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EC8701-ANTENNAS AND MICROWAVE
ENGINEERING
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UNIT I
INTRODUCTION TO MICROWAVE SYSTEMS AND ANTENNAS

Microwave frequency bands, Physical concept of radiation, Near-
and far-field regions, Fields and Power Radiated by an Antenna,
Antenna Pattern Characteristics, Antenna Gain and Efficiency,
Aperture Efficiency and Effective Area, Antenna Noise
Temperature and G/T, Impedance matching, Friis transmission
equation, Link budget and link margin, Noise Characterization of a

microwave receilver.
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INTRODUCTION

* Microwave Frequencies

*The term microwave refers to alternating current
signals with frequencies between 300 MHz (3x102 Hz)
and 30 GHz (3x10'° Hz), with a corresponding
electrical wavelength between 1 mand 1 cm

* Three major bands:

1. Ultra High Frequency (UHF) — 0.3 GHz to 3 GHz
2. Super High Frequency (SHF) — 3 GHz to 30 GHz
3. Extra High Frequency (EHF) — 30 GHz to 300 GHz
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Designation Frequency range in gigahertz

A band 0.100-0.250

B band 0.250-0.500

C band 0.500-1.000

D band | 000—2.000

E band 2.000-3.000

I band 3000 -4 (0
G band 4.000-6.000

H band 6000— 8 D00
I band §.000- 10.000
J band 10.000— 20.000

K band 20,000~ 40,000
L band 40.000- 60000

M band 60, 000 — 100,000
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|[EEE Microwave Frequency Ban

Designation Frequency range in gigahertz
HF 0.003- 0,030
VHF 0050 = 0,300
UHF 0.300= 1000
L. band 1000 2,000
5 band 2000 - 4,00
C band 4.000- 8000
X band B.000= 12000
Ku band 12,000- 18000
K band 18,000 27.000
Ka band 27.000— 40,000
Millimeter A0, 000 — 300 ()

Submillimeter == 300,000
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Microwave Applications

Communication

Microwave Applications
I
| I I |
| Radar | Industrial and Biomedical Heating
ia] Civilian Milit i
gem;s.mal e ary - Process control Industrial
atelliie control ~ Surveillance — Drying Household
— Aircraft — Navigation — Curing
navigation — Treatmen. of
- Ship safet ~ Guidance of *
P Y weapons clastomers
— Space vehicles [ Electronic warfare | Waste treatment
. Nuclear
— Remote sensing —— C3 _
Cellulosic
Law enforcement — Monitoring
— Imaging

— Hyperthermia
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Advantages

*Can carry large quantities of information (High
Operating Frequency)

*High frequency = Low Wavelength = Small
Antennas

* Easily propagated
* Fewer repeaters are necessary for amplification
*Increased bandwidth available
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Disadvantages

* Difficult to analyze and design
* Measuring technigues are more difficult

* Difficult to Implement conventional components at
microwave frequencies (Resistors, Capacitors,
Inductors ...... )

IS more critical at microwave frequencies
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Antenna Basics

1. Introduction to antenna
2. Characteristics

3. Types
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ANTENNA INTRODUCTION

An antenna is an electrical conductor or system of conductors

« Transmission - Radiates electromagnetic energy into free space

 Reception - Collects electromagnetic energy from free space

RECEIVING ANTENNA
TRANSMITTING ANTENNA Plane wave
. TN TN
Tapered Elines E lines Tapered
transition WL AY A transition

Transmission line Guided (TEM) wave

Generator Receiver

or transmitter

J
Guided (TEM) wave \T—F_, (,1\ t_,t_._/
One-dimensional wave rangltlon —_— Transition region
region  Free-space wave or antenna
orantenna  radiating in
three dimensions




The role of antennas

Antennas serve four primary functions

 Spatial filter
directionally-dependent sensitivity

* Polarization filter
polarization-dependent sensitivity

* Impedance transformer
transition between free space and transmission line

* Propagation mode adapter
from free-space fields to guided waves
(e.g., transmission line, waveguide)

www.rejinpaul.com
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Spatial filter

Antennas have the property of being more sensitive in
one direction than in another which provides the ability
to spatially filter signals from its environment.
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Directive antenna. Radiation pattern of directive antenna.



Polarization filter
Antennas have the property of being more sensitive to
one polarization than another which provides the
ability to filter signals based on its polarization.

Incident
E-field
vector

—

E=2E,

Dipole antenna

- -

V=h-E
h=2%h Incident
L .. E-field
_o_V=hE vector
E=YE,
L.
X

y

In this example, h is the antenna’s
effective height whose units are
expressed in meters.

X
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Dipole antenna
V=h-E
h=2

h
—orv=0

-

y
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Intrinsic impedance of free-space, E/H
No = \/“0/80
=120m
~376.7€C)

Characteristic impedance of transmission line, V/I
A typical value for Z is 50 Q.

Clearly there is an impedance mismatch that must be addressed
by the antenna.
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Propagation mode adapter

During both transmission and receive operations the
antenna must provide the transition between these

two propagation modes.

RECEIVING ANTENNA

TRANSMITTING ANTENNA
Plane wave
P ad

-~

E lines Tapered
Y Y transition

Guided (TEM) wave

Tapered Elines
transition

Transmission line

® ® @& o
Receiver

Generator
or transmitter
\ J
Guided (TEM) wave T "t' t} t,‘t . )
TANpIoN, e Transition region

One-dimensional wave ; v
region Free-space wave or antenna

or antenna radiating in
three dimensions

16
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Antenna types

ANTENNAS
ul 1 | l 1 ] |
End fires Loops Dipoles Stubs Slots Apertures
| I | ]
~{ Polyrods Folded Arrays Patches
e dipoles
_|
olces Conicals Arrays
— Yagi-Udas [ l
Curtains W8JKs
1 LOQ | | | ]
periodics Twin lines Lenses Spirals Horns Reflectors
| |
Conical ' : ' ' '
| spirals Vees Long wires Flat Corner Parabolic
| . : . ! !
- Biconical Beverage Rhombic Radomes  FSS

,@%

)

Helical antenna Horn antenna Parabolic reflector antenna
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Antenna Characterization

e Directivity

* Power Pattern

* Antenna Gain

* Effective Area

* Antenna Efficiency
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Characteristics

Radiation pattern

Radiation pattern — variation of the field intensity of an antenna as an

angular function with respect to the axis
z

Fig. 3.7 Short dipole placed at the origin Three-dimensional representation of the
of a spherical coordinate system. radiation pattern of a dipole antenna

19
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Radiation pattern

Figure 2-3 7
Three-dimensional field pattern of a directional antenna with maximum
radiation in zdirection at & = 0°. Most of the radiation is contained in a main Main lobe
beam (or lobe) accompanied by radiation also in minor lobes (side and back). axis
Between the lobes are nulis where the field goes to zero. The radiation in any
direction is specified by the angles 6 and ¢. The direction of the point P is at =0
the angles ¢ = 30° and ¢ = 85°. This pattern is symmetrical in ¢ and a P
function only of 4.
Field
0=30°
pattern E
I o
Field
components
- /

Main E,

beam

or main

lobe Field in

} 8, ¢ direction
Side WA y
lobes i Nulls
-—_'—'———-

Back —

=3 lobes
v 97 $ = 85° Y
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Characteristics

Radiatinn nattern

D\ Polar -sef-—t /P Decibel ---

-10
_

—20

Decibels (dB)

—40

e -180°  —120° —60° 60° 120° 180°
(b)

0
0
Figure 4-13 Three-dimensional field pattern at (c)
(a), polar pattern at (b), and decibel pattern at (c)

showing alternate phasing (+ and -) of pattern
lobes.
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Fields from A/2 Dipole W relinpaul.com

* To take account of the phase
differences of the contributions
from all the elements dl we
need to integrate over the
entire length of the antenna as
shown by the figure (from
Skilling, 1948)

Eq=Jia(M1,sin0./2r, A) cos
kx cos o[t-(r./c)] dx

* Integral is from -A/4 to A/4, i.e.
over the antenna length

L~r=xcosf

* Result of integration

E, = (nl,/2m r) cos o[t-(r/c)] A\
{cos [(m /2) cosO] / sin0} 'y

* We know that E. = E, =0 as for
the Hertzian dipole



A/2 and A Dipole Antenna Pattern (Ei&tdjreut<om

A/2 antenna

R, ~ 2000 ()




Yagi

- Uda

Driven element induces currents in
parasitic elements

When a parasitic element is slightly
longer than A/2, the element acts
inductively and thus as a reflector --
current phased to reinforce
radiation in the maximum direction
and cancel in the opposite direction

The director element is slightly
shorter than /2, the element acts
inductively and thus as a director --
current phased to reinforce
radiation in the maximum direction
and cancel in the opposite direction

The elements are separated by =
0.25 A

Reflector

Driven
element

www.rejinpaul.com

Maximum
—_—
radiation

Director
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Element  —=a
Yagl |

ANENNA o™ o

Pattern l/»
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2.4 GHz Yagi with 15dBi Gain s relinpaulcom

*G=1.66*N (not dB)

* N = number of
elements

*G=1.66%*3=5
=7dB

eG=1.66*16-=
27 =16 dB
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Log-Periodic Antennas

LOG PERIODIC
T D=5
B, g 2-wire
L e feed
T & v
) , SRS Field
\) Inactive pattern
i 2 transmission
Active line region
radiating A
\ " J region (L = 5)
Inactive ( - A)
(stop) region < Bandwidith 4 to 1
i~}
2

* Alog periodic is an extension ot the Yagi idea to a broad-band,
perhaps 4 x in wavelength, antenna with a gain of = 8 dB

* Log periodics are typically used in the HF to UHF bands



Parabolic Reflectors

* A parabolic reflector
operates much the same
way a reflecting
telescope does

e Reflections of rays from r
the feed point all
contribute in phase to a
plane wave leaving the
antenna along the
antenna bore sight (axis) 25

surface

* Typically used at UHF and "esularty £
higher frequencies Parabolic

reflector

2
__ D=28 ]

Axis —t-
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PARABOLIC DISH REFLECTOR

Aperture plane
s p P

S

Flat

/ reflector

Feed C

Field
pattern
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e 150 ft diameter dish on
alt-azimuth mount
made from parts of
naval gun turrets

* Gain = 4 T eA/A?
~2x10° =53 dB
for S-band (I =15 cm)




Patch Antennas
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PATCH Dielectric
g Al—Substrate, &,

vev
o Substrate
A5 cut away to
E 1 show feed
7 details

Ad , Feed point

Hole for
coaxial
line

>

_ Ao
Ag = _,Z',_

¥
Slot

After Kraus & Marhefka, 2003

fGround

plane = Ay/100

Radiation is from two “slots” on left and right edges of patch where

slot is region between patch and ground plane

Length A =X /g2

Thickness typically = 0.01 A
The big advantage is conformal, i.e. flat, shape and low weight

Disadvantages: Low gain, Narrow bandwidth (overcome by fancy

shapes and other heroic efforts), Becomes hard to feed when
complex, e.g. for wide band operation
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f
SO

FIGURE 21.11. Hall-wave pakh antenna
{eonductor patiern and perspaciive view)

FIGURE 21.12. Typicdl rodiation pattern for patch antenna of Figure 21.11



www.rejinpaul.com

Array Antennas

|~_ Ag =30 mm——| /Patch antennas\

y y y|=7.5mm

35.4 ) 3.75 mm
35.4 0

50 Q)

50 Q

3.75 mm
70.7 Q)

50 () —

Y
To transmitter
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Patch Antenna Array for Space Cra

* The antenna is composed
of two planar arrays, one

for L-band and one for C-
band.

* Each array is composed of
a uniform grid of dual-
polarized microstrip
antenna radiators, with
each polarization port fed
by a separate corporate
feed network.

 The overall size of the SIR-C
antennais 12.0x 3.7
meters

* Used for synthetic aperture
radar
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Very Large Array

Organization: National Radio
Astronomy Observatory
Location:Socorro NM
Wavelength:

radio 7 mm and larger
Number & Diameter

27 X25m

Angular resolution: 0.05
(7mm) to 700 arcsec

http://www.vla.nrao.edu/
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Antenna array composed of several similar radiating elements

(e.g., dipoles or horns).
Element spacing and the relative amplitudes and phases of the
element excitation determine the array’s radiative properties.

e

|
|

| TR SEEIEESESEEEENEEEE
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YT F T T TN ISR
'nuu----uuu-:uuuuun--
T rF e TR S T IITIYL
, NSNS EEEEEEE N
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EESEENNNENSNNEEENE S NN
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Two-dimensional array of
microstrip patch antennas
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Satellite Antennas (TV)




Owens Valley Ratfigem
Observatory Array
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New Mexico Very Large Array

[Sky & Telescope
Feb 1997 p. 30]
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2 GHz adaptive antenna array

« Asetof48
2 GHz
antennas

— Source:
Arraycomm




www.rejinpaul.com

PHYSICAL CONCEPTS OF RADIATION

* Charge moving with uniform velocity along a straight conductor

does not radiate .
« Charge moving back and forth —Harmonic motion

- The conductor Is subject to

acceleration and radiates.



www.rejinpaul.com

RADITAION FROM DIPOLE ANTENNA:

 Two equal charges of opposite sign of oscillating(up & down

harmonic)

* The motion with instantaneous separation “I” (max separation [,) —

focusing attention on electric filed.

 Consider single electric filed.
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Single electric filed line

e At time t=0
b max (e - -at minimum separation
{ |
[=0,, lo =0 . .
r -maximum acceleration v
H / X
=N Field line o
— Reverse direction.

- current line 1=0



™ Field line

Q|-
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« At time t:% period
-The charge moving each

other direction.
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o Attime t:% period

* They pass the mid point

ﬂ

'/ 1
Magkiaad 8‘( = 3T . The filed line detach and new one of
=0 @ %

U

opposite sign are formed.

 |= maximum =charge acceleration=0
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C@J

N>

1=37 (d)

1= 3T (€)
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] 1 i
e At time t:E period
wave fronts movingout  * | Ne filed continue to move out.
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e {=5 Instant time
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Near- and far-field regions
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ANTENNA REGION

* |t classified into two types
* Fresnel region —Near filed

 Fraunhofer region —Far filed
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Boundary sphere /
\

of antenna region
S ) 5 v Farfield
22\ o
| A  Fraunhoter
y Near field ,j FORpS

or
Fresnel regon

f

/
®
-\ Fresnel-Fraunhoter
boundary sphere
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* The boundary between the two may be arbitrarily taken to be at a

radius

 Where
L=Maximum dimension of the antenna

A=Wavelength
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FAR (or) FRAUNHOFER REGION

* The filed components are transverse to the radial direction from the

antenna.
* All the power flow Is directed radially outward

* The shape of files pattern Is “independent of the distance”
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FRESNEL REGION —-NEAR FILED

* longitudinal component of the electric filed
* Power flow Is not entirely radial

 The shape of the filed pattern depends on the distance.
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Boundary POl « Antenna In an imaginary boundary

sphere / Dipole antenna
" \,"”ﬁ-m{\f\ . ik Sphere.
~ /7 SN aeow» Near filed —reflector
l T Near-field | —

(reactive |

L PR «——l: ey —T- > 7 » \Wave expending perpendicular to the

plane |

ulsation) / \\ oundary sphere . - - -
AN '/~ ™ dipole in equatorial region-power leakage
AN JZ2 through the sphere
I » Oscillating energy —outer flow equatorial
region.

