LAKIREDDY BALI REDDY COLLEGE OF ENGINEERING (AUTONOMOUYS)
B.Tech. (VIl Sem.) 17EC27 - MICROWAVE ENGINEERING

Objective:

This course provides the knowledge on microwave communication in terms of various bands,
advantages, applications.

The course will give an idea about microwave active and passive devices.

The course also gives the complete information regarding microwave bench setup and
microwave measurements.

Course Outcomes (COs): At the end of the course, students will be able to

CO1: Understand the operation and use of Microwave solid state devices

CO2: Analyze the characteristics of Microwave tubes.

CO3: Apply the properties of S-parameters to waveguide components.

CO4: Evaluate the various microwave parameters using microwave bench setup.
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UNIT-I
Introduction, Microwave Spectrum and Bands, Advantages and Applications of Microwaves.

Microwave Tubes: Limitations and Losses of conventional tubes at microwave frequencies.
Microwave tubes — O type and M type classifications.

Klystron Tubes: Two Cavity Klystrons — Structure, Velocity Modulation Process and
Applegate Diagram, Bunching Process— Expressions for o/p Power and Efficiency. Reflex
Klystrons — Structure, Applegate Diagram and Principle of working, Mathematical Theory of
Bunching, Power Output, Efficiency, o/p Characteristics.
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What is microwave?

The term microwave is typically used for frequencies between 3 and 300 GHz, with a corresponding electrical
wavelength between 4 =c¢/f=10cmand A = 1 mm, respectively.
A wavelength is the distance between the crests of waves.

The wave length of a signal which is represented by the Greek letter A(lambda) is computed by dividing speed of
light (C) Dby the frequency f

v v '
A = ? or f= ;“ ‘*'I— Wa‘JEfEnQ'[h _""| vEfﬂquI
. r ) propagation
Wh — |/

A =wavelength in meters Artplude

trhbddiadiandERrEriddddadiny

v = velocity of radio wave

(speed of light) { = frequency
T = Period
f =frequency of radio wavwve
(in Hz, kHz or Mhz)
Unit |
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Find the wavelengths of (a) a 150-MHz, (b) a 430-MHz, (¢) an 8-MHz, and

(d) a 750-kHz signal.
‘.A_300.000.000_300_’
150000000 150 "
300
= w— = (697
b A m m
300
¢A=—=313nm
5
d. For Hz (750 kHz = 750,000 Hz):
300,000,000
= W
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Electromagnetic Radiation

Long
Wavelength

Low frequency
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Short
wavelength

frequency
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Typical Frequencies Approximate Band Designations

AM broadcast band 335-1605 kHz Medium frequency 300 kHz-3 MHz

Short wave radio band  3-30 MHz High frequency (HF) 3 MHz-30 MHz

FM broadcast band 88-108 MHz Very high frequency (VHF) 30 MHz-300 MHz

VHEF TV (24) 34-72 MHz Ultra high frequency (UHF) 300 MHz-3 GHz

VHE TV (5-6) 76-88 MHz L band 1-2 GHz

UHF TV (7-13) 174-216 MHz S band 24 GHz

UHF TV (14-83) 470-890 MHz C band 4-8 GHz

US cellular telephone 824-849 MHz X band 8-12 GHz
869-894 MHz Ku band 12-18 GHz

European GSM cellular  880-915 MHz K band 18-26 GHz
925-960 MHz Ka band 2640 GHz

GPS 157542 MHz U band 40-60 GHz
1227.60 MHz V band 50-75 GHz

Microwave ovens 245 GHz E band 60-90 GHz

Department of Electronics and Communication Engineering
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Table of frequency bands
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Band
HF Band

Frequency range
3 to 30 MHz

VHF Band

30 to 300 MHz

UHF Band

300 to 1000 MHzZ

L Band

1102 GHZ

S Band

21to 4 GHz

C Band

4 to 8 GHz

X Band

8to 12 GHz

Ku Band
K Band

mm Band

12to 18 GHz
18 to 27 GHz
27 to 40 GHz

@A0to 75 GHz

7510 110 GHz
110 to 300 GHz

Department of Electronics and Communication Engineering
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Microwave Applications

|

Communication

Terrestrial Civilian

Satellite

|
Radar

— Air traffic
control

— Aircraft
navigation

— Ship safety

— Space vehicles

— Remote sensing

— Law enforcement

1
Military

L Surveillance

— Navigation

~ Guidance of
weapons

— Electronic warfare

._C3

Department of Electronics and Communication Engineering
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Industrial and Biomedical

— Process control
— Drying

— Curing

— Treatmei.. Hf
elastomers

—— Monitoring
— Imaging

—— Hyperthermia

|
Heating

— Industrial

— Waste treatment

— Household

— Nuclear

Cellulosic

Unit-I
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Application of different types

of frequency bands
The main uses of the HF

spectrum are:
* Military and governmental

communication systems
 Aviation air-to-ground
communications

« Amateur radio

* Over the horizon radar systems

Department of Electronics and Communication Engineering
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Examples
of HF
bands ﬂ

application Eirgrs

Radar
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Application of UHF band

300 — 420 MHz: Meteorology and
federal two-way use

420 — 450 MHz: Government
radiolocation and 70cm ham radio band

450 — 470 MHz: UHF ;
: , public safety

Department of Electronics and Communication Engineering
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Appplication of L. barhd

Asironormy

Digital Audio Broadccasting
Satellite mnavigation

Nobile service

Examples of LL band
application

VWicde Radio Thamnnet

- | g LR FRTE
£ 5 AR .. 2

— .'\.'\'-.n-._ ‘
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Application of S band

ViVeather radar
Surface ship radar
Some communications satellites.

Examples of S band
application

HEThe ®
- —
-

< - -
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MADolication o] C2 haarie

Microwave radio relay chains
Television receive-only satellite
reception systems

802.11a Wi-Fi

Cordless telephone applications

Examples of C band

application

EE
802.11
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ArnNnnmlicatirmm nof X hanmnd

Examples of X band
application

DSN-deep space network

Department of Electronics and Communication Engineering 16 Unit
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A liccaticonn «ofF Fowa Ebba==arayccAa

S aatellitee cCcCcorrarmauLanmica=aSaticon
Nehhhwniclee sspoesee=acd cdAdeateac:-tTtTicor

Examples of Ku band
application

S AIrLNK™ e-LOos

End to End Bayond Line of Sight Communication
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X licaticonrn «ofF rmarmm BEBbba=armd

A 2 Irmmcosst a1l rrmmaayaocdesr
e—=leaecCctronNiiIic devicCe =

Examples of mm band
application
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Homeland Security Applications

Potential Security Applications

» Detection of hidden weapons and explosives

»  Detecting non-metallic weapons

»  Postal screening of envelopes for bacteria

Terahertz Images Can Reveal Objects Concealed
Under Cloth, Paper, Tape, Even Behind Walls

»  Chem/bio detection

Explosives

Knife Wrapped in Newspaper

Stand-off detection Security screening wand

Department of Electronics and Communication Engineering Unit-|
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Microwave Tubes: Limitations and Losses of conventional tubes at microwave frequencies.

Conventional Tubes

* Conventional Device tubes cannot be used for
frequencies above 100MHKz

b+ 1. Interelectrode capacitance

» 2, Lead Inductance effect

* 3, Transit time effect

* 4, Gain Bandwidth limitation

o 5. Effect of RF losses (Conductance, dielectric)
* 6, Effect due to radiation losses

Department of Electronics and Communication Engineering Unit-|



Inter-electrode capacitance:

*Plays an important role in the
operation of  tubes  at
microwave frequency.

* It is due to active parts of tube

structure, 1.e., between the
leads.
*As  frequency  increases,

reactance of C,, C,, and Cp,\
decreases and %egms to short
circuit the mput and output
voltages.

Control Grid

Triode
Vacuum
Tube

-------------

Cathode Heater

Department of Electronics and Communication Engineering
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*This leads to reduction in
amplification.

*These capacitances must be
minimized.

It can be achieved by

increasing  the  distance
between the electrodes or
reducing the area of
electrodes.
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LAKIREDDY BALI REDDY COLLEGE OF ENGINEERING (AUTONOMOUS)

Lead Inductance:

* The leads have small but finite
inductance.

* When the frequency increases
the reactance of this becomes
appreciable.

* They limit the performance of

the tube li)rovldmg
degenerative feedbac

*They can be minimized by
using short lead tube.

Unit-I
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by iv) Transit time effect

—

l e Transit time is the time required for electrons
to travel from the cathode to the anode plate.

+ If we consider the circuit of a simple vaccum

V= Vo d
-] tube as shown in Fig. 3.1.5. When 'd’ is the
q distance between two plates, i, is plate

current, V is applied input voltage, V, is
output voltage.

Fig. 3.1.5 Transit-time effect

Calculation for Transit Time : By definition, Transit Time is given by :

T = .S where v, is velocity of electrons

Vo
Static energy of electrons = eV

Kinetic energy of electrons = eV
1 2

Kineticu\ergyofelectrons=-2-mvo

Department of Electronics and Communication Engineering
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We know that under equilibrium state the static energy of electrons is equal to
kinetic energy of electrons.

eV = lmvs

2

2eV
LA

d

[V
m

o At low frequencies, the transit time effect is negligible because distance
between anode and cathode is very small.

e But at higher freugencies, the transit time is large as compared to the period
of microwave signal. The potential between the cathode and grid may

alternate from 10 to 100 times during the electron transmit.
» Therefore the transit angle effect reduces the operating efficiency of the vacuum tube

-
I
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Gain bandwidth product = Ay, - BW = 825 22 = Ba

As shown in above relation, the gain bandwidth product is independent of
frequency. Higher gain for a given tube can be achieved only by using the
narrow bandwidth. This restriction is applicable to its resonant circuit only.
Dielectric losses
* These are different insulating materials which are used as a glass envelope,
silicon plastic encapsulations in different microwave devices. The loss in any
of these material is in general related to power loss given by :
. P = nf.Vie, tano

where € = Relative permittivity of dielectric
0 = Loss angle of dielectric
P = Power loss

Department of Electronics and Communication Engineering Unit-|
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3 Power Losses

The power losses associated with a tube and circuit, tend to increase with
frequency. At UHF current flows in the surface layers because of skin effect.
The associated resistance and losses increase as square root of frequency.

Insulating materials like glass have losses associated with molecular
movements produced by the electric fields. These losses are called as
dielectric losses.

In addition, there are radiation losses from electrodes.

The resistance losses can be reduced by increasing the area of surfaces

carrying the current.
Dielectric losses can be reduced by proper positioning of glass with respect
to points of electric fields.

Department of Electronics and Communication Engineering

Unit-I



LAKIREDDY BALI REDDY COLLEGE OF ENGINEERING (AUTONOMOUS)

Microwave Tubes

» Microwave tubes are designed to overcome the principle limitations of
conventional negative grid electron tubes. In microwave tubes the electron
transit time is utilized for microwave oscillation or amplification. The
principle uses an electron beam on which space-charge waves interact with
electromagnetic fields in the microwave cavities to fransfer energy to the
output circuit of the cavity.

* There are basically two types of microwave tubes :

Department of Electronics and Communication Engineering
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e Tubes in the O-type category are sometimes called linear or rectilinear beam

tubes in recognition of the straight path taken by the electron beam. In this
class of devices, both velocity and density modulation take place, creating
the bunching effect. The electron bundles thus created have a period in the
microwave region. Examples of O-type tubes include Klystrons and
travelling-wave tubes (TWT).

M-Type microwave tube

A principle feature of such tubes is that electrons travel in a curved path.
Those tubes were designated M-type. These are crossed field devices where
the static magnetic field is perpendicular to the electric field. e.g.
Magnetrons.

The O-type tubes differ from M-type in that electrons travel in a straight line
under the influence of parallel electric and magnetic fields.

Department of Electronics and Communication Engineering Unit-|
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CLASSIFICATION OF MICROWAVE TUBES

Microwave Tubes

Linear Beam Devices Cross FieldlDevices
‘ K
Magnetron CFA
Resonant Cavity slow-wave structure (non-resonant)
Klystron Forward Wave Backward Wave
Amplifier
J Helix TWT BWA BWO
Reflex l
Klystron

Coupled Cavity
TWT

Department of Electronics and Communication Engineering
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Cavity

|

Resonant

Linear-beam tubes (-type)

—

Slow-wave structure

Forward-wave

Klystron

Reflex
Klystron

Helix TWT

I

Twystron

Coupled-cavity
TWT

Department of Electronics and Communication Engineering
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BWA, BWO
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The classification of crossed-field tubes is,

Crossed-field tubes (M type)

|
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Resonant

Standing wave

Reentrant

Magnetron

Forward wave

Reentrant

FWCFA

Department of Electronics and Communication Engineering

Backward wave

Nonreentrant

Maser effect

Nonresonant
Nonreentrant Reentrant
Dematron Amplitron

Carcinotron

Gyrotrons
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Co-axial & - ~
loop
Calcher cavity
RF Input WRF
A Collector
> -
Gap B

c d
4

4

Fig. 5.3.1 Klystron amplifier schematic diagram
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.g—RF output

catcher cavity

ﬂl

RF input T

buncher cavity
<

electrons S \ - = grids 4 and 5
cathode b 'S \, ~ /A

grid 17

grids2and 37 W "  —
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o= % 5.3 Klystron

e Klystron is most widely used tube as amplifier at microwave frequencies.
Klystron works on the principle of velocity and current modulation. There
are two basic configurations of Klystron tubes.

i) Two cavity or multicavity Klystron- It is used as low power microwave
amplifier.

i) Reflex Klystron - It is used as low power microwave oscillator.

5.3.1 Two Cavity Klystron Amplifier
[a] Construction

A two cavity Klystron amplifier consists of a cathode, focussing electrodes,
two buncher grids separated by a very small distance forming a gap of two
catcher grids with small gap B followed by a collector. The cavity close to

Department of Electronics and Communication Engineering
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the cathode i: known as the buncher cavity or input cavity, which velocity
modulates thc electron beam. The other cavity is called the catcher cavity or
output cavity it catches energy from the bunched electron beam. Fig. 5.3.1
shows schematic diagram of two cavity Klystron amplifier.

b) Operation

e Two cavity Klystron amplifier works on the principle of velocity and current
modulation. A high velocity electron beam is formed, focussed and sent
down along a glass tube to a collector electrode. The high velocity electron
beam generated by cathode arrive at the first cavity with uniform velocity.
The electron beam passes gap A in the buncher cavity to which RF signal to
be amplified is applied and is then allowed to drift freely without any
influence from RF fields until it reaches gap B in the output or catcher
cavity. The separation between buncher grid and catcher grid is called drift
space.

Department of Electronics and Communication Engineering Unit-|
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ve==m=y> o The focussing electrode (first grid) controls the numbers of electron beam

and serves to focus the beam. The velocity of electrons in the beam is
determined by the beam accelerating potential. On having the region of first
grid, the electrons pass through the grids of buncher cavity. The grids of the
cavity allow the electrons to pass through, but limits the magnetic fields
within the cavity. The space between the grids is referred to as interaction
space. When the electrons travel through this space they are subjected to RF
potentials at a frequency determined by the cavity resonant frequency or the
input frequency. The amplitude of this RF potential between the grids is
determined by the amplitude of the incoming signal in case of the amplifier,
or by the amplitude of the feed-back signal from the second cavity it used as
an oscillator.

The cavities are re-entrant type and are tunable.

Department of Electronics and Communication Engineering
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Velocity Modulation and Bunching

Consider when there is no voltage across the gap ; electrons passing the gap
are not affected and continue to collector with same constant velocity.

When an input is applied to the buncher cavity, an electron will pass gap A
at the time when the voltage across this gap is zero and going positive, let
this be the reference electron y. This reference electron is unaffected by the
gap, and thus it is shown with the same slope on the applegate diagram of
Fig. 5.3.2 as electrons passing the gap before any signal was applied to the
buncher cavity.

Department of Electronics and Communication Engineering Unit-|
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Distance (to gap B)

Gap A

Fig. 5.3.2 Applegate diagram for Klystron amplifier

Department of Electronics and Communication Engineering Unit-|
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o Electron z, passes gap A slightly later than y as shown. In absense of gap
voltage, both electrons would have continued past the gap with unchanged
velocity. In presence of positive voltage across gap A, however electron z is
accelerated slightly and given enough time, will catch up with the reference
electron easily before gap B is approached.

¢ Similarly, electron x passes gap A slightly before the reference electron, and
is retarded by the negative voltage, at that instant across the gap, since
electron y was not so retarded, it has an excellent chance of catching electron
x before gap B, this is shown in applegate diagram.

Department of Electronics and Communication Engineering
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* As a result of these actions, the electrons gradually bunch together as they
travel down the drift space. The variation in electron velocity in the drift
space is known as velocity modulation. The density of the electrons in the
second cavity gap varies cyclically with time. Such velocity modulation is not
sufficient in itself for amplification, by Klystron. While bunching of electrons
it exchanges energy with the slower electron, giving it some excess energy,
and the two bunch together move with the average velocity of the beam. As
the beam progresses further down along the drift space, the bunching
becomes more complete, as more and more of the faster electrons catch up
with bunches ahead. Eventually, the current passes the catch gap with quite
pronounced bunches and, therefore varies cyclically with time, and this

variation in current density (current modulation) enables the Klystron to
have a significant gain.

Department of Electronics and Communication Engineering Unit-|
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o Applegate diagram shows that the bunching can occur only per cycle,
centering on the reference electron. The limits of bunching are also shown,
any electrons arriving after the second limit are not accelerated sufficiently to
catch up with any electron passing through the gap A just before the first
limit. Bunches, therefore, arrive at the catcher grid, once per cycle and then
deliver this energy to this cavity. The catcher cavity is excited into
oscillations at its resonant frequency (input frequency) and a large sinusoidal
output can be obtained because of flywheel effect of the output resonator.
Bunching therefore, depends upon the following parameters.

i) Drift space should be adjusted properly.
i) Signal amplitude should be such that proper bunching takes place.
iii) DC anode voltage.

Department of Electronics and Communication Engineering Unit-|
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I L ~

Buncher cavity Catcher cavity

RF input RF output

Anode —— .
Drift space Collector

' v(ty) i(ty) ? _
| f :

Bunched
— +- electron
l 'I V, i beam

- —

-

. P ol

L+d L +2d

— 1.1t o d
— Ill | | Distance scale I I z
V ’ ¥ i
0 | Time scale | | z - .
i !0 I 4 1 L rz t3 N
d - ‘*d°|
‘ %
t2 t3

to tl

Fig 5.1 Schematic diagram of two cavity klystron
Unit-I
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Components of two cavity klystron

Cathode: Source of electrons
Anode: for formation of electron beam

Bucher Cavity: A reentrat type resonator cavity which is kept at a +ve voltage of
V, w.r.t. cathode to effect acceleration of electrons. RF input voltage of

V, Sin wt Is applied to buncher cavity.

