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H l d ’ f ?How to evaluate students’ performance?

 No mid-term and final exams. 

 Term-paper: Return a term-paper of six pages in IEEE-MTTs p p p p p g
template (doc format). The topic of the term-paper is open. 
Any subject that related to this course is acceptable.

 Grading policy: The final score will be normalized to reflect 
an average consistency with other courses. It also depends on 
your attendance and participation. 

 High attendance rate and active participation are highly 
encouraged.  Total number of attendance: 15

15100%,  1395%, 1190%, 985%, 780%

5
 (final score) = (term paper) × (attendance & participation)

OthersOthers

 The contents of this course are designed for senior and g
graduate level students. Only passive devices are addressed.

 This book shows that microwave circuits and devices can be 
explained through the use of circuit theory, Maxwell’s 
equations, and related concepts.

 If you have any question, do not hesitate to raise your hand. If you have any question, do not hesitate to raise your hand. 

 Any comment on improving the pedagogy is more than 
welcome and is highly appreciatedwelcome and is highly appreciated.   
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Chapter 1 Electromagnetic Theory: Introduction
The electromagnetic spectrum: Frequency (Hz)The electromagnetic spectrum: Frequency (Hz) 

Terahertz
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General Form of Time-Varying Maxwell Equations

(1.1a-d)
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Maxwell’s Equations in Phasor Form
 In linear equations, harmonic quantities can be represented 

by complex variables as follows:         
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Boundary Conditions
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More Boundary ConditionsMore Boundary Conditions
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0 0
        

0s
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Radiation condition 
(Absorbing boundary condition no reflection)

12

(Absorbing boundary condition, no reflection)
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Chapter 2 Transmission Line TheoryChapter 2 Transmission Line Theory
What is a transmission line?
http://www.wikipedia.org/wiki/Transmission_line 

A i i li i h i l di hA transmission line is the material medium or structure that 
forms all or part of a path from one place to another for 
directing the transmission of energy such as electric currents

E l f i i li i l d i i i li

directing the transmission of energy, such as electric currents, 
magnetic fields, acoustic waves, or electromagnetic waves.

Examples of transmission lines include wires, microstrip lines, 
coplanar waveguides, optical fibers, coaxial cables, circular or 
rectangular closed waveguides and dielectric slabsrectangular closed waveguides, and dielectric slabs. 
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Transmission Line Examples

C i l bl

Stripline

Coaxial cable

Microstrip Line

15
Rectangular waveguide

Lumped Element Circuit Modelp

L = Series inductance per unit length for both conductors H/mL = Series inductance per unit length, for both conductors, H/m
C = Shunt capacitance per unit length , F/m
R = Series resistance per unit length , for both conductors, Ω/m
G = Shunt conductance per unit length , Ω−1/m or S/m
(1) Δz must be electrically small, i.e. smaller than a guided wavelength.
(2) Within Δz it is also possible to use shunt GC followed by the series RL(2) Within Δz, it is also possible to use shunt GC followed by the series RL.
(3) Also possible to use π- or T-networks. See problems in textbook.
(4) The parameters RLCG are required for describing a transmission line.
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Time-Domain Transmission Line Equations

( , ) ( , ) ( , ) ( , )dv z z t v z t R zi z t L z i z t
d

         
( , ) ( , ) ( , ) ( , )

( , ) ( , ) ( , ) ( , )

dt
di z z t i z t G zv z t C z v z t
dt

  
         

1 [ ( ) ( )] ( ) ( )dv z z t v z t Ri z t L i z t       

dt 

[ ( , ) ( , )] ( , ) ( , )

1 [ ( , ) ( , )] ( , ) ( , )

v z z t v z t Ri z t L i z t
z dt

di z z t i z t Gv z t C v z t
z dt

      
         z dt   

( , ) ( , ) ( , )  
0

KVL v z t Ri z t L i z t        Telegrapher’s( ) ( ) ( )

( ,  ) ( , ) ( , )

0

0
KCL

z t

i z t Gv z t C v z t
z t

z    

       

 

 

Telegrapher s 
Equations

17

0 z tz     

Frequency-Domain Transmission Line Equations
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z

Wave Propagation on a Transmission Line
2
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Characteristic Impedance Z0

2

Solution of Wave Equations:
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0 0I I G j C 



Lossless Transmission Line

0,  0R G   

Proagation Constat 

Characteristic impendance :

j j LC
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     
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                                                                    the above two waves? why?