Zero - outer flow-power radiated by an antenna,

while reciprocating energy represent

" vaimum  T€ACHIVE power that Is trapped near the

pattern antenna —resonator.
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Friis Transmission equation

* A general radio system link,

* The transmit power is

The transmit antenna gain is

The receive antenna gain is

The received power (delivered to a matched load) is

The transmit and receive antennas are separated by the distance R.
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Basic radio system
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* The Friis Equation, consider two antennas in free space (no

obstructions nearby) separated by a distance R:

* Assume that ( Py )Watts of total power are delivered to the

transmit antenna.
 Assume that
1.The transmit antenna is omnidirectional, lossless

2. The receive antenna is in the far field of the transmit antenna.



www.rejinpaul.com

» The power density radiated by an isotropic antenna (D =1 = 0 dB) at

2

a distance R is given by

Sovo=—0T
dVE ™ 41t R2

» Able to recover all of the radiated power by integrating over a sphere of radius R

surrounding the antenna
>The power is distributed isotropically, and the area of a sphere is 4T R?

»If the transmit antenna has a directivity greater than 0 dB
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» Directivity is defined as the ratio of the actual radiation intensity to the

equivalent isotropic radiation intensity.

» In addition, if the transmit antenna has losses— Radiation efficiency

factor— Converting directivity to gain.

»Thus, the general expression for the power density radiated by an arbitrary

transmit antenna is

Pt
Savg_4nR2 Gr
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* The gain term factors in the directionality and losses of a real antenna.

* Assume: The receive antenna has an effective aperture given by A, Then the

power received P,.by this antenna

P, = ASavg

Pt
P.=
T AmR2

GTAe

* The effective aperture for any antenna can also be expressed as:
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* The resulting received power can be written as:

* This is known as the Friis Transmission Formula.

* |t relates the free space path loss, antenna gains and wavelength to the

received and transmit powers.

_PTGTGRCZ
T (ATRf)?2

(Since wavelength and frequency f are related by the speed of light ¢)
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* Equ.(2) shows that more power is lost at higher frequencies.
* The path loss is higher for higher frequencies.(friss equ)

* The antennas are not polarization matched, the above received

power could be multiplied by the Polarization Loss Factor (PLF) to

properly account for this mismatch.

* Equ.(2) Includes polarization mismatch

PTGTGRCZ
(47Rf)?

P..=(PLF).


http://www.antenna-theory.com/basics/polarization.php#polarization
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* The Friis formula, received power is proportional to the product P, G
* These two factors—the transmit power and transmit antenna gain
* EIRP =PthW

* For a given frequency, range, and receiver antenna gain, the received power is
proportional to the EIRP of the transmitter and can only be increased by

increasing the EIRP.

* This can be done by increasing the transmit power, or the transmit antenna

gain, or both.



* In terms of decibel -Friis Transmission Formula: www.rejinpaul.com

_PrGrGRra?
™ (4mR)2

* To convert this equation from linear units in Watts to decibels, we take the logarithm of

both sides and multiply by 10

PrGrGrA?
(41R)?2

10log19 Pr =10 log1¢( )

* (i.e)log,o(AB) =log10(A) +1og1o(B)

Above equation,

2
* 10log1o Pr =10log1o(P7) + 10log19(G7) + 10log19(GR) + 1010910(471—,3)2


http://www.antenna-theory.com/definitions/decibels.php
http://www.antenna-theory.com/basics/friis.php
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* Using the definition of decibels, the above equation becomes a

simple addition equation in dB:

[Prlap=[P1]ap*[GT]ap*[GRr]aBt [(MLR)Z]dB
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Link budget and link margin
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Link budget

v

| |

Path Loss

Tx Power

dBm

\ Rx Power

Margin

Rx Sensitivity

distance
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Link Budget Model: Downlink

Other Gain Slow fading margin

Downlink Budget

N Gain
[ mMargin
Loss

Interference margin

Path Loss
Antenna Gain

Penetration Loss
UE receive sensitivity

odyLoss UE Antenna Gain .

HUAWE | TECHNOLOGIES CO., LTD. Huawei Confidential Page 36 “ HUAWEI



www.rejinpaul.com

* Link budget is a way of quantifying the link performance.

* One of the terms in a link budget is the path loss, accounting for the
free-space reduction in signal strength with distance between the

transmitter and receiver

e Path loss is defined (in dB) as

4R
Ly = ZOlog(T) >0
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e Path loss depends on wavelength (frequency), which serves to
provide a normalization for the units of distance

* we can write the remaining terms of the Friis formula as shown in the
following link budget:

* Transmit power P;

* Transmit antenna line loss (-) L;
* Transmit antenna gain P,

* Path loss (free-space) (-)Ly
e Atmospheric attenuation (-) Ly
* Receive antenna gain G,

* Receive antenna line loss (-)Lr

* Receive power Pr
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* Assuming that all of the above quantities are expressed in dB (or dBm, in the case

of P;
P.(dBm)=P;~L;+Gs-L,~Ls+G,-L,

* Due to impedance mismatch will reduce the received power

2

by the factor (1 -|I'| 7)

Impedance mismatch loss,
Limp(dB) = -10 log(1 -|T| %)>0, (14.28)

* |t can be included in the link budget to account for the reduction in received

powetr.
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* Link budget relates to the polarization matching : both antennas to be polarized
in the same (tx&Rx)

* |If a transmit antenna is vertically polarized,
for example,

¢ Maximum power will only be delivered to a vertically polarized receiving

antenna,

**While zero power would be delivered to a horizontally polarized receive

antenna,

¢ Half the available power would be delivered to a circularly polarized antenna.

**So Determine the polarization loss factor
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'
LINK MARGIN =0 dB
OK
A small disruption
causes the drop
tor thig I:':'g'l'!E'I ol MER: <5.0dE :.|.l.||.r
FAILURE

Eb/Mo _ EbiMNo
minimum received

LM:
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e Referred to as

* The received power level > the threshold level required for the minimum

acceptable quality of service (mini. CNR, or mini SNR).

* This design allowance for received power is referred to as the link margin
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* |t is defined as the between the design value of received power

and the minimum threshold value of receive power.
Link margin (dB)=LM =P, - P,(,min)> 0,
* where all

* Link margin should be



www.rejinpaul.com
* link margin provides to the system to account

for variables.

»Signal fading due to weather,
»Movement of a mobile user,

» Multipath propagation problems,
»Unpredictable effects

» System performance and quality of service.

* |t is used to account for is sometimes referred to as

fade margin.
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 Satellite links operating at frequencies above 10 GHz, for example, often require fade
margins of 20 dB or more to account for attenuation
* For a given communication system
» Can be improved by increasing the received power
» By reducing the minimum threshold power

» Increasing link margin

~Increase in cost and complexity, so
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Noise Characterization of a
Microwave Recelver
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Noise analysis of a microwave receiver front end, including antenna and

transmission line contributions.

g Background
j Grr Ly G

| Ipe Ty I
} SJ.' G;‘I’ 1_-11'1-1!!1’ TP | LT’ TP ‘wﬂ? SI‘J
' Ly - :-_:E — >
f | Transmission
%‘ Antenna I line RF 3

. Amp. Amp.

|N;a S. @ LO

7

Recerver
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* In this system at the output of the receiver N,

" Due to contributions from the antenna pattern,
= The loss in the antenna,
= The loss in the transmission line,

* The receiver components.

* This noise power will determine

= The for the receiver end,

" The
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* The receiver components consist of

**RF amplifier with gain Gpp

**Noise temperature Ty Gy Ly Gy
. . . Ipe Y Iy ,
“»A mixer with an RF-to-IF conversion loss \ c . No 3
/>—>—<\ - >
factor Ly pr ~
RF [F
“*Noise temperature Ty, Amp. .. Amp.
N o
“*IF amplifier with gain G;f
Recetver

**Noise temperature T
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* The component noise temperatures can be related to noise figures as

* The equivalent noise temperature of the receiver can be found as

_ I'm Tirly
TRec=TRrF Yoort G —(2)

* The transmission line connecting the antenna to the receiver has a loss Ly, and is

at a physical temperature Tp

Tty = (Lt - 1)T p------- (3)
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of the transmission line (TL) and receiver (REC)
cascade is
Trp+Rec=TrL + LTTREC
Substitute equation (3) in above
Tt +Rec =(Ly - 1Tp+ LTReC

* This noise temperature is defined at
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NOISE POWER

* If the antenna has a reasonably with relatively
Assume
* All noise power comes , SO that the noise temperature of

the antenna is given

Ty= nradTB +(1- nrad) Tp

where
Nrad = Efficiency of the antenna,
Tp = Physical temperature,

Ty = Equivalent brightness temperature of the background(main beam)
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* The noise power at the antenna terminals, which is also the noise

power delivered to the transmission line, is
Ni= KBTA = KB [nradTB + (1 - nrad) TP]

N;== KB [nradTB +(1- nrad) Tp]

where B = system bandwidth
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* If §; is the received power at the antenna terminals—the input SNR at

. Y
the antenna terminals 'SFl-

l

* The output signhal power is

g, —2i0RFGIF_¢
LrLlym

$0=SiGgys

where Ggyg = defined as a system power gain.
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The output noise power is

No = (N; + kBT 1+ +REC/ Gsys

= KB(Tp+ Ty ++REC) Gsys

=KB[NadTp + (1 = N¢ad) Tp + (Ly = 1) Tp + L1 Trecl Gsys
No=KBT sysGgys

where T gy has been defined as the overall system noise temperature
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The output SNR is

So _ SiGsys
No kBTsysGsys

__ i
_kBTSYS

Sy Si

No  kB[NpagTp+(1-Npag) Tp+ (L —1) Tp + Ly Trec]
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UNIT I
RADIATION MECHANISMS AND DESIGN
ASPECTS

Radiation Mechanisms of Linear Wire and
Loop antennas, Aperture antennas, Reflector
antennas, Microstrip antennas and Frequency
Independent antennas, Design considerations
and applications
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Radiations from Linear Wire Antenna

A single wire antenna is typically a straight copper wire, between one
and two wavelength long, running parallel to the earth’s surface.

l- L .
\z (~ h (L>>h) [z.]

Long Wire Antenna



S

7177777777

Long wire antenna with termination

7’7777

7’777
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A beverage antenna is called as a travelling wave radiator, when it is
terminated with a characteristic impedance. They are called as non

resonant type.
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ﬁ:‘. 4:“ :4’ ) 190

5 12

\) Y/
VW D D). N

th
o

-
“e

"
0
»

L=A/2 L= L=2A L=4 L

Radiation partern of a long wire antenna
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Loop Antenna

* The loop antenna is a radiating coil of any convenient cross section of
one or more turns carrying radio frequency current

* A loop of more than one turn is called as a frame

* Loop is designed that its dimensions are small in comparison to
wavelength

=~

] e —H-

Square, Triangle, Rectangular and Circular loops
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Radiations from small Loop

 The radiation pattern pf the loop is independent of the exact shape of the loop. If the loop
Is small compared with A and is similar to the radiation pattern of an elementary dipole

Az

<Y

A square loop is spherical coordinate system
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In order to find out the far field radiation pattern, consideration of two short dipole

AD and BC will do, rather than all the four. Since the sides AD and BC of the loop
are being treated as short dipole their radiation pattern will be as shown in Fig.2.42,

To distant
point

Dipole

-
X

A square loop as two short dipoles AD and BC
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The individual dipoles AD and BC will behave like two isotropic point sources.

Fields due to dipoles AB and CD is negligible and hence neglected. Now the far field

radiation pattern due to isotropic sources AD and BC with reference to center point
O, we have,

E, = Field component due to AD + Field component due to BC

Field component due to AD, E, p,= —E_ e/v2

Field component due to BC, Egc = E_ e-jv2

Il

Where, E_; = amplitude of electric field

Y
E,

phase difference

—E e/vi2 +E e-Jv/2

—E [e/v2—e-yw2]
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= _E .27-sin¥ ..o gi—€
E,-2j -sin 5 sin@= 2
%) — y m
Ey = -2/ E_sin 5
But path difference = 1'0 + 02’ metres
d d
= 5 cos (90—0)-*—5 cos (90 - 0)
= dsin©
Phase difference y = 2 x - path difterence
y = 2x-dsin metres
: . 2R
Now y in terms of wavelength, y = =—dsin 0 wave length

A
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. . | rd |
E, = —2[30]-3\11[—; sin O ]

The term j indicates that total field E, is in phase quadrature with the individual
dipole field E . But for a short dipole,

[, L/t ¢) J
Eo = in g, " C?r
1
Substituting C = = fA and @=2xf.weget,
\/}1030
. LY e j2nf
o 4n g, 1

'\/ HoEg s



2).r\jso\/so
r
Jo(t-7)

I, Le g Ko
2 Ar €
}0(1":')

[, Le .

> 3, x 120«
607‘! jo(:—"‘) L
— I e .

r = A

www.rejinpaul.com

T By = \/ €0 ‘\/ €o

1
s = 120w
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Substituting E | in equation

. 60 jo(l-—‘c) L S nd i
ll. - “2]7—1 (4 . Ij sm( 3 SIHOJ

120 )o(t-:_) L nd

- . sin O
r Im€ )
since for small angles sin6 =¢
~ 120 n2 o "") .

E
We know that, = = 1,=120
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E
'
= Ho = 1307
120m 1_e’°" "< sin@-A
Hy = ra2-120m
jolt-=) |
nl_e € sinB-A
Hy = r 2

Radiation pattern of loop antenna



www.rejinpaul.com

Aperture Antennas

The term aperture refers to an opening in a closed surface.

The aperture antennas are most common at microwave frequency band. It must

have an aperture length and width of atleast several wavelengths in order to have
a high gain.

Typical antennas that fall in this category are the slot, horn, reflector, and lens
antennas.
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HORN ANTENNA

One of the simplest and probably the most widely used microwave antenna is the

horn and may be considered as an aperture antenna.

A hom antenna may be regarded as a flared out or opened out waveguide, Wh
one end of the waveguide is excited and the other end is kept open, it "adlates X

open space in all directions.

Types:
1. Rectangular horn antenna
2. Circular horn antenna



E-plane
sectoral
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Horn Antennas
Rectangular Circular
horn antenna hom antenna
I ®

l l

Sectoral horn Pyramidal Conical . Biconical
antenna horn antenna horn antenna hom antenna
H-plane
sectoral

horn
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1. Rectangular horn antenna

1. Sectoral horn antenna

1. E — plane sectoral horn — Flaring is done in the direction of the
electric field vector

2. H—plane sectoral horn - Flaring is done in the direction of the

magnetic field vector
"' '\L\’
m ‘E
o

H

E-plane sectoral horn H-plane sectoral horn
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Pyramidal horn antenna - Flaring is done in the direction of both the
electric field and magnetic field

<> f

Pyramidal horn antenna
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Circular horn antenna
1. Conical horn antenna 2. Biconical horn antenna

2

> e e an o a0 > ®

4
e I
— =

Conical horn Biconical horn
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Exponentially Tapered Horn Antenna

Horn
Waveguide

)

( Aperture :

Throat ]

Exponential taper

Exponentially tapered pyramidal Exponentially tapered conical
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Principle of Horn Antenna
Huygene’s principle says that, each point on a primary wave front can be
considered to be a new source of a secondary spherical wave and the secondary

wave front can be constructed as the envelope of these secondary spherical
waves.

Design of Horn Antenna
Consider a pyramidal horn of length ‘L’ and aperture height ‘@’ with flaring
along ‘0’ as shown in Fig

From the geometry AOBC

cos 2 OB _ L
2 oc L+s e (1)
tan— = BC /2 a




www.rejinpaul.com




www.rejinpaul.com
where, 0 — Flare angle (6, for E plane,6,, for H plane) in degree

a — Aperture (a, for E plane,a,, for H plane) in m,
L — Length of hom in m, and
6 — Path length difference in m.

The flare angle € can be expressed from equations (1) and (2) as,

9 - -1 _g._ — L
2 tan o7 ZCOS“'(L+5) ...... (3)

In the E plane of the horn, & is usually 0.25 A or less and in the H plane, it can
be larger or about 0.4 4 |

From tniangle OBC,

_ ay’
(L + 5y L2+(2)
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a2

L2+8+2L5 = L2+-Z-

If <&’ is small, then &% can be neglected.

