EC8651 TRANSMISSION LINES AND RF SYSTEMS L T P C

OBJECTIVES:
e To introduce the various types of transmission lines and its characteristics
e To give thorough understanding about high frequency line, power and impedance

measurements
¢ To impart technical knowledge in impedance matching using smith chart
¢ To introduce passive filters and basic knowledge of active RF components
e To get acquaintance with RF system transceiver design

UNIT | TRANSMISSION LINE THEORY 9
General theory of Transmission lines - the transmission line - general solution - The infinite line -
Wavelength, velocity of propagation - Waveform distortion - the distortion-less line - Loading and
different methods of loading - Line not terminated in Z0 - Reflection coefficient - calculation of
current, voltage, power delivered and efficiency of transmission - Input and transfer impedance -
Open and short circuited lines - reflection factor and reflection loss.

UNIT Il HIGH FREQUENCY TRANSMISSION LINES 9
Transmission line equations at radio frequencies - Line of Zero dissipation - Voltage and current
on the dissipation-less line, Standing Waves, Nodes, Standing Wave Ratio - Input impedance of
the dissipation-less line - Open and short circuited lines - Power and impedance measurement
on lines - Reflection losses - Measurement of VSWR and wavelength.

UNIT I IMPEDANCE MATCHING IN HIGH FREQUENCY LINES 9
Impedance matching: Quarter wave transformer - Impedance matching by stubs - Single stub
and double stub matching - Smith chart - Solutions of problems using Smith chart - Single and
double stub matching using Smith chart.

UNIT IV WAVEGUIDES 9
General Wave behavior along uniform guiding structures — Transverse Electromagnetic Waves,
Transverse Magnetic Waves, Transverse Electric Waves — TM and TE Waves between parallel
plates. Field Equations in rectangular waveguides, TM and TE waves in rectangular
waveguides, Bessel Functions, TM and TE waves in Circular waveguides.

UNIT V RF SYSTEM DESIGN CONCEPTS 9
Active RF components: Semiconductor basics in RF, bipolar junction transistors, RF field effect
transistors, High electron mobility transistors Basic concepts of RF design, Mixers, Low noise
amplifiers, voltage control oscillators, Power amplifiers, transducer power gain and stability
considerations.

TOTAL:45 PERIODS
OUTCOMES:
Upon completion of the course, the student should be able to:
e Explain the characteristics of transmission lines and its losses
e Write about the standing wave ratio and input impedance in high frequency
transmission lines
¢ Analyze impedance matching by stubs using smith charts
Analyze the characteristics of TE and TM waves
¢ Design a RF transceiver system for wireless communication
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UNIT -1 Transmission Line Theory
Part— A

1) Define Characteristic Impedance.

2) Find the characteristic impedance of a line at 1600 Hz if  Zoc =750£-30°Q and
Zoc=600£-20°Q

3) State the condition for a distortion less line?

4) Give the Campbell's formula for a uniformly loaded line?

5) Define Propagation Constant.

6) Give the relation between Reflection factor & Reflection loss?

7) Define Reflection loss & insertion loss.

Part— B

1) Derive the transmission line equation and hence obtain expressions for voltage and
current on a transmission line.

2) Derive the equation of attenuation constant and phase constant of transmission line in
terms of line constants R,L,C and G

3) Prove that an infinite line equal to finite line terminated its characteristic impedance

4) Explain in detail about the wave form distortion and also derive the condition for
distortion less line

5) i) Explain in detail the reflection on a line not terminated by its characteristic
Impedance Z,.

i1) The constants of a transmission line are R=6Q/km, L=2.2mH/km,C=0.005uF/km
& G=0.25x103/km. Calculate the Z,, attenuation constant & phase constant at
1000Hz.

6) A Generator of 1 V, 1000 Hz supplies power to a 100 km open wire line terminated in
70 and having the following parameters: R = 10.4 Ohm/km, G = 0.8 x 10-6 mho/km,
L= 0.00367 henry/m and C = 0.00835 pF/km. Find the characteristic impedance(Z0),
propagation constant(y), attenuation constant (a),phase shift constant(p), velocity of
propagation(v) and wavelength(A). Also find the sending end current, receiving end
current and received power.
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UNIT -2 High Frequency Transmission Lines

Part— A

1)
2)
3)
4)

5)

6)
7)
8)

Give the minimum and maximum values of SWR and Reflection Coefficient.

Write the expression for standing wave ratio in terms of reflection co efficient

Write the equations of Voltage and Current on the dissipation less line.

For the line of zero dissipation, what will be the value of attenuation constant and

Characteristic Impedance?

Write the Expression for input impedance of open and short circuited dissipation less

line.

List the Parameters of the open wire line at high frequencies.

What is mean by Reflection Loss?

What are the assumptions to simplify the analysis of line performance at high
frequencies?

Part— B

)

2)
3)

4)

)

6)

Derive the Transmission line equations at radio frequencies (open wire & Co axial
line parameters)

Discuss in detail about the voltage and current on the dissipation less line

Derive the expression for power and find the input impedance of dissipation less line,
when the load is short circuited, open circuited and for a matched line.

A lossless line in air having a characteristic impedance of 300Q2 is terminated in
unknown impedance; the first voltage minimum is located at 15cm from the load. The
standing wave ratio is 3.3. Calculate the wavelength and Terminated Impedance.

A 50Q2 loss line transmission line is connected to a load composed of 75Q resistor in
series with a capacitor of unknown capacitance. If at 10 MHz, the voltage standing
wave ratio on the line was measured as '4'. Determine the capacitance 'C'?

A 30m long lossless transmission line with Zy = 50W operating at 2MHz is
terminated with a load Z; = 60+j40. If u = 0.6C on the line.

Note: (where 'C' is Velocity of light and 'u' is Phase velocity)
Find 1) Reflection Co-efficient (G)
i1) Standing wave Ratio (S)

iii) The Input Impedance (Zi,)

Dr.M.Sivakumar, ECE/MSAJCE
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UNIT -3 Impedance Matching in High Frequency Lines
Part— A

1) What is Impedance Matching and state the need for impedance matching.
2) What is Stub Matching? Name the impedance matching devices.
3) Explain the significance of smith chart.
4) List the applications of a quarter wave line.
5) What is impedance matching in stub?
6) Write down the Expression to determine the position of Stub?
7) Write down the Expression to determine the length of Stub?
Part— B

1) Explain the significance of smith chart and its applications in a transmission lines.

2) A single stub is to match a load 400Q2 line to a load of 200-j100Q2. The wave length is
3m. Determine the position and length of the short circuited stub.

3) A 300Q transmission line is connected to a load impedance of (450-j600)Q at

10MHz. Find the position and length of short circuited stub required to match the line
using smith chart.

4) Explain the technique of impedance matching by stubs and discuss the operation of
quarter wave transformer

5) Explain the procedure for obtaining the smith chart using R and X circles.
6) Determine the following
1) Standing wave Ratio (SWR)
i1) Load Impedance (Z;)
1i1) Distance between load and the first voltage minimum along the transmission
line for a line with a characteristic impedance of 3002 and terminated in a
load of 175+j207€Q2. An electrical signal of 200 MHz is transmitted along the

line in free space.
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UNIT -4 Waveguides and cavity Resonators

Part— A

1) What are rectangular wave guides

2) Write the expression for cutoff wavelength of the wave which is propagated in
between two parallel planes.

3) What are the dominant mode and degenerate modes in rectangular wave guides

4) Justify, why TMy; and TM,, modes in a rectangular wave guide do not exist.

5) Give the expression for wave impedance and power transmission in TE & TM waves
in a rectangular wave guide

6) Calculate the cut-off frequency of a rectangular wave guide whose inner dimension
are a= 2.5cm & b=1.5cm operating at TM;( mode

7) State the relation between the attenuation factor for TE waves and TM waves for
parallel plate waveguide.

Part— B

1) Briefly explain about general wave behavior along uniform guiding structures, TE,
TM & TEM waves.

2) A rectangular air filled copper waveguide with dimension 0.9 inch X 0.4 inch cross
section and 12 inch length is operated at 9.2Ghz with a dominant mode. Find cut off
frequency, guide wavelength, Phase velocity, characteristic impedance and the loss

3) Derive an expression for the transmission of TM waves between parallel perfectly
conducting planes for the field components

4) An air filled circular waveguide having an inner radius of 1 cm is excited in dominant
mode at 10Ghz. Find a) cut off frequency of the dominant mode at 10 Ghz b) Guide
wave length c) wave impedance. Also find the bandwidth for operation in the
dominant mode.

5) Write Bessel’s differential equation & derive the TE Wave components in circular
wave guides.

6) A TE; wave at 10 GHz propagates in a brass o, = 1.57 x10” S/m rectangular wave

guide with inner dimensions a= 1.5 cm & b= 0.6 cm, which is filled with . =2.25, y;
= 1, loss tangent = 4X 10™. Determine i) Phase constant ii) Guide wavelength iii)
Phase velocity iv) Wave impedance v) attenuation due to loss in the dielectric vi)
attenuation due to loss in the guide walls

Dr.M.Sivakumar, ECE/MSAJCE
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UNIT -5 RF System Design Concepts

Part— A

1y
2)
3)

4)
5)
6)
7)
8)
9)

What is MESFET? List the different types of FETs used in RF Circuits.
What is mean by Unilateral transducer gain Gty & Transducer gain Gt

What is the main purpose of LNA & what are the problems arise due to non-linear
characteristics of LNA?

Define Conduction angle and give its significance in power amplifiers.
Define unconditional stability.

Give the expression for noise of a two port amplifier.

What are multipliers based mixers and mention their types.

What are three operating points in MESFET?

What are the factors for selecting a matching network?

10) What are the advantages of RF/microwave transistors?

Part— B

1)
2)
3)
4)

5)

6)

7)

8)

9

Briefly explain about design process of RF/Microwave Circuits
Give the analysis of frequency response of MESFET, What are its limiting values?

Discuss about the basic architecture of RF System and importance of RF Circuit
design.

Briefly explain about High Electron Mobility Transistor (HEMT) & explain the
functionality of HEMT.

A Ga As MESFET has the following parameters: Np = 10'® cm™, d=0.75 pm, W=
10pm, L=2um, & = 12.0, V4= 0.8v and i, = 8500 cm? /vs. Determine a) The Pinch
off voltage b) Threshold voltage ¢) The Maximum Saturation Current Ipgs.

List and give constructional figures of the different types of FETs based on the way
the gate is connected to the conducting channel.

What is the importance of RF Circuit design and design consideration steps for RF
Systems.

1) Write short notes on sub-harmonic mixer and its characteristics
i) Explain the behavior of LNA topologies with its design constraints.

Derive the equation for power gain, available power gain and transducer power gain.

10) Give the analysis of unconditional stability in RF Amplifier.

Dr.M.Sivakumar, ECE/MSAJCE
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SUBJECT :ECB8651 TRANSMISSION LINES AND RF SYSTEMS

SEM/YEAR: VI/ 111 Year B.E.

UNIT I - TRANSMISSION LINE THEORY

General theory of Transmission lines - the transmission line - general solution - The infinite line - Wavelength,
velocity of propagation - Waveform distortion - the distortion-less line - Loading and different methods of
loading - Line not terminated in Zo - Reflection coefficient - calculation of current, voltage, power delivered
and efficiency of transmission - Input and transfer impedance - Open and short circuited lines - reflection factor
and reflection loss.

PART A (2 marks)

Q.No. Questions BT Competence
Level
1. Define transmission line. BTL1 Remembering
2. List the conditions for distortion less line. BTL1 Remembering
3. State phase distortion and frequency distortion. BTL1 Remembering
4. What are primary constants and secondary constants of a BTL1 Remembering
transmission line?
5. How to avoid the distortion that occurs in the line? BTL1 Remembering
6. Choose the properties of infinite line. BTL1 Remembering
7. Write the expressions for the phase constant and velocity of BTL 2 Understanding
propagation.
8. Discuss the effect of inductance loading of telephone cable. BTL 2 Understanding
9. Deduce the relationship between characteristic impedance and BTL 2 Understanding
propagation constant.
10. Conclude the general equation for the input impedance and transfer | BTL 2 Understanding
impedance of a transmission line.
11. Build the voltage and current equations at any point on a uniform BTL 3 Applying
transmission line.
12. Illustrate how practical lines made appear as infinite lines. BTL 3 Applying
13. Sketch the equivalent circuit of a unit length of transmission line. BTL 3 Applying
14. Analyze the expression for reflection coefficient and reflection loss. | BTL 4 Analyzing
15. The open circuit and short circuit impedance of a transmission line BTL 4 Analyzing
at 1500 Hz are 800 £-30 Q and 400 £-10 Q respectively, Examine
its propagation constant.
16. Assess the expression for reflection factor. BTL 4 Analyzing
17. Prove that 1 neper=8.686dB. BTL S5 Evaluating

2




18. Estimate the reflection coefficient of a 50ohm transmission line | BTL 5 Evaluating
when it is terminated by a load impedance of 60+j40Q.
19. Formulate the equation to find the relation between characteristic | BTL 6 Creating
impedance and primary constants of a transmission line.
20. Design Campbell’s formula for a uniformly loaded line. BTL6 Creating
PART -B (13 marks)
1. Obtain the general transmission line equation for the | (13) | BTL 1 Remembering
voltage and current at any point on a transmission line.
2. (i) | Outline the expression for the attenuation and phase | (7) BTL1 Remembering
constants after obtaining an expression for the
characteristic impedance.
(if) | How to solve the Campbell’s equation for the loading | (6)
cables?
3. (i) | Discuss in detail about inductance loading of telephone (7) BTL1 Remembering
cables and recall the attenuation constant, phase constant
and velocity of signal transmission for the uniformly,
loaded cable.
(ii) | Describe about the reflection on a line not terminated in  (6)
its characteristic impedance.
4. (i) | What is a loading? Specify the types of loading of lines. | (7) BTL 1 Remembering
(if) | Write a short note on reflection factor and reflection losg (6)
and give expressions.
5. (i) | Explain in detail about the waveform distortion and | (7) | BTL 2 Understanding
also derive the condition for distortion less line.
(i) | Predict the expression for open and short circuited | (6)
impedance.
6. (i) | Identify the conditions (a, B) required for a distortion | (7) BTL 2 Understanding
less line.
(if) | A distortion less transmission line has attenuation | (6)
constant o=1.15x10-2 Np/m, and capacitance of 0.01
nF/m. the characteristic resistance L/C=50Q. Identify
the resistance, inductance and conductance per more of
the line.
7. (i) | A telephone line has parameters of R = 6.5 Q/km, L= | (7) BTL 2 Understanding
0.4 mH/km, C=0.05pF/km and G=0.5 pmho/km.
Extend the calculation for finding the input impedance
of the line at a frequency of 500 Hz given that the line
is very long.
(ii) | A lossless transmission line with Zo = 750hm and | (6)

electrical length 1= 0.3 A is terminated with a complex

load impedance of Zr = 40+j20ohm. Estimate reflection




coefficient and VSWR of the line.

(i)

The characteristic impedance of a certain transmission
line is 682.5-j195.7 ohm. The frequency of operation is
1 KHz. At this frequency, the attenuation constant in
the line was observed to be 0.01 neper/km and phase
constant 0.035 radians /km. Prepare the line constants
R, L, G and C per km of the line.

(8)

(i)

Draw and explain the reflection loss due to mismatch
between source and load impedances.

()

BTL 3

Applying

(i)

An open wire line having R=10.15 ohm/km, L = 3.93
mH/km, G=0.29 umho/km and C=0.00797 pF/km is
100 km long and terminated in Zo. Solve Zo, a, p and v.

(7)

(i)

Illustrate the Zo and in terms of primary constants.

(6)

BTL 3

Applying

10.

Connect the value of attenuation constant ‘a’ as R/2
vC/L + G/2+/L/C , when the series resistance R and

shunt resistance G of the transmission line are small but
not negligible.

(7)

(i)

Demonstrate the concept of attenuation and phase
constant of an infinite line.

(6)

BTL 4

Analyzing

11.

(i)

Analyze the expressions for short circuited and open
circuited impedance.

(6)

(i)

Point out the propagation constant of continuously
loaded cable.

(")

BTL 4

Analyzing

12.

(i)

A 2 meter long transmission line with characteristic
impedance of 60+j40 is operating at =10° rad/sec has
attenuation constant of 0.921 Np/m and phase shift
constant of 0 rad/miff the line is terminated by a load of
20+j50,find the input impedance of this line.

(7)

BTL 4

Analyzing

(i)

Simplify the expression for input impedance and
transfer impedance of transmission lines.

(6)

13.

(i)

Summarize how an infinite line equal to finite line
terminated in its characteristic impedance.

(6)

BTL 5

Evaluating

(i)

The characteristics impedance of a 805m-long
transmission line is 94 angle -23.2°Q, the attenuation
constant is 74.5x107® Np/m. and the phase shift
constant is 174x107® rad/m at 5KHz. Assess the line
parameters R,L,G and C per meter and the phase

(7)




velocity on the line.

14.

The constants of a transmission line are R= 6Q/km,
L=2.2mH/km, C=0.005x10"°F/km and G=0.25x107°
mho/km. calculate at the frequency of 800 HZ, Design
(@) The terminating impedance for which no reflection
will be setup in the line,

(b) The attenuation in dB suffered by the signal after
travelling a distance of 50Km when the line is
properly terminated and the phase velocity with
which the signal would travel.

(6)

(7)

BTL 6

Creating

PART C (15 marks)

(i)

Adapt the condition for minimum attenuation in a
distortion less line

(7)

(ii)

Develop and derive the relation between primary
constants and secondary constants.

(8)

BTL6

Creating

A 100 km long line is terminated in its characteristic
impedance. A generator of internal impedance of 600
ohm and a voltage of 5 volts operating at frequency of
800 Hz is connected at the input end of the line. The
characteristic impedance of the line is 550 £ -15° and
the propagation constant y = 0.045 +j0.0825 per km.
Observe the parameter such as

(@) Primary Constants

(b)Sending end current and sending end voltage
(c)Receiving end current and Receiving end Voltage

(d) Sending end power and Receiving end power.

(15)

BTL6

Creating

Open circuited and short circuited measurements at a
frequency of 5KHz on a line of length 200km yielded
the following results:

Zoc =570 £ -48° ohm , Zsc = 720 34° ohm
EvaluateZo , a, B and primary constants given that the
approximate velocity of propagation to be 1.8 *10°
km/sec.

(15)

BTLS

Evaluating

(i)

An open wire line is 200 km long is correctly
terminated. The generator at the sending end has
Es = 10 V, f = 1 KHz and internal impedance of 500
ohm. At that frequency Z0=683-j138 and vy=
0.0074+j0.0356 per km. Measure the sending and
receiving end voltage, current and power.

(10)

(i)

having length of 100 km.Estimate the receiving end

impedance and Es = 5V.

A cable has a = 0.01 nepers /km and f = 0.0018/km and

voltage when the line is terminated in its characteristic

(5)

BTL 5

Evaluating

UNIT Il - HIGH FREQUENCY TRANSMISSION LINES

Transmission line equations at radio frequencies - Line of Zero dissipation - Voltage and current on the
Dissipation less line, Standing waves, Nodes, Standing wave ratio - Input impedance of the dissipation-less line
- Open and short circuited lines - Power and impedance measurement on lines - Reflection losses -

5




Measurement of VSWR and wavelength.

PART A (2 marks)

Q.No. Questions BT Competence
Level

1. Define Skin effect. BTL1 | Remembering

2. Label the assumptions made for the analysis of performance of the lineat | BTL 1 | Remembering
radio frequency.

3. Compare the values of SWR for Zr = 0 and Zr = Zo. BTL1 | Remembering

4. Recognize the dissipationless line with the proper condition. BTL1 | Remembering

5. What are nodes and antinodes on a line? BTL1 | Remembering

6. Find the nature and value of Z0 for the dissipation less line. BTL 1 | Remembering

7. Give the relation between standing wave ratio and magnitude of | BTL 2 | Understanding
reflection co efficient.

8. Express reflection coefficient in terms of SWR. BTL 2 | Understanding

9. Predict the expression for input impedance of RF line. BTL 2 Understanding

10. Indicate the minimum values and maximum values of SWR and BTL 2 | Understanding
reflection coefficient.

11. Relate the nature of input impedance of open circuited and short BTL 3 Applying
circuited and matched load condition for dissipation less line.

12. Solve the terminating load for a certain R.F transmission line which has | BTL 3 Applying
the characteristic impedance of the line 1200 Q and the reflection co-
efficient was observed to be 0.2.

13. Sketch standing waves on a line having open or short circuit termination. | BTL 3 Applying

14. Deduce an expression for inductance of an open wire line and coaxial BTL 4 Analyzing
line.

15. Analyze the line with dissipationless line and find the values of BTL 4 Analyzing
attenuation constant and characteristic impedance.

16. Explain the concept of dissipation less line. BTL 4 Analyzing

17. How would you justify that the point of voltage minimum is measured BTL5 Evaluating
rather than the voltage maximum?

18. A lossless transmission has a shunt capacitance of 100 pF/m and a series | BTL 5 Evaluating
inductance of 4pH/m. Evaluate the characteristic impedance.

19. Can you predict the range of values of standing wave ratio? BTL 6 Creating

20. Adapt the condition for open and short circuited line. BTL 6 Creating

PART B (13 marks)




Derive the expressions for voltage and current at any point | (13) | BTL1 | Remembering
on the radio frequency dissipation less line. Obtain the
expressions for the same for different receiving end
conditions.
(i) | Brief notes on Standing waves, nodes, standing wave ratio | (7) | BTL1 | Remembering
also make relation between the standing wave ratio S and the
magnitude of the reflection coefficient.
(i) | State the condition for the open wire line at high frequencies | (6)
and derive the parameters.
(i) | Explain the parameters of open wire line and co axial at RF. | (7) | BTL1 | Remembering
Mention the standard assumptions made for radio frequency
line. Label the Line constants for zero dissipation.
(if) | Enumerate the voltage and current equation on dissipation | (6)
less line.
(i) | Discuss the reflection coefficient of different transmission | (6) | BTL 1 | Remembering
lines.
(ii) | The ratio of spacing’d’ to the radius ‘a’ of an open wire | (7)
dissipation less line is 25 and the space between the
conductors has a dielectric of relative permittivity of 8.
Recognize
(a)Inductance (b) Capacitance (c) Characteristic impedance
(i) | Compare the features of open wire and co axial cable at high | (7) | BTL 2 | Understanding
frequencies.
(if) | Outline the variation of input impedance along open and | (6)
short circuit lines with relevant graphs.
(i) | Describe the various parameters of open wire and co axial | (7) | BTL2 | Understanding
lines at radio frequency.
(if) | Summarize the concept of Standing wave ratio. (6)
Explain how the VSWR and wavelength of the line | (13) | BTL 2 | Understanding
measured in detail.
(i) | Derive the line constants of a zero dissipation less line. (7) | BTL3 Applying
(if) | Sketch the voltages and currents on dissipation less line for | (6)
the conditions given below.
(a) Open circuit (b) Short circuit (c) Rr =Rg
(1) | A low loss transmission line of 100Q characteristic | (7) | BTL 3 Applying

impedance is connected to a load of 200Q.Apply the
formula to calculate the voltage reflection coefficient and the
standing wave ratio.




(if) | Solve the standing wave ratio and reflection co — efficient on | (6)
a line having Zo =3000hm and terminated in Zr=300+j400
10. | (i) | Draw the standing wave pattern for (7) | BTL4 Analyzing
(a) Open circuited load (b) Short circuited load
(c) matched load
(ii) | Predict that the reflection coefficient (6)
[[Emax| - |Emin]] / [[Emax| +|Emin]].
11. Explain the expressions for the input impedance of the | (13) | BTL 4 Analyzing
dissipation less line. Deduce the input impedance of open
and short circuited dissipation less line.
12. | (i) | Examine the voltage and currents at any point on the | (7) | BTL4 Analyzing
dissipation less line along with incident and reflected voltage
wave phasor diagrams which should satisfy the conditions
such as open circuit, short circuit, Rr=Ro.
(i) | Analyze the standing waves with neat diagram. (6)
13. | (i) | Summarize the relation between standing wave ratio (S)and | (7) | BTL5 Evaluating
magnitude of relation co — efficient.
(if) | Find the reflection coefficient and voltage standing wave | (6)
ratio of a line having Ro = 100 ohm, Zr = 100 — j100 ohm.
14, Formulate the following parameters (13) | BTL 6 Creating
(a) Standing waves
(b) Standing wave ratio
(c) Relation between SWR and K
(d) Nodes and Antinodes
PART C (15 marks)
1. A Dissipation less co-axial cable has an inner copper
conductor of radius 3mm and an outer copper conductor of BTL 5 Evaluating

radius 15mm. It is filled with dielectric material of relative
permittivity €. When it is excited at one end by an a.c.
source, the phase velocity of the wave was observed to be
15 X 10 & m/s. The other end is terminated in a load

resistance Zr = Rr which produces standing wave ratio of
3.8. What would you recommend the values for following
parameters?

