guide wave number. 

3. determine the expressions for the electric and magnetic fields. 

 

3.0 WAVEGUIDE  

Adding another pair of perfectly conducting parallel planes to the pair already treated 

such that these new planes are located at y = 0 and y = b, we obtain the waveguide 

shown in Figure 2. The waveguide is a hollow rectangular metal pipe. Only the TE 

and TM waves can propagate in the waveguide. By the presence of the new pair of 

parallel plates separated along y – axis, the electric field is expected to also vary in the 

y – direction in addition to its variation in the x – direction such that,  
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For the wave to be able to propagate in the waveguide, equation (12) must satisfy 

equation (1), the electric field wave equation as well as Maxwell’s equations. Taking 

the 1st Maxwell’s equation i.e. 0.  E or 

  0
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dE zyx  -------------------------------------------- (13) 

Ez = 0 since the wave cannot have component in the direction of propagation. 

Therefore  0
dz

dEz  thus equation (13) becomes 
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By integration Ex becomes 
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We can determine f (y) by making Ex satisfy the boundary conditions that it be zero at 

the walls y = 0 and y =  b and satisfy the wave equation and making sure tat the wave 

equation is satisfied by  Ex. 

For Ex = 0 at y = 0,  
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putting y = b, nπ = kb or k = nπ/b, and, 
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Integrating  
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ydf  we have 
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For a pair of parallel plates we had, 
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For two pairs of parallel plates, 
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   -------------------------------- (16). 

which is the waveguide equation. 

The guide wave number, kg, from which the cut-off wave length is determined for a 

particular mode is obtained from the dimensions (width and length) of the wave guide 

and free space wave number. We can write equation (16) as 

  222
gC kkk   --------------------------------------------------------- (17) 

where  

Fig 2: 
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Thus equation (17) can be written as 

  2

2

2

2

2

2 444

gc 








  or  222

111

gc 
  

Substituting for f(y) into equations (12) and (15) we obtained the components of the 

electric field as shown below. 
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That 0zE  is actually the reason the wave is referred to as TE since it is transverse 

to the direction of propagation i.e. z-direction having no component in that direction. 

The expressions for the magnetic fields are obtained from the differential form of 

Faraday’s law i.e. 
dt
dBE   as follows: 















 
















v
ztjw

a
xm

b
yn

wa
Kmk

B g
x expsincos 

 

  













 
















v
ztjw

a
xm

b
yn

wb
Knk

B g
y expcossin 

 

  













 































v
ztjw

a
xm

b
yn

vv
jwB

g
z expcoscos11

22

  

Note that the direction of propagation is the z-direction. Thus the energy of the wave 

is in the z-direction. The rate of energy flow across unit area is referred to as 

POYNTING VECTOR, N. it can be shown that N is the vector product of the electric 

field and magnetic field of the wave i.e. 

  BEN   ----------------------------------------------- (20) 

Expanding equation (4), we have, 
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Thus, 

  zyyzzyx BEBEBEN   since Ez = 0. 

  zxzxxzy BEBEBEN   since Ez = 0, and 

  xyyxz BEBEN   ------------------------------------------ (21) 

Since the direction of energy is the z-direction as mentioned above, Nx = Ny = 0 i.e. 

0 zxzy BEBE  implying that Ey and Bz are out of phase and Ex and Bz are out of 

phase. The energy produced by these products merely flows into and out of the 

planes. The cut-off frequency of TE waves is obtained from equation (3) and fc = c/λc 

to give 

  
22
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a
mcf c  ----------------------------------------- (22) 

Note that only waves of frequency greater than fc can be propagated in the guide of 

given a×b. Thus the wave guide behaves like a high-pass filter. In other words only 

modes whose cut-off frequencies are lower than radiation frequency can be 

propagated. 

Transverse Magnetic (TM) waves in which there is no magnetic field in the direction 

of propagation are also propagated in the guide. They must, however, satisfy the 

boundary conditions of the guide as well as the wave equation. For such waves the 

electric field has component in the direction of propagation.  The TM modes would 

have cut-off frequencies at the same values as the TE waves given by the equation (6). 

We must however note that unlike the TE there can’t be TMon or TMmo. This is 

because the field lines of magnetic field in the waveguide i( )-155(f)-two



 42

 TE01 i.e. 
b
c

b
cf

2
1

2

2

01 





  

 While that of TE10  i.e. 
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from equation (22). 