2
2L8=a_
4
2
a
= — 4
L 25 4)

Equations (3) and (4) are the design equations of the horn antenna.

For an optimum flare horn, the half power beam width can be approximated as,

67°A 674
Oy = an = -—w—-degree ...... (5)
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56°A 564
O = . = Tdegree ...... (6)

Assume that there is no loss, the directivity is given in terms of the effectiy,

aperture of the horn as,

4nA, 4mneg,, A,
D = 22 = - 22 e M

= Effective aperture in m2

2

where, A,
A, = Physical aperture in m = Area of horn mouth opening, and

Ae
€p = 'A"; = Aperture efficiency
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A, = ag-ay =axw N (.

where, a = Height of the aperture = ag = E-plane apertlgre in m
w = Height of the aperture = ay = H-plane aperture in m
Similarly for a conical horn,

= mp2
A, =mr
where, r = Radius of aperture in metre

For example if ag = ay=A=1m and ¢,,~ 0.6, then the directivity of the

rectangular horn is given by
4n(0.6)A, 75A,
D = 2 ST | e

75 A
—e (11)
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Reflector Antenna

Reflector type of antennas or reflectors are widely used to modify the
radiation pattern of a radiating element

Reflector antenna means a reflector of suitable size and shape, which
may produce a direct radiation(energy) in a desired direction

The antenna which is a radiating source in the reflector antenna is called primary
antenna or feed, while the reflector antenna is called the secondary antenna.
The most common feeds are dipole, horn and slot.
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Types of Reflector antennas

(/) Plane reflector or flat sheet reflector,
(ii) Corner reflector,
(iii) Parabolic reflector,
(iv) Hyperbolic reflector,
(v) Elliptical reflector, and

(vi) Circular reflector.
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Reflector

Reflector Feed Feed

Feed

(a) Plane reflector (C). Active corner reflector

(b) Corner reflector
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A— Al 7 a
Feed
0 1 Aperture ) y
ure P
Y -====""Ellipse
e).Elliptical reflector
(d). Passi er reflector (d). Parabolic reflector (e)
. F&SSIVEe corn
A
\\‘
“ Feed
r-'i--“""' Feed
.."'" ""‘-_.
| -
Virtual ';'
focus ¢

(g) Circular reflector
() Hyperbolic reflector



Parabolic Reflector
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The parabolic structure is used to improve the overall radiation characteristjc,

such as antenna pattern, antenna efficiency, polarization etc of the reflect,

antenna.
Directrix

-

P’

> o

N’

>
o) AXxis

Plane
wave
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The parabola is a two dimensional plane curve.

Where, OF = Focal length
F = Focus
O = Vertex

OO' = Axis of parabola

By the geometrical optics, when the point source is placed at the focal point,
then the rays reflected by the parabolic reflector form a parallel wave front. This
principle is normally used in the transmitting antenna.

Similarly at the receiving antenna, when the beam of parallel rays is incident on

a parabolic reflector, then the radiations focus at a focal point.



Parabolic refiector Parabolic reflector www.rejinpaul.com

i
 Plane Plane wavefront
> wave - : -
—»i front L —
: l
Vertex Feedat | Vertex Focus |
focus : |
' |
— .
— -
I |
|
|
(a) Parabolic reflector (b) Parabolic reflector
at transmitting end at receiving end

The open mouth (D) of the parabola is known as the aperture. The ratio of focal
length to aperture (i.e., f/D) is known as °f over D ratio” and it is an important
characteristics of parabolic reflector (f/D varies from 0.25 to 0.50).
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PARABOLOID (OR) PARABOLOIDAL REFLECTOR (OR) MICROWAVE DISH

A parabola is a two dimensional plane curve. In practical applications, a three
dimensional structure of the parabolic reflector is used.

Paraboloid refiector

Pyramidal hom

(a) Paraboloid

(b) Radiation pattern
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Diameter of the ww.rejinpaul.com

reflector

[}
Isotropic source radiation
pattern (primary pattern)

Secondary pattern

Vertex (V)

Antenna axis

nA/4

p-—I---ﬂ---—-—-
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Field Distribution

Point source
at focus

Cross sections of paraboloid
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Consider a paraboloid with an isotropic source used as a line source as given in

Fig.5.21(b). The total power ‘P’ from distance of ‘ p’ from the axis and strip
of width ‘9p’ is expressed as,

P=2rpadpy,

Where, S, is the power density at a distance p from the axis, % g

This power must be equal to the power radiated by the isotropic source over the
solid angle 27sin8d6.

P=2xsmfd0U
. . ° . ¢ W
Where, U is the radiation intensity , A’,

2zpdp S, = 2nsin0dOU
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S, siné
U  pldp/a6)
W'here’ p — RSin9= 2L Sln9 I.'. R — 2L
1+cos@ 1+cosé

5, = (”0029)2 U
4L

The ratio of the power density S, _ (1+cos6)’
S, 4

The field-intensity ratio Ey _1+cosé
E, 2
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Feeding systems or structures:

Parabolic reflector antenna consists of two basic parts

1. A source of radiation placed at the focus called primary radiator or
feed

2. The reflector called secondary radiator
The various feed used in reflectors are
Dipole antenna

Horn antenna

End fire antenna

Cassegrain feed

Offset feed

A
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R = Reflector
047\ p= Dipole
Hom
—
End fire array Waveguide
D . of dipoles
(a) Dipole with plane (b) End fire array (c) Horn with waveguide
reflector of dipole

Different types of Feed system



Cassegrain feed

" g

Hom e ssammen———— o
antenna Blocked
— *F *
| rays
WaVSQUId'B dcamcarseanns P 4
e
} -
Parabolic Hyperboloid
reflector reflector

(sub-reflector)
F = Focus of parabolic reflector and hyperboloid

Cassegrain feed system

www.rejinpaul.com

Offset feed system
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Aperture Blockage

A2 antenna

R — Reflector

Full parabolic reflector using —g’- antenna
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Slot Antennas

The slot antenna is an opening (slot) cut in a sheet of conductor which
is energized through a co-axial cable or wave guide

It is the best suitable radiator at frequencies above 300MHz

The shape, size and operating frequency of the slot determines the
radiation pattern

Whenever a high frequency field exists across a very narrow slot in an
infinite conducting sheet, the energy is radiated through that slot



www.rejinpaul.com
Construction

y 4 Flat strip
Infinite y
conducting
sheet

Metallic conducting sheet (slot antenna) complementary flat strip
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Metal sheet
A/4 stubs Slot
A A antenna
=7 ——7—
4
W
T

Radiator using stubs slot antenna
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Method of feeding for Slot Antenna

Al2

» ~
I A
-
Cable
Center feed Dounded
to sheet

(a) Center feed (b) Off-center feed



www.rejinpaul.com

A
2 -

3
4 2

Types of Slot Antenna

A
: I “E
#

l Vertically B3
polarized
slot Horizontally
antenna polarized

slot

antenna
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Working Principle: Pattern of the Slot Antenna

Infinite

-
-----
-
-

-
-
-
-

Field pattem

Slot and complementary dipole antenna
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If, Z; — Terminal impedance of the slot, and

Z, — Terminal impedance of the dipole,

Then, Z; and Z, are related to each other in terms of intrinsic impedance of the

free space 1, and it is expressed as,

Mo _ (376.7)

Z,-Zs = e 1 ~ 35,476  (* mp,=120 n ohms)
Hence the terminal impedance of the slot antenna is given as,
Zs = 35276 or [g=35476 Y, ....... (1)
where, Z, = 73+j42.5 ohms
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Various shapes of slot antenna

Transmission
line feed

Slotted cylinder antenna Planar array of slot antenna



Annular slot with diameter d

Metallic
l«— conducting
sheet

e— Transmission line

f lfeed

Annular slot antenna

www.rejinpaul.com

Boxed-in slot antenna
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Microstrip Antennas (MAS) or Patch Antenna

The Antenna which is made up of metal patches placed on dielectric and fed by
microstrip or coplanar transmission line is called microstrip antenna. It is also
called as patch antenna or microstrip patch antenna.

The simplest patch antenna uses a half-wavelength long patch with a larger
ground plane to give better performance but at the cost of larger antenna size.

As the MSA are directly printed on to the circuit boards, so it is also called as
printed antenna. The micro strip antenna is construcied on a thin dielectric sheet
which uses a printed circuit board and etching techniques.
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construction

i T,

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

rm ) 1

n
Radiating Radiating Ground plane
slot #1 slot #2

& Substrate

Ground plane

Microstrip antenna Side view
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Types of patch in Microstrip Antenna

The following features are common for all MSA

(i) A thin, flat metallic region which is commonly called patch
(ii) A dielectric substrate

(iii) A ground plane which is much larger than patch considering
dimensions

(iv) A feed network which supplied power to antenna elements

In microstrip antenna, the radiating element and the feed lines are
generally photo etched on the dielectric substrate
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(a) Square (b) Rectangular (c) Triangular
(d) Dipole (e) Circular (9 Elliptical
(g) Circular ring (h) Disc sector (/) Ring sector

Different shapes of patch in microstrip antenna



Feed methods of Microstrip Antenna
1. Contacting feed

2. Non-contacting feed
(a) Microstrip feed

(i) Center feed

(ii) Offset feed

(iii) Inset feed

(iv) Quarter wave line feed
(b) Co-axial feed

(c) Aperture coupled feed
(d) Proximit coupled feed

www.rejinpaul.com
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Applications
(i) Mobile and satellite communication application
(ii) Radio frequency identification
(iii) Worldwide interoperability for Microwave access (WiMax)
(iv) Radar application
(v) Telemedicine application
(vi) Medicinal applications of patch
(vii) Military applications
(viii) Space applications
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270°
RP for linearly polarized MSA
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Numerical tool for Antenna Synthesis

Computer Aided design (CAD) software

The main advantages of CAD tool are:

(i) CAD relations are independent of specific feeding mechanism with the
exception of input resistance.

(i1) It requires less computational time.

(i11) Implementation is easy.

(iv) It does not require rigorous mathematical steps
(v) Accuracy is more

(vi) Results are closer to the experimental results.
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Two of the commercially available CAD packages are listed as:

PCAAD 3.0
ENSEMBLE 2.0
CYLINDRICAL+
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Principle of frequency independent antennas

A frequency independent antenna is physically fixed in size and
operates on an over a wide bandwidth (entire frequency band) with
relatively constant impedance, pattern, polarization and gain

These antennas are broadband antennas which are using 10 to 10,000
MHz

RUMSEY’S PRINCIPLE

“The performance that is, the impedance and pattern properties of a
lossless antenna is independent of frequency if the dimensions of the
antenna are specified in terms of angles such that they remain constant
in terms of wavelength”
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Spherical co-ordinate system for equiangular spiral antenna
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Helical Antenna

Helical antenna is a simplest type of antenna (radiator) which provides circularly
polarized waves; it is used in extra terrestrial communications where satellite
relays are involved.

The helical antenna is a broadband VHF and UHF antenna to provide circular
polarization characteristics.

Construction

Helical antenna consists of a helix of thick copper wire or tubing wound in the

shape of a screw thread and used with a flat metal called a ground plane or
ground plate —
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Ground plane Feed wire
\ ,
Surface of imaginary ﬁ
) ﬁ' helix cylinder
Coaxial cable | ____ | A ,"::_“ / L -0
— v o A AN c e e n ... e

Inner /

conductor Outer
conductor

>
n

Z

)]

- e el e e S S S

Helical Antenna



www.rejinpaul.com




l.com

www.rejinpau







Radiation pattern of helical antenna (axial mode)

~——

The following symbols are used to describe a helix

C

~ O Z P>

R

Circumference of helix=n D
Diameter of helix conductor
Axial length = NS

Number of turns

Length of one turn

Spacing of helix from ground plane
Pitch angle

www.rejinpaul.com
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Inter-relation between circumference, spacing, turn length
and pitch angle
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For N turn of helix, the total length of antenna is equal to NS

If one turn of helix is unrolled, then circumference (D), spacing S, turn
length “L” and pitch angle a are related by the triangle as shown in fig.

Then the length of one turn is expressed as
L=\f52‘1'C2 =-\fSZ+(:D)3 ...... (1)

Pitch angle (c) is the angle between a line tangent to the helix wire and the plane

normal to the helix axis.

S
ma C =D
S

a = tarr‘(r‘D) ...... 2)
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In general, a helical antenna can radiate in many modes. But the most important

modes of radiation are as follows:
(i) Normal mode or perpendicular mode.

(i) Axial or End fire or Beam mode of radiation.
Normal Mode of Radiation

Helix in 3-dimensional spherical coordinate
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When a = 0° helix corresponds to a loop and a = 90° the helix becomes a linear
dipole as shown in Figure

If S = 0, helix collapse to a loop and if S = constant and D = 0, the helix
straightens into a linear conductor (short dipole). .

? 2
; D
'l —
! § .Y - Y
x mD B " a=90".D—0
(b) Short dipole

(a) Loop
Limiting conditions on helix



Axial Ratio (AR)
The far field of the small loop is given by,
1202 {I]sin® A

E, =

r A2
where, [1] - Retarded current
r - Distance
nt D2

A - Areaofloop = 4

The far field of a short dipole is given by,

_[60n[I]sin®@ S
= ; -3

Eq

where, S = L = Length of dipole

www.rejinpaul.com

------
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The Equations (3) and (4) shows that there is 90° phase between them due to
presence of ‘j’ operator. The Axial Ratio (AR) of Elliptical polarization is given
by

|j60n[LLsin9-S|

R__E_o_ _ Ar
ol E, |l20nﬂl]sin6-A|
r A2
_ SA _28A < D?
2nA  mD2 where, A="7

2S A
AR = 2Dz _ Axialratio




For circular polarization, AR = 1= 6 www.rejinpaul.com

|Eg| = |E,|
|12S A | = |n2D2|
D2 (2
S = X =‘2—l",whereC=‘n:D ...... (6)
By substituting the equation (6) on equation (2), we get
2 . D2
S 2A
= tan-!1| — | = tan-
o = fan (TtD fant D
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L &
', N\ \\
]
! )
\ J
\\ 7 XN ,’
Cmm \\--’ A
L
- -

Normal mode of radiation



Axial (OR) Beam Mode of Radiation www.rejinpaul.com

&
_(1.0_

Al4
L
Ground l
plane \. @@= 00 A~
\ AI8
Outer ]
conductor u
Inner o 1o . Coaxial
conductor cable

Arrangement for generating axial mode
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In general, the terminal impedance of helical antenna lies between 100 Q to 200 Q
pure resistive. Within 20% approximation, the ferminal impedance is given by

R = 142 ¢ ooms| ... (8)
The HPBW (Beamwidth between half power points) is given by,
52 A3
HPBW = rel NS degrees = ... 9
where, . A = free space wave length
S = Spacing
The beamwidth between first nulls is given by

115 A3
BWFN = Kol NS degree @ ... (10)
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The maximum directive gain (directivity) for axial mode is given by

ISNSC2
D="3 . (11)
Axial Ratio (AR) = 1+§-11-q- S (12)
The normalized far field pattern is given as,
] sin(25¢ )
E = (ZN)COSB Sin(m) ...... (13a)
. > |
- 22— ety 3k
y = (l cos 0) + Nl e (13b)
3 4
where, o =12°t0 15°, N23,NS<10and C = ZJ\. togk
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Log Periodic Antenna

A log periodic antenna is a broadband narrow beam antenna. It is a frdguency
independent antenna.

This frequency independent concept can be obtained by adjusting the antenna
structure (either expanded or contracted) in proportion to the wavelength. If it is not
possible to adjust the antenna mechanically, then the size of active or radiating
region should be proportional to the wavelength.