Catcher cavity: The amplified output signal V, Sin wt is obtained from this
cavity.

Collector: The elctrons after transfer of enerty to catcher cavity are collected by
the collector.

Department of Electronics and Communication Engineering
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Let us define varous parameters used in the description and operation
of two cavity klystron.

V, = DC voltage between cathode and buncher cavity.

V, = Amplitude of input RF signal, V.. V,

o = 2xf = Input signal angular frequency. It is also equal to resonant
frequency of both the cavities.

vo = Uniform velocity of electrons between cathode and
buncher cavity. t, = Time at which electrons enter the buncher

cavity

t, = Time at which electrons leave the buncher cavity
t = Transit time of electrons in the buncher cavity =t; - t,

Department of Electronics and Communication Engineering Unit-|
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0, = Angle /Phase vaiation of input signal during the tansit time = oT

p = Beam Coupling Coefficient of the buncher / Catcher Cavity

When the electrons enter the buncher cavity with uniform velocity ,, VO * interact with the field due to input RF
signal V,sin mt. The time varying field in the cavity cause the electrons to accelerate or decelerate and there by

electrons undergo velocity modulation.

Let v(t,) = Velocity of electrons at t= t; at the output of buncher cavity

Let d = cavity with of buncher / catcher cavity

L = spacing between buncher and catcher cavities

L* Is the design parameter for optimum performance of the klystron amplifier

t, = Time at which electrons enter the catcher cavity

Department of Electronics and Communication Engineering Unit-|
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t;= Time at which electrons leave the catcher cavity

d _
r~— =1, —1f, (52
%

O

Because V<<V

Evaluation of v(£)) VELOCITY MODULATION
v(t,) is the instantaneous velocity of electrons which is a time varying quantity and primarily depends

upon the average voltage in the gap during the time ,,t “ i.e. during the time period (transit) the electrons
are influenced by the field.

Vg = Average voltage in the gap during time ,,t

Department of Electronics and Communication Engineering Unit-|
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ave

1}

V.. = _,[Fl s ot dt
r I
a

-

=—L[cos ax]!
oy
-V V.
— 1 : _ 1 . .
Ve = [cm:a or, —COs mrﬂ] Ve =—— [cm @, — COS mfl]
DT = DT
Where = =t4- 1o
d
t1 - t{j + 7 = tﬂ + —
v,
|1 ;
Vv _=-—-|cosar, —cos| or, +—
°  or Vo
ol
Where 8= o7 = — (5.3)
Vo
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V
1 [cas ot, — cos(r, + (:?E)]
T ‘

V =

avg

&
| et A = wty +?E

7

and B=_=%
]

st

Since cos (A-B) —cos (A+B)=2sin Asin B

sin(ed /2v,)| . ;
o s ¢ .; v,) sin| or, + oxd
: ad [ 2v, 2v

=70

51'11(-)3 /2 @E

=V ——sm| @, +—
6,/2 2

B; = beam coupling coefficient of input (buncher) cavity by definition
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1. ."ll.
S1n ng 2

6,2

Bi =
(5.4)

ave

. %)
V.. =V 5111(@3‘::, +?E]

. [2eV,
As we have seen earlier v, = |
V' m
2e . 6.
Iy efty) = = [==. H,@Sm{mﬂjuf]”%
1 2
V. o,
= %VD 1+ﬁ’ Lsin| o, + —=
1 Vﬂ 2
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B s
A

0

Using binomial expansion +/1+x =1 +£ﬁ:-r x <<l

—

Since = t4-1p
g = w1t = ot - ot
@tg= otyt+ oty

wlpt B84 /2 = ot1 -84+ 645/ 2= ot4- B4 /2

v(t, )—1ﬂ[l+ jng c_,]ﬂ[ﬂf %J:‘ (55)

21,
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BV 6,
v(t,) =, 1+’8f L sin| wr, +— (5-6)
2, 2

Bunching Process of Electrons

All the electrons in the beam will drift with a uniform velocity of “v, "at t =ty i.e. at time

of entry into the buncher cavity. For t> > t > tg I.e. in the cavity gap the velocity of
electrons vary with time depending upon the instantaneous field V4 sinwt

Consider three arbitrary electrons a, b and ¢ passing thro the gap when the field is —ve max,
zero and +ve max respectively at time instances ta, tb and tc.
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Consider three arbitrary electrons a, b and ¢ passing thro the gap when the field is —ve max,
zero and +ve max respectively at time instances ta, tb and tc.

ﬁ

ALp—1————————— - Bunching center

Distance

Ve = ¥V, sin wt

s . — — — —— — ————— . —

Buncher
grid

Fig 5.3 : Appligate diagram
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YLAv»"

* Velocity of electron ‘b’ = v, = v, (field zero)

Velocity of electron ‘a’ v <v, = v_ (-ve field)

ITHTI
Velocity of electron ‘c’' = v.> v, = v, =v__(+ve field)

Let us consider that these three electrons draft with different velocities

(bunch) together at t = t3 at a length AL from buncher cavity.

AL= v__ (tg-ta) (5.7)

AL= v, (tg-tp) (5.8)

AL= v, (tote) (5.9)
te-tp = tp-ta= 1w/ 2w (1/4 of time period) (5.10)
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AL=v_ (ta-ta) = v (ta- tp +T1/2W) (5.7A)
AL=v_ (tg-tc) = v (tg- tp—TT/2W) (5.8A)
& @ ]
We have v(#,) =v,| 1 ‘BV o, +?]
} 0 </

From above equation

B ]

v zv(.fl)‘z vﬂ{ -
Vo

(5.11)
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v zv(fl)‘z vﬂ[l— Al J
e (5.12)

Substituting equation 12, 11 in equation 7A and 8A

AL = vyt =13) +| v, ; _"’ﬁﬂ (1, —fg;.)+vﬁp; ;
B W, 20 513
i , .

AL = (1, =1,) +| =, ; +vﬂ£ l(rff_fb)Jrvﬁ l ;
- o (5.14)
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Subtracting Egn 5.14 from Egn 5.13

= BY, BV, x
v — v, —(t; —1,)— v, — —0
“2m ':’zrxg(‘f ») °2V 20
W—?E{;{f 1) =v, R v, pr
2V, 2w 2V, 2o
1?{}153'171 ('f,.j _f_g.) — v, JT 1+ :B:I/rl ~ Vo T
2V 2 2V, 2
. %
since ——+ <<1
2V,
7V,
g 1= (5.15)
wi
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From Equation 5.8 and 5.15

AL =v, ud 5.16 AL= v, (ta-tb) (5.8)
wpV,

368207,

optimum 7
op )

Equation 5.16 gives the design parameter for spacing between buncher and catcher cavities.

Let T= Transit time for on electron travel distance ,,

L* (function of ,,t) L = spacing between two cavities L T L

Let T, = Transit time for electron when the field in buncher cavity is i.e. v (t;) =Vv0 0o "’("1)
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L

[=— _

V.

v, b
] A 2_
N
T:£ +ﬂ—V5u1 ot ——E]
V| 2V, 2 |

Using binomial expansion (1+x)'1=

LAKIREDDY BALI REDDY COLLEGE OF ENGINEERING (AUTONOMOUS)

Substituting tor v(z,) from equation &

1-x for x<<1 and V<<Vp, To =L /v,

Department of Electronics and Communication Engineering
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v, .| 0
I=1, 1—‘3‘}1 sin mrl——g]
oV 2
- o - (5.19)

Multiplying above equation by ‘w’

_ f o\
o] =oT,|1- ‘sz sin| o, —?g
. 0 - . (5.20)

Let 8o = Angular variation in the signal during time “T¢g

9[} — LIJT[].
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ol BV, . 0
ol = o — o iV sin| of, — —=
o 2
e,
wl =60, Xsmaort, ——
2
LV
where X = o,
0) %4
=0

X Is called Bunching parameter of Klystron
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Expression for output current i2* ac current in the catcher cavity:

Let charge dQO* pass through the buncher gap at a time interval dtO and we will assume the same amount of charge
passes through the catcher gap later in time interval dt2

dQo = 10 dt0 |
4 &
dO, = Ildty| = 1,|dr,|  (522) T=1,—4 =T, f—’” o _?]
= D .
z- =t1_tD 6? ‘
bh=to+ T t,=t, +7+7T, l—ﬁV@;m or, ——EJ
) 2V, 2
T: tg—tq, T: tg-(t[]'l' T) _. ’83]71 | p (_)E .
of, =0ty + 0T+ 01, 1- o, ——
o, >

Department of Electronics and Communication Engineering Unit-|



6.
ot, = oty + 6, + 6, —Qﬂr S| o, +7]
oV
we have X :—Dﬁ' 1

.--"'-l::I

| o
ot, = oty + 6, + 6, — X'sin| o, +—E]
i 2

64, 6p are constants w.r.t. 't

dr, , o
o—= = o —aX cos| ot, +— |and
dt, 2

o
dt, = dt, l—XCGS[ o, +?‘EJ (5.23)
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-rom equation 22 and 23

_ , 6, |
I, _dfﬂ]:iz‘drz =1, dt,| | — X cos| or, + BV
7 - where X =—+6,
() = : oV
) ] 0, (5.24) 7
1— X cos| or, +— J = 0
2 " (1-Xcosmt,)

ltis clearly a periodic function of wt, it can be expanded in a Fourier series, as follows | —J 1 1

t 0 T - T
I-Xcosar,| [I-Xcosan,

I, =1,+> [a,cosn(wrt,—6,)+b,sinn(wt, —6,)]

E,:,'F'..-'.I'
a =1/x j 1. cosn(mt, —6,)d(at,)

jr Fra I
a, =—2 j cosm(er, — X sin o) )d(wr,)  — fﬂd}‘l :Ird'f"*
E ra

—T
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Therefore, the catcher tf current / can be written as the following series

P =1+ 20,) J,(nX)cosn(at, - 6)
l
The n = 1 harmonic (the fundamental) 15 simply.
| , I, =21.J,(X)cos(arf —6,)

S T ] i, =1+ 21 f,J,(x)cos no(t, =7 = T,)

nx n=1

Bessel functions of various orders. The maximum value of J, oceurs at
X = 134 and is equal to 0.582.
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0.6

AT |
0.582| n=1 2 :
" '\ 4 5

i =]G+Z2]0ﬁGJH(><)COSHw(IE—T—Tﬂ) 4 / '/
n=1

P—

Value of J, (nX)
o
o r
N\
| R o
N

I, =21,J,(X)B,cosw (1, ~7~T,) B

h N_ K

1, =2[5,1,J,(X) o0

™
=

3 4 5 6 7

(9]

Fig 5.4: Bessel function J, (nX)
J1(X) Is maximum at X = 1.841 i.e. J1(1.841) = 0.582 from Bessel function
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X =

V
Pl Oy =W Where X = Bunching parameter of Klystron

<V Ve Vg

L — Loptimum @s X — 1.841

2x1.841xV, xv, 3.682vV,
LV.o ofV,

Loptimum =
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Calculation for output power (P_,)

e At catcher cavity, If V, is amplitude of voltge at time t,, then RF voltage is :
RF voltage = V,sinot,
e If the charge on a electron is e, then total energy given by the electron to the
bunch :
Total energy = —eV,sinot,

e [If one RF cycle (Refer Fig. 5.3.4), the total phase angle between time instant
t, to t, is 2x The average power which is given to RF field in one cycle :

wt2=2n
P = o= | (—e:Vasinoty) dot; .(19)
2% -

e Due to drift space between two cavities, the transit time for velocity
modulated electron is given by :

TB tz-tlsL&'-

Vi 1/2
[vo(l - !-‘-)sinmh ]
Vo
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2es—mss. o By using Binomial expansion

. L[ Vi
T = t2 t, -W;[] m-Slﬂ(Dt)]

e If we multiply by @ on both sides :

Y )y =9k, Vi
ol = w(t t,)--v0 [l zvosmmt;]

e As we know —('Z’L = 68
Vo

buncher cavity where N is the number of electron transit cycles in drift
space.

= 2r N is transit angle without RF voltage V, in

wt, = ot, +0‘ [l-—z\—\,}-sinwt;] ...(20)
0

2n
R - 9.\_;?. I si.n[wt, +95(1 - 2‘(;0 sinwt, )]dmt;
0
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eV-.

Ism[wt, +0; -0y 2‘(, emmt,]dwt
0

above equation is Bessel function equation and its solution given below

sin{(mt +0,)-0 smmt,]dwtl =2, (X) sin®

Vi
52V,

* In solution, ], (X) is first order Bessel function for the argument of bunching
parameter X' given in equation (18).

From Bessel function tables, it is clear that for X = 1.84, the maximum value of
! (X) = 0.58,
Yoo -lV,(058)sin08

: n
smes = -1 when 0‘=2nn--§ (21)
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e The output power of two cavity Klystron is given by :

P, = P, =0581.V, (At 0, =2m-;) .(22)
Efficiency (n)
e It is the ratio of the output power to input power Klystron
- Four
n-= Pm

P

V, .1 (. Input power is dc input without RF signal)

From equation (22)

058 LV, _0.58V;

n = Ui v, (V, << V)

¢ The maximum efficiency of Klystron is 58% for maximum power transfer, the
electron gun anode voltage required is given by :

2 ) 2X .
— = — from equation (18
( Vo / max 68 (18)
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Anode cavity ,
4 RFOUT Co-axial loop

Electron (b—“

gun \ Repeller Space
4, [_ - =’
= )
-1 = 5
/ Repeller

electrode

vjl'V )

lVR

Constructional details of Reflex Klystron
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Construction of Reflex Klystron:

The electron gun emits the electron beam, which passes through the gap in the anode cavity. These electrons travel
towards the Repeller electrode, which is at high negative potential. Due to the high negative field, the electrons repel
back to the anode cavity. In their return journey, the electrons give more energy to the gap and these oscillations are
sustained. The constructional details of this reflex klystron is as shown in the following figure.

It is assumed that oscillations already exist in the tube and they are sustained by its operation. The electrons while
passing through the anode cavity, gain some velocity.

Operation of Reflex Klystron:

The operation of Reflex Klystron is understood by some assumptions. The electron beam is accelerated towards the
anode cavity.

Let us assume that a reference electron €, crosses the anode cavity but has no extra velocity and it repels back after

reaching the Repeller electrode, with the same velocity. Another electron, let's say €, which has started earlier than this
reference electron, reaches the Repeller first, but returns slowly, reaching at the same time as the reference electron.

We have another electron, the late electron €, which starts later than both €. and €,, however, it moves with greater
velocity while returning back, reaching at the same time as er and €€.

Now, these three electrons, namely €., €, and €, reach the gap at the same time, forming an electron bunch. This

travel time is called as transit time, which should have an optimum value. The following figure illustrates this.
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:

Repeller
Space Electron bunch
Position ¢ /

of gap €e! : ©r €l i —»
S : Time

a:r(t)zge 2 T /;\ A ;
g3p | ! \/ \/.l \_/ Time

B 1
< ¥

3/4
Bunching time

Fig: Appligate diagram
The anode cavity accelerates the electrons while going and gains their energy by retarding them during the return journey.
When the gap voltage is at maximum positive, this lets the maximum negative electrons to retard.
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RF output d

U—Hl—* L =

Anode
Repeller
Cathode — p
beam

Electron

— — . —— —
— ———

| —
|
— I N
Vo N/
V., = ¥V, sin wt
V,
1L
+ 17
fog L1, 12
Il | -~ Z
0l |
L +d

Fia 5.6: Schematic didram of Reflex Klvstron
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Distance from gap

- [

|-~ 3 mode
4 ’-‘ : Retumed electron beam

!
F——— Transit time for 13 mode ————» is retarded during this
half cycle.

A B C A'B' C
|
i
I

V., =V, sin wi¢

Cavity gap velocity

Electron beam is Electron beam is
accelerated during  decelerated during
this half cycle. this half cycle.
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Formation of electron beam with uniform velocity vy up to civility resonator is

Vv, —(0.593x%x10° Vﬂ m/s

Some electrons are accelerated by the accelerating field (during +ve cycle of RF

LAKIREDDY BALI REDDY COLLEGE OF ENGINEERING (AUTONOMOUS)

fleld) and enter the repeller space with greater velocity compared to the electrons

with unchanged velocity, some electrons are decelerated by the decelerating field

(during —ve cycle of RF field) and enter repeller space with less velocity

U

v(t)=v,| 1+
() =V, 7

E

o)

sin| wr, ——

2

V. +Vy+V smwt

L
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. ;:——E’E [I*”JrV +7 5]1111.3‘]
dt’ L
Q _ —e(V, + Vo) i = —e(V, + VO)(t = gy & i
dt mL " mL
z= _E(I 7 )J'(r—r)cﬁJrJ'x(r)dr
It
(I +1)
zZ = r—1,)" +v()(—1,)+ K,
- ( )* -+ v(t,)( )
7 I
::—E(I“+I")(r—r1)2+v(r1)(r—r1)+d
2mlL

Department of Electronics and Communication Engineering
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The force equation for an electron in the repeller region is given by

Since V1<<VO0, V1<<Vr
d’z (V. +7)

— —&

dt’ L

att=1t1,z=d,
v(t1) =dz / dt
Ki=dz/ dt = v(t1)

Att=t1,z=d K2=d
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(7, +7.

__ )
- (t=t,)" +v(t )t —1,)+d

At t = t, electrons returns of cavity after retardation at t = t,, z=d substituting this in
above equation.

Att=t1,z=d Kz=d

d =" 1) V(0 ), 1)+
oV, +V, :
o= Aot f')(rz—;l)ﬁ (e, —1,)
2mL

Let T be rannd trip transit time = t»-t;

— E(:VG + 1V )
2mlL

O = (1, —G)[ (t, —1,)° +v(f1)J
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e (V7 +7.)

