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1.1 MICROWAVE TUBES: INTRODUCTION

For extremely high-frequency applications (above 1 GHz), the inter electrode capacitances and transit-
time delays of standard electron tube construction become prohibitive. However, there seems to be no
end to the creative ways in which tubes may be constructed, and several high-frequency electron tube
designs have been made to overcome these challenges. It was discovered in 1939 that a toroid cavity
made of conductive material called a cavity resonator surrounding an electron beam of oscillating
intensity could extract power from the beam without actually intercepting the beam itself. The
oscillating electric and magnetic fields associated with the beam “echoed” inside the cavity, in a manner
similar to the sounds of traveling automobiles echoing in a roadside canyon, allowing radio-frequency
energy to be transferred from the beam to a waveguide or goaxial c connected to the resonator with

a coupling loop.

1.2 OBJECTIVE

This module enables students Describe th owaye properties and its transmission media.

1.3REFLEX KLYSTRON OSC

ron beam, which passes through the gap in the anode cavity. These

epeller electrode, which is at high negative potential. Due to the high

The electron gun emits

electrons travel towa
negative field, the electrons repel back to the anode cavity. In their return journey, the electrons give
more energy to the gap and these oscillations are sustained. The constructional details of this reflex
klystron are as shown in the following Figure 1.1. It is assumed that oscillations already exist in the tube
and they are sustained by its operation. The electrons while passing through the anode cavity, gain some

velocity.
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Figure 1.1: Construction st Reflex Klystron

1.4 Mechanism of Oscillation

The mechanism of oscillation is explain pelow figure 1.2. The operation of Reflex Klystron is
understood by some assumptions. Lhes€leetron beam is accelerated towards the anode cavity. Let us
: the anode cavity but has no extra velocity and it repels back

, with the same velocity. Another electron, let's say ee which has

assume that a reference elect
after reaching the Repelle
started earlier than thi electron, reaches the Repeller first, but returns slowly, reaching at the
same time as the referénge electron. We have another electron, the late electron el, which starts later
than both erand ee, however, it moves with greater velocity while returning back, reaching at the same
time as er and ee. Now, these three electrons, namely er, ee and el reach the gap at the same time,
forming an electron bunch. This travel time is called as transit time, which should have an optimum
value. The following figure illustrates this. The anode cavity accelerates the electrons while going and
gains their energy by retarding them during the return journey. When the gap voltage is at maximum

positive, this lets the maximum negative electrons to retard.

The optimum transit time is represented as

T=n+34wherenisanintegerT=n+34wherenisaninteger

This transit time depends upon the Repeller and anode voltages.
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1.5 Modes of Oscillati

The electrons should ret %, 2 %1 or 3 % cycles — most optimum departure time. If T is the time
period at the resonantfgequency, to is the time taken by the reference electron to travel in the repelled
space between entering the repelled space and returning to the cavity at positive peak voltage on

formation of the bunch

Then,to=(n+%)T =NT
Where N=n+3%,n=0,1,2,3.......

N — mode of oscillation.

The mode of oscillation is named as N =34, 134 2 34 etc for modes n = 0,1,2......resp.

Dept., of ECE, ATMECE, Mysuru Page 10



MICROWAVE & ANTENNAS 15EC71

1.6 Mode Curve (Qualitative Analysis only)

Since the output power and Frequency can be Electronically Controlled by varying the repeller voltage,

expansions for those parameters in terms of repeller voltage are important to draw mode curves. Figure
1.3 shows mode curve. PRF=0.3986V0 I0(V0+VR)sqrt(e/2mV0)/2*f*L
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Figure 1.3: Electronic tuning and output mode power of a reflex Klystron

1.7 MICROWAVE FREQUENCIES

The term microwave frequencies are generally used for those wavelengths measured in centimetres,
roughly from 30 cm to 1 mm (1 to 300 GHz). However, microwave really indicates the wavelengths in
the micron ranges. This means microwave frequencies are up to infrared and visible-light regions. In

this revision, microwave frequencies refer to those from 1 GHz up to 106 GHz.
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Designation Freguency range in gigahertz
HF 0.003- D03
VHF (030~ 0300
UHF 0300~ 1.000
L band L O00- 2,000
5 band 2000 - 4.6}
C band 4,000~ &.000
X band 8000~ 12,000
Ku band 12,000 18,000
K band 18.000- 27 0
Ka band Z7.000- 20000

Millimeier 4:.] = MK X
Submallimetes \ LIXLLY
2

1.8 MICROWAVE DEVICES

cavity klystron amplifier-and oscillator by using velocity modulation. In 1944 R. Kompfner invented the
helix-type traveling-wave tube (TWT). Ever since then the concept of microwave tubes has deviated
from that of conventional vacuum tubes as a result of the application of new principles in the
amplification and generation of microwave energy. Historically microwave generation and
amplification were accomplished by means of velocity-modulation theory. In the past two decades,
however, microwave solid-state devices-such as tunnel diodes, Gunn diodes, transferred electron
devices (TEDs), and avalanche transit-time devices have been developed to perform these functions.
The conception and subsequent development of TEDs and avalanche transit-time devices were among
the outstanding technical achievements. B. K. Ridley and T. B. Watkins in 1961 and C. Hilsum in 1962

independently predicted that the transferred electron effect would occur in GaAs (gallium arsenide). In

1963 J. B.
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Gunn reported his "Gunn effect.” The common characteristic of all microwave solid-state devices is the
negative resistance that can be used for microwave oscillation and amplification. The progress of TEDs
and avalanche transit-time devices has been so swift that today they are firmly established as one of the

most important classes of microwave solid-state devices.
1.9 MICROWAVE SYSTEMS

A microwave system normally consists of a transmitter subsystem, including a microwave oscillator,
waveguides, and a transmitting antenna, and a receiver subsystem that includes a receiving antenna,
transmission line or waveguide, a microwave amplifier, and a receiver. Figure 1.4 shows a typical
microwave system. In order to design a microwave system and gepduct a proper test of it, an adequate
knowledge of the components involved is essential. Besi s%aave devices, the text therefore
describes microwave components, such as resonators, cayi ';;xcrostrip lines, hybrids, and microwave

. o *
integrated circuits.

Microwave
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mourtt
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Figure 1.4: Electronic tuning and output mode power of a reflex Klystron
1.10 TRANSMISSION LINE EQUATIONS AND SOLUTIONS

A transmission line can be analysed either by the solution of Maxwell's field equations or by the
methods of distributed-circuit theory. The solution of Maxwell's equations involves three space
variables in addition to the time variable. The distributed-circuit method, however, involves only one
space variable in addition to the time variable. Here latter method is used to analyse a transmission line
in terms of the voltage, current, impedance, and power along the line. Based on uniformly distributed-

circuit theory, the schematic circuit of a conventional two-conductor transmission line with constant
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parameters R, L, G, and C. The parameters are expressed in their respective names per unit length, and

the wave propagation is assumed in the positive z direction.

RAz L A: A R Az LAz B

¥
1

ic ————
iz, 1) ‘ iz + 22,0

Viz, 1) T C Az Load
Generator Viz + Az, 1)
2 . l
- &
Figure 1.5: Elementary Section of Tfans ion Line
By Kirchhoff's voltage law, the summation of the volta around the central loop is given by

vlz, t) = i(z, 1)R Az + ;‘L:S.zﬁ‘r z, 1) &u{z f)

Cdr
Rearranging this equation, dividing it by &ghm omitting the argument (z, t), which is understood,

we obtain

du
r'}z

Using Kirchhoff's curre @ summation of the currents at point B, we obtain

R1+L—

GL-+C_

All these transmlssmn-llne equations are applicable to the general transient solution. The voltage and
current on the line are the functions of both position z and time t. The instantaneous line voltage and

current can be expressed as

v(z, t) = Re V(z)e™
i(z, t) = Re I(z)e/™
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V(z) = Vie™ + V_e¥”
I{E} =Jie ™ + L.e”
y =a + jB  (propagation constant)

Where V+ and I+ indicate complex amplitudes in the positive z direction, V- and L signify complex
amplitudes in the negative z direction, a is the attenuation constant in nepers per unit length, and f3 is
the phase constant in radians per unit length. If we substitute jw for a/at and divide each equation by jw,

the transmission-line equations in phasor form of the frequency domain become.

av _ a1 AN
dz *
dI

— =YV s\&

v

Y

d’l

= a2
o
in which the following@itions have been made:

Z =R+ joL (ohms per unit length)
Y=G+ joC (mhos per unit length)
y=VZ¥ =a + jB (propagation constant)

For a lossless line, R = G = 0, and the transmission-line equations are expressed as
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% = — jewl 1 > M

% = = juwC WV > 1.2
ﬂj:z:'r = —w L CWV > 13
j;: = —w?LCI > 14

Solutions to Transmission Line: The one possible solution for Eq. 1.3

V=V,e” + V.e¥ =V, e~ + V_e“z‘mz\Q

The one possible solution for Eq. 1.4 -
2

1= Yu(V+€_T2 - V_e“’) = YD{V+€_M _quejﬂz]

a&&w and G<<wC

n constant can be expressed as

At microwave frequencies it can be seen

By using the binomial expansion, the

vy = V(R + joL}G +
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L,

i

L Q
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A

IA transmission line has thegffoll@fving parameters:

G = 0.5 mmho/m  f=1GHz
C = 0.23 pF

Calculate: (a teristic impedance; (b) the propagation constant.

