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Course	  Outline	  
	  Topic 	   	   	   	  Textbook	  Sec-ons	  
	  	  
Review	  of	  EM	  fields 	   	   	  	  
Magne?c	  induc?on	   	   	  7.1,	  7.2	  
Displacement	  current 	   	  7.3	  
Maxwell's	  equa?ons 	   	  7.3	  
Cons?tua?ve	  rela?ons 	   	  7.3	  
Boundary	  condi?on	   	   	  7.3	  
	  	  
Conserva-on	  Laws	  
Charge 	   	   	   	   	  8.1	  
Energy 	   	   	   	   	  8.1	  
Momentum 	   	   	   	  8.2	  

	   	  	  
	  

Topic 	   	   	   	  Textbook	  Sec-ons	  
	  	  
	  
Plane	  wave	  solu-on	  of	  	  
Maxwell's	  equa-ons 	   	  	  
Waves	  in	  1D 	   	   	   	   	  9.1	  
Sinusoidal	  fields/phasors 	   	  9.1	  
Electromagne?c	  waves 	   	   	  9.2	  
Power	  flow 	   	   	   	   	  9.2	  
Boundary	  condi?ons 	   	   	  9.2	  
Waves	  in	  media 	   	   	   	  9.3	  
Waves	  incident	  on	  discon?nui?es 	  9.3	  
Dispersion	  and	  absorp?on	   	   	  9.4	  
	  



Course	  Outline	  (2)	  
Guided	  Waves	   	   	   	   	   	   	  	  
Modes	  and	  Cut-‐off	  frequencies 	   	  9.5	  
Planar	  waveguides 	   	   	   	   	  9.5	  
Hollow	  rectangular	  wave	  guides 	   	  9.5	  
Dielectric	  wave	  guides 	   	   	   	  9.5	  
	  	  
Rela-on	  between	  field	   	   	  (Supplemental)	  
and	  circuit	  theory 	   	   	   	   	   	  	  
	  	  
Transmission	  lines 	   	   	  (Supplemental	  	  
Wave	  Equa?on 	   	   	  	  
Reflec?on	  of	  waves	   	   	  	  
Pulses	  and	  transients 	   	   	  	  
Reflec?on	  of	  sinusoidal	  waves 	  	  
Standing	  waves 	   	   	  	  
Smith	  Chart 	   	   	   	  	  
Dispersive	  Lines 	   	   	  	  
Networks	  

Resonators 	   	   	   	  (Supplemental)
	   	   	   	  	  

Radia-on	   	   	   	   	   	   	   	  	  
Poten?als	  and	  fields 	   	   	  10.1,	  10.2	  
Basics 	   	   	   	   	   	  11.1	  
Dipole	  antennas 	   	   	   	  11.1	  
Radia?on	  from	  fixed	  currents	   	  11.1	  
Radia?on	  be	  moving	  charges	   	  11.2	  
	  



Overview	  
The	  goal	  of	  the	  course	  is	  to:	  
Introduce	  	  the	  phenomena	  of	  wave	  of	  
wave	  propaga?on	  
Develop	  an	  understanding	  of	  the	  
proper?es	  of	  Electromagne?c	  waves	  
Learn	  how	  to	  solve	  problems	  involving	  
wave	  propaga?on	  
	  
Propaga?on	  
Aaenua?on	  
Polariza?on	  
Reflec?on	  
Refrac?on	  
Dispersion	  
Diffrac?on	  
Interference	  	  



Reflec?on	  and	  Refrac?on	  



Diffrac?on	  and	  Interference	  

Incident	  Beam	  



Dispersion	  and	  Aaenua?on	  
Pulses	  contain	  a	  spectrum	  
of	  frequencies.	  	  	  
	  
In	  dispersive	  media	  
different	  frequency	  
components	  propagate	  
with	  different	  speeds.	  
	  
Pulses	  spread	  out.	  
	  