Log-Periodic Concept

Here, the geometry of the antenna structure is adjusted such that all the electrical
properties of the antenna must repeat periodically with the logarithm of the

frequency






VHE Log Periodic’Antenna




CONSTRUCT'ON OF LPDA www.rejinpaul.com

. H-Plane view
SN0 W Jps).
\
H-Plane : SIS 3
Pattern 54—— Rn+1 ' > " |
: o
9" =7 0H=0 :4 Rn 'I '"T
E . e P"'
: ,o“’"
E-PI LT Lo |Lnes
-Plane Sl N Included
Pattern_/ "~ g‘ “I\.\ PP ¢ Angle
O =T Be=0 L |
Transmission | “‘*n.‘,‘
“nﬂ : ““s~ l
. . :
(1) Included transmission | | ) @) T
line region ——>la >l N Bulifny N &
(2) Loaded transmission
line region - o L NR—— | W
(3) Active region Inactive reglon E-plane Inactive
(4) Reflective region L <2 LVie)\“l’Z Eeg;\(/);
= >
Radiation pattern of a LPDA A log periodic dipole array with

in E-plane and H-plane main region of operation
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The relationship between spacings S and lengths L of adjacent elements are scaled as,

s, L

- n

= s S T g 1
Sn+l Ln+l : ( )

T is also called periodicity factor which is always less than 1. The above
expression can be written in terms of constant k with the radii of the arm as
Rivi  Sper Loy 1
R,, - S" '_" L =T=k; k>l ...... (2)

where n=1,2.3....n

The spacing factor (o) is defined as,
S

n

G Y7 " eeeend(3)

n
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WORKING PRINCIPLE OF LPDA

(1) Inactive transmission - line region (L < 1,/2)
(i) ActiveregionL = A/2

(ii1) Inactive reflective region (L > A/2)

DESIGN OF LOG PERIODIC DIPOLE ARRAY

The performance of a log periodic dipole array depends on the following parameters.
(i) Apex angle (o)
(i) Design ratio (1)
(#if) Spacing factor (o)
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Consider a part of a log periodic array as shown in the Fig,

. ( Lmz- Ln)

%

Geometry of log-periodic array



From Fig
Lu-i-l—Ln
2
tan (a/2) = S
Ln+l—Ln
tan (/2) = X
L,
Ln+l I—Ln-l-l
- 2S
Lﬂ
But Lﬂ = k
L, 1
Ln+l B k

www.rejinpaul.com
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By substituting the equation (6) in equation (5), we get

1
(l-z)LrH-l

an(@2) ="7>Hs— . 6)
Foracuveregion L,,, =22 )
By substituting the equation (7) in equation (6), we get

, ]
(p-};)m (1-7;)
tan (@/2) = =3¢~ (_S.)
(1-3)
tan(/2) = ——— e 8)
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where, ¢ = ’, = Spacing factor

{

oo Apex angle

k = Scale factor
1
l1-1 -
tan (o/2) = s | 0000 noneded (9)
From equation (9), o can be obtained as
B l1-1
O = o old | ©siiing fasilat o 3 s 4ot (10)
_1-n

tan (0/2) = T
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_ _1(1—1)
o/2 -— tan 1o

s'._.‘,L,. 1—1 l.’ .-
a = 2! 51" e (11)

The number of elements in an array(n) can be obtained from the

upper frequency (fu) and lower

\

frequency(fi) and it is given as,

log(fy)-log(/,) = (» -l)log(-l-) ....:.(12)
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UNIT I
ANTENNAARRAYS AND APPLICATIONS

Two-element array, Array factor, Pattern multiplication,
Uniformly spaced arrays with uniform and non-uniform
excitation amplitudes, Smart antennas.
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Antenna Arrays

Several antennas of similar type are arranged in a system to radiate
more in desired direction with high gain

This can be achieved by combining the individual antenna radiations in
desired direction and canceling the radiation in undesired direction

Such system is called an antenna array

An antenna array is a system of similar antennas oriented similarly to
get greater directivity in a desired direction

The antenna array is said to be linear if the elements of the antenna
array are equally spaced along a straight line

The linear antenna array is said to be uniform linear array if all the
elements are fed with a current of equal magnitude with progressive
uniform phase shift along the line
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Various forms of Antenna Arrays

Practically various forms of the antenna array are used as radiating
systems. Some of the practically used forms are as follows

(i) Broadside array
(i) End fire array
(iii) Collinear array
(iv) Parasitic array
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Array of 2 Point Sources

Point source is nothing but an isotropic radiator occupying zero volume
A number of similar point source is arranged in the form of array

The simplest condition of number of point sources in the array is two
The array of 2 point sources can be analyzed in 3 different ways

(i) Two point sources of equal magnitude and same phase

(ii) Two point sources with currents of equal magnitude and opposite
phase

(iii) Two point sources with currents of unequal magnitudes and any
phase



Two point sources with currents equal in magnitude any'WN4einpaul.com
Consider two point sources A, and A, separated by distance ‘d’ as shown in
Fig.2.21. Let both the point sources are supplied with currents equal in magnitude and

phase.
Consider a distant point ‘p’ far away from the array. Let the distance between

point sources A, and A, and point ‘p’ be r, and r, respectively. As these radial
distances are extremely large as compared with ‘d’ (distance between 2 point
sources). We can assume r; = r, =r.

¢ P (At infinity)




the path difference = d cos ¢

In terms of wavelength,

Let

Similarly

where

Phase angle y = 27:( x

d
Path difference _%@

Phase angle y = 2 & x path difference

dcosq))

Y = Bdcosd radian

(.
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_?z_f_t)
g

E, — Far field at a distant point ‘p’ due to point source A,

E, — Far field at point ‘p’ due to point source A,

EZ = Eoej\|t/2

E, — Amplitude of both the field components



The total field (E;) at point ‘p’ is given by www.rejinpaul.com
ET = El + E2 = EO e—J w2 4 EO . e i
Er = E,(e/V2+ e~ ¥R2)

Er = 2E(cos (y/2) e/®+ -0

[ cosO =

Substituting the value of y from equation

By = 2E(,cos[ﬁd;"5¢)

Array Factor

It is ratio of the magnitude of th :
field. ¢ resultant field to the magnitude of the maximum

| Eq |

Array factor = E

max |
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But maximum fieldisE_,, = 2E,

2

|E¢ | (ﬁdcosq))
Array factor = 2E,| - COS |
Field Pattern /éﬁ &

To draw the field pattern, the directions of maxima, minima and half power points
must be known which can be calculated from equation

B d cos ¢
)

E; = 2Eocos(

Here the amplitude of the total field is 2

] . :
-, By putting 2 E, =1 or E;, =7, the patte e normalized
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E = cos (B d 5
Let d = /2 and [5-—:-2—)5‘-
B = (2 n Acosd )
= cos| 5 X575

E = cos(g‘cosd))

Maxima Direction

The direction through which maximum radiation occurs is called as maxima
direction or maxima. It is obvious that the electric field is maximum at maxima

direction.
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. L . .
The total field strength ‘E’ 1s maximum when cos (‘2‘ cOs ¢) is maximum and

its maximum value is £ 1.

T
E = cos('icosq)):il
%COSd)max = COS"'(:E l)=:|:n1t wheren;—%z ......
If n= 0, then

-12}.005 ¢max =0

cos ¢, = 0

6 = 90°or270°
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The total field strength ‘E’ is minimum when E = cos | 5 c0s& | 1S minimum and
its minimum value is zero.

E = cos(%cos¢)=0
T

5 C0S & iy = cos-! (0)==(R2n+ 1)% where n =0, 1, 2...

If n= 0, then %cos Gy = E

S

COS iy = % 1

¢, = 0°or180°
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Half power point directions

: .1 1
At half power points, power is 5 (or) voltage and current is —\E times the maximum

value.
. At half power point direction, the electric field is + -\/Lj
: 1
ie., E =+—F
\2
1
E = cos(zc'cos )"-—‘-:l:‘—"
2 o \/5
lt‘COS(I) = cos-| :l:-l- =4 L
2 N2~ 2n+1)7, where n =0, 1, 2...



If n
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0, then

L] -
2 COS Ouppp =

L1
4
]
COS Qyyppy = 5

Pyppp = COS"(ﬂ:%)

Orppp = 60° (or) 120°




Now the field pattern with E against ¢ is drawn for = /2 Www.rejinpaul.com

¢ = 90°
# maximum
dnppp = 120° Pppp = 60°

- omom oo - = e o

dHPPD
$=180° = —e —e = =0
minimum A Az minimum

maximum

\
0 = 270°



Two point sources with currents equal in magnitudes b¥pisiarayksom
phase

Consider 2 point sources separated by distance ‘d’ and supplied with currentg

equal in magnitude but opposite in phase. It is similar to the previous case except
that source A, has current out of phase (180°) (or) opposite phase to source A,. i,

when there is maximum in source A, at one particular instant, then there is minimun
In source A, at that instant and vice-versa.

Total far field at distant point *p° is given by
Er = —E|evv2+E,e/v2
Let E, = E, = E,
Er = E, le/v2 —e5v2
L4

E; = E,- jsin2 [ eJ 02 _ o —j0n

| . >
Ey = 2.1'Eosin(ﬁdgos¢)

= sin 9/2]
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Field Pattern jinp

To draw the field pattern, the directions of maxima, minima and half power points
must be known which can be calculated from equation

Er = Zonsin(ﬁdgosd))

Here the amplitude of the total field is 2 E, whose maximum value may be |
By putting | 2 E,, | = 1, the pattern is said to be normalized

E o= g (pdcos Q)

sin >
Let d = ?2: and B"%E
E = qm('z'}‘-n'x%c—ogﬁ)
E = sin(%cos¢)
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The direction through which maximum radiation occurs is called as maxima
direction or maxima. It is obvious that the electric field is maximum at maxima
direction.

E =zx1
E = sin(%cos¢)==hl
%cos‘bmx = sin~! (¢ 1)=;h(2n+l)'g'wheren=0,l,2 ......
T T
If n =0, then ECOS(‘)max - i-i
COS Qg = * 1

= 0°and 180°
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The total field strength ‘E’ is minimum when E = sin (Fz‘cos ¢) iS minimum

Le., zero.
E = sin(‘g’cosq;):o
T 05 b = SO =£n%  wherem =0, 1 2.
If n=0, then
ZZECOS ¢min =0
COS ¢min =0

- -

| O = +£90° |
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Half Power Point Direction (HPPD)

A . . N ,
At half power points, power is 5 (or) voltage and current is "“\/—5 times the maximum

value.

. * oy : " ]
- At half power points direction, the electric field is + \"E‘

E = sin(zt'c ¢\ = i—l—
\

T 1
2 ¢ - ( \[i /

=ﬂ:(2n+1)§ where n =0, 1. 2
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If n =0, then

[

T m
7 COS Qypppy = £
1
COS Gpppp = =5
1
Ouppp = cOs~! (i 5)

= 60° and 120°
S Ouppp = 60° and 120°
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¢ =90
& Minimum
120° / 60°
Maximum durpo Maximum
P - *— >
¢= 180° A‘ A2 ¢= 0~
Y Minimum

¢ = 270°
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Two point sources with currents of unequal magnitudes and any phase

K E1 cos ¥
Vector diagram of fields E, and E,
Now the total phase difference between the radiations by the 2 point sources at any

far point ‘p’ is given by

27
Yy = Tcos¢+a




Assume the value of ‘o’ as 0 < a. < 180°, then the resultant“ﬂ@lﬁ'rzﬁ"BBﬂﬁlqur?s
given by
E; = E e/0+E, e’V

(Source 1 is assumed to be reference, hence phase angle is ‘0°)

Let = =

Since E| > E,, the value of £ is less than unity. (0 <k<1)
Er = E, (1 +ke/")
o Er = E, [l +k(cos y + sin )
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~. The magnitude of the resultant field at point ‘p’ is given by

|E+| = {E, 1 +kcosq1+jksinq1]}

|Er| = E; V(I +kcos y) + (ksin y)?

The phase angle between 2 fields at the far point ‘p’ is given by

k sin y
1 +kcosy

0 = tan™!
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N Element uniform linear array

At higher frequencies, for point to point communications, it is necessary to have a
pattern with single beam radiation. Such highly directive single beam pattern can be
obtained by increasing the point sources in the array from 2 to ‘n’ number of sources.

Linear Array

The antenna array is said to be linear if the elements of the antenna
array are equally spaced along a straight line

Uniform Linear Array

The linear antenna array is said to be uniform linear array if all the
elements are fed with a current of equal magnitude with progressive
uniform phase shift along the line
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o P distant point

- X

Uniform linear array of ‘n’ elements



Consider a general ‘n’ element uniform linear array as showswireifigaul.com
Here point sources are equally spaced and fed with a current of equal amplitude

and phase shift is uniform progressive phase shift.
Total field at a distant point ‘p’ is obtained by adding the fields due to ‘n’

individual sources vectorically.

T = F. e JW J2W LB )3 (n —
r:f - F’f, ¢ W+ EO € + EO € + EO € it EO ej(" Dy
E. = Eq(1+e/V+e¥V+eVV+. ... efin-1wy (1)

v is the total phase difference of the fields at distant point ‘P’ from adjaceny
sources and it is expressed as,
v = Bdcos 8 +a radian . (2)

where,
a is the phase difference in adjacent point sources.



B d cos@ is the phase difference due to path difference, angWw-rejinpaul.com

27
Propagation constant £ = 7

A
Multiplying equation (1) by e/¥ becomes,

Ere¥ = Eg(e/¥+e/™+e/™ 4o/t ... eniv)

E; -Ere!V = Eo{ll-k/e/”’+e/2‘”+ ........ +eﬂ’/')“"l-[e el + ... +e’"“’]}

E;(1-¢’Y) = E,(1-¢’/"Y)

1-e/mV
Er = Eo(l_e,.,,) ...... @)
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Equation (4) may be written as

(l -—e.l'"WfZ.ejnwEl
0 (l—ej‘l’n.ejW/Z)

E, = E

B (e/nV2.e~nv2 _ gjnvi2, e/ nyi2)
0

e/V2.e-jW2 _ ojwR2. gjyn

Eo-——-—\?-—___._____).




. . , www.rejinpaul.com
According to trigonometric identity,

e/’ —e® = _—2jsin6 N )

Using the equation (5), then the resultant field in equation (4) becomes,
i n
. ny
2jsin—
( 7 )

J&
(—2 jsin@;’ )e 2
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The phase angle of the resultant field at point P 1s given as

P = (n2— l)y/ = (ﬂ_;_l) Bdcos@ +a (from equation 2) )
Then, the equation (6) becomes,
Sin-’}—z | sin _’.1_‘!,_.
Er = E, 2 o4 = E, 2 (cos¢+jsin¢)
SinZ Sin _!/./_
sin Yy
Er = Bo| —~ |¢? vereea(8)
sin 5"




This equation (8) indicates the resultant field due to ‘n’ elenYéMMHRERPANAP B
distant point P. The magnitude of the resultant field is given as

A

sin
2

. m oooooo
Sin 2

maximum value of E, is ‘n’ times the field from a single source

Erma) = Eon
sin ny
E, £ sin 2
E sin & E,, = 2 - (Array Factor),
E Nor — L= - nsin "'l'/‘
E} (va) E,n 2
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Pattern Multiplication

“The total field pattern of an array of non-isotropic but similar sources
is the multiplication of the individual source patterns and the pattern of
array of isotropic point sources each located at the phase center of
individual source and having the relative amplitude and phase, whereas
the total phase pattern is the addition of the phase pattern of the
individual sources and that of the array of isotropic point sources”

The total field pattern of an array of non-isotropic but similar sources may be
expressed as

Total Field (E;) = (Multiplicationof field pattern)x (Additionof phase pattern)
ET = {Ei (9’ ¢) X Ea (99 ¢)} X {Epi (99 ¢) + Epa (99 4))}
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where,
E,; (6, ) = Field pattern of individual source,

E, (6, ¢) = Field pattern of array of isotropic point sources,
E,(6,¢) = Phase pattern of individual source,

E,; (0, ¢) = Phase pattern of array of isotropic point sources,

6 — Polar angles, and
¢ — Azimuth angles.