Solution
a. From Eq. (3-1-25) the line characteristic impedance is

7 - |I'R+_,kuL_\/ 2+ j2m X 10° X 8 X 10°°
G + jwC 0.5 x 107 + j27 x 10° x 0.23 x 10712

50.31/87.72° . .
- Tz A0 © 1nh-4/7M a1e . , = ) + .
\/15.29 X 1074/70.91° 181.39/8.40° = 179.44 + j26.50

b. From Eq. (3-1-18) the propagation constant is
y = V(R + juL)(G + jwC) = V(50.31/87.72°)(15.29 x 107%/70.91°)
= V769.24 x 107%/158.63°
= 0.2774/79.31° = 0.051 + j0.273
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1.11 REFLECTION COEFFICIENT

In the analysis of the solutions of transmission-line equations in 1.10, the traveling wave along the line
contains two components: one traveling in the positive z direction and the other traveling the negative z
direction. If the load impedance is equal to the line characteristic impedance, however, the reflected
traveling wave does not exist. Figure 1.5 shows a transmission line terminated in impedance Ze. It is
usually more convenient to start solving the transmission-line problem from the receiving rather than
the sending end, since the voltage-to-current relationship at the load point is fixed by the load

impedance. The incident voltage and current waves traveling along the transmission line are given by

The reflection coefficient, which is designated by I' (gamma), is defined as

.
, ) reflecte Q or current
Reflection coefficient = — % &

inc yoltage or current

TRANSMISSION COEFFICIENT

A transmission line terminate acteristic impedance Zo is called a properly terminated line.

Otherwise it is called an i y terminated line. As described earlier, there is a reflection
coefficient r at any g an improperly terminated line. According to the principle of
conservation of energyfthe*incident power minus the reflected power must be equal to the power

transmitted to the load. This can be expressed as,

T = transmitted voltage or current V., I

incident voltage or current Viee  Line
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A certain transmission line has a characterstic impedance of 75 4 p0.01 ¥ and 15 ter-
minated in a load impedance of 70 + 50 £k, Compute {a) the reflection cocfficient;
(b} the transmission coefficient. Verify: (¢) the relationship shown in Eg. (3-2-21),
(d) the transmission coefficient equals the alpebraic sum of 1 plus the reflection
cocfficient as shown in BEgq. (2-3-18).

Solution

a. From Eq. (3-2-17} the reflection coefficient is

r = Lo — oy _TO A+ 50 — (75 + j0.01)
Lo + Lo TO 4+ F50 + {75 + j0.01)

_ _50.24/95.71°
153.38/19.03°

b, From Eq. (3-2-18) the transmission oosfficient is

T 2 _ 2(70 + j50
Ze + Zo  TO+ 50 + G5 MO}
_ 172.05/35.54° N

153 38/19.03° F.08 + f0.32

= .35/ 7668 = 008 + i 52

Thus Eqg. (3-2-21) i
d. From Eq. (2-3-1B

g+ 032 =1+ 008 +j032=1+1T

1.13  STANDING WAVE AND STANDING WAVE RATIO

The general solutions of the transmission-line equation consist of two waves traveling in opposite

directions with unequal amplitude as shown in Eq 1.3 and 1.4.
V — V+ e—aze—jﬁz + V_Earejﬂ:

= V.e *[cos (Bz) — j sin (Bz)] + V-e*[cos (Bz) + j sin (Bz)]
= (V,e™™ + V_e*) cos (Bz) — j(Vie ™ — V_e*) sin (Bz)
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With no loss in generality it can be assumed that V+e-az and VV-e™ are real. Then the voltage-wave
equation can be expressed as

V., = Vye e
This is called the equation of the voltage standing wave, where

= [(V.e™ + V_e¥)? cos? (Bz) + (V.e > — V_e ) sin? (Bz)]'?

Vie ™ — V_e®
¢ = arctan (er“” TV .- tan (Bz))

which is called the phase pattern of the standing wave Q
By doing so and substituting the proper values of f3z in the eq find that,
1. The maximum amplitude is
vma.; = V+ E_az +

= Ve (1 + [T
0, =1, =2, ....

and this occurs at Bz = nmr,
2. The minimum amplitude i

I"';rn'n'nrn

and this occurs alé

= V.e® = V.e (1 = |T))

n— Dm/2, wheren = 0, =1, £2, . .

Amplitude
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Standing waves result from the simultaneous presence of waves traveling in opposite directions on a
transmission line. The ratio of the maximum of the standing-wave pattern to the minimum is defined as
the standing-wave ratio, designated by p. That is,

maximum voltage or current
minimum voltage or current

_ ! vma: 1 _ _Ilnua:r.|
| Vmin | | lminl

Standing-wave ratio

1.12 SMITH CHART
Many of the computations required to solve transmissio% roblems involve the use of rather
complicated equations. The solution of such proble ediGus and difficult because the accurate

manipulation of numerous equations is necessary. T, their solution, we need a graphic method
of arriving at a quick answer. A number of K charts have been designed to facilitate the
S

graphic solution of transmission-line pr sically all the charts are derived from the
ission equations. The most popular chart is that
e of this section is to present the graphic solutions of
Smith chart. The Smith chart consists of a plot of the
he angle and magnitude of a generalized complex reflection
s applicable to the analysis of a lossless line as well as a lossy
the effect of the position on the line can be determined.

fundamental relationships expressed in
developed by Phillip H. Smith [I]. T
transmission-line problems by usi
normalized impedance or admi
coefficient in a unity circle. T
line. By simple rotation of

L

Figure: Constant r (Resistance) Circle
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Figure: Reactance) Circle

The characteristics of the Smith chart rized as follows:

1. The constant r and constant x | o families of orthogonal circles in the chart.

Il pass through the point (L = 1,f; = O).

3. The upper half of the die resents + jx.
@u

2. The constant r and constantdqgi

4. The lower half of t m represents - jXx.

5. For admittance the cofstant r circles become constant g circles, and the constant x circles become
constant susceptance b circles.

6. The distance around the Smith chart once is one-half wavelength (A/2).

7. At a point of Zmin =1/ p, there is a Vmin on the line.

8. At a point of Zmax = p' there is a Vmax on the line.

9. The horizontal radius to the right of the chart center corresponds to Vmax, /min, Zmax, and p (SWR).
10. The horizontal radius to the left of the chart center corresponds to Vmin, I max, Zmin, and I/p.

11. Since the normalized admittance y is a reciprocal of the normalized impedance z, the corresponding
guantities in the admittance chart are 180° out of phase with those in the impedance chart.

12. The normalized impedance or admittance is repeated for every half wavelength of distance.

13. The distances are given in wavelengths toward the generator and also toward the load.
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1.14 SINGLE STUB MATCHING

Although single-lumped inductors or capacitors can match the transmission line, it is more common to
use the susceptive properties of short-circuited sections of transmission lines. Short-circuited sections
are preferable to open-circuited ones because a good short circuit is easier to obtain than a good open
circuit. For a lossless line with Y8 = Yo, maximum power transfer requires Y11 = Yo, where Y11 is the
total admittance of the line and stub looking to the right at point 1-1 (see Fig. 3-6-2). The stub must be
located at that point on the line where the real part of the admittance, looking toward the load, is Yo. In
a normalized unit Y11 must be in the form.
Y1l1=YdxYs=1

A lossless line of characteristic impedance Ro = 50 fl is to be matebed to a load Ze = 50/[2 + j(2 + V/3)]
fl by means of a lossless short-circuited stub. The character?s@nce of the stub is 100 fl. Find the

stub position (closest to the load) and length so that a m B ined.

L 2
OUTCOME:
Student will be able to,

e Describe the use and advanta

owave transmission and analyze various parameters
related to microwave trans es and waveguides
RECOMMENEDED QU
What is Microwa
What are MicrowaveNrequencies?

What is Smith Chart and Single Stub Matching?
Derive equation for Reflection Coefficient.

Derive Equation for Transmission Coefficient.

o o1 A WD

Define SWR and derive the same.
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MODULE 2

MODULE STRUCTURE

2.1Microwave Network theory: Symmetrical Z and Y-Parameters for Reciprocal Networks
2.2 Objective

2.3 S matrix representation of Multi-Port Networks.

2.4 Microwave Passive Devices: Coaxial Connectors and Adapters

2.5 Attenuators.

2.6 Phase Shifters

2.7 Waveguide Tees
2.8 Magic tees. ’\
*
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2.1Microwave Network theory: Symmetrical Z and Y-Parameters for Reciprocal Networks

A microwave network consists of coupling of various microwave components and devices such as
attenuators, phase shifters, amplifiers, resonators etc., to sources through transmission lines or
waveguides. Connection of two or more microwave devices and components to a single point results in
a microwave junction. In a low frequency network, the input and output variables are voltage and
current which can be related in terms of impedance Z-parameters, or admittance Y-parameters or hybrid
h-parameters or ABCD parameters. These relationships for a two-port network of figure 2.1 can be

represented by

ol . <« I
- - \ o 4
‘E Low freq % ‘:':
) netw 2
- | €
o O
..... (4.1)
o et 1Ty T 4 P | N LR (4.2)
Y, V; [ o
I =Y Vi+Yy V:J, - (4.3)
1, & Yu Y ||V i
i L1 Ya Yof[V: eeee (24

V,=h, I, +h, V,

1
I
£ |

L=h; L, +hn 'V, ]
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\"I h” h"_\]‘rl' ,
r [IJ 2 {h?, B S P N T e e (4.6)

V,=AV, -BI, L
i AL SR N SN e X2 SRR Tl el s (4.7)

_ vl [A -B][V, ‘
Or Il — C _D> l.: ..... (48)

These parameters, Z, Y,h and ABeD parameters can be easily measured at low frequencies under short

or open circuit conditions and can be used for analyzing the circuit. The physical length of the device or
the line at microwave frequencies, is comparable to or much larger than the wavelength. Due to this, the
voltage and current are difficult to measure as also the above Qii)ned parameters. The reasons for

this are listed as below. (a) Equipment is not available to r’nﬁ the total voltage and total current at

any point. .
(b) Over a wide range of frequencies, short and ope itssare difficult to realize.
(c) Active devices such as power transistogs, tihneldiodes etc, will become unstable under short or

open circuit conditions.

»

logical variables are traveling wavgs«@ han voltages and currents and these variables are labeled as

Therefore, a new representation is neede ercome these problems at microwave frequencies. The

"Scattering or S-parameters". parameters for a two port network are represented as shown in

Figure 4.2 .