Voltage Waves on Lossless Line
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2.2 Transmission Line Parameters

Time average stored magnetic energy
2* *

0 2
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0 2
0

  Field ,  Circuit  
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Example 2.1
Transmission Line Parameters of a Coaxial LineTransmission Line Parameters of a Coaxial Line

If no direlectric and no condutor loss
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0
ln 3 60ln 3    39.39 
2 2.8

L uZ
C  

    G C





Summary and Some Concepts
Time-domain and frequency-domain transmission line equations
Fundamental transmission line parameters: , , ,R L C G

0

0

Lossless lines:(a)  and , (b)  and 
 and  are determined  by the cross sectional lin

L C Z
Z


 e geometry.
(Wh t if th ti f li i t if ?)(What if the cross section of a line is not uniform?)

Voltage and current waves on a line share the same ordinaryVoltage and current waves on a line share the same ordinary
differential equation but have different boundary condition, which
are usually specified at the source and load ends
The phase velocity and wavelength are determined solely by 

Is a rectang lar a eg ide a tranmission line? if es hat are its



Is a rectangular waveguide a tranmission line? if yes, what are its
, , ,and ?

All transmission lines
R L G C

must have two conductors?
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All transmission lines must have two conductors?
Only the TEM mode can propagate on a transmission line?

2.3 Terminated Lossless Transmission Lines
0 0

0 0
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If =0,  dB, called mRL   atched load.
http://education.tm.agilent.com/
index.cgi?CONTENT_ID=22

Reflection Coefficient at Arbitrary Position
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( )               ( ) (0)  
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
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The reflection coefficient along

V l V e

 the line is a periodic complex function
i h i d
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with a constant magnitude



Standing Wave Ratio, SWR or VSWR

1VSWR
 max

min 1
VSWR
V

 
 

max minWhat are  and  along line?V V
0

2
0

( ) ( )
( ) 1

j z j z

j z

V z V e e
V z V e

 



 



 
 0

max 0 (1 )
(1 )

V V
V V





   

 
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min 0 (1 )V V   

Input Impedance at Any z of a Line

( ) j z j zV VV    
0 0

0
0 0

( )( )
( )

j z j z

in j z j z

V e V eV zZ z Z
I z V e V e

 

 

  

  


 



201 j lLZ Z 
 20

2
0 0 0

0 0 02
200 0

1
( ) 1( )
( ) 1 1

j lL
j l j l j l

L
in z l j l j l j l

j lL

e
V e V e Z ZV z eZ l Z Z Z Z ZI z V e V e e e

Z Z


  

  


    

     



 

    
  

0

0 0 0
0 0

0 0 0

( ) ( ) cos sin          
( ) ( ) cos

L
j l j l

L L L
j l j l

L L

Z Z
Z Z e Z Z e Z l jZ lZ Z
Z Z e Z Z e Z

 

 

 


   
 

  
0

0
0

tan
sin tan

L

L L

Z jZ lZ
l jZ l Z jZ l


  




 0 0 0( ) ( ) cosL LZ Z e Z Z e Z 0sin tan

 
( )

L Ll jZ l Z jZ l

Z l Z

   
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0

0

( )         One can verify that ( )
( )

in

in

Z l Zl
Z l Z

 
  

 

Special Terminations
L

0 0 0

(1) Short Circuit: =0
     (0) 1;   tan  ;  ;

( ) ( )
in

j z j z

Z
Z j Z l V V

V z V e V z V e 
  

    

     
  0 0

L

     ( ) ,  ( )

(2) Open Circuit: =
(0) 1; cos ; ;

V z V e V z V e

Z
Z j Z l V V  

 


   0 0 0

0 0

      (0) 1;   cos  ;  ;
      ( ) ,  ( )