Advantages of pattern multiplication
(i) Itis a speedy method for sketching the pattern of complicated arrays just by

inspection, and
(#)) It is a useful tool in the design of antenna arrays.



RADIATION PATTERN OF 44SOTROPIC EI.EMENTSW\F‘EII?Hl!01l|l.|£§.g1

SPACED -:’-l- APART

yl

Linear array of 4 isotropic elements spaced %‘ apart, fed in phase
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t—)\[2 —>-at—)\[2 —>-at— )2 —>

L4 ? ? ®
1 12 3i 4
LA e N2 — e on B
: \ L
Two units array spaced at A

Two isotropic point source spaced A/2 apart fed in phase provides a bidirectional
pattern. According to pattern multiplication, the radiation pattern of 4 elements is
obtained as,

{ - Resultant radiation} Radiation pattem} ) { Array of }

A,

€4 elements | ~ of individual two units
pattern ol 4 eleme elements spaced "A'
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1 2 —
? T A p—
i 5 . .
; : I \
] ] | i
; l : \
; I l !
] | | |
? Al2 ! 3 A .
Individual (unit pattern) Group pattemn

pattern due to 2 individual due to array of two Resultant pattern of

elements isotropic separated by A 4 isotropic elements

Resultant radiation pattern of 4 isotropic elements by pattern
multiplication
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RADIATION PATTERN OF 8-ISOTROPIC ELEMENTS FED ASE ANp
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[----------
| S

2
'‘Group pattern’ due to
Unit pattern due to 2 isotropic element Resultant pattern of
4 individual element spaced 2 apart 8 isotropic elements

Resultant radiation pattern of 8-isotropic elements by pattern
multiplication
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Antenna array

axis

G

Direction of maximum radiation
d d | d

Gz

Gz

LA

LTSI A

No'l

NEE:

No.6

777772 & $

) & 2

Ant.
No4 NoS5

CILISI LTS IL NSO TISIIIL .Y

d

Gz
>

A

d

Gz

Broadside Array

'

27228 % 3
7277 %

2220 % §

Direction of maximum radiation

Broadside array of antennas
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Array of ‘n’ isotropic sources of equal amplitude and spacing -

Broadside Array

r=r2

Two sources of equal amplitude and phase, separated by a distance ‘d’
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path difference (A4,4,) = dcos & meter

In terms of wavelength,

Path difference = dc:s@ ...... (1)
Phase angle y = 2 & x path difference
_ 2”( d cos 9)
A
y = 2{15 dcos® radians = ... (2)
y = PBdcos0 radians e 3)

w = pdecosHO+ta (4)
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1. Maxima Direction for Major Lobe
An array is said to be broadside array, if the phase angle makes maximum
radiation perpendicular to the line of array. i.e. 90° and 270°. In the broad side
array, all sources are in phase. i.e. a:- 0and y =0.

yw=Bdcos0+a =0 .. (5)
Bdcos8,,, =0
cosf,,, = 0

9,,. = 90°0r270°

The major lobes maxima occurs in these directions



2. Maxima Direction for Minor Lobes
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The minor lobe maxima occurs between first nulls and higher order nulls. The
nulls are the directions through which an array radiate zero power.

The total far field strength for array of ‘n’ isotropic point sources of equal

amplitude and spacing is expressed as,
[ sin —\y'

Er = E,

. ¥

by

ezt

: . , \ : : P
In the above expression, Er is maximum, when numerator 1S maximum. i

ny

sin 7~ is maximum provided sin-"g- 20,
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Sin )

- 1@N+D); where, N=1,2,3,4........

N is a constant and N = 0 corresponds to major lobe maxima where, ‘n’ indicates

the number of isotropic elements.

v _ T
2. = *@N+ Doy,

\y=:i:(2N+l)§ ...... (7)

Equating equation (5) and equation (7), we get

Bd cOS (0 ygdmmr + & = £@N+1)7

B d cos (9 Max)minor

+2N+1)>
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(2Nf])%—a www.rejinpau
COS (eMax)minor = * B d
1 2N+ 1)n
(eMar)mmar = cos! { ﬁ_d[ 1 n = ¢ :I } ...... (8)
For a broadside array o = 0, then equation (8) becomes
] 2N+1)n
= ~1{ —
(HMax)mmar COS { B dl: =S n ] }

e : 27,
By substituting the propagation constant 3 = . in the above expression, we get

2N+ 1)A
— — | .
(aMax)mmor COS { + 2n d }

where, 6, ) . = Maxima direction of minor lobes
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Consider n=4, d =A/2, N = 1 then equation (9) becomes

PEES)

o
2x4x2

(6) ,lhu)mmor cos! <

1 .3.)
cos™!| £
(6 v mmor = T41.4°%0r < 138.6°

- Thus + 41.4°, + 138.6°, —41.4° and + 138.6° are the 4 minor lobe maxima

' A No other
of the array of 4 isotropic sources fed in phase and spaced > apart. NO

maxima exist for N > 2, because for N =2, ¢08 (0 pa)minor = £ 5/4 which is >> 1,

whereas cosine value is always << 1.
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3. Minima Directions for Minor Lobes
\inima is the direction through which an array radiate zero power. It is otherwise

callad as null direction and the electric field intensity is zero along the null

direction.
The direction of minima of minor lobes is the array of ‘n’ isotropic sources of

equal amplitude and phase is;"given as,

ny

sin
2

P

ny

\finima occurs, when sin 5 =0
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Zz_i‘ﬂz:th where, N=1,2,3.........

2N (10)
n

Y = %

But, v =fd cos ¢ + a, in equation (10), we get

2N«
ﬁ d (cosoMm)mmor = =+ n
For broad side array, a = 0, then
Bd (€030 iy = £
1 2Nn
€0S (& pindminor = EE{ ) }
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1 2N
(@ Midminor = .,os-l[a-&-{:t - n}] ...... (11)

Y : 2T, :
By substituting the propagation constant, f§ = _iZE in equation (11), we get

S {ian}‘
COSs™ Y 1t n

- d

B

A
NA
(eMin)minor = COS_I[:E';'E'] ...... (12)

where, (6., )...., = Direction of minor lobe minima
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(1) If N=1,n=4and d=A/2
IS RY. ,[i_l_]

(6 Min)minor = COS™ x coS™ >

4-5

= + 60, £ 120°
RS

i) f N=2, (O pidminor = OS5~ i4"__;£ = cos! [+ 1]
2

= +(°, +180° = 0° 180°
Thus 0°, 60°, 120°, 180°, — 60°, — 120° are the six minor lobe minima of the array

of 4 isotropic sources spaced 22" apart. No other minima exist for which cosine

( 4 Min)minor

functions becomes more than one which is not possible.
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4. Beam Width of Major Lobe
() Beam width between First Null (BWFN)

BWFN is defined as,
The angle between first nulls (27) or double the angle between first null and

major lobe in the maxima directions.

Major lobe
maxima
90°
First null First null

180° - 0°




From Fig y=90-0,,,= 6 ,i,=90°—7 www.refinpauiyn

” { Angle between first null and }

Beam width (BW) = maximum of major lobe

BW=2xy| ... (14)
By substituting equation (13) in equation (12), we get

o v = cactd  NA
90—y—cosl{ind}

N
cos (90° —-y) = :t;—g*
. NA .
siny = % nd [siny =y when *y’ 1s very small)
N A
Y= 1 e (15)
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First null occurs, when N = 1

A
nWE=Etg 0 e (16)
, | 2\

From equation (14), BWFN = 2xy, = > ... (17)

Let L = Total length of the array in meters.
= (mn-1)d ~nd (fnislarge) ...... (18)

By substituting equation (18) in equation (16), we get
2 A 2
2 =L T I radian
2 114.6°

L/XXS73 degree = L/x

114.6°
I | e

BWFN =
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(ii) Half Power Beam Width (HPBW)
l

HPBW = 7BWFN .. (20)
By substituting equation (19) in equation (20), we get
_51.3°
LA
57.3°
=== 21
HPBW = T '

5. Directivity

d L
D= 2n (I)— 2 ('Z) e (22)
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120° 60

138.6 41 4

- f e x z [
8 = 180° DU B w2 A 0=0
0=-1386" 0=-414°
-60°

~-120°

0= 270°

Field pattern of broadside array consisting of four isotropic sources of
equal amplitude and in phase
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End Fire Array

An array is said to be end fire, if the direction of maximum radiation coincides

with the array axis to get unidirectional radiation.
In the end fire array, number of identical antennas are spaced equally along a line.

All the antennas are fed individually with currents of equal magnitudes but their
phases vary progressively along the line to make the entire arrangement to get

unidirectional radiation along the axis of the array.
Ao A

A,

N

----+ Direction of
00 maximum radiation

Axis of -----
array 180°

End fire array



For an array to be end fire, the phase angle is such that it makes-dhegnaxioum
radiation in the line of array. i.e, @ = 0° or 180°. The total phase difference is

expressed as
y = Bdcos@+a (1)
For end fire array y =0 and @ = 0° (or) 180°, then the equation (1) becomes,
Bdcos0° = —a
X
a=-pd = Td ...... 2)

A

For an example, if spacing between 2 sources is > (or) %, then the phase angle by

which source 2 lags behind source 1 1s

A T ..
o X2 < 7 (or) x x4—2rad1ans



1. Maxima Direction for Minor Lobe www.rejinpaul.com
The total field strength of ‘n’ element uniform linear array should be maximum
for these directions.

sin%
Et will be maximum, when

sm%“f 1 if sin%;eo

o = st ()=+@N+ 13

where, N= 1,2,3......... and N = 0 corresponds to major lobe maxima.

2N+1
y = 3)




By substituting equation (2) in equation (1),
v = Bdcos 8 -Bd
v = Bd(cos 8 -1)

Equating equation (3) and equation (4), we get

2N +1
ﬂd(c039-1)=:|:( - Jx
_ ,@N+D)m
cosf@ -1 = % nBd
_ 2CN+Dm=
cosf@ = 1% nBd

Oud = cor 14222011

www.rejinpaul.

com
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By substituting the propagation constant, == 1n equation (J)

(2N +1)A
= L[+ .
(gMax)mmor COS™ 1 S n a d (6)
A
For example’ n= 4, and d = "'2"
(aMax)minor = CdS‘-l I+ (2N +ﬂl,)ﬂ
| 24.Z

(0 v miner = COS! ( 1+ N4+ 1)) ...... )




If N=1,

( 0 Max)minor

= cos-'(l:t

1

)

N SQ [ ¥)

www.rejinpaul.com

7
= cos-'(z) [or] cos—'(z) = 1s invalid

If N=2,

(aMax)minor = cos™! (Z) = 75.5°
S
(eMax)minar = cos”! ( 1 :I:Z)
= cos-'(_T) [or] cos-'(
. 4
N
(aMat)minor =Wo

\ N

\

4

) = 1s invalid
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Minima is the direction through which the array radiate zero power, which is also
called as null direction. The electric field intensity is zero along the null direction.

sin%lﬂ
E'r = E =0
O sinm
2
: . n
Et 1s zero, when sin —i\k = (

“F = il () =+Nm

Where N=1,23......... and N = 0 corresponds to major lobe
2N~
4y 8
T = " (8)




Equating the equations (4) and (8), we get
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2N«
Bd [cos(gMin)minor—' 1] = £ ”
2N~
cos( @ Min)minor—1 = % Bnd
-+ . 2Nrn
—”xdxn
A
NA
(0 inJmmor—1 = * — .
cos( & min) — 9)
) NA .. _ )
l_zsinz(eum)mmor -1 = i-ﬁ [. cose—.l_z szz]
— 2 sin2 (eMin)minor — :I:M

nd



2 sin2

*nd
in (aMin )minor -
2 d

Sl

(eMm )min or N l

(()Mm )mln or . i i

Ortin )0y = 28in '(

For example, if n =4 and d = A/2

(i) N=1,

(Buim), = 2sin™

www.rejinpaul.com

1xA

\ \2x4x-——

/
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= 2sin"(i ‘[-‘-‘_-] =2sin™ (:l: -2—)

= 2x(£30°)
(GMm )l = +60°
( )
(ii) N=2, (GM,.,,)Z = 2sin”'| ¢ 2x/1,1
V2x4x—
\ 2
= 28in"[j:‘/%) =2sin"(i%2_.]
= 2x(£45°)
(OM,-,, )2 = +90°
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(iii) N=3, (), = 2sin7'| 3x4
- A
2x4x
U RV
(3
= 2sin"'(:t\/§] =2sin™" ¢ V3
4 \ 2
= 2 x(£60°)
(9Min)3 = +120°
( )
. | 4x A . 4 . =
(iv) N=4, (49M,,,)4 = 2sin | % 7 | = 2sin '(i\[:} =2sin”'(x1)
4
2x4x—
\ V 2
= 2x(x90°)

@)y = +180°
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Therefore for an end fire array of 4 isotropic sources spaced A/2 apart, there are

six minor lobe maxima along the directions + 60°, £ 90°, = 120° and + 180°.
3. Beam Width for Major Lobe
() BWFN

First null

180° -

~ 0° Major lobe

| First null

270°

Beam width of end fire array



y { Angle between first nulls and the

www.rejinpaul.com
maximum of major lobes }

I

BWFN

2x 8y (]])

o NA
From equation (10), Onin = 2sin I[i \/m]
/ NA
= o4 [ YA
sin@_ .. 2 (_ o ] ...... (12)

For small angles sin Opmin = Omin, then the equation (12) becomes

,2Nﬂ
gmin = * nd  eeeee. (13)

Let L = Total length of the array in meters.
(n-1)d =~ nd (ifnislarge) ...... (14)

-
I
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Therefore equation (13) becomes,

_, [2Na
Onin = % —L__ ...... (15)

By substitute equation (15) in equation (11), we get

VAN = 200 2x(2BE) a6

(@) If N=1, BWFN = 24 [=— =4

2 3[ 2 ,
L radians
A
22

+ ——L— x 57.3 deg rees
I3



2
BWFN = +114.6 d
7 / p) egrees
(i) HPBW
HPBW = B“;FN
HPBW = *57. 31/ 2
LA
4. Directivity

o (62

For an increased directivity,

D = 1.789[4'1[%)]:1'789[4(%)]

www.rejinpaul.com



A
1200 O7s5.5°
* 60°

i

———— *—o- —
6 = 180° 291 9=0
60°
-120°

@' -90°

Field pattern of an end fire array

www.rejinpaul.com
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Phased array means an array of many elements and the phase of each element
being a variable that provides control of the beam direction, that is, maximum

radiation in any desired direction and pattern shape including the side lobes.
Some of the specialized phased arrays are:

(i) Frequency scanning array,

(ii) Retrodirective array, and

(iii) Adaptive array.
In the frequency scanning array or scanning array, phase change is
accomplished by varying the frequency. It is one of the simplest phased arrays
since no phase control is required at each element.
A retrodirective or self-focusing array is an array that will receive a signal from
any direction in space and automatically reflects the signal back toward its
source, usually after suitable modulation and amplification.
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Phased array designs

The objectives of the phased array are:

(i) A phased array has to accomplish a beam steering without the mechanicg
and inertial problems of rotating the entire array, and

(i1) It has to provide beam control at a fixed frequency (or) at any number of

frequencies within a certain bandwidth in a frequency-independen;
manner.

In the simplest form of a phased array, beam steering can be done by mechanical

switching. Consider a basic 3-elements array and each element be a % dipole
antenna



l . ’ www.rejinpaul.com
Incoming |

wavefront
® /D
\ - /T
A./2 dipoles
/4 I [

In-phase )
line ~—~ T TTTTTTTTTTTXL -

Transmission lines
(or) cables

A simple phased array of three -g- dipoles

All three transmission cables are joined as a common point and this 3-element
array will operate as a broadside array.
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Common
feed point

To receiver
(or transmitter)

Equal length cables joined in common point
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Incoming
wave

In-phase line
YV = ¢ on cables

In-phase line
¥ < C on cables

Incoming wave at 45 ° from broad side array
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3

Common
feed point

Joining on all cables in common point
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?