(a) Characteristic impedance Zo = Ro




(b) Dielectric constant
(c) Load resistance Zr = Rr

(d) Reflection Coefficient K

(4)
(4)
3)
(4)
2. Generalize the expressions for voltage and current at any | (15) | BTL 5 Evaluating
point on the radio frequency dissipation less line. Obtain the
expressions for the same for different receiving end
conditions.
3. How could you adapt the length of dissipationless line to obtain | (15) | BTL 6 Creating
an inductance of 15puH at 60 MHz frequency with open circuit
termination? Given that characteristic impedance of the line
is 400 ohm.
4. | (i) |How would you make up the expression for maximum and | (8) | BTL 6 Creating
minimum impedances on the line for a lossless line as RS and
Ro/S respectively?
(i) | What way would you design the coaxial line at high frequencies? | (7)

Design a graph to show the variation of R, for a coaxial line.

UNIT 111 - IMPEDANCE MATCHING IN HIGH FREQUENCY LINES

Impedance matching: Quarter wave transformer - Impedance matching by stubs - Single stub and double stub
matching - Smith chart - Solutions of problems using Smith chart - Single and double stub matching using

Smith chart.
PART A (2 marks)

Q.No Questions BT Competence
o Level P
1. What is the need for impedance matching? BTL1 | Remembering
2. List the requirements of a better transmission line BTL1 | Remembering
3. Interpret the effect of impedance mismatching. BTL 2 | Understanding
4. Express standing wave ratio in terms of reflection coefficient. BTL 2 | Understanding
5. Discuss about nodes and anti nodes in a transmission line. BTL 4 Analyzing
6. Why do standing waves exist on transmission lines? BTL1 | Remembering
7. Give the minimum and maximum value of SWR and reflection BTL1 | Remembering

coefficient.




transmission line, explain with an example.

8. Calculate the standing wave ratio if the reflection co-efficient of a lineis | BTL 3 Applying
0.3 £-66°.
9. A lossless line has a characteristic impedance of 400Q. Determine the | BTL 5 Evaluating
standing wave ratio if the receiving end impedance is 800+j0Q2
10. | List the application of a quarter wave line. BTL1 | Remembering
11. | Justify the statement - quarter wave lines are termed as impedance BTL5 Evaluating
inverter.
12. | Analyze why Quarter wave line is called as copper insulator. BTL 4 Analyzing
13. | A 75Q lossless transmission line is to be matched to a resistive load BTL6 Creating
impedance of Z,_ =100Q via a quarter wave section.
14. | Determine the characteristic impedance of the quarter wave transformer. | BTL 2 | Understanding
15. | Mention the advantages of Smith Chart. BTL 2 | Understanding
16. | lllustrate the procedure to find the impedance from the given admittance | BTL 3 Applying
using smith chart.
17. | Define the term Stub used in transmission line. BTL1 | Remembering
18. | Examine why short circuited stub is preferred to open circuited stub. BTL 3 Applying
19. | Generalize the method to determine the positon and the length of a single | BTL 6 Creating
stub connected across the transmission line.
20. | Compare single stub matching and double stub matching. BTL 3 Applying
PART -B (13 Marks)
1. (i) | Examine the operation and application of quarter wave | (7) | BTL 2 | Understanding
transformer.
(if) | Consider a line with a load of Zr/Ro =2.6+j, which is 28° | (6)
long. Find the input impedance.
2. (i) | Deduce the expression for input impedance of a quarter | (8) BTL 6 Creating
wave transformer and mention its applications.
(it) | Design a Quarter wave transformer to match a load of | (5)
200Q to a source resistance of 500€ which operates at the
frequency of 200 MHz.
3. Analyze the transmission line circle diagram by deriving | (13) | BTL 4 Analyzing
the expression for constant S and constant Bs circle.
4. A lossless line with Zo =70Q is terminated with | (13) | BTL5 Evaluating
Zr =115-80jQ2. Wavelength of transmission is 2.5 A. Using
smith chart evaluate the VSWR, reflection coefficient,
input impedance and input admittance
5. Describe the impedance matching technique using single | (13) | BTL 1 | Remembering
stub and obtain the expression for the stub location and stub
length.
6. Consider a line of Ro = 55 ohms terminated with 115+j75 | (13) | BTL1 | Remembering
ohms. If the total length of the line is 1.183A, find the
reflection coefficient, VSWR, input impedance and
admittance
7. What is the procedure for double stub matching on a| (13) | BTL1 | Remembering
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A UHF lossless transmission line working at 1 GHz is
connected to an unmatched line producing a voltage
reflection coefficient of 0.5(0.866+j 0.5). Calculate the
length and position of the stub to match the line using
corresponding equations verify the values using Smith
Chart.

(13)

BTL 2

Understanding

A transmission line is terminated in Z.. Measurements
indicate that the standing wave minima are 102 cm apart
and that the last minimum is 35 cm from the load end of the
line. The value of standing wave ratio is 2.4 and Ro =
250Q2. Determine frequency, wavelength, Real and reactive
components of the terminating impedance. Also Verify the
results obtained from equations using the smith chart.

(13)

BTL 2

Understanding

10.

VSWR of a lossless line is found to be 5 and successive
voltage minima are 40cm apart. The first voltage minima is
observed to be 15cm from the load. The length of the line is
160cm and Z, is 300 Q. Apply the values in smith chart to
find the load impedance and input impedance.

(13)

BTL 3

Applying

11.

A RF transmission line with Z,=300£0° Q is terminated in
an impedance of 100£45°Q. This load is to be matched to
the transmission line by using a short circuited stub. With
the help of smith chart, Determine the length and location
of the stub.

(13)

BTL 4

Analyzing

12.

A 50 Q transmission line feeds an inductive load 35+j35Q.
Analyze and design a double stub tuner to match this load
to the line using smith chart. Spacing between the two stubs
is M4,

(13)

BTL1

Remembering

13.

Derive the expression of radius and center for constant R
and X circles in Smith Chart.

(13)

BTL 4

Analyzing

14.

Examine the transmission line to provide an impedance
matching using a stub. Obtain the length and location of the
stub to provide an impedance match on a line of 600 ohms
terminated with 200 ohms. Assuming that the stub is short
circuited at one end.

(13)

BTL 3

Applying

PART — C (15 Marks)

(i)

Determine length and location of a single short circuited
stub to produce an impedance match on a transmission line
with characteristic impedance of 600 ohm and terminated in
1800 ohm.

(8)

(i)

A 300 Q transmission line is connected to a load impedance
of (450-j600) Q at 10MHz.Evaluate the position and length
of a short circuited stub required to match the line using

(7)

BTL 5

Evaluating

11




smith chart.

For a normalized load impedance of 0.8+j1.2 design a
double stub tuner with the distance between them as 3A/8.
Considering the stubs are short circuited determine the
length of the stubs and the position of the first stub from the
load. Verify the answer using Smith Chart.

(15)

BTL6

Creating

(1) | A line having characteristic impedance of 50 Q is | (8)
terminated in load impedance [75+)75] Q. Determine the
reflection coefficient and voltage standard wave ratio.

(if) | Mention the significance of smith chart and its application | (7)
in transmission lines.

BTL 5

Evaluating

(1) Develop the expression for the input impedance of the
dissipation less line and thus obtain the expression for the
input impedance of the quarter wave line. Also discuss the
application of the quarter wave line.

(10)

(if) | Design a single stub match for a load of 150+j225 Q for a | (5)
75 Q line a 500 MHz using smith chart.

BTL6

Creating

UNIT IV - WAVE GUIDES

General Wave behavior along uniform guiding structures — Transverse Electromagnetic Waves, Transverse
Magnetic Waves, Transverse Electric Waves — TM and TE Waves between parallel plates. Field Equations in
rectangular waveguides, TM and TE waves in rectangular waveguides, Bessel Functions, TM and TE waves in
Circular waveguides.

PART A (2 marks)

Q.No. Questions BT Competence
Level
1. What are guided Waves? Give examples for guiding structures. BTL1 | Remembering
2. Interpret the characteristics of E wave and H wave. BTL 2 | Understanding
3. Write about Principal wave. BTL 1 | Remembering
4. Express the dominant mode in the wave propagating in the waveguide. BTL 2 | Understanding
5. Deduce the expression for cut off frequency when the wave is propagated | BTL 4 Analyzing
in between two parallel plates.
6. Examine the Characteristics of TEM waves. BTL 3 Applying
7. Justify, why TMo1 and TM1o modes in a rectangular waveguide do not | BTL 5 Evaluating
exists.
8. Define cutoff frequency of a waveguide. BTL1 | Remembering
9. Illustrate the features of TE and TM mode. BTL 2 | Understanding
10. Mention about the dominant mode of a rectangular waveguide. BTL 1 | Remembering
11. Discuss about the dominant mode and degenerate modes in rectangular | BTL 5 Evaluating

12




waveguide.

12. Explore the relation between group velocity, phase velocity and free space | BTL 3 Applying
velocity.
13. Why rectangular waveguides preferred over circular waveguides? BTL1 | Remembering
14, Exhibit the nature of the evanescent mode. BTL 3 Applying
15. Analyze why TMoz: and TM1o modes in a rectangular waveguide do not | BTL 4 Analyzing
exist
16. How would you categorize the modes as degenerate modes in a| BTL4 Analyzing
rectangular waveguide?
17. Consider an air filled rectangular waveguide with a cross — section of | BTL 6 Creating
5 cm x 3 cm. For this waveguide, deduce the cut off frequency (in MHz)
of TE21 mode.
18. List the dominant mode in circular waveguide. BTL 1 | Remembering
19. Write Bessel’s functions of first kind of order zero? BTL 2 Understanding
20. Formulate the size of the circular waveguide required to propagate TE11 BTL6 Creating
mode if Ac=8cm and p’11=1.841.
PART - B (13 marks)
Obtain the expression for the field components of an | (13) | BTL1 | Remembering
electromagnetic wave propagating between a pair of
perfectly conducting planes?
Derive the expression for the field strength for TE waves | (13) | BTL 6 Creating
between parallel plates propagating in Z direction?
(i) | Explain about transverse electromagnetic waves betweena | (7) | BTL 1 | Remembering
pair of perfectly conducting planes?
(ii) | Determine the expression of wave impedance of TE, TM | (6)
and TEM wave between a pair of Perfectly conducting
planes.
Illustrate the transmission of TM waves between two | (13) | BTL 2 | Understanding
parallel perfectly conducting planes with necessary
equations and diagram.
A pair of perfectly conducting plates is separated by 10cm | (13) | BTL 3 Applying
in air and carries a signal frequency of 6GHz in TE1 mode.
Find Cut-off frequency, Angle of incidence on planes,
Phase velocity, group velocity, Phase constant, Cut-off
wavelength, characteristic wave impedance, and
wavelength  along guiding walls. Is it possible to
propagate TEz mode.
(i) | Interpret the propagation of TE waves in a rectangular | (6) | BTL 2 | Understanding

waveguide  with necessary expressions for the field
components.
(i1) Summarize the characteristics of TE and TM waves and (")

also derive the cutoff frequency and phase velocity from

13




propagation constant.

Analyze the field configuration, cut off frequency and
velocity of propagation for TM waves in rectangular wave
guides.

(13)

BTL 4

Analyzing

A rectangular air filled copper waveguide with
dimension 0.9inch x 0.4inch cross section and 12inch
length is propagated at 9.2GHz with a dominant mode.
Find the cutoff frequency, Guide wavelength, Phase
velocity, characteristic impedance and the loss.

(13)

BTL 5

Evaluating

An air filled rectangular waveguide of 5cm x 2 cm cross
section is operating in the TEio mode at a frequency of
4GHz. Determine

(a)the group velocity

(b)the guide wavelength

(c) the attenuation to be expected at a frequency which is
0.95 times the cut off frequency ( assuming the guide walls
is made of perfect conductors).

©)
(4)
(6)

BTL 2

Understanding

10.

Using Bessel differential equation Obtain the TM field
components in circular waveguides.

(13)

11.

A TEu11 wave is propagating through a circular waveguide.

The diameter  of  the guide is 10cm and the guide is

air-filled. Given p’1:=1.842

(@)Find the cut off frequency

(b)Find the wavelength Ag in the guide fora  frequency
of 3GHz.

(c)Determine the wave impedance in the guide.

(4)
(4)
()

BTL 4

Analyzing

12.

Analyze the expressions for the transmissions of TE waves
in a circular waveguide conducting planes for the field
components.

(13)

BTL 4

Analyzing

13.

An air filled circular waveguide has a radius of 2 cm.
Examine the cut off frequency and the phase constant for
the dominant mode (p11° = 1.841 and p11 = 2.405.)

(13)

BTL 3

Applying

14.

Obtain the field distribution of transverse and longitudinal
components of the electric and magnetic fields in circular
waveguide with necessary equations.

(13)

BTL1

Remembering

PART C (15 marks)

(i)

A hollow rectangular waveguide is to be used to transmit
signals at a carrier frequency of 6GHz. Choose its
dimensions so that the cut off frequency of the dominant
TE mode is lower than the carier by 25 % and that of the
next mode is atleast 25 % higher than the carrier.

(8)

(i)

Evaluate the ratio of the area of a circular waveguide to
that of a rectangular one if both are to have the same cut
off frequency for dominant mode.

()

BTL6

Creating
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2. | (1) | The interior of a 20/3 ¢cm x 20/4 c¢cm rectangular | (8) | BTL5 | Evaluating
waveguide is completely filled with a dielectric of & = 4.
Waves of free space wave — length shorter than which can
be propagated in the TE1; mode.

(if) | A rectangular waveguide having TEio mode as dominant | (7)
mode is having a cut off frequency of 18 GHz for the TEso
mode. Evaluate the inner broad — wall dimension of the
rectangular waveguide.

3. Determine the cut off frequencies of the first two | (15) | BTL5 Evaluating
propagating modes of a circular waveguide with a=0.5cm
and & = 2.25 the guide is 50cm in length operating at
f=13GHz. Determine the cut off wavelength and
propagation constant.

4. A TE wave propagating in a dielectric filled waveguide of BTL 6 Creating
unknown permittivity has dimensions a=5 cm and
b = 3cm.If the x — components of the electric field is given
by Ex=36c0s(40mx)sin(100my)sin(2.4nx1010t—52.91z)
(V/m). Devise

(a) & of the material in the guide, ®)
(b) the cutoff frequency, (4)
(c) the expression for Hy. (6)

UNIT V - RF SYSTEM DESIGN CONCEPTS

Active RF components: Semiconductor basics in RF, bipolar junction transistors, RF field effect transistors,
High electron mobility transistors Basic concepts of RF design, Mixers, Low noise amplifiers, voltage control
oscillators, Power amplifiers, transducer power gain and stability considerations.

PART A (2 marks)

Q.No. Questions BT | Competence
Level

1. List some of the active RF components. BTL 1 | Remembering

2. Enumerate the band gap energy for Si and Ge used for semiconductor BTL 4 Analyzing
diodes.

3. Draw the cross section of multifinger Bipolar Junction Transistor BTL 1 | Remembering
What is called as HBTs ? BTL 1 | Remembering
Define reverse active mode in bipolar junction transistor. BTL 1 | Remembering

6 Classify RF field effect transistors based on physical construction. BTL 2 | Understanding

7 Compare the enhancement type FET with Depletion type FET. BTL 3 Applying

8. Outline the characteristics of modulation doped field effect transistor BTL 1 | Remembering

9 Illustrate the generic RF amplifier design. BTL 2 | Understanding

10. | Mention the various types of mixers. BTL 1 | Remembering

11. | Summarize the basic steps in the design process of RF amplifier circuits. BTL5 Evaluating

12. | Distinguish between oscillator and Mixer BTL 4 Analyzing

13. | Examine the importance of voltage controlled oscillator in RF system. BTL 2 | Understanding

14. | Interpret the basic parameters of RF amplifier. BTL 2 | Understanding
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15. | Generalize the concept of unconditional stability of an amplifier. BTL 6 Creating
16. | Analyze the techniques of efficiency boosting in RF power amplifier BTL 4 Analyzing
17. | Evaluate the significance of negative resistance in oscillation of a circuit BTL5 Valuating
18. | Devise the operation of single ended and differential ended LNA. BTL5 Creating
19. | Deduce the transducer power gain of a RF power amplifier. BTL 3 Applying
20. | Demonstrate typical output stability circle and input stability circle BTL 3 Applying
PART -B (13 Marks)
1. Outline the process to compute the junction capacitance and | (13) | BTL 1 | Remembering
the space charge region length of a pn junction
semiconductor device.
2. (i) | For a Si pn junction the doping concentration are givenas | (7) | BTL5 Evaluating
Na = 10 cm™ and Np =10 cm= with an intrinsic
concentration of nj = 1.5 x 10%%m?3. Find the barrier
voltages for T = 300° K.
(it) | Considering the electron concentration and hole | (6)
concentration in a semiconductor as n and p respectively
infer that np = ni? where ni is the intrinsic concentration.
3. Elaborate the construction and the functionality of the | (13) | BTL 3 Applying
bipolar junction transistor.
4. Discuss about the different operating modes of a bipolar | (13) | BTL 3 Applying
junction transistor with appropriate diagram.
5. Derive the drain saturation voltage and maximum saturation | (13) | BTL 6 Creating
current for a field effect transistor.
6. (i) | Compare the field effect transistor with the bipolar junction | (6) | BTL 4 Analyzing
transistor
(if) | Explain the distinct features of high electron mobility | (7)
transistors.
7. (i) | Analyze the steps involved to design a low noise amplifier | (6) | BTL 4 Analyzing
(ii) | Distinguish power match and noise match in a Low Noise | (7)
Amplifier.
8. (i) | Interpret the various types of mixers with its principle of | (6) | BTL 2 | Understanding
operation
(ii) | Examine the following parameters of Conversion gain, | (7)
Linearity and isolation of a mixer.
9. Illustrate the design principles of RF amplifier and | (13) | BTL 2 | Understanding
impedance matching.
10. (i) | Write about the method used to design an integer N | (7) | BTL 1 | Remembering
frequency synthesizer.
(ii) | Determine the transfer function of a voltage controlled | (6)
oscillator.
11. Obtain the expression for unilateral power gain with | (13) | BTL 1 | Remembering
necessary signal flow diagram.
12. Describe the various power gain for a two port RF network | (13) | BTL 1 | Remembering

16




considering the stability of the amplifier involved.

13.

Discuss about input and output stability circles in the
complex I'L and I's planes, also derive the condition for
unconditional stability.

(13)

BTL 2

Understanding

14.

A MESFET operated at 5.7GHz ha the following S
parameters: S11=0.5/-60°, S12=0.02.£0°, S21=6.5/115° and
S22=0.6£-35°. Determine if the circuit is unconditionally
stable and Find the maximum power gain under optimal
choice of reflection coefficients, assuming unilateral design
(812:0).

(13)

BTL 4

Analyzing

PART - C (15 Marks)

An abrupt pn junction made of Si has the acceptor and
donor concentration of Na= 10® cm?® and
Np = 5 x 10%cm , respectively .Assuming that the device
operates at the room temperature , Formulate (a) the barrier
voltage (b) the space charge width in the p- and n- type
semiconductors (c) the peak electric field across the
junction (d) the junction capacitance for a cross sectional
area of 10%cm? and a relative dielectric constant of &r = 11.7

(15)

BTL6

An RF amplifier has the following S parameters:
S11=0.3£-70°, S21=3.5/85°, S12=0.2/-10°, S2,=0.4/-45°,
Further Vs=5V.Z0°, Zs=40Q and Z.=73Q. Assuming
Z0=50Q. Find GT, GTU, GA and G. Also find Power
delivered to the load PL, available power from source PA
and incident power to amplifier Pinc.

(15)

BTL 5

Evaluating

Consider a Si bipolar junction transistor whose emitter,
base , collector are uniformly doped with the following
concentrations Nfp = 10%* cm™ , NBa = 2x10%%cm™, N¢p =
10'° cm-3. Assume that the base emitter voltage is 0.75 and
the collector —emitter potential is set to 2 V. The cross
sectional area of both junctions is 10-4 cm2 and the emitter,
base and collector thickness are de = 0.8um , dg = 1.2um
and dc = 2um respectively. Assuming that the device is
operated at room temperature :

(@ Find the space charge region extents for both
junctions.

(b) Compute the base, emitter and collector currents
(c) Calculate the forward and reverse current gains

(5)
(5)
()

BTL 5

Evaluating

(i)

Generelize the homodyne and heterodyne architecture of
RF system

(8)

(i)

Devise the various stabilization methods for a RF amplifier
circuit.

(7)

BTL6

Creating
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EC8561 — Transmission Lines and RF Systems

Unit-1
TRANSMISSION LINE THEORY

Find the reflection coefficient of a 50-ohm transmission line when it is terminated by a
load impedance of 60 + j40 ohm.

Zgr— Zop

k=22 292
Zg + Z,

50— 60 — j40
"~ 50 + 60 — j40

K=0.35124.01

Equivalent circuit of a unit length of a transmission line:

£33 2

Infinite line:

When S=Q0, in the infinite line the travelling waves continue in one direction
indefinitely and there is no source of energy or discontinuity to send back a reflected
wave along the line.

Delay distortion:

For an applied voice-voltage wave the received waveform may not be identical
with the input waveform at the sending end, since some frequency components will be
delayed more than those of other frequencies. This phenomenon is known as delay or
phase distortion.



A transmission line has Z, = 745 12° Q and is terminated is Zr = 100 Q. Calculate the
reflection loss in dB.

:Reflection Factor k= 2VZrZo l= 2745100 =0.645
Zr+Zy| | 745+100 o
1 1
Reflection Loss = 20log—=20 log —— _ :
Unit—11

HIGH FREQUENCY TRANSMISSION LINES

Input impedance of open and short - circuited dissipation less line:

Short circuited impedance The open circuited impedance

ZSC = Zotanh}’l ZOC — ZO COthYl

State the assumptions for the analysis of the performance of the radio frequency line:
1) Due to the skin effect, the currents are assumed to flow on the surface of the
conductor. The internal inductance is zero. 2) The resistance R increases with f while
inductance L increases with f. Hence oL >> R. 3) The leakage conductance G is zero.

Standing wave ratio:
The ratio of the maximum to minimum magnitudes of voltage or current on a

|E max| _|Imax|
|E min| B |Imin|

line having standing waves called standing wave ratio. S =

Input impedance of a dissipation less line:
The input impedance of a dissipation less line is given by, Zs= Es =Ro Lrk<g-2/5
Is 1-k<¢g—-2p05

Range of values of standing wave ratio:
The range of values of standing wave ratio is theoretically 1 to infinity.

Relation between SWR and reflection coefficient:
1+ k _

S:u, Also |K|:S—1

-k s+1



Unit— I
IMPEDANCE MATCHING IN HIGH FREQUENCY LINES

Use of eighth wave line:
An eighth wave line is used to transform any resistance to an impedance with a
magnitude equal to Ro of the line or to obtain a magnitude match between a resistance
of any value and a source of Ro internal resistance.

Input impedance of eighth wave line:
The input impedance of eighth wave line terminated in a pure resistance Ry. Is
given by Zs = (Zr+jRo) / (Ro+ ] Zr). From the equation it is seen that | Zs | = Ro.

Impedance inverter:
A quarter wave line may be considered as an impedance inverter because it can
transform low impedance into high impedance and vice versa.

Copper insulator:

An application of the short -circuited quarter wave line is an insulator to support
an open wire line or the center conductor of a coaxial line. This application makes some
of the fact that the input impedance of a quarter wave line is very high, such lines are
sometimes referred to as copper insulators.

Double stub matching is preferred over single stub matching:
Double stub matching is preferred over single stub due to following

disadvantages of single stub.

1. Single stub matching is useful for a fixed frequency. So as frequency changes the
location of single stub will have to be changed.

2. The single stub matching system is based on the measurement of voltage minimum;
hence for coaxial line it is very difficult to get such voltage minimum, without using
slotted line section.

1. Design a quarter wave transformer to match a load of 200Q2 to a source resistance of
500 Q. The operating frequency is 200 MHz.

RO = +/ZsZr = /500x200=316.22 Q.

A=C/f=15m A/ 4=0.375m.