. O

s <L
12 O
N\ —
ii: 7
b
_I\/V\_’ o
S i

Figure 4.2 : S-parameters of a two-port network

These S-parameters can be represented in an equation form related to the traveling waves al,a2 and bl
b2 through

b, =S, a,+S, a, |
b2 :SM a +'S:3 a:f .....

Dept., of ECE, ATMECE, Mysuru Page 26



MICROWAVE & ANTENNAS 15EC71

2.2 Objective

This chapter enables student’s to learn S- parameters and different types of connectors.
2.3 S-MATRIX REPRESENTATION OF MULTIPORT NETWORK

In a reciprocal network, the junction media are characterized by scalar electrical parameters namely
absolute permeability and absolute permittivity E . In such a network, the impedance and the admittance
matrices became symmetrical. This property can be proved by considering an N-port network. Let Ej
and Hi be the respective electric and magnetic field intensities at the ith port and let the total voltage Vo
=0 at all ports forn =0, 1,2 .... Except at ilhport. Similarly if E. and H. are considered for the ith port
with V = 0 at other ports, then from reciprocity theorem. Let us consider a junction of "n" number
of rectangular waveguides as shown in figure 2.1. In this ca Q represent the incident waves at
respective ports and all "b's" the reflected waves fr ;\icrowave junction coming out of the
respective ports. In this case also, are still valid nd S. have the following meanings: Sii=
Scattering coefficient corresponding to th in& applied at 1J the ilhport and output power
i

coming out of jth port and Sjj = Scatterin cient corresponding to the power applied at the ith port

" and output taken out of ilhport itse efficient is a measure of amount of mismatch between

the ith port and the junction.

JUNCTION

OF 'n' f
NUMBER OF
WAVEGUIDES

Port-n

Figure 4.4 : Junction of "n"' number of waveguides,

Figure 2.1: Rectangular Waveguide
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JINPUT JouUTTuT
i i
i i
1 Port-1 Port-2 !
e b
—sa | TWOPORT o —

W : NETWORK o

e b, b—»
1 T
— :
1 P » i

P’ lpt_Pv

Figure 4.5 : llustrating two-port network

The relationship. between the incident and reflected waves in terms of scattering coefficients can be
written as.

b, =53 +S§,3,
b, =8, a+S§,a

272

From these equations, the scattering coefficients are found as

b S 4
S,= a_l = reflection coefficient at port-1 nQErt-2
;=0 matched load (a, = 0)
b, | ! e . : ;
S,= — = reflection coefficient a ’hen port-1 is terminated with a
a, |

matched load (a, 5

e - ’\n |

S.i= = = attenuatio @ ¢ travelling from port-2 to port-1.
:n,-O

S, = 2" = attenuMygn of the wave travelling from port-1 to port-2.
s A la,=0

In figure 4.5, we have

P, = incident power at port-1
P_= power reflected by the network coming out of port-1 itself.
P_ = output power at port-2.
The various losses can be expressed in terms of S-parameters as given below:
P,
Insertion loss in dB =10 log, | TR TR O (RTTR Mo i i 0, TR IR (4.22)
But P o laf
P a b}
P faf 1 1 I
'P = 7!*.*2 = 37 = ST AT W o W e T N (423)
o |by b, Sulm BSe
/A
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2.4 CO-AXIAL CABLES, CONNECTORS AND ADAPTERS

Coaxial Cables Microwave components and devices are interconnected using these co-axial cables of
suitable length and operated at microwave frequencies. In this section let us consider some practical
aspects of these co-axial cables. TEM mode is propagated through the co-axial line and the outer
conductor guides these signals in the dielectric space between itself and inner conductor.
The outer conductor also acts as a shield to prevent the external signals to interfere with the internal
signal. It also prevents the internal signal leakage. The co-axial cables usually possess characteristic
impedance of either 50 ohms or 75 ohms Based on the structure of shielding, coaxial cables are
classified into three basic types.
Q) Flexible co-axial Cable: Figure below shows the str of flexible-type of co-axial cable
consisting of low loss solid or foam type polye? ﬁectric. Electromagnetic shielding
is provided for outer single braid or doubl h§lhe flexible cable as shown, by using

knitted metal wire mesh. The centre con ally consists of multi strand wire.

: : : Single@r dgub
Insulating dielectric Biad o
jacket : » \ Polyethylene
dielectric core  Myltistrand centre
\ \ E‘nmludm

ANAAAAANSANS
A
XS
ooty
i b
.A’A".A‘A.A.A'A.A.A.A.A.A.A.A

Figure 5.1 : Structure of flexible co-axial cable
1. Semi-rigid co-axial cable: Figure 5.2 shows the cross-sectional view of semi-rigid co-axial
cable. Semi rigid co-axial cables make use of thin outer conductor made of copper and a strong

inner conductor also made of copper. The region between the inner and outer conductor contains

a solid dielectric. These cables can bent for convenient routing and are not as flexible as the first

type.
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Dielectric

Outer conductor

Inner conductor

Figure 5.2 : Cross-section of semi-rigid co-axial cable
Rigid co-axial cable: Figure below shows the structure of a rigi axial cable consisting of inner and
outer conductor with air as dielectric. To support the inner capduetor at the centre dielectric spacers are

introduced at regular intervals as shown. The thickness ese ielectric spacers is made small so that
they do not produce significant discontinuities to th pagation.

\\
Inner conductor \
Air

FYgure 5.3 : Illustration of rigid co-axial cable

Co-axial cables can be used up to microwave -range of frequencies. Beyond these frequencies
attenuation becomes very large (since attenuation increases with frequency) which makes co-axial
cables unsuitable at higher frequencies. Some characteristics of standard coaxial cables with their radio
guide (RG) and universal (U) numbers along with conductor (inner and outer) dimensions.

Interconnection between co-axial cables and microwave components is achieved with the help of
shielded standard connectors. The average circumference of the co-axial cable, for mar high frequency
operation must be limited to about one wavelength. This requirement is a VI necessary to reduce
propagation at higher modes and also to eliminate erratic reflection coefficients (VSWR close to unity),
signal distortion and power losses. Several types of co-axial connectors have been developed and some

of them are described below.
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(a) APC 3.5 (Amphenol Precision Connector - 3.5 mm)

HP (Hewlett - Packard) originally developed this connector, but it is now being manufactured by
Amphenol. This connector can operate up to a frequency of 34 GHz and has a very low voltage standing
wave ratio (VSWR). This connector provides repeatable connections and has 50 Q characteristic

impedance. The male connector. it introduces higher ordermodes and hence not used above 24 GHz.

e i3

APC-3.5 Male

(a) APC-3.5

BNC Female

New coupling nut

SMA Male

SMC Female

=R

SMC Male (e) SMC

Type N Male (g) Type N

Figure 5.4 : Co-axial microwave connectors
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2.5 ATTENUATORS

In order to control power levels in a microwave system by partially absorbing the transmitted
microwave signal, attenuators are employed. Resistive films (dielectric glass slab coated with aquatic)
are used in the design of both fixed and variable attenuators. A co-axial fixed attenuator uses the
dielectric loss material inside the center conductor of the co-axial line to absorb some of the center
conductor microwave power propagating through it dielectric rod decides the amount of attenuation

introduced. The microwave power absorbed by the lossy material is dissipated as heat.

Lossy material in
centre conductor

Co-axial
line

Movable Vane

(a)

Figure 5.7 : Movable vane variable attenuator
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In waveguides, the dielectric slab coated with aduadag is placed at the centre of the waveguide parallel
to the maximum E-field for dominant TEIO mode. Induced current on the lossy material due to
incoming microwave signal, results in power dissipation, leading to attenuation of the signal. The
dielectric slab is tapered at both ends upto a length of more than half wavelength to reduce reflections as
shown in figure 5.7. The dielectric slab may be made movable along the breadth of the waveguide by
supporting it with two dielectric rods separated by an odd multiple of quarter guide wavelength and
perpendicular to electric field. When the slab is at the centre, then the attenuation is maximum (since the
electric field is concentrated at the centre for TEIO mode) and when it is moved towards one side-wall,

the attenuation goes on decreasing thereby controlling the microwave power corning out of the other

port.

Hinged arm

ongitudinal

Lossy dielectric slot

flap

Figure 5.8 : Flap attenuator
Figure 5.8 shows a flap attenuator which is also a variable attenuator. A semi-circular flap made of

lossy dielectric is made to descend into the longitudinal slot cut at the centre of the top wall of
rectangular waveguide. When the flap is completely outside the slot, then the attenuation is zero and
when it is completely inside, the attenuation is maximum. A maximum direction of 90 dB attenuation is
possible with this attenuator with a VSWR of 1.05. The dielectric slab can be properly shaped according
to convenience to get a linear variation of attenuation within the depth of insertion. A precision type
variable attenuator consists of a rectangular to circular transition (ReT), a piece of circular waveguide
(CW) and a circular-to-rectangular transition (CRT) as shown in figure 5.9. Resistive cards R , Rand R

are placed inside these sections as shown. The centre circular section containing the resistive card Rb
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can be precisely rotated by 3600 with respect to the two fixed resistive cards. The induced current on
the resistive card R due to the incident signal is dissipated as heat producing attenuation of the
transmitted signal. TE mode in RCT is converted into TE in circular waveguide. The resistive cards R
and R a kept perpendicular to the electric field of TEIO mode so that it does not absorb the energy. But
any component parallel to its plane will be readily absorbed. Hence, pure TE mode is excited in circular
waveguide section. 11 If the resistive card in the center section is kept at an angle 8 relative to the E-field
direction of the TEIl mode, the component E cos8 parallel to the card get absorbed while the component
E sin 8 is transmitted without attenuation. This component finally comes out as E sin26 as shown in

figure 5.10.