('fg _'fl) :V(fl)

2mlL
2mL
I'=t,—t = (1)
Vs +7, Let wT, = 8,
V. 0
=T 1+ P Lsin wr, ——=
27, 2
2mlL 1
where 1)'=————=V,  where X = b -0,
eV, +7 ) oV,
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T Is a function of V;

Ll.ll:tg-tq) =wT
Vo o,
0'=owl'= ol ,+ol' , —sm| wt, ——
2V, 2
Let wTq= 6
V.
where- X" = L g'- 6'=6',+X'sin| wr, ——= [

o, 2
Where X' i1s bunching parameter of Reflex Klystron
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Power output and efficiency of Reflex Klystron

Maximum magnitude of fundamental component current in the cavity I2
1
I, == 2]Dﬁi‘]](>< )

V> = output voltage of the cavity = V|
V=V, =21,BJ,(x )R,

az Fms -

: 21, B.J,(<") |
output power = _ =i, th:[ G'B\*/El(x }] R,

E’w = 2]:'[}/62*“}1;r (XI)R.S'.IF!
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;Yl — }BJP’I 5[3 = ’BEIFI [f ;T]

2m ——

A A 2
v, 2 |
v, ﬁ{Zm?—EJ Foe =114 5, (X0)
P VI BJ (x' - 1 -1 1
¢ = Power Efficiency = n=- Bl (<) _ " _ﬂﬁﬂ(}( ) _ 2X°J, (%)
F, Vol V, 1, ( ﬂ"]
2m ——
2X T (xY) | | | |
7= —\ The product X;J1(X") is maximum at X' = 2.408, J,(X') =0.52
D — ,
{“ﬂ” 2) X'J1(XYmax=1.25 at X' =2.408
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2x1.25

!I]I'l]ﬂ:'i — T
2m _Z

2

Atn =2 (n=1too short a value) MNmax = 0.227 or 22.7
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10.04

10.02 /

10.00 /

998 / 4

9.96

400
A
23 4
300 4
3% mode mode
mode |
200 m V \
100 A \

0 100 200 300 400 500 600 700 800 900 1000

Frequency in GHz

Power output in mW

Repeller veltage in volts
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Helix TWT: Significance, Types and Characteristics of Slow Wave Structures;
Structure of TWT and Amplification Process, Axial Electric Field, Convection
Current, Propagation Constants, Gain Considerations.

M-Type Tubes : Introduction, Cross-field effects, Magnetrons — Different
Types, 8-Cavity Cylindrical Travelling Wave Magnetron: Hull Cut-off and
Hartee Conditions, Modes of Resonance and PI-Mode Operation, o/p
characteristics, Frequency Pulling and Frequency Pushing, Strapping.
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Electron beam

Control anode £ : masnet
Cathode ocusing gn Attenuator /Tube body
Heater | T Collector

Heater
supply —g-

/QT“

HE | Electron
beam

RF output

Gain or modulation
control voltage

g

Helix current
overload relay

Regulated
— | beam supply [+

Collector
— supply +
https://www.youtube.com/watch?v=vgR2YcVB6pl (a)
https://www.youtube.com/watch?v=pC3Ek6YSBgM schematic diagram of helix
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Travelling Wave Tube Amplifier: High gain > 40 dB, Low NF < 10 dB ,Wide Band Frequency range:0.3 — 50 GHz

Contains electron gun, RF interaction circuit, electron beam focusing magnet, collector
Amplify a weak RF input signal many thousands of times

a) Electron gun
_ To get as much electron current flowing into as small a region as possible without distortion or fuzzy edges

b) RF interaction circuit

__Interaction structures : helix, ring bar, ring loop, coupled cavity

_ RF circuit — complex trade off analysis, based on many interlocking parameters

_ Low power level : helix

_ Medium power level : ring loop, ring bar

__ Power level & frequency increased: RF losses on the circuit become more appreciate able.

c) Electron beam focusing
__ A magnetic field — to hold the electron beam together as it travels through the interaction structure of the tube

d) The collector
_ To dissipate the electrons in the form of heat as they emerge from the slow wave structure
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ever, there are some major differences between the TWT and the klystron:

1. The interaction of electron beam and RF field in the TWT is continuous over
the entire length of the circuit, but the interaction in the klystron occurs only
at the gaps of a few resonant cavities.

2. The wave in the TWT is a propagating wave; the wave in the klystron is not.

3. In the coupled-cavity TWT there is a coupling effect between the cavities,
whereas each cavity in the klystron operates independently.

A helix traveling-wave tube consists of an electron beam and a slow-wave struc-
ure. The electron beam is focused by a constant magnetic field along the electron
beam and the slow-wave structure. This is termed an O -type traveling-wave tube.
I'he slow-wave structure is either the helical type or folded-back line. The applied
signal propagates around the turns of the helix and produces an electric field at the

Department of Electronics and Communication Engineering UNIT'%



LAKIREDDY BALI REDDY COLLEGE OF ENGINEERING

Accredited by NAA(. & NBA (CSE IT, ECE, EEE & ME)
Approved by AICTE, New Delhi and Affiliated to JNTUK, Kakinada

L.B.Reddy Nagar, Mylavaram-521230, Krishna Dist, Andhra Pradesh, India

center of the helix, directed along the helix axis. The axial electric field progresses
with a velocity that is very close to the velocity of light multiplied by the ratio of he-
lix pitch to helix circumference. When the electrons enter the helix tube, an interac-
tion takes place between the moving axial electric field and the moving electrons.
On the average, the electrons transfer energy to the wave on the helix. This interac-
tion causes the signal wave on the helix to become larger. The electrons entering the
helix at zero field are not affected by the signal wave; those electrons entering the
helix at the accelerating field are accelerated, and those at the retarding field are de-
celerated. As the electrons travel further along the helix, they bunch at the collector
end. The bunching shifts the phase by 7/2. Each electron in the bunch encounters a
stronger retarding field. Then the microwave energy of the electrons is delivered by
the electron bunch to the wave on the helix. The amplification of the signal wave is
accomplished. The characteristics of the traveling-wave tube are:
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Frequency range: 3 GHz and higher
Bandwidth: about 0.8 GHz
Efficiency: 20 to 40%

Power output: up to 10 kW average
Power gain: up to 60 dB
Slow-Wave Structures
(a) (b)
Slow-wave structures. (a) Helical line. (b) Folded-back line. Zlgzag line.
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(d) (e)

(d) Interdigital line. (e) Corrugated waveguide.

Slow-wave structures are special circuits that are used in microwave tubes to

reduce the wave velocity in a certain direction so that the electron beam and the sig-
Signal wave can interact
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The commonly used slow-wave structure is a helical coil

with a concentric con ducting cvlinder _ _
It can be shown that the ratio of the phase velocity v, along the pitch to the

phase velocity along the coil is given by

Y P = sin (9-5-1)

c Vp? + (md)?

ure 9-5-3 Helical slow-wave structure. (a) Helical coil. {(b) One turn of helix.
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where ¢ = 3 X 10° m/s is the velocity of light in free space
p = helix pitch
d = diameter of the helix
y = pitch angle

In general, the helical coil may be within a dielectric-filled cylinder. The phase
velocity in the axial direction is expressed as

= p ™
7 Vaelp + may] -

For a very small pitch angle, the phase velocity-along the coil in free space is ai)-—
proximately represented by

pc w
t} /s o— = —
P md B
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Figure 9-5-4 shows the w-B (or Brillouin) diagram for a helical slow-wave
structure. The helix w-£ diagram is very useful in designing a helix slow-wave struc-
ture. Once B is found, v, can be computed from Eq. (9-5-3) for a given dimension
of the helix. Furthermore, the group velocity of the wave is merely the slope of the

curve as given by

- % (9-5-4)

w 4 W _ Ugr =
;ﬂ ¢ aﬁ

213
I
w|E

— .
-

8

Figure 9-5-4 w-8 diagram for a helicatl

structure.
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In general, the field ot the slow-wave structure must be distributed accoraing to
Floquet’s theorem for periodic boundaries. Floquet’s periodicity theorem states that:

The steady-state solutions for the electromagnetic fields of a single propagating mode in
a periodic structure have the property that fields in adjacent cells are related by a com-

plex constant.

Mathematically, the theorem can be stated
E(x,y,z — L) = E(x, y, z)e’o" (9-5-5)

where E(x, y, z) is a periodic function of z with periodL. Since B, is the phase con-
stant in the axial direction, in a slow-wave structure f3o is the phase constant of aver-

age electron velocity.
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Amplification Process

The electrons entering the retarding field are decelerated and those in the accelerat-
ing field are accelerated. They begin forming a bunch centered about those electrons
that enter the helix during the zero field. This process is shown in Fig. 9-5-7.

A

Retarding field
— Retarding force

Electnc
field

Electron beam

Accelerating field
Accelerating force

Figure 9-5-7 Interactions between electron beam and clectric field.
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Since the dc velocity of the electrons is slightly greater than the axial wave ve-
locity, more electrons are in the retarding field than in the accelerating field, and a
great amount of energy is transferred from the beam to the electromagnetic field.
The microwave signal voltage is, in turn, amplified by the amplified field. The
bunch continues to become more compact, and a larger amplification of the signal
voltage occurs at the end of the helix.
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The motion of electrons in the helix-type traveling-wave tube can be quantita-
tively analyzed in terms of the axial electric field. If the traveling wave is propagat-
ing in the z direction, the z component of the electric field can be expressed as

E. = F, sin (wt — B,z) (9-5-23)
where E, is the magnitude of the electric field in the z direction. If ¢z = 7o, at z = 0O,
the electric field is assumed maximum. Note that 8, = w /v, is the axial phase con-

stant of the microwave, and v, is the axial phase velocity of the wave.
The equation of motion of the electron i1s given by

du

m - = —eFE, sin (wr — B,z) (9-5-24)
Assume that the velocity of the electron is
v = vy + v, cos (w.t + 6.) (9-5-25)
Then
% = —U.w. sin (w. .7 + 6.) (9-5-26)

where to dc electron velocity

e magnitude of velocity fluctuation in the velocity-modulated electron
beam

w,. = angular frequency of velocity fluctuation

¢. = phase angle of the fluctuation
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Substitution of Eq. (9-5-26) in Eq. (9-5-24) yields

mo.w, sin (0.t + w,) = ek sin (ot — B,2) (9-5-27)
For interactions between the electrons and the electric field, the velocity of the
velocity-modulated electron beam must be approximately equal to the dc electron v _ bow, sin (w.t + 6,) (9-5-26)
velocity. This s dtd
U .
U= o (9-5-28) m— = —ekE, sin (wt — Bpz) 9-5-24)
Hence the distance z traveled by the electrons is
z = vlt = to) (9-5-29)
and
mv.w, sin (w.t + 0,) = ek, sin [wt — B,volt — to)] (9-5-30)
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Comparison of the left and right-hand sides of Eq. (9-5-30) shows that

€E1
nw .

e (9-5-31)

w. = Bp(v, — vo)

0. = B,voto

[t can be seen that the magnitude of the velocity fluctuation of the electron beam is
directly proportional to the magnitude of the axial electric field.
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9.5.3 Convection Current

In order to determine the relationship between the circuit and electron beam quanti-
ties, the convection current induced in the electron beam by the axial electric field
and the microwave axial field produced by the beam must first be developed. When
the space-charge effect is considered, the electron velocity, the charge density, the
current density, and the axial electric field will perturbate about their averages or dc
values. Mathematically, these quantities can be expressed as

v = vo + v,/ (9-5-32)
p = pot+ pre/ (9-5-33)
J=—Jy+ Jie (9-5-34)
E. = E e (9-5-35)
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where ¥y = a. + jB. 1s the propagation constant of the axial waves. 1'he minus sign
is attached to Jo so that J, may be a positive in the negative z direction. For a small
signal, the electron beam-current density can be written

J =pv = —Jo+ Ji&¥ (9-5-36)
ial electric field exists in the structure, it will perturbate the electron velocity accord-
ing to the force equation. Hence the force equation can be written

dl?‘ e st —y a dZ 6) - e — ¥z
_ = — ! I = _— 4+ — — f— _— J ¥ 9_5_37
dt mite (ar @ 52)° = (Jo T vuoue ( )
where dz/dt has been replaced by vo. Thus
—e/m
Uy = 7 E,
Jw — Yo
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In accordance with the law of conservation of electric charge, the continuity equa-
tion can be written

V-J + E;—F; = (—y/i + jwp)e’™™ 7 =0 (9-5-39)
It follows that
Py = _J‘i’;" (9-5-40)
Substitution Egs. (9-5-38) and (9-5-40) in
J[ = P1bo + Pot (9-5-44)
gives
=yl b _p (9-5-42)

vo m (jo — yvo)*

where — Jo = povo has been replaced. If the magnitude of the axial electric field 1s
uniform over the cross-sectional area of the electron beam, the spatial ac current i
will be proportional to the dc current I, with the same proportionality constant for J,
and J, . Therefore the convection current in the electron beam is given by

. . Be IO
= E 9-5-43
YTl av(B -y 9-5-4)
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where B. = w/vo is defined as the phase constant of the velocity-modulated electron
beam and v, = V/(2e/m)V, has been used. This equation is called the electronic
equation, for it determines the convection current induced by the axial electric field.

If the axial field and all parameters are known, the convection current can be found
by means of Eq. (9-5-43).
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expanded as an infinite series of waves, all at the same frequency but with different
phase velocities v, . That 15

W m
= = 9-5-16
=B, B+ /L) 510
The group velocity v,,, defined by v,, = dw/df , 1s then given as
d(Bo + 2mn/L) | ow
Ugr = (BG dm / ) - B_BU (9'5' 17)
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Amplification Process
The slow-wave structure of the helix is characterized by the Brillouin diagram

shown in Fig. 9-5-5. The phase shift per period of the fundamental wave on the
structure is given by

0, = B{]L (9-5-18)
where 8o = @/vo is the phase constant of the average beam velocity and L 1s the pe-

riod or pitch.
Since the dc transit time of an electron is given by

Ty = — (9-5-19)
Uo
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==" the phase constant of the nth space harmonic 1s

w 0+ 2mn _ 2mn

Bn=_ B“+T

o To Tu

When a signal voltage 1s coupled into the hehx,
axial electric field exerts a force on the electrons

F= —¢cE and E= —VV
the z component of the electric field can be expressed as
E. = E, sin (wt — B,2) (9-5-23)
The equation of motion of the electron i1s given by
m dv _ —eE, sin (wt — B,z) (9-5-24)

dr
UNIT-2
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the velocity of the electron is

v = vy + v, COS (w.t + 6.) (9-5-25)
dv :
— = e sin (wet + 6.) (9-5-26)

where vy = dc electron velocity
v. = magnitude of velocity fluctuation in the velocity-modulated electron

beam
w, = angular frequency of velocity fluctuation
6. = phase angle of the fluctuation

Substitution of Eq. (9-5-26) in Eq. (9-5-24) yields
mu.w. sin (w.t + w.) = ek, sin (0t — Bpz) (9-5-27)
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" Hence the distance z traveled by the electrons is

z = volt — 1) (9-5-29)
mv.w. sin (w.t + 8,) = ek, sin [wt — B,volt — to)] (9-5-30)
) (9-5-31)

niw,

w. = Bp(v, — o)

0. = Bsvolo
It can be seen that the magnitude of the velocity fluctuation ot the €lectron beam 18
directly proportional to the magnitude of the axial electric field.
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Convection Current

the convection current induced in the electron beam by the axial electric field
and the microwave axial field produced by the beam must first be developed.

Mathematically, these quantities can be expressed as

v =0y + 0, (9-5-32)
p=pot+ preT” (9-5-33)
J==Jy+ Jie " (9-5-34)
E. = Ee (9-5-35)

where y = a. + jB. is the propagation constant of the axial waves.
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the electron beam-current density can be written

J=pv = —Jy+ Jie " (9-5-36)

where —Jo = poto, J1 = p1vo + povi, and p;v, = 0 have been replaced. If an ax-
ial electric field exists in the structure, it will perturbate the electron velocity accord-

ine to the force equation. Hence the force equation can be written
Hence the force equation can be written

du e P (a dz 6) , i e
" E.e i) e ( jwo — yvo)vie ( )

where dz/dt has been replaced by vy. Thus

—e/m

v —= E] (9'5'38)

Jw — Yty
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In accordance with the law of conservation of electric charge, the continuity equa-
tion can be written

V-J + Z—? = (—yJ, + jwp))e’ ™ =0 (9-5-39)
j‘}’Jl N —e'/m
o E 5.
| p; o U1 }{U — g ] (9 5 38)
J1 = p1ve + povy pr = Y
w
W e Jo

11:‘} E\

to M (]{U — ‘}fﬂu)z
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where — Jo = poto has been replaced. If the magnitude of the axial electric field 18
uniform over the cross-sectional area of the electron beam, the spatial ac current |
will be proportional to the dc current I, with the same proportionality constant for J,
and J, . Therefore the convection current in the electron beam is given by

. . Be I{}
| = _ E 9-5-43)

szﬂ( Be — ) | (
where 8, = w/v, is defined as the phase constant of the velocity-modulated electron

beam and v, = V(2¢/m)V, has been used. This equation is called the electronic
eauation. for it determines the convection current induced by the axial electric field.

UN ITg-;
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For simplicity, the slow-wave helix i1s represented by a distributed 10ssless
transmission line. The parameters are defined as follows:

inductance per unit length

capacitance per unit length

alternating current in transmission line
alternating voltage in transmission line
= convection current

< o~ O™~
i I

|
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Application of transmission-line theory and Kirchhotf s current law
to the electron beam results,

of CBV di
dz J0f 0z
—yl = —joCV + 7 (9-5-45)
From Kirchhoff’s voltage law the voltage equation, after simplification, is
V% (9-5-46)
0z at
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Elimination of the circuit current / from Egs. (9-5-45) and (9-5-46) yields
y*V = —Vw’LC — vijoL (9-5-48)

Yo = jo VLC

z= /-
~ NC

Y Yoo ;
y: — 6

Therefore V —
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g
B
%
6;'

Since E, = — VV = — (0V/09z) = vV, the axial electric field is given by
2
Z ,
E, = — X%, (9-5-52
Y =70

This equation is called the circuit equation because it determines how the axial elec
tric field of the slow-wave helix is affected by the spatial ac electron beam current.

Wave Modes

The wave modes of a helix-type traveling-wave tube can be determined by solving
the electronic and circuit equations simultaneously for the propagation constants.
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\ . Belﬂ 'yz*ngn
= _ E 9-5-43 = — . (9-5-52)
| szﬂ( jBe = ) o ) E Y - ‘}’31

The wave modes of a helix-type traveling-wave tube can be determined by solving
the electronic and circuit equations simultaneously for the propagation constants.
Each solution for the propagation constants represents a mode of traveling wave 1n
the tube. It can be seen from Egs. (9-5-43) and (9-5-52) that there are four distinct
solutions for the propagation constants. This means that there are four modes of trav-
eling wave in the O-type traveling-wave tube. Substitution of Eq. (9-5-43) in Eq.

