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Course Objectives

COB 1 : To understand the Microwave transmission lines.

COB 2 : To enable the students to understand different 

Microwave components and their applications.

COB 3 : To study the working principle of various Microwave 

tubes.

COB 4 : To impart the knowledge on Solid State Microwave 

devices.

COB 5 : To study the principles of measurement of various 

parameters using Microwave test bench.
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Course Outcomes

At the end of the Course, Student will be able to: 

CO 1 : Explain the propagation characteristics of EM waves in 

various wave guide structures.

CO 2 : Analyze the behavior and evaluate the performance of the 

Microwave components using S-matrix.

CO 3 : Explain the principle of operation of different Microwave 

tubes with their applications, design aspects and characteristics.

CO 4 : Analyze basic principles and operation of different 

Microwave solid state devices.

CO 5 : Apply different measurement techniques at Microwave 

range on Active and Passive devices to determine their properties.
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Course Contents

UNIT I  : Microwave Transmission Lines, Rectangular Wave 

Guides and Resonators, Circular Waveguides and Resonators, 

Microstrip Lines

UNIT II : Waveguide Components and Applications

UNIT III: Microwave Tubes: O type and M type 

UNIT IV: Microwave Solid State Devices

UNIT V : Microwave Measurements
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Text Books

1. Microwave Engineering, David M. Pozar, Wiley

India Pvt. Ltd., 4thEdition, 2011.

2. Microwave Devices and circuits, Samuel Y. Liao,

Pearson, 3rd Edition, 2003.

3. Foundations for Microwave Engineering, R. E.

Collin, IEEE press, John Wiley, 2nd Edition, 2002.
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Unit-2 Outcomes

At the end of the Course, Student will be able to: 

CO 2 : Analyze the behavior and evaluate the performance 

of the Microwave components using S-matrix.
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Content

WAVEGUIDE COMPONENTS AND APPLICATIONS :

Coupling Mechanisms – Probe, Loop, Aperture types. 

Waveguide Discontinuities – Waveguide irises, Tuning Screws and Posts, Matched Loads. 

Waveguide Attenuators – Resistive Card, Rotary Vane types; 

Waveguide Phase Shifters – Dielectric, Rotary Vane types.

Scattering Matrix– Significance, Formulation and Properties. 

S-Matrix Calculations for – 2 port Junction, E-plane and H-plane Tees, Magic Tee, 

Hybrid Ring; 

Directional Couplers – 2Hole, Bethe Hole types, 

Ferrite Components– Faraday Rotation, S-Matrix Calculations for Gyrator, Isolator, 

Circulator, Related Problems. 



 A waveguide is a guided medium to transmit electromagnetic energy from one place to another. 

 They usually operate in dominant mode. Also, they have cut off frequency, unlike two-wire 

transmission line. 

 They support various modes.

Aditya Engineering College (A)

Some of the components of waveguide are:

• Load – This is responsible for absorbing microwave energy from the system

• Tuner – This component is used to match the load impedance with the source impedance.

• Isolator – They are circulators which have three ports and are responsible for transmitting 

microwave energy between the different ports while directing and reflecting energy to a port with 

an attached load.

• Power Measuring (couplers)– These are the devices made to couple power taken from the 

waveguide system which helps in measuring power, frequency, and other parameters to ensure 

proper flow of energy.



Importance of Waveguide Components:

 They are guided so there is no chance of leakage of energy.

 They can handle high power.

 They provide wide bandwidth.

 They are strong in structure and durable as well.

 They ensure the least amount of loss in a high-frequency application. 

Such as mm-wave application.

 Inherently behaves as a high pass filter and many more.
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Application of Waveguide Components:

• Simply as a transmission line

• A waveguide is also used to make various passive components like a 

filter, divider horn antennas, etc.

• It can be used to measure and regulate high power.

• It can also work at very high frequencies.
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 Probe coupling & Loop coupling: Probes & Loops are metallic wires used 

to couple coaxial line to a waveguide resonator to feed or extract 

microwave signal.

 When a short antenna in the form of a probe or a loop inserted into a 

waveguide, it will radiate and if it is placed correctly, the wanted mode 

will be set up. The correct positioning of the coupling probes for 

launching dominant mode.

 The probe is placed at a distance of from the shorted end of the 

waveguide and the centre of broader dimension of the waveguide 

because at that point electric field is maximum. 