The lowest TE mode is the fundamental and important mode in the rectangular 

waveguide. Take for example a waveguide of dimensions a = 3 

cm and b= 1.5cm in which a wave whose wavelength in free space is 5cm 

corresponding to a frequency of 6 × 109Hz i.e. 6GHz, the cut-off frequencies of the 

following modes are determined and compared. 

  f01 corresponding to TE01 mode = 6.7×109Hz  

  f10 corresponding to TE10 mode = 5×109Hz  

  f02 corresponding to TE02 mode = 1.33×1010Hz  

  f20 corresponding to TE20 mode = 1.01×1010Hz  

  f11 corresponding to TE11 mode = 1.12×1010Hz 

It is only f10 that is lower than the frequency of the propagated wave. As such it is 

only f10 that is allowed in the guide. Note that f10 is the fundamental and most 

important mode. 

The velocity with which wave crests and/or troughs travel through a medium is 

known as phase velocity, vp. From the fact that the velocity is the quotient of angular 

frequency and wave number i.e. v = w/k, the phase velocity in a wave guide is vp = 

w/kg (kg being guide wave number). kg can be determined from the combination of 

equations (17) and (18) from which we can obtain vp. In the example above vp = 

5.5×108ms-1 and vp > c (the velocity of light) 

 

The group velocity, vg is the velocity of a group of waves while phase velocity is the 

velocity of the individual waves within the group. Waves within the group are 

observed to travel faster than the group itself, thus vp > vg. It is, however, the group 

velocity that is normally measured since wave velocities are measured by the arrival 

of the disturbances and it is the velocity by which the energy of the wave is 

propagated. vg < c and as such there is no contradiction of Einstein’s. Note that the 

product of phase velocity and group velocity equals c2. Thus vg = c/vp = 1.64ms-1 

Equation (20) can be used to determine the average power a waveguide operate on by 
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finding the average of the poynting vector i.e. the right hand side (RHS) of equation 

(21). This has to be integrated over the cross-sectional area of the guide since the 

poynting vector is defined as rate of energy per unit area.  

 

In the example above the poynting vector of the guide in the direction of propagation 

i.e. Nz for the TE10 mode 
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22 sin  by combining the expressions 

of Ey and Bx above and noting that B = Hx/µ o. Note also that for TE10 mode, m = 1 

while n = 0.Substituting for m and n in the expressions of Ex and By above shows Ex = 

By = 0 such that Nz = EyBx implying that the first term of the left hand side of equation 

(21) is zero. The average power 
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5.0  SUMMARY 

1. The guide wavelength is obtainable from the guide wave number. 

2  The equation relating the wave number and guide wave number is derived in the  

    text  

3  The expression for the electric and magnetic field of the guide are obtained in the  

     text 

 

6.0 TUTOR MARKED ASSIGNMENT 

1. The dimension of a wave guide is given as 2cm by 3cm. 

    Calculate (i) the ground wavelength (ii) the guide wave number. 

 

7.0 REFERENCES AND FURTHER READING 
              1. Kennedy, Davis  Electronic Communication System , Fourth ed. McGraw-  

                  Hill International Edition 1993. 

              2. Dunlop, J. and Smith, D.G.  Telecommunications Engineering second  

                    edition, Chapman and Hall London 1989. 

              3. Grant, I.S. and Philips, W.A. Electromagnetism ELBS Manchester 1974 

              4. Richard, P.F. , Robert, B.L. and Matthew Sands. The Feynman Lectures  

                   on Physics.  Addison-Wesley London 19 
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MODULE 5: RESONANT CIRCUIT, RADIATION FROM AN OSCILLATING  

                       DIPOLE AND RADIATION FROM MOVING CHARGES 

UNIT 1: RESONANT CIRCUIT 

 

1.0 INTRODUCTION 

There are many occurrences of resonance in everyday life. Sometimes in a building, 

when the door of a room is jammed forcefully, the doors of other rooms are observed 

to respond by vibrating. This response is known as resonance. In this case the second 

door is said to resonate with the first door, the frequencies of both doors being the 

same. 