(9-5-52) yields

Yy Zo B.1
(v = YA jB. — y) = —j¥ "“mﬁ 0 (9-5-53)
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Thus the values of the four propagation constants vy are given by

Y = —B,C? + jﬁ,(l + %) (9-5-66)
Y: = &C% + jﬁe(l + %) (9-5-67)
Y; = jB(l — C) (9-5-68)

Ya = —jﬁe(l - CTS) (9-5-69)
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N T T

=" Gain Consideration
The output power gain in decibels is defined as

A, = 10 log = —9.54 + 47.3NC dB (9-5-80)

vV (0)
where NC is a numerical number.

The output power gain shown in Eq. (9-5-80) indicates an initial loss at the cir-
cuit input of 9.54 dB. This loss results from the fact that the input voltage splits into
three waves of equal magnitude and the growing wave voltage is only one-third the
total input voltage. It can also be seen that the power gain is proportional to the
length N in electronic wavelength of the slow-wave structure and the gain parameter
C of the circuit. The amplitude of the output voltage is then given by

V(€) = V;D) exp ('\/5 7wINC)
UNIT-%
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Magnetron oscillator

» Magnetrons provide microwave oscillations of
very high frequency.

Types of magnetrons

1. Negative resistance type
2. Cyclotron frequency type
3. Cavity type
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1’4&“""" "~.S

Description of types of magnetron

Negative resistance Magnetrons

»Make use of negative resistance between two anode segments but have low
efficiency and are useful only at low frequencies (< 500 MHz).

Cyclotron frequency Magnetrons

»Depend upon synchronization between an alternating component of electric
and periodic oscillation of electrons in a direction parallel to this field.

» Useful only for frequencies greater than 100 MHz.
Cavity Magnetrons

»Depend upon the interaction of electrons with a rotating electromagnetic field
of constant angular velocity.

» Provide oscillations of very high peak power and hence are useful in radar
applications
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Cavity Magnetrons

cathode

microwave 1
radiation
\v\‘\ , /;v path of an
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Cavity Magnetrons
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microwave ]
radiation
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Cross sectional view of the anode assembly

Hot cathode emits
electrons which

travel outwarg_: L Stable magnetic

field B

Electrons from a hot filament would
travel radially to the outside ring if

it were not for the magnetic field. The
magnetic force deflects them in the
sense shown and they tend to sweaep
around the circle. In so doing, they
"pump” the natural resonant frequency
of the cavities. The currents around the
resonant cavities cause them to radiate
electromagnetic energy at that resonant
frequency.
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The resonant cavities

», N the anode
, block are
biased
at DC

The cathode

(at centre) g2

Is biased
to a high § =
negative
yoltage - Ifthere is
typ. -10 kY ¥ no magnetic
@7 field, electrons
" travel directly to the
anode block in a radial path

With a B electrons
magnetic | 5 now travel in
field applied Qs | 7 strongly curved
perpendicular to 7 paths and induce an

plane of the drawing EM field in the anode block
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Fig (iii) Electron trajectories in the
presence of crossed electric and

magnetic fields

(a) no magnetic field

(b) small magnetic field

(c) Magnetic field = Bc

(d) Excessive magnetic field
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Work| ng) Possible trajectory of electrons from cathode to anode in an eight cavity magnetron
operating in T mode
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Hartree condition. The Hull cutoff condition determines the anode voltage
or magnetic field necessary to obtain nonzero anode current as a function of the
magnetic field or anode voltage in the absence of an electromagnetic field. The
Hartree condition can be derived as follows and as shown in Fig. 10-1-9.

- Anode _ _ _ _ _ __ _ _
B, ®i E, ) | X
all O Beam boundary } d
Va_—__- T f |

I Cathode T z Y

Figure 10-1-9 Linear model of a magnetron.
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The electron beam lies within a region extending a distance A from the
cathode, where £ 1s known as the hub thickness. The spacing between the cathode
and anode is d. The electron motion is assumed to be in the positive y direction with
a velocity

E. 1av
Vo= == LY -1-
, B~ B. dx (10-1-44)

where B, = B. is the magnetic flux density in the positive z direction
V = potential
From the principle of energy conservation, we have
ImYV?:=eV
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E. 14V
YV, = =
Therefore (dv)z ZEV | B" Bﬂ dx

— | = —B5 1 2
dx m sm OV}, eV

() 2
2B) Vv

_..EB%"Z
V—me

where the constant of integration has been eliminated for V. = U atx = U. 1h¢
tential and electric field at the hub surface are given by

e
= — BZ2h*
V(h) 5 0
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dv €
= —=Bith
dx m
The potential at the anode is thus obtained from Eq. (10-

d
-*-J‘ E.dx
0
h d
—j Exdx—j E,dx
0 A

V(h) + —B3h{d — h)
mn

E, =

I

Vo

= £ B3h(d — h/2)
m
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The electron velocity at the hub surtace < (p) = 58[}}1

this electron velocity is equal to the phase velocity of the slow-wave structure

(3

B

For the 7-mode operation, the anode potential is finally given by

— EB:}h
m

Voo = —— ———F (10-1-54)

This is the Hartree anode voltage equation that 1s a function of the magnetic flux
density and the spacing beween the cathode and anode.
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B.Tech. (VIl Sem.) 17EC27 - MICROWAVE ENGINEERING

UNIT-II
Microwave Solid State Devices: Introduction, Classification, Applications.

Transferred Electron Devices: Introduction, Gunn Diode — Principle, Two Valley Model
Theory, RWH Theory, Characteristics, Modes of Operation.

Avalanche Transit Time Devices: Introduction, IMPATT and TRAPATT Diodes — Principle
of Operation and Characteristics, related expressions.
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for various microwave applications such as detection, frequency multiplication, attenuation, amplitude
limiting, generation of oscillations, phase shifting, switching and for low noise amplifiers. These
microwave solid state devices have a great advantage of smaller size, lighter weight, and higher
reliability of operation, lower cost and higher capability of being incorporated into Microwave
Integrated Circuits (MICs), as compared to electron transit time devices. This section will describe

These devices are broadly categonized in to four groups as shown n Fig. (7.1).

|. Transferred Electron Devices (TED)

2. Avalanche Transit Time Devices

3. Microwave Bipolar Junction Transistor (BJT)

4. Microwave Field Effect Transistor (FET's)

Department of Electronics and Communication Engineering UNIT-3 2
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Microwave solid-state devices
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Microwave
Transistors

- BJT's
» HBT
-» Tunnel Diode

FET's

» JFET
» MESFET

» MOSFET
> N, P & C-MOS
-» Memories

Fig. 7.1. Microwave solid-state devices.

|

TED's Avalanche

# GUNN Diode
- LSA diode

-+ PIN Diode

-» CdTe diode
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» TRAPATT diode
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9.4 APPLICATIONS OF SOLID-STATE DEVICES

Microwave solid-state devices are becoming more important. These devices have been invented for
various applications in microwave frequency regions such as frequency multiplication, signal detection,
attenuation, generation of oscillation, switching, phase shifting, amplitude limiting, and amplification.
Some of their applications are as follows:

As microwave generators

As amplifiers in satellite communications and also in other space applications
As transmitters for millimeter communication systems

In radio transmitters, such as CW Doppler radar

In broadband linear amplifiers and in low-power amplifiers

As a pumping source for parametric amplifiers

In transponders

In both combinational and sequential logic circuits

In microwave receivers

Department of Electronics and Communication Engineering UNIT-3 4
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The differences between microwave transistors and transferred electron devices (TEDs) are fundamental.

1.Transistors operate with either junctions or gates 1 TEDs are bulk devices having no junctions or gates

2.The majority of transistors are fabricated from

: , 2.TEDs are fabricated from compound semiconductors,
elemental semiconductors, such as si or Ge

such as gallium arsenide (GaAs), indium phosphide (InP),
3.Transistors operate with "warm" electrons or cadmium telluride (CdTe).

whose energy is not much greater than the

thermal energy(0.026 eV at room temperature) of 3. TEDoperate with "hot" electrons whose energy is
electrons in the semiconductor, very much greater than the thermal energy

Department of Electronics and Communication Engineering UNIT-3 5
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* The application of two-terminal semiconductor devices at microwave frequencies has been increased usage during the
past decades

*The common characteristic of all active two-terminal solid-state devices is their negative resistance. The real part of
their impedance is negative over a range of frequencies

*In a positive resistance the current through the resistance and the voltage across it are in phase. The voltage drop
across a positive resistance is positive and a power of (12 R) is dissipated in the resistance.

*In a negative resistance, however, the current and voltage are out of phase by180°. The voltage drop across a negative
resistance is negative, and a power of (-12 R) is generated by the power supply associated with the negative resistance

*In other words, positive resistances absorb power (passivedevices), whereas negative resistances generate power
(active devices).

Department of Electronics and Communication Engineering UNIT-3 6
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GUNN-EFFECT DIODES—GaAs DIODE

Gunn-effect diodes are named after J. B. Gunn, who in 1963 discovered a periodic
fluctuations of current passing through the n-tvpe gallium arsenide (GaAs) specimen
when the applied voltage exceeded a certain critical value. ™~

A schematic diagram of a uniform n-type GaAs diode with ohmic contacts at the
end surfaces is shown in Fig. 7-1-1. J. B. Gunn observed the Gunn effect in the
n-type GaAs bulk diode in 1963, an effect best explained by Gunn himself, who

Department of Electronics and Communication Engineering UNIT-3 7
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Above some critical voltage, corresponding to an electric field of 2000-4000 volts/cm,
the current in every specimen became a fluctuating function of time. In the GaAs spec-
imens, this fluctuation took the form of a periodic oscillation superimposed upon the

pulse current. . . . The frequency of oscillation was determined mainly by the speci-
O men, and not by the external circuit. . . . The period of oscillation was usually in-
N —= =10 ms versely proportional to the specimen length and closely equal to the transit time of elec-
trons between the electrodes, calculated from their estimated velocity of slightly over
| | ’Iﬁ; . 10" cm/s. . . . The peak pulse microwave power delivered by the GaAs specimens to a
Caho (f | " I-_ f matched load was measured. Value as high as 0.5 W at 1 Ge/s, and 0.15 W at 3 Gefs,
Muakoﬁtm I + +woe were found, corresponding to 1-2% of the pulse input power. *
contact (NN f+
N
i +
N P
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From Gunn’s observation the carrier drift velocity is linearly increased from
zero to a maximum when the electric field is varied from zero to a threshold value.
When the electric field is beyond the threshold value of 3000 V/cm for the n-type

GaAs, the drift velocity is decreased and the diode exhibits negative resistance. This
situation is shown in Fig. 7-1-2.

2 x 107 T ¥ T Y
Wﬂ%_ﬂﬂb—-—
. p- ":“‘a-ﬂ-_..‘_:‘_‘L_ﬂ 1
E -4 7
= e
g ',
E 107 ’; — -
=
!
= i
I
f
)
f
I' 1 1 L i
o O s 10 15 20

Field (kV/cm)

Figure 7-1-2 Drift velocity of electrons in na-type GaAs versus electric field.
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The current fluctuations are shown in Fig. 7-1-3. The current waveform was

produced by applying a voltage pulse of 16-V amplitude and 10-ns duration to a
specimen of n-type GaAs 2.5 X 107° cm in length. The oscillation frequency was

4.5 GHz.

N A /l\ A NANANNNNMNS
\/]\/

VIVIVIVIV VIV

o < ! Figure 7-1-3 Current waveform of n-
type GaAs reported by Gunn. (After
J i M~ J. B. Gunn [8]; reprinted by permission

of IBM, Inc.)
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Two-Valley Model Theory

A few years before the Gunn effect was discovered, Kroemer proposed a negative-
mass microwave amplifier in 1958 [10] and 1959 [11]. According to the energy band
theory of the n-type GaAs, a high-mobility lower valley is separated by an energy of
0.36 eV from a low-mobility upper valley as shown in Fig. 7-2-4. Table 7-2-1 lists

Upper valley

g 12
M, = 180cm?2/1
Lower valley
m,. = 0,068
Mo = 8000 ¢cm?/ 1.y N Conduction

b:
\/ Al = 0.36 eV rand
v

. Forbhidden
F, =143 eV band

‘ < 100 >
I3
.°. Valence Figure 7-2-4 Two-valley model of
eece band electron energy versus wave number for
n-type GaAs.
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Electron densities in the lower and upper valleys remain the same under an
equilibrium condition. When the applied electric field is lower than the electric field
of the lower valley (E < E¢), no electrons will transfer to the upper valley as shown
in Fig. 7-2-5(a). When the applied electric field is higher than that of the lower val-
ley and lower than that of the upper valley (E, < E < E,), electrons will begin to
transfer to the upper valley as shown in Fig. 7-2-5(b). And when the applied electric

field is higher than that of the upper valley (£, << E), all electrons will transfer to the
upper valley as shown in Fig. 7-2-5(c).

& A A AT A 4}

- 0 =
) % 0 K 0 X
(a) £ <L, (b) £, <E<E, (c) £, <E

e
0ee
s00

0
o
8
e
\
A
o
J

Figure 7-2-5 Transfer of electron densities.
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If electron densities in the lower and upper valleys are n, and n, , the conduc-
tivity of the n-type GaAs is

o = e(pene + p,n,) (7-2-2)

where e = the electron charge
p =the electron mobility
n =ne + n, is the electron density

When a sufficiently high field E is applied to the specimen, electrons are accel-
erated and their effective temperature rises above the lattice temperature. Further-
more, the lattice temperature also increases. Thus electron density n and mobility u

are both functions of electric field E. Differentiation of Eq. (7-2-2) with respect to E
yields

do dne dn, diLe duu)
= ) + =+ n -2
dE "(‘“ aE M dE) e(”" dE dE (7-2-3)
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If the total electron density is given by n = n¢ + n, and it i1s assumed that ue and pu,

are proportional to E”, where p 1s a constant, then

d dn
—(ne + n,) = —=20
dE'(f ) dE
dne _ dn,
dFE dE
d_ucx:i.—_ pP—1 — E ,.L__ p
JE " ar ~ PE Pg>Pg~ Mg

Substitution of Egs. (7-2-4) to (7-2-6) into Eq. (7-2-3) results in

d(}' dnf

—_— _+
dE €(be )dE e

Department of Electronics and Communication Engineering
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(7-2-7)
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Then differentiation of Ohm’s law J = £ with respect to E yields

dJ do |
— — + —_— - -
FTAARrT E (7-2-8)
Equation (7-2-8) can be rewritten
1 dJ do /dE
caE = 't o/E (7-2-9)

Clearly, for negative resistance, the current density J must decrease with increasing
field E or the ratio of dJ/dE must be negative. Such would be the case only if the
right-hand term of Eq. (7-2-9) is less than zero. In other words, the condition for
negative resistance is
_do/dE
o/E

> 1 (7-2-10)
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RIDLEY-WATKINS—-HILSUM (RWH) THEORY

Many explanations have been offered for the Gunn effect. In 1964 Kroemer [6] sug-

gested that Gunn’s observations were in complete agreement with the Ridley—
Watkins—Hilsum (RWH) theory.

7-2-1 Differential Negative Resistance

The fundamental concept of the Ridley-Watkins—Hilsum (RWH) theory is the differ-

ential negative resistance developed in a bulk solid-state III-V compound when either

a voltage (or electric field) or a current is applied to the terminals of the sample.
There are two modes of negative-resistance devices: voltage-controlled and current-
controlled modes as shown in Fig. 7-2-1(a) and (b), respectively [5].

Department of Electronics and Communication Engineering UNIT-3 16
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'\ J A
. I ——
O A Q '
(a) Voltage-controlled mode (b) Current-controlled mode

Figure 7-2-1 Diagram of negative resistance. (From B. K. Ridley [5]; reprinted
bv permission of the Institute of Phvsics.)

In the voltage-controlled mode the current density can be multivalued,
whereas in the current-controlled mode the voltage can be multivalued. The major

effect of the appearance of a differential negative-resistance region in the current-
density-field curve is to render the sample electrically unstable.

Department of Electronics and Communication Engineering UNIT-3 17
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On the basis of the Ridley—Watkins—Hilsum theory as described earlier, the

hand structure of a semiconductor must satisfy three criteria in order to exhibit nega-
rive resistance [12].

1.

2.

The separation energy between the bottom of the lower valley and the bottom
of the upper valley must be several times larger than the thermal energy (about
0.026 eV) at room temperature. This means that AE > kT or AE > 0.026 eV.

The separation energy between the valleys must be smaller than the gap energy
between the conduction and valence bands. This means that AE < E,. Other-
wise the semiconductor will break down and become highly conductive before
the electrons begin to transfer to the upper valleys because hole-electron pair
formation is created.

Electrons in the lower valley must have high mobility, small effective mass,
and a low density of state, whereas those in the upper valley must have low
mobility, large effective mass, and a high density of state. In other words,
electron velocities (dE/dk) must be much larger in the lower valleys than in the
upper valleys.
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A mathematical analysis of differential negative resistance requires a detailed
analysis of high-field carrier transports [13—14]. From electric field theory the mag-
nitude of the current density in a semiconductor is given by

J = gnv (7-2-12)

where g =celectric charge
n =electron density, and
v =average electron velocity.

Differentiation of Eq. (7-2-12) with respect to electric field E yields

dJ dv
JE — 9" g (7-2-13)
The condition for negative differential conductance may then be written
d
S = . < 0 (7-2-14)

dE
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MODES OF OPERATION

1. Gunn oscillation mode: This mode is defined in the region where the product of
frequency multiplied by length is about 10" cm/s and the product of doping
multiplied by length is greater than 10'%/cm®. In this region the device is un-
stable because of the cyclic formation of either the accumulation layer or the
high-field domain. In a circuit with relatively low impedance the device oper-
ates in the high-field domain mode and the frequency of oscillation 1s near the

2, Stable amplification mode: This mode is defined in the region where the
product of frequency times length is about 10" cm/s and the product of doping

times length is between 10" and 10"/cm?.
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LSA oscillation mode: This mode is defined in the region where the product of
frequency times length is above 10’ cm/s and the quotient of doping divided by
frequency is between 2 X 10* and 2 X 10°,

Bias-circuit oscillation mode: This mode occurs only when there 1s either Gunn
or LSA oscillation, and it is usually at the region where the product of fre-
quency times length is too small to appear in the figure. When a bulk diode is
biased to threshold, the average current suddenly drops as Gunn oscillation be-
gins. The drop in current at the threshold can lead to oscillations in the bias

circuit that are typically 1 kHz to 100 MHz [18].
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2.3.2 Gunn Oscillation Modes {(10'“/cm” < {nokL) < 10" "/CM")

Most Gunn-effect diodes have the product of doping and length (noL) greater tha.n
10'2/cm?. However, the mode that Gunn himself observed had a product no L that 1s

much less. When the product of noL is greater than 10'%/cm? in GaAs, the space-

charge perturbations in the specimen increase exponentially in space and time in ac-
cordance with Eq. (7-3-1). Thus a high-field domain is formed and moves from the

cathode to the anode as described earlier. The frequency of oscillation is given by
the relation [19]

— Ddom (7-3-4)
f chf

where van is the domain velocity and Les is the effective length that. the domain
travels from the time it is formed until the time that a new domain begins to fqrm.-
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Transit-time domain mode (fL = 10’ cm/s). When the eleciron arirt velocity
v is equal to the sustaining velocity v;, the high-field domain is stable. In other

words, the electron drift velocity is given by
v = v, = fL = 10" cm/s (7-3-5)

Delayed domain mode (10° cm/s < fL < 107 cm/s). When the transit time is
chosen so that the domain is collected while E < Ey, as shown in Fig. 7-3-4(b), a
new domain cannot form until the field rises above threshold again. In this case, the

oscillation period 1s greater than the transit time—that is, 7o > 7,. This delayed
Quenched domain mode (fL > 2 X 10’ cm/s). If the bias field drops below

‘he sustaining field E, during the negative half-cycle as shown in Fig. 7-3-4(c), the
lomain collapses before it reaches the anode. When the bias field swings back above
hreshold, a new domain 1s nucleated and the process repeats. Therefore the oscilla-
ions occur at the frequency of the resonant circuit rather than at the transit-time fre-
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7-3-4 Stable Amplification Mode (noL < 10'*/cm?)