 This probe will now act as an antenna which is polarized in the plane 

parallel to that of electric field.
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Coupling Mechanisms



 The coupling loop placed at the centre of shorted end plate of the

waveguide can also be used to launch mode i.e, coupling is achieved

by means of a loop antenna located in a plane perpendicular to the

electric field and loops to a magnetic field but in each case both are

set up because electric and magnetic fields are in seperable.
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Probe coupling

Loop coupling
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 The size and shape of the probe determine its frequency, bandwidth and power-handling capability.

 As the diameter of probe increases, the bandwidth increases. A probe similar in shape to a door knob is capable of 

handling much higher power and a larger bandwidth than a conventional probe.

 The greater power-handling capability is directly related to the increased surface area. 

 Two examples of broad-bandwidth probes are shown in Fig. Removal of energy from a waveguide is simply

 a reversal of the injection process using the same type of probe.

 Coupling probe is used for coupling microwave signal to waveguide.

 Coupling probe is an extended inner conductor of a coaxial cable, inserted into the 

waveguide.



 A magnetic field builds up around the loop and expands to fit the waveguide, as

shown in Fig. B. If the frequency of current in the loop is within the bandwidth of

the waveguide, energy will be transferred to the waveguide.

 Four of those points are shown in figure, view C. When less efficient

coupling is desired, you can rotate or move the loop until it encircles a

smaller number of H lines. When the diameter of the loop is increased, its

power-handling capability also increases.

 The bandwidth can be increased by increasing the size of the wire used to

make the loop. When a loop is introduced into a waveguide in which an H

field is present, a current is induced in the loop. When this condition exists,

energy is removed from the waveguide
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 For the most efficient coupling to the waveguide, the loop is inserted at one of several points

where H field will be of greatest strength. This is accomplished by inserting a small loop as shown

in Fig. A, which carries a high current into the waveguide.



Mechanical, as well as electrical considerations have to be taken into account while making a choice of 

coupling probe or loop. The important factors to be considered are

(i) Ease of adjusting the coupling.

(ii) Constancy of coupling as mechanical changes are made.

(iii) Prevention of interference with the electron stream.

(iv) Matching.

 The loop coupling is basically magnetic, so the loop must be placed at or near the point of maximum 

magnetic field strength.
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Slot/Aperture Coupling

• Slots or apertures are sometimes used when very

loose (inefficient) coupling is desired, as shown in

figure.

• In this method energy enters through a small slot

in the waveguide and the E field expands into the

waveguide.

• The E lines expand first across the slot and then

across the interior of the waveguide.

• Minimum reflections occur when energy is injected

or removed if the size of the slot is properly

proportioned to the frequency of the energy.
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Waveguide Discontinuities, Attenuators–

Waveguide irises (basically just an obstruction sitting within the waveguide, L, C, Parallel

and Series),

Tuning Screws (< λg /4, = λg /4, > λg /4) ) and

Posts (A metal post or screw extending completely across the waveguide parallel to E-

field adds an inductive susceptance in parallel with the waveguide),

Matched Loads (Matched Load is a device used to terminate a transmission line or

waveguide so that all the energy from the signal source will be absorbed),

Resistive Card (The tapered high resistive card is inserted into the waveguide. By, tapering

the lossy material edge, the reflections are avoided. It provides variable input VSWR of

1.01 or less. A glass coated with carbon or Aquadag),

Rotary Vane types (utilizes the rotary vane principle of operation where attenuation is

determined by the angle of rotation of an attenuating film fitted in a circular waveguide.

The Rotary Vane Type Variable Attenuators consists of a rotable circular waveguide with

attenuating film)
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Phase shifter

 Phase shifters devices find wide applications in test and measurement systems, but most significant

use is in phased array antennas, where antenna beam is steered in space by electronically controlled

phase shifters.

 Microwave phase shifter produces an adjustable change in the phase angle of the wave transmitted

through it.

 In phase shifter, when a wave propagates in waveguide, a phase difference occurs between any two

points along its path.

 The phase difference between two points, l distance apart is given as

The phase difference Δφ may be varied by 

varying the velocity of propagation and this 

is the principle of all phase shifters.
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The most commonly used phase shifters are

1. Rotary Phase shifter, 2. Dielectric Phase shifter

 A precision phase shifter can be designed as a rotary type as shown in Fig. It is similar in construction to

rotary wave precision attenuator except that the central resistive card is replaced by a half-wave plate

and the two outer resistive cards are replaced by quarter wave plates.