2.6 PHASE SHIFTERS: .

(Avariable shift in phase of the incoming

In 'ae the rectangular waveguide produces a

A microwave phase shifter is a two port device which pr
microwave signal. A lossless dielectric slab when

phase shift. The rotary type of precision phaseps
ei:% plate of length 2l called "half-wave section”, a

eris shown in figure 5.12 which consists of a

circular waveguide containing a lossles

section of rectangular-to-circular transitio ining a lossless dielectric plate of length I, called
"guarter-wave section™, oriented at anian@l® of 45° to the broader wall of the rectangular waveguide and
a circular-to-rectangular transiti ntaining a lossless dielectric plate of same length 1 (quarter
wave section) oriented at 45°, The incident TEIO mode becomes TEIl mode in circular
waveguide section. Th e section produces a phase shift equal to twice that produced by the
quarter wave section. Wae dielectric plates are tapered at both ends to reduce reflections due to
discontinuity.

2.7 WAVE GUIDE TEE JUNCTIONS:

A waveguide Tee is formed when three waveguides are interconnected in the form of English alphabet
T and thus waveguide tee is 3-port junction. The waveguide tees are used to connects a branch or
section of waveguide in series or parallel with the main waveguide transmission line either for splitting
or combining power in a waveguide system. There are basically 2 types of tees namely 1.H- plane Tee
junction 2.E-plane Tee junction A combination of these two tee junctions is called a hybrid tee or
Magic Tee”. E-plane Tee(series tee): An E-plane tee is a waveguide tee in which the axis of its side arm

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

be in opposite phase and in same magnitude.

2.8 Magic Tee ( Hybrid Tees)

A magic tee is a combination of E-plane and H-plane tee. The characteristics of magic tee are:

Port 3
Port 2
Collinear
arms E arm
Port 4
arm
Port 1 &\

1. If two waves of equal magnitude a ase are fed into port 1 and port 2 the output will be zero
at port 3 and additive at port 4.
3. If a wave is fed into port 4 divided equally between port 1 and port 2 of the collinear arms
and will not appear at port

4. If awave is fed intc@ it will produce an output of equal magnitude and opposite phase at port 1
and port 2. the output at port 4 is zero.

5. If a wave is fed into one of the collinear arms at port 1 and port 2, it will not appear in the other

collinear arm at port 2

OUTCOME:

At the end of the course student will be able to understand and explain the different microwave passive

devices and S-parameters.
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Recommended Questions

What is S-parameter?

What is the need for S-parameter
Explain Magic-Tee

Explain Phase shifter

Explain Attenuators.

o g~ w D PF

Explain Microwave Passive devices
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Module 3: ANTENNA BASICS

Structure

Introduction

Objectives

Basic Antenna parameters
Antenna temperature and antenna filed zones
Patterns

Beam Area

Radiation Intensity

Beam efficiency
Directivity and Gain

.9 Effective aperture

3.10 Effective Height

3.11 Radiation efficiency

3.12 Radio Communication link 4 Q
3.13 Antenna Field Zones \

3.14 Questions

3.15 Outcomes
3.16 Further Readings
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3.0 INTRODUCTION

An antenna is used to radiate electromagitic chergy efficiently and in desired directions. Antennas

act as matching systems between soup€®s pfclectromagnetic energy and space. Antenna is a source

ﬁf ensor of Electromagnetic waves. It is a transition device
avesand a free space wave or vice versa. It is also an electrical
that radiates EM energy into or collects EM energy from free

or radiator of Electromagnetic wa
or transducer between a gui
conductor or system of ¢
space. Antennas functj smitting or receiving electromagnetic (EM) waves. Examples of
these electromagnetic
waves include the light from the sun and the waves received by your cell phone or radio. Your eyes
are basically "receiving antennas" that pick up electromagnetic waves that are of a particular
frequency. The colors that you see (red, green, blue) are each waves of different frequencies that
your eyes can detect. All electromagnetic waves propagate at the same speed in air or in space. This
speed (the speed of light) is roughly 671 million miles per hour (1 billion kilometers per hour). This
is roughly a million times faster than the speed of sound (which is about 761 miles per hour at sea
level). The speed of light will be denoted as ¢ in the equations that follow. We like to use "SI" units
in science (length measured in

meters, time in seconds, mass in kilograms):

A rough outline of some major antennas and their discovery /fabrication dates are listed:

e Yagi-Uda Antenna,1920s
e Horn Antennas,1939
e Antenna Arrays 1940s



e Parabolic Reflectors late 1940s, early 1950s.
e Patch Antennas,1970s
e PIFAs 1980s.

3.1 OBJECTIVES:

1. Introduction about the antenna parameters in terms of antenna language
2. Antenna field zones utilization.

3. Link budget calculation for any communication link.

3.2 BASIC ANTENNA PARAMETERS

A radio antenna may be defined as the structure associateg wi@egion of transition between a

guided wave and a free space wave or vice versa.
iog

Principle: Under time varying conditions, Maxwell’s redict the radiation of EM energy
from current source (or accelerated charge). This all frequencies, but is insignificant as
long as the size of the source region is not comp@ralfle t0 the wavelength. While transmission lines

are designed minimize this  radiation | diation into free space becomes main purpose in case

of Antennas. The basic principle of radia oduced by accelerated charge. The basic equation

of radiation is

IL=QV -1) 1)
where, | = Time changing cu& ps/sec
L = Length of the ement in meters
Q = Charge i s
V = Time changing velocity

Thus time changing current radiates and accelerated charge radiates. For steady state harmonic
variation, usually we focus on time changing current. For transients or pulses, we focus on
accelerated charge. The radiation is perpendicular to the acceleration and the radiated power is
proportional to the square of IL or QV. Transmission line opened out in a Tapered fashion as
Antenna:

a). As Transmitting Antenna: Here the Transmission Line is connected to source or generator at
one end. Along the uniform part of the line energy is guided as Plane TEM wave with little loss.
Spacing between line is a small fraction of A. As the line is opened out and the separation between
the two lines becomes comparable to A, it acts like an antenna and launches a free space wave since
currents on the transmission line flow out on the antenna but fields associated with them keep on
going. From the circuit point of view, the antennas appear to the transmission lines as a resistance
Rr, called Radiation resistance.

b) As Receiving Antenna: Active radiation by other Antenna or Passive radiation from distant
objects raises the apparent temperature of Rr. This has nothing to do with the physical temperature
of the antenna itself but is related to the temperature of distant objects that the antenna is looking



at. Rr may be thought of as virtual resistance that does not exist physically but is a quantity coupling

the antenna to distant regions of space via a virtual transmission line.
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Thus, an antenna is a transition device, o ucer, between a guided wave and a free space wave
or vice versa. The antenna is a device w

ifitctfaces a circuit and space.
Reciprocity: An antenna exhibi | impedance during Transmission or Reception, same
directional patterns during T& n or Reception, same effective height while transmitting or
receiving. Transmission ion antennas can be used interchangeably. Medium must be
linear, passive and iso sical properties are the same in different directions). Antennas are
usually optimized fof¥geception or transmission, not both.

3.3 PATTERNS

The radiation pattern or antenna pattern is the graphical representation of the radiation properties of
the antenna as a function of space. That is, the antenna's pattern describes how the antenna radiates
energy out into space (or how it receives energy). It is important to state that an antenna can radiate
energy in all directions, so the antenna pattern is actually three-dimensional. It is common, however,
to describe this 3D pattern with two planar patterns, called the principal plane patterns. These
principal plane patterns can be obtained by making two slices through the 3D pattern, through the
maximum value of the

pattern. It is these principal plane patterns that are commonly referred to as the antenna patterns.

Radiation pattern or Antenna pattern is defined as the spatial distribution of a ‘quantity’ that
characterizes the EM field generated by an antenna. The ‘quantity’ may be Power, Radiation
Intensity, Field amplitude, Relative Phase etc



ad
Always the radiation has Main lobe through which radiation is maximum in the z direction and

Minor lobe (side and back lobes) in the x and y direction. Any field pattern is presented by 3D
spherical coordinates or by plane cuts through main lobe axi lane cuts as right angles are
called as principal plane pattern. To specify the radiation p ith respect to field intensity and
polarization requires three patterns: a\

I.  The 6 component of the electric field as a t%e angles 6 and @ or E¢(0,D) in Vm-

1.
ii.  The ® component of the electric 1%%nction of the angles 0 and @ or E¢(0,®) in Vm-
1.

iii.  The phases of these fields as oft of the angles 6 and @ or 6¢(0,D) and 6¢(0,D) in

radian or degree.

Normalized field patter xained by dividing a field component by its maximum

value. The normalize ern is a dimensionless number with maximum value of unity

Eo(0,0) n= Eo(0,®) / Eo(0,0) max (2)
Half power level occurs at those angles (0,®)for which E6(0,®)n =0.707. At distance d>>\ and d>>
size of the antenna, the shape of the field pattern is independent of the distance
Normalized power pattern: Pattern expressed in terms of power per unit area is called power
pattern. Normalizing the power with respect to maximum value yields normalized power patterns
as a function of angle which is dimensionless and maximum value is unity.

Pn(0,D)n = S(0,0)/ S(6,0)max 3)

Where, S(0,®) is the Poynting vector = [ E¢*(0,®) + E¢*(0,®) ]/ Z0 Wm-2
S(8,d)max is the maximum value of S(6,D), Wm-2



70 is the intrinsic impedance of free space = 376.7Q2.
Decibel level is given by dB =10 log10 Pn(6,D)
Half power levels occurs at those angles (0,®) for which P(6,®)n =0.5.