45° Beam direction with all
switches in position 1
Beam direction
with all switches
in position 2
A/2 dipoles

Element
2 switches

o Feed point switch

To receiver

Switches for shifting from broadside to 45 ° reception
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Different types of fed used in phased array

1. Corporate Structure:

Dipole
elements

Phase
shifters

Attenuators

Corporate structure
feed line

Schematic of phased array fed by corporate structure
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2. End — Fed phased array

Dipole
= elements
X (o o (9 . Phase
4 9 4 &) 9 & shifters
Attenuators

Transmission line feed

End-fed phase array with transmission line feed
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Dipole
elements
To receiver "

Durectuonal Matched
couplers terminations. Transmlssmn line

Endfed phase array with directional coupler feed
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Adaptive array

Adaptive arrays are arrays that can automatically self-adapt to various incoming
signals conditions so as to maximize the signal from a particular source or to null
out interfering signals.



Incoming

signal direction

Dipole 1

Equal phavednt.rejinpaul.com
of incoming signal
at frequency fy

Al4
Dipole 2

Mixer

IF | | | IF
amp 0 0 amp
Vp<£8,
{ £, )
0 Y
IF reference Phase
V140, oscillator detectors |V,/0,
pM
Summing
amplifier

Two- element adaptive array with signal-processing circuitry
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Antenna Synthesis

Anterma analysis is the process of determining the radiation pattern for a given

input distribution. Antenna synthesis is the inverse of antenna analysis.
Hence, antenna array synthesis is the process of determining input or source

distribution for a specified radiation pattern.
In other words, antenna synthesis is the problem of determining the parameters of

an antenna system that will produce a radiation pattern which accurately

approximates some desired pattern.
The various array synthesis techniques are as follows:

(1) Fourier transformed method,
(ii) Dolph- Tchebyscheff method ,
(iii) Taylor’s method,

(iv) Laplace transform method, and

(v) Binomial arrays



oo I
DOLPH-TCHEBYSCHEFF (D-T) OPTIMUM DISTRIBUTION [OR] CHEBYSHEV
ARRAYS [OR] LINEAR ARRAY WITH NONUNIFORM AMPLITUDE DISTRIBUTIONS
M—————w

While designing antenna arrays, it is necessary to determine the current ratios
which results in smallest side lobe level for a specified beam width.

FUNDAMENTAL OF TCHEBYCHEFF POLYNOMIALS
The TchebyschefY polynomial of mth degree with variable ‘x’ is denoted by T, (x)
and 1t 1s defined by

T, (x)

cos (m cos™! x), -1<x<+1 | ... (1)

= cos h(m cos ™' x), |x|>1 J

where “m’ 1s an integer constant range from 0 to oo



. . www.rejinpaul.com
In general equation (1) can be written as,

I.(x) = cos (mcos™ x)= cos (m5) =cos (m .”21]

T.(x) = cos (m%)

where. O

_ /4
cos™' X = x =cos & = cos 1/2-
Let us now obtain Tchebyscheff polynomials for different values of ‘m’

If m=0, To(x) = cos (md) = cos (0.5)

Tyx) = 1




If m=1,
If m=2,
If m=3,

T (x) = cos (m8) = cos(1.5)=x

T(x) = x

Ty(x) = cos (md5)
= cos(25)

= 2cos?éd -1

S Tyx) = 2x2-1

Ti(x) =

cos 3o

4 cos3d-3cosd

Ti(x) =

4x3-3x

www.rejinpaul.com

cos20=2cos?20-1

cos360 = 4cos’ @ —3cosl
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If m=4, T4x) = cos4d cos40=2cos?260 -1

cos2(28)=2cos2(20)-1

2[2 cos’é —1]2 -1

2[4 cos*5—4cos® S+ IJ;I

8cos? S —8cos? S +1

Ty(x) = 8x4—8x2+1

Further the polynomials with higher values of m can be obtained using recursive

tormula given by

T,.,x)=2xT,(x)-T, _,x)
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kor the particular values of ‘m’ the first ten Tchebyscheff polynomials are given

Ty(x)=2x*-1

m=3 Ty(x)=4x’-3x

m=4 | T,(x)=8x*'-8x*+1
m=5 | Tyx)=16x"-20x>+5x

m=6 | T(x)=32x*-48x*+18x7 -1

m=7 | T,x)=64x —112x°+56x°-7x

m=8 ;rTs(x)= 128 x¥—256 x5 + 160 x* - 32 x" + 1

m=9 | Ty(x) =256 x° — 576 x” —432x° - 120x° + 9 x

M




Binomial Array
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(@ +b)r-1 an-|+”'lan-2.b+(”_l§”'2) an-3 b2+

where, n - Number of radiating sources in the array
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CONCEPTS OF BINOMIAL ARRAY

If the array is arranged in such a way that radiating sources are in the centre of the
broad side array radiates more strongly than the radiating sources at the edges,
minor lobes can be eliminated.

The secondary lobes can be eliminated entirely, when the following two

conditions are satisfied:

(i) The space between the 2 consecutive radiating sources does not exceed %

(i{) The current amplitudes in radiating sources (from outer towards centre
source) are proportional to the coefficients of the successive terms of the
binomial series.



For example, the relative amplitudes for the arrays of 1 to 10 radfitirgiioRredsare

as follows:

Number of sources

Relative Amplitude

]

1,1

1,2,1

1,3,3,1

1,4,6,4,1

1,5,10,10,5, 1

1,6, 15, 20, 15,6, 1

1,7,21,35,35,21,7, 1

1, 8, 28, 56, 70, 56, 28, 8, 1

1,9, 36, 84, 126, 126, 84, 36, 9, 1




consider n =5,d = %‘, HPBW of binomial array is 31° and WP giinpaul.com

of an uniform array is 23°

A
W HPBW
N\,
A2 M2 A2 A2
M2 M2y M2y A2 A2 e p oo frre,

(b) Binomial array with

a) Un '.orm arra
(a) Unif 4 amplitude ratiol : 4:6: 4 : 1

Disadvantages of Binomial Arrays

(i) HPBW increases and hence the directivity decreases.

(i1) For the design of a large array, the larger amplitude ratio of sources is
required.
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UNIT — IV
PASSIVE AND ACTIVE MICROWAVE DEVICES

Microwave Passive components: Directional
Coupler, Power Divider, Magic Tee, attenuator,
resonator, Principles of Microwave
Semiconductor Devices: Gunn Diodes, IMPATT
diodes, Schottky Barrier diodes, PIN diodes,
Microwave tubes: Klystron, TWT, Magnetron
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Directional Couplers

A directional coupler is a four port passive device commonly used for coupling

a known fraction of the microwave power to a port (coupled port) in th
auxiliary line while flowing from input port to output port in the main line. Th,

remaining port is ideally isolated port and matched terminated.

They can be designed to measure incident and/or reflected power, SWp

(Standing Wave Ratio) values, provide a signal path to a receiver or perform

other desirable operations.
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They can be unidirectional (measuring only incident power) or bi —
directional (measuring both incident and reflected) powers

Primary Waveguide

O
Port 1 o . g a5
Coupling
device
Port 3 o e o
Q o Port 4
Secondary Waveguide

Directional coupler
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Properties of Directional Coupler:

With matched terminations at all its ports, the properties of an ideal directional

coupler can be summarized as follows.

(i) A portion of power traveling from port 1 to port 2 is coupled to port 4 but
not to port 3.

(ii) A portion of power traveling from port 2 to port 1 is coupled to port 3 but
not to port 4.

(iii) A portion of power incident on port 3 is coupled to port 2 but not to port ]
and a portion of the power incident on port 4 is coupled to port 1 but not
to port 2. Also ports 1 and 3 are decoupled as are ports 2 and 4.
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Input
power 1 Main waveguide 2 Py
— M —MW>
P, g Received
n ) e power
/”/
Pb 3 ,’:’? AUxi 4 Pf
P Pl uxillary —_ >
VYN —t” waveguide B— _JWW(;—oumed
Back power
power

Directional coupler indicating powers.

P; - Incident power at port 1
P, - Received power at port 2
P¢ - Forward coupled power at port 4

Py - Back power at port 3
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Performance of a directional coupler is described by following terms:
1. Coupling Factor (C)
2. Directivity (D)
3. Isolation
Coupling Factor (C):

The coupling factor of a directional coupler is defined as the ratio of the incident
power ‘P;” to the forward power ‘P’ measured in dB.

Coupling factor (dB) =10 log,, II:—' (or)
4

f
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Directivity (D):

The directivity of a directional coupler is defined as the ratio of forward power
‘Py’ to the back power ‘Py’ expressed in dB.

)

Directivity (dB) =10 log, —[;4— (or)

3

D(dB) = 10log,, —I-)‘—
b

The coupling factor is a measure of how much of the incident power is being

sampled.

Directivity is a measure of how well the directional coupler distinguishes

between the forward and reverse traveling powers.
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Isolation:
The term isolation is sometimes used to describe the directive properties of a
coupler.

It is defined as the ratio of the incident power ‘P;’ to the back power ‘P)’
expressed in dB.

Isolation (dB) = 10log,, Ll

P,

Isolation (dB) equals coupling plus directivity.
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Types of Directional Couplers:

Several types of directional couplers exists, such as a
(i)  Two — hole directional coupler,
(ii Four — hole directional coupler,

(iii) Reverse — coupling directional coupler (Schwinger coupler), and

(iv) Bethe — hole directional coupler.

I

(a) Two — hole (b) Four hole
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Two Hole Directional Coupler:

A two — hole directional coupler consists of two waveguides are, the primary

and the secondary with two tiny holes common between them.

-

I'he number of holes can be one (as in Bethe cross guide coupler) or more than
two (as in a multi hole coupler).

The degree of coupling is determined by size and location of the holes in the
waveguide walls.

. . e

I'he two holes are at a distance of e where 4, is the guide wavelength



!_‘ 4
Primary Wavequide
Port1 — = - = = e T > Port 2
f :
I
Port 3canceled .~~~ T T "¢ - T TOTT : Added port 4
Secondary Waveguide

T'wo — hole directional coupler

The spacing between the centers of two holes must be,

A
L =(2n+1)—=
(2n+1)

Where, n is any positive integer & Ag 1S the guide wavelength.
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A fraction of the wave entered into port 1 passes through the holes and jg

radiated into the secondary guide as the holes act as slot antennas.

The forward waves in the secondary guide are in the same phase, regardless of
the hole space, and are added at port 4.

The coupling is given by,

C=-20log2|By |

Where, Bf — Amplitude in the forward direction

The backward waves in the secondary guide (waves are progressing from right

to left) are out of phase by 180° at the position of the 1* hole and are canceled
at port 3.
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Scattering Matrix of a Directional Coupler

Directional coupler is a four port network Hence [S] 1s a 4 x 4 matrix.

;/“ &B S\/'T

] - ;{2 Sy, % .. (1)
S5 B3 S/33 N

84 Sa Sa %4_

In a directional coupler all four ports are perfectly matched to the junction.
Hence the diagonal elements are zero.

S]1=Szz=833=844=0 (2) -
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From symmetric property, S;, = S;;

There is no coupling between port 1 and port 3
S13=S83;=0 ... (4)
Also there is no coupling between port 2 and port 4

Sz4=S42=0 (S)

Substituting in equation (1), the values of scattering parameters as per equations (2) to

(5) we get
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pemss

0 S5, 0 Sy
[S] _ Sz 0 Sy 0 ... (6)
0 Sy 0 55

LSM 0 S34 0

Since [S] [S] =1 we get

"0 S, 0 S,1[o0o s, o s,| [t0oo00O
S, 0 Sy 0] |S, 0 83 0} (0100
0 S,, O Syu| | 0 Sy 0 Sy 0010
Sy 0 S; 0 _SI4 0 S;4 0 0 0 0 1]




2 2
R,C;: |812| + Sl4| =1 www.rejinpaul cbm

R,C;: S, [* +[Sy | =1 .. (8)
2 2

R;C;: Sy |” +(Sse| =1 .. (9)

RCy: S12S53 +S|4S;4 =0 .10

Comparing equation (7) and (8)
2 2 2 2
ISl + 15l =J8al +I5n
Sia = S23 . (1)

Comparing equation (8) and (9)

s, P +|SAF =196 +ISul

Si2=S3 ... (]2)
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[et us assume that S5 is real and positive = P

S, =83, =P= S34 .-+ (13)

Substitute equation (13) in equation (10)
S12S23+S14 834 = 0  [Sig 2823‘

P (Sy;+S5;)=0

Si3= —S5%,
€., Sy3 must be imaginary

Sy =9

S =-ig



Let 823 :jq = S|4

Sl2 = S34 =P
SZ3 = Sl4 '—‘]q

.. (15)
....(152)
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Substitute equations (15) and (15a) in equation (7) then we get,

P2+q2=1

i S‘ubstituting these values in equation (6), [S] matrix of a directional coupler 1S

reduced to

0O P
P 0
[s] =
0 Jjq
ljg 0

0 jql
q 0
0 P
P 0|
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Power Divider

A power divider is a device to split the input power into
a number of smaller amounts of power at multiple
ports(N) to feed N number of branching circuits with
isolation between the output ports

A two-way equal power divider is shown in figure which
is a lossless three-port junction

For equal power division, the device consists of two
guarter wave sections with characteristic impedance Zo
connected in parallel with input line
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< 20
.’.
Ve
1 —_f
272
%0 ") Vs

220 é ZO § ZO
V2=
--------------------------------------------------- Symmetry
m7’7‘2z0 % ZO ZO
V3
+

(b)
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1 fe— 4 —> 2

Two-way power divider: (a ) microstrip
configuration (b) equivalent circuit
(c) even and odd modes symmetries
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Hybrid Junctions

* A hybrid junction is a four — port network in which a
signal incident on any one of the ports divides

between two output ports with the remaining port
being isolated

Magic Tee:

Here rectangular slots are cut both along the width and breadth of a long
waveguide and side arms are attached as shown in fig.

A magic fee is a combination of the E — plane tee and H — plane tee.

" Ports 1 and 2 are collinear arms, port 3 is the H — arm, and port 4 is the E -
arm.
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Characteristics of Magic Tee: JINP

The magic — T has the following characteristics when all the ports are

terminated with matched load.
(i) If two in phase waves of equal magnitude are fed into ports 1 and 2,
the output at port 4 is subtractive and hence zero and total output

will appear additively at port 3. Hence port 4 is called the difference
(or) E — arm and port 3 the sum (or) H - arm.

(i) A wavce incident at port 4 (I: — arm) divides equally between ports |
rt3 (H-arm).

and 2 but opposite in phase with no coupling to po
(iii) A wave incident at port 3 (H — arm) divides equally between ports |
and 2 in phase with no coupling to port 4 (E —arm).

Sy3=S34=0 e

ic.,
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I E-Plane T
: ~ o junction

" Collinear arm 2

Sum or
H-ﬂrrnB

Collinear !
arm 1 ‘ P

H-Plane T junction

Fig. Magic-T
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(iv) A wave fed into one collinear port 1 or 2 will not appear in the other

collinear port 2 or 1. Hence two collinear ports 1 and 2 are 1solateq

from each other.

S12=S21=0

. ()

A magic — T can be matched by putting screws suitably in the E and H arms
without destroying the symmetry of the junction.

For an ideal loss less magic — T matched at ports 3 and 4.