Unit-1V
WAVE GUIDES

TEM wave or principal wave:

TEM wave is a special type of TM wave in which an electric field E along the
direction of propagation is also zero. The Tem waves are waves in which both electric
and magnetic fields are transverse entirely but have no components of Ez and Hz. It is
also referred to as the principal wave.

Characteristics of TEM waves:
a) It is a special type of TM wave.
b) It doesn’t have either E or H component.
c) Its velocity is independent of frequency.
d) Its cot-off frequency is zero.

Dominant mode for the rectangular waveguide:
The lowest mode for TE wave is TE1o (m=1, n=0) whereas the lowest mode for
TM wave is TMu (m=1, n=1). The TEi wave has the lowest cutoff frequency
compared to the TM 11 mode. Hence the TE1o (m=1, n=0) is the dominant mode of a
rectangular waveguide. Because the TE1o mode has the lowest attenuation of all modes
in a rectangular waveguide and its electric field is definitely polarized in one direction
everywhere.

A rectangular has the following dimensions | =2.54 cm, b = 1.27 cm. Waveguide thickness
= 0.127 cm. Calculate the cut off frequency for TE11 mode:
A rectangular waveguide has the following dimensions:
a=2.54 cm, b = 1.27 cm, Waveguide thickness = 0.127 cm.

fo= 1 (m”)2+(”—”j2 = 16.15 GHz.
27+ e a b
a = 2.54x102x 0.127 = 0/02286 m b =1.27x102 x 0.127 = 0.01016 m.

Quality factor of a resonator:
The quality factor Q is a measure of frequency selectivity of the resonator. It is
defined as Q = 2 x Maximum energy stored / Energy dissipated per cycle =W / P.
Where W is the maximum stored energy, P is the average power loss.



Unit-V

RF SYSTEM DESIGN CONCEPTS

Comparison of conditional and unconditional stabilities of an amplifier:

Conditional stabilities

unconditional stabilities

Conditional stabilities refers to a network
that is stable when its input and output see
the intended characteristic impedance Zo

Unconditional stabilities refers to a network
that can see any possible impedance on the
smith chart from the center to the perimeter
at any phase angle. Gamma<1 means that the
real part of the impedance is positive

If there is a mismatch, there is a region of
either source or load impedances that will
definitely cause it to oscillate. The term
potentially unstable refers to the same
condition

Note that any network can oscillate if it sees
a real impedance that is negative, so if your
system goes outside the normal smith chart
all bets on stability are off

1. Power gain of amplifier:

Gy = (l _,rle)SZI,z(] ‘lrslz)

fl—rLszzﬂl—s,,rS;2

Requirement of impedance matching:

1. Minimum power loss in the feed line.

2. Maximum power transfer

3. Improving the S/N ratio of the system for sensitive receiver components

Required Other considerations:
1. Complexity 2.
4. Implementation

Band width requirement

3. Adjustability

Output stability circle and input stability circle:

1
o ITinl=1 \

Unstable

v

Stable

/

ITLl=1

Transducer power gain:

Transducer power gain is nothing but the gain of the amplifier when placed

between the source and load.

Power delivered to the load

= Available power from the source




_PL
Py

Relation between nodal quality factor (Qn) with loaded quality factor (Qu):
QL= Qn/ 2



UNIT - I - TRANSMISSION LINE THEORY

General Solution:

1+dl 1| Z = R+joL
L R L R Y = G+joC

i 1 { 1 = VR +joL) (G +jaC) =+ZY

Vv

V+dv
l G%__Tc l V= Ae"+B e

[ = Ce™+De ™

V = "Y_R"[l‘*‘%) e‘\[?.fx + .Y.zﬂ(l !'.'..’.Je-\IZY:
“R

e (. ZRY) 7vs 'u( .’_!s] N7V x

N x4 N x (emx

B L2 T

NZVx 4 o~V i NZYx _ ~\ZVx v
Izl"(e +2 )+2f(e Ze ) ["'IR-—Z-E]

-m)

5 [ Va=Tg Zg]




V =V, cosh\JZY x+IR Z, sinh\fZY x
\'/
I = Igcosh \IZY x + Ef sinh 1’2‘&' x
Z
Vg = Vg[cosh\/ZY l+2:o sinh\ ZY [ }

Ig = Iy [cosh YA —smh\/ZY 1]

The input impedance of the transmission line is,

\"%
Zg = I—:
z, = Zo(ZRcosh\/ZY I+Z°smh\,/ZY /)
(ZoCOShVZY 1+ZR31nh;;ZY 1)
Zg +Z,tanhyl
Zs = Zo| Z ¥ Z, tanhyl
i el + (_Z_L_Q) -11—‘
Zg+Zy
ZS = ZO yl ZR Zo) -"
E € “\Z,+Z, £ i

e +Ke !
Zs = Zo| 31 -y
el —-Ke
Wavelength and velocity of propagation:
The propagation constant (y) and characteristic impedance (Z,) are called

secondary constants of a transmission line.
Propagation constant is usually a complex quantity Y = O + _] [5

7=\/ZY

The charecteristic impedance of the transmission line is also a complex quantity.

ZO= ?

o +if = 1\ RG-w2LC +jo(LG + RC)
a2 = B2+RG-02LC




20p = o (LG+RC)
: \/BZLC _RG ++ (RG—wlLC) + 02 (LG + RCR
- 2

B e
\/ RG — 0?LC +1 (RG— @?LC)? + 02 (LG + RC)?
‘. a o— 2

Velocity:
The velocity of propagation is given by,
v=Af
A
=2n f -
s
\/ LC
Wavelength:

The distance travelled by the wave along -the line while the phase angle is
changing through 2 radians is called wavelength.

|
<

Waveform distortion:

The received waveform will not be identical with the input waveform at the sending
end. This variation is known as distortion.
1. Frequency distortion

2. Delay or phase distortion

Frequency Distortion: A complex (voice) voltage transmitted on a transmission
line will not be attenuated equally and the received waveform will not be identical
with the input waveform at the transmitting end. This variation is known as frequency
distortion.

Delay or Phase Distortion: For an applied voice-voltage wave the received
waveform may not be identical with the input waveform at the sending end, since
some frequency components will be delayed more than those of other frequencies.
This phenomenon is known as delay or phase distortion.

The Distortion Less Line:

If a line is to have neither frequency nor delay distortion, then attenuation factor ¢
and the velocity of propagation v cannot be functions of frequency.



If v='(‘g'

B must be a direct function of frequency

B = \/ o2LC - RG +/(RG — 0?LC)? + 02 (LG + CR)?
- 2

For B to be a direct function of frequency, the term
(RG - 02 LC)? + 0? (LG + CR)? must be equal to (RG + w2 LC)?

R_G

L C

This is the condition for distortionless line.

Loading:

» To achieve distortion less condition = increase L/C ratio
* Increasing inductance by inserting inductances in series with the line is
termed as loading such lines are called as loaded lines
* Lumped inductors = loading coils
Types of loading
(&) Lumped loading
(b) Continuous loading
(c) Patch loading

A
Unloaded

Lumped loaded

/’-__/h.._c::ntinuousw loaded

>
»>

Attenuation
(o)

Frequency (f)
Comparison of loaded and unloaded cable characteristics
Inductance loading of Telephone cables:
Consider an uniformly loaded cable with G = 0. Then,
Z = R+joL
Y = joC

Z = \|R2+ (Lo)? tan—‘(LRE)

Propagation constant y = \/ &y



s o lTE 4 R Y |n 1 R
n 1 R
= —_ _ = o] —
=%'\/% +j03\fLC
R C
. Attenuation constant o = > i

Phase-shift p = o \ LC

: o
Velocity of propagation v = B = Jic

Campbell’'s Equation

/ Loading coils \

...... m AAAA,_____AAAA’___IWI ==

Zy L, %
2 — 72 72
z'  Z o
--2 —2+Zotanh2
Z

C .
coshy'l = 57 sinh y/ + coshyl
0
Derive the expressions for open circuited and short circuited lines:

Ze .
Vg = Vi [cosh \/ZY I+ z;‘ sinh \/ZY / ]

Z
I = Iy [cosh \ZY l+z§sinh \/ZYl]

The input impedance of a transmission line is given by

Vs
ZS=-IS—



[ZR cosh yl + Z_ sinh yl]
Zs =

Z, cosh yl + Z sinh yl
Short circuited impedance The open circuited impedance
Z, = Z,tanhyl Z, = Z,cothyl

Reflection on a line not terminated in its characteristic impedance (Zo):

When the load impedance is not equal to the characteristic impedance of a transmission line,

reflection takes place, i.e., Z, # Z, , reflection occurs.

If a transmission line is not terminated in Z,, , then part of the wave is reflected back. The

reflection is maximum when the line is open circuit or short circuit.

From the general solution of a transmission line, the equations for voltage and current are

expressed as:
o ErlZrt2y) ¥ 4| Zr = Zr=2y |,
ZZR ZR +ZO

7o 1 (Zr +Zy) [ew (Ze-2),- 1

N7 7 .7
Incident voltage component is given by

Z
Ey, [l +0 ]
El ER(ZR+ZO) els = ZR s
27, 2
Reflected voltage component is given by,

A
Enl(Zn—2 ER(I"Z-Q]
E2= R\“R O)e—*ys= R P
27 p 2

If Zp =0 which represents an open circuited line,
Ats=0,both E, and E, have an amplitude of £,/2. Thus at the receiving end, initial value of

the reflected wave is equal to incident voltage.

Open Circuit Open Circuit

Incident Wave \
SR -~ 6 >
Reflected

(i) For time instant t = 0 (ii) For time instant t = 1/8 f




Input impedance and transfer impedance:

Input impedance :

The equations for voltage and current at the sending end of a transmission line of
length ‘I’ are given by

Z
Vg = VR(cosh\/ ZY | + _ZR sinh\/ ZY [ )
Zg .
Is = Ij (cosh\} ZY I+—ZO smh\/ ZY | J

The input impedance of the transmission line is,

Zo (Zg cosh \/ ZY !+ Z,sinh \/ ZY 1)
Zy = (Z, cosh N ZY | +Zgsinh JZY 1)

Let \/ ZY =%

The input impedance of the line is

[ Zg coshyl+Z,sinhy!
Zs = Zo | Zycoshyl+ Zg sinhyl
—ZR+ZOtanhyl
= Zs = Zg | Zy+Zg tanhy!
Zr-Z,
If K = Zp +2¢ , then
%s = Zo [e*l -Ke ! ]
Transfer impedance :
Vs
ZT = K
Vg Zg+Z, g
Zr = = et +Ke™ ')
T T, 2 ¢

Zy = Zgcoshyl+Z,sinhyl



UNIT -1l - HIGH FREQUENCY TRANSMISSION LINES

Parameters of open-wire and coaxial lines:

The inductance of an open wire line is given by,

The first term on the right hand side of the above expression represents internal inductance of
the line due to internal flux linkages in the conductors and is zero for a open wire line.

Hence the inductance of the open wire line is
d
L=4x 10"7In 2 henrys/m

d
=9.21 x 107 log,, P henrys/m

\a /

a — radius of conductor

d — distance between conductors.
The value of capacitance of a line is not affected by skin effect or frequency and hence the
capacitance of a open wire line with air dielectric is given by,
TEE
C = —=* farads/m
d
In—
a
where ¢, = Permittivity of free space = 8.85 x 10~'2 f/m,

g, =1 for air

277

= g Huf/m,
In—
a



12.07
C=——upf/m

log;, —
10

The resistance of a round conductor of radius ‘a’ meters to direct current is inversely
proportional to the area as,

R = k
“= 3
| th ing in a skin of thickness 3 is
While that of a round conductor with alternating current flowing in a skin of thickness 6 is,
R k
“ 2nad | o
Therefore the ratio of resistance to alternating current to resistance to direct current is given

by,

R _ a\nfuc _a

R, 2 28

For copper

%C- =7.53a\f
dc
PARAMETERS OF THE COAXIAL LINE AT HIGH FREQUENCIES

Because of the skin effect, the current flows on the outer surface of the inner conductor and

the inner surface of the outer conductor.

: //,7_[/ s, -t Dielectilo

“her NNt
Gonductor

Outer
Conduclor
Sheath

Fora coaxial line the inductance is given by,
1" c
20 o
= 107 | 4N o~y
L=10 a (C*=bp*y* (?-p?

Him

second term and third term represents flux linkages inside the inner and outer conductors,

The skin effect eliminates flux linkages and hence the inductance of conxial line is piven by,

b
L=2x 107In P henrys/m

b
L =46 x 107 log,, " henrys/m

The capacitance of the coaxial line is not affected by the frequency.



2T7e

C= 5~ farads/m
In —
24. I4a

C=— b ppf/m.
Iogl()

Due to skin effect resistance increases and the resistance of coaxial copper line is
Due to skin effect resistance increases and the resistance of coaxial copper line is

1
R _=4.16 x 10 \/—f_[;+;]9/m

The ac resistance of the coaxial cable is derived as follows,

I R R [ 1.1 }
a” 2nadc 2mbdc 2mndocla b
The ac resistance per unit length of a copper condugtor is given by,
R = ] [l + l]
Zn(w}(i% x107) “’b
Jf
R_=4.16 x 10 \/7[%+-'5]Q/m.
The dc resistance of a coaxial line is given by,
L[L e }
Rdc = | a2 (02 _bz) Q/m

1. Line constants for zero dissipation line:
In general the line constantstfor a transmission line are:

Z=R+j(oL
G+]0)C

R+ joL
Characteristic impedance Z, = G+ joC

= VZY = (R + joL)(G + joC)

Propagatlon constant
Y=o +jB.

For a transmission of energy at high frequencies, ®L > > R. We assume negligible losses or

zero dissipation and G is also assumed to be zero. (G =0)



Using the inductance and capacitance a open wire line at high frequency, the value of
characteristic impedance of the open wire line can be found as,

27.7

L=4x10"In g h/m Ces ndla ppf/m
R = \/Z =120 In g ohms.
: C a
(or) R, =276 log,, d ohms.
The characteristic impedance of the coaxial line can be computed as,
L=4.60 x 107 log,, b/a h/m L=2 x 107 In b/a h/m
i 24.14¢, 35.3¢,
~ logypb/a kpF/m Lo Inb/q HHi/m
L _138 L 60 b
R,= c - \/;:7 log,, b/a ohms R, = C =T,In; ohms

— The propagation contant g is given by,
Y= VZY = (- joL)(joC) = 0’LC = joIT
= \~jw’LC

The velocity of propagation can be calculated as
® ®

]
= B—w ['—LC"' TC m/sec.

Measurement of VSWR and Wavelength:

* VSWR and the magnitude of voltage reflection coefficient are very important
parameters which determine the degree of impedance matching.

* VSWR and I are also used for measurement of load impedance by the

slotted line method.

Tunable probe VSWR

Y

detector meter
A
Microwave s Isofator > Frequency " Variable >Slotted line{ | Unknown Matched
Source meter attenuator section impedance| | load
]
Microwave

power supply




e When a load Z; # Z, is connected to the transmission line, the standing
waves are produced.

e By inserting a slotted line system in the line, standing waves can be traced by

moving the carriage with a tunable probe detector along the line.
e VSWR can be measured by detecting Vyax and Viin in the VSWR meter.

incident

Here, Prefieciea is a reflected power and Pincizens is @ incident power of unknown

impedance. S varies from I to «.As I varies from 0 to co.
LOW VSWR (S < 20)

e Values of VSWR not exceeding 20 are very easily measured directly on the

VSWR meter using the experimental set-up shown in Fig.18.9 as follows,

(1) The variable attenuator is adjusted to 10dB. The microwave source is
set to the required frequency. The 1kHz modulation is adjusted for
maximum reading on the VSWR meter in a 30dB scale.

(2) The probe on the slotted waveguide is moved to get maximum reading
on the meter (corresponding to V).

(3)  The attenuation is now adjusted to get full-scale reading. This full-scale
reading is noted down. Next the probe on the slotted line is adjusted to

get minimum reading on the meter (corresponding to Vinin)-

v
(4) The ratio of —™* gives the VSWR.
min
» The experiment is repeated for other frequencies as required to obtain a set of
values of S Vs f.

The Possible Sources of Error in this Measurements are:

(1) Vipax and Vi, may not be measured in the square — law region of the
crystal detector.
(2) The probe thickness and depth of the penetration may produce

reflections in the line and also distortion in the field to be measured.
(3) When VSWR < 1.05, the associated VSWR of connector produces

significant error in VSWR measurement. Very good low VSWR (<I. 01)
connectors should be used for very low VSWR measurements.



e For high power, double minimum method is used. The electromagnetic field
at any point of transmission line may be considered as the sum of two
traveling waves: the ‘Incident wave’ which propagates from generator and
‘reflected wave’ which propagates towards the generator.

e The reflected wave is set up by reflection of incident wave from a

discontinuity on the line or from the load impedance.
e The magnitude and phase of reflected wave depends upon amplitude and

phase of the reflecting impedance.
e The superposition of two traveling waves, gives rise to standing wave along

the line.
e The maximum field strength is found where two waves are in phase and it is

minimum where two waves adds in an opposite phase.
e The distance between two successive minimums (or maximums) is half the

guide wavelength on the line.
Reflection Coefficient:
The ratio of electrical field strength of reflected and incident wave is called
the reflection coefficient.

e Reflection coefficient, p is
_E, _2-Z,

E, Z+Z,

Z is the impedance at a point, and

where,

Z, is characteristic impedance.
* The above equation gives following equation IT|= 5-1
S+1

34 Twice minimum
= power points
>

!
[
|
[
[

mml—*——k—___ |
[
|
[
x
|
|

|
|
|
|
|
l

x1 Xmin X2

Distance (cms) —
Double minima method

VSWR:
e VSWR denoted by S is,



S = Ema _ |E||+|Erl
Emi" |E1|_|Er|

where, E; — Incident voltage, and

E. — Reflected voltage. .
® In this method, the probe is inserted to a depth where the minimum can be
real without difficulty.

¢ The probe is then moved to a point where the power is twice the minimum.
Let this position be denoted by x;.

The probe is then moved to twice the power point on the other side of the
minimum (say X.).

2
Pmin oc vmin
2
2P i < V2
.
l — Vmin
2 sz
2 2
Vx - 2(Vmin)
vx = 2 Vmin
Guide Wavelength:
* By moving the probe between two successive minima, a distance equal to
A
—25- is found to determine the guide wavelength Ay
Ao
kg =

2
1- [h)
}"C
Quarter wave line and Half wave line:
The input impedance of a dissipationless transmission line is

Zgt+jRytan Bx
Zs = Ro| R, 5/ Z, tan px

Zo o
tan B x J o

Zs = Ry R,
+J Zg



For a quarter wave line x = A/4,

2n A _ @
Pr =534 72
ZR
L | a2 JRo | . [_]Ro]
5 1 _Ry & 0 1JjZg
tann/2 /R
7, - o
S ZR
I
A
Y
Half-Wave Line

The input impedance of a dissipationless transmission line is

Z. = [ZR+jRotaan
> Ro+j Zg tan Px
For a half-wave line x = A/2
2n A
Bx = ‘{5 =n
7 = R ZptjRytanm
S 0| R,+jZgtanT
Zy
Zy = Zy



UNIT - 111 - IMPEDANCE MATCHING IN HIGH FREQUENCY LINES

Single stub matching:

Location and length of the stub using reflection coefficient:
The input impedance of the line is given by

1+Ke 2"

For lossless line o =0,y =/ Band K=| K|e/*

where ¢ is the angle of reflection coefficient.

1+|K|e/te/2P!
Zi = Lo _|K|ef®-2PD

1+|Klej(¢-2ﬂl)
1-|K|e/te /2P
The input admittance is given by

l—]KIe“"zW)
Yi = GoT|K|e/ @ 28D

where the characteristic conductance is
Gy = zlo =ﬁ-; [+ Z, is resistive]
1—|K|[cos(d=2BD+jsin(¢— 2P D]
Go T¥|K [ [cos (6~ 2B /) +j sin (¢— 2B 1))
1-|K|[cos(d— 2B —j|K|sin(¢— 2B D]

= Go 75K | [cos (0— 2B 1) +/ | K |sin (6— 2B D]
Multiplying the numerator and denominator by

1+|K|[cos (¢-2p)—j | K|sin(¢—-2B/)

Y. =G 1-|K2-2j|K|sin(¢-2B10)
J 01+|K[+2|K|cos($-2B 1)
Since Y, = G, +} S, then

Yl"—‘

Y. _ G JS _1-|KP-2/|K|sin(¢-2p1)
Gy Gp Gy 1+|KPR+2|K|cos(d-2B1)
Equating the real parts

G; _ 1-|K 2
G, 1+|K|2+2|K|cos(¢—2[31)




Equating the imaginary parts

S, _ ___-2|K|sin(¢-280)
G, 1+|K]2+2|K|cos(¢-2B1)
At the location of stub Z; = Z, for matching.

Since there is no reflection, / =/,

G, = G,

G =1

1-|KJ]2
1+|KP2+2|K|cos(¢-2B /)

1-|KP = 1+|KR+2|K|cos(p-2B/,)
2|K|cos(¢-2B/,) = -2|KP
cos ($-2B1,) = ~|K|
¢-2B1, = cos!(-|K])
But cos!(-|K|) = —m+cos!|K|
$-2Bl, = —m+cos! |K|
281, = ¢+mn—cos!|K]|
_¢+tm—cos!|K|
s 2B
/I, = L[¢+n—cos-‘|K|] [
ot f 4n

= ]

l

The normalized susceptance (imaginary part) equation is
L/ -2|K|sin(¢-2p1)
Gy, 1+|KP+2|K|cos($-2BI)
But (¢—2p/,) = —m+cos!|K| and
cos(¢-2B1,) = —|K|

S, -2 |K]|sin(-=m+cos!|K]|)
G,  1+|KR+2|K|(IK]
2| K |sin(cos™! |K|)
1+|KP-2|KP
Letcos!'|K|=0,then|K|=cos0 and
sin(cos'|K|) = sin0

\’l—cosze = \/l—ll(l2

"

S, 2|KINI-[KP
" Go - l"lKlz
) 21K |
%= O JT-TKE

The susceptance of the stub is G, cot f /,
2|K]|

GyeotBl, = Gy T-|KP



L. . BIE]
tanBl,  \[1-|KP

3[1—iKi2

tanﬁl,= 2|KI

m..ltl"iKiz

2[K|

L VI-IKPE

I, = 1 tan
p 2|K|
A

»  I-KE

2|K|

Bl

I, 2n

The location of the stub ‘/;” and length of the stub ‘I, can be determined, if the
reflection coefficient and frequency are known.

Determine the stub length and the distance of the stub from the load. Given that a

complex load ZL =50 - j100 ohms is to be matched to a 75 ohms transmission line using

a short circuited stub.

(a) Characteristic impedance ( Z, ) of the line = 75Q
Load impedance Z, =50 —;100 Q

. ) Z; 50— ;100Q
Normalized load impedance = Z} = 7. 750
0

Z; =0.667 - j1.33

Normalized load impedance Z," is plotted at the intersection of constant R circle with R =
0.67 and with X'= 1.33. This is point A. The impedance circle is drawn.

(b) The normalized load admittance point B is determined by drawing a line from point A through
the center to the opposite side of the S circle. (i.e., Point B),

Y=03+;0.6 75.

(¢) Travel along the constant S circle in the clockwise direction from load to generator to reach a

point C on g = 1 circle (or) ¥ = | circle. Draw a line from O to C and extend the line to C’
0

on the outer rim.
(d) The distance between B'C" gives the distance of the stub from the load.

ie,s=0.18 1 —0.09 2 =0.09 2.

(e) Atthe point C, the normalized admittance value is 1 +1.6. This is the point at which the stub
is connected. Thus the stub should provide a susceptance of - jl.6,

(f) The determine the length of the shorted stub that has opposite reactive component to the input
admittance, the outside of the smith chart (g = 0 circle) is moved around until a point with
susceptance of —j1.6 is reached which is point E. The point E represents a susceptance of
—ji.6.



(g) The distance between D and E is the length of the sub length of the stub /
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A 50 Q loss less feeder line is to be matched for an antenna with Z. = (75-j20) Q at 100MHz

using single shorted stub. Calculate the stub length and distance between the antenna and
the stub using smith chart.