Pattern Lobes and Beamwidths:
The radiation pattern characteristics involve three dimensional vector fields for full representation,
but the scalar quantities can be used. They are:

1. Half power beam-width HPBW

2. Beam Area, QA

3. Bema Efficiency, eM

4. Directivity D, Gain G

5. Effective Aperture, Ae z

6. Radiation Intensity

First null beamwidth i
(FNBW) N

Half—-power beamwidth _

(HPBW) o BN r

Minor lobos ' e Sede lODe

1g.3 Pattern in spherical co-ordinate system
Beamwidth is associated with the lobes in the antenna pattern. It is defined as the angular separation
between two identical points on the opposite sides of the main lobe. The most common type of
beamwidth is the half-power (3 dB) beamwidth (HPBW). To find HPBW, in the equation, defining
the radiation pattern, we set power equal to 0.5 and solve it for angles. Another frequently used
measure of beamwidth is the first-null beamwidth (FNBW), which is the angular separation between

the first nulls on either sides of the main lobe.

Radiation
intensity

Half-power beamwidth( HPBW)
First null beamwidth( FNBW)

~Major lobe

Minor lobes HFPBW
FINBW

= w/2 ) O w2

Sidg lobe Back lobe
Pe /

Fig.4 Pattern in Cartesian co-ordinate system



Beamwidth:

Antenna Beam-width is the measure of directivity of an antenna. The antenna beamwidth is the
angular width expressed in degrees which is measured on the major lobe of the radiation pattern of
an antenna.

HPBW:

The angular width on the major lobe of radiation pattern between two points where the power is
half of the maximum radiated power is called Half Power Beam-width. Here the power decreases
to half of its maximum value.

FNBW:

When the angular width is measured between the first nulls or first side lobes it is called First Null
Beam Width.

The factors affecting beam width are:

1. Shape of the radiation pattern. ’ Q

2. Dimensions of antenna.

3. Wavelength. \

Beam width defines the resolution capability of the a, e‘. , the ability of the system to separate
two adjacent targets.

The beam solid angle of an antenna is give }&ﬁntegral of the normalized power pattern over a
sphere (4x steradians).

; 4
Pn (6,®) sin 6d6 d®
=0
ough which all of the power radiated by antenna would stream

m value over QA and was zero.

Total power radiated = P(0, @) QA watts
Beam area is the solid angle QA is often approximated in terms of the angles subtended by the Half
Power points of the main lobe in the two principal planes(Minor lobes are neglected)

QA= OHP OHP

Radian and Steredian: Radian is plane angle with its vertex a the center of a circle of radius r and
is subtended by an arc whose length is equal to r. Circumference of the circle is

2nr Therefore total angle of the circle is 2n radians.

Steredian is solid angle with its vertex at the center of a sphere of radius r, which is subtended by
a spherical surface area equal to the area of a square with side length r, Area of the sphere is 4mr?.
Therefore, the total solid angle of the sphere is 4w steredians



Area= r?

Fig.5 Beam Area

Isteradian = (Iradian)?

= (180 / m)?

= 3282.8064 square degrees
4r steradians = 3282.8064 x 4w
= 41,253 square degree

L 4
The infinitesimal area ds on a surface of a sphere of radius \'\&%al co-ordinates (with 0

as vertical angle and @ as azimuth angle) is *
ds = ﬁ{ 0

By definition of solid angle: ds = r* dQ \

Hence,

dQ =sin6 d6 d®

3.4 Radiation Intensi

Definition: The power radiated from an Antenna per unit solid angle is called the Radiation

Intensity. “U” Units: Watts/steradians or Watts/ square degree

Poynting vector or power density is dependent on distance from the antenna while Radiation
intensity is independent of the distance from the antenna. The normalized power pattern can also
be expressed as the ratio of radiation intensity as a function of angle to its maximum value.

1.7 Beam Efficiency Pn(0,®)n = S(8,®)/ S(0,0)max

3.5 Beam Efficiency

The total beam area QA consists of the main beam area QM plus the minor lobe area Om .
Qar=Qm+ Qnm

The ratio of main beam area to the total beam area is called the beam efficiency em



em=Qm/ Qa
The ratio of minor lobe area to the total beam area is called stray factor em

Sm:Qm/QA

3.8 Directivity D and Gain G

From the field point of view, the most important quantitative information on the antenna is the
directivity, which is a measure of the concentration of radiated power in a particular direction. It is
defined as the ratio of the radiation intensity in a given direction from the antenna to the radiation
intensity averaged over all directions. The average radiation intensity is equal to the total radiated

power divided by 4. If the direction is not specified, the direction of maximum radiation is implied.

Mathematically, the directivity (dimensionless) can be written Q
L 4

D=U (0 ,p)max/ U (0 ,p)a

. . * .
The directivity is a dimensionless quantity. The m. ectivity is always > 1.

Directivity and Beam area \

20001
PB.0),, =$ ”P( 6. 0)Sin 66
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Directivity is the ratio of total solid angle of the sphere to beam solid angle. For antennas with

rotationally symmetric lobes, the directivity D can be approximated as:
D=4n/0®
Directivity of isotropic antenna is equal to unity, for an isotropic antenna Beam area QA=4n

Directivity indicates how well an antenna radiates in a particular direction in comparison with an

isotropic antenna radiating same amount of power Smaller the beam area, larger is the directivity



Gain: Any physical Antenna has losses associated with it. Depending on structure both ohmic and
dielectric losses can be present. Input power Pin is the sum of the Radiated power Prad and losses

Ploss
Pin=Prad + Ploss

The Gain G of an Antenna is an actual or realized quantity which is less than Directivity D due to
ohmic losses in the antenna. Mismatch in feeding the antenna also reduces gain. The ratio of Gain
to Directivity is the Antenna efficiency factor k (dimensionless)

G =KD,where0<K<1

In practice, the total input power to an antenna can be obtained easily, but the total radiated power
by an antenna is actually hard to get. The gain of an antenna i’ ifittoduced to solve this problem.
This is defined as the ratio of the radiation intensity in a gxh rection from the antenna to the

total input power accepted by the antenna divided b e direction is not specified, the

direction of maximum radiation is implied. Mathe % gain (dimensionless) can be written

as
%Pin

n antenna represent the ability to focus it’s beam in

Directivity and Gain: Directivity an
a particular direction. Directivit meter dependent only on the shape of radiation pattern

while gain takes ohmic and into account.

3.9 Effective Apertur

Aperture Concept: Apefgure of an Antenna is the area through which the power is radiatedor
received. Concept of Apertures is most simply introduced by considering a Receiving Antenna. Let

receiving antenna be a rectangular Horn immersed in the field of uniform plane wave as shown

Fowwer
absorbed: P [ walt ]

Effective
aperture: A me

Fig.6 Aperture

Let the Poynting vector or power density of the plane wave be S watts/sq —m and let the area or
physical aperture be Ap sq-m.

But the Field response of Horn is not uniform across Ap because E at sidewalls must



equal zero. Thus effective Aperture Ae of the Horn is less than Ap.
Aperture Efficiency is as follows:
€ap—=Ae/Ap

The effective antenna aperture is the ratio of the available power at the terminals of the antenna to
the power flux density of a plane wave incident upon the antenna, which is matched to the antenna
in terms of polarization. If no direction is specified, the direction of maximum radiation is implied.
Effective Aperture (Ae) describes the effectiveness of an Antenna in receiving mode, It is the ratio

of power delivered to receiver to incident power density.

It is the area that captures energy from a passing EM wave an Antenna with large aperture (Ae) has
more gain than one with smaller aperture(Ae) since it captures more energy from a passing radio

wave and can radiate more in that direction while transmitting

. . ¢ . .
Effective Aperture and Beam area: Consider an Antenna&tS n effective Aperture Ae which
A

radiates all of it’s power in a conical pattern of beam arge ,’assuming uniform field Ea over the

aperture, power radiated is p E2 A

~0

Fig.7 Effective Aperture
Assuming a uniform field Er in far field at a distance r. Power radiated is also given by
P=Er?/Z0 1’ QA
Equating the two and noting that Er = Ea Ae/r A we get Aperture Beam Area relation
A2 =Ae QA

At a Given wavelength if effective aperture is known, Beam Area can be determined or vice versa

1. 10 Effective height

The effective height is another parameter related to the apertures. Multiplying the effective height,
he(meters), times the magnitude of the incident electric field E (V/m) yields the voltage V induced.

Thus V=he E or he=V/ E (m). Effective height provides an indication as to how much of the antenna



is involved in radiating (or receiving. To demonstrate this, consider the current distributions a dipole
antenna for two different lengths.

If the current distribution of the dipole were uniform, it’s effective height would be 1 Here the
current distribution is nearly sinusoidal with average value 2/71=0.64(of the maximum) so that it’s

effective height is 0.641 .It is assumed that antenna is oriented for maximum response.

If the same dipole is used at longer wavelength so that it is only 0.1A long, the current tapers almost
linearly from the central feed point to zero at the ends in a triangular distribution. The average
current is now 0.5 & effective height is 0.51

= Average =0.64 z Average =05
J ke .
_.>_— - ' 2 '
Nornmahze.d \ Normallze.d
current current
Length, =12 ‘ & Length, i=2/70
Effective height = 0.641 Effective height = 0.517
Fig.&% cight
For an antenna of radiation resistance tched to it’d load , power delivered to load is
P =V?/4r and
Q voltage is given by V=h.E
Q Therefore, P=(h.E)*(4Rr)
In terms of Effective aperture the same power is given by
P=SAe=(E”/20)Ae
Equating the two,
1.2 ;2
hs E- 3 4R A h'Z 2
P= "’E{.:’E(/_,{q :h‘z L (m) and _.]“:LU (m‘)
T Z, 4R '

Bandwidth or frequency bandwidth:

This is the range of frequencies, within which the antenna characteristics (input impedance, pattern)
conform to certain specifications, Antenna characteristics, which should conform to certain
requirements, might be: input impedance, radiation pattern, beamwidth, polarization, side-lobe
level, gain, beam direction and width, radiation efficiency. Separate bandwidths may be introduced:

impedance bandwidth, pattern bandwidth, etc.