S33=S44 =0

S-matrix for Magic Tee

Using the properties of E — H plane Tee, its scattering matrix can be
obtained as follows:
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[S] is a 4 x 4 matrix since there are 4 ports. Jinp

FSII S]Z SIB S14

[8]= 1 Sn Sy 8y
S 4)
53 Sy S1; S14

From symmetric property, Sij = Sji
S12=S21, S13= S31. 5147541, 523=832, 524842, 534=S43 .. (5

Port 3 has H-plane tee section

SZB N S]3 (6)

Similarly port 4 has E-plane tee section

S = -S4 (7)
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Substitute equations (1), (3), (5).(6) and (7) in equation (4). the S — matrix for a
magic — T, matched at ports 3 and 4 is given by
gy O Om S

[s]=|% S= Su -Su ()
‘S‘|3 ‘S'l"ﬂ () 0

‘S‘|4 - ‘S‘|4 O O

-

From unitary property [S] . [S]* = [T

r-Sl | Sl 2 51| 3 S'] 4 17 Sl‘l S' |.7 lS' :} S' :4 —‘ ] ] 0 O 0_‘
S Sn S =Sy |S, S, S, =S, 01 0 0]
AYR S 0 0 S; S; 0 0 0O 01 O
Sy =S 0 0 _S,} - S:‘, 0 0 0 0 0 |

*




From the unitary property applied to rows 1 and 2, we get

R1C|Z
RzCzi
R3C32

R4 C4:

Equating equations (9) and (10), we get

Sii ARIEARIN AR
%| 1Sy | +[SAT +|S | =1
S|P +]S,]" =1
Sul” +]8,] =1
Sy]" = [Sn] =0

[Si =[S |

From equation (11),

|Sl3|2+\sn‘2 =

www.rejinpaul.com
.. (9)

.. (10)
. (11)

L (12)

.. (13)

218, | =1

ol
‘SHl #2
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Si4 lz Sy ’2 = |

2(S,,° =1
| I
S| ===
Sul=—7 ... (15
Substituting equations (14) and (15) in equation (9)
v 12 v @B, 1 1
St +[S oo o
St [7+] 812 5t =1

Sy [+ S, 7= 0

Which is valid if

8 =85 =0 ... (16)




From Equations (13) and (16)
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... (17)

The [S] of magic tee is obtained by substituting the scattering parameters from
equations (13) to (17) in equation (8).

0
0

[s]-

] Sn

S

Bt

Where \SB\:_% =|S,4]|

S

N

0
0

\
il &

S

214

Sl3 Su |
Siy = Shy
0 0
0 0

5

-t

... (18)
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The scattering matrix for an ideal hybrid tee may be stated in the following

form.

0 0 1 1]

y 1 10 O 1 -1
|S]=—

211 1 0 0

1 -1 0 0

Applications of magic tee:

A magic tee has several applications
(1) Measurement of impedance
(i1) As duplexer
(111) As mixer and

(iv) As an isolator
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Attenuators

e Attenuators are passive devices used to control power levels in a
microwave system by partially absorbing the transmitted signal wave

* Both fixed and variable attenuators are designed using resistive films
* Types:

1. Coaxial line fixed attenuator

2. waveguide attenuators (Variable type)
Coaxial line fixed attenuator:

e A coaxial fixed attenuator uses a film with losses on the center
conductor to absorb some of the power as shown in fig

* The fixed waveguide type consists of a thin dielectric strip coated with

resistive film and placed at the center of the waveguide parallel to the
maximum E field
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b Q777777777

Lossy material on centre conductor

* Induced current on the resistive film due to the incident wave
results in power dissipation, leading to attenuation of
microwave energy

* The dielectric strip is tapered at both ends up to a length of
more than half wavelength to reduce reflections

* The resistive van is supported by two dielectric rods separated
by an odd multiple of quarter wave length and perpendicular to
the electric filed
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Variable type attenuator:

* A variable-type attenuator can be constructed by moving
the resistive vane by means of micrometer screw from one
side of the narrow wall to the center where the E —filed is
maximum

A maximum of 90 dB attenuation is possible with VSWR of
1.f\l-

Attenuator flap

'ﬁ% on

- -
e

/
’
’

Micrometer
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Precision type variable attenuator:

" A precision type variable attenuator makes use of a circular
waveguide section(C), containing a very thin tapered resistive
card (R2), to both sides of which are connected axisymmetric
sections of circular to rectangular waveguide tapered transitions
(RC1 and RC2) as shown in fig

" The center circular section with the resistive card can be
precisely rotated by 360 degree with respect to the two fixed
sections of circular to rectangular waveguide transitions

" The induced current on the resistive card R2 due to the incident
sighal is dissipated as heat producing attenuation of the
transmitted signal

" The incident TE10 dominant wave in the rectangular wave guide
is converted into a dominant TE1ll mode in the circular
waveguide
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Esin@ gging

/P o\
s x  ZE¥EZ
" /\L Ry
Esing cosé

R; R, R; - Tapered resistive cards
RC, & RC, - Rectangular-to-circular
waveguide transitions

C - CGircular Waveguide Section

Precision type variable attenuator
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e The attenuation of the transmitted wave is
E 1 1

“Esin’0 sin’0 1521

a(dB) =-40 log (sin 8)= - 20 log |S,,|
Attenuators are normally matched reciprocal devices |S2] =154l

Isnl or |822| = VSWR -l << Ol
VSWR +1

where the VSWR is measured at the port concerned. The S-matrix of an ideal
precision rotary attenuator 1s

0 sin® @
[S] =[. > }
sin” @ 0
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Phase Shifter

* A phase shifter is a two-port passive device that produces
variable change in phase of the wave transmitted through it

* A phase shifter can be realized by placing a lossless
dielectric slab within a waveguide parallel to and at the
position of maximum E-field

e A d|fferer\+|:| nhaca rhanoo ic nradiirad Ailia +n 'I-he Change

of wave

that thro |

a

Dielectric
slab

/ g . pared to

| "

\/

Phase shifters
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The important parts of rotary phase shifter are three circular waveguide
sections, two fixed sections and one rotatable. The fixed sections are
quarter wave plates and rotatable sections are half wave plate.

/\,,., Eui7<l
F e /
e 4# b/ od AEi
. / 7 Al plate E. y E,

Dielectnc
plates . 45°

_ / | i

y — A2 plate _
Z
Rol.lry section
.\ // Input /4 plate Rotary 4/2 plate Outout /4 ol
0 Plane of input plate pu plate

Plane of rotary plate
Al4 plate
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The rotary phase shifter is suitable for low power applications typically
few watts only.

A circularly polarized field is a field with x and y components of electric
field that are equal in magnitude but 90° apart in time phase. A
quarterwave plate is a device that produces a circularly polarized wave
when a linearly polarized wave is incident upon it.

When TE;; mode is polarized parallel to the slab, the propagation constant
B; is greater than when mode is polarized perpendicular to the slab. ie.
B1 >Ba.

The length of quarterwave is chosen so that differential phase change
(B1 >B2)! = 90".



Let E, be the maximum electric field strength of this“Hitd&/ RS} !-com

. : I
E =L ; E=E, el

The resultant electric field strength at the output is
E ¢ = El e-](29+4ﬁll)

ou

The polarization of E_, and E, are same except for the phase change
Ap = 20 +4f;! radians

At a given frequency, 4f;/ remains constant and change in phase is

achieved by varying angle 0 of the half wave plate with respect to quarter
wave plate.
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Schottky Diode

Schottky diodes are metal-semiconductor barrier diodes as shown in Fig. 10.2.
The diode is constructed on a thin silicon (n*-type) substrate by growing
epitaxially on n-type active layer of about 2 micron thickness. A thin SiO, layer
is grown thermally over this active layer. Metal-semiconductor junction is formed
by depositing metal over Si0O,. Schottky diodes also exhibit a square-law charac-
teristic and have a higher burn out rating, lower 1/f noise and better reliability
than point contact diodes. When the device is forward biased, the major carriers
(electrons) can be easily injected from the highly doped n-semiconductor material
into the metal. When it is reverse-biased, the barrier height becomes too high for
the electrons to cross and no conduction takes place.

RF power flow in the device is limited by power dissipation in R, and is shorted

across C; . C. and L, produce RF-mismatch and can be matched by external
circuit.
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Schottky diode and its equivalent circuit

R;= resistance of metallic junction
C; = barrier capacitance (0.3-0.5 pF)
R = bulk resistance of heavily doped Si substrate (4-6 ohm)

L, = inductance of gold whisker wire (0.4-0.9 nH)
(. = Case capacitance
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PIN Diode

A PIN diode consists of a high-resistivity intrinsic semiconductor layer between
two highly doped p* and n* Si layers as shown in Fig. 10.8 along with its equiva-
lent circuit. The device acts as electrically variable resistor related to the
i layer thickness.

- W'""

PIN diode and equivalent circuit
R, C;= Junction resistance, capacitance of i layer
R, = Bulk semiconductor (p* and n™)
layer and contact resistance
L,.C,= package inductance, capacitance
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PIN Switch:
Types:

1. Single Switch
2. Double Switch
Single Switch

Single PIN switch
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DC blocking inductor and Capacitor used
~or Shunt configuration

Reverse Bias - Transmission ON

~orward Bias — Transmission OFF

~or Series Configuration
Forward Bias — Transmission ON
Reverse Bias - Transmission OFF
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Double Switch:

SPDT double switch

(i) When D, is forward biased, Z;, = infinite
(i1) When D, is reverse biased, Z; = 0,
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Transferred Electron Devices

Transferred Electron Effect:

Some materials like GaAs exhibit a negative differential mobility (i.e., a decrease
in the carrier velocity with an increase in the electric field) when biased above a
threshold value of the electric field. The electrons in the lower — energy band will
be transferred into the higher — energy band. The behaviour is called transferred

eleciron effect and the device is also called transferred electron device (TED) or
Gunn diode.

Low - energy
high - mobility  High - energy
band low - mobility

) =

fie s . — c— o— — — s m— G — — — — -

Electron energy eV

Valence band

Momentum

Energy conduction band for a Gunn material such as GaAs
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Migh - mobility
“region

Low - mobility
region
Vr Vv
Threshold voltage

. — — — — ————————

Current — Voltage characteristics for a Gunn device.
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In the high — energy band the effective electron mass is larger and hence the
electron mobility is lower than low — energy band.

Gunn diodes are negative resistance devices which are normally used as low
power oscillator at microwave frequencies in transmitter and also as locql
oscillator in receiver front ends.

TEDs are fabricated from compound semiconductors, such as gallium arsenide
(GaAs), indium phosphide (InP), or Cadmium telluride (CdTe).

The positive resistances absorb power (passive devices), whereas negative
resistances generate power (active devices).
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GUNN Diode — GaAs Diode

/ Metal \

n+ n+

A simple Gunn Oscillator

The basic structure of a Gunn diode, which consists of n — type GaAs
semiconductor with regions of high doping (n").
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Even though there is no junction this is called a diode with reference to the
positive end (anode) and negative end (cathode) of the dc voltage applied across

the device.
If a dc (or) diode voltage or an electric field at low level is applied to the GaAs,

an electric field is established across it. Initially the current will increase with a

rise in the voltage.
At low E-field in the material, most of the electrons will be located in the lower

energy band

When the diode voltage exceeds a certain threshold value, Vi, a high electric

field (3.2kV/m for GaAs) is produced across the active regions and electrons
are excited from their initial lower valley to the higher valley where they

become virtually immobile.
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If the rate at which electrons are transferred is very high, the current w;),

decrease with increase in voltage, resulting in equivalent negative resistance

effect.

Metal (Au) contact (anode)

7 ;'7///”,’/2"/'5'/'7/’,7/7/'/'7////7/%/

n* substrate

[ )( Active - layer (10pm for 10GHz)
» n* layer

Metal (Au) stud (cathode)

Construction of Gunn diode
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Negative Resistance:

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 3000V/cm, the drift velocity is decreased and the diode
exhibits negative resistance.

O C; — Diode capacitance
R, % —R; — Diode resistance
R; — Total resistance of leads

ohmic contact

Co < Lp bulk resistance of diode
| L, — Package inductance and
g C, - Package capacitance.
Ci %"Ri ’
O

Equivalent circuit of a Gunn diode
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Two valley model theory:

According to the energy band theory of the n - type GaAs, a high - mobility
lower valley is separated by energy of 0.36eV from & low — mobility upper

valley.

Data for two valleys in GaAs

Effective Mass M, Mobility p Separation AE

AE = 0.36eV

Mg = 0.068 w = 8000cm” / V-sec
AE = 0.36eV

M = 1.2 Wy = 180 cm’ / V-sec
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Upper vaiey
My = 1.2
H,=180cm2V.s
Lower valley
msl - 0 068
1, = 8000cm2 V . s 1
Conduction
AE = 0.36eV g band
Forbidden
band
<100 >

K
} alence

Two — valley model for n — type GaAs.
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Electron densities in the lower and upper valleys remain the same under g,

equilibrium condition.

(i) When the applied electric field is lower than the electric field of the lowe,
valley (E < E;). No electrons will transfer to the upper valley.

\

EA

Fig. 9.10. E < E
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(i) When the applied electric field is higher than that of the lower valley and
lower than that of the upper valley (E; < E < E,). Electrons will begin to

transfer to the upper valley.
[

EA

Fig. 9.11. E,<E<E,
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(iii) When the applied electric field is higher than that of the upper valley
(Ey < E), all electrons will transfer to the upper valley.

|

'EA

U

Fig. 9.12.E,<E

XY
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Operating Modes:

= W N

Gun or TT mode

LSA mode

Quenched Domain mode
Delayed mode

Cathode Anode domain

RF circuit

1l
A

'v

High-field domain
movement
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(@)

Gunn oscillator operating in LSA mode and RF
oscillating voltage
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Gunn Diode Oscillator

Gunn diode oscillator circuit
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Gunn diode oscillators are commonly used in radars as LO and also as signal
source in the laboratory. A Gunn diode oscillator can be designed by mounting
the diode inside a waveguide cavity formed by a short circuit termination at one
end and by an iris at other end as shown in Fig. 10.24. The diode is mounted at
the centre perpendicular to the broadwall where the electric field component is
maximum under the dominant TE,, mode. The intrinsic frequency f, of oscilla-
tion depends on the electron drift velocity V,; due to high field domain through

the effective length L
fo= Vi

The power output of the Gunn diode oscillator is in the range of a few watts
for CW operation at biasing values 10 V and 1A at 30-40 GHz. A frequency
tuning range of nearly 2% can be achieved. For pulsed operation, peak powers
are typically 100-200 W,

The power output of the Gunn diode is limited by the difficulty of heat dissi-
pation from the small chip. The advantages are small size, ruggedness, and low
cost.
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Introduction:

Microwave tubes are constructed to overcome the limitations of
conventional electronic vacuum tubes such as triodes, tetrodes
and pentodes. These conventional electronic vacuum tubes fail to
operate above 1 GHz.

Three important parameters of ordinary vacuum tubes become
increasingly important as frequency rises

1. Inter electrode capacitance

2. Lead inductance

3. Electron Transit Time

4. Gain bandwidth product limitation
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In microwave tubes the electron fransit time is utilized for microwave
oscillation or amplification.

Transit Time:

Transit time is the time taken Jor the electron to travel from cathode to
anode.

The principle uses an electron beam on which space — charge waves interact
with electromagnetic fields in the microwave cavities to transfer energy to the
output circuit of the cavity (klystrons and magnetrons) or interact with the

clectromagnetic fields in a slow — wave structure to give amplification through
transfer of energy (traveling wave tubes).
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( Microwave Tubes J

_—1

[O — Type microwave tube] [M — Type microwave tube]

M - Type Microwave Tube

Magnetrons are crossed field devices (M — type) where the static magnetic fielq
is perpendicular to the electric field. In this tube, the electrons trave i, 2

curved path.
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The most important microwave tubes are linear beam or ‘O’ — type tubeg in

recognition of the straight path taken by the electron beam.
Linear - beam tubes (O - type)

' l

Cavity Slow - wave structure
Reslnant Forward - wave Backward - wave
i i '
Klystron Helix TWT BWA, BWO
| Coupled - cavity
' Reflex Klystron T
ex Klys wystron T™WT




www.rejinpaul.com

Klystron

A klystron is a vacuum tube that can be used either as a generator or as an

amplifier of power at microwave frequencies operated by the principles of
velocity and current modulation,

There are two basic configurations of Klystron tubes.