Given: Zy = 50Q
Z, = (75-j20)Q
f = 100 MHz
¢ _ 3x108
~f  100x10°
=3m

Z 75-j20
Normalized load impedance 7, = Z—L =—59 =~ 1.5-j04
0

Normalized load impedance z, is plotted at P on the Smith chart and the

impedance circle with ‘O’ centre and OP as radius is drawn.
From the smith chart OS read as SWR = 1.7
The normalized load admittance is diametrically opposite to the normalized load
impedance at Q i.e, y, =0.62+;0.17.
¥, is moved in clockwise direction to a point A on the impedance circle where it

intersects R = 1 circle i.e., at1+;0.525,

The distance between Q and A is the distance from the load to the location of the
stub.

d = 0.1455 % - 0.0415 A

0.104 &
0.104x3 = 0312m

The stub must have zero resistance and susceptance that has an exactly opposite
valueat C ie., yg,=0-70.525.

The length of the stub is measured from the right side of the chart (X = 0) at B to
the point C.

I = (0423-025)% = 0.173 A
= 0.173x3 = 0.519 m
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A 75 Q lossless line transmission line is to be match with a 100-j80Q load using single
stub. Calculate the stub length and its distance from the load corresponding to the
frequency of 30 MHz using Smith Chart:

Given: A

75Q
100 — /80 Q

f = 30 MHz

N
o
I

T 30x10°
= 10m
: Zy
Normalized load impedance z; = -Z_o_

-2 =I80 5o -j1.067



The normalized load impedance z; is marked in Smith chart at P and the
impedance circle with (1 +;0) as centre ‘O" and *OP" as radius.
From chart SWR = OS = 2.5

The normalized load admittance is diametrically opposite to the normalized load

impedance at Q is y, =0.46 +;0.36. | is moved in clockwise direction to a point A
on the impedance circle where it intersects R = 1 circle i.e., at1+;0.956.

The distance between Q and A is the distance from the load to the location of the
stub

d = 0.1605 % —0.0655 2% = 0.095 2
= 0.095x10 = 095 m
The stub must have zero resistance and susceptance that has an exactly opposite
valueat C ie., y,, =0-;0.095.
The length of the stub is measured from the right side of the chart (X=0)atBto
the point C.
I = (0379-025)A = 0.129
= 0.129%x10 = 1.29m
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UNIT - IV - WAVE GUIDES

Electric field and magnetic field expression between the parallel plates:

Consider an electromagnetic wave propagating between a pair of parallel perfectly
conducting planes of infinite extent in the y and z directions as shown in Fig

—
led = [

Maxwell’s equation)é will be solved to determine the electromagnetic field
configurations in the rectangular region.

Maxwell’s equations for a non-conducting rectangular region are given as
VxH = joeE
VxE = —jouH

5 & =
5 8 @
Vackii= |2 & &
g 2x dy oz
H, H, H,

|
Q

8H. @&H, &H an.) _ (EH‘ an,}
] peree oYY = | == ) A
- ( dy ~ @z )*""L oz ox ) % ax T ay

= jwe [aE +a,E + aE]
Equating x, y and z components on both sides,

oH, @&H )
(‘3)«z -?:Z =Jack,
dH, @oH, g
% " ax T Jeth
8H, @&H

il X i

ox ~ oy _JotE |



Similarly, VxE=|2 & 2

(53 Ha‘i =)l -5)

oy

=-jop[aH, +aH +a H,]
Equating x, y and z components on both sides,

9E, OE \
Pl RSO

ay - az j(l)l.le
3E, OE, L
kel L
OE, OE,

Ox - ay 2 —jOJ]J.Hz /

The wave equation is given by

VE = y’E
V2H = y*H
where y: = (o +jwe) (jop)

For a non-conducting medium, it becomes
VE = —w’ueE
V*H

azs PE  JE .
+ayz+azz=—mpeE

- o’ueH

2 2 2
aH ayrzl aH - oPueH

It is assumed that the prOpagatlon is in the z direction and the variation of field
components in this z direction may be expressed in the form e,

where y is propagation constant.

y = atjp
If o =0, wave propagates without attenuation.

If «isrealie, P =0, thereisno wave motion but only an exponential decrease
in amplitude.
- o0 -
Let H, = Hy e
oH,

oz -yHJ €™ = —yH,
oH,
Similarly, i H,




0
— = _yE

E
0
J0E

Let E, = E? ¢ 12
z
Similarly az" = —yE,

There is no variation in the y direction i.e., derivative of y is zero

YH, = joeE,
oH
-yH, -3 = joeE, )
JéH
E‘! = joeE,
vE, = —jopuH, )
OE, .
-1E, -3, = -JjouH, }
O0E
ool g s
ox JouH, y
d’E
22 T VE = —o’ueE i
2 g
a2 *TH = —olueH |
0’E ; 2
where 52 ~ V'E and = =yH
TosolveH,,
OH,
~¥H, - o — JoeE,
YE, = —jouH,
From the above equations,
g = LE
¥ jop
1 oH,
% = “Jus [”’x*‘a?]

Substituting the value of E, in the above equation,

dH
o _;( _)]
H, jmp[ Jjwe H,* ox

Y JH
Ly e 2
2 - JH ]
Y - Y 2
H’[ ! +m2ue ] W pE [ ox

H, (oo +17] = -7 55
LOR ox



H. = o’ue +y* Ox
—y 0H
s bt
He =% ax
where h? = Y+’ pe
OE,
Tosolve H), YE, + 3 = jouH,
yH, = joeE,
From the above equations,
H, ={2E,

e E;.]
Bx ~>. Y []O)P.Hy— ox

Substituting the value of E, in the above equation,

joe 1|, %E,
Hya Y .y[]mpHy- ax]

q - -ope . jos OF
4 Y y~ 4 ox

ioe OF
ope | JOE Tz
1+ ) e
- JWE oE
Y (¥ + o’ue) Ox

h? = Y2+ a’pe

2

oo
I

2 o —!'0)8 aEz
y h* ox
Tosolve E_,
OE, _
YE, + e JopH,
- o
o y E,
Substituting the value of H , in the above equation,
aE, . [OE
1B+ < dow [0
- —o’pe E
-y X
2
O pe aEx
+ = -
1E; Y E, ox

o)zg JE
E [ 4 s] L
=LY Y ox



JdE

E 2 4 a2 = z
gl rope] = —y
-y OE
B, = o=t
h® Ox
Tosolve E,
O0H,
TH, + 7= = —jcE,
* Jop
Substituting the value of H, in the above equation,
—yzEy O0H, .
jon + B -JOeE,
2
-y ) ] OH,
- + | T
E, [jmu JOE Ox
\ 2 2 . .a_i
E,[y"+oue] = jou O
. _ fop OH:
y  h* ox
where h? = y*+o’pe

Electric field and magnetic field expressions for TE waves between parallel plates:

Transverse electric (TE) waves are waves in which the electric field strength E is
entirely transverse. It has a magnetic field strength H. in the direction of propagation
and no component of electric field E, in the same direction. (E. = 0).

Substituting the value of E, = 0 in the following equations.

J0E —jwg OE
B .o | = ZI9E
and H, = R ox

E,= -4 ax
Then E, = 0 and Hy=0

X

The wave equation for the component E,

d’E
E’l +y2E, = - o’ psE,
O’E
E\}z = -o’ueE,-y*E,
Fa . . -
But =y’ +o'ue
| O°E

—5 +h’E, = 0




This is a differential equation of simple harmonic motion. The solution of this
equation is given by

E, = C,sinhx + C,cos hx

where C, and C, are arbitrary constants.

IfE, is expressed in time and direction (E, = E) ¢™7*), then the solution becomes,
E, = (C,sin hx + C, cos hx) e™"*

The arbitrary constants C, and C, are determined from the boundary conditions.

The tangential component of E is zero at the surface of conductors for all values
of z.

Ey =0atx=0

E,=0atx=a
Applying the first boundary condition (x = 0)

0 =0+C,
C,=0
Then E, = C sinhx e™
Applying the second boundary condition (x = a)
sinha = 0
mn
h ="
where Mmoo LB
Therefore, E, =C sin(?x) er
0E n
# = mT C, cos (?x) e
YEy = —j(O].lH,
oE
Fxx = —j(l)}lH,
; —YE,
From the first equation,  H, = 7%

Substituting the value of E,, in the above equation
- . (mn
H, = 7 C,sin (—a'x) et

jop
2,
From the second equation, H, = - m o

Substituting the value of E in the above equation
H = - mmn
? jopa

H, = = C, cos(mx)e""
' opa a

mn 5
C, cos(Tx) s



The field strengths for TE waves between parallel planes are

E,=C; Sin(?x)e"rx )
L, .. ) ye

H, - Clsm( et 1 >
- —mn mn Y=

H, Joua C,cos( pe x)e g

Yy = JjB

Then the field strengths for TE waves are
E, = C,sin (?x) e /P

pa— . m %
H, = J—(;% C, sm(“;‘x)e JBz

mn mmn ,
H, = LEE C cos(—x)e”"*’
: oua ! a
The field distributions for TE,, mode between parallel planes are shown in Fig,
X % X
n

{l -.--—2— —— . ] ‘
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Electric field and magnetic field expressions for TE waves between rectangular
waveguides:
' The wave equation in a rectangular waveguide is given by
o°H, 0O°H,
ax2 + a a2 +72H = —‘02115 Hz

The solution of the equation is

H,(x»2) = H: x, e

Let H, (x,») = XY
where X is the function of x only.
Y is the function of y only.

Substituting the value of H, in the wave equation,

¢ EX Y 2
Y =- XY
df+xdyz+yx O° HE

dzx a2y

Y53 +xdy2 +h*XY = 0
where A% = y? + @’pe.
Dividing by XY,
L% LY
X dd 'Y th =0
2 2
14X o gldy

The expression relates a function of x alone to a function of y alone and this can be
equated to a constant.

1 d’X

2 _ A2
X a2 *H = A
ld’X 3
X g2 tH-A'=0
ut Bz = hZ_AZ
ld’X 5

The solution of this equation is

X = C, cos Bx + C, sin Bx
- 1 d*Y
Similarly, -V o7 = A?
imilarly Y 4y A

v ;2 tAT =0

The solution of this equationis Y = C, cos Ay + CysinAy



But H, = XY
= (C, cos Bx + C, sin Bx) (C, cos Ay +C,sin Ay)
= C C,cosAycosBx+C2C3 cos Ay sin Bx

+C, C cos Bxsin Ay + C, C, sin Ay sin Bx
It is known that

E = - aE, -jmu aH,
x  p? ox h* oy
For TE waves E,=0.
B Lot O
= -L:#[—C, C; Asin Ay cos Bx—-C, C; A sin Ay sin Bx

+C,Cy;Acos Bxcos Ay + C, C, A cos Ay sin Bx]
Applying boundary conditions, E,=0 when y=0, y=5.
If y =0, the general solution is

E, = —%[C,C4AcosBx+C2C4Asian]=0

X
For E =0, C;=0.(C, is common)
Then the general solution is
E, = :%)E [~ C, C; Asin Ay sin Bx - C, C; A sin Ay sin Bx]
If y=b, E,=0.
For E, =0, it is possible either B=0 or A= E‘:‘ . If B =0, the above solution is

lentically zero. So it s better to select A="-.

The general solution is
E, =42 [C,C;AsinAycosBx +C, C; Asin AysinBx ]

X
Similarly forE ,

B = -y OE; L op oH,
y  h* oy h*  ox

jop  OH;
- [ E.=0)

- :z [-C, C; B cos Aysin Bx + C, C, B cos Ay cos Bx -
C, C,Bsin Bxsin Ay + C, C, B sin Ay cos Bx]
Applying boundary conditions

E,=0; x=0 and x=a

Ifx=0,



E; =j%’2g-[czcsBcosAy+C2C‘BsinAy]
For E, =0, C,=0.

Then the general expression is
E: = L‘Zy_ [~ C, C;Bcos Ay sin Bx - C, C4 B sin Bx sin Ay]

If x=a, then E° =0.
Eo - _.Z_E [C C3

> BsinBacosAy+C,C,sinBasinAy]

T
ForE =, B—a.

B= -L;%‘—[C, C;BsinBxcos Ay+C,C;BsinBxsinAy]

E. = 1—‘,’:&‘— [C, C; A sin Ay cos Bx + C, C; A sin Ay sin Bx |
Substituting the value C,=C,=0.

E: = J—h‘;— C, C;AcoséxsinAy

j_h—z}i C, C;Acos( 7t)xsm(T’t)y

E, -L‘}’:i‘— C, C, B sin Bx cos Ay

—th;- C C3Bsm(”:t)x cos(nTn)y

I

Let C = C,C,
E: =J£h)§l—CAsinAycosBx
E: = -’—Z’é‘— C B sin Bx cos Ay
where A="" and B=2ZE

Similarly for H_ ,

Ho =Y BH, jmg 6E: = o / oH

“h ox T h oy m o LWES0
For propagation, y =, [+ a=0]
o _ _iBoH
Hx T T W ox
jou OH,
But E, =L

¥ W ox



OH, W

ox  jop E,

0 °
Substituting the value of —a%' in the above H_ equation

o _—jp K
H) = 2B
e
op ¥

Substituting the value of E: in the above Ho equation
s =B [_1_14_ ]
H, o 2 CBsinBxcos Ay

H_ o ‘i% CB sin Bx cos Ay

x

H° - £ CBsm( n)x cos(-nbl)y

x h?
Similarly for H, ,
o -Y BH, joe BE:
H =% % ~ ¥ o
. =3 2
-7 %
For propagation, y =,
HO _ :'Lzﬁ aH,
y h* 0oy
_ —jou OH,
But E h2 ay
BH, _hZ
ay i jmp, Ex

ol o ;
Substituting this value of -0;! in the above H, equation

- [ in R N I
W jop E; op X

Substituting the value of E, in the above H 5 equation

l-l; = 'ﬁ- [1%);1' CAsinAycosBx]

H: mCAcosBxsmAy

H; LQCAcos( an)x sm(%’l)y

[ o

E.=0]

[ o= 0]



H.

il

XY
= C, Cycos Ay cos Bx + C, C; cos Ay sin Bx
+C, C, cos Bx sin Ay + C, C, sin Ay sin Bx
But C, = C4=0
H: = C, C;cos Ay cos Bx
C=¢(CC
¢

H C cos Ay cos Bx

con( T )ra()
cos| = |xcos| 5~ |y

The field equations for TE waves are as follows :

H

LQ CB sin Bx cos Ay

H, = 1",% CA cos Bx sin'Ay

- o

H, = Ccos Ay cos Bx

’10"0

L_]-l_ CA cos Bx sin Ay

E: - _%}1_ CB sin Bx cos Ay

nmo |"m1t
where A==bandB—a

1



UNIT -V - RF SYSTEM DESIGN CONCEPTS

Amplifier Power Relation:
Generic single stage amplifier configuration with input and output matching
networks is shown in fig.

input Qutput

‘
Matching '
—FH-> Load
(IMN) Network ;
——

RF | flo | Matching
source ' Network
=

(OMN)

4

Cin DC bias r

(b) Signal flow graph



RF source:
Incident Wave power:
The incident wave power at node b7 is given by,

b![?
Pipe = | ;l
_ 1 Ibs?
- 2 |1_rinrs|2 91
Where, Source node b, = Z@ Vs
Input power: 5
1 |b| 2
PI"'_'Pn (l_ r 2) Pm——-—' - 3 (l_lrml )
l m| 2|]_rmr.\'|

Transducer power gain

b= sa P l-Ir’)

I(l -s,,rs Xl - sz:rl.)_ S2ISl2rl, rsr

=

Unilateral power gain(Gry):

2
Gy = (] —Irl.l )Sfllz(] —|FS|:)
|1—r,_sn|'|1—s,,rs|

Additional power relations
Available Power Gain (G,) at Load:

N Isnlz(lf'rsr)
= [Coul’ 1 =S,

A=

Power Gain (Operating Power Gain):
The operating power gain is defined as “the ratio of the power delivered to the load to

the power supplied to the amplifier”.
Power delivered to the load

Power supplied to the amplifier

Stability considerations and Stabilization Methods:
« Anamplifier circuit must be stable over the entire frequency range
 The RF circuits (amplifier) tend to oscillate depending on operating
frequency and termination
@iy If|I’| > 1, then the magnitude of the return voltage wave increases

called positive feedback, which causes instability (oscillator)

(i) If || < 1, the return voltage wave is totally avoided (amplifier). Its
called as negative feedback



Two port network amplifier is characterized by its S-parameters
The amplifier is stable, when the magnitudes of reflection coefficients are less
than unity

|I;|<1and
IIs] <1

Fpai™ ! f
Kl 7~ '
../,‘ \ ot "
Cn g(./ ’ \\(,v/
N\ ./ N\
/X \
f. ol \\ \‘
J C,,‘\\ \
| \ |
'u | |
\| IJ
\\ ‘ /
\ p 4
\\\ S

1abie
Unsta rf

Irsl=1

Stabilization Methods:

If the operation of a FET or BJT is unstable, we take steps to make them stable

The instability conditions |I;,,| > 1 and |I;,,;| > 1 can be written in terms of the
input and output impedances.

To stabilize the active devices, a series resistance or a conductance will be added
to the port.



Configuration at input port:
In the input port, the addition of R,(Zs) must compensate the negative contribution of

Re (Zin)

Active Device
Soucn "’ (BJT or FET)

Zip

Stabilization of input port through series resistance

Re(Z;, + R, +Zg) >0

Stabilization of input port through addition of shunt conductance.

Yin + Gin
e g | sk
fa! Active device
Source =35 (BJT or FET)
L | R

Stabilization of input port through shunt conductance
Re(Y,, +G.;, +Y5) >0

Configuration at output port:
In the output port, the addition of R, (Z;) must compensate the negative contribution of

Re(Zowuo) .
t Re(Z,, +R., +Z,) >0

’
Zout *Rout

’
Roul

...... W]

Active Device
(BJT or FET)

Load

—O—

Zout
Stabilization of output port through series resistance



Youl + Gout

. —o——

"""" Active

device .
(BJT or Sout -— ke
FET)

— O

Y out
Stabilization of output port through shunt conductance

Re(Y,, +Giy +Y.) >0
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WAVEGUIDE

77 INTRODUCTION
41 INTR

Awaveis defined asa means of transporting energy from source to destination.
Awave is a function of space and time. In some of applications, it is necessary to confine
and guide the wave energy by guided structures. In such applications the fields are confined
orrestricted by boundaries of materials different from those of transmission path and
the waves are said to be guided by these materials. Hence it is necessary to apply Maxwell’s
equations, certain mathematical restrictions or boundary conditions in order to fit the
general solution to the particular problem. After applying boundary conditions, it may
be possible to obtain a solution showing the form and type of wave transmission that can

occur in the confined region. Typical examples of such structures used in guiding waves
are coaxial lines, open wire lines and wave guides.

42 GENERAL WAVE BEHAVIOURS ALONG UNIFORM GUIDING
STRUCTURES

Consider an electromagnetic wave propagating between a pair of parallel perfectly
conducting planes of infinite extent in y and z directions as shown in figure 4.1. The
conducting planes are placed at x = 0 and x =a. To study the behaviour of electromagnetic
field between two conducting planes Maxwell’s equations are solved subject to the
dppropriate boundary conditions.

-~
Il

]
I

o)
-j

»

"

y
Figure 4.1 Parallel conducting planes.




g Transmission Lines and R o
The boundary conditions are  Eqangential = 0
“nnlnml =0
The elecric field and magnetic field can be expressed as
- -» - : =
E = [acE (v p) +ay E‘.»(A\';)') +a:E; (v p)]e ! (1)
- -» - -y
H = [ax H,(x.0)+ay H, (xp)+ a: Ho (np)e ® w(2)
Wave propagation is assumed to be in + z direction
We know that
V x H =oE + josE =E (o + jog)
Assuming o =0
V xH = josE w(3)
-cB
VxE = —= = —jopH
e Jopl (4

Equation (3) can be written as

- = -

ay ay a;
o 48 o s ks
—_— — =- >
8,1: a)‘ az JO8B [a-‘ Ex (.Y,_}’) + a-" E,V («\.',)’) +a- EZ (x'y)]
H, H, H,
;’J(GH:_BH_‘J_ 2 (61 _oH.) 2 (oH, aH,
» & "o & o o
- - ) - —
= ax joeE, + a, joeE, + a: jotE,
X - -
Comparing , a, ;z on both sides
OH, 6Hy )
C
oH,  oH,
& & %
J6H dH
y
bt 500 £ 5 joeE, «2(9)

ox dy

Syt ey ;

| “mponents in this z direction may be expressed in the form - ¢”

",'”Nigllfde

[43]

pquation (4) can be written as

o 3 -r

ax Ay 9z
0 2 2
'5’; ay Dz L '(1)[—’ ; - -
B, Ey Ex Joulax He (6)) + a, 1y (5,9) +a, H, (6]
-+ (0B, 9By) ~ (OE, o :
() 5 () g
3)' 0z ox 0z - a ay
- ) - 3
= = ax jopH, -a, jopH, - a: jopH,
i - - - .
Comparing ax, a,, a: on both sides
oE , JE .
— - — e H
ay oz JORR
By PEi juum,
0z dx 6)
JE, oE .
- —*= - jopH,
dax dy

The wave equation is given by

E °E

2
g o -~ = —wzpsE

ox oy oz*

2 2 2 )
0°H o'H o'H _ mzpsH

—_—t —+
axz ayl 622

It is assumed that the propagation is in z direction & the variation of field
Yz

Propagation constant y =a + JB

If a=0;y=jpthewave propagate without attenuation.
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If B=0;y = thereis no wave motion but only an exponential decreg, Wl T Solve H,
amplitude. from equation (8b)
N 1 oH
Let H, =H e™ E =‘_‘(7H + 2
’ ) d Joe Y T (11)
My e ye " Hy=-yH, from equation (92)
oz 1
x = = —-_YEy
Similaty 9. _ H Jou -(12)
2 T, Subslimgingequation(ll)incquation(IZ)
1
Let E, = E° ~I= H1=_-L _._"Yx+EIL
y y Jjop | jog
JE -
—-azy = —'YEy = (i)].l;{: I:YH: T 6;12]
Similarly
OE, q - YH _ v &
= =yB, x T T3 2 - o
oz 0°pe 0°pe
There is no variation in y direction, derivative of y is zero. Substitute the values of 2 ol
zderivatives and y derivatives in equation (5),(6)and (7) H, [1 5 Z ] = 27 axz
0 pe
YH, = joeE, ...(8a) Fe
oH H lo%e +7* | = —7—= 2
-vyH, - 6xz = jotE, ...(8b) "[m HE +Y ] ox g
- oH, 3
&y He =5 Y?. Tix_
axy = jweE, ..(8¢) y? + o”pe
; -y OH,
¥E, = —jouH, ...(9a) H, - -y -(13)
Ilz
2
- 1E; - a:; =~ jopH, (9b) Where 4 = y*+ o’pe
Ti .
aE, . osolve Hy. 4
— = — jouH, .(9c) From equation (9b)
ox 1 [ _— aEz] (14
H, = — | 7B T~
2’E 2 2 g Jou =
re3 + 7PE = -0 ueE From equation (8a) s)
; 1
’H .(10) E. = — [yH,]
e + 7H =-0%ueH : T joe L
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[s6 ]

Substituting equation (13) in equation (14)

1 [ [, EE:}
H = — Y- - - —
Yo jep |_fw€

To seolve EI:
From eguation (8a)
jecE_
H’ - L X
From equation (5b)
... gy
e, + ’g = ]euH_,,
Substituting equation (17)in (18)

-

-{16)

&- N I ' 2
¥, t =M!M=; __o'psE,
A Y

2 .1
Y‘.'(:)yi£=—&:
y | &

EE.'

=¥
A .
¥ &

7]

— e

H
H - P = e ‘maE
o o 20

om equation (92)
s | E_y

Jou

x

Shstituting 2hHm (20)

=
a7t The components of
sgressed in terms of E, and H, Itis observed that there must be a z com

sther E or H otherwise all the components would be Ze10.

~18)
421 Transverse Electromagnetic Waves (TEM)

Tmsverse. It has no component of E. and
Caracteristics of TEM waves

I P
3 2 {mx
1! B=jo"pe-

'"(l % v k_‘_l_/

i

op JH, e

eicctricﬁeidmdzmg:rﬁcmdmxgth (E,.E,.H, .H )are
ponent of

< 21)

y ol d

& m
v AA

These are waves in which bod:emxﬁddmdmagmﬁeﬁmmgthmmﬂv
H.. Jt is also called as principal waves.