 The essential parts of this phase shifter are three waveguide sections, two fixed and one rotary. The

fixed sections consists of quarter wave plates and the rotary section consists of half wave plate, all the

plates are dielectric type.

 The quarter wave plate converts linearly polarized TE
11

mode into a circularly polarized mode and vice

versa.

 The propagation constant β1, for the case, when the wave is polarized parallel to the plate is greater

than the propagation constant β2 for the case when the TE
11

wave is polarized perpendicular to the

plate, and also the length of quarter wave plate l is so adjusted that we get a differential phase change

(β1 − β2)l = 90°.

Rotary Phase shifter
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 The half wave plate is similar in construction except that its length is increased to produce a differential 

phase change of 180°.

 The quarter wave plates are oriented at an angle of 45° relative to the broad wall of the rectangular 

waveguide.

 The rotation of half wave plate through an angle changes the phase of the transmitted wave by an 

amount equal to 2θ. 

 This simple dependence of phase change on a mechanical rotation is the main advantage of the rotary 

phase shifter.
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 The dielectric phase shifter consists of a rectangular waveguide loaded with a dielectric slab of

thickness t, height h and dielectric constant ∈ in such a way that dimension h is parallel to the electric

field of the dominant TE
10

mode as shown in Fig.

 The configuration is the same as the flap type variable attenuator except that the resistance card is

replaced by a low-loss dielectric.

Flap attenuator

Dielectric Phaseshifter



Introduction                     S MATRIX

 A two port network is shown in the figure below.

 From network theory a two port network can be described by a

number of parameters such as H, Y , ABCD parameters.
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If the frequencies are in microwave region these parameters cannot be used due to the following

reasons.
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The figure below shows the S parameters of two port network.
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Scattering Parameters 

 Consider a circuit or device inserted into a T-Line as shown in the Figure. We can refer to this circuit or

device as a two-port network.

 The behavior of the network can be completely characterized by its scattering parameters (S-parameters),

or its scattering matrix, [S].

 Scattering matrices are frequently used to characterize multiport networks, especially at high frequencies.

They are used to represent microwave devices, such as amplifiers and circulators, and are easily related to

concepts of gain, loss and reflection.
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  11 12

21 22

S S
S

S S

 
  
 

Scattering matrix



Scattering Parameters (S-Parameters)

The scattering parameters represent ratios of voltage waves entering and leaving the ports (If the same

characteristic impedance, Zo, at all ports in the network are the same).

In matrix form this is written

Where,
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Properties

1) Reciprocity

The two-port network is reciprocal if the transmission characteristics are

the same in both directions (i.e. S21 = S12).

It is a property of passive circuits (circuits with no active devices or ferrites)

that they form reciprocal networks.

A network is reciprocal if it is equal to its transpose. Stated mathematically,

for a reciprocal network

Condition for Reciprocity: S12= S21
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2) Lossless Networks

A lossless network does not contain any resistive elements and there

is no attenuation of the signal. No real power is delivered to the

network. Consequently, for any passive lossless network, what goes

in must come out!

In terms of scattering parameters, a network is lossless if

     
*

,
t

S S U where [U] is the unitary matrix 

1 0
[ ] .

0 1
U 

 
 
 

For a 2-port network, the product of the transpose matrix and the complex 

conjugate matrix yields 

   
   

   

2 2 * *

11 21 11 12 21 22*

2 2* *

12 11 22 21 12 22

1 0

0 1

t
S S S S S S

S S

S S S S S S

 



 

 
        

 

If the network is reciprocal and lossless
2 2

11 21
1S S 

* *

11 12 21 22
0S S S S 
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 The interconnection of two or more microwave devices may be regarded as microwave junction.

 In microwave circuits a waveguide or a coaxial line with three independent ports as commonly referred to as

Tee Junction.

 From S parameter theory it is evident that the device is characterized by a third order matrix consisting of nine

elements, six of which should be independent.

 The following are the three important statements of any three port microwave device.

Waveguide Multi port Junctions
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E Plane Tee

•An E Plane Tee is a waveguide Tee in which the axis of its side arm are parallel to electric field of the main guide. If

the collinear arms are symmetric about the side arm , there are two different transmission characteristics.