() Reflex Klystron - It is used as low power microwave oscillator, and

(i) Two cavity (or) Multi cavity Klystron — It is used as low power
microwave amplifier.
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Two Cavity Klystron amplifier

A two-cavity klystron amplifier is a velocity modulated tube in which velocity
modulation process produces density modulated stream of electrons.

It consists of two cavities, buncher (input) cavity and catcher(output) cavity
Drift Space:

The separation between buncher and catcher grids is called as drift space.
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Two — cavity Klystron amplifier.

- >
RF input Buncher cavity Catcher cavity RF output
L D CE— T
Anode | Drift space
——'—-F -~ §Vo—>» —> — |
-+ Bunched
lI— electron
beam
- e Vo I o d L+d L+2d
_"|l |} I | | Distance scale | | | z =
f ! —
Vo 1 | | Time scale | t
- to 2 3
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Operation:
v Cathode emits the electrons beam. This electrons beam first reach the anods,

The accelerating anode produces a high velocity electrons beam.

v' The input RF signal to be amplified excites the buncher cavity with a Coupling
loop. ’

v The electrons beam passing the buncher cavity gap at zeros of the gap Voltage
(Voltage between buncher grids) passes through with unchanged velocity,

v' The electrons beam passing through the positive half cycles of the gap Voltage
undergo an increase in velocity, those passing through the negative swings ¢
the gap voltage undergo a decrease in velocity. As a result of these actions, the
electrons gradually bunch together as they travel down the drift space.
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v' The first cavity acts as the buncher and velocity — modulates the beam. Thus

the electron beam is velocity modulated to form bunches or under goes density
modulation in accordance with the input RF signal cycle..

Velocity — Modulation:

The variation in electron velocity in the drift space is known gs
velocity modulation |

When this density modulated electron beam passing through the catcher cavity

grid, it induces RF current (ac current) and thereby excite the RF field in the
output cavity at input signal cycle.

The ac current on the beam is such that the level of excitation of the second

cavity is much greater than that in the buncher cavity

, and hence amplification
takes place.
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If desired, a portion of the amplified output can be fed back to the buncher
cavity in a regenerative manner to obtain self — sustained oscillations.

———

The maximum bunching should occur approximately midway between the

second cavity grids during its retarding phase, thus the kinetic energy is
transferred from the electrons to the field of the second cavity.

The electrons then emerge from the second cavity with reduced velocity and
terminate at the collector.

Catcher Cavity:

The output cavity catches energy from the bunched electron beam
Therefore, it also called as catcher cavity.
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When electrons are first accelerated by the high dc beam voltage Vo before
entering the buncher grids, their velocity (vo) is uniform

2¢¥ _ 0.593x10° |V, m/s - (D)
m

Vo =1

When the microwave signal is applied to the input terminal of the
buncher cavity, the gap voltage between the buncher grids can be

written as

Y, = V;sin(ot) .. (2)
Where, V, is the amplitude of the signal and assume (V, << Vo)
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Vg = Vsinmt

Signal voltage in buncher gap
Average transit time through the buncher cavity grids gap distance d is

1S =t . 0)
Vo

The average gap transit angle

od
=ot=0(t,-ty)=—

0
8 Vo

... (4)
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The average microwave voltage in the buncher gap can be written as

(V) = ::- IV, sin (o t)dt

= —a [cos(wt,) - cos(wt,)] .o (9)

By using trigonometric relation

cos(A-—-B) - cos(A+B)= 2sin A sinB

V Cod | . md}
V )= —L2sin| — |sin| oty +—
(Vi) = ot | 2v, ( " 2v,
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Substitute T= <
: v 0
V, sin [_@_c_l_ )
2vy ) . od
od 2v,
2v,
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Bunching Process

The effect of velociry Mmodulation produces bunching of the electron beam or |
current modulation

The electrons that pass the buncher at V, = 0 travel through with unchanged
velocity vy.

The electrons that pass the buncher cavity during the positive half cycles of

microwave input voltage V, travel faster than the electrons that passed the gap
when V= 0.

The electron beams that pass the buncher cavity during the negative half cycles

of the voltage V; travel slower than the electrons that passed the gap when
V=0.
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p 2
A
AL b i m s o o i i e e Bunchering
| center
|
|
|
8 |
é Vg = V,sinmt @0‘ &o A :
<4 A
o ° = Q“? :
l |
: |
Buncher ' | - i
rid
gnd 0 Eta bt g
|
ol
20
T e
20

Bunching distance
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The distance from the buncher grid to the location of dense electron bunching

for the electron at ty is_
 AL=v(t-t) .. (1)

Where,
n

=t 3y

AL = v, (tg =ty )+| v, - YoBi Vi (t,-t,)-YoBi Vi =
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The applegate diagram represents the internal operation of two cavity klystron

by distance-time plot. 1t includes velocity modulation process, bunching
process, energy transfer etc..

Output gap
Accelaration voltage
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Bunching Parameter and DC Transit Angle:

oT =0t —ot,

-
oT,B; V,.]. | 0
oT, -[ - ;3; ']sm(mt, —~ —25-}

L b _ .eg .

dc transit angle between cavities 0y = — = 21N
0

Where. N is the number of electron transit cycles in the drift space.
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x =P 6,
o 2V, 0

Beam Current in Catcher Cavity:

v The bunched beam current at the catcher cavity is a periodic waveform

., 2T
period — about dc current.
®

1, =1, +ZZI0 J_(nX) cos [no(t, -1-To)]
n=1

Where, I - dc beam current in buncher cavity
[ 3.682V, vy
ot of; V,
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Output Power

The maximum bunching should occur approximately midway between the
catcher grids.

When the electrons emerge from the catcher grids, they have reduced velocity
and are finally collected by the collector.

|
Bols —3 Bol, —>

| Y
R R Rsh
Rsho B L Vs
Y

Equivalent circuit of output cavity
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The output cavity can be represented by an equivalent circuit.

Where

Ry,- Wall resistance of catcher cavity,
Rp - Beam loading resistance,
R; - External load resistance, and

R, - Total equivalent shunt resistance of the catcher circuit,
including the load.

Pout =, PQ I;)-,-z- :

R
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Efficiency of Klystron

The electronic efficiency n of the two-cavity klystron amplifier is deffn;& as the

“ratio of the output power to the input power (or) the ratio of RF;output
power to the dc beam power”. |

n= Pout - Pac
P. P

de

The dc power supplied by the beam voltage, P;, "—‘,,Vo Io

BOIZVZ
21,V,

T':
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Maximum Efficiency:

_B.L,VY,;
21,V,
_ Bo21,J,(X)V,
21,V,

n

= 1 a.nd the
The efficiency becomes maximum, when Ji(X) = 0.582 at X =184

output voltage V2 is equal to Vo (V2= Vo)
= Bo J1(X)
=(0.582 Bo

If the coupling is perfect fo = 1, then
| max=58.2%
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Voltage Gain

The input voltage V1 can be expressed in terms of the bunching

parameter X as
2V,
——

" Bo%

\f:
Already we know, B Bo I,

V,=p IR,

Vi
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Av — _Y_g_ =BOIZRsh
Vl VI

PRl (X),
V, X

___B% 60 JI(X)R
"R, X

sh

sh
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Characteristics:

(i)  Efficiency: ~40%.

(ii) Power output:
(a) Continuous wave average power =500 KW
(b) Pulsed power 30 MW at 10 GHZ

(iii) Power gain: ~30 dB.
Applications:
(i) Used in Troposphere scatter transmitters.
(ii)) Satellite communication ground stations.

(iii) Used in UHF TV transmitters.

(iv) Radar transmitters,
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Problem No. 1 (8)

A two cavity klystron amplifier has the following parameters:

Beam voltage, V= 1000 V, Beam current I, = 25mA;
Frequency f=3GHz, R, =40 k£2
Gap spacing in either cavity, d = Imm
" Spacing between the two cavities, L = 4cm
Effective shunt impedance, R, =30 k<2
Calculate input gap voltage, voltage gain and efficiency.
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Solution: jinpaul.co

(a) For maximum output voltage V, Ji(X) must be maxlmum This m@s
J,(X)=0.582 at X =1.841. The electron velocity just leaving the cathode is

vo = (0593 %10°) 7
== (0.593 X 106] JI—OE
- (0.593x 108)x31.62

0.593 x 31.62 x 10°

= 1.88 x 107 m/s




T= ...g_. :_.{:_1 X 10-3 1
aximum output voltage:
: (- o=2n0)

The gap transit angle 1S B, = O
0

_ 213 10°)x 107
1.88 x 107

(c) Input voltage for m

~ 18.284 X 10°
1.88 x 107

93 = lrfaar
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The beam coupling coefficient is
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The dc transit angle between the cavities is

L

Vo
4x1072
=27 (3x109) . 7
1.88x10

=6.28x3x2.128

I 8, = 40 rad
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The maximum input voltage V is then given by

v Z2VX
I1max Bi 90

- 2(1000)(1.841)
- (0.9@(40)

3682
~38:08

— 6.5V qb@@

V

1 max
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R
R, X %

_ (0.959) (40)(0.582)(30x10°)
4x10‘f x1.841
_ 0:92x23.28x30

(b) The voltage gain A,
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I,V
(c) Efficiency n = Pl V;
21,V,
Where, I, =28,1,J,(X)=2x25x10"x0.582 (B, =1)
I, =29.1x107 4
2 = BO Iz

= (0. 95@) (29. 110 *)30x10°)

v, =g3m " BV[\I
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Efficiency = Po L,V
21, V,
_ (0.959) (29.1x10?) (831
2x(25x107 J{10°
_-23190634
50x10?
n=4638%
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Problem No. 2:

A pulsed cylindrical magnetron is operated with the followip 8 Parameters:
Anode voltage = 25kV
Beam current = 254
Magnetic density = 0.35 Wb/ m’
Radius of cathode cylinder = 4cm
Radius of anode cylinder = 8cm
Calculate a) The angular frequency

b) The cutoff voltage
¢) The cutoff magnetic flux density.
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Solution:

a) Angular frequency  ©; =
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2
2
€ ,2.2|1_2
b) The cutoff voltage Voc =—B,b [1 ——bZJ

= 0.22x7.84x 107 x0.5625
= 1.725x107 x0.5625
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c) The cutoff magnetic flux density
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1
( 200 )‘5
_ \1.759%x10°

~ (8x102x0.75)

1

_ (t137x10% )
6x1072

1

(1.13x107¢ )2
0.06

=17.7mWb/ m®
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A reflex klystron operates under the following conditions:

Vo= 500V L=1mm; Ry,=10k2  f,=8GHz

e
— = 1.759x 10" (MKS system)

3
The tube is oscillating at f, at the peak of the n = 2 mode or 1 7 mode. Assume

that the transit time through the gap and beam loading can be neglected.

(a) Find the value of the repeller voltage V.

(b) Find the direct current necessary to give a microwave gap voltage of
200. |

(c) What is the electronic efficiency under this condition?



Soluti www.rejinpaul.com
olution:

. 2

21N — —

\£ C ( 2)
[ ] 8”1

- 2

27t><2-———-]

- 1 ( 2
Lrs9m ,)8(2n><8><1o")z 103f

(12.57-1.57)
8(50.27x10°) (107¢)

= (1.759x10")
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i1y

8(2527.1)x10" x107

121
20216.8x10'2

1.759x%10""

1.759%10"

212.839
202168

I !

Yo~ 105x 107

(V.+V,)
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VO

:
VoavaF = 1.05x10™"
= 1.0553?0_3 = 0.476 x 10°
(V,+ Vo) = 689.92
V, = 689.92-V,
= 689.92 - 500
V, = 189.92V
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(b) Assume that, $,=1

VZ - I2 Rsh
= 2 I0 JI(X') Rsh
: v,
The direct current, I, =

21, (X')R,,

_ ZOQ
2x(0.582)(10x10°)

200 ,

= _ 7 =17.18x107" A

1.164x10

]() = 17.18 mA
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2X'], (X)

Tt
27N ——

(c) Electronic efficiency =

2(1.841) (0.582)
27 (2) - T

2
2.143
12.57-1.57

n = 19.48%
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An X — band pulsed conventional magnetron has the following operating

parameters:
Anode voltage, Vy = 5.5kV
Beam current, I, = 4.5A
Operating frequency, f=9 x 10°Hz
Resonator conductance, G,=2 x 10~ ? mho
Loaded conductance, G;=2.5 x 10> mho
Vane capacitance, C = 2.5pF

Duty cycle, DC = 0.002
Power loss, Pj,ss = 18.5kW
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Compute:

a) The angular resonant frequency.
b) The unloaded quality factor.

¢) The loaded quality factor.

d) The external quality factor.

e) The circuit efficiency.

f) The electronic efficiency.
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Solution:

(a) The angular resonant frequency is,

@, = 2nf =2x3.14x9x10°

= 56.55x10° rad
(b) The unloaded quality factor is,

0, C _ 56.55x10%x2.5x10712
G, 2x107*

141.375%1073

} 2x107* = ™

Qun =
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(c) The loaded quality factor is,

0w, C  56.55710" 2. s/m

Wy = G +G,  2x10*+25x167

141.375%10 °
225x10 7"
Q, = 6283 |

Il




(d) The external quality factor is,

Qex

(e) The circuit efficiency is,

Nc

cX
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0,C  56.55%10”%2.5¢10 '*

——

G,

141.375x10"°

2.5%107°
5655

2.5%10°

11.11%

Nc




(f) The electronic efficiency is,

Ne

—
-
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P.. V,l,-P

gen

Pdc V()l()

5 5%x10°x4.5-18.5x10’
55x10° x4.5

24.75-18.5
24.75

st

Ne

I

25.25% |
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Types of Magnetron

* Cylindrical Magnetron

* Linear Magnetron

» Coaxial Magnetron
*\/oltage Tunable Magnetron
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Linear Magnetron

Input Anoda Output
/
By .
[}
Heater + - + — + - Collector |
—/ |
\34 “""E"’""{'\'\ """" . | (J
/ L ., e x’

" Z

Electron Electron

gun Cathode beam

Schematic diagram of a linear magnetron
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Hull Cutoff Equations e

The Hull cutoff voltage for a linear magnetron is given by,

le . |
\/ (X - T B_ i
2m
where. d 1s the anode-cathode distance.

By = B; 1s the magnetic flux density in the positi-«

-

Al et

i e e

Hull cutoff magnetic flux for a lincar magnetron is expressed as,

m

-

B()( | )
d ¢
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Coaxial Magnetron

Unstrapped Electric field
resonators in cavity

NN

NN

Coupling slots External cavity

Cross section
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Magnetic flux density

. Cavity mode
Coupling attenuator
S'Oi TEq;, mode eletric field lines
YYYB, |
Stabilizing cavity
Vane ‘ \‘J?& )
¥ »1
resonator | | \[{ v I?
| oW e
r
Cathode k RF output ¢
\
Tuning \ Uj ‘
piston\\

Inner
circuit - mode
attenuator

Cutaway view
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Characteristics:

The performance characteristics of coaxial magnetron are,

(1)  Minimum peak power of 400 kW at a frequency range from 8.9 to
9.6GHz.

(1) Its duty cycle is 0.0013.

(111) Nominal anode voltage is 32k V.

(iv) Peak anode current is 32A.
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Sole :
Anode circuit ~J— | | P
\ \\ ~ - '
L-r——---—-—wr——1 _._‘-,_} L \k\ p ,'vl/ _]
00006 o= =— | Y=
View of anode from sole ‘ £
Emltter\rf% _.",: l,;,_? 7
Control// == ” T =T
electrode T T3

Cross section view of a voltage — tunable magnetron