When the noL product of the device is less than about 10'*/cm?, the device exhibits
amplification at the transit-time frequency rather than spontaneous oscillation. This
situation occurs because the negative conductance is utilized without domain forma-

The various modes of operation of Gunn diodes can be classified on the basis
of the times in which various processes occur. These times are defined as follows:

= domain transit time
T4 = dielectric relaxation time at low field
T, = domain growth time
7o = natural period of oscillation of a high-Q external electric circuit
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Limited-Space-Charge Accumulation (LSA)
Wode (fL > 2 x 107 cm/s)

below threshold. Thus the LSA mode is the simplest mode of operation, and it con-
sists of a uniformly doped semiconductor without any internal space charges. In this
instance, the internal electric field would be uniform and proportional to the applied
voltage. The current in the device is then proportional to the drift velocity at this
ficld level. The efficiency of the LSA mode can reach 20%.

The oscillation period 7o should be no more than several times larger than the
magnitude of the dielectric relaxation time in the negative conductance region 7.
The oscillation indicated in Fig. 7-3-4(d) is 7o = 374. It is appropriate here to define
the LSA boundaries. As described earlier, the sustaining drift velocity is 10’ cm/s as
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Avalanche Transit-Time
Devices Avalanche transit-time diode oscillators rely on the effect of voltage breakdown

across a reversé-biased p-n junction to produce a supply of holes and electrons. Ever
Two distinct modes of avalanche oscillator have been observed. One is
the IMPATT mode, which stands for impact ionization avalanche transit-time opera-
tion. In this mode the typical dc-to-RF conversion efficiency is 5 to 10%, and fre-
quencies are as high as 100 GHz with silicon diodes. The other mode is the TRAP-
ATT mode, which represents trapped plasma avalanche triggered transit operation.
Its typical conversion efficiency is from 20 to 60%.
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The basic operating principle of IMPATT diodes can be most easily understood by
reference to the first proposed avalanche diode, the Read diode [1]. The theory of
this device was presented by Read in 1958, but the first experimental Read diode

The Read diode is an n*-p-i-p* structure, where the superscript plus sign de-
notes very high doping and the i or v refers to intrinsic material. The device consists
essentially of two regions. One is the thin p region at which avalanche multiplication
occurs. This region is also called the high-field region or the avalanche region. The
other 1s the / or v region through which the generated holes must drift in moving to
the p* contact. This region is also called the intrinsic region or the drift region. The
p region is very thin. The space between the n*-p junction and the i-p™ junction is
called the space-charge region. Similar devices can be built in the p*-n-i-n* struc-
ture, 1n which electrons generated from avalanche multiplication drift through the
region. The Read diode oscillator consists of an n*-p-i-p™ diode biased in reverse and
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IMPATT DIODES

8-2-1 Physical Structures

A theoretical Read diode made of an n*-p-i-p™ or p*-n-i-n* structure has been ana-
lyzed. Its basic physical mechanism is the interaction of the impact ionization
avalanche and the transit time of charge carriers. Hence the Read-type diodes are
called IMPATT diodes. These diodes exhibit a differential negative resistance by two
effects:

1. The impact ionization avalanche effect, which causes the carrier current Jo(z)
and the ac voltage to be out of phase by 90°

2. The transit-time effect, which further delays the external current I.(¢) relative
to the ac voltage by 90°
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Avalanche Multiplication

When the reverse-biased voltage 1s well above the punchthrough or breakdown
voltage, the space-charge region always extends from the n*-p junction through the
p and i regions to the i-p* junction. The fixed charges in the various regions are
shown in Fig. 8-1-1(b). A positive charge gives a rising field in moving from left to
-ight. The maximum field, which occurs at the n"-p junction, is about several hun-
Ired kilovolts per centimeter. Carriers (holes) moving in the high field near the n*-p
junction acquire energy to knock valence electrons into the conduction band, thus
producing hole-electron pairs. The rate of pair production, or avalanche multiplica-
tion, is a sensitive nonlinear function of the field. By proper doping, the field can be
given a relatively sharp peak so that avalanche multiplication is confined to a very
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and the avalanche multiplication factor is

1
M = 8-1-1a
L= (V/Vy (8-1-1a)
where V = applied voltage
V, = avalanche breakdown voltage
n = 3—6 for silicon is a numerical factor depending on the doping of p*-n or

n*-p junction
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Carrier Current I,{t) and External Current 1.(t)

As described previously, the Read diode 1s mounted in a microwave resonant circuit.
An ac voltage can be maintained at a given frequency in the circuit, and the total
field across the diode 1s the sum of the dc and ac fields. This total field causes break-
down at the n'-p junction during the positive half of the ac voltage cycle if the field
is above the breakdown voltage, and the carrier current (or the hole current in this
case) Io(r) generated at the n*-p junction by the avalanche multiplication grows ex-
ponentially with time while the field is above the critical value. During the negative
half cycle, when the field is below the breakdown voltage, the carrier current /o(z)
decays exponentially to a small steady-state value. The carrier current /o(z) is the
current at the junction only and is in the form of a pulse of very short duration as
shown in Fig. 8-1-3(d). Therefore the carrier current /o(z) reaches its maximum in
the middle of the ac voltage cycle, or one-quarter of a cycle later than the voltage.
Under the influence of the electric field the generated holes are injected into the
space-charge region toward the negative terminal. As the injected holes traverse the
drift space, they induce a current 7.(z) in the external circuit as shown in Fig.

8-1-3(d).
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It can be seen that the induced current 7.(z) in the external circuit is equal to
the average current in the space-charge region. When the pulse of hole current Io(z)
is suddenly generated at the n”-p junction, a constant current /.(z) starts flowing in
the external circuit and continues to flow during the time 7 in which the holes are
moving across the space-charge region. Thus, on the average, the external current
[.(t) because of the moving holes is delayed by 7/2 or 90° relative to the pulsed car-
rier current /o(z) generated at the n*-p junction. Since the carrier Io(z) is delayed by
one-quarter of a cycle or 90° relative to the ac voltage, the external current /.(¢) is
then delayed by 180° relative to the voltage as shown in Fig. 8-1-3(d). Therefore the

cavity should be tuned to give a resonant frequency as

2arf = =
-
T'hen
. _L I 2
;=5 T 3L (8-1-4)

Since the annlied ac voltaoce and the external cuirrent 7.(1) are cont oof nhace hv 1R0N°
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Moreover, 6 is the transit angle, given by

0 = wr = w£ (8'2-2)

Vg

and w, is the avalanche resonant frequency, defined by

' 1/2
o = (2" ':’0) (8-2-3)
€;s

In Eq. (8-2-3) the quantity « ' is the derivative of the ionization coefficient with re-
spect to the electric field. This coefficient, the number of 10nizations per centimeter
produced by a single carrier, is a sharply increasing function of the electric field.
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Power Output and Efficiency
For a uniform avalanche, the maximum voltage that can be applied across the diode
Is given by
Vi = EnmL (8-2-5)
where L is the depletion length and E,, is the maximum electric field.
The maximum current is given by _

Iy = JnA = OE,A = =E,A = (8-2-6)
T L
The capacitance across the space-charge region is defined as
€A
= 8-2-8
C = (8-2-8)
Substitution of Eq. (8-2-8) in Eq. (8-2-7) and application of 27 fr = 1 yield
ELva
2 = 8-2-9
Pomf 412X, ( )
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The efficiency of the IMPATT diodes is given by
An IMPATT diode has the following parameters:

Pac Va I a Carrier drift velocity: ve = 2 X 10" cm/s
n = — v.J\I Drift-region length: L=6um
Pqc d d Maximum operating voltage: Vomax = 100 V
Maximum operating current: Iomax = 200 mA
Efficiency: n = 15%
Breakdown voltage: Voa = 90V
Compute: (a) the maximum CW output power in watts; (b) the resonant frequency in
gigahertz.
Solution

a. From Eq. (8-2-10) the CW output power is
P = nPy = 0.15 X 100 X 0.2 = 3W
b. From Eq. (8-2-4) the resonant frequency is

o 2% 105
S =3 T T xaxi0s 16:67GHz
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TRAPATT DIODES

The abbreviation TRAPATT stands for trapped plasma avalanche triggered transit
mode, a mode first reported by Prager et al. [7]. It is a high-efficiency microwave

generator capable of operating from several hundred megahertz to several gigahertz.
Principles of Operation

The basic operation of the oscillator is a semiconductor p-n junction diode reverse-
biased to current densities well in excess of those encountered in normal avalanche

operation. Approximate analytic solutions for the TRAPATT mode in p*-n-n* diodes
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Approximate analytic solutions for the TRAPATT mode in p™-n-n" diodes
ses have shown that a high-ield avalanche zone propagates through the diode and
fills the depletion layer with a dense plasma of electrons and holes that become
trapped in the low-field region behind the zone. A typical voltage waveform for the
TRAPATT mode of an avalanche p*-n-n" diode operating with an assumed square-
wave current drive is shown in Fig. 8-3-1. At point A the electric field 1s uniform

throughout the sample and its magnitude is large but less than the value required for
avalanche breakdown. The current density is expressed by

dE
= ¢ 8-3-1
J edt ( )

where €, is the semiconductor dielectric permittivity of the diode.
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At the instant of time at point A, the diode current is turned on. Since the only
charge carriers present are those caused by the thermal generation, the diode ini-
tially charges up like a linear capacitor, driving the magnitude of the electric field
above the breakdown voltage. When a sufficient number of carriers i1s generated, the
particle current exceeds the external current and the electric field is depressed
throughout the depletion region, causing the voltage to decrease. This portion of the
cycle is shown by the curve from point B to point C. During this time 1nterval the
electric field is sufficiently large for the avalanche to continue, and a dense plasma of
electrons and holes is created. As some of the electrons and holes drift out of the
ends of the depletion layer, the field is further depressed and “traps” the remaining
plasma. The voltage decreases to point D. A long time is required to remove the
plasma because the total plasma charge 1s large compared to the charge per unit time
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Thus the TRAPATT mode can operate at comparatively low frequencies, since
the discharge time of the plasma—-that is, the rate Q/I of its charge to its current—
can be considerably greater than the nominal transit time 7, of the diode at high field.
Therefore the TRAPATT mode is still a transit-time mode in the real sense that the
time delay of carriers in transit (that is, the time between injection and collection) is
utilized to obtain a current phase shift favorable for oscillation.

Power Output and Efficiency
RF power 1s delivered by the diode to an external load when the diode 1s placed in a
proper circuit with a load. The main function of this circuit is to match the diode ef-
fective negative resistance to the load at the output frequency while reactively termi-
nating (trapping) frequencies above the oscillation frequency in order to ensure
TRAPATT operation. To date, the highest pulse power of 1.2 kW has been obtained
at 1.1 GHz (five diodes in series) [10], and the highest efficiency of 75% has been

achieved at 0.6 GHz
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UNIT-IV

Waveguide Components-I: Waveguide Multiport Junctions —E plane
and H plane Tees, Magic Tee, Hybrid Ring; Directional Couplers —2
Hole, Bethe Hole types. Scattering Matrix=Significance, Formulation
and Properties. S Matrix Calculations for E plane and H plane Tees,
Magic Tee, Directional Coupler.
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A waveguide Tee is formed when three waveguides are interconnected in the form
of English alphabet T and thus waveguide tee is 3-port junction. The waveguide
tees are used to connects a branch or section of waveguide in series or parallel
with the main waveguide transmission line either for splitting or combining power
in @ waveguide system.

Types of Waveguide Tee Junctions:

e There are a number of different types of waveguide
junction.

The major types are listed below:

1. H-type T Junction

2. E-Type T Junction

3. Magic T waveguide junction

4. Hybrid Ring Waveguide Junction
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Microwave circuits consists of several microwave devices connected in some way to achieve
the desired transmission of a microwave signal

The interconnection of two or more microwave devices may be regarded as a microwave
junction. Waveguide Tees as the E-plane tee, H-plane tee, Magic tee, hybrid ring tee(rat-
race circuit), directional coupler and the circulator

E-plane Tee(series tee):

An E-plane tee is a waveguide tee in which the axis of its side arm is parallel to the E field of
the main guide . if the collinear arms are symmetric about the side arm. If the E-plane tee is
perfectly matched with the aid of screw tuners at the junction, the diagonal components of
the scattering matrix are zero because there will be no reflection . When the waves are fed
into side arm, the waves appearing at port 1 and port 2 of the collinear arm will be in

opposite phase and in same magnitude.
Port 3

Port 2 Port 2
FE arm

Port 1

Collinear

Collinear arms arms

(a) E-plane tee
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Out
= Port 3
Port 1 0 Port 2
lnT l Out
Y
(a)
In
= Port 3
Port 1 Port 2
Out T l QOut - - -
“ Waveguide E-type junction E fields
fh)

It is called an E-type T junction because the junction arm, i.e. the top of the "T* extends from the
main waveguide in the same direction as the E field.

« It is characterized by the fact that the outputs of this form of waveguide junction are 180° out of
phase with each other,

The basic construction of the waveguide junction shows the three port waveguide device. ¢ Although
it may be assumed that the input is the single port and the two outputs are those on the top section

of the "T", actually any port can be used as the input, the other two being outputs.

* WORKNG:— To see how the waveguide junction operates, and how the 180° phase shift occurs, it is
necessary to look at the electric field. The magnetic field is omitted from the diagram for simplicity.
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I
+0O d - - 2 O +
v Two-port V,
! device

Two-port network.

hy  hy L= hyli + Vs

’_Vl_ = r3’11 212][11] Vi=zulh + zio1;
Vol = | za I Vo = zah + 2220

= [h” hu][h- Vi= holy + hpVs

V
H parameters: { 11]

Z parameters:

[vil=[a B]] v, Vi = AV, — BI
ABCD parameters: Ll =lc D][—Iz] I, = CV; — DI
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All these network parameters relate total voltages and total currents at each of the two ports

If the frequencies are in the microwave range, however

The H,Y and Z parameters cannot be measured

for the following reasons:

1. Equipment is not readily available to measure total voltage and total current at the
ports of the network.

2. Short and Open circuits are difficult to achieve over a broad band of frequencies.

3. Active devices, such as power transistors and tunnel diodes, frequently will not have
stability for a short or open circuit.

New method of characterization is needed:

The logical variables to use at the microwave frequencies are travelling
waves rather than total voltages and total currents. These are the S
parameters,
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S - PARAMETERS : Scattering matrix parameters:

Definition: The scattering matrix of an m-port junction is a square
matrix of a set of elements which relate incident and reflected
waves at the port of the junction. The diagonal elements of the s-
matrix represents reflection coefficients and off diagonal elements
represent transmission coefficients.

Characteristics of s-matrix:

1. It describes any passive microwave component.

2. It exists for linear passive and time invariant networks.

3. It gives complete information on reflection and transmission
coefficients.

A scattering matrix represents the relationship between the parameters
an’s(incident wave amplitude) , bn’s(reflected wave amplitude).
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Properties of S-matrix

l.

2.

Scattering matrix s always a square matrix of order n x n.

(181" = 1]
Le. S matrix is umit matrx,
I=identity matnix of same order as that of S,

S* = Complex conjugate.

Scattering matrix posses property of symmetry,
Le. SU = Sﬂ

Y01 8uSu" =0,for frk [k=123,...n

i.e. sum of products between any row and column with complex conjugate
of any other row or column is zero.

If any port. moved away from the junction by a distance of fd . then the
coefficients of §;; involving that particular port will be multiplied by the

factor e /A4
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Tee Junction
A waveguide or coaxial-line junction with three independent ports
Matrix of third order, containing nine elements, six of which should
be independent. The characteristics of a three port junction can be
explained by three theorems of the tee junction. These theorems
are derived from the equivalent Circuit representation of the tee

junction

1. Ashort circuit may always be placed in one of the arms of a three-port
junction in such a way that no power can be transferred through the other
two arms.

2. If the junction is symmetric about one of its arms, a short circuit can always be

placed in that arm so that no reflections occur in power transmission between the

other two arms.(i.e the arms present matched impedances.)

3. It is impossible for a general three-port junction of arbitrary symmetry to

present matched impedances at all three arms.
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E-plane Tee
Series Tee
A waveguide tee in which the axis of its side arm is parallel to the E-field of the main guide

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

characteristics

Two way Transmission of

E-plane tee Out
a) i/p-main arm Port 3
b) i/p-side arm
Port 1 . Port 2
Port 3 InTT ll Out

Port 2 (a)

Side arm

In

Port 3

Collinear Port 1 Port 2

ams 0T} Tow

(b)
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Scattering matrix for E plane Tee:
In E-plane tee junction, power in port 3 is the difference of the two

signals entering at 1 and 2 simultaneously. It is a three port junction
and its S MATRIX is given by

1. The diagonal components of the S matrix, S11, S22 and S33 are zero

because there will be no reflection.

2. When the waves are fed into the side arm (port 3), the waves
appearing at portl and port2 of the collinear arm will be in the
opposite phase and in the same magnitude.

Therefore, S13 =-S23 (both have opposite signs) -ve sign indicates that

S13 and S23 have opposite signs
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An E-Plane Tee junction is formed by attaching a simple waveguide to the broader dimension
of a rectangular waveguide, which already has two ports. The arms of rectangular
waveguides make two ports called collinear ports i.e., Portl and Port2, while the new one,
Port3 is called as Side arm or E-arm. This E-plane Tee is also called as Series Tee.