Losses	  lead	  to	  aaenua?on	  



Guided	  Waves	  

Pasternak	  	  Enterprizes	  
haps://www.pasternack.com/	  

Wikipedia	  



Clock	  Distribu?on	  Network	  
	  	  H-‐Tree	  
	  
System	  of	  transmission	  lines	  
	  
Each	  chip	  is	  the	  same	  distance	  
from	  the	  clock	  
	  
Line	  widths	  halve	  at	  each	  
junc?on	  to	  reduce	  reflec?ons	  

Courtesy	  Prof.	  Bruce	  Jacob	  









Radia?on	  and	  Antennas	  

By	  Maveric149	  (Daniel	  Mayer)	  -‐	  From	  Radio	  
towers	  on	  Sandia	  Peak.JPG.	  Altera?ons	  to	  
image:	  cropped	  out	  periphery	  of	  image.,	  CC	  
BY-‐SA	  3.0,	  haps://commons.wikimedia.org/w/
index.php?curid=74044022	  



Review	  of	  Sta?c	  Fields	  
Sta?c:	  not	  changing	  in	  ?me	  
For	  us:	  changing	  sufficiently	  slowly	  

Start	  with	  Coulomb’s	  Law	  for	  the	  electric	  field	  

   

E(r) = 1
4πε0 charges−i

∑
qi r − ri( )

r − ri

3

r,	  E(r)	  

q1,	  r1	  
q2,	  r2	  

qi,	  ri	  

   

E(r) = 1
4πε0 V

∫
ρ( ′r ) r − ′r( )

r − ′r
3 d 3 ′r

Con?nuous	  charge	  distribu?ons	  

r,	  E(r)	  

   d ′q = d 3 ′r ρ( ′r )

r’	  

Point	  Charges	  

   F = qE(r)Force	  on	  charge	  q	  



Electrosta?c	  or	  not?	  

Circuit	  vs	  Transmission	  line?	  
When	  the	  switch	  is	  closed	  
how	  long	  un?l	  current	  flows	  
in	  R?	  

!!Δt = L/c L=1m,	  c	  =	  3	  x108	  m/s	   !!Δt =3.3×10
−9s =3.3ns

How	  long	  un?l	  current	  reaches	  steady	  
state?	  	  	  Depends	  on	  reflec?ons.	  

AC	  source,	  	  What	  load	  does	  
source	  see?	  

If	  	  L	  <	  <	  wavelength	  =	  c/f	  	  then	  R	  
However,	  once	  L	  =	  wavelength/4	  
load	  is	  transformed.	  



Some	  Examples	  

Comcast	  signal:	  55.25	  MHz	  to	  553	  MHz	   	  Wavelength	  at	  553	  MHz	  	  =	  	  0.54	  m	  
	  
Verizon	  5G	  signal:	  28	  GHz 	   	   	   	   	  Wavelength	  at	  28	  GHz	  	  =	  	  0.01	  m	  
	  
Infrared	  laser:	  	  3	  x	  	  1014	  Hz	   	   	   	   	  Wavelength	  =	  1	  micron	  =	  10-‐6	  m	  
	  
	  
	  	  
Bohr	  Radius	  =	  5.29x10-‐11	  m	  <<	  1	  micron	  wavelength	  
	  
Laser	  field	  in	  atom	  is	  electrosta?c	  	  
	  
Fork	  in	  microwave	  oven:	  	  f	  =	  2	  GHz 	   	   	  Wavelength	  =	  0.15	  m	  >>	  fork	  prong	  
	  



Three	  ways	  to	  say	  the	  same	  thing	  

da

Volume 

:areaA

da

da

Gauss’	  Law:	  

 
S

!
E ⋅d
!
A"∫ = Qin

ε0
= 1
ε0

ρd 3r
V
∫

 loop

!
E ⋅d
!
l"∫ = 0

   

E(r) = 1
4πε0 V

∫
ρ( ′r ) r − ′r( )

r − ′r
3 d 3 ′r

 
∇ ⋅
!
E =

ρ
ε0

 ∇×
!
E = 0

Poisson	  Equa?on:	  

Coulomb’s	  Law:	  



Integral	  Rela?ons	  

Gauss’	  Law:	  

 
S

!
E ⋅d
!
A"∫ = Qin

ε0
= 1
ε0

ρd 3r
V
∫

 loop

!
E ⋅d
!
l"∫ = 0

Comments:	  
	  
Always	  true,	  but	  only	  useful	  
in	  determining	  E	  from	  rho	  if	  
symmetry	  is	  present.	  
	  
Second	  condi?on,	  E.dl,	  only	  
true	  for	  electrosta?c	  fields.	  