• If E plane Tee is perfectly matched the diagonal components of the S matrix S
11
, S

22
, S

33
are Zero because there

will be no reflection.

•When the waves are fed in to side arm(port3), the waves appearing at port1 & 2 of collinear arm will be in

opposite phase & in same magnitude, so

• The –ve sign indicates that they are opposite to each other.

For matched junction is given as
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Due to the symmetric property of  S matrix, we have

--------Eq.(1)  

From zero property, the sum of the products of each term of any column / row

multiplied by complex conjugate of the corresponding term of any other

column/ row is zero.

so

This means that either S13 or S23, or both should be zero.

From unity property of S matrix , the sum of products of each term of any one

row / column multiplied by its complex conjugate is unity.

---Eq.(2)

-- ------Eq.(3)

------Eq.(4); 
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Substituting Eq.(1) in Eq.(2) we have

------Eq.(5)

Eq.(4) & Eq.(5) are contradictory, so if S
13

=0 implies s
23

=0, & if s
23

=0 then s
13

becomes zero

• In general, when an E plane Tee is constructed of an empty waveguide, it is

poorly matched at the T junction. Hence S
ij

not equal to zero if i=j.

Since collinear arm is usually symmetric about the side arm, | S
13

| = | S
23

|

& S
11
=S

22
.

• The final S matrix is given below.

--------Eq.(6)
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H Plane Tee

An H plane tee is a waveguide tee in which the axis of its arm is shunting the E field or parallel 

the H field to main guide as shown .

 It can be seen that if two input waves are fed in to port 1 & 2 of the collinear arm the

output wave at port 3 will be in phase & additive.

 If the input is fed to port 3 the wave will split equally in to ports 1 & 2 in phase & same

magnitude.

The S matrix of H Plane tee is similar to that of E plane tee as shown

but S
13

=S
23.
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Magic Tee

 Also known as E H Plane Tee or Hybrid Tee

 It is a combination of E Plane Tee & H Plane Tee

 Its characteristics are given below

The S matrix of Magic Tee is given as
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• The Magic Tee is mainly used for mixing, duplexing & impedance measurements.

A magic Tee may be used to couple the two transmitters to antenna in such a way that the transmitters do not

load each other. The two transmitters should be connected to ports 3 & 4 as shown in the figure

• Transmitter 1 connected to port 3 causes a wave from port 1 & another through port 2. These are equal in

magnitude & opposite in phase.

•Similarly Transmitter 2 connected to port 4 causes a wave from port 1 & another through port 2. These are equal

in magnitude & in phase.

• At port 1 the two opposite waves will cancel each other

• At port 2 the two in phase are added. So double out put power at port 2 is obtained.

This can be observed in the following figure.

Magic Tee coupled 

Transmitters to Antennas.

Aditya Engineering College (A)



Hybrid Ring

A hybrid ring consists of an annular line of proper electrical length to sustain standing waves, to which four

arms are connected to a proper intervals by means of series or parallel junctions.

Figure shows hybrid ring with series junctions.

The hybrid ring has characteristics similar to that of Magic Tee. When a wave is fed in to port 1 it will appear at

port 3 because the difference of phase shifts for waves travelling in clock wise is 180
o
. So the waves are cancelled

at port 3.

The same reason for the waves fed in to port 2 will not emerge at port 4 and so on.

The S Matrix for hybrid Ring is as shown
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Directional Coupler
A Directional coupler is a four port wave guide junction as shown in figure.

The primary waveguide is 1-2

Secondary waveguide is 3-4

When all ports are terminated there is a free transmission of power without reflection between ports 1

& 2.

There is no transmission between 1 - 3 & 2 – 4 because of no coupling.

The characteristics of directional coupler can be expressed in terms of Coupling factor & diversity.
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A two hole directional coupler with travelling wave 

propagation in it is illustrated in the figure given.

The spacing between the centre of two holes should be 

In directional Coupler all four ports are completely 

matched. So 

There is no coupling between port 2 & 4, thus  

Consequently, the S matrix of Directional Coupler is

This equation can be reduced 

using zero property

Unitary Property

We have  

Aditya Engineering College (A)



 A single-hole directional coupler is shown in Fig. The power entering at port (1) is coupled to the coaxial probe

output and the power entering at port (2) is absorbed by the matched load.