 

2.0 OBJECTIVE: 

By the end of this unit, the student should be able to  

1. define resonance 

2. explain resonance 

3. write the simple differential equation of a resonant circuit. 

 

3.0 RESONANT CIRCUIT 

Resonance is a phenomenon in which a vibrating system responds with maximum 

amplitude to an alternating driving (external) force. Thus any electrical circuit that 

exhibit resonance is a resonant circuit. Figure 1 shows a resonant circuit (RLC 

circuit). 

 

 

 

 

 

 

 

 

 

Resonance occurs when the frequency of the external or driving force is exactly equal 

to the natural frequency of the undamped system. The natural frequency of the 

undamped system is determined from the circuit above in the absence of the resistance 

L 

R 

C 

Fig 1: 
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which causes damping. The equation of motion for such a free oscillatory circuit 

when no external force is applied is 

  0
c
q

dt
diL  or 02

2


c
q

dt
qdL  --------------------------- (1) 

The solution of this differential equation is 

  twqq oo sin  ----------------------------------------------- (2) 

Where q is the charge at any point in time, t and   qo is the maximum value of charge 

while w, is the angular frequency of oscillation. By differentiating equation (2) twice, 

we obtain 

  wtqw
dt

qd
o sin2

2

2

  

This equal to qw
dt

qd 2
2

2

 or 02
2

2

 qw
dt
d  ---------------------------- (3) 

Comparing equation (3) and (1) indicates 

  
LC

w 12  or 
LC

w 1
  -------------------------------- (4) 

Implying that the natural angular frequency, w, equals 
LC
1  

The impedance, Z, of the RLC circuit in Figure --- is 

   22
CL XXRZ   ----------------------------------- (5) 

Where XL, the inductive reactance (positive reactance) = wL and XC, the capacitance 

reactance (negative reactance) = 1/wc. Substituting equation (5) becomes 

   
2

2 1
















wc
wLRZ  --------------------------------- (6) 

When 
wc

wL 1
 -------------------------------------------------------------------- (7) 

the current flowing will be high from 
Z

EI rms
rms   and resonance occurs. The circuit is 

then said to be tuned to the resonant frequency. From equation (7) 

  
LC

w 1
  -------------------------------------------------------- (8)  

when resonance occurs (compare equations (4) and (8)). The tuning of the radio set is 

a demonstration of resonance in which the knob of the receiver-set is used to vary 
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either the inductance or the capacitance such that the natural frequency of the set is 

equal to the frequency of a desired signal. In this way different radio signals of choice 

can be received. 

 Example:                                                                                                                                        

The aerial circuit of a radio set is equipped with a tuning coil of inductance 1.8mH. 

What tuning capacitor must be used with this to tune to the BBC long wave station 

(200KHz) 

SOLUTION: 

From equation (4) or (8) 

    33222 108.1102004
1

4
1




 Lf
C  

  pF35010350105.3 1210    

In Figure 2 is illustrated the plots of Irms versus angular frequency. 

 

 

 

 

 

 

 

 

  

 

4.0  CONCLUSION 

 The  simplest resonant circuit consists of an inductor and a capacitor. It responds with 

maximum amplitude to an alternating driving (external force). In other words, it 

resonates. A radio set is a complex resonant circuit which resonate when tuned to 

external radio signals picked by its aerial. 

 

5.0 SUMMARY  

1. Resonance is defined as a phenomenon in which a vibrating system responds with 

maximum amplitude to an alternating driving (external) force. 

2. The exploration of this phenomenon is contained in the text 
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3. A simple differential equation of a resonant circuit is  

               0
c
q

dt
diL  

The symbols are defined in the text. 

  

6.0 TUTOR MARKED ASSIGNMENT 

1. (a) Define (b) explain the phenomenon of resonance. 

2. Show that the resonant equation can be written as  

       02

2


c
q

dt
qdL  

3. Show that the natural angular frequency,W, of resonant circuit is  

                
LC

w 1
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UNIT 2: RADIATION FROM AN OSCILLATING DIPOLE 

 

1.0 INTRODUCTION: 

The electromagnetic wave spectrum consists of  radio waves {104- 109 Hz}, micro 

waves {108-1012Hz} infra -red {1012-1014Hz} visible light {less than 

1015Hz},utraviolent {10 15-1017Hz}, X -rays {1015-1025Hz} and Gamma rays { 1017-

1032Hz }. Each component of this spectrum has its source and method of generation. In 

this unit the method of generating radio wave i.e by an oscillating dipole is discussed. 
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2.0 OBJECTIVE  

By the end of this unit, the student should be able to 

1. understand that oscillating dipoles are aerials (antenna) 

2. describe how radiations emanate from oscillating dipole 

3. derive the electric field and magnetic field componenets of a dipole. 