The FBW of broadband antennas is expressed as the ratio of the upper to the lower frequencies,

where the antenna performance is acceptable. Based on Bandwidth antennas can be classified as

1. Broad band antennas-BW expressed as ratio of upper to lower frequencies of acceptable operation
eg: 10:1 BW means fH is 10 times greater than fL

2. Narrow band antennas-BW is expressed as percentage of frequency difference over center
frequency eg:5% means (fH —fL ) /fo is .05. Bandwidth can be considered to be the range of
frequencies on either sides of a center frequency (usually resonant freq. for a dipole)

The FBW of broadband antennas is expressed as the ratio of the upper to the lower frequencies,

where the antenna performance is acceptable

fmax

f min
Broadband antennas with FBW as large as 40:1 have beef& ed.Such antennas are referred to

FBW =

as frequency independent antennas. For narrowband antennas, W is expressed as a percentage

of the frequency difference over the center frequenc

f"““ 100 %.

bandwidth are used. Pattg & dwidth is associated with characteristics such as Gain, Side lobe
level, Polarization, @rea. (large antennas) Impedance bandwidth is associated with
characteristics such as Wpput impedance, radiation efficiency (Short dipole) Intermediate length
antennas BW may be limited either by pattern or impedance variations depending on application If

BW is Very large (like 40:1 or greater), Antenna can be considered frequency independent.

3.11 Radiation Efficiency

Total antenna resistance is the sum of 5 components

Rr+Rg+Ri+Rc+Rw
Where, Rris Radiation resistance

Rgis ground resistance

Ri is equivalent insulation loss

Rc is resistance of tuning inductance

Rw is resistance equivalent of conductor loss

Radiation efficiency=Rr/( Rr+Rg+Ri+Rc+Rw). It is the ratio of power radiated from th
eantenna to the total power supplied to the antenna



Antenna temperature

The antenna noise can be divided into two types according to its physical source:

- noise due to the loss resistance of the antenna itself; and

- noise, which the antenna picks up from the surrounding environment The noise power
per
unit bandwidth is proportional to the object’s temperature and is given by Nyquist’s relation

Pn= }\'TP. “T/HZ

where

TP is the physical temperature of the object in K (Kelvin degrees); and k is

Boltzmann’s constant (1.38x10°23 J/K

A resistor is a thermal noise source. The noise voltage (rms value) generated by a resistor

R, kept at a temperature T, is given by

V. =4kTBR

Where,
k is Boltzmann’s constant (1.38x10
Bis the bandwidth in Hz
Often, we assume that heat energy is

23

istributed in the frequency band Af .
Then, the associated heat power i

B, = kTp:

For a temperat
antenna .
Then noise Wmperature T, is given by

LJ‘” J'“ R(0.4).T(0.0)sin 0d0deo

A
41

The noise power Prareceived from an antenna at temperature T4 can be
expressed in terms of Bandwidth B over which the antenna(and it’s

Receiver) is operating as
B, =kTB

istribution T( 0. ) and radiation pattern R( 0.<P ) of the

The receiver also has a temperature TR associated with it and the total system noise
temperature (i.e., Antenna + Receiver) has combined temperature given b

T, =T +Tx

And total noise power in the system is

PTUI;.II - kT.\v.‘&B



3.12 THE RADIO COMMUNICATION LINK

The usefulness of the aperture concept is well illustrated by using it to derive the important Friis
transmission formula published in 1946 by Harald T. Friis (1) of the Bell Telephone Laboratory.

Transmitting Receiving
Antenna Antenna
Aet r Aer
Tx Rx
Transmitter Receiver
o Q
Fig: Radio communicatiow
Referring to Fig.9, the formula gives the power edfover a radio communi- cation link.
Assuming lossless, matched antennas, let the tr tefifeed a power P;to a transmitting antenna

of effective aperture 4., . At a distance r c@iying antenna of effective aperture A.- intercepts

some of the power radiated by the trans tenna and delivers it to the receiver R. Assuming
for the moment that the transmittin a'is isotropic, the power per unit area available at the

receiving antenna is

\ Py
oY =
4nr
If the antenna has g % the power per unit area available at the receiving antenna will be
increased in proportion as given by
PGy
T 4Amr?

Now the power collected by the lossless, matched receiving antenna of effective aperture

Aeris

The gain of the transmitting antenna can be expressed as

4
G = ?Ae

Substituting this in the previous equation yields the Friis transmission formula



_ AetAer Py
T r2)2

Example: Radio Communication Link

A radio link has a 15-W transmitter connected to an antenna of 2.5 m? effective aperture at 5 GHz.
The receiving antenna has an effective aperture of 0.5 m? and is located at a 15-km line-of-sight
distance from the transmitting antenna. Assuming lossless, matched antennas, find the power
delivered to the receiver. Answer Pr=23uWatts

N

\&
NS
QO



3.13 ANTENNA FIELD ZONES

The fields around an antenna may be divided into two principal regions, one near the antenna
called the near field or Fresnel zone and one at a large distance called the far field or Fraunhofer
zone. Referring to Fig. 2—17, the boundary between the two may be arbitrarily taken to be at a
radius

R=2L%/A
L = maximum dimension of the antenna, m
A = wavelength, m

In the far or Fraunhofer region, the measurable field components are transverse to the ra- dial
direction from the antenna and all power flow is directed radiaW§@utward. In the far field the
shape of the field pattern is independent of the distanc& Jn the n€ar or Fresnel region, the
longitudinal component of the electric field may be signiﬁ&a d power flow is not entirely
radial. In the near field, the shape of the field pattern d @' s, general, on the distance.

To
infinity

Far field

or
Fraunhofer
region

Near field
or
Fresnel region

Antenna
region

Fresnel-Fraunhofer
boundary sphere

Fig 9. Antenna field zones

Enclosing the antenna in an imaginary boundary sphere as in Fig. 9 it is as though the region near
the poles of the sphere acts as a reflector. On the other hand, the waves expanding perpendicular
to the dipole in the equatorial region of the sphere result in power leakage through the sphere as if
partially transparent in this region.

This results in reciprocating (oscillating) energy flow near the antenna accompanied by outward
flow in the equatorial region. The outflow accounts for the power radiated from the antenna, while
the reciprocating energy represents reactive power that is trapped near the antenna like in a



resonator

Note that although the term power flow is sometimes used, it is actually energy which flows, power
being the time rate of energy flow. A similar loose usage occurs when we say we pay a power bill,
when, in fact, we are actually paying for electric energy.

Near Field (Fresnel’s Region)

e Power flow is not entirely radiated.

e Shape of field pattern is dependent of radial distance.

e There is an energy reciprocating b/n antenna and space.
e Reactive energy.

Far field (Fraunhofer’s region)

e Real power flow is directed radially outwork.

N

e Shape of the field pattern is independent of dj A

L 4
e The outward power flow represents radia T

Measurable field components are transverse ion of propagation.

3.14 Recommended questions

1. With the help of Maxwell’s equati ain how radiation and reception of EM takes place?

2. Explain the following term to antenna system:

(1) Directivity (2) HPBW

(7) Beam area/Beam (8) Radiation resistance

3. Show that the directivity for unidirectional operation is 2(n+1) for an intensity variation of u=u™
cos"0.

4. Prove that maximum effective aperture for a A/2 antenna is 0.13 A2.

5. The effective aperture of transmitting and receiving antennas in a communication system are 8
A2 and 12 A2 respectively with a separation of 1.5 km between them. The E.M wave is travelling
with a frequency of 6MHz and the total input power is 25KW. Find the power received by the
receiving antenna.

6. Define the following with respect to antenna:

(1) Radiation pattern (power and field pattern) (2) field zones (3) Aperture



3.15 OUTCOMES

e Student will able to define the parameters and importance of all in communication systems
e Student able to solve link budget problems required for the applications
e Student able to describe the importance of Fraunhofer zone.

3.16 Further Readings

1. Antenna Theory Analysis and Design - C A Balanis, 3rd Edn, John Wiley India Pvt. Ltd, 2008

N
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Module 4

POINT SOURCES AND ARRAYS

Structure

4.0 Introduction

4.1 objectives

4.2 Power theorem

4.3 Field patterns

4.4 Array of two isotropic point sources
4.5 Array of n isotropic point sources
4.6 Outcomes

4.7 Questions

4.8 Further Readings

4.0 Introduction \:

*
As of now the antenna was treated aperture. in this it'is formally considered as point source

and later the concept extended to the formation s @f point sources. The pattern of any antenna
can be regarded as produced by an array of pdint'sgurces.

Here we discuss the array arrays confi
kind of antennas.

otropic point sources, which may represent different

Point Sources:

* Antenna that doesn't hg @ pecified shape is called "point source".

Consider an antenna @rvaﬁon circle as shown in fig.2.1 where the radiated fields of antenna
transverse radially at a Sufficient distance id far field whereas near fields have actual variation
ignored.

Provided that observation made at the sufficient distance, any antenna regardless of size or
complexity can be represented as single point source. Far field is considered because power flow and
fields are radiated outwards at this region properly.

¢)

C2

Fig 4.1. Antenna and the observation
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Field measurements can be done either by fixing antenna or fixing observation point but both effects
are approximately same.

If in case the center of the antenna is displaced by distance 'd" as shown in fig.1, the distance between
two centers are negligible effect on the field pattern at observation circle provided that

R>>d,R>band R>>)
As we discussed complete description of the far field of a source requires 3 components.
1. Ee(0, ¢)
2. Eq(0, 9)
3.8(0, ¢)

Power Patterns:

Let transmitting antenna in free space by point source radiation ed at origin of the co-ordinates
as shown in fig.4.2. ¢

¢

quatocrial
X plane

Fig 4.2 Point source at origin.
The radiated energy streams from the source radial lines.

The time rate of energy flow per unit area is "Poynting vector or power flow density”. The
magnitude of Poynting vector is equal t radial component (|S| = Sr)

* A sources that radiates energy uniformly in all directions is called "isotropic antenna”.

A graph of S at constant radius as a function of angle is Poynting vector, power density, pattern but
usually called "power pattern”.
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Although the isotropic source is convenient in theory, it is not physically realizable type.

Even simplest antenna has bidirectional properties i.e., they radiate energy in some directions than
others.