As the axis of the side arm is parallel to the electric field, this junction is called E-Plane Tee
junction. This is also called as Voltage or Series junction. The ports 1 and 2 are 180° out of
phase with each other. The cross-sectional details of E-plane tee can be understood by the
following figure.

Port - 3

E plane Tee

Port - 2

Side arm . 1 2

Q
)

Collinear Arms

8 6

Port - 1 g 3
A
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Properties of E-Plane Tee

The properties of E-Plane Tee can be defined by its  [S]s.3 matrix.

Itis a 3=3 matrix as there are 3 possible inputs and 3 possible outputs.

Su S Si

[S]=1S8n Sp Sx
Ss1 S3o S

<eeee.. EQUation 1

Scattering coefficients Sis and Ssa  are out of phase by 180° with an input at port 3.

Soa = —S13 ... Equation 2
The port is perfectly matched to the junction.
S5 =10 ... Equation 3
From the symmetric property,
Sij= 8
S19 = S91 Sag = S99 S13 =591 <eeee.. EQuation 4

Toemcideses ~ayations 3 & 4, the [S] mairix can be written as,

Considering equations 3 &4, the [S]

Sun Sw
[S]=|S12 Sn»
S13 =513
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matrix can be written as,

S1
Y7l A— Equation §
0

We can say that we have four unknowns, considering the symmetry property.

From the Unitary property
[S1[S]x = [1]

Sn S Si Shi Sh 13 g U

S Sy —Si3 Sf2 552 551 =10 10

Sz =S 0 Sy -8y 0 00 1
Multiplying we get,
NotingRasrowandCascolumn

RCy: SHSI*] + 51251’2 + Slgsﬁ =1

2 2 g s
[Sul"+[Sul" +Sul"=1 ... Equation 6
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2 2,1 _
|511|2 + |311|2 + |Su\2 —1  ....Equation6 Sul"+ 15l +3 =1
Is11]2 + |S12] 2 + |S13|? 2)Suf? =1
RoCa : |So* + [Sf* +[S33/* =1 . Equation 7
or 811 = % <ee--o.. Equation 13
RgCg . |813‘2 + ‘S]3|2 =1 Equation 8 substituting the values from the above equations in [S] matrix,
Ve get,
RaCy: 8138}, — S135{, =1 .......Equation 9 ) . )
2 2 Ny}
: . S;=12 3
Equating the equations 6 & 7, we get ) .
vz w0
S11 = S» <or...... EQuation 10
Ve know that [b] = [S][a]
From Equation 3,
1 1 1
. z 2 V2 a
28 or Sp=-2L ... Equation 11 b !
| 13\ 13 ) q byl =] 2 1 _% a

From Equation 9,
513 (S}, — Sh)
Or 511 =581 =>"5» sveenes EQUation 12

Using the equations 10, 11, and 12 in the equation 6,
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Where b is output port and a is input port.
F'l ¥

r~
:
=

"
I
= Sil—-

ds ...(2-3”)

]
=l —

2

1

2

1

\2
1 1 1

bl - i 4 + -2' & + -J-_z- d3 ...(2.3-21)

] ] ]
by = RPN (1322)
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b3 = —al

TR
There are three cases arises in E-plane tee :
Case 1:

232)

* When an input at port-3 equally divides between port-1 and port-2 but
introduces a phase shift of 180° between two output. Hence E-plane tee acts
as a 3 dB splitter.

Q = 82-'-'0, 33¢0
From equation (2.3.21) to (2.3.23), output is :

by = -Jl;ay bz"'-T;ay by =0
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Case 2 :
Equal inputs at port-1 and 2 result in no output.

a1 k= az = a
33 = 0
From equation (2.3.21) to (2.3.23),

a
bl = -+

'
Il
N
+
N

Case 3:
¢ When input at port-1 is non zero and at ports-2 and 3, it is zero, then output
is
a#0, a=0,29=0

a
bl=—il-

a;.
b2"2
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H-plane Tee waveguide junction

This type of waveguide junction is called an H-plane Tee
junction because the long axis of the main top of the "T"
arm is parallel to the plane of the magnetic lines of force
in the waveguide.

e |t is characterized by the fact that the two outputs
from the top of the "T“ section in the waveguide are in
phase with each other.

Waveguide H-type junction
To see how the waveguide junction operates, the diagram below shows the electric field lines.

The electric field lines are shown using the traditional notation - a cross

indicates a line coming out of the screen, whereas a dot indicatesan = x x %R %

electric field line going into the screen. AT

* It can be seen from the diagram that the signals at all ports x "%
are in phase. . % x
« Although it is easiest to consider signals entering from the lower section of | * = *

the "T", any port can actually be used the phase relationships are preserved s e
whatever entry port is used. out of screen

Naveguide H-type junction electric fields
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An H-Plane Tee junction is formed by attaching a simple waveguide to a rectangular
waveguide which already has two ports. The arms of rectangular waveguides make two ports
called collinear ports i.e., Portl and Port2, while the new one, Port3 is called as Side arm

or H-arm. This H-plane Tee is also called as Shunt Tee.

As the axis of the side arm is parallel to the magnetic field, this junction is called H-Plane Tee
junction. This is also called as Current junction, as the magnetic field divides itself into arms.
The cross-sectional details of H-plane tee can be understood by the following figure.

Port - 2

..................... H plane Tee

Collinear arms TE

Port - 3
Si TE
Ide Arm

Port-1
ef
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Properties of H-Plane Tee

The properties of H-Plane Tee can be defined by its  [S];,, matrix

Itis a 3x3 matrix as there are 3 possible inputs and 3 possible outputs.

Su Si Si

[S]= |81 Su Sy
Sy Sp Sa

<enen EUatiON 1

Scattering coefficients S13 and Ssg are equal here as the junction is symmerical in

plane.

From the symmetric property,

5ij = Sii

S12 =Sy Sp3 =58 =513 Si3="=5%

The port is perfectly matched

S33=0

Now, the [S] matrix can be written as,
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Now, the [S] matrix can be written as,

Sn S S

[S]=1512 S» Sy
Si3 Sz 0

veeeenne EQUatION 2

We can say that we have four unknowns, considering the symmetry property.

From the Unitary property
[S1[S]% = 1]
Su S Su] |Sh Sk Sh 1 00
Sio S» S| |Sh S;u Sul=1]0 10
Sz Sz 0] [S; Sp 0 00 1
Multiplying we get,

NotingRasrowandCascolumn
RiC:: 51151*1 + SuSE + 51381*3 =1

1Su* +[Saf + (S =1 ... Equation 3

UNIT-4



LAKIREDDY BALI REDDY COLLEGE OF ENGINEERING
(AUTONONMOUS)
Accredited by NAAC & NBA (CSE, IT, ECE, EEE & ME)
Approved by AICTE, New Delhi and Affiliated to JNTUK, Kakinada
L.B.Reddy Nagar, Mylavaram-521230, Erishna Dist, Andhra Pradesh, India

i 5 i |S’11|2 - |S'11|2 +% =1 or 2|51 |2 = % or S = % ..... Equation 10
RyCy : |S1a]” + |Soo|” + |Sis|" =1 e Equation 4
From equation 8 and 9,
R3Cy - |Sl3|2 - |Slgl2 =¥ s Equation 5 Sip=—13 <sreern. Equation 11
R3Cy: 81385 — 51355, =0 ... Equation 6 Sy =3 <evenrn. Equation 12
2|513|2 =1 & = % ......... Edpuittion 7 Substituting for S13 , S11 ., S12 and Sag  from equation 7 and 10, 11 and 12 in
equation 2,
We get,
2 2 ;
1Sul” =[S
1 _1 1
2 2 R
Su=82 Equation 8 Sl=|—3 3 %
L
v2 42 0
From the Equation 6, S13(55;+55) =0
We know that [b] = [s][a]
Since, S13#0,55,+ 85, =0, or S}, = -85,
. 1 _1 1
Or Su = —512 or 812 = —Su ......... Equation 9 bl 2 2 M a;
11 1
=|-35 3 5 a
Using these in equation 3, b, 2 2 v2 2
by 1 L g | Les
Since, S13# 0,85 + S5 =0, or S =-S5, ViV

This is the scattering matrix for H-Plane Tee, which explains its scattering properties
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4. = -

/// ; 7
" . A
»\t 1 /" / Port2

v rd —— = /’
i‘l ‘L ,/ Collinear arm

% 2

Y

H arm (sude arm)

e H-plane Tee junction s formed by cutting a rectangular slot along the width of a man
waveguide and attaching another waveguide the side arm - called as H-arm as
shown m above figure 3.

e The pont 1 and 2 of the mam waveguide are called as collinear ports and port 3 is the
H-arm or side arm

e H-Plane Tee is so-called because the axis of the side arm is parallel to the planes of
the H-field of the mam transmission line. As all three arms of H-plane tee lie in the
pline of magnetic field. the magnetic field divides itself into the arms; this s thus a
current junction.

e If the H-plane junction is completely s ymmetrical and waves enter through the skie
arm. the waves that leave through the mams amms are egqual in magnitude and phase.
Since the electric field s not bent as the wave passes through o H-plane junction, but
merely divides between two arms: fields of same polarity approaching the junction
from the two mam arms produce components of electrnic field that add in side arm.
The effective value of field leaving through the side arm is proportional 1o the phasor
sum of entenng felds.
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e Maximum energy delivery to side arm occurs when waves entering the junction
through main arms are in phase. The standing wave in the main line then has an anti-
node of electric fiekd at the junction, and o current-node o the same junction. High
energy delivery to a branch line connected to a transmission lme a1 a pomt of high
voltage and low current takes place if branch lin 1s connected in shunt with the man
line.

e Since it is a three port junction the scattening matrix can be derived as follows:

1. |S] Matnix of order 3 x 3.

Siu Sz Sis
IS]=|Sn Sn 83

S31 Sn Su
...................... (9)
2. Because of plane of symmetry of the junction, the Scattering coefficients are
§22 = §13 0 0000 (26)

As the waves coming out of the port | and 2 of the collinear arm will be
opposite phase and in same magmitude. Negative sign mdicates phase
difference.

3. Ifthe port 3 is perfectly matched to the junction $33 =0............(27)

4, For symmetric property §;; = §
“Sp=5i Su=Sn  Su=5Sn=Sp....(28)
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1

48 = T (38)fromeq.35
5. From unitary property, [S](S]" = /] Substituting the values of Sy, Sy, Sy3.Sa. the [S] matrix of equation 29
Su Sz Su)[Su” Su” Su]l 1o 0 o . %
S Su Su||Sn Su 5,3 =10 10 i "3 R
Sy S 0|8, Sy 00 1 Gl 1 1 1 §
Bl=i-3 3 &l ——
R,Cy: 1S3+ 183212 + 18132 =1.......(29) \:Tz' _% o
RyCy: ISial? + 18212 + |3l =1........ (30) ¢
RJC]: 0+ I.gulz + ls,;lz B GARRIb (31) We know that, [b] = [§][a]
R;gcli S,,.S,,' +Sn.$u' _Jy - ..(32) 1 _1 .1___
bl 2 2 V'z a‘
1 1 1
From equations (29), and (30), we get [2' "2 2 & ::
$11.= S2g v (33) I T
v2 V2
: 1
From equation (31), §;3 = e (34) Wb =%a‘ -%a; +;1_2:a, e 40)
mecqumnndll S,;(S"' +Su.) =0 A 1 1 1 #
bllt s’) # o (s" + S|z ) - w )y = za‘ zﬂ] + vrz.ﬂ] 490 w56 P40 540 108 ( )
28y =8y 4
48y = -8y and 5812 5 =811 v isosen oo by -‘7 ==y + == \"f v ssiicosiac(BE)

Using these values from equation 33, 34 and 35 in equation 29 Rk Tpw gl pat Samio byt g I L g v e =% =
1
|S"|2+|S“|2+-i=1 :
1 Fromequation 41, b, = 7%

“8n TG ot i . (36) From equation 42, b; = 0
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Case 2: Input is given at port 1 and port 2. and no input at port 3. a; = 0, ay = a; = a.

From equation 41_ b, = - — o
From equation 42_ by = :’—% +
Input at port 3 is the addition of the two mputs at port 1 and port 2 and these
are added in phase.

5. E-H Plane TEE OR MAGIC TEE:

e A magic tee is a combination of E-plane and H-plane Tee.

* Magic tee. combines the power dividing properties of both H-plane and E-plane tee.
and has the advantages of being completely matched at all the ports.

e If two signals of same magnitude and phase are fed into port 1 and port 2. then outpur
will be zero at port 3 and addintive at port4.

e If signal is fed from port 4 (H-arm) then signals divides egqually in magnitude and
phase between port 1 and 2 and no signal appears at port 3 ( E-arm).

« If signal is fed into port 3. then signal divides egually in magnitude. but opposite in
phase at port 1 and 2. and no signal comes out from port 4. i.e. output at port 4 is zero.

= This magic occurs. because E-arm causes a phase delay while H-arm causes a phase

advance. resulting into is S;; = S,,; = 0.
= Using the properties of E and H-plane tee. its scattering matrix can be obtained as
follows:

1. [S] Matrix is a 4 x 4 matrix since there are 4 ports.

Department of Electronics and Communication Engineering UNIT-4



LAKIREDDY BALI REDDY COLLEGE OF ENGINEERING
(AU TONOMNMOUS)
Accredited by NAAC & NBA (CSE, IT, ECE, EEE & ME)
Approved by AICTE, New Delhi and Affiliated to JNTUK, Kakinada
L.B.Reddy Nagar, Mylavaram-521230, Erishna Dist, Andhra Pradesh, India

Magic T waveguide junction

E-plane arm
E-plane:

— To look at the operation of the Magic T waveguide junction, take
the example of when a signal is applied into the "E plane" arm.

— A signal injected into the E-plane port will also be divided equally
between ports 1 and 2, but will be 180 degrees

out of phase.

e H-plane: Magic T waveguide junction
A signal injected into the H-plane port will be divided equally

between ports 1land 2, and will be in phase.

H-plane am

R-3045 X-3045
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An E-H Plane Tee junction is formed by attaching two simple waveguides one parallel and
the other series, to a rectangular waveguide which already has two ports. This is also called
as Magic Tee, or Hybrid or 3dB coupler.

The arms of rectangular waveguides make two ports called collinear ports i.e., Port 1 and
Port 2, while the Port 3 is called as H-Arm or Sum port or Parallel port. Port 4 is called as E-
Arm or Difference port or Series port.

The cross-sectional details of Magic Tee can be understood by the following figure.

Port - 4
© 0
} Port - 2
E - Arm 7 - 1 c '.\ o 2
. 7 |
fiff; E-Arm 3
» p (i 4 /POTT -3 é H'Arm
(_ ~ ) P 5 H. Arm TE 4
Port-1 ........................................... <'Z_<VJ'Il~Inear Arms
il Magic Tee junction
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Sll 5I2 SI3 S‘M

[S] - Sz. 522 52-3 524 (43) R161: Isnl2 + Isnlz + |513|2 + |S“IZ - lm " ...(49)
S31 S32 Sy Sy =
S S SaSa RoCy ISyl 4 ISl 4 ISyl #1534 = 1,00 (50)
2. Because of H-plane Tee junction. RJCI!: lsulz 4 ls“IZ =1.. ...(51)
S23 =813 e (44) ) )
3. Because of E-plane Tee junction R4C4Z 'Sul t |$14| =1. ......(SZ)

524 = _SH' ...... (45)
4. Because of the geometry. an input to port 3 cannot come out of port 4 and vice

versa. Hence they are called as isolated ports. From C(]llilﬁOﬂ 51 and 52,
S34 =843 =0.......(46) 1
5. From symmetry property.Sy; = §j; §i == A 814 = = i i (53)
$12= 521 531 = 5135 S1 = S {

S23 =532 1 534 =543 542 = 528 e (47)
6. If ports 3 and 4 are perfectly matched to the junction.
S33 =544 =0

Using the values of equation 33 nto cquation 49, we gel,

Substituting all the above results, S-matrix is Islll2 1 Islll +2 +-2' =1
S Sz Sz S, )
5] = S12 S22 Siz =S, (48) lSn' + |512| -
Sy Sy 0 0 | y
Sie =S5 00 Islll -|SIZ| """ (54

% Promoieary peopesty; [5”5] ¥ ”] Comparing equations 49 and 50, we found that Sy = S3g.u..(55)

St Siz Sz S Si2” Sis Sia 1 0 0 0 )

S12 S» 513 _SH - 522 513 "SN. " 0 1 0 0 ASSHI] mﬂmrSIZ --'521:0

Si3 Sz 513 Sy 0 0010 § =80=5n=0
5‘4 "514 0 —514 0 0 0 1 ll o 12 - zz i
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This shows that port 1 and 2 are perfectly matched to the junction. Hence o , y

in any four port junction, if any tow ports are perfectly matched to the  Cast1: [Iputs givenat port 3 andno mputs at port 1, 2and 4, g # 0,0, = 0y = 0, = 0.
junction, then the remaining two ports are automatically matched to the
junction. Such a junction where in all the four ports are perfectly ion 87 b, = l
matched to the junction is called as MAGIC TEE. From equation 37, by am

' '
Thus by substituting the values we get. From o 3, bz § ﬁag

From equation 39 and 60, by = by = 0

oo
(8] = Ti[? ‘1’ (‘) "5‘ v e (56)
1 -10 0 This s the property of H-plane Tee,
8. We know that [b]=[S ][a]. Case 2: Input is given at port 4 and no inputs at port 1, 2.and 3, a, # 0,0, = 0, = 4, = 0
b, 00 1 1@ -
bl_1fo 0o 1 -1f|@ 1
byl “v2[1 1 0 0| From equation 7, by = 0,
by 1 -1 0 olla i
. 1
L B 35(“3 F @) e (57) From equation 3,y = - .y
: From equation 39 and 60, by = by = 0
Shy= ﬁ(a;, o 1) [N (1
1
aby = ﬁ(ﬁ] + ﬂz) FEREOENIRONIOIN () )
1
o b4 = ﬁ(al - az) A R T R R LT (60)
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This is the property of E-plane Tee.

Case 3: Input is given at port | and no inputs at port 4, 2and 3. a, # 0,a, = a, = a; = 0. App““uom 0' Mic m
From equation 57 and 58 b; = 0. b; =0

From equation 59 by = %2 1 1. AS ﬂl\ iSOlatOT.

a
: 1
From equation 60, by = — Nl

. As a matching device

When power is fed to port 1, nothing comes out of port 2 even though they are
collinear ports (Magic!!). Hence ports 1 and 2 are called as isolated ports.