 The auxiliary (secondary) guide is placed at such an angle that the magnitude of magnetically excited wave is made

equal to that of the electrically excited wave for improved directivity.

 In this coupler, the waves in auxiliary guide are generated through a single hole which includes both electric and

magnetic fields. Because of the phase relationship involved in the coupling process, the signals generated by the two

types of coupling cancel in the forward direction and reinforce in the reverse direction.
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Let

Where P is positive real, then we have

Let

Where q is a positive real so that 

Then the resultant S Matrix for Directional Coupler will be
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Circulator

A circulator is a multiport wave guide junction in which wave can flow only from nth

port to n+1th port in one direction.

There is no restriction on number of ports.
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 The operating principle of a microwave circulator can be analyzed with the help of figure below.

 Each of the two 3dB couplers in circulator introduces a phase shift of 90
o

and each of the two phase shifters

produce a certain phase change, the wave is split in to two components by the coupler 1.

 The wave in primary guide arrives at port 2 with a relative phase change of 180
o
. The second wave propagates

through the two couplers & secondary guide arrives at port 2 with relative phase shift of 180
o

, since the two

waves reaching port 2 are in phase , the power transmitted is obtained from port 1 to port 2.

 The waves propagating through primary guide , phase shifter, & coupler 2 arrives at port 4 with a 270
o

phase

change.
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The wave travelling through coupler 1 & secondary guide arrives at port 4 with a phase shift of 90
o
.

Since the two waves reaching port 4 are opposite in phase the power transmission from 1-4 is zero.

A perfectly matched lossless nonreciprocal four port circulator has an S matrix of the form.

Using the parameters of S parameters the above matrix is simplifies as
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An isolator is a non reciprocal transmission device that is used to isolate one component from reflections of the

other in a transmission line.

An ideal isolator completely absorbs the power from propagation in one direction and provide loss less

transmission in opposite direction

It is also known as UNILINE

It is used to improve the frequency stability.

One type of isolator is Faraday rotation Isolator, the input resistive card is in y-z plane, the output resistive card

is displaced 45
o

with respect to the input card.

The magnetic field which is applied longitudinally to the ferrite rod rotates the wave plane by 45
o
.

This is normal to the output resistive card

As the result of rotation the wave arrives at the out put end without attenuation at all.

On the other end a reflected wave from the output end is similarly rotated clockwise 45
o

by the ferrite rod,

since the reflected wave is parallel to the input resistive card the wave is absorbed by the input card.

Isolator
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Isolator
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 The gyrator is one of the ferrite device used in RF and microwave circuit design to obtain phase shift of about 

180 degree. It is basically a two port device.

 The gyrator is basically a phase shifter with 180 degree phase shift.

 When a circularly polarized wave is passed through a ferrite rod, under the influence of the axial magnetic field, 

the axis of polarization will get tilted in the clockwise direction. The amount of tilt depends on strength of the 

magnetic field as well as dimensions of the ferrite rod. The same principle is being used in the design of gyrator.

Gyrator
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1. A 10 mW signal is applied to a 20 dB directional coupler. Determine the power available at 

coupled port.

Solution.

If P1 and P4 are respectively the input and coupled powers then coupling factor C will be
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2. A directional coupler has a coupling factor of 10 dB. An input signal of 5 mW is applied. Determine the directivity of the 

directional coupler if the power measured at the isolated port is 10 mW.



Aditya Engineering College (A)3. A 90 W power source is connected to the input of a directional coupler with C = 

20 dB, D = 35 dB and an insertion loss of 0.5 dB. Find the output power at the 

through, coupled and isolated ports. Assume all ports to be matched.
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4. Determine the scattering parameters for a 10 dB directional coupler, directivity D = 30 dB. Assume that it is lossless and 

VSWR at each port is 1.
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5. Prove that it is impossible to construct a perfectly matched lossless, reciprocal three-port junction.
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6. An isolator has an insertion loss of 0.5 dB and an isolation of 30 dB. Determine the scattering matrix of the isolator if the 

isolated ports are perfectly matched to junction.
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7. A three-port circulator has an insertion loss of 1 dB, isolation 30 dB and VSWR is 1.5. Find the S-matrix.
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8. The return loss for a load is 18 dB. Calculate the reflection coefficient and the VSWR with the load connected.
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