 

3.0 RADIATION FROM AN OSCILLATING DIPOLE 

Recall that a dipole is a system of two equal but opposite charges separated by a short 

distance. The product of the distance, x and the magnitude of one of the charges, q is 

the dipole moment, P. We can then write 

    P = qx 

Radio waves are generated by oscillating electrons in conductors and dipole antennae. 

An example of such a dipole is that of two brass rods with a small gap between is 

connected to a high voltage supply, say 5kv. An oscillatory discharge between the 

polished ends of the rods is produced. This sparkling is due to the ionization of the air 

in the gap between the ends of the rods as a result of the magnitude of the electric 

field. Suppose the gap between the ends of the brass rods is 1.5mm, the electric field 

would be the quotient of the potential difference and the separation of the rods i.e. V/x 

which becomes 5kv × (1.5mm)-1 = 3.3MVm-1 on substitution.   

The two brass rods describe an antenna or aerial. Antennas are often in the form of a 

metal wire or rod in which electrons surge back and forth periodically. At a certain 

time, one end of the wire or rod will be negative and the other end positive. Half a 

cycle later polarity of the ends is exactly reversed. This is referred to as an oscillating 

electric dipole since its dipole moment changes in a periodic way with time 

 

The oscillating dipole also radiates electromagnetic field in the radio wave frequency 

range. The radiation field of an oscillating electric dipole is obtained as follows. Let 

the charge of the spark vary with time as 

    wtqq A sin  

where qo is the amplitude of the oscillating charge and w is the angular frequency of 

the oscillations. Let the gap between the brass rods be small compared to the 

wavelength of the radiation produced. The current set up can be written as 

   wtIwtwqI AA coscos   
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hence AA wqI   

Note that the oscillating charge is equal to an oscillating dipole moment. Let the gap 

between the rods be of magnitude x in length, then dipole moment, P is  

  wtPqxP A sin  

where xqP AA   

The simple oscillating dipole is called a Hertzian dipole whose importance is in the 

fact that many radiating systems are thought to be made up of large number of such 

dipoles. In order to find the total power radiated by the Hertzian dipole, we proceed as 

follows: 

The power density is given by the Poynting vector (The poynting vector, N, is defined 

as energy crossing unit area per unit time; see section 2.0). The Poynting 

vector, BEN  . We can then write    P = E × B   (since power density, P ≡ N). 

We need to find the expressions of the electric (E) and magnetic fields (B) of the 

radiation. Consider a very simple antenna i.e. a short filament in which current I = 

Iosinwt is flowing. Magnetic field is induced in the neighbourhood of the filament. An 

electric field is associated with the varying magnetic field. The radiation is thus 

electromagnetic. The various components of the electromagnetic field is given as 

follows: 

In the Figure below is a filament of length, l. Components of electromagnetic field at 

a point P, a distance r, from the centre is to be determined. 
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In this problem in which we have to relate the fields to the changing current producing 

them, it is easier to work with the retarded potential. Note that the field at P will be 

produced by the current flowing through the filament at time t – r/c, where r/c is the 

time taken for the field to travel from the filament to P at the velocity of light. 

The retarded potential A, is related to the current in the filament by 

  
 

dv
r

c
rti

A
V
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4.0 CONCLUSION 

Many radiating systems are made up of the simple oscillating dipole which is called a 

Hertzian dipole. These are the common aerials (antenna). The electric and magnetic 

fields from which the power density is obtained have been determined. 

 

5.0 SUMMARY 

 1.Oscillating dipoles are aerial, either transmitting or receiving aerials 

2. Radiations from an oscillating dipole is fully explained in the text 

3 Electric and magnetic fields of an oscillating dipole are derived in the text. 

 

6.0 TUTORED MARKED ASSIGNMENT 

     1. Define, (i) a dipole,(ii) Hertaian dipole. 

     2. Explain how radiations emanate from oscillating dipole. 

     3. Derive the electric and magnetic field components of an oscillating dipole. 

 

 

UNIT 3: RADIATION FROM MOVING CHARGES. 