(3) Mat

in
j z j z

Z j Z l V V
V z V e V z V e 


    

    
 

ched Load: =Z Z(3) Mat L 0

0 0

0

ched Load: =
      (0) 0;    ;  0;
      ( ) 0,  ( ) ,  a traveling wave

in
j z

Z Z
Z Z V

V z V z V e 



  

   
 

0 tan( ) LZ jZ lZ l Z 

2
0

(4) Transmission Lines of Special Length

( ) ( )L
Za l Z Z b l Z 

   

0
0

0

tan( )
tan

( )

L
in

L

j l
l

Z jZ lZ l Z
Z jZ l

V eV l 





 


 



      ( ) ,   ( ) ,  
2 4

      A section of  line w
4

in L in
L

a l Z Z b l Z
Z

 ill invert the load impedance
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0

( )( ) (0)
( )

j l
j l

V eV ll e
V l V e





       


31

Short-Circuited Transmission Line

0 0

Total voltage and current at arbitrary :
        
       ( ) j z j z

z

V z V e V e    0 0

0 0

( )
       

       ( ) j z j zV VI z e e
Z Z

 
 

 
0 0

Reflection coefficient at 0 (Load):

Z Z

z
Z Z


When =0Z

0
0

0

         L

L

Z Z
Z Z


 


L

0
0 0

0

When =0.

tan( )(1) ( ) tan
( ) tan

L
in

L

Z

Z jZ lV lZ l Z jZ l
I l Z jZ l

 



   

 0

0 0 0
0 0 0

0 0 0

( ) tan

(2) ( ) 2 sin ,  ( ) 2 cos

L

j l j l j l j l

I l Z jZ l

V V VV l V e V e jV l I l e e l
Z Z Z

   



 
  

    



       
0 0 0

0
0 0 0 0

0

(3) (0) 1,  ,  or 0L

L

Z Z Z

Z Z V V V V
Z Z

   
       


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0

(4) ( )

L

l    2 2
0 0,  ( ) 1 for all j l j le e l l        



Example: Input Impedance
For a short-circuited line of 10 cm, compute the magnitude of the inputFor a short circuited line of 10 cm, compute the magnitude of the input
impedance for 1 4 GHz. Let =209.4nH/m and =119.5pF/mf L C£ £

0 0( ) tan taninZ l jZ l jZ f   

41 86L
0

8
p

= =41.86 

1= =2 10  m/s

LZ
C

v
LC





2
reff

p
9

=( ) =2.25

10

LC
c
v


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9

8

10= =2 0.1=
2 10

l LC l f f     


Open-Circuit Transmission Line

0 0

Total voltage and current at arbitrary :
       ( ) j z j z

z
V z V e V e

V V

   

 

 

0 0

0 0

       ( )

Reflection coefficient at 0 (Load):

j z j zV VI z e e
Z Z

z

  


0

0
0

( )

      L

L

Z Z
Z Z


 



0
0 0

0

When .
tan( )(1) ( ) cot

( ) tan

L

L
in

L

Z
Z jZ lV lZ l Z jZ l

I l Z jZ l
 


 


    
 

0 0 0
0 0 0

0 0 0

(2) ( ) 2 cos ,  ( ) 2 sinj l j l j l j lV V VV l V e V e V l I l e e j l
Z Z Z

    
  

           
0 0 0

0
0 0(3) (0) 1,  L

Z Z Z

Z Z V V
Z Z

 
    


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0

2 2
0(4) ( )

L

j l j

Z Z

l e e  



      0,   ( ) 1 for all .l l l    

Input Impedance of An Open-Circuit Transmission 
Line (l =10 cm)

L
0

8

= = 41 .86  

1= = 2 10 m /s

LZ
C

v



p

2
reff

2 10  m /s

= ( ) = 2 .25

v
L C

c
v





p
82 10 20 cm

G H z

v

f f
 
 

910= =2 0 1=l LC l f f     8

0 0

= =2 0.1=
2 10

( ) cot cotin

l LC l f f

Z l jZ l jZ f

   

 

  