¢ In contrast with isotropic antennas, they might be called as "anisotropic antennas".
e If Sris expressed in W/m?, the absolute power pattern. On the other hand if it express with
its reference value then the graph is called "relative power pattern”.

Srm - maximum power in the direction.
A pattern with a maximum of unity is ca &Iized pattern".

4.1 Objectives

—+

e Apply the po to solve the problems
e Analyse th point source and their patterns

. Analy% ent conditions and importance of various types of arrays

4.2 Power Theorem

If the Poynting vector is known at all points on a sphere of radius r from a point source in a lossless
medium, the total power radiated by the source is the integral over the surface of the sphere of the
radial components Sref the average poynting vector”. Thus

P=¢S.ds
Where , P - power radiated (W)
Sr - radial component of average poynting vector (Wm2)
ds - infinitesimal element of area of sphere
ds = r? Sin® dO d¢ (m?)

For an isotropic source, Sy is independent of 6 and ¢ so
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P:Sr#ds

Sr= P

4mr?

This equation indicates that the magnitude of Poynting vector varies inversely proportional to the
square of the distance from point source radiator.

Radiation Intensity:

It is defined as the power radiated by an antenna per unit solid angle. Denoted by u and unit is W/Sr.

Power Theorem for Radiation Intensity:

The total power radiated by an antenna is given by integral of radiation intensity over solid angle of
the sphere.

ie. P=4f udQ

For an isotropic source radiation intensity remains same at‘d@ the surface of the sphere.

Let uo be the radiation of isotropic source then .

P:# Uo dQ

P =¢F uoSin 0 do d&\
2

P= U, Sin®de

P =2 muo(- 0s 0))
o
P
Nk

Therefore, the relation between Poynting vector and radiation intensity as follows

P
4mr?

W.K.T. Sr=

P
Sr TZ: —_—
4n

SrT2= Uo

Uo=Sr TZ
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Examples Of Power Patterns:

1. Unidirectional Cosine Pattern
The radiation intensity of unidirectional cosine pattern is given as
u=um Cos 0
where um is the maximum radiation intensity and u is having value in upper hemisphere.

u,Cos0; 0< < z
2

i.e., u= 0< O6< 1
0; Elsewhere

P N
A

The radiation intensity of nal cosnine pattern is given as

2. Bidirectional Cosine Pattern

and has the value in b isphere

mCos0; 0< < m
0 o< m
0; Elsewhere

It is also known as groundnut pattern because of its appearance as shown.
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3.Unidirectional Sine Pattern
The radiation intensity is given as

u,Sin0; 0 < 9<§

i.e., u= 0<6<m
0; Elsewhere
T

The maximum radiation intensity at 0 = 2

P

4. Bidirectional Sine Pattern \K

The radiation intensity is given

i.e.,

u,Sin0; 0
u:{ 0 <

0; Els

It is also known as dotighnubpattern and pattern as shown.

VAN VZahN
N

2.3 Field pattern

A pattern showing variation of the electric field intensity at a constant radius r as a function

of angle(0 , o) is called “field pattern”
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The power pattern and the field patterns are inter-related:

P, ¢) = (1M)*[E(O, ¢ )2 =n*H(®, 9)I2
P = power
E = electrical field component vector
H = magnetic field component vector
n = 377 ohm (free-space impedance)

The power pattern is the measured (calculated) and plotted received power: [P(8, ¢)| at a
constant (large) distance from the antenna
The amplitude field pattern is the measured (calculated) and plotted electric (magnetic)

field intensity, [E(0, ¢)| or |H(0, ¢)| at a constant (large) distance from the antennas

Fig 4.3: Relation of poynting vector s and 2 electric field components of a far field

4.4 ARRAY OF TWO POINT SOURCES

ARRAY is an assembly of antennas in an electrical and geometrical of such a nature that the
radiation from each element add up to give a maximum field intensity in a particular direction&
cancels in other directions. ~ An important characteristic of an array is the change of its radiation
pattern in response to different excitations of its antenna elements.

Here let us consider the different cases of two isotropic sources placed A/2 apart with
different scenarios.
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1. Obtain the field pattern for 2 isotropic point sources with equal amplitude and
opposite phase. Assume distance between 2 sources is ‘d’.

Sol :

This case is identical with the previous but two sources are in opposite phase instead of same phase
let the two sources 1 and 2 are located symmetrically with respect to origin of —ve
coordinates consider a observation point p at distance ’r’, the angle 0 in measured clockwise from
positive x-axis
if origin is considered as reference, the field from source 1 is related by (dr/2)cos 6 and field from
source 2 is advanced by
(dr/2) cos 6 wr dr=pd=2n/2jEo *d ............ 1

then total electric feald in the direction at a large distance r is given

E=2Eo0 [exp(G*W¥/2 -exp(-j*V¥/2)]

From which E=2JEo[(exp(j*W/2) -exp(-j*¥/2)) 2 smp. ... ....... 2
J indicates the phase reversal of one source and it is not insportent

E=2jEo sin(‘¥/2)

E=2jEo sin((dg/2)€0sP................ 3
Normalize eq3 2jEo=1, for d=n
E=sin (

Since  dr= Bd=2r/A*( M2)=n

In above eq
For 6=0, E=1

0=30, E=0.977
0=60, E=0.70

6=90, E=0
6=120, E=0.70
6=150, E=0.97
0-180, E=-1
6=210, E=-0.97 N . S
0=240, E=-0.70 e N
6=270, E=0

0=300, E=0.70
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0=330, E=0.97, 6=360, E=1

4.5 ARRAY OF ‘n’ ISOTROPIC POINT SOURCES

Uniformly excited equally spaced linear arrays Linear arrays of N-isotropic point sources of equal
amplitude and spacing: An array is said to be linear if the individual elements of the array are spaced
equally along a line and uniform if the same are fed with currents of equal amplitude and having uniform
phase shift along the line

Far field
observation
point

Dipoles are
parallel to the z
direction

E=1+ej\|l+ ejzb& Fo + ej(n'l)‘l’ 1)

Where W= total phasg di nce between adjacent source ¥ =dr*cos +6 =2n/A*d*cos¢ +6
6 = phase rence of adjacent source

multipliying equation (1) by e 19

EeJW :ej\lf +ej2\|l +ej3\|] +
Subtract (1)-(3) yields _ _
El- ey = 1- eIV ) E=1elV/1- eV
E=elDV2 riinmwr2)) isin(er2) 3
If the phase is referred to the centre point of the array, then E redu
ces to
E=(sin(n¥/2)) /sin(¥/2)
when ¥=0 E=lim (sin(nW¥/2)) /sin(\¥/2)

] 0, E =n=Emax
Y=0 E=Emax=n.......... normalizing

Enorm =E/Emax =(1/n)(sin(n\/2)) /sin(¥/2)
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Antennas and Propagation

4.5 CASE 1: LINEAR BROAD SIDE ARRAY

An array is said to be broadside if the phase angle is such that it makes maximum radiation
perpendicular to the line of array i.e. 90°&270°

For broad side array Y=0 & 6=0

Therefore W =dr*cos ® +6=Bdcos @ +0=0 o= iQOO

therefore ® max= 90°&270°

Broadside array example for n=4 and d=A/2 Q
.
By previous results we have ® max = 90°&270° \

¢

N& sin(\P/2)

m i.e. sin(n¥/2)=1 n¥/2= +(2k+1)n/2

Direction of pattern maxima:

E=(1/

This is maximum when numerator is
where k=0,1,2........

K=0 major lobe ma
K=1 n¥/2= +3n/ = +31/4
Therefore dr*cos ® =2x/ = +3n/4 cos O =+3/4

(+3/4) = +41.40 or +138.60

which is not possible

Direction of pattern minima or nulls

It occurs when numerator=0 i.e. sin(n\/2) =0 nY/2= +kn
where K=1,2,3.....ccviieiiiiee e now using condition 6=0
Y =+2kn/n= +kn/2 dr*cos ® = 2n/A*d/2*cos @

Substituting for d and rearranging the above term ncos ® = +kn/2  cos ® = £k/2
Therefore ® min =cos™(xk/2)
k=1, ® min =cos™(+1/2) = +60° or +120°

k=2, ® min =cos™(+2/2)= +0° or 180°
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Antennas and Propagation

Fig.4.5 Radiation Array for Broadside Array with 4 Elements

From the pattern we see that
Beamwidth between first pair of nulls =BWFN=60 0 O\Q

Half power beam width =BWFN/ 2=30°

CASE2: END FIRE ARRAY *

An array is said to be end fire if the phase I& that it makes maximum radiation
in the line of array i.e. 0°&180°

For end fire array =00 &1800

Therefore ¥ =dr*cos @ +6 6= -dr

The above result indicate
retarded progressively
If d=)\/2
The above result indicat

an end fire array the phase difference b/w sources is
e amount as spacing b/w the sources in radians.
r=-2n/AXAI2=-n

hat source 2 lags behind sourcel by & radians.

End fire array example for n=4 and d=\/2

Direction of maxima

Maxima occurs when sin(n'¥/2)=1

1.e.W/2= +(2k+1)n/2 where k=0,1,2........

Y = £(2k+1)n/n dr*cos @ +6= +(2k+1)m/n
cos @ = [+(2k+1)n/n —5]/dr

Therefore ® max =cos-1 {[£(2k+1)n/n —5]/dr}

By definition For end fire array : 6= -dr = -2n/A*d

Therefore ® max =C€0s-1 {[£(2k+1)a/n =3)/ (-2n/A*d) }

For n=4, d=\/2 dr=r after substituting these values in above

equation & solving we get
®max=cos-1 {[x(2k+1)/4 +1} Where k=0,1,2......
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Antennas and Propagation

For major lobe maxima,

¥ = 0=dr*cos ® + o

=dr*cos @ -dr

=dr(cos ® -1) cos @ m=1 there fore & m=00 or 1800
Minor lobe maxima occurs when k=1,2,3......