1.0 INTRODUCTION 

The method generation of radiation from moving charges is described in this unit.The 

devices used to cause the oscillation of charges are magnetrons and Klystrons. These 

devices employ resonant cavities which are discussed below. 

 

2.0 OBJECTIVES 

By the end of this unit the student should be able to; 

1. Explain how radiations are generated by moving charges. 

2. Derive the electric and magnetic field components of a resonant cavity, a device 

used in oscillation   of charges. 
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3.0 RADIATION FROM MOVING CHARGES 

Moving charges are known as electric currents. Thus a wire in which charges flow is 

an electric current-carrying-wire. Around such wires or conductors, radiation is 

generated. In the last section, the radiation from oscillating dipole was treated. This 

radiation consists of radio waves. When electrons are made to oscillate at frequencies 

of 10GHz in a tuned cavity, microwaves (with wavelength of a few centimetres) are 

produced. The devices used to cause the oscillations of charge which produce 

microwaves are magnetrons or klystrons. These devices use resonant cavities. Simply 

defined, resonant cavity is a piece of waveguide closed off at both ends. Whereas 

wave is propagated in a longitudinal direction in the waveguide, in the resonant cavity 

standing waves exist and oscillations can take place if the cavity resonator – as it is 

also called – is suitably excited. The simplest cavity whose resonant frequencies can 

be calculated is a rectangular cavity. 

In the rectangular cavity resonator, the electric field can be represented by 

      jwtzyxfEE O exp,,  

Where w is angular frequency of the wave function f(x,y,z) gives the variation of the 

electric field in the three directions. Note that the electric field is no longer constant in 

the z-direction i.e. it now varies in that direction. 

 

Following the example of the waveguide in section 4.3, the components of the electric 

field of TE standing waves in the cavity which satisfy the boundary conditions on the 

walls and satisfy the equation  E.  are 
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The associated magnetic field components are obtainable from the differential form of 

Faraday’s law i.e. 
dt
dbE .  or by using the pattern of the magnetic field 

component of the rectangular waveguide. The magnetic field components are 
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These electric field and magnetic field components would be acceptable solutions to 

Maxwell’s equations inside the cavity if they satisfy the wave equations for the 

electric and magnetic fields. Substituting the electric field and magnetic components 

into the appropriate wave equations shows that the fields are acceptable. If the 

integers m, n, l and the wave number k are related by 

  2
2
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2
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2

22
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d

l
b
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m


  

(compare equation [16] in section 4.3) from which the resonant frequencies 

(depending on the integers m, n, l) of the cavity can be derived as follows. We can 

write 
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and using λ = c/f, we have 
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plunger attached to one end face which then allows the resonant length of the cavity to 

vary. 

EXAMPLE: 

The dimensions of a rectangular cavity are a = 2cm, b = 2.5cm and d = 3cm. 

determine the number of resonances possible within a frequency range of f =5 ×109Hz 

and f =1010Hz. 

SOLUTION: 

Resonance occurs in the cavity resonator for frequencies in between the limits of 

frequencies given. Resonance will occur for 

(i) TE011 whose f011 =6.3×109Hz 

(ii) TE012 whose f012 =9 ×109Hz 

(iii) TE111 whose f111 =9.88 ×109Hz 

 

 

4.0  CONCLUSION 

Oscillation of charge is made possible by devices such as magnetrons and 

Klystrons.These devices use resonant cavities. A resonant cavity described in the text 

is a single  waveguide closed off at both open ends. The components of its electric and 

magnetic fields have been derive. 

5.0 SUMMARY 

1. Generation of radiations by  moving(oscillating)charges is described in the text. 

2. Electric and magnetric field components have been derived in the text. 

 

6.0 TUTORED MARKED ASSIGNMENT  

1.What is the relationship between magnetron and a resonant cavity. 

2. Obtain the electric and magnetic fields of a resonant cavity. 

  3. Given that the dimensions of a resonant cavity is 1cm by 1.5cm by 2cm.What is 

the upper limit of a frequency range over which we can have 3 region arces  given that 

the lower limit is f=1010Hz.   
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