Similarly an input at port 2 cannot come out at port 1. 3. AS a Pha% Shiftel'.

Similarly E and H-ports are isolated ports.

Case 4: Equal input is given at port 3 and 4: no inputs at port 1 and 2, a; = ag; a; = a, = 0. 4‘ As duplexer'

From equation 57.b; = vi'i (2az) . 5. As mlxef.

From equation 58.59 and 60. b, = by = by = 0
This is called as an additive property.

Case 5: Equal input is given at port 1 and 2: no inputs at port 3and 4, @, = a,; ay = ay = 0.

From equation 57. 58, and 60. by = b, = by =0

From equation 59. by = %z‘ (2a,y)

Equal inputs at ports 1 and 2 results in an output port 3 (additive
port )and no output at port 1, 2 and 4. This is similar to case 4.
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Hybrid Ring

It is 180° hybrid having 4 ports as shown in the figure. It is also called as hybrid ring coupler.
It is used as 3 dB coupler. It is used in various RF and microwave systems as alternative to
magic tee device. But unlike magic tee, it does not require any matching structure in order
to obtain similar functionalities. It is available in various designs such as microstrip, stripline
and waveguide structures.

It is used in wide variety of applications such as balanced mixers, balanced amplifiers,
antenna feeding networks, power multipliers or power dividers etc.

As shown it has four ports which are A/4 away from the other in the top
half of the hybrid ring (i.e. between P1 and P2, P2 and P3, P3 and P4). In
the bottom half of the hybrid ring P1 and P4 ports are 3*\/4
wavelengths away from each other. It is also called rat race coupler.

Hybrid Ring

Department of Electronics and Communication Engineering UNIT-4



LAKIREDDY BALI REDDY COLLEGE OF ENGINEERING

(AUTONONMOUS)
Accredited by NAAC & NBA (CSE, IT, ECE, EEE & ME)

Approved by AICTE, New Delhi and Affiliated to JNTUK, Kakinada
L.B.Reddy Nagar, Mylavaram-521230, Erishna Dist, Andhra Pradesh, India

Hybrid Rings (Rat-Race Circuits)
Annular line of proper electrical length to sustain
Hybrid Ring S-Matrix standing waves, to which four arms are connected

at proper intervals by means of series or parallel
junctions.

0 Sp 0 Sy =y
Sy 0 Sy O

0 S 0 Sy
[ S 0 Sgiz 0 ]

Hybrid ring
G With series

junctions

—

?ort 3 Port 2
0 1 0 -1
i 1 01 0 Characteristics similar to hybrid tee.
— 0 10 1 When a wave is fed into port 1, it will not appear at
\/5 port 3 because the difference of phase shifts for the

-1 01 0 waves travelling in the clockwise and anticlockwise

Rat Race Coupler S-Matrix ditectionsis 200,

Thus the waves are cancelled at port 3.

Similarly the waves fed into port 2 will not emerge
at port 4 and so on.
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Directional Coupler

Directional Coupler is a 4 port device which has primary and secondary waveguides. The primary wave
guide is from port 1 to port 2 and secondary waveguide is from port 3 to port 4.

Incident power 1 Main waveguide 2 Received power
P‘ PF
/ k
Pb ———————— ” ] d P,
Back power 3 Auxiliary waveguide 4 Forward power

e Directional coupler is used to couple microwave power, which is unidirectional in most of the cases. The
properties of a directional coupler are,

1. All the ports are matched.

2. When the power moves from port 1 to port 2, little portion of it would gets coupled to port 4 and not to port 3.
3. When the power moves from port 2 to port 1, little portion of it would gets coupled to port 3 and not to port 4.
4. The coupling factor of a directional coupler is the ratio of incident power to forward power.

Coupling factor = 10 log(P,/P;) = 10 log(P,/P,)

e Directivity of the directional coupler is the ratio of forward power to back power.

Directivity = 10 log(P;/P,) =10 log(P,/P;)

e |solation of a directional coupler is the ratio of incident power to back power.
| =10 log(P;/P,)=.1=101l0g(P,/P;) e |solation = Coupling factor + Directivity.
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Two hole directional coupler is same as conventional directional coupler, but with two holes in
common between primary and secondary waveguides.

The spacing between these two holes is given by,

L= (Zn+1)7\g/4 Where, n = an integer A, = wavelength

e A fraction of energy entering into port 1 passes through holes and is radiated into port 2. The
forward waves in port 4 are in the same phase and are added.
e The backward waves in port 3 are out of phase and are cancelled.

The general S matrix of a directional coupler is,

1 )|
2

)
)
)

[
[y
[

[
[y
=]

[
=y

[w

sl
o
l'-u;i_!
[
o
E‘.i_!
o
e
——,
[S—
R

S Sp S Sy
Sn Sp Sy Sy

Since all ports in a directional coupler are matched.
Sll = 822 = 833 = S44 = 0 """"""""" (2)

« Since there is no coupling between ports 1 & 3 and ports 2 & 4
813 = 831 = 824 = 842 = O """"""" (3)
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Apply equation (2) & (3) in (1) I 0 512 0 514_
g — 512 0 Sgg 0
0 Sz 0 Sy
1S4 0 Sz 0
By unitary property, [S][S]* = |
0 S5 0 Sl [0 S, 0 s [T o000
Sz 0 Sy 0] |SH 0 S3 0] |01 00
0 Sz 0 Ss| |0 S35 0 Sil {0010
Sy 0 Sy 0[Sy 0 Siy 0] o001
R,C,=> |S,2+ ISP =1 - (4)
R,C,=>|S,|2+ |S,52 = 1 -------m---- (5)
R;C;=>|S,512+ |S5,12 = 1 —----------- (6)
R,C;=>S,,S,.*+S,,S;,*= 0 ----------- (7)

Comparing eq (4) and (5)

1S112+ 1S 1417 = [Spol2 + [Syal?
S14 = Spg mrrmmmmm (8)
Comparing eq (5) and (6)
1S1217 + [Spal? = [Saul? + Syl
Syp = Sgg - (9)
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Let, S,, be real and positive,

i€, S, =Sgy =P -wormromeoeees (10)
applying equation (10) in (7)

Therefore,
P Syu*+S;,p=0

p [Sy5*+ Sy
P [Sy*+ Sy
Sy3"+ Sy =0

0
0

To satisfy the above condition, S,; should
be a complex value.
Let S,3=jq

Therefore, the S matrix of directional coupler is

OPQJQ
g_|Pp 0 Jjg 0
0 jg 0 p
jg 0 p 0]
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Port-1 —T— —T-— Port-2
Siot "a’ Siot 'b’
I »/a -
Port-3 ..A.. ..A.. Port-4

P, - Input port
P, - Output port
P, - Isolated port
P - Coupled port

Fig. 3.8.5 Two hole directional coupler

e Two hole directional coupler consists of two guides with two (holes)
common between them. These two apertures holes are at a distance of A_/4.

e Energy is coupled through the slots from the main to the coupled guide.
Because the slots are a quarter-wavelength a part, the energy in the coupled
guide will cancel in one direction and reinforce in the other direction.

e Consider a wave propagating from port-1 to port-2. When the wave passes
slot a energy is radiated into the coupled guide, where it radiates in both
directions. The main guide wave continues to propagate toward slot b. Part
of the wave couples through slot b into the other guide. As before the
coupled wave propagates in both directions in the other guide. The portion
that propagates towards port-4 is in phase with slot a energy and thus
reinforces the signal. But the prtion that propagates from slot b back towards
slot a is phase shifted 180°. Thus the port-3 signals from slots a and b are out
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of phase by 180° and cancel each other. We can label port 1 the input, port-2
the output, port-3 the isolated port and port-4 the coupled port.

» The spacing between slots a and b is critical because it is necessary to effect
a 180° phase shift in the a-b-b-a path.

3.8.4 Bathe Hole Directional Coupler

Auxillary
guide

o
Main guide

Fig. 3.8.7 Bathe hole directional coupler

e Bathe hole directional coupler consists of two rectangular waveguides
coupled by means of circular aperture located at the center of common broad
edge.
*coupling process through a single hole in directional coupler improves directivity the power
entering portl is coupled through coaxial probe output and the power entering port2 is
absorbed by the matched load

*The auxiliary guide is placed at such an angle that magnitude of the magnetically excited wave
is made equal to the that of electrically excited wave for improved directivity
Department of Electronics and Communication Engineering UNIT-4
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UNIT-V

Waveguide Components-ll: Waveguide Discontinuities — Waveguide irises, Tuning
Screws and Posts, Matched Loads; Waveguide Attenuators — Resistive Card, Rotary
Vane types; Waveguide Phase Shifters — Dielectric, Rotary Vane types; Ferrites—
Composition and Characteristics, Faraday Rotation; Ferrite Components — Gyrator,
Isolator, Circulator. Microwave Measurements: Description of Microwave Bench —

Different Blocks and their Features, Precautions; Measurement of Attenuation,
Frequency, VSWR, Cavity Q, Impedance, Power.
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Waveguide irises, tuning screws and posts.

Waveguide irises: In any waveguide system, when there is a mismatch there will
be reflections. In transmission lines, in order to overcome this mismatch lumped
impedances or stubs of required value are placed at pre calculated points. In
waveguides too, some discontinuities are made use for matching purposes. Any
susceptances appearing across the guide, causing mismatch ( production of
standing waves) needs to be cancelled by introducing another susceptance of the
same magnitude but of opposite nature.

Irises (also called windows, apertures or diaphragms) are made use of for the
purpose impedance matching.

An inductive iris allows a current to flow where none flowed before. The iris is
placed in a position where the magnetic field is strong (or where electric field is
relatively weak). Since the plane of polarization of electric field is parallel to the
plane of iris, the current flow due to iris causes a magnetic field to be set up.
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In capacitive iris, it is seen that the potential which existed between the top and
bottom walls of the waveguide now exists between surfaces which are closer. The
capacitive iris is placed in a position where the electric field is strong.

In parallel resonant iris, the inductive and capacitive irises are combined. For the dominant
mode, the iris presents a high impedance and the shunting effect for this mode will be
negligible. Parallel resonant iris acts as a band pass filter to suppress unwanted modes.

* A series resonant iris which supported by a non metallic materlal and it is transparent to
the flow of microwave energy. B e

Iris < -
providing _— 7

- —_— e
P = J2/

capacitance

- .0‘ i, | -
- ./',//
Iris S
providing as

inductance
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Matching eElements in Waveguide
Rectangular Waveguide - Note:
: Planar discontinuities are modeled as
(end view)
purely shunt elements.
~ :> o ]
‘ - - - ‘ ? ’
Inductive iris
L 2 °
=5 o
| : .
Capacitive iris
L 2 >
| ) ?
V &- >3

Resonant iris

rquivalent circuit gives us the correct reflection and transmission of the TE,, mode.

~a
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IMPEDANCE L
CIRCUIT o
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* An inductive iris and its equivalent circuit are illustrated in figure
view (A). The iris places a shunt inductive reactance across the
waveguide that is directly proportional to the size of the opening.

* Notice that the edges of the inductive iris are perpendicular to the
magnetic plane.

* "The shunt capacitive reactance, illustrated in view (B), basically
acts the same way. Again, the reactance is directly proportional to
the size of the opening. but the edges of the iris are perpendicular to
the electric plane.

* The iris, illustrated in view (C), has portions across both the
magnetic and electric planes and forms an equivalent parallel-LC
circuit across the waveguide.

* At the resonant frequency, the iris acts as a high shunt resistance.
Above or below resonance, the iris acts as a capacitive or inductive
reactance.
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Wave guide Impedance Matching

* Waveguide transmission systems are not always perfectly
impedance matched to their load devices.

* The standing waves that result from a mismatch cause a
power loss, a reduction in power-handling capability, and an
increase 1n frequency sensitivity.

* Impedance-changing devices are therefore placed in the
waveguide to match the waveguide to the load. These
devices are placed near the source of the standing waves.

* Figure illustrates three devices, called 1rises, that are used to
introduce inductance or capacitance into a waveguide.

* An iris 1s nothing more than a metal plate that contains an
opening through which the waves may pass. The iris 1s
located 1n the transverse plane.
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Irises (also called windows, apertures or diaphragms) are made
use of for the purpose impedance matching.

Waveguide Window

* Waveguide  windows, also known as
Diaphragms, Apertures or Irises, are used to
provide impedance matching in the waveguide
in the same way as we used stubs in case of
transmission lines. Three common types of
windows include:

* Inductive Windows
* Capacitive Windows
e Resonant Windows
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Inductive Window

* Conducting diaphragms extending in a waveguide from side walls as
shown in figure have the effect of adding an inductive susceptance
across the waveguide at the point at which diaphragms are placed.

* This is because, the iris in figure allows current to flow where none
flowed before.

* The electric field that advanced before now has conducting surface
in its plane, which permits current flow.

* Thus some energy is stored in the magnetic field which leads to an
increased inductance at that point of the waveguide.

* Such an element is therefore, called an inductive window.

* The amount of normalised inductive susceptance added is a function
of the window insertion distance 1.
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Capacitive Window

* Conducting diaphragms extending into the waveguide from
top and bottom walls constitute what is known as a
capacitive window as shown in figure.

* These windows produce the effect of ac capacitive
susceptance shunted across the waveguide at that point.

» It is obvious that the potential which earlier had existed
between top and bottom walls of waveguide now exists
between surfaces that are closer.

* This results in an increased capacitance at that point.

* Capacitive windows are not used extensively because of
the danger of voltage breakdown which ultimately places a
limit on the power that can be transmitted through the
waveguide.
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Resonant Window

* A conducting diaphragm of the form shown in figure gives the effect of a
parallel tuned LC circuit connected across the guide at the point where
diaphragm is placed.

* An equivalent circuit is shown in figure. As a first approximation, a
resonant window may be considered to be a combination of an inductive
and a capacitive window, at the same point in the guide.

« If the inner dimensions of aperture are properly chosen, the frequency
range covered is large. However, a limit of minimum aperture size prevents
any further changes.

* The value of Q that can be obtained is of the order of 10 and decreases as
the size of aperture is increased. Since impedance offered by the resonant
window is very high for the dominant mode, and the shunting effect is
negligible for the same mode, other modes will be significantly attenuated.
Windows are usually employed only to correct a permanent mismatch,
rather than to provide adjustable matching.
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POSTS and SCREWS

* POSTS and SCREWS made from conductive material can
be used for impedance-changing devices in waveguides.

* Figure A and B, illustrate two basic methods of using posts
and screws.

* A post or screw which only partially penetrates into the
waveguide acts as a shunt capacitive reactance.

* When the post or screw extends completely through the
waveguide, making contact with the top and bottom walls, it
acts as an inductive reactance. Note that when screws are
used the amount of reactance can be varied.

* When the depth of the penetration is A/4, a series resonance
occurs .
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Figure A: Conducting POSTS and SCREWS Penetrating

OR —

Figure B: Conducting POSTS and SCREWS Extending through
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Capacitive

{c)
FIGURE 10-31 (a) Waveguide posts; (&) two-screw matcher; (¢) three-screw tuner.

Department of Electronics and Communication Engineering UNIT-5



LAKIREDDY BALI REDDY COLLEGE OF ENGINEERING

Accredited by NAA(. & NBA (CSE IT, ECE, EEE & ME)
Approved by AICTE, New Delhi and Affiliated to JNTUK, Kakinada
L.B.Reddy Nagar, Mylavaram-521230, Erishna Dist, Andhra Pradesh, India

cylindrical post, extending into the waveguide from one of the broad sides, has the same
effect as an iris in providing lumped reactance at that point. A post may also be capacitive
or inductive, depending on how far it extends into the waveguide, and each type is shown
in Figure 10-31a.

When such a post extends slightly into the waveguide, a capacitive susceptance is
provided at that point and increases until the penetration is approximately a quarter-
wavelength, at which point series resonance occurs. Further insertion of the post results in
the providing of an inductive susceptance, which decreases as insertion is more complete.
The resonance at the midpoint insertion has a sharpness that is inversely proportional to
the diameter of the post, which can once again be employed as a filter, However, this time
it is used as a band-stop filter, perhaps to allow the propagation of a higher mode in a
purer form.

A combination of two such posts in close proximity, now called screws and shown in Figure
10-3 b, is often used as a very effective waveguide matcher, similar to the double-stub tuner .
A three-screw tuner, as shown in Figurel0.3c may also be used, to provide even greater
versatility.
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MATCHED TERMINATION

* Terminators are used in coaxial lines, strip lines and waveguides to
absorb the incident power without appreciable reflection and
radiation

* It is equivalent to terminating the line in its characteristic
impedance

» A termination is a one-port device which absorbs all the
incident power, never radiate and reflect.

» Its only purpose is to ABSORB all the incident energy without
causing standing waves.

» The basic characteristics of terminations are:
 VSWR, Power handling capability , Frequency range
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Matched Load

[1 Cilip shde

» Types of Terminations
Matched Load
Variable Short circuit

» It provides termination and absorbs all the incident power. It is
also equivalent in terminating the line by its characteristic

impedance.

» A simple form of matched load in a waveguide is a piece of
resistive card placed in guide parallel to the dielectric field.

» The card must be long enough to absorb all the power.

» The front end of the card is tapered, so that it presents no sudden
discontinuity to the signal.
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Waveguide Attenuators- Resistive card, Rotary Vane types.

Attenuator

* An attenuator 1S a passive microwave
component which, when inserted in the signal
path of a system, reduces the signal by a
specified amount.

* They normally possess a low VSWR which
makes them ideal for reducing load VSWR in
order to reduce measurement uncertainties.

* They are sometimes used simply to absorb
power, either to reduce it to a measurable level
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Resistive-card attenuator. The resistive-card attenuator (Fig. 7-24) may
be either fixed or variable. In the fixed version, the card is bonded in place as indi-
cated in part a of the figure. The card is tapered at both ends in order to maindain a

Tapered
resistance

card

Monradiating
slot

{a} F_‘i:md {b} Variable

Figure 7-24 Resistive card attenuators in rectangular waveguide.

low input and output SWR over the useful waveguide band. Maximum attenuation
per length is achieved by having the card parallel to the electric field and at the cen-
ter of the guide where the TE; electric field is maximum. The conductivity and
dimensions of the card are adjusted, usually by trial-and-error, to obtain the desired
attenuation value. The attenuation is a function of frequency, generally becoming
greater with increasing frequency. In high-power versions, ceramic-type absorbing
materials are used instead of the resistive card.
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A variable version of this attenuator, known as the flap atrenunator, 18 shown in
part b of Fig. 7-24. The card enters the waveguide through the slot in the broad
wall, thereby intercepting and absorbing a portion of the TE;, wave. The hinge
arrangement allows the card penetration and hence tbe attenuation to be varied from
zero to some maxtmum value, typically 30 dB. With the longitudinal slot centered
on the broad wall, none of the TE,, wave is radiated.’