 
!
E = −∇Φ

Electrosta?c	  Field:	  



Integral	  Rela?ons	  

  dA

Volume 

:areaA

  dA

  dA
E	  

 Loop

  dl

E	  

 loop

!
E ⋅d
!
l"∫ = 0

 
!
E = −∇Φ

Electrosta?c	  Field:	  

Gauss’	  Law:	  

 
S

!
E ⋅d
!
A"∫ = Qin

ε0
= 1
ε0

ρd 3r
V
∫



Three	  ways	  to	  say	  the	  same	  thing	  

  dA

Volume 

:areaA

  dA

  dA

Gauss’	  Law:	  

 
S

!
E ⋅d
!
A"∫ = Qin

ε0
= 1
ε0

ρd 3r
V
∫

 loop

!
E ⋅d
!
l"∫ = 0

   

E(r) = 1
4πε0 V

∫
ρ( ′r ) r − ′r( )

r − ′r
3 d 3 ′r

 
∇ ⋅
!
E =

ρ
ε0

 ∇×
!
E = 0

Poisson	  Equa?on:	  

Coulomb’s	  Law:	  



Differen?al	  Equa?on	  

 
∇ ⋅
!
E =

ρ
ε0

 ∇×
!
E = 0

Poisson	  Equa?on:	  

Electrosta?c	  Field:	  

Comments:	  
	  
Always	  true	  
Only	  can	  solve	  analy?cally	  in	  
special	  cases.	  
	  
Numerical	  Solu?ons	  in	  
sooware	  programs	  



Defini?on	  of	  Divergence	  

    
∇⋅E ! LimΔV→0

1
ΔV

E ⋅da
A
"∫

r,	  E(r)	  

 ΔV

  

dE(x)
dx

≡ LimΔx→0

1
Δx

E(x + Δx)− E(x)( )

Defini?on	  of	  deriva?ve	  

yx zEE E
x y z

∂∂ ∂∇ ⋅ = + +
∂ ∂ ∂

E

In	  Cartesian	  Coordinates	  

Pick	  a	  small	  volume	  located	  at	  r.	  
	  
Integrate	  E.dA	  over	  the	  surface	  of	  
that	  volume.	  
	  
Divide	  by	  the	  volume.	  
	  
Take	  the	  limit	  of	  the	  volume	  going	  
to	  zero	  
	  
That	  is	  the	  divergence	  of	  E	  at	  r.	  
	  



Defini?on	  of	  Curl	  

    
∇×B( ) ! LimΔA→0

"n
ΔA C
#∫ B ⋅dl

r,	  B(r)	  

 ΔA

Pick	  a	  small	  loop	  of	  area	      
	  located	  at	  r.	  
Integrate	  B.dl	  around	  that	  loop	  
n	  is	  a	  unit	  vector	  normal	  to	  the	  
area	  in	  a	  direc?on	  given	  by	  the	  
RHR	  rela?ve	  to	  dl	  
	  
Divide	  by	  the	  area.	  
Take	  the	  limit	  of	  the	  area	  going	  to	  
zero	  
That	  is	  the	  curl	  of	  B	  at	  r.	  
	  

n	  

!ΔA

  

∇×B( )
x
= ∂
∂y

Bz −
∂
∂z

By

∇×B( )
y
= ∂
∂z

Bx −
∂
∂x

Bz

∇×B( )
z
= ∂
∂x

By −
∂
∂y

Bx

Cartesian	  Coordinates	  



Divergence	  Theorem	  

    V
∫ ∇ ⋅Ed 3r = E ⋅dA

A
!∫

For	  any	  E	  

  dA

Volume 

:areaA

  dA

  dA
E	  



Divergence	  Theorem	  

    V
∫ ∇ ⋅Ed 3r = E ⋅da

A
!∫

  
dx

b

a

∫
dE(x)

dx
= E(a)− E(b)

Fundamental	  rule	  of	  calculus	  

The	  integral	  of	  the	  deriva?ve	  is	  
determined	  by	  the	  values	  of	  the	  
func?on	  at	  the	  end	  points.	  

For	  any	  E	  

da

Volume 

:areaA

da

da
E	  



Magnetosta?cs	  

Ampere’s	  Law:	  

 S

!
B ⋅d
!
A"∫ = 0

 

loop

!
B ⋅d
!
S"∫ = µ0Ienclosed

= µ0
!
J ⋅d
!
A

S
"∫

   

B(r) =
µ0

4π V
∫

J( ′r )× r − ′r( )
r − ′r

3 d 3 ′r

 ∇⋅
!
B = 0

 ∇×
!
B = µ0

!
J

Gauss’	  Law:	  

Biot-‐Savart	  Law:	  



Integral	  Rela?ons	  
Ampere’s	  Law:	  

 S

!
B ⋅d
!
A"∫ = 0

 

loop

!
B ⋅d
!
l"∫ = µ0Ienclosed

= µ0
!
J ⋅d
!
A

S
"∫

Gauss’	  Law:	  

  dA

Volume 

:areaA

  dA

  dA
B	  

Area 

 Loop

  dl

B	  
 d
!
A J



Differen?al	  Rela?ons	  

 ∇⋅
!
B = 0

 ∇×
!
B = µ0

!
J

Ampere’s	  Law:	  

Gauss’	  Law:	  



Stokes’	  Theorem	  

   S
∫ ∇ ×B( ) ⋅dA =

C
!∫ B ⋅dl

For	  any	  B	  

C	   C

ˆd da=a n

RH Rule
Holds	  for	  any	  B(x)	  and	  curve	  C	  and	  
any	  surface	  that	  has	  curve	  C	  for	  
its	  perimeter.	  

A	  consequence:	  

  ∇×B = 0

    C
!∫ B ⋅dl = 0

If	   Everywhere	  

Then	   For	  any	  loop	  

 B = ∇ψand	  



MKS-‐SI	  Units	  
E	   	   	  Volts/meter	  
Q 	   	  Coulombs	  
B 	   	  Tesla	  
I 	   	  Amperes	  

 
S

!
E ⋅d
!
A"∫ = Qin

ε0
ε0[ ] =	  Volts-‐Meters/Coulombs	  

ε0[ ] = 8.8542 ×10−12 Farads/meter

Force	  on	  a	  moving	  charge	  	  q	  

 
!
F = q

!
E+ !v ×

!
B( ) [B]	  =	  Volts-‐seconds/meter2	  

 loop

!
B ⋅d
!
l"∫ = µ0Ienclosed

Ampere’s	  Law	  

[B.dl]	  =	  Volts-‐seconds/meter	  	  =	  Amperes	   µ0[ ]
µ0 = 4π ×10−7 Volt-seconds/Ampere-meters = Henry's/meter

What	  to	  remember:	  

1/ ε0µ0 = c = 3×108 m/s     µ0 / ε0 = 377 Ohms = impedance of free space 



Why	  such	  funny	  numbers?	  
ε0 = 8.8542 ×10

−12 Farads/meter

µ0 = 4π ×10−7 Henry's/meter

The	  size	  of	  the	  Ampere	  is	  set	  by	  the	  requirement	  that	  two	  infinitely	  long	  
parallel	  wires	  separated	  by	  1	  meter	  and	  each	  carrying	  1	  Ampere	  of	  current	  feel	  
a	  force	  of	   µ0 = 4π ×10−7 Newtons/meter

1	  m	  

1	  A	  

1	  A	  

Given	  the	  size	  of	  an	  Ampere	  and	  the	  unit	  of	  ?me,	  
1	  second,	  the	  unit	  of	  charge	  is	  defined,	  
	  
1	  Coulomb	  =	  1	  Ampere	  X	  1	  second	  



Sta?cs	  to	  Dynamics	  

Integrals	  around	  closed	  loops	  

Poisson:	  
 
!
E ⋅d
!
A"∫ =Q / ε0 Gauss’	  Law:	  

 
!
B ⋅d
!
A"∫ = 0

 
Loop

!
B(!r) ⋅d

!
l ="∫ µ0 d

!
A ⋅
!
J + ε0

∂
!
E
∂t

⎡

⎣
⎢

⎤

⎦
⎥

S
∫

Ampere’s	  Law:	  

 
loop

!
E ⋅d
!
l"∫ = − d

!
A ⋅ ∂
!
B
∂tS

∫
Faraday’s	  Law:	  

Integrals	  over	  closed	  surfaces	  