    
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2.4 The Smith Chart

0 1L L L
L L L

Z Z z Zz r jx 
      

0 0
0

1
  

L L L
L L

j
r i

j
Z Z z Z

e j
 

     
1 11

1 1 1
r i r i

L L L
r i r i

j jz r jx
j j

     
    

      

Rearranging the above equation, one can obtain

2 2 21( ) ( )   called the constant -  circL
r i

r r    les( ) ( )
1 1r i

L Lr r 
2 2 21 1( 1) ( ) ( ) called the constant - circlesi x     
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( 1) ( ) ( )  called the constant  circlesr i
L L

x
x x

  



Derivation (optional)
1 11

1 1 1
(1 )(1 ) (1 )(1 )

r i r i
L L L

r i r i

i i i i

j j
z r jx

j j
j j j j

        
    

         
               

2 2

2 2

(1 )(1 ) (1 )(1 )
(1 )(1 ) (1 )

1 2

r i r i r i r i
L L

r i r i r i

r i i

j j j j
r jx

j j

r x

             
  

           

    
2 2 2 2

2 2

,  
(1 ) (1 )

1

L L
r i r i

r x 
       

 2 2

2 2
1

(
(1 2 )

r i
L

r r i
r

   
 

     
2 2 2 2

2 2

1 2 ) 1 0

(1 ) 2 (1 ) 1

r r i L r i

L l L i L

r

r r r r

           

        

2 2

(1 ) 2 (1 ) 1
1

2
1 1-

L r l r L i L

L L
r r i

L L

r r r r
r r

r r

        


     


 2 2 2 2 2 2 21 1( ) ( ) ( )   
1 1 1 1

2

1( )
1

( )
1

L L L
r i

L L L L

i

L
r i

L L

r r r
r

r
r r r rr


         


  

   




2 2 21 1
 







37

2 2 2
2

                        
1 2

i
L

r r i
x




     
2 2 21 1(                 1) ( ) ( )r i

L Lx x
     



Reflection Coefficient and Load Impedance

Along a transmission line, the magnitude of the reflection coefficient is not
h d It i ll d th t t | | i l

20

changed. It is called the constant-| |  circle

( )( ) ( ) ( i )
j l

j lV eV ll



 



 20

0

( )  ( ) (0)             (See section 2.3)
( )

j l
in j l

V eV ll e
V l V e





      


r i

The constant- ,constant- , constant-| |  circle are defined on a plane 
called -plane, of which the horizontal and vertical axes are  and ,
respectively

r x 
  

respectively.
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Input Impedance (zin=r+jx) and
R fl ti C ffi i t (Γ Γ +jΓ )Reflection Coefficient (Γ= Γr+jΓi)

tanZ jZ lb+ 0
0

0

20

tan( )
tan

( )( ) (0)

L
in

L
j l

j l

Z jZ lZ l Z
Z jZ l

V eV ll
b

b

b
b

- --
-

+
- =

+
-

G G 20

0

( )( ) (0)   
( )

j l
in j ll e

V l V e
b

b+ +G - = = = G
-

20

(a)  Constant-  circle:
( )( ) (0) ( ) (0) 1 for any

j l
j lV eV ll




 





    0

0

( )   ( ) (0) ,  ( ) (0) 1 for any .
( )

j l
in inj ll e z z

V l V e


          

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Load Impedance (zin=r+jx) and
R fl ti C ffi i t (Γ Γ +jΓ )Reflection Coefficient (Γ= Γr+jΓi)

Any point inside the unit circle in -plane corresponds to a normalized
i d l


impedance value:

11 (0)        
1 (0) 1

j
L

L j

eZz
Z





  
  

 0

2

1 (0) 1
       

( ) 1 ( ) 1 (0) 1

L j

j l

Z e

Z l l e 





   

     ( 2 )(0) j le 
2

0

( ) 1 ( ) 1 (0) 1       
1 ( ) 1 (0)

j
in

in j l

Z l l ez
Z l e





      
   

    

( )

( 2 )