There are two characteristics of the flap attenuator that make its use awkward
in certain applications. First, the attenuation is frequency sensitive which makes it
inconvenient to use as a calibrated attenuator. Second, the phase of the output signal
is a function of card penetration and hence attenuation. This may result in nulling
difficulties when the attenuator is part of a bridge-type network. Despite these disad-
vantages, the flap attenuator finds widespread use in microwave equipment.

There are two characteristics of the flap attenuator that make its use awkward
in certain applications. First, the attenuation is frequency sensitive which makes it
inconvenient to use as a calibrated attemuzator. Second, the phase of the output signal
is a function of card menetration and hence attenuation. This may result in nulling

difficulties when the attenuator is part of a bridge-type network. Despite these disad-
vantages, the flap attenuator finds widespread use in microwave equipment.
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Rotary-vane attenuator. A variable attenuator that avoids the disadvan-
tages indicated above is the rotary-vane attenuator {Fig. 7-25}. The essential parts
consist of three circular waveguide sections, two fixed and one rotatable. Also
included are input and output transitions that provide low-SWR connections to
standard rectangular guide. The attenuation is controlled by rotation of the center
section, minimum loss cccurring with @, = 0 and maximum loss when 6. = 90°.
The analysis that follows shows that the attenuation is a function of 8. only. This is
a significant advantage since the accuracy of the attenuation value merely requires
the precise setting of a mechanical angle. The rotary-vane attenuator is, in fact, s0
accurate that it is used as a calibration standard in most microwave laboratories.

The principle of operation is based.upon the interaction between plane-polar-
ized waves and thin resistive cards. The effect is analogous to that described in Sec.
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r\\ Output transition
%\b L = Fixed section

Rotatable section

Fixed section

?

nput transition

Structural details of Rotary Vane Attenuator
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The input transition shown in the figure converts the TE;, wave into a verti-
cally polarized TE;; wave in circular guide. The electric field associated with the
wave is denoted by E. With the input resistance card perpendicular to the electric
field, the wave propagates through the first fixed section without loss. When the card
in the rotatable section is horizontal (6, = 0), the wave passes through it and the
output fixed section without loss, Thus for 8, = 0, the total loss is 0 dB. For any
other angle, the component parallel to the rotatable -.;ard (E sin 8, 1s absorbed and
the perpendicular component (E cos #,) arrives at the second fixed section with its
polarization at an angle 6,, with respect to the vertical plane. This is indicated in the
figure. The portion of the wave that is parallel to the output card (E cos 6, sin 6,,) is
absorbed, while the perpendicular component (E cos?® 6,) proceeds to the ouput port
via the circular-to-rectangular transition. With power flow proportional o the
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square of electric field, the fraction of the incident power that is delivered to a
matched load is cos® @.. Thus the attenuation (in dB) of the rotary-vane attenuator is

1
A, = 10 log (ms 3 Em) {7~ Il}i
With a matched generator at the input, the incident power equals the available gener-
ator power and therefore the abowve expression also represents the insertion and
transducer loss of the attenuator.

The attenualor can be set for any desired loss vaiue by turning the r{};atablﬂ
section to the appmprmxc angle 0,. Its accuracy is determined by the precision with
which the angle 8, can be set (Prob. 7—19}. Since 4, is a function of 8, only, its
value is the same at all frequencies within the useful waveguide band, an important
advantage in many applications.

Another useful characteristic of the rotary-vane attenuator is that the phase of
tihe output signal is independent of the atienuation setting. The reason is that in order
tor a signal to arrive at the output, its electric field must have been perpendicular to
all three cards, Thus, if 8. represents the phase constant of the circular guides when
the electric field is perpendicular to the card and { the overall length of the three sec-
tions, then the total phase delay ﬂlmugh the cl:mu!ar sections is 8,1/, which is inde-
pendent of 8, and hence 4,. -

With power proportional to the square of electric field,\the fraction of the inci-
de:nz pn::wer absnrhed by the three re:ustance carcls :,s Q, 31112 \6 and sin® G, cos® 8.,

respectlvely
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Fixed Waveguide Attenuator

Fixed waveguide attenuators typically include a resistive film such as glass placed
inside of the waveguide. As shown in Figure 2, the resistive card is placed at the
center, parallel to the longitudinal axis and to the maximum electric field with each
end tapered sharply to point directly at the incoming wave in order to minimize
reflections due to discontinuities. The length of the material is typically two
wavelengths (2A) while the length of the tapered portion is about a half a
wavelength (A/2). In essence the bulk resistive material accounts for a uniform
insertion loss across select frequencies while the taper is fine tuned for a lower
VSWR.

;//7///% 0 72 :

Figure 2: The resistive element causes attenuations while the taper minimizes reflections. The
taper shape can vary with a single taper or a double taper.
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Low-loss
dielectric

slots

(a) Delectric t¥pe (b} Squeeze type
Figui-e 7-26 Variable phase shifters in rectangular waveguide.

g g m =

Another version of the dielectric phase shifter employs a pair of thin rods to
move the dielectric slab from a region of minimum electric field to one of maximum

field
Squeeze-type phase shifter. The phase shifter shown in Fig. 7-26b uses
a change in guide width to vary A,. The broad walls of the guide contain long nonra-

diating slots, A clamping arrangement applies pressure to the narrow walls as
shown, which reduces the guide width @. This increases A, resulting in a decreased
phase delay through the waveguide section.
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Rotary phase shifter. Because of its accuracy, the rotary phase shifter is
used as a calibratiori‘standard in most microwave laboratories. Its operation was first
described by Fox (Ref. 7-19). A sketch of the unit is shown in Fig. 7-27. Exter-
nally it looks very similar to the rotary-vane attenuator. Like the attenuator, its
accuracy depends upon the precise rotation of a circular waveguide. The essential
parts of the phase shifter are three circular waveguide sections, two fixed and one
rotatable: The fixed sections are quarter-wave plates, while the rotatable one is a
half-wave plate. Their properties were explained in Sec, 7-1d. In the discussion that

- follows, it is assumed that they are of the dielectric type shown in Fig. 7-11a.
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input to the rotatable section output of the rotatable section

Figure 7-27 The rotary phase shifter and its vector-phasor representation.
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to replace these components by two other components, one perpendicular to the
dielectric slab in the rotatable section and one parallel to it. Both sets of components
are shown in part d of Fig. 7-27. The equivalence of these two sets was verified in
Sec. 2-5 (see Fig. 2—19). With the length of the half-wave plate equal to 24, the
perpendicular and parallel components are further delayed 28,7 and 23,/ + 4, re-
'spectively. The resultant components are shown in part ¢ of the figure. This now
represents a counterclockwise circularly polarized wave. As before, these compo-
nents may be replaced by an equivalent set that are perpendicular and parallel to the
ourput dielectric slab. Their vector-phasor represenation is shown on the right side
of part ¢ in Fig. 7-27. Propagation through the output quarter-wave plate delays
these components an additional 8.7 and 8.7 + #/2, respectively. As a result, the
value of the output components are

E/fN2/—4B,1 — 28, and  E/N2/—4B8.1 — 27 — 26,

With the waves in phase, vector addition resuits in a vertically polarized output wave
of value E /—48, I— 28, which is shown in part a of Fig. 7—27. Thus, the analysis
verifies that rotating the center section an angle 6., causes the output to be phase de-
layed an additional 26... Also, with the orientation of the output transition as shown,
the vertically polarized wave is delivered to the output port. Since its magnitude
equals that of the input wave, the rotary phase shifter is, in principle, lossless for all
values of #,. Commercial units are available with less than 1.0 dB loss and SWR
_ values below 1.30. _

The vector-phasor method of analysis used here is very helpful in understand-
ing the operation of many microwave components. As explained in Sec. 2-5, it
makes use of the fact that for sinusoidal signals, the propagating wave can be de-
scribed by a vector-phasor. In most cases, it represents the transverse electric field
of the propagating mode.
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Faraday rotation

The Faraday effect is a fundamental property of ferrite materials that are magnetized
parallel to the direction of propagation.

A ferrite is a nonmetallic material (though often an iron oxide compound) which is an
insulator, but with magnetic properties similar to those of ferrous metals
When electromagnetic waves travel through a ferrite, they produce an RF magnetic field in the

material, at right angles to the direction of propagation if the mode of propagation is correctly

chosen. If an axial magnetic field from a permanent magnet is applied as well, a complex
interaction takes place in the ferrite.

common ferrites are manganese ferrite (MnFe,05;), zinc ferrite (ZnFe,0,)
I Microwave Isolators
An isolaror is a nonreciprocal transmission device that is used to

isolate one component from reflections of other components in the
transmission line.

An ideal 1solator completely absorbs the power for propagation in one
direction and provides lossless transmission in the opposite direction.
Thus the isolator i1s usually called wuniline.
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Isolators:

Ferrite isolators may be based either on Faraday rotation, which is used for powers up to a few hundred

watts, or on resonant absorption, used for higher powers. The Faraday rotation isolator, shown in Figure
10-40. will be dealt with first.

Taper turmed

through 45“—\
e @ Faraday-rotation isolator
45°

Resistive / —Ferrite insert
attenuator & Foam support ;

& 4

N

S < - Output
Circular waveguide D| fCC‘ ion wavcsuide
lar to o
Rectangular vcutar taper Resictve of rotation [ ”

(a)

Magnetic
field

[nput Reflected Ferrite rod

R ve
waveguide W M
veclor

(5)
FIGURE 10-40 Faraday rotation isolator. (@) Cutaway view; (b) method of operation,
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The isolator consists of a piece of circular waveguide carrying the TE, ; mode, with transitions
to a standard rectangular guide and TE, , mode at both ends (the output end transition being
twisted through 45°). A thin “pencil” of ferrite is located inside the circular guide, supported by
polyfoam, and the waveguide is surrounded by a permanent magnet which generates a
magnetic field in the ferrite that is generally about 160 A/m. A typical practical X-band (8.0 to
12.4 GHz) device may have a length of 25 mm and a weight of 100 g without the transitions.
Because the dc magnetic field (well below that required for resonance) is applied, a wave
passing through the ferrite in the forward direction will have its plane of polarization shifted
clockwise (through 45 in practical Waveguide Isolator and Circulators) by the time it reaches
the output end. This wave is then passed through the suitably rotated output transition, and it
emerges with an insertion loss (attenuation in the forward direction) between 0.5 and 1 dB in
practice. It has not been affected by either of the resistive vanes because they are at right
angles to the plane of its electric field; this is shown in Figure 10-40b.
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A wave that tries to propagate through the isolator in the reverse direction is also rotated
clockwise, because the direction of the Faraday rotation depends only on the dc magnetic
field. Thus, when the wave emerges into the input transition, not only is it absorbed by the
resistive vane, but also it cannot propagate in the input rectangular waveguide because of its
dimensions. This situation is shown in Figure 10-40b. It results in the returned wave being
attenuated by 20 to 30 dB in practice (this reverse attenuation of an isolator is called its
isolation). Such a practical Waveguide Isolator and Circulators will have an SWR not
exceeding 1.4, with values as low as 1.1, which is sometimes obtainable, and a bandwidth
between 5 and 30 percent of the center frequency.
* Isolators are generally used to improve the frequency stability of
microwave generators, such as klystrons and magnetrons, in which the
reflection from the load affects the generating frequency.

* In such cases, the isolator placed between the generator and load
prevents the reflected power from the unmatched load from returning
to the generator.

» As a result, the isolator maintains the frequency stability of the
generator.
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* Isolators can be made by inserting a ferrite rod along the axis of a
rectangular waveguide as shown in above Figure.

» The input resistive card is in the y-z plane, and the output resistive card is
displaced 45° with respect to the input card. The dc magnetic field, which is
applied longitudinally to the fermrite rod, rotates the wave plane of
polarization by 45°.

* The degrees of rotation depend on the length and diameter of the rod and on
the applied dc magnetic field.

* An input TE10 dominant mode is incident to the left end of the isolator.
Since the TE10 mode wave is perpendicular to the input resistive card, the
wave passes through the ferrite rod without attenuation.

* The wave in the ferrite rod section is rotated clockwise by 45° and i1s normal to the
output resistive card. As a result of rotation, the wave arnves at the output end
without attenuation at all.

* On the contrary, a reflected wave from the output end is similarly rotated
clockwise 45° by the ferrite rod.

* However, since the reflected wave is parallel to the input resistive card. the wave
is thereby absorbed by the input card.

* The typical performance of these isolators is about 1-dB insertion loss in forward
transmission and about 20- to 30-dB 1solation 1n reverse attenuation.
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Circulators:

A circulator is a ferrite device somewhat like a rat race. It is very often a four-port (i.e., four-
terminal) device, as shown in Figure 10-42a, although other forms also exist. It has the
property that each terminal is connected only to the next clockwise terminal. Thus port 1 is
connected to port 2, but not to 3 or 4; 2 is connected to 3, but not to 4 or 1; and so on. The
main applications of such circulators are either the isolation of transmitters and receivers
connected to the same antenna (as in radar), or isolation of input and output in two-terminal
amplifying devices such as parametric amplifiers.

2

4
{a)

Circular
waveguide

SEESTE Taper
Note: Magnet omitted
for simpiicity
o)

FIGURE 10-42 Ferrite circulator. (a) Schematic diagram; (&) Faraday rotation four-port
circulator.
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four-port Faraday rotation circulator is shown in Figure 10-42. It is similar to the Faraday
rotation isolator already described. Power entering port 1 is converted to the TE, ; mode in
the circular waveguide, passes port 3 unaffected because the electric field is not
significantly cut, is rotated through 45" by the ferrite insert (the magnet is omitted for
simplicity), continues past port 4 for the same reason that it passed port 3, and finally
emerges from port 2, just as it did in the isolator. Power fed to port 2 will undergo the same
fate that it did in the isolator, but now it is rotated so that although it still cannot come out
of port 1, it has port 3 suitably aligned and emerges from it. Similarly, port 3 is coupled only
to port 4, and port 4 to port 1. This type of circulator is power-limited to the same extent as
the Faraday rotation isolator, but it is eminently suitable as a low-power device. However,
since it is bulkier than the Y (or wye) circulator (to be described), its use is restricted mostly
to the highest frequencies, in the millimeter range and above. Its characteristics are similar
to those of the isolator.

High-power circulators are fairly similar to the resonance isolator and handle powers up to
30 MW p
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I Microwave Circulators

A microwave circulator is a multiport waveguide junction in which the
wave can flow only from the nth port to the (n + 1)th port in one
direction as in figure Port 4

Although there is no J L
restriction on the J K
number of ports,

the four-port \\ / /
microwave circulator

1$ the most common.

Dot

Port 3
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One type of four-port microwave circulator is a combination of two 3-dB
side-hole directional couplers and a rectangular waveguide with two
nonreciprocal phase shifters as shown in Fig.

Coupler | Coupler 2
oo =y N
Primary guide : : | !
' | ! I
! | | Phase shifter i :
| o, 2o
- 180° wa = 90 | o
S W 1 L
' | 190" "180°
gy 1 I 5
1T T 17
| Lo S—
Port 3 N :"’__."o “4’"900,L lL e — Port 4
|
1] 1| Phaseshifter |! |
i) — %
[y ——— e s
; l

Secondary guide
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* Eachof the two 3-dB couplers in the circulator introduces a phase shift of 90%nd
each of the two phase shifters produces a certain amount of phase change in a
certain direction as indicated.

* Since the two waves reaching port 4 are out of phase by 180°, the power
transmission from port | to port 4 is zero.

* In general, the differential propagation constants in the two directions
W — W= (2m + l)ﬂ' rad/s
w; = ws = 2w rad/s

* where m and n are any integers, including zeros.
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Many types of microwave circulators are in use today.

However, their principles of operation remain the same.

A perfectly matched, lossless, and nonreciprocal four-port

circulator has an S matrix of the form

0 Su S Su
Sa 0 §an S
So Sn 0 Su
Sa S 8o 0

§ =
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Q- FACTOR OF A CAVITY

1. OBJECTIVE: Measurement of the Q-Factor of a Cavity,
2. THEORY:
The microwave cavities are basically of two types:
Apparatus .
pp a) Transmission type
I. Gunn/Klystron source b) Absorption type
2. Isolator
_ The transmission type cavity transmuts maximum power at resonant frequency and
3. Variable attenuator 20db. ‘ Ype cavily ‘ P Teney
absorption type absorbs the power at the resonant frequency. Cavities are used both as
4. Wave meter. o .
circuit elements and as measuring instruments.
5. Slotted lme The Q-factor of a cavity has the same meaning as the Q of a resonant circuit lower
6. Tunable detector 2Nos  frequency. It is defined as
7 VSWR meter., Maximum Energy stored

0=

Power Loss
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Energy stored i the cavity depends on the volume, and the power loss depends on the

losses 1n the conducting walls of the cavity. Approximate value of the Q of the cavity 1s

A = Surface area

0 _ 7 s=Skin depth.

V = Volume of the caviry The mtrinsic or unloaded Q, 1s greater than the total or loaded Q which includes
the effect of coupling mechanism. The loaded O, of a cavity may be measured very

simply by observing the shape of its resonance curve as a function of frequency. The

O; of the cavity 1s determined from

A
Power

f output (dB)
0

fz_fl

. . - <10 1
F, resonant frequency.

b - - - -

QL:

w
T

|

1

I

I

|

!

|

!
N
>

F, & F, the 3 dB points.

= Frequency

Resonance Curve
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3. PROCEDURE:

SIGNA ISOLATOR VARIABLE FREQ. DIRECTIONAL CAVITY DETECT.
-
SOURCE ™ ATTEN. ~™ METER | COUPLER —> ™ or
TUNEABLE VSWR
DETECTOR METER

VSWR
METER

1. Set the microwave bench as shown in the figure.

2. Set the cavity of anv position. Set the source frequency output shows a dip 1f 1t 1s

a absorption type of vice-versa.
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3. keeping the input power to the cavity constant (by using variable attenuator. if

necessary). measure the frequencies (F, & F,) of signal source setting where the

output power changes by 3 dB from the resonant frequency value.
4. The graph between frequency and power output may also be drawn.
5. Calculate the wvalue of Q using the given formula. Repeat the different cavity
settings.
4. PRECAUTIONS:

1. For calculating Q-factor of the cavity of particular resonant frequency. the cavity

position should remain unchanged?

-2

For a cavity which has a high/good Q-factor. the signal source should be very

stable and 1t should have capability of frequency variation of at least one

megahertz.

3. A tunable detector should be used and it should be tuned for each operating

frequency.
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