[35]

Whenm =0
B= (o\/;a

B varies lineraly with frequency and therefore the wave propagation tak

Transmission Lines and R Syste
g

S plage
without dispertion.
o0 o 1

i)  Phase velocity Vph = B one - Jne

g 2% _2n _  n i ¢ _ A
ni) ‘g B C)V’E Zth\;[pl_S f /“r €, \/-ST

(" H,- | formost of medium)

< _ m
v foo= 2aps Whenm=0; f =0

E ju
R Z = —% == =120x(or) 377Q
V) TEM f

H, Vs

4.2.2 Transverse Magnetic Waves (TM)

These are waves in which the magnetic field strength is entirely transverse. It has

electric field strength in the direction of propagation and no component of magnetic field
strength in same direction. (H.=0;E. %0)

4.2.3 Transverse Electric Waves (TE)

These are waves in which the electric field strength is entirely trasverse. It has

magneticfield strength in the direction of Propagation no component of electricfield strengih
n same direction. (E.=0; H_%0)

Characteristics of TE and T™M waves
We know that

aveguide

———

mn
qubstitute h=—

a
2
mm 2
[T
a
Yy =a+ jB

2
For very high frequency ©’ue >(Eﬂ)
a

¥ becomes imaginary

¥=JB = j szus— (EJZ
a
o]
a

Asthe frequency is decreased, a critical frequency is reached at which

2 mm 3
azhe=

mm
m —
Sy e
m
f. =

2a\/E

The frequency at which wave motion ceases is called cut off frequency.

myv
f. = B
1
Where R v
v 2a
Cutoff wave length *c = f, “m
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4.10
o
Vph = E
vph
Guide wave length A, = zéi
b

Il

Sy_;- le g

faveguide

3Tm WAVES BETWEEN PARALLEL PLATES

#0).
We know that
_ -y 0H ;
H, o ax’ and Ey=f‘"_2“aiz
: h®  ox
qubstituting H, = 0
HJ = O, E,V = 0
The wave equation for component H,
o’
y 2 2
+ H, =-
o2 T Hy = ot (D)
o’H
—7Z = =@ sy Hy == FH,
8’H
y 201 _
=i +h"H,=0
Lt H,=Hj " wd(Z)
GIS
y y T
P +h°H, = 0

This is the second order differential equation of simple harmonic motion. Solution

ofthe above equation is,
H), = Csinhx + Cycosh¥

H, = (G sinh x+ C4 cosh x)e” ..(3)
Where C; and Cy are arbitary constants.

o H, because H i # 0 at

Boundary conditions can not be applied direetly t

the surface of conductor.
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Differentiating equation (3) with respect tox

cH . s
—Y = R(C;coshx — Cysinhx)e™
Cx
From equation (8¢)
oH,
—=— = joeE.
& <
g, =L %
© joe ox

= L (Cycoshx — Cysinhx)e™™
Jjot

Applying first boundary condition.
E.=0a x=0
C} e_F _L = 0
joE
C3 = 0
Equation (4) becomes

JjoEe
Applying second boundary condition.

E_=

z

E,=0 at x=a
sinha = 0

ha = sin™ ©0) =mn
nm
h= ™1 Wherem=1,2...
-Cy (m)sin(ﬂ) xe ¥
a a
E. =
? joe
jCy sin (-__""‘"] -
a

= -1z
%e wea £

Transmission Lines and R By
emy

(4)

Waveguide

/’_\ 4.13

Hy = _[jOJSEz d,

Jne ."Cq sin m e~F

- Ifme\fa:)\_d

weg

—_—

H, = C, ms(_"ﬂJ o
a
But YH, = joeE,
E, =—H

¥ mn
—|C ki) -
joe [ 4cos( a )x eﬁrjl

The field strength for TM waves between parallel planes are

H, =C, cos(—nﬂJ xe P
a

E. _Y‘“ Cy COS(EJ.: e’
JoE a

Jjmm

EZ

CJ% Sm(m)x e

wea a

Transverse magnetic wave associated with intger mis designated as TM ,, wave
(or)TM ., mode. If m=0 all the fields will not be equal to zero. E; and H, existand
aly E,=0.Inthe case of TM waves there is a possibility of m =0.

Ifthe wave propagate without attenuation & =0 ,y=jB
H

y =G4 cos(%‘-) xe

-IB:
E, = B Cy cos(ﬂ)x e
©E a

-
1 . [ mm
E. = el C, sm(———]xe

wEa a
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o

x=0 Z

x=0

>H,

Figure 4.2 H, as a function of x for TM, mode.
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Figure 4.3 H as a function of y for TM,, mode.
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Figure 4.4 Combined field distribution of E_and E_ for TM
z x 10
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mode.
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74 TE WAVES BETWEEN PARALLEL PLATES

sverse electric w; \ o
Trans aves are the waves in whicp, electric field strength is entirely

cld'slrcpglh in the direction of propagation and there is no
e direction of propagation. (E_ = 0; H, #0)

ansVerse. It has magneticfi

clcclricﬁcld component in th

We know that
E.t:_'}( aiz_;H - _ " Joe OE,
h=  0Ox 4 W Y

Substituting E =0

E, =0and H, =0

The wave equation for E , is given by

8’E, 5 ,
a2 T VEy = -0k, (1)
d’E
Y el 2 _ 2
P (@"pe + Y)E, =-h1’E,
d’E
y Do
7+ By =0
Let E,=E) " «(2)
o%E;
axzy + W E}, =0 (3)

This is the differential equation of simple harmonic motion. The solution of this
¢uation is given by

E, = C,sinhx + C; coshx (4)

y
Where G and G, are arbitary constants.
Substituting equation (4) in (2)

E, = (C;sinhx+C;coshx)e™ A(5)
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I4.161

G and C, canbe determined from boundary conditions.
E, =0 at x =0
E, =0 arx=a
0=0+ Czc"‘:
C,=0
Substituting C; = 0 inequation (5)

E, =Csin jor ™"

Applying second boundary condition
Csinh, o7=0
Assuming C; # 0

m=12,.

sinha = 0= ha=sin"(0) > ha=mx = h ="
a

E)‘ =2 C] sin(.’ﬂ}:e"p
a

From (9a)
TE)’ = "jCD}LHX
—E B .
x = Y = ——-{qm(ﬁ)xe ]
JOp Jou( a
From (9¢)
E,
& - Je:
_ -1 [%,
" jwul &

It
i
0
&
3D
*
w

uides and Cavity Resonators
5.17

Jave G
dswngth for TE waves between parallel planes are

E CI Slnk )X( B

74

H, = ——*—C SIm___}u,

Jjop
imn _

H,= 222 ,cos(m T
opa a

Each value of m specifies a particular field of configuration (or) mode and wave
&mated with integer m is designated as TE,,, mode. The second subscript refers to
other integer which varies with y. If m=0 all the fields become zero

¢ - 0.H,=0, H. = 0 therefore lowest value of m =1. The lowest order mode 1s

TE;p- Thisis called dominant mode in TE waves.

y=a+ JB if the wave propagate without attenuationa. = 0, v = jB-
-1pz
E, = C,sm(m‘[}xe
a
-8
H, ——C sm( J
O \a
- Bz
H. = P i C,ws(”—n—xee
: Ouag a
TE ., mode.

Figure 5.5 E asa function of X for TE,
= v
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I 5.18 Have

x/\
X = = Z ZZ <1
> x A E z
S - E,=0 ”
2 s i /
— /(_ b = ? /
x= 0= ///////////; > ? a é
- / “
Figure 5.6 E as a Sfunction of y for TE, mode. /} //// >y

Figure 5.8 Cross section of rectangular waveguide.

xX=d T e e
¢ < < _
< < —— The propagation of energy takes place in z- direction with length of guide being
bl » . - .
X = a vy AAA Vv infinite in z direction. The field components of electric field and magnetic field are obtained
T ANAD ¥ v ) . . . .
2 E > by solving Maxwell’s equations by applying appropriate boundary conditions.
.
o~ 7
- 5 > Weknow that
x=0 O R P 1o O A0 AP o]
Vx H = joeE
. 2 : - — -
Figure 5.7 Combined field distribution of H, & H, for TE, mode. a, a, 4a . * i
| O 3] 0| E. +a,E, + @, E,
5.5 RECTANGULAR WAVEGUIDE. Vx H = = = o:‘;%‘— ju)r{ax g tay by +4a;
A holl ducti alli . H, H, H.|
ollow conducting metallic tube of uniform cross section (rcctangularorcirculaﬂ |
is used for propagating electromagnetic waves and the waves guided along the walls of
' | ) : oy, ou,] ~[aH, o],y oL
the tubee is called wave guide a |z Ty _g | ZE- —F |+ "5,
‘ 3 oy 5z Y1 ox oz ox a
In rectangular waveguide, the guide is oriented with two faces in the planes of 8¢ " - -
and that dimension a is height in x direction, b is width in y direction. The guide is made = jwi[”x E,+ay Ey +a,E,

up of perfectly metal walls and is filled with dielectric with constants 11 €
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- - — )
; . n both sides
Equating ¢ . a,,a. ©

BH, < - oy JoeE,

o o

M, 2. joeE

8.' ax -»-(l)

oH ,

i JjoeE.

éx oy

Similarly

Vx E = —jouH
a, a, a
2000 T g
& oy oz = —j(up,lruvr H, +a,H, +a, H.
X Ey E:

=[gE. OE,| —[(0E, JE; -|0E, @E,

a|—=-—>|-a, |-t

' oz Tléx oz “| ox oy

- - -
= —joyu|a H,+a,H,+a.H;

) - = = R
Equating ¢ , @, ,a. o0 both sides

JE. JE,
— - = - jopH,
ay oz JOHN
JE, ¥ J0E, S i,
oz ox ¥
aE . wi(2)
2.4 X :
= —= = —jopH,
ox ay JORR.

Similarly for wave equation

J’E o’E ?’E 5
— + ayz + az—z = —@ ]J.SE

o*H d*H o’H , (3)
. P T SE . peE

ave Guides and Cavity Resonators
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Let H, =Hj ™"

| S oy
—a?- - YH}, e 1% :—yH"'

gimilarly
oH,
X o_ "'YH
az X
Let E_V 3 E; e‘)’-‘
0E, -
—_a;— = —'YE), ¢ =“'YE.'.
Similarly
JE
—a'?‘ =-vE,
Shustituting these derivatives in equation (1) and (2)
oH. .
3}—7 o yHJ, = joeE, (4
OH, .
yH, + _BT- = - joeE, w(5)
oH, .
e ST iy = -(I)EE. - 6
. Joek, (6)
ok, ;
7; + yE‘ = - j(l),J.H\ (7)
OE. .
7&? =1 yE‘ = ]u)p.Hy (8)
%y _ E:_ _jouH, -(9)
Ox ay
Wave equation becomes
2 2
0 Ez_, +a 132 +YZE: 2 .—(l)zp.EE,
B 2
, , -(10)
0 H._. + 0 H: +72 H. = _mzpsl‘l:
axz 2 -
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Solving equation (5) and (7)

From equation (7)

- 1 [QE_ +1E, J
jop | & }

Substituting in equation (5)

M [_—_1 (@ WE),]J = - jus,

ox Jop \ o

0H. JE.
a E = (2 + o’ue)E, = hE,

o —% —y —=
JOR > Y Py
E = jou 6H, y ©OE.
YT a B (1
O ' (1
From equation (5) O
E, = ——l [19:}1_ +YHxJ
joe | &
Substituting in (7)
B;E-i + 'y ;l_ (?_}{_;'J + H _ - H
o joe | ax YH,| = - jouR,
oE, vy OH, 13 i .
~ T o A~ =- JjouH;

ok, y OH, yz )
&  jos a ‘[—-qu H,

@" fO)S ax j@)g
JoedE, _ y By opd
o e (y" +o° pe)H,

fave Guides and Cavity Resonarors
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From equation (4)
g, = Lo o,
Jwe jma ay
Substituting inequation (8)
e Y [ﬁ o OH
B Joe  jog gy |~ JouH,
2
6E2+7Hy+i oH, -
o joe  joe oy JOp,
JoedE 3 -
S Z 4 H +y— = _mz}lEH_\,
Ml + a_HZ, PR 2 2
a Ly (0'pe +yH)H, = -h* H,
H =_Y oM, joe 2B,
y hz 6)‘ h2 ox ..A(IJ)
From equation (8)
HJ‘ = ._1_— QE_:. + _Y_ E"
Jop o jop
Substituting in equation (4)
g Ljop & jop
2
H, v o, v e
ay  Jop jop ox
JopcH, + yz B #y—== —mzpeE,
oy
JjopdH . 3 6E. _ (mzps+yz)E - —KE,
G
E = .), QE_:_ —_ _](D_—E _aEE- ”'(14)
ST & B
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The above equations are in terms of E_.and H, . For wave propagation either

or H, should exist. If both E_ and H. are zero, all the fields with in the guide

vanish. wave propagation within the guide is divided into two sets.

EZ
will

¥ Transverse electric waves(E, = 0; H, # 0)
v" Transverse magnetic waves (H, =0;E, #0)
5.5.1 TM waves in Rectangular Waveguide

Wave equation for E_ is given by,

&’E. LOE FE._ "
a2 57 - a2 | D HEE: af1}
Let —Z - _vyE.
. 1E;
~2
z ]:;: = YZE:
2. 62-
&°E, = &%E, 2 2
—&x: - a“: * YE. = - o"peE, (2)
The wave equation is second order partial differential equation that can be solved
by product solution.
E_ canbe written as
E.(x,3.2) = El(x,y)e F ~(3)
(%)

Let E; = XY
X is a function of x alone
Y is a function of v alone

Substingming the value of E_ ineguation(2)

Where

ﬁﬁ‘:‘&"

Wave Guides and Caviry Resonators =
5.2
Divide by XY
L &X 1y
= T Y 5+ =
X & Y 3?
1 %X 2
s eyl &Y
X &t Ty ar -(5)

The above equation equatesa function ofx alone 1o a function of y alone and the
only way for above equation to be trye is to have each of these function equal to some

constant ' o
1 8% 9 i3
i E‘xz +h = A
L z( +H - A=0
X &
Let B2 =h2_Al
12X, B*=0 (6)
X o’
The solution of the equation (6) is given by
X =C,; cosBx + C,sinBx A7)
1 ¥y _— 5
Y &?
{9)

The solution of the equation (8) is given by
Y = C; cosAy + CysinAy
Substituting equation (7) and (9) in(4)
E° = XY=(C, cosBx+C;sin Bx)(C;cos Ay +Cy
- C4oosBxsinAy-rC2C3sianwsAy
.(10)

sin Ay)

= C,C;cosBxcosAy + G
+ C, C,sinBrsin Ay | |
C;,Ci5A aﬁdBarewbedewrminadbyusmgappromm

The constams ;.G
boundary conditions.

Y — + -
ax oV
, R 5 SR T Tr—
& &
¥ IR 2T et
ax” oy
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E;, =0 Whenx =0, x=a,%¥ =0,y =b

When x = 0. equation (10)become

E. = C,C; cosAy + C,Cy sinAy = 0
For the above equation to be true for all values ofy, C, =0
Equation (10) becomes
E, = C,C; sinBxcos Ay + C,C, sinBrx sin Ay -(1T)

When » = 0 equation (11)becomes

E. = C,C; sinBx = 0 (Assuming B#0)

This is possible only if either C, = 0,0rC,=0.1f C,= 0, E is identially zero.

so substituting C; = 0 inequation (11)
E. = C,C4sinBxsinAy
Let G= CZ C4

E. = CsinBxsinAy -(12)
Applying boundary conditions in order to evaluate the constants Aand B
It x=a: E.=0 equation (12) become
CsinBg sinAy = 0
The above equation is ture for all values of y when A # 0
SinBa =0
Ba = sin”! (0)
Ba = mn
B = 1’;—" Whenm=12...
Substituting B = f;—n in equation (12)
E; = Csin(ffi)xsin Ay .(13)

Ify=>b; E; =0

e

Wave Guides and Cavity Resonators 507

The above equation is true if

sin Ab = 0
Ab = sin"!(0)
Ab = mn
nn
A= — . =
p * 0 L2
nn

Qubstituting & = ) inequation (13)

E; = Csin[ﬁaﬁ)xsin ("—;)y

The general field components with H. = 0 and y = jB isgivenby

. _ —JjB OE;
BT
- =B CBcosBxsinAy
h?
. _ -JB OE: A
B 0 e 3
1
= ——JEACsiancosAy T
n? =4
_ Joe O
x = _h_z__ ay
= joeAC sin Bxcos Ay
)
H = —joE gl::; & ~J9% BcosBxsin Ay
y - ]12 ox h2
Where A——b— : P

0 the fields for TM wave will be identically zero. So the lowest

Ifm=0o0r n=
l,n=

possible value for m or nis unity. (m =

called ™, mode.

1) for TM waves. This particular wave is
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\

™, Wave
Figure 5.9 Electric field and magnetic field configuration Jor TM  in

rectangular waveguide
5.5.2 TE Waves in Rectangular Waveguide.

Wave cquation for H, is given by

f)zH,: " 02},‘«. + fjfl;lé = —oueH )
o’ * o’ . i
oH
Let = - .
*H, 2
“E = #H,

PH. M,

2 et
P ny2 + Y H, = -0"ueH, Q)

The wave equation is second order partial differential equation that can be solved

by product solution

H. can be written as

H, (x.y,z) =H] (x,y)e” 2i:{3)

Wave Guides and Cavity Resonators
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Let H. = XY ()
Where Xis afunction of x alone
Y isa function of yalone

Substituting the valueof H: inequation (2)

?x Y
YEZ—*- X¥+ XY= -0?peXY
2 2
0
Yiz(‘+ XEZ—* (F + o’ pue) XY =0
x
2 2
Yaaxi(+x%y—¥-+h2XY=0
Divide by XY
5 2
P2 B
2 *Y
LOx po L BL
X o2 Y oy

The above equation equates a function of x alone to function of y alone and the

only way for the above equation to be true is 1o have cach of these function equal to some

constant A’
IGZX hZ_AZ
— — =
X &
.1___-62)(+h2—A2=0
X &’
Let B2 = p?2 - A?
_1_8X Bz_o (6)
X
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The solution of the equation (6) is given by o
The above equation is true only if C, =0

X = ) cosBx + C,sinBy (1) substituting C, = 0 in quation (12)
1 8%y 2 . Jop
-_— = = A4 E,":_*““ —CC i 5
~ G“: \ (8) y hz [ 13 BsmeCOSA}’ = C] C4 BSlansinAy] -(13)
The solution of the equation (8) is given by E;. =0 at x =g¢
Y = C; cosAy +C, sinAy (9) Equation (13) becomes
e _ jm"[ .
Substituting equation (7) and (9) in (4) B, = n [= C\C; Bsin Bacosay -, C4 BsinBasin Ay ]=0
H: = XY = (C,cosBx + C, sinBx) (CycosAy + CysinAy) Thisis true only if
sinBa = 0
= C;CycosBreosAy + C,Cy cos BysinAy + C, CysinBxcos Ay I
» Ba = sin"'(0) = mn
+C,C, sinBxsin Ay ..(10)
B mn
| B = o Where m=12,..
G, C; . G5, Cy A and B are to be determined using boundary conditions. The
mn )
tangential component of electric field is continuous and E,, =0atthe boundary fora Substituting B = —:q— in equation (13)
perfect conductor. ‘ .
E = Jon -CiG; ( R J sin( ﬂ],\'cos“éxy - C,C,,[ L )sin [ Ll stinAyJ
. i) oHE 4 hz a a a a
EY = 0 T (14)
G
—jop | ~AC C;BsinAycos By + AC, C, sin Bxsin Ay Buati £y I=l Ob; y=0
= uatio es
o R o o AcosBxcos Ay+A C,C, cos Bxsin Ay i Li] o t?com
L [AC, CycosBreosAy + AC;Cy sinBrcos Ay] = 0
. ‘on GH. W
E}, = —'ZTP' —_— . _ 0
h* o The above equation is true only for Cy =
Jjop [— C, €3 BsinBxcos Ay - C, C,BsinBxsin Ay Substituting C, = 0 in equation (11)
= - .. (12) . :
B +C,C4 Bc:osBxcosAy+BC2C4 cos Bxsin Ay ( B —jmp.A [__ C, C; cosBysinAy - G CssmesmA.V] ~(13)

2
El, =0at x=0 h
) c e
Equation (12) becomes E.=0at y=
Equation (15) becomes
. . = C
”J(ZDPA [- GG cosBxsin Ab 2
h

B, = j_:)?}f (C5 C3BeosAy +BC, C,sin Ay)=0 C; sinBxsinAb] =0

E; =
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ij.'fl

Thisistrueonlyif, sinAb

L

0

Ab = sin ' (0) = n7

R=—
D
Eguation (15) becomes
® [ | . n
Ex = }_Q?,#-A ! C)C*‘ OD‘S{E‘ ‘Iﬂﬂ(—')
S La ) L&)
/;:?:"'\
'/’q!’o.‘."‘i\
1si N = na
f} ngc3'::—§’c4=0’A=_b-’B=—av
E . Vﬁ‘ﬁ@i-‘ ;
- H. =ZC cosBx cosAy
& 7

" Toc penera / field componcats become

E = —jop JH,
. ST 2 -
" Gy

= _—ng[CcosBr(-sinAy)A] =

}’2
- _ /B H,
H‘—hﬁ %
-
hZ

CB sinBxcosAy

o= —{B oH,,
£ . ;
= = CA cosBrsinA
7 Y
. _ —jf,‘lﬂ P )
E, = . BCsin Bxcos Ay

Where A =_”§73=ﬁ’_”
b a

jopAC

W

o Wheren=1,2,...

y+ CzCsSin [—ijsm(ﬂ

a

cosBxsinAy

b
-(16)

Guigy,

]}’;
’

L. C] C:A =LL,T = jB in Cquaﬁ()n(lo)

e Guides and Cavity Resonargpg
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TE10 mode is dominant mode in rectangular waye

- ~ -— \
- - '\\ \ 7 AT \ S oy
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o / s
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E
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Figure 5.10 Electric field and magnetic field configuration for TE 1o i
rectangular wave guide.

55.3 Characteristics of TE and TM Waves in Rectangular Waveguide.

We know that
A +B*=#
Where Az%,B=E,mMnminwgers
a
h2=72 +olue
= W - ol
7 = h2 - (1)2}13
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This is the equation of propagation constant in rectangular waveguide for TEq,
T™ waves.

For small frequencies y = « , y is real and there is no wave Propagation,

As frequency increases and reaches a particular value /., ¥ becomes 2er0, Foy
all values of fgreater than f,, v isimaginary, y = /B, wave propagation takes place,

Alfz_fc‘yz() ;h2=(.|.)5!.lﬂ

-2 (& 6
Cut off frequency f. = il o P 5
=G ()
= —— —_— + e
2y/pe a b
f<fe v=a = i -0’
S>> v=JB
2= -(mzps—hz) = j u:oz;,u:—h2

2
g P me ) () 2 mn) (mm
Phase constant B = (Jo'pe—| = | — |22 o 2,0 [T A
a b a

jiave Guides and Cavity Resonatorg

= 2
= VOe- ol

2
= oype [1-%c__

5.35

cut-off wavelength A, = -

>
]
i

Guide wavelength
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o
Phase velocity Vph = E

o 0]
2
mJﬁE/l—fg
—_— L,
Lo
r?
2 2 2
Group velocity v, = 1A 1_f_f7
ph /e

[ 2
Vg = ¢ ‘I——;Lz

Wave impedance or characteristic impedance

Z =E__i_mp
- = = o
H)’ Hx ﬁ
WH
4
o\pe “"f"z
"
— 8__
"
F
Zg = ’12
S

jive Guides and Cavity Resonators

537
ZTM = E 5= 5’- = £
H)’ H; we
s 2
(J)JLEJ]_\L
el
we
2
= E ]__[L
£ 1*
2
i = 1-1‘—2
f

56 BESSEL'S DIFFERENTIAL EQUATION AND BESSEL FUNCTION

Insolving for the electromagnetic fields within the circular wave guides, a differential
equation known as Bessel’s equation is encountered. The solution of the Bessel's equation

leads 10 Bessel function.

Bessel's differential equation involved in circular waveguide has the form

2 2
¢_1_}2>+ LA -5 (0wt A1)
dp p dp p

Where n is an integer.

The solution of this Bessel's equation can be obtained by assuming a power series

K)tmj()n
P=a, + ap+ azp2 + s .(2)
For special case n=0, the Bessel's equation becomes
2
£+lﬂ+P=0 )(3)
dp?>  p dp

Substituting equation (2) in eqation (3) and equating the sum of the coefficients of

tch power of P to zero.