(0)
1 (0)

j

j l

e
e










 

in in(1)  and are periodic functions on the chart with a period =
2

(2) There are two scales, angle in degree and "wavelength" along the

z 


     peripheral of the Smith chart
 L(3) To locate ( ) and/or ( ), first find , then go along the 

constant circle clockwise with 2 degree
in inz l l z

l
  


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     constant  circle clockwise with 2  degree.
(4) Counter-clockwise toward load, and clockwise toward generator.

l 

Admittance Smith Chart (optional)( p )
 and  have one-on-one correspondence, i.e. a value of will

to a unique value and vice versa on the -plane
L Lz z

map


 

0

0

 to a unique  value, and vice versa, on the -plane
1 1        ,  
1 1

L L
L

L L

map
Z Z z

z
Z Z z

 
   

   
   0

1

1

1 1

1 1 1
        ,  

1 1

L L

L L L

Z Z z

y y y

   

  
    

1 1
1

j

L j
ey



   

 
1 1 11 L LL y yy   1 1

The admittance chart or -chart is the -chart rotated by 180

L je

y z

   


1 1The admittance of y ( )   rotated by  180
in a y-chart, the value of r and x are actually thos

in in ing jb z r jx is z      

e of g and by , y

r i

g
y  and  are symmetric about the origin, = + =0, and have the 
same cons tan t | | circle

in inz j  

 
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same cons tan t | |  circle
One may use a combined -chart to avoid successive rotationsyz



Shunt Connection of R and L
0Find the input admittance of a resistor with 0.3, 0.5, 0.7, and 1 in

parallel with an inductor 10 for frequencies ranging from 500MHz

Z
g

R
L nH

 



0 

parallel with an inductor 10  for frequencies ranging from 500MHz 
to 4 GHz  Characteristic impedance of the line 50

L nH
Z


 

Sometimes admittanceSometimes admittance 
is more convenient than 
impedance.
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impedance.

The Smith Chart
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Summary of Impedance and Reflection
2

0 0
0 0 2

( ) 1 (0)( )
( ) 1 (0)

j l j l j l

in j l j l j l

V e V eV l eZ l Z Z
I l V e V e e

b b b

b b b

+ + - - -
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- = = =
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0 0

( ) 1 (0)
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Z Z e
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b
-

- - -G
-

+
+ +0 0
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0
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b

b
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- +-
+
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j lV eV ll



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 

0L

20

0

( )( ) (0)
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j l
in j ll e

V l V e


      


0( )( )
( )

inZ l Zl
Z l Z

 
  


0(0) LZ Z

Z Z


 
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0( )inZ l Z 
0

( )
LZ Z

2.5 The Quarter-Wave Transformer
A quarter-wave transformer is an impedance matching circuit

2R jZ l Z 2
1 1

1
1

2

tan            
tan

L
in

L Ll

R jZ l ZZ Z
Z jR l R







 



0 1 0If 0 is required, , then 
How good is the performance of the impedance transformer?

in in LZ Z Z Z R   

46

g p p

Example 2.5
Examine the frequency response of a quarter wave transformer

L 0 1

Examine the frequency response of a quarter-wave transformer.
=100 , =50 .  Find .R Z ZW W

1 50 100 70.7

2

Z
v vf f

   

0
0 0 0

2@   
4 4 4 2

p p

p

v vf fl f or l l
f v f f

       

1
1

1

tan 
tan

L
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L

R jZ lZ Z
Z jR l







1

0

tanL
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Z jR l
Z Z
Z Z




 
 0

2
1( ) 50

2

in
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Z Z
ZZ l
R





   
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2 LR

The Multiple Reflection Viewpoint
1 0 1

1 1
1 0 1 0

2,Z Z ZT
Z Z Z Z


 
 

G

0 1 0
2 1 2

0 1 1 0

2,Z Z ZT
Z Z Z Z


   

 
G G

1
3

1

L

L

R Z
R Z





G

The total reflection coefficient in the 
frequency domain is the sum of time 
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The Multiple Reflection Viewpoint (Cont’d)
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2.6 Generator and Load Mismatches
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Power Delivered to the Load
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Power Delivered to the Load (cont’d)
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gthe load. The other half is lost in .Z
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