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2.1 Circuit Concepts 

• Electric current I is a measure of the charge flow/ movement. 

• Voltage V is the difference of electrical potential between two points 
of an electrical or electronic circuit. 

• Impedance Z = R + jX is a measure of opposition to an electric 
current.  



Lumped and Distributed Element Systems 

• The current and voltage along a transmission line may be considered unchanged 
(which normally means the frequency is very low). The system is called a lumped 
element system.  

 

• The current and voltage along a transmission line are functions of the distance 
from the source (which normally means the frequency is high), thus the system is 
called a distributed element system.  



2.2  Transmission Line Theory  

• A transmission line is the structure that forms all or part of a path from one place 
to another for directing the transmission of energy, such as electrical power 
transmission and microwaves. 

 

• We are only interested in the transmission lines for RF engineering and antenna 
applications. Thus dielectric transmission lines such as optical fibres are not 
considered. 



Quality Factor and Bandwidth  

• Quality factor, Q, which is a measure of how much lossless reactive 
energy is stored in a circuit compared to the average power 
dissipated. 

 

 

 

 

 

• Antennas are designed to have a low Q, whereas circuit components 
are designed for a high Q. 

where WE is the energy stored in the electric field, WM is the 

energy stored in the magnetic field and PL is the average 

power delivered to the load. 



where f1 and f2 are the 

frequencies at which 

the power reduces to 

half of its maximum 

value at the resonant 

frequency, f0 and where 

BF is the fractional 

bandwidth. This 

relation only truly 

applies to simple 

(unloaded single 

resonant) circuits. 



Power Transfer Efficiency 

RS 

RL 
For complex impedances, maximum power 

transfer occurs when ZL = ZS* (conjugate 

match) 

Maximum power is transferred when RL = RS 

RL / RS 
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Transmission Line 



Transmission Lines 

• Since no lumped elements like resistors, capacitors are used at 
microwave frequencies, only transmission lines are used. Hence they are 
called distributed parameter network. 
 

•  Characteristic impedance is defined as that impedance of a line which is 
a constant when measured at any point on the line, impedance which is 
a constant at any point on the transmission line. 
 
 

• Propagation constant γ is given by: α+jβ. Propagation constant is a 
complex sum of α and β, α being the real value and β being the complex 
part. 
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Transmission lines 
• Transmission line types 

–All depend on electromagnetic phenomena 
Electric fields, magnetic fields, currents 

 
–EM analysis tells us about 

 attenuation vs. frequency 
 propagation velocity vs. frequency 
Zo characteristic impedance 
  relative dimensions 

 
–Parameters contributing to these characteristics 

 conductivity of metals 
r′ real part of relative permittivity 
r″ imaginary part of relative permittivity 
r relative permaebility (usually ~ 1) 
 
structure dimensions 

h height 
W width 
L length 
t thickness 
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Transmission lines 

–Effects of transmission line parameters on system performance 
 

–Attenuation vs. frequency 
Attenuation – reduces signal amplitude, reduces noise margin 
Freq-dependent attenuation – reduces higher frequency components, increasing Tr 
 

–Propagation velocity vs. frequency 
velocity – determines propagation delay between components 

reduces max operating frequency 
Freq-dependent velocity – distorts signal shape (dispersion) 

may broaden the pulse duration 
 
 
 
 
 
Characteristic impedance – ratio of V/I or E/H 

determines drive requirements 
relates to electromagnetic interference (EMI) 
mismatches lead to signal reflections 



Transmission Line Basics 

Low frequencies 

l wavelengths >> wire length 

l current (I) travels down wires easily for efficient power 

transmission 

l measured voltage and current not dependent on position along 

wire 

High frequencies 

l wavelength  or <<  length of transmission medium 

l need transmission lines for efficient power transmission 

l matching to characteristic impedance (Zo) is very 

important for low reflection and maximum power transfer 

l measured envelope voltage dependent on position along 

line 



Transmission line Zo 
• Zo determines relationship between voltage and current waves 

• Zo is a function of physical dimensions and r   

• Zo is usually a real impedance (e.g. 50 or 75 ohms) 



Transmission Line Terminated with Zo 

  

  

For reflection, a transmission line terminated in Zo 

behaves like an infinitely long transmission line 

Zs = Zo 

Zo 

Vrefl = 0! (all the incident power      

is absorbed in the load) 

V inc 

Zo = characteristic 

impedance    of 

transmission line 



Transmission Line Terminated with Short, 

Open 

  

  

Zs = Zo 

Vrefl 

V inc 

For reflection, a transmission line terminated 

in a short or open reflects all power back to 

source 

In-phase (0o) for open,  

out-of-phase (180o) for short 



Transmission Line Terminated with 25 W 

  

  

Vrefl 

Standing wave pattern does 

not go to zero as with short or 

open 

Zs = Zo 

ZL = 25 W 

V inc 



Network Analyzer Basics Copyright 2000 

High-Frequency Device Characterization 
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Reflection Parameters 

 dB 

No reflection 

(ZL = Zo) 

r 

RL 

VSWR 

0 1 

Full reflection 

(ZL = open, short) 

0 dB 

1  

= 
Z L 

- Z O 
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Reflection 

Coefficient 
= 

V reflected 

V incident 

= r F G 

= r G Return loss = -20 log(r), 

Voltage Standing Wave Ratio 
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Transmission line modeling 
• Circuit model for incremental length of transmission line 

 
 
 
 
 
–It can be shown that for a sinusoidal signal,  = 2f, Vs = A ej(t+) 

 
 
 
 

–is analogous to  
 

–where  is complex,   =  + j is the propagation constant 
–the real part,  is the attenuation constant [Np / m :  Np = Nepers] 

–the imaginary part, , is the phase constant  [rad / m : rad = radians] 
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Transmission line modeling 
• Characteristic impedance, Zo 

–ratio of voltage to current, V/I = Z 
 

–From transmission line model 
 
 
 

–typically G (conductance) is very small  0, so 
 
 
 

–At low frequencies, R >> L when f  << R/(2L) 
the transmission line behaves as an R-C circuit 
 
 Zo is complex 
 Zo is frequency dependent 
 

–At high frequencies, L >> R when f  >> R/(2L) 
 
 Zo is real 
 Zo is frequency independent 
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Lossless Case 
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Lossless Case (cont.) 
1

pv
LC



In the medium between the two conductors is homogeneous (uniform) and is 
characterized by (, ), then we have that  

LC 

The speed of light in a dielectric medium is 
1

dc




Hence, we have that  
p dv c

The phase velocity does not depend on the frequency, and it is always the speed of light (in the 
material).  

(proof given later) 
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Propagation Constant 















• When a transmission line is not terminated with a matched load, it 
leads to losses and reflections. In order to avoid this, a λ/4 
transmission line can be used for matching purpose. The 
characteristic impedance of the λ/4 transmission line is given by 
Z1=√(ZₒR)L. substituting the given values, we get Z1=70.71 Ω. 

• For a transmission line , if the input impedance of the transmission 
line is 100Ω with a characteristic impedance of 150Ω, then the 
magnitude of the reflection co efficient. The expression for 
reflection co-efficient of a transmission line in terms input and 
characteristic impedance is (Zin-Zₒ)/(Zin+ Zₒ). Substituting the given 
values in the above expression, reflection co-efficient is 0.2. 



Microstrip Lines 













Smith Chart 







Terminated Transmission Line 

• Input impedance and reflection coefficient 



The input impedance 

For the lossless case 

Note: the power reflection coefficient is: 



Input impedance for special cases 

• Matched case (G = 0):  

 

• Open circuit (G = 1):  

 

• Short circuit (G = -1):  

 

• Quarter-wavelength case:  



Return loss 

• When the voltage reflection coefficient and power reflection 
coefficient are expressed in logarithmic forms, they give the same 
result, which is called the return loss 









Smith Chart 

• Smith chart is based on the polar plot of voltage reflection co-
efficient. 

• let the reflection co-efficient be expressed in terms of magnitude 
and direction as ┌=|┌|ejθ. Magnitude is plotted as radius from the 
center of the chart, and the angle is measured in counter clockwise 
direction from the right hand side. Hence, smith chart is based on 
the polar pot of voltage reflection co-efficient. 

• Reflection co-efficient is defined as the ratio of reflected voltage or 
current to the incident voltage or current. Hence reflection co-
efficient can never be greater than 1. Hence, only reflection co-
efficient less than or equal to 1 can be plotted. 









S: standing-wave ratio 
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Complex Plane 



Reflection coefficient at the load 







  

  

(a) 

(b) 

(c) 

 

(d) 

 



















Impedance/Admittance Conversion 
 

The Smith chart is just a plot of complex numbers. These could 
be admittance as well as impedance. 
To determine admittance from impedance (or the other way 
around)… 
1. Plot the impedance point on the Smith chart. 
2. Draw a circle centered on the Smith chart that passes 
through the point (i.e. constant VSWR). 
3. Draw a line from the impedance point, through the center, 
and to the other side of the circle. 
4. The intersection at the other side is the admittance. 





Smith Chart Solution 



Smith Chart Solution 







Matching Networks 



Examples of Matching Networks 



Lumped-Element Matching 
Choose d and Ys to achieve a match at MM’ 







Peryod: T=1/f=20 x 10-9 sec 
Hattın uzunluğu:  τ=6.78 x 10-9 sec verildiğinde  
kλ yı bulmak için k nın belirlenmesi gerekir.  k= τ/T =0.339 bulunur. 
  



Kaynaklar 

• https://www.ece.ucsb.edu/~long/ece145a/ampdesign.pdf 

• Amplifiers, Prof. Tzong-Lin Wu. EMC Laboratory. Department of Electrical 
Engineering. National Taiwan University 

 

 

https://www.ece.ucsb.edu/~long/ece145a/ampdesign.pdf
https://www.ece.ucsb.edu/~long/ece145a/ampdesign.pdf


Usage Notes 

• These slides were gathered from the presentations published on the internet. I 
would like to thank  who prepared slides and documents.  

• Also, these slides are made publicly available on the web for anyone to use 

• If you choose to use them, I ask that you alert me of any mistakes which were 
made and allow me the option of incorporating such changes (with an 
acknowledgment) in my set of slides. 
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