Pg ,_(%)’ (%") L;.‘fl

N (2!)2 (3!)2 (4

-
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’____S._———equa{i()n (F‘) . 5.39
l ince J)1sa second order diff 1 ere must be two
: c , ITTerential cqualion, th W
Z r £_]_ ] ( ) Imea[]y lndEPCnanl SO]UUODS fOl’ each valuc ofn Th i r . i
| ( 1) | 2 ”.( ) | 1 i , . € second solution may be obtained
(2 g 5 jpasimilar mannerthatis used for first but starting with a slightly different series. This

«econd solution isknown as Besse]'s function of i

oo . ° second kind o ! i

The series is convergent for all values of p either real or complex. Equatigy, (5 s fioglee
is

denoted as N, (p) , where ' indicaes the order of functi
called Bessel’s function of first kind of order zero and is denoted by J (p) = uhction,

Py for rd £ "
n = 0 . The corresponding solution for n = 1,2,3... are designateq , For the zero order of the second kind, the following series is obtained,
4]
51(p), J15(p). J5(p)... where ‘n’denotes the order of Bessel’s function. Figure 5.1] show 1\
the B i i i _ “20,e 2 ("‘)
€ Bessel function of first kind of different orders No(p) = . [In( 5) + 7]10 ® ==Y 1y 2 : []+1+l+ 1]
=) (r') 2.3; »r
L
I The complete solution of equation (3) is given by
i P=AJ,(p) +BN; (p)
5 81 Figure 5.12 shows the zero order Bessel function of first and second kind.
J(P)
0.6 0.8 I(p)
Nyp)
04
1.(P) 0.4
0.2
o
0 z 0 St
g
-0.2 =
= _04
-04
n ~0.8 T
0 2 4 ot v 1 10 12 14 - > 4 6 8 w12
Figure 3,11 Bessel’s functlon of first kind of different orders Figure 5.12 Zero order Bessel function of first and second kind
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5.7 CIRCULAR (OR) CYLINDRICAL WAVEGUIDE

In order to simplify the application of boundary conditions cylindrical co- ordinates

are used.
Maxwell’s equations is
VxH = joeE
—r -
& o =
P p
VxH = ai % :(3— = joeE (1)
P 0z
H, pHy H;
— -
%[,  AeHY| > ﬂﬁﬁ_]+_ i Hy
P o oz Lo & p L op o
- o - -
= jmsl:ap E,+a¢ Ey +a: E:
Comparing the co efficient on both sides
1 0H, cH :
— 2 - —% = jueE, 2)
p oz
cH oH
P z g
- —%— = jwsE
2z ap JOEL, ..(3)
1 [9(pH,) &H ,
ol (Rt AP o S joeE, (@)
P op 2l
Similarly
- >
2o
P p
a o8 0 = =5 -
VxE = B-p_ 5'5 poll —jmp[ap H, + qy Hy + a, H; :'.'-(15)
E, pE, E

~N

ave Guides and Cavity Resonators
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. 3(pE
_{i . _m}';[eﬁ_ &) G [06E) G,
PLA . = R PN Y
. d - -
= —Jjopfa, Hy+ag H, +a:H_.]
Comparing the co efficient on both sides
l aEz _aEiIJ - .
5 o g oy (6)
%, B . .
B ey A7)
1[o 3E, } .
—| 5= (PEg)- =~ jouH, (8
p[ap *T o9 @)
Let
H, = H e’
cH _
62 =[5 g ) ==t +(9)
oH !
v ,_674' = —yH, ..(10) :
6_;_, bl (1)
Let
e Yz
EP =E; e
..(12)
%o E, e (-1 =1
oz
oE (13)
._¢ = _‘YE¢
oE .(14)
a; — —‘YEZ
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Substituting equations(12), (13) & (14) into equation (6) , (7) & (8)

1 GE. ‘
— —2— +yE, = - jouH,
8 4
OE.
E 4+ —= = JO H
™p ap JOHH,
1/ 0(pE,) GE A
“[_w -—2| = - jopH,
Pl op o6
Substituting equations (9), (10) & (11) into equations (2), (3) & (4)
1 6H
— —% + YHy = joeE
p ap e T/

OH.
H + —_— = - ‘(DEE
T¥g ap J ¢

1[5 oH _
- ,:‘a_p(OH¢) — —DJ = ](l.)SEz

P o
From equation (16)
E
H, =& , % ( R )
Jop  Op | jou

Substituting equation (21) in (18)

E
1@”[7;, LB IJ

ja)sEp '
P % al ap Jou

2

E
164, + 7‘ P, 7/65_,
p o Jop  jopdp

2
[jms - E, = 19 v 8,
JOp p 0f Jjop  dp

‘{MJE _ 1,y
Jor # P a¢ JOR ap

-(15)

~(16)

(17)

(18

.(19)

.(20)

(21

Wave Uulaes ana Cavity Kesonators

543
2
—_ h EP _ l ﬂ_l—z s L aEz
T PO jop 9p
B oo _Jow M, y o 2
’ ph® B K Op -.(22)
From equation (15)
_l a‘E_ ¥
p =—— —f- —FE,
pop 99 Jou
Substitute the above equation in equation (19)
oH
- joeE, = yH, + —=2
JOE o Y o ap
_ -1 & _YB M,
pjop o jou dp
iocE y O©E; TzE¢ oH,
€. = — —= -
SO pop 6  jou op
R y OE, _ OH,
il B ) E¢ = —— z
Jop pjop 90 p
—1 %, Jop 2 (23)

:————+-—-
Be="7 a0 o

p
Substitute equation (23) in equation (15)
1 ¢E
_jmpHp = — 4 + '}'E¢
p
-y OE,
BE e
p h
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I ] es
e ?ﬂi ¢E lr Y B L
h? ép 5] Lph:_i(op p/op
_ —y CH. OE. |y - h°
= el F —= |
h*  Jp @ | phjop
_ CGE i —o’ue \f_l OH,
(o) \phzjwp,) o
i EE:(j_mE] _ Yy OH.
dp | phl’j W 8 -.(24)
Substitute the equation (22) in equation (16)
jopH, = YE, + GF-' .
op

——

ph> B dp

—jouy SH, & [1 -,2}
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Assume the wave propagation iy zdirection 545
azE: + -—l_ aIE' BZE 1 aE
2 T i 2
ap p2 a¢2 azz + 5 —a_p-_ - _mz H-EEZ

Let the general solution of thjs equation be
E: = P(P) Q@) e™ =pQer Ele”
Where P(p) isa function of p alope
Q(¢) 1sa function of ¢ alone

Substituting E, in the wave equation

7 Qo P

ot T h T g O wharas
Divide by PQ
L@ 1@ 12Q,
Pap? Ppdp Qp ool
az
Let E,T?:_ Q ‘

5 N
g+n2Q= 0 -

The solution of this equation is given by

Q =A, cosn+B,sinné

_ —Jowy M, . [olus 1% 1@ 1 2Qei =0
oW @ e | A P> Ppdp Qp
- -I ) 2
- A - R 1 1 B g
ph* o W dp -(25) L =
The wave equation becomes op
20 _ 2 Multiply by P
VE = - 0 ucE 2 . 5 )
2 _ _|P=
gl o[ ®] 17 o 22 12 )
I T
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Divide by 42

a'p I n” ] i%

g s et 3 il ol Uil
Aph) (ph) O(ph) (ph)

This 1s the standard from of Bessel’s equation in terms of (ph)

P(ph) =1, (ph)

Where ], (ph) is the Bessel’s function of first kind of order ‘n’
E, = J.(ph) (A, cosnp + B, sinng)e™™
H, =1,(ph) (C, cosnp + D,sinnp)e

We have two constants A, and B, .Eventhough both may exist in generaj by
proper choice of excitation of waveguide we can make one of them to be zero. Hence
making B, = 0

E. = J,(ph) A, cosnp ¢ "

H, =J.(ph) C, cosn¢ ¢ "

5.7.1 TM (Transverse Magnetic ) Waves in Circular Wave Guide

For TM waves H, =0

Ep: S A p—

Substituting H, = 0
E, = __Z %E.
" dp

-7 @
= —}-1—21 5—‘)-[1,, (ph) A, cosnd:]

= ;—2/ J, (ph) A, cosnd h
1
= L3, ok A, cosng

= ——hj—ﬁl,, (ph) A, cosné
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From equation (23)

-y OF
E(p = ——2 —i
ph” 0

0
T oH apPn O Ay cosn)

[S]

g

ph2 1. (ph) A, (=sinng)n

n
p/12

Jpn ;
= gh—z A, sin ndl, (ph)

A, sinndl, (ph)

From equation (24)

°E, | joe
H = — —_—
. [pth

joe 0
= — —|I, (ph) A, cosno
phz 5¢ [ n ]

= % 1, (ph) A, (- sinnd)n
p

— joenA,, sin nl, (ph)
ph?

From equation (25)
_-jos 3,
H¢ & B op

1]

=/9¢ 2|1 (ph) A, cosnd]
W o

s, —IWE 5 (phhA, cosnb
h?_ n

= h
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Let us now apply the boundary condition E, = 0 for E; component replaging

p by a where “a’ is radius of cylindrical wav eguide.

1, (ha)A, cosng = 0
For E, to vanishat p=a, we must have J, (ha) = 0 for arbitary values of cosng.
For any value of n, J,, (ha) becomes zero for a number of value of hg.
These values of ha for which I, (ha) iszero give the roots of equation J, (ha)
for different values of n and designated as gy, (01) Agm

Where n is order of Bessel function, m 1s r00ts of J, (ha)

Table 5.1 Roots of J”(ha)

n m= m=2 m=3

0 2.405 5.52 8.654
TMy, ™ ™y,

1 3.832 7.016 10.174
™, ™, ™;

TEI T AT e
— ] =1 [ de
B.=0 B =7 B.=7%

Figure 5.13 Field distribution for TM, mode
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57.2 TE (Transverse Electric Waves) in Circular Waveguide
For TEwaves E, =0
_ ~jop 0H, ¥ °E,

E, = -
P ph2 a¢ h2 ap
substituting E, = 0
E, = 'f“;“ oH,
ph® 9%
—jop 3
h2 % [, (ph)C, cosn]
©
== FL[J (ph)C, (—sinn)n]
» J,, (ph)nC,,sinnq;jmp
ph*
From equation (23)
i g__f JOK @ z
E‘ = -—2—' —_—
phy, 3 K" Oop
Substituting E, = 0
. SO,
¢ T op

_ jop @
= _]-12— %{Jn(ph)cnwsmﬂ

-
J—h{i Y’ (ph) h C,,cosné

jouJ, (ph)C, cosnd
h

From equation (24)

EE jﬂ)C ‘Y 6H.
Hy = —= __2' “ 77 3
b K op



..

-y &

h~ op

g
= ?Jn(ph) hc, cosng =

From equation 25

g
(]
m
2]

[}
(o=

= — — (. (ph) c,cosné¢)

(3 (ph) ¢, cosné)

= —5 I, (ph) c,(~sinné)n

= —5 J.(ph)nc,sinné

-yIn' (ph) ¢, cosné

h

= Vllfdes

Let us apply boundary condition since H_ isnot equal zero the boundary condition

can not be applied on H. since it does not vanish at the walls. Hence we will choose E,

Es, =0arp=g

¥, (ha) = 0
Table 5.2 Roots of J, (ha)
n m=] m=2 m=3
0 3-82 7-016 10-174
(TEq,) (TE,) (TEg3)
1 1-841 5-331 8-536
(TEy;) (TE},) (TE3)

JAVE wsesnan s g “ LUVIY Ke

Sonatorg
/M

———\__\— Eo ]ines

Figure 5,14 F, ield distributiop Jor TE,

5.1.3 Characteristics of TE apqg T™ Waves

We know that

W = 72+a)2ps::>y = \/hz—mzp.s

Forpropagation y = JjB
B =y elue-p
[ 2 2
B=yo He — hp,

B
a
[}%)
R
I
o

¢ 47t2u£
f _ hﬂm
¢ 2npe
bma = q,, s
qn (ha nm
hmn am - a
(ha)
Je = 2na . pe
c(ha),,
o = 2na
N c 2na
L (hay,

F1-

; Mode,
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Phase velocity Yoo = 7 = 7 > R P
- B \ O)-P-a = A Y O"lE (.):_U.S
©
r— 1,-—_“-
— ] m;
oy ue \vl ===
c
Vor = 3
= :L
'
2x 2= 2=
;‘ = __i_ = = =
€ B J o’uE — oouE — f o
VORETOEE o fi-=%
Vol
3 2n
= , 5
2f \ ue J e
Vv 7
et c
Ao = 5
Fh-f
| 2
V 7
. L Ay
hg = fz
i-L
V7
) c
where A, '}.‘
2 2 2
C " o =
Group velocity Y¢ = — 1—!‘—,
‘ph c j’-
| 2
vV, =¢C '1 —Zc
g | 2
Vs
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5 RESONANT CAVITIES

When one end of the waveguide is terminated in a shorting plate, there will be
omplete re}ﬂecuo;:l of waves. When one more shorting plate is kept at a distance of
qultiple of > from first shorting plate, then hollow space so formed can now supporta

signal which bounches back and forth between the two shorting plates. The waves appear
1o be stationary and hence they are called standing waves.

Applications of cavity resonators.
¢ Itisused in microwave amplifiers. filters
v Itis used in cavity magnetron for generation of microwave signals.

¥ Itisused in cavity wave meter for measurement of frequency of microwave signal.
5.8.1 Rectangular Cavity Resonators

Rectangular cavity resonators are formed by shorting two ends of section of a

waveguide as shown in figure 5.15

y
A
F I
1
f,L--
-~
N =
- d
b| _-
i > X
e”, " -
z

Figurer 5.15 Rectangular cavity resonator

The field components inside the cavity can be computed from the wave equations
“hich satisfy the boundary condition of zero tangential electric field at all conducting
%lls. Because of metallic surface at boundary the field distributiun posses standing wave

Mleminall 3 directions.

¢ A
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§8.4.4 TE__ Mode

(mx\ ‘(?7"\\ - iz
= |—lxcos|—|ye
H, = Ccos \Z) %)
Considering incident and reflected wave for this component
\

2 (=) nm
8, = (C; €% +C, &) cos| - x cos (“b‘ )

€ +C, =0=C =-C,

H =C ws(-”—j—}x oosl(—”:‘iy (e

i -jBz _ eJB: )
b)

- 2jc; sinPz ws(ﬂ]x oos(—"z)y
a b

/

H,sinBz cos(ﬂ)x cos (E’t—)y
a b
Applying boundary condition H, =0 at z=d

sinfd = 0

Bd = sin”'(0) = Px

B-EE hereP=1,2
= where P=1,2...

= .
HZ = HO Sin (EJZ ms(m)x cOS (EJ};
d a b

=-_76Hl

8 4 hz ay

In the above equation ¥ occurs because of differentiation of .~ with respect 10

2. For a resonator this is to be replaced by trigonometric function.

it H = St
YR e

gave Guides and Cavity Resonarors

0 ;
= == max | { mxy
= 77 5 (H:cos {cos | —=
h™ o | va) b

3 cos | — | cos ‘sin:"
\ J \a ) \ d ﬁ\
HI = _i7.C-Hl
h* &xé
_ 1 efa]
W oox| o |
=—,—f— H, cos Eicos‘ﬂicosggﬁ"—],—
h™ ax | La) \b) \d)\d
{ pr\( { mmx ) [ pnz
= -2 !(ﬂ‘\isinlﬂicos(ﬂ {coqkfﬁﬁ
h"kd/“\a/ La - d
E, =0
jou oH,
Ey:%__-
ox
{ J 2
S H, sin (—-—] (-:] cos| 1’2) sin(&
h \ \a) b d
g o Jow
x h'.’ @.

58.1.2TM __Mode

. mx ) . (ﬂ_ﬁ_}i}e-m:
E, = CSm[—a—Jsm 5

Considering incident and reflected wave for this component

E, = (G R R o %) Sm(T) 5‘"(

nmy

—

b

)
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= 2C, cos fiz sin| o }'""; )
L oa \
E, = E, cos Br sin| == | sin| ":“\
\ a L b J
E, = AI; "_:F-.'_
A" ;\.“?’:
= l “ VVFE-“‘
N oy|l& |
. \ =
— — | Eg (- sinBz) Bsin| — sm o A !
n {‘Z . a L ‘59 '-JI
1 ) =) nx |
= — | -E, sinfz-Psin| T | con] 212X |
h'_ \a ; \bbJ
Appiying boundary condition
E,=0a:z=4d
snBd =0
Bd = sin” (o) = px
P .
== Where p=1,2
.' )..- 4 I'd .~
E, = E, cos -’f—?—,sm’ — | 81 ‘,.L.‘E
o y a j b J
1 &
E, = — ’5
K Cuoz
.12 (o]
h* x| &z |

Il g [ ( prz
b Py -H:_Eo‘in“ o 'M * 1.81!:.
W | “/"‘bJ’m.dJ(«lJ]

—
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LT ) ()]

H, =0
H = - Joe OF,
y =~ =
h o Ox

~jweE, (nm) . (nmx my

™0 — | sin] — L4 pnz

S a ]m( b )m( d )
, - Jov O

W oy

S ()=o)

For either TE ,, (or) ™ p mode :

At resonance

of pe =k

]
—
= |§
S—,

+
TN
> | §
—,

+
AW
<I3
%

e (2 (5 +(5)

e RG]

The dominant mode of rectangular cavity depends on

i

fr
dimension of cavity. For

b< a<d the dominant mode is TE,y,
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- - . - i 2 3 J - . -
| 35 & circoler wevecmde with two ends closed by 2 metal wall as shown ns

— = e

S

3.16 Electromagnesic field anshvsis shows that 392 10 ¢ SVIRIMSTIC STUCIE 0f girera
~ - \dla—
caviy Seid solution posses hermomic soluion in ¢ 2nd standmg Waves in radia]
- : andy
SEsChans.

"
e Y

‘,; °

Figare 5.16 Circular cavity resonator

5.8.21TE__ Mode

H =

I

I

C. 1, (oh)cosne

(C,e’™ & C. ?&:tit {phjcosne
=

C 17 — 5 11_(ohycosns
= 2jC, smBz J, (phjcosne
H, smBzcosnel_(ph)

( ’ %
H, sinBzcosneJ, | P9 |

\a )

Applying boundary conditio

:ll
W

H:=0:Z:d

:—‘JA
=2
d
H =H g 'l.y':: v
= Osm‘_‘d— cosng J | Pom )
\
a

op ke dpés
1 ¢ (au)
ol &
1 3l r SR
= — — H OGS;,J—: z ) pg Y|
W opi ° B Sl j Zlmm ||
K opi \ 4 | icosmg-J, | =T :
- h g \ a }]

F..
B
-
)

_ 1 o]
ph’ B0 & |
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2 ' = E. = 0 at zZ2=dq 561
- H, LPRJ n( a ) 1, ([P Gm J sinncos [&) g y
P qnm / a d E = -y OE, 1 62E B g
P~ 72 AL S —S5—= o oE
E - — jou OH. h® op R Opdz 2 _‘{f}
4 p]lz aq’ a i
= {E (~sinp; B, | Pl
=% sin(E]smnd?-nJ [__pq},m) e ]cosmpjl
noe d "\ a
o = Pq,,m
njond & 2 iz (pq' L cosng
= =R T Hos _) si | Eam ) -
o [q;m) & sm( a ) nng ,.L = ) App])mgboundary condition E; =0 at z = ¢
Where sinf3d =0
n=0, 1... is the number of periodicity in ¢ ol
) _ - Bd = sin” (0)
m =1, 2... 1s the number of zeros of fields in p direction Bd
p=1,2....1s the number of halfwaves in z direction.
pn
. ) - , -, B== Where P =1, 2
By = J;D_,“ _6;—1_. = j:)f‘ H, sin[%) cosn¢J;:(_pq"m)(—q"mJ % Ty
2 2 ) a a -
E, =E, cos(p:‘}.l, (pq"’" }cosncb
= jop {i) H, sin(ﬂE] cosme'n[pq"”'J 4
T . @ g SRR B 2 N
E, =0 MY e T T :
5.8.2.2TM _  Mode _ 1 0 |cE,
phz op| 6z
E, = J,(ph)A, cosnpe ™ )
. ) - __1_ i -E, sin{&] (p—)J (Pq"’") cosntb]
= (A, e v A, )1, (ph)cosng ph? 9 d J\d
AnizAnr 1 - ez ;D_T[ ] P dnm sinnn
s e = —5 E;sin 1 7 )" " a
= A, (e + &), (ph)cosnd ph
e 2A,“COS{3:J”([)]1)COSM¢ a . E E (.P__)j (Pqnm)sin[ﬁ_ﬂi)
Py " {gw) \p) " \d ¢ d
E, = E,cospz J, [—"ﬂjcosmb "
a
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v Transmission Lines %
—y GE.
E, = ——/
PR o
_ 12,
h* opoz
P [aElJ
h™ op| ¢z
S ) -E, sm(E (ﬂjjn[pqm)msmp
n op d )\ d
pnz Py | Pym q
- =g s 25 ) (25 ) | o
(P pr) L PYum a
= =F. sin] 2= HPE| 5 —_J —— | cosn
9 m( d J(dJ n( a [qum] ¢
H.=0
—joe JE.
By 5~ ===
h  dp
_—_f(DE PRz | Pqym q
=7 E, COS[TJJ,( p Jcosmb( ;""J
= - joe E, cos[E)JL [pq"mJCOS“d{ “ ]
d a Doum
joe E,  joe (pqnj (pnz) .
B o= J20% Y5 . E_J 2L | cos| —— | (- sinnd).n
o= St = LR, 2 | (= sinng)
€ 3 [
= —J9 (i] E, J,,kpq""')cos(ﬂrf—Jsinmbn
p q"ﬂl a d
For TE ypp

At resonance (u;’; pe = 2

, N3
NORC!
a d

fave Guides and Caviy
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2

(D:-;},la = (—qiﬂ
a

2
d
1 132
QO:E (i‘ﬂ) +(E2
a d
' 2
ot (&ﬂ_ﬁ) +(£§)2

For TanP

1 ? 2
AR [ Gum ] pr
dmm | [ PR
27[ -\/}; a d
The dominant mode in circular cavity wil| depend on dimension of cavity

Ford <2a, TMow mode is dominant mode

d>2a, TEl“mode is dominant mode.

A pair of perfectly conducting planes are separated by 8cm in air. For a
Sfrequency of 5000 MHz with the TM ,mode excited find the following i) cut
off frequency ii) Characteristic impedance i) Attenuation constant for
S = 0.95fc iv) phase constant v) Phasevelocity and group velocity vi)
wavelength measured along the guided walls vii) Cut off wavelength
viii) Angle of incidence.

«  Solution:

Given data,
a=8cm=0.08m, f=5000MHz 'i"MI hencem =1

m 1 1 1
—_ s — = x
)  Cutoff frequancy f,. = 2a Jpz 2x008 Jugm ot
1 1 o
= X RTINS
2x 008  [4rx1077 x1x8.854x107"2 x1
£.=1.875 GHz
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fc© p\\ “
) Characteristic impedance Zyy = ‘]\’ = —’_3— = 8,6
i\‘
| dmx 10_? 3! 1 (1.875 x ]09)1
= ———'_—"_'_ - ""——‘__,‘___
\j $.854 x 1071 x 1 (5000 x 1082

340-41Q

Zrn

m  Aftepuationconstantfor f = 0-95f,

Propagation constant becomes attenuation constant if the operating f"cquency is
less than cut off frequency (y = @)

i, 2 [, 2
8. 2 é(mtr} 2 2
Y=a = /| | - = 11— —4n K€, E,
o) “BP =g ) TR
= X 4n? (5000 x 10°) x 4z x 1077 x 1 x 8.854 x 1072 x|
Y(0-08)

) Phaseconstant B =

2
;““ 72 x(5000 x 10°) x 47 x 10”7 x I x 8.854 x 10712 x 1 _(’ "“J
-y 0-08

B = 97-08 Radian

) . ©  2nf  2x3.14x 5000 x 10°
v} Phasevelocity Vpp = — = — =
#TB B 97.08
VM = 3236X }Osmfs
- Bxighy

Gl’OUpVCIOCity Vg - = m =2-78 % IOSM/S
ph ’ %

jlave Guides and Cavigy Resonatops

I 5.65 I

e 2n 2xn
3 £ TR T 97.08 = 00647m
" ;Ll _2x0.08
i} ¢« w1 F 0.16m

. . 2
i) Angleofincidence tan@ = (LJ =]

fe
B [5000)(106 ! :
(1.875 x 10°
0 = 6797

For a frequency of 6000 MHz and plane separation 7cm. Find the following
for TE, mode. i) Cut off frequency ii) Angle of incidence on the planes

iii) Phase velocity and group velocity. Is it possible to propagate TE ,mode?
«  Solution:
Given Data,
m=1,a=7cm=0.07m, f= 6000 MHz

m 1

2 Jpe

1 1
—} X
2x007 a4z x1077 x1x 8.854 x 1072 x1

) Cutoff frequency fe =

f. =2-142GHz
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5.1 ACT|VE RF COMPONENTS: SEMICONGUCTOR _BASICS IN-RF

—_— .
5.1.1 Physical Properties of Semiconductors

The operation of semiconductor devices is dependent on physical behaviour of

semiconductor themselves. Three most commonly used semiconductors are silicon (s1),

germanium (Ge) and gallium arsenide (GaAs). Figure 5.1 (a) shows the bonding structure

of pure silicon. Each silicon atom shares its four valance electrons with four neighboring

atoms, forming four covalent bonds.

Free electron Conduction band
) ’\ x E
y W E
Forbidden "€ | M
W, band or §
Band gap 9
/ %/////////////////////// a
Hole = Wy
Valence band
(a) Planar representation of covalent bonds | (b) Energy band levels
Figure 5.1 Lattice structure and enersy levels of silicon
In the absence of thermal energy i e., when the temperature is _equal to zero degree
Kelvin (T = 0K =~ 273 15°C) all electrons ar¢ bonded to the corresponding atoms and
4 ' e of electrons

semiconductor is not € the 'temperature increases, som
| obtain sufficient energy tO preak up the covalent bond and c_ross the energy gap
Wg: W __W. asshown in figur 5.1(b). Atroom temperature T= 300 K, the band gap
ene oy Si. 0. 1.42 eV for GaAs. These free electrons
gyisequlto 112 eV. o :on. The concentration of

onductive- When
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conduction electrons semiconductor is denoted asn. when electron brcak.s the Covalen
bond, it leaves behind a positively charged vacancy, which can be occup I.Cd l?y anoth?r
free electron. These type of vacancies are called holes and their concentration is denoteg

by p. In thermal equilibrium, we have equal number of recombination and generation ¢
holes and electrons.
The concentration obey the Fermi statistics according to

e
n = Nce KT

e (1)

_(WF'WV) '
p = NV e KT T (2)
where | |
| om’ aKT|
| m, T
NC,V = 2[%} .ee (3)

are the effective carrier concentration in conduction band (N o) and valance
band (N,)). W_and W is energy levels associated with conduction and valance band
W is Fermi energy level. !

m; and m; refer to the effective mass of electrons and holes in the semiconductor.

K is Boltzmann’s constant

his Planck’s constant _
T is absolute temperature measured in Kevin

The electron and hole concentrations are described by concentration law
np = n} . .. (4

where »;is the intrinsic concentration

Substitution of equation (1) and (2) in (4) results in the expression for intrinsic carrier
concentration
Wc-Wy

= ,./NC Ny e-( 2KT )= \/NCNV e{XgT) ' .. %)

Classical electromagnetic theory specifies electrical conductivity in a material t0 be

c =Ewhere Jis currer_lt.density & E is applied electric field
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_ 9NV,

E . ... (6)
where N iscarrier concentration |
q is elementary charge

V, isdrift velocity

E isapplied electric field
We can rewrite equation (6) as

C =qnl,+qpu, , | (D
where U, 1 p are mobilities of electrohs & holes
* simplify the equation (7) usingn=p="5;
i c =qn (1, +H,)
| --(W_g!) «
= q4/NcNy L (Pn'*'llp)' . (8)

Consider n-type semiconductor in which the electron concentratlon isrelated to
the hole concentration as

By = Np+py . - . | - (9)
where Npis the donor concentration

P, is minority hole concentration

To find 1, and p, solve equation (9) in conjunction with (4). The result is
n n

: 2
Np+yNb +47; v .(10)

n, = 3 | |
2

et (1)

Pn = ‘ y) ' . ‘

If the d concentration Np iS muckh greater than the intrinsic electron
e donor

~ ®oncentrationn; then

TR . (12).
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2n?
~Np +Np | 1+
b D( NZJ n?

D i
- = (13
Consider p type semiconductor with
pp = Np+n, - (14)

where N, 71, are acceptor and minority electron concentrations. Solving equation

(14) together with (4)
' / 2 2
’pp N NA+ NA + 4n,~ . - "(15)
o IN, +4/N2 + 4n} | (16 |

d 2
5.1.2 The pn-Junction

The physical contact of a p-type with n-tybe semiconductor leads to one of the
most important concepts when dealing with active semiconductor devices pn junction.
‘Because of difference in the carrier concentration between two types of semiconductor,
a current flow will be initiated across the interface. This current is known as diffusion
current and is composed of electrons and holes. Consider one dimensional model of pn
Junction as shown in Figure 5.2. ' -

Electric field

—
p-type n-type .
— i —~~ S— —
== |, %
—z
Hole - = | **| Electron
diffusion |- "= ++| diffusion
current ~ S T current
= T+
- - + +
e
Space charge | Space charge
| o5
x=0

Figure 5.2 Current Sflows in the pn-Junction
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The diffusion current is composed of I, dyrand 1, diff components
Idiﬂ =Indwr+l di =qA(D ﬂ'f‘D .EIB :
e nae TP, . (1)

where A is the semiconductor cross-sectional area ortho gonal to the x-axis and
D,»Dp are diffusion constants for electrons and holes in the form
Do KT_ | .
np = ©mp q Hn,p VT : e (2)

' KT -
The thermal potential V =f(]— is approximately 26 mV at room temperature of

| 300K.

e ———————

Since p type semiconductor was initially neutral, the diffusion current of holes is
going to leave behind a negative space charge. Similarly electron current flow fromn
semiconductor will leave behind positive space charges. As the diffusion current flow
takes place an electric fieldEis crated between net positive charge in the n semiconductor
and net negative charge in the p semiconductor: This field in turn induces a current

I = 6AE which opposes the diffusion current such that I + I =C.
Substituting equation (7) for the conductivity

IF = QA(’?]J,, +p“p)E = InF +IpF «..(3)
since total current is equal to zero, the electron portion of the current is also equal
to zero; that is - :
' dn ’ — gﬁ_ﬂ =
Ligig +Lpp = 4 Dy Aot du AE = qunA(VT R ) 0 . (4)
where electric field E has been replaced by the derivative of the potential
B 9V
} d | . . . . .
Integrating equation (4) we obtain the diffusion barrier voltage or built in potential
Vi o I |
j dv = Vay = Vr nf h _d”—VT In n, .. (5)
O .

Where p, is electron concentration in n-type
| nyis electron concentration in p-type
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| P,
V,r= VrIn [——jl -~ (6
ar= "1 p, )

If the concentration of acceptor in the p-semiconductor 1s N4 >>n;,and the

n’

concentration of donors in the n semiconductor is Np >>;, then 7, =Np, , = \'A.
| 2
—Nj +Ny (1 + ?\%-J )
Byusing 1, = 2 ~ i and equation (5) we obtain
2 N,
Na Np
Vaigr = VT h{ 2 J ()
erie ;

If we desire to determine the potential distribution along the x-axis, we can employ
Poisson’s equation which for one-dimensional analysis is written as

d*V(x) -p(x)__dE ' |
dxz - 8 8 dx (8) |

where p(x) is the charge denSIty and €, is the relative dieléctric constant of the
semiconductor

AP
P,= N, (majority carrier) | n,=Np (majority carriers)

s FPeeececcea. T ceccccca-

Figure 5.3 Acceptor and donor concentration

Assuming uniform doping and abrupt Junctlon approximation as shown in fig"®
5.3 the charge density in each material is

p(x) = —qN 4, for —dprSO o
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. p(x) = gNp, for0<x<q, .. (10)

» d
whefe » and d, are extents of space charges in pand n type semiconductor

The electric field in the semiconductor is found by integrating equation (8) with
i ol limits —@p < ¥ <d,; such that

(LNA-(JHd f \
T p()dr _| e,¢, pA0f < kST

Ex) = _; &g, |-gN
g Tdp 17O 8qu(d,,—x), for 0<x<d,

\ o

v7 QI

To obtain voltage distribution profile, integrating equation (11) as follows

4 ' b

/ e A (x+dp)2, for—dprSO
V)= | Eydr=| % s &
oy 28‘18 (NAdlz,+NDd,f)%q——D(d,,'—x)2,for 0<x<d,|
\"r o r*o J
..(12)

‘Since total voltage drop must be equal to diffusion voltage Vi it is found that

2
aNady gNpd2

N : V.o =
_Y(dn) e e by (13)
§ anD .
Substituting d e and solving (13) for d,,
A
1
. 2 '
s 26V NA( 1 )] . (14)
q ND NA +ND ’ ;

~d,N
! | DAL : R A
Where g=¢ ¢, . Anidentical derivation involving n = Np gives us the space

Charoe .
harge €xtent into p-semiconductor

‘ 1/2
L [22Vg ND(___I____]]
¥ 4 q NA NA+ND
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Entire length is addition of (14) & (15)

12
2 Vg (1,1 H ~ 1
= —t+— : (16
d, =d,,+dp-[. 2 N, Np)| _ (16)
| eA - (17
Junction capacitance C= d, -{17)
substituting equation (16) in (17)
1/2
ge  NaNp a2
C = A “e (18)
2Vyr Np + Np

5.2 BIPOLAR JUNCTION TRANSISTORS (BJT)

Transistor Definition: A non linear three terminal active semiconductor device

where the flow of electrical current between two of the terminals is controlled by the third
terminal. The name is an acronym for transfer resistor.

SO on.

junctions. The semiconductor layer may be alternate N

Thus

 Transistors may be used in circuits as amplifiers oscﬂlators detector switches and

Bipolar Junction transistor consists of three layers of semiconductors and two

-type and P- -type or vice versa.

BJTs are either emitter, base and collector and two Junctions are emitter base

junction (EBJ) and collector base Junction (CBJ ) as shown in fi gure 5.4 and 5.5

C

|

n CBJ Ie «—C
B P

n EBJ

R

Figure 5.4 (u) NPN Transistor (b) An NPN circui, t' bol
tit sym
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C

I

|
p CBJ Ee—E
AT
B— N B
S IB

p EBJ

\, e

E C

Figure 5.5 (a) PNP Transistor (b) PNP circuit symbol

5.2.4 Graphical Representation of BJT Characteristics

Itis often useful to describe a BJT graphically in terms of its I-V characteristics.

Consider the following conceptual circuit as shown in figure 5.6 where the transistor is

connected in common emitter configuration. In this setup the DC voltage sources are

independent variables and creatc three dependent variables (Ic, Ip, Vee)-

ccurve thatis plotted in the 1 — Vg plane

To obtain a single transistor characteristi
| t to a voltage and then Vcg voltage

Wit_hi 1B'as a parameter, DC voltage source is se
| source seting is theoretically varied from 0 to infinity while measuring corresponding

collector current (I.)- This is shown in fi

gure 5.7,

le
«—

— /
5 o A0
| g’ \ %1/1 Ve
VBEZﬁ_ llﬂ '
| ——
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Saturation
region

vl >V

Cut off Region

Figure 5.71 «— Vg characteristics of a BJT

I.—V g family of characteristic curves can be subdivided into several regions

active, saturation and cut off.
5.2.2 BJT DC Biasing

The DC biasing of a transistor plays a major role in the operation and proper
function of an active circuit. '

DC Biasing Definition: It is the setting of the DC voltages at each of the two transistor
junctions (EBJ or CBJ) such that the transistor will perform in a stable fashion in the -_,.
intended mode (e.g., active mode for amplifiers, etc). Setting the proper values for each —L‘
of the two transistor junction voltages can be translated equivalently into terminal current
values si'ch as emitter or collector current, which can alternatively be used to specify the ;
DC bias values of the transistor. These currents in conjunction with the bias voltage
values of junctions make the DC bias specification of a transistor complete.

5.2.3 BJT Modes of Operation

Depending on the bias conditions on each of the two Junctions (EBJ or CBJ), --
there can be four modes of operation. Assuming the following notations ‘

FWD = forward bias

- REV =reverse bias

these four modes of operation are shown in ﬁgﬁre 5.8.




| 2

3 System Design Concepts
e 5:11
CBJ
A
Inverse
mode * Saturation
' mode
= +
s> EBJ -
REV . FWD
C
I::)g:f — Active mode

Figure 5.8 Four modes of operation of a BJIT
Each mode can be defined as follows.
Saturation mode is the mode in which both EBJand CBJ are forward biased. In this
mode an increase in Base current (I,,) produces no further increase in collector current (I.)-
Cut off mode is the mode in which both EBJ and CBJ are reverse biased. Thus
there is no current of any kind through the circuit. I,=0, I.=0 and [;=0. Active mode
is the mode where EBJ is forward biased and CBJ is reverse biased. In this mode the
| collector current I)is proportional to base current.

1.= Bly

where B is common emitter current gam
1
KCL gives I.= Ig + IC (HB)IC

ﬁ
.____I =al

where a = -I—QE is called common base current gain
+

A first order model for the operation of transistor in the active mode can be represented '
by hybrid—r equivalent circuit as shown in figure 5.9
(%)
I.=1ge 5 ’
where Igis the reverse saturation current, Vris thermal voltage deﬁned to be

thK\T . where K is Boltzmann ’s constant (1 38x 102 J/K), Tis absolute temperature

nKelvin and q is magnitude of electronic charge (1.602 x 10™°C).
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In the first order model of the active mode the forward voltage (V) caugeg an

B .
exponentially related collector current (I ;) to flow, and as long as the CBJ remains TeVergs

biased (V cp> 0), the collector terminal behave as a non linc.:ar voltage con.trolle,d.currem
source depending exponentially on V. B is common emitter current gain and is mygy,
larger than unity for a good transistor, B>>1.As 2 result I is seen to be much smyj,,
than I . Furthermore because o.is very close to unity for a good transistor, the collectg,

current I is approximately equal to emitter current (Ig): Ic=Ig.

C
[=
B- IBT) | <__IC C C\L)l, c¢=alg
Vel e () B sreies
l‘l'IE - | VBE+SZ‘LIC/U'
2 i
*E

Figure 5.9 Two possible large-signal eqdivalent circuit models bf
NPN BJT in active mode.

Inverse mode is a mode in which the EBJ is reverse biased and CBJ is forward
biased; that is emitter’s and collector’s roles are reversed. This mode may theoretically
be used in the same manner as active mode.

—

5.3 RF FIELD EFFECT TRANSISTORS

—

Field effect transistors are mondpolar devices meaning that only one carrier /i
either holes or electrons contributes to the current flow through the channel. Ifhok
contributions are involved it is of p-channel otherwise of n-channel FETs. FET is volt2&
controlled device. A variable electric field controls the current flow from source t0 dra?
by changing the applied voltage on the gate electrode.

5.3.1 Construction

FETsare classiﬁéd according to how the

: : gate is connected to the conducting chant
Specifically the following foyr types are used | :
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{, Metal Insulator semiconductor FET (MISFET): Here gate is separated from
the channel through an insulation layer one of the most widely used types, the

metal oxide semiconductor FET (MOSFET) belongs to this class.

9. Junction FET(JFET): This type relies on a reverse biased pn-junction that
isolates gate from the channel,

3. Metal semiconductor FET(MESFET): If the reverse biased pn-junction is
replaced by a schottky contact, the channel can be controlled just as in the JFET
case. |

4. Hetero FET: As the name implies heterostructure utilize abrupt transition

between layers of different semiconductor materials. Examples are GaAlAsto
GaAs. The High electron mobility Transistor (HEMT) belongs to this class.

Due to presence of a large capacitance formed by the gate eléctrode and the insulator or
reverse biased pn junction, MISFET and JFET have a relatively low cut off frequency and are
usually operated in low and medium frequency ranges of typically up to 1GHz. GaAs MESFET
find application up to 60— 70 GHz, and HEMT can operate beyond 100 GHz.

5.3.2 Functionality

nce in RF and microwave amplifier, mixer and oscillator
FET, whose physical behaviour is in many
sed on the geometry' shown in figure 5.10

Because of its importa
circuits, we focus our analysis on the MES
ways similar to the JFET. The analysis is ba
where the transistor is operated in depletion mode.

IR o B

R= O'(d - ds)W

The schottky contact buildsup a channel space charge domain that affect the current
flow from s'ource‘ to drain. The spacc charge extent dgcan be controlled via the gate
voltage,
2
(28 Vd"'VGS) . : (1)
d=|— L
s q ND . ]
For instance the barrier voltage V,is0.9V for GaAs—Au interface. The resistance
R between source and drain is predicted by
L. gt 3 I QYR
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High Vg
=1 ' D

«<—— L —

(a) Operation in linear region ! (b) Operation in saturation region
Figure 5.10 Functionality of MESFET for different drain-source voltages

o = gu, Np, W being gate width.
substituting (1) in (2) yields the drain current equation

 Vps ‘ | 2% V, - Ve W2 .
- —2 =G o 'd GS \Y/
Ip =R 0 [l ( & Ng ) DS ..03)

- oWd i .
where G, = T This equation shows that the drain current depends linearly

on drain source voltage, a fact that is only true for small Vps -

As the drain source voltage increases, the space change domain near the drain
contact increases as well, resulting in a non uniform distribution of the deflection region
along the channel.

If we assume that the voltage,along the channel changes from 0 at the source location
to Vpg at the drain end then we can compute the drain current for non uniform spacé
charge region. This approach is also known as gradual-channe] approximation. The
approximation rests primarily on the assumption that the cross sectional area at a particular ¢
location y along the channel is given by A(y) = (d - d () W and electric field Eis onlyy |
directed.

- The channel current is thus

4 V(
1p = -oBAM= "D @ ow o




g System Design Concepts 5.15

i . :
f where the difference betweep, Vgand Vggin the expression for d;(y) hasto be
| augmented by the additional drop in voltage V(y) along the channel. So equation (1)
becomeS.

_ 2 1/2
dg(y) =[m (Vd"VGS“*‘V(J’)jI y . | .. (5)

substituting (5) in (4) and carrying out the integration on both sides of equation yields

L VDS 5 e ' llé
j Ipd, =IpL=cW j d—[—— (V"'Vd_VGS)] dv ... (6)
0 ol LeNp -~ 7

The result is the output characteristic of the MESFET m terms of drain currentas a
funcﬁon of Vpgand Vg or ' . :

I,= G V 32 / Zd [Vis +V _v, 2= (Vy=Ves) 2 .. D

D~ Yo| DS T3 \aNp 42 DSt Vd ~ VGs d~VGS i

We note that this equatibn reduces to (3) for small V- When the space charge
extends over the entire channel depth d, the drain source voltage for this situation i_s

called drain saturation voltage V,  and is given by

W 1008 LA oy
d@L) =d =\[q N, (Va—Vos+ Vpssat) | o ®
or explicitly | |
d2
Vosss = L0 - (Vo) =V, Vit Vs =Vas Vra .9

5 4
q I‘;l; a and threshold voltage Vro=Vy—V,: The

where V), pinch off voltage =

associated drain saturation current is found by inserting (9) into (7) with result

v 2 32 .
Vo _ (V= Vgs)+—m= (V4 -V,
Ipes = Go| 5 = (Ve as)*3 A (Va = Vas)’ J .. (10)

The maximﬁm saturation current in equation (10) is obtained when Vg =0, which -

. We define a5 Ipgy (Vgs=9) = Ipss: Input and output transfer as well as output

haracteristic behaviour is shown in figure 5.11.
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i ( Saturation
? Al sallDss Iy _lx_lllcur
I , — Vg0
G°—> '
L}
o. VOS<0
. V i V ' ’
J, S Gsl< TO 4 "
- DS
(a) Circuit symbol  (b) Transfer characteristics © Output characteristics

Figure 5.11 Transfer and output characteristics of an n-channel MESFET

The saturation drain current is often approximated by simple relation.
2
Ipsat = Ipss (1_—‘/70) . (11)

lExatﬁple_ 1 I |

For a particular Si pn-junction , the doping concentrations are given as

— 1018 =3 s — 15— . pras y \
Np,=10" cm™ and Np=15 x10"cm 3, with an intrinsic concentration of

m=1.5x%1 0" cm™, Find the barrier voltage for T = 300 K

@ Solution:

Given data,

Ny=10"%cm™, ~  Np=5x10%cm
m=1.5x10"m>,  T=300K
vdﬁ"VTln( n? }
i
KT (NAND)
== 2
q hi
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J A s MESFET has followm

& Parameters N = 1016 o3, d = 0.75 pm
, )

™ =H2; 0, V =),
lee binch off voitg co 8Vand 1,=8500 cn?/VS. Determine

Tpgs =6-89A

S4HiGH] ELECTRON MOBILITY TRANSISTORS
d effect transistor exploits the differences

;’known as modulation doped fiel
ergy between dissimilar semiconductor materials such as GaAlAs and GaAs

substantially surpass the uppet frequency limit of MESFET while maintaining '
T ormance and high power rating, Transition frequencies of 100 GHzand
n achieved. The high frequency behaviour is due to a separation of carrier
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electrons from their donor sites at the interface between doped GaAlAs anq undg o

GaAs layer, where they are confined to a very narrow layer in which motion js poss; b

only parallel to the interface. Here a two dimensional electron gas (2DEG) or Plasmy g ;

very high mobility upto 9000 cm’/V-S.

5.4.1 Construction

The basic heterostructure is shown in figure 5.12 where a GaAlAs p- doped
semiconductor is followed by an undoped GaAlAs spacer layer, an undoped GaAs layer
and a highly resistive semi-insulating GaAs substrate.

- Source - Gate Drain

Bl Lot

=
0.1 Jr‘n |\n+ /‘ n— GaAlAs n" | €| +d
o 0 R =Y
: ' GaAlAs
o )
1wt N EA |
”m* - GaAs 2DEG | &)
300 “ml Semi insulating GaAs ‘;

Figure 5.12 Generic heterostructure of a depletion-mode HEMT

The 2DEG forms in the undoped GaAs layer at zero gate bias condition because -
the fermi level is above the conduction band, so that electrons accumulate in this namow :
potential well. The electron concentration can be depleted by applying an increasingly |
negative gate voltage. '

HEMTS are primarily constructed of heterostructures with matching lattice constants
to avoid mechanical tensions between layers Examples are GaAlAs-GaAs and InGaAS
Inp interfaces. A larger In GaAs lattice is compressed onto a smaller GaAs lattice. Sl '
a device configuration are known as pseudomorphlc HEMTs or PHEMTs. 1

5.4. 2 Functionality

The key issue that determines the drain curfent flow in a HEMT is the narro? 4
interface between GaAlAs & GaAs layers, *
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= theform e '

.“

ped by writing the one dimensional poisson

62 V —qNp e _

i | (m

1“ ere ' Np &eyared |

ﬁj -' ° fu GDThe golmd Onor concentration and dlelectrlc constant in the GaAlAs

’]' g 53 h L ary condition for the potential are imposed such that V(x= 0)

ﬂ, e metal semiconductor side V(x=-d)=-V, + Vg +A W

W ge, AWCIS energy diff ,+Vg +AWc/ g . Here V, is

W‘: d GaA b ifference in the conduction levels between the n-doped
an i, sand Vgis composed of the gate source voltage as well as the channel

,\, age i o p Vg =—Vgs + V(»). To find potential equation (1) is integrated twice. At

metal-semlconductor interface, we set

D.2_ ] . ~ .
) E,(0)d g v L)

E0) = = (Vos— V)~ Vo) -(3)
defined the HEMT threshold voltage Vroas Vro= \/: - lilwc
CINDd2 |
eV, =
D _28H av
D l O'E A =—ql, NDEWd= q”nND(dy)Wd .. (4)
i ‘i‘r ' C ent flowis restrlcted to avery thin layer SO thatitis appropriate to carry out
“Cinte "On over a surface charge density Qs 81¥7 i
‘ 1, Q 1 Qs _For the surface charge density, find with
n- e result isoc= WL’LZ T ey : | i)\, i
s —EH E(0) \
in (4) ,
DS s e La(S): .‘
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Using (3) It is seen that drain current can be found
Vps

) |
IpL= M, W | 7”(VGS‘V‘VT.°)dV - (6)
0
or
2 .
Wey V2 |
ID= Wn— Ld [VDS(VGS VTO)— } (7) :

pinch off occur when drain-source voltage is equal to or greater than difference of
- gate-source and threshold voltages (Vps 2 Vgs — V1o ). If the equality of this conditio

is substituted in (7) it is seen that

' WSH 2- ) . .“
=p,——Vgs—V :
Ip= Ky 2L’d'(VGS To) ®

The, threshold voltage allows us to determine if the HEMT is operated asan
enhancement or deplétion type. For the depletion type, we require Vpy<0 or

SN (AWJ -V, <0,

a
‘ gNpd
substituting the pinch off voltage V,= o al; and solving for d, this implies
2 - '
2¢ A W, : . )
d >[ B (Vb Cj] ‘ (19
qNp g : -

and if dis less than the Vi, >0, we deal with an enhancement HEMT.

5.5 BASIC CONCEPTS OF RF DESIGN

5.5.1 RF Circuit Design Consideration

Low RF circuits have to go through a three — step desi gn process. In this desig?
process, the effect of wave propagation on the circuit operation is negligible and the
following facts in connection with design process can be stated:

1. Thelength ofthe circuit (/) is generally much smaller than wavelength (/<€ A)
2. Propagation delay time (¢ ) is approximately zero (t,=0)

3. Maxwell’s equations simplify into all of the low frequency laws such s KV
KCL. Therefore at RF frequencies, the delay time of propagation is approxlmate Jy
zero when /<A and all elements in the circujt can be considered to be Jump®™
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1: Thede
Step & sign process starts with selecting a su1table device and performing a
esign to obtain a proper Q-point.

Step 2 E’he device will be characterized to obtain its AC sfnall signal parameters
 basedonthe specific DC Operatmg point selected earlier.

Step 3: Itconsist of designing two matching circuits that transition this device to the
outside world, the signal source at one end and load at the other.

The design process for RF circuit is summarized and shown in figure 5.13.

DC design
. Consideration
s | Device R
‘ S't?b'hty. - - \_ Characterization
| Consideration . -  .
- Circuit
Matching concepts
\

Active circuits -

Gain
Consideration

Noise
Consideration .

Figure 5. 13 RF circuit design steps
ave Circuit Design Consideration

5.5.2 High RF and Microw
' ' :th the design of DC circuit to establish a stable

Step 1: The design process starts W
operating point.

‘rize the device at

tage of 1

the operating point using electrical waves to
Step 2: Characte p & de e
eflection and transmission that device presents

measure the percen

at each port. : g
tk that transition the device to the outside

he matching netwo ‘
ification such as stability, overall gain, -

Step 3: Designing t!
: c he required spect

world such thatt

etc., are satisfied.
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Definition: A non linear 3 port circuit (Two in; ute and one output) that generateg

a spectrum of output fréquencies equal to sum or difference of two input frequencies ang

their harmonics. The two input ports are referred as RF and LO where as the output i

called IF port.

RO PN BEIN
o —()
fo? LO
Figure 5.14 (a) Mixer symbol ,
RF source IF Load
Zy TL TL TL TL
v Vv ( ) A ’ 1
+ i Ml ~~> | Three port M2
| Lossless Network Lossless
Vg_C'\) 7 Matching - or Matching Z,
PRI Circuit | b~ | Device | i~~~ | Circuit Z,
- TL TL TL
TL Z;
M3
Lossless
Matching
Circuit
Z, Loc'al
oscillator
+ —
Vio

Figure 5.14 (b) Mixer block diagram

Mixer uses the non linearity of a device to generate a spectrum of frequencies (at
the IF port) based on sum and difference of harmonics of the RF signal and Jocal 1
oscillator signal frequencies as shown in figure 5.14. The non linear device is flanked 1
on three sides by three matching circuits,, which need to be designed properly for j

"

maximum conversion efficiency. . i
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In general, mixers utilize one
' . or more non linear device ly pumped with a
ively large st o , properly pump
elatively 1arg gnal (called LO) to mix with an RF si gnal in order to generate a spectrum

TN _
of frequencies ased on the §um and difference of harmonics of the RF & LO frequencies.

- Where m & n are positive integers,

- The most important terms for mixer operation are those with frequencies at @, +®@,

andat 0, — @,
5.6.1 Types of Mixers
5.6.1.1 Up - Converters

o, IF i Upper 0.+ ®
[Fo— 2 RE side band |
Sl filter .. RE
LO ?wo
Figure 5.15 (a) Up conversion in a transmitter

When a mixer is used as anup converter the sum frequency fi=fo+fis utilized

. and the difference frequency is rejected. In an up converter shown in figure 5.15 (a) the
IF oscillator is modulated with desired information signal which when mixed withLO
red frequency conversion. Use of mixer as an up converter

. signal will generate the desi
ceiver is advantageous because it allows the use .

particularly in case of 2 radar or a trans
ofa single local oscillator for both receiver and transmutter.

(Dr = 0)0 + 0),'
mage rejection mixer is needed to generate the sum

Use of proper filtering oran! . )
din a transmitter to modulate a carrier

frequency (0, = 0, * O ). Anup converters is use |
Wwave (LO signal) with an information bearing signal (IF signal) in order to generatean RF

signal for transmission-
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5.6.1.2 Down Converter -
mi=|m,‘0)°|

Ji = /1]

Low pass
filter

RF amplifier

F igizre 5.15 (b) Down conversion in a heterodyne receiver
When application requires a down — conversion the difference frequency
Ji=1,- /. is used and sum frequency is filtered out as shown in figure 5.15 (b). Use of
mixer as a down converter in heterodyne receiver has several advantages.
v ThelF signal being in the range of 10 MHz < f; <100MHz lends itself for

low noise amplification because 1/f noise is lower in IF than in RF frequency
range.

v’ By changing the LO frequency, a heterodyne receiver can be tuned to receive a
~ wide band of RF frequencies without a need fora high gain wideband RF amplifier
Wthh Would have been necessary otherwise.

A down converter is a mlxer that, with help of an LO shift the frequency of the RF
signal substantially down to an IF signal ready for further signal processing. The IF signal
frequency is given by | |

_ o; = |0, o, |

Such a mixer is used inreceiver as a demodulator to remove the carrier wave from

the transmitted signal in order to obtain the 1nformat10n carrying signal.

5.6.1.3 Harmonic Mixers

A sfmp]e method of down converting a high frequency RF signal when only a low
frequency LO exist is the use of harmonic mixers. Frequency down conversion is achieved
by mixing the_ high frequency signal with an appropriate harmonic of LO frequency.

W; = nw,-w i
Wheren=1,.. Nisaninteger, whenn=1a fundamental down converter is obtained.

Applications of harmonic mixers are in millimeter wave instrumentation where the
use of high frequency LO source, which can generate substantia| power to satlsfy LO
power needs is impractical or very eXpensxve
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57LOW NOISE AMPLIFIERS

(T
\ A Low noise amplifier is an electronic amplifier that amplifies very low povrer signal

 yithout significantly degrading its si
ignal to noise ratio. LNAs are desiened
signal while minimizing additional noise. i amphf) y

LNA are found in radio commumcatlon system, medical instruments and electroni
test equipment. c

A typical LNA may supply a power gain of 100 while decreasing the signal to noise
ratio by -1¢ss than factor of two. LNA as shown in figure 5.16. )

it g Antenna
LNA
e
L
RF
Duplexer it o

.

A

. Figure 5.16 Block diagram of LNA

The low noise amplifier of receiver path and power amplifier of transmit path

tonnected to the antenna via duplexer which separate the two signals and prevents the

telatively powerful power amplifier output from overloading the sensitive LNA input.

For LNA, the primary parameters are noise figure (NF), gain, and non linearity.

Noise is due to thermal and other sources with typical noise figure 0.5 t0 1.5 dB range.

The noise figure helps determine the efficiency of particular LNA. Low noise figure results
LNA must have high gain. Typical

in better 81gna1 reception. With low noise figure, an
gam 1s between 10 and 20 dB fora single stage.
lications such as industrial smentlﬁc and medical band (ISM)

 INAsare used inapp
w1reless LANSs, satelllte commumcatlon

1 raleS, cellular telephones, GPS receivers,

SRR
(R
RRNE
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5.8 VOLTAGE CONTROL OSCILLATORS
o = E
cillator with an output signal whose Outpy;
the input DC voltage. Itis an oscillato, ]
, voltage at its input. The oscillatiop

A voltage controlled oscillator is an 0s
can be varied over a range, which is controlled by
whose output frequency is directly related to the
frequency varies from few hert Z to hundred of GHz.

Types of voltage controlled oscillators.

Harmonic oscillators. The output is a signal with sinusoidal waveform. Examples are

crystal oscillators and tank oscillators.

Relaxation oscillators:

The output is a signal with saw tooth or triangular waveform and provides a wide

range of operational frequencies. The output frequency depends on time of charging and - _
discharging of capacitor. Block diagram of VCO is shown in figure 5.17 and saw tooth "

wave generator VCO is shown in figure 5.18.

Input voltage | Voltage controlled Output frequency
V; ~ oscillator proportional to Vi,

mn

Figure 5.17 Block diagram of VCO

Control - | Constant Ca;?ellcitor
voltage - current I
source p source —.___I:-
Reference
voltage

 Figure 5.18 Basic working principle of saw tooth wave generator VCO

For a voltage controlled oscillator generating a saw tooth waveform, main component
is capacitor who’s charging & discharging actually decides formation of output waveform:
The input is given in the form of voltage which can be controlled. This voltage is converted |
into a current signal and is applied to.capacitor. As current passes through capacitor it starts
charging and voltage starts building across it. As the capacitor charges and voltage across
itincreases gradually, the voltage is compared with areference voltage using a comparator. »,
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en capaci
. Wh p.acuo.r voltage exceeds reference voltage, the comparator generate high
logic output which trigger the transistor and capacitor is connected to ground and starts

dischargfngo Thus the output waveform generated is the representation of charging and
discharging of capacitor and frequency is controlled by input dc voltage.

Applications of VCO
. Electronic Jamming equipment
| . Function generator -

e Phase locked loop

« - Frequency synthesizer, used in communication circuits.

59 POWER AMPLIFIER | -

Thc RF power amplifier is the last componéht of transmitter chain. The purpose of

transmitter is to deliver an RF signal with required properties and speéiﬁed power level

{ tothe antenna and need for the PA (Power Amplifier) is in amplification of that signal to
level expected at antenna port. ' ‘

Requirements of power amplifier
v Ithas to have sufficient gain |
v’ Tthas to have sufficient power handling capability.

v Tthas to be stable.

510 AMPLIFIER POWER RELATIONS

s
o Input ,—4?:|- MOut{)pt ?
RF | Matching : atching fl “sug Load |-
source _E'> Network : Network :
C o L oMN) |

F,

o

in ou
DC bias

Figure 5.19 Generic amplifier system
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A generic single stage amphﬁer conﬁguratlon embedded between input and output
matching networks is shown in figure 5.19. Input and output matching networks are
needed to reduce undesired reflections and thus improve the power flow capabilities,
The amplifier is characterized through its S parameter matrix at a particular DC bijgag
point. The following list constitute a set of key amplifier parameters:

v
v
v
v
v

Gain and gain flatness (in dB)

Operating frequency and bandwidth (in Hz)
Output power (in dBm) o

Power supply requirements (in V and A)
Noise figure (indB)

5.10.1 RF Source

There are various power galn deﬁmtlons that are critical to the understanding of how

“an RF amplifier functlons

S RI

Figure 5.20 Simplified schematics of a smgIe stage amplifie

For this reason let us examine figure 5.19 in terms of its power flow relations under

the assumption that the two matching networks are included in the source and load
impedances.

/
b, a
7™\
N/

Y Nm
o
[ %)

h
7

f

Y ’ —Oﬂ——? . bs b,l ,

o

N

o
r
\

; Sy, 2 l;2 g
Figure 5.21 Signal flow graph
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s = zs+z Ea -all—“b'( ~[ins) A1)

The incident power wave associated with 4 is given as .

A S Y

22 2
, P s
Which is the power launched towards the amplifier. The actual input power P._

observed at the input terminal of the amplifier is composed of the incident and reﬂected
" ‘power waves with the aid of the 1nput reflection coefficient I—

f 1 . |bs| \
P = mC( ) =5 S ( ) :

“_| 2 Il P I—— I—I “—| (3)

The maximum power transfer from the source to the amplifier is achieved if the

o input itnpedance is complex conjugate matched (Z;, = Z;) orinterms of the reflection

ooeﬁicienté; if |_n_ = l—;* Under maximum power transfer condition, the available power

529

(2)

Pinc 5

A Pas

Py Pl 5|l—l‘ﬂ ( II_I)

2
L 2 i _ (4

| Thls expressmn makes clear the dependence on |_ If l_ 0 and I— #0,itis
’ : Seen fl‘()m (2) that Pinc - I ; | .

510 .2 Transducer Power Gain

& .It quantlﬁes the gain of the amplifier placed between source and load.

Power delivered to the load  _ P
SaT Available power from the source Py

S —| b ( “’| ) we obtain
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P, _ 15[ _
o = g 010 T

In this expression, the ratio b,/bshas to be determined, with help of signal flgy,

graph and based on figure we establish

SZI a

HoF s 1-Su[p | 1

S, 5|1 | ,
b= [1-[8“ +£§|f) E}al | ~(7) |

The required ratio is given by
b_2 SZI .
bg N (1 - S”E) (1 -5, E) =S5 EE =t
Inserting'(8) into (5) results in
(LI P)18a P (1= 1S P)
Or = 1(1-8,,18) (1-8, L) - Sy SpLISP B o

“Which can be rearranged by defining the input and output reflection coefficients

=Syl = (10)

o Slzszlr - ' :
lour = S2* TS5 (1)

With these two definitions two more transducer power gain expressions canbe
derlved First by mcorporatmg (10) into (9) itis seen that

a-[eDisara-gh

|1_ s lt—nl |1 L8 El | .(12)

- Second using (11) into (9) results in

()P (- ) !
1 [ o] [t - su[s[ -l
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An often emplo __

T teral power ga}i)n C)}’ed aplp‘rolmmauon for the transducer power gain is so called
v U, Which neglect the feedback effect of t ;

1 s simplifies (13) into ¢ feedback effect of the amplifier (Sy2=0).

_ ([ )isuf (- )
- Szzl2 i-s, IEF

' 510.3 Additional Power Relations

U ..(14)

The transducer power gain is a fundamental expression from which additional

important power relations can be derived. For instance, the available power gain for load

side matching (I_I-: = out-) is defined as . . LIy

G, = GTIIEIZ; - \ S\
a1y

_ Power available from the network s }
" Power available from the source " N ég;-’
ok K s 8 S fﬁn’ ‘0‘{:"'/ h
2 [ e e Ko os $is
G,= ol 2( 1 “a ) 7 é?/ (7o) 2N L.15) }5?
el ey 5
Further power gain (operating power gain) is‘é}%i\ed as the f}a},i’)o“ #the power
delivered to the load to the power supplied to the ampl}ﬁe;’/;;@.‘-é{‘ ‘9’/ ;

Power deliverd to load
G5 Power supplied to the amplifier

P _B _1_)_1\____GT_13£‘-

—
— @

Pin PA P,-,, Pin
Combining (3), (4) and (12) S : ,
PRS2 " e :
. el it e o
(- Tf)h-salil '
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@ Solution: .' _\ ,\'
‘\\\) "'. i\ oo =il !
S eflect ‘5‘0 fficient - =50
ourcere ec loﬁ e 1(:'18;:‘ I—S— Z1 Z,
o e o 40 - 50
¢ B 10 envAT . =
b 40 + 50 !
]
[g =-o0.111 g
Load reflection coefficient E N 7Y ’
Z, + 2, . 3
_ 13-50 1
73 + 50 :
[L = 0.187
[ = S,,+-—--———Szl Sy [L
lin I“Szzﬁ:

Example: 3'

A v) Inczd*elit power to the amplifier Pj,. ~ ?

A g

An RF amplifier has the following S-paranieters:

S, = 0.3|=70°, S, = 3.5(85%, §13= 0.2 |=10%, S33=0.4|-45", Fupyy,
more, the amplifier is connected 1o a voltage source with vV, = 5y |K W;
source impedance Zg = 40 2 The output is utilized to drive an amemm,-
which has an impedance of Z|, = 73 2 Assuming that the S parameters of
the amplifier are measured with reference to a Zy=15042 :

Find the following quantities.

1) Transducer gain Gt

n) Umlateral transducer gain Gy

zu) Ava;lable gain GA q
Dperatmg power gain G

w) Avazlable  power from the source P4

vu) Power, delt,veretl to the load Py

= 0.146 - j 0.151
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=S, + Siz Sy E
=5 E

= 0.265 - j0.358

. Lot
T |1 - E [:)u—tr \1 —S” S\z

(1l )1 (1 - fsP)

i) Gl= = 12.67 or 11.03 dB

i |1 B E S2?| ll B SHE\

o (1 . 2) |
2 HE\ = 14.74 or 11.68 dB

m G,= \l—“—;t_r\ \1_S“|g‘2

(1= ) 182
‘L| = 13.74 or 11.38 dB

9~ [l b

out

) G = 12.56 or 10.99 dB

)' 1 bgP 1 Zy _I%F
vy P = =
w 2h-[lsf 2GR - [anlsl

P,.nc(dBm) = 10 log (P, c/(l mw)) = 18.73 dBm

=747 mw

1 Ib‘Sl — 78.1mw or 18.93 dBm

gL

@, P =P,G.= 981.4 mw or 29.92 dBm

511 STABILITY CONSIDERATIONS
5.11,1 Stability Circles

table over the entire frequency range. The RF circuit

Anamplifier circuit must be s
and termination. The phenomenon of

tend to oscillate depending on opérating frequency

°S°111at10n can be understood in the context of volta
magnitude possibly causing 1nstab1hty

ge wave alonga transmission line.

';;If:_lf | > 1 then return voltage increases in
ge wave (negative feedback).

£ T'| <1 caises a diminished return volta
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Amplifier as a two port network characterized through its S - parameters. Amplifie;
is stable, when magnitude of reflection coefficient are less than unity.

“I < 1, ||'§|<1 | A (1)

Siu—|pA

. | = <l ' o
[inl= 25, T @)
Sy, = [« A
Tt I_Efs_ i 6
~Suls |
where A =8§,8S,-S,S, -(4)

Since S parameters are fixed for a particular frequency, the only factor that have

parametric effect on stability are I—I.-, and I—g

In terms of amplifier output port, the condition is established for which (2) is satisfied.

To this end, the complex quantities

Sy = Sﬁ +jS:l’ Sy = sgz +jS'22

L 7 VRN MY My +(5)

substituting equation (5) into (2) output stability circle equation is

2 2
(ER - Cgut) * (EI r Cfm) N r"zu’ (6)
where circle radius is given by | |
[Si2 Sai |
Fow = : (7
‘T 1Sal - AR ‘
and center of circle is located at
ol S,, —=S' A)
Cnul " C([}lll + JCLI(I o ( - 2 ” 2 .--(8)
1Sy ["= 1A

as depicted in figure 5.22(a) Interms of input port, substituting (5) into (3) yields the
input stability circle equation

(5 -ca) (s - Cfn)z = 7 )
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e F 17

'Sy S
where r, = 12 21
IEN N ..(10)
o Gu=Sn ) ko
and C =C,, +7C, (1)

IS, P-Af

When plotted in [g plane we obtain response as schematically shown in

figure 5.22 (b).

G E IFI— ml T

-
- ~..

|ic}=1 ey fois 1 | r N [s|=1

(a) output stability circle (b Input' stability circle

Flgure 5.22 Stabzltty circle ||—-| 1 in the complex |— plane and stability
ctrcle |B_u_| = 1 in the complex r- plane

5. 11 2 Uncondltlonal Stability

Uncond1t10na1 stability refers to the situation where the ampl
quency and bias condltlons

ifier remains stable for

'any passwe source and load at the selected fre

For IS, < 1and]|S, | <1,itis stated as

2 c. |-rl =1 . | (12)
| | Com | ’ «(13)

-7 > 1
In other words, the stability cir

oul

cles have to reside completely outside the
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The condition for stability is expressed in terms of stability factor K as

1-1S, [ —|Szzlz+|A|2>1 (14
ANTIIEN )

The stability factor K is also referred as Rollet factor.

K=

It applies for both input and output ports.

[S—l “EI=1 [;:t_ I

A T A
"g]z 1 n “EI: 1
Cin
rS
ICinl R Cs R
>[s —>out
(a) Il;;q = 1 circle must reside outside ' A(b) IEI =1 circle must reside inside

Figure 5.23 Unconditional stability in the I; and I;l; planes for |Sy;| <1
5.11.3 Stabilization Methods

If the operation of a FET or BJT is found to be unstable, an attempt can be made

to stabilize the transistor. The conditions "—z;I > land |
of input and output impedances, :

ZAout e Zo '

Zoul + Zo

Zin — Zo
Zin + Zo N 1

”_;;I = =1 “_074’:

| Which 1.mply I.le(Z,',,) <0andRe(Z,,)<0.One way to stabilize the active devic®
is to add a series resistance or a shunt conductance to port

Figure 5.24 shows the configuration for the input port, This loading in conjunctio®

with Re(Zs) must compensate the negative contribution of Re(Z;,). Thus we require

S I B b A P N S b e i s i

Iout| >1 can be written interms |
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Re (Z,, +R}, + Zg) > 0 (or)
Re (Y, +Gj, + Y5) > 0

; Zin+ R';n Yin+ Glln

¥ Ri'n

,‘E Active }--... Active }-----
i device ~ device

§ (BJT or Source (BIT or

5 FET) f----- FET) }-----
]

: z

' Re (zou, +R! +Z,) >0 (or)
Re (You, +G;u, +Y,)>0 '
v T Yot Gl
------- Active l o
oot | [ e fohuzed |

FET)

-out

(a) Series resistance (b) Shunt conductance

: :.'e 5.25 Stabilization of output port through series resistance or
shunt conductance




Transmission Lines and R S

5.38 IRE sy,

@ Solution:

2
1-1S, P =1Sn > +1Al

B RE TTR T
K= 2.17

IAI: ISn Szz"slz SZII

|A|= 0.42

K> 1and|A|<1 so the transistor is unconditionally stable.



ST

KF System Design Concepts |
| 5.39

e

TWO MARK QUESTIONS AND ANSWERS -

., What are the key parameters used to evaluate the performance of an
1 amphﬁer"

- Gain and gain flatness
Operating 'frequency and bandwidth
Ou{put power
Power supply requirements

Input and output reflection coefficient

Noise figure.

Itlls gain of the amplifier when placed between source and load.

Power delivered to the load iy P
Gr= Available power from the source P,

efine unilateral power gain. | e
IS amplifier power gain when feedback effect of amphﬁer in neglected S;2=0. -

Define unconditional stability.

,‘ ncondltlonal stability refers to thes
g any passive source and load at the se

‘,
What is the need of matching network?

tcan help stabilize the amplifier by keeping th

approprlate range.

tuation where the amplifier remains stable for

elected frequency ¢ and bias condltlons
e source and load impedances inthe

- i twork?
3; ' Vhat are factors used for selecting a matching ne ,

; Complexity
Bandwidth requirement
Adjustability
Implementation
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10.

Define operating power gain.

Itis defined as ratio of power delivered to the load to the power supplied to the

amplifier
Power deliverd to load . 127
Power supplied to the amplifier P,

—

What are the advantages of microwave transistors?
Microwave transistors are miniaturized designs to reduce device and package
parasitic capacitances and inductances and to overcome the finite transit time of

the charge carriers in the semiconductor materials.

What is bipolar transistor?

Bipolar is a three semiconductor (pnp or npn) region structure where charge carriers

of both negative (electrons) and positive (holes) polarities are involved in transistor
operation.

Write the applications of bipolar transistors.

Bipolar transistors are suitable for oscillator and power amplifier applications in

11.

12.

13.

addition to small signal amplifiers.

What are the differeﬂt modes of bipolar transistor?
v Normal (active) mode

v’ Saturation mode

v Cutoff mode

v Inverse (Inverted mode)

What is referred as unipolar transistor?

In field effect transistors, the current flow is carried by majority carriers either

electrons or holes, this type is referred to as unipolar transistor.
Write the advantages of unipolar transistor?

v Efficiency is higher
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o

v/ Noise figure is low
v/ It may have voltage gain in addition to current gain.
v Its operating frequency is upto X band.

v Its input resistance is very high upto several mega ohms. .

14. What is MESFET?

Field effect transistors at microwave frequencies are mostly fabricated in GaAs
and use a metal semiconductor schottky junction for gate contact. This device is

eferred as MESFET (Metal Semiconductor FET)

15. - Define pinch off voltage.

It is the gate reverse voltage that removes all the free charge from the channel.

16.  'What is called high electron mobility transistor?

" The field

transistor.

effect transistor made using hetero junctionis called high electron mobility

17. " Define threshold voltage.

A minimum gate voltage is requirgd to induce the channel and it s called threshold

voltage.
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