K=1 (® max)minorl=cos-1 {[£(3)/4 +1}

=cos-1 (7/4 or 1/4) Since cos-1 (7/4 ) is not possible
Therefore (® max)minorl=cos-1 (1/4)=75.5

K=2 (® max)minor2=cos-1 {[£(5)/4 +1}
=cos-1 (9/4 or -1/4)

Since cos-1 (9/4 ) is not possible

Therefore .

(® max)minorl=cos-1 (-1/4)=104.4 \
*

Direction of nulls:
it occurs when numerator=0

I.e. sin(n¥/2) =0 ny/2= &
where K=1,2,3.....oovviiiiiieeeieiieeeee Her *c0®D + 6=dr(cos @ -1) dr=2/A*\/2=n
Substituting for d and n

dr(cos @ -1)= +2kn/n
® null =cos-1(xk/2+1)

= +k/2+1 therefore

k=1, @ nulll +1) = cos-1(3/2 or 1/2)
since cos-1(3/2) not exist , =*€0s-1(1/2)= +60 there fore
® nulll = +60

- O
® null2 =cos-1(x2/2+1)

=c0s-1(2 or0)

since cos-1(2) not exist ,

® null2 = cos-1(0)= +90 there fore ® null2 = +90°

k=3, ® null3 =cos-1(x3/2+1) = cos-1(5/2 or-1/2)

since cos-1(5/2) not exist , ® null3 = cos-1(-1/2)= +120° there fore, ® null3 = +120°
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Antennas and Propagation

radartion pattem for endfire side array with 4 slements

Fig.2.6 Radiation Array for End Fire Array with 5 Elements

? 3
4.6 OUTCOMES \’Q
2 2

e Able to calculate major lobe minor | NBW for two isotropic antennas, BSA,

e Able to calculate directivity for practical y using the procedure
EFA different problems for given i

4.7 QUESTIONS

1. State and prove pow m and its application.
2. Derive an expre fOr'the power radiated from an isotropic point source with sine

3. Eight point'Sgurces are spaced apart. They have a phase difference of n/3 between
adjacent elemenits. Obtain the field pattern. Also find BWFN and HPBW.

4. Derive the expression for total field in case of two isotropic point sources with the
same amplitude and equal phase. Plot the field pattern for two isotropic sources
spaced apart.

5. Explain the principle of pattern multiplication.

6. Derive an expression and draw the field pattern for isotropic point sources of same
amplitude and opposite phase. Also determine its maxima, minima and HPBW.

7. 4 isotropic point sources are placed apart. The power applied is with equal amplitude
and a phase difference of /3 between adjacent elements. Determine BWFN.

8. Derive the field equation for a linear array of n isotropic point sources of equal
amplitude and spacing. Explain its operation as (a) broadside array (b) end fire array.
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Antennas and Propagation

4.8 Further Readings

e Antennas and Propagation for Wireless Communication Systems - Sineon R Saunders,
John Wiley, 2003.
e Antennas and wave propagation - G S N Raju: Pearson Education 2005.
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Module 5

ANTENNA TYPES
5.0 Introduction
5.1 Obijective
5.2 Helical antenna
5.3 Yagi-Uda array
5.4 Corner Reflector
55 Parabolic Reflector
5.6 Log Periodic antenna
5.7 Lens antennas
5.8 Antennas for Special applications
5.9 Outcomes * Q
5.10 Questions \
5.11 Further Readings *

5.1 INTRODUCTION

This unit describes about antenna types a
helical antenna, Yagi-Uda array ante
are discussed. This unit also deal
application.

pplication. Types of antenna like horn antenna,
eriodic antenna, reflector antennas, lens antenna
characteristics of each type of antenna and antenna

5.2 Objective

s of antennas
re to calculate different parameters of antennas.

e To learn diffe
e To learn the proc

5.3 Helical antenna

A helical antenna is a specialized antenna that emits and responds to electromagnetic fields with
rotating (circular)polarization. These antennas are commonly used at earth-based stations in
satellite communications systems. This type of antenna is designed for use with an unbalanced
feed line such as coaxial cable. The center conductor of the cable is connected to the helical
element, and the shield of the cable is connected to the reflector.

To the casual observer, a helical antenna appears as one or more "springs" or helixes mounted
against a flat reflecting screen. The length of the helical element is one wavelength or greater. The
reflector is a circular or square metal mesh or sheet whose cross dimension (diameter or edge)
measures at least 3/4 wavelength. The helical element has a radius of 1/8 to ¥ wavelength, and a



pitch of 1/4 to 1/2 wavelength. The minimum dimensions depend on the lowest frequency at which
the antenna is to be used. If the helix or reflector is too small (the frequency is too low), the
efficiency is severely degraded. Maximum radiation and response occur along the axis of the helix.

The most popular helical antenna (often called a 'helix’) is a travelling wave antenna in the shape
of a corkscrew that produces radiation along the axis of the helix. These helixes are referred to as
axial-mode helical antennas. The benefits of this antenna is it has a wide bandwidth, is easily
constructed, has a real input impedance, and can produce circularly polarized fields. The basic
geometry is shown in Figure

|} \ I >=2D /

The helix parameters are related by
(D) =L*-5?

Let S =Spacing between each turns
N= No. of Turns
D= Diameter of the helix

L'=A=Ns=Total length of the antenna Fig 5.2 Helix Structure
L= Length of the wire between each turn = /(D) +5°
L,= LN = Total length of the wire
C =nD= Circumference of the helix
o = Pitch angle formed by a line tangent to the helix wire and a plane perpendicular to the helix
axis.

1 I

Ky N, ¥
—=tan  ——
c D

a=tan



The radiation characteristics of the antenna can be varied by controlling the size of its geometrical
properties compared to the wavelength.

Mode of Operation
0 Normal Mode

0 Axial Mode
Normal Mode:

If the circumference, pitch and length of the helix are small compared to the wavelength, so that
the current is approximately uniform in magnitude and phase in all parts of the helix, the normal
mode of radiation is excited.

Fig 5.3 Normal Mode

N\
QO

In normal mode as shown in Fig 5.3 the radiation is maximum in the plane normal to the helix
axis. The radiation may be elliptically or circularly polarized depending upon helix dimensions.

Disadvantages:
0 Narrow Bandwidth
o Poor Efficiency

The radiation pattern in this mode is a combination of the equivalent radiation form a short dipole
positioned along the axis of the helix and a small co-axial loop. The radiation pattern of these two
equivalent radiators is the same with the polarization at right angles and the phase angle at a given
point in space is at 900 apart. Therefore, the radiation is either elliptically polarized or circularly
polarized depending upon the field strength ratio of the two components. This depends on the pitch



angleo. When ‘o ’ is very small, the loop type of radiation predominates, when it becomes very
large, the helix becomes essentially a short dipole. In these two limiting cases the polarization is
linear. For intermediate value of the polarization is elliptical and at a particular value of ‘a ’ the
polarization is circular

Analysis of normal mode:

Field due to short dipole is given by
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This is the condition for circular polarization

The pitch angle is given by

RY
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Axial Mode: 2 2

If the dimensions of the helix are such that the ({ rence of one turn is approximately A, the

antenna radiates in the axial mode.
Advantages:

The 3db bandwidth is given by f,, =

Directivity is givenby D =

Large Bandwidth and Good Effici
The Radiation is circularl
The directivity increaseéine
antenna’.

It acts like end " The far field pattern of the helix can be developed by assuming
that the helix comgists’of an array of N identical turns with an uniform spacing ‘s’ between
them.

%
and has a max value in the direction of helix axis.

ith the length of the helix. It also referred as “helix beam

g 2 ‘l /l_‘\

c \'NS

deg

ISN S C?
;:

N= Number of turns

C= Circumference

S=Spacing between turns

’=Wavelength



Applications:

Used in space telemetry application at the ground end of the telemetry link for satellite and space
probes at HF and VHF.

Low Frequency, Medium Frequency and High Frequency Antennas:

The choice of an antenna for a particular frequency depends on following factors.

. Radiation Efficiency to ensure proper utilization of power.
. Antenna gain and Radiation Pattern
. Knowledge of antenna impendence for efficient matching of the feeder.
. Frequency characteristics and Bandwidth
. Structural consideration
.

5.3 Yagi-Uda array

Yagi-Uda or Yagi is named after the inventors Pr nd Prof. H.Yagi around 1928. The
basic element used in a Yagi is A/2 dipole placed ho ally known as driven element or active
element. In order to convert bidirectional dip@le 1Rt unidirectional system, the passive elements
are used which include reflector and direc 1&ypassive or parasitic elements are placed parallel
to driven element, collinearly placed ether as shown in Fig 5.4. The Parasitic element
placed in front of driven element i ’ ied director whose length is 5% less than the drive element.
The element placed at the backyef element is called reflector whose length is 5% more than
that of driver element. The een the element ranges between 0.1 to 0.3A.

%ven element Yagi-Uda

1

reffector directors
arven
gm/‘ forwards direclion —

Fig 5.4 Yagi-Uda Antenna



For a three element system,

Reflector length = 500/f (MHz) feet
Driven element length = 475/f (MHz) feet
Director length = 455/f (MHz) feet.

The above relations are given for elements with length to diameter ratio between 200 to 400 and
spacing between 0.1 A to 0.2 A. With parasitic elements the impedance reduces less than 73 Q and
may be even less than 25 Q. A folded A/2 dipole is used to increase the impedance. System may
be constructed with more than one director. Addition of each director increases the gain by nearly
3 dB. Number of elements in a Yagi is limited to 11.

Basic Operation:

The phases of the current in the parasitic element depends upo t@h and the distance between
the elements. Parasitic antenna in the vicinity of radiatin aM is used either to reflect or to
direct the radiated energy so that a compact directional 4s obtained. A parasitic element of
length greater than A/2 is inductive which lags and o s than A/2 is capacitive which leads
the current due to induced voltage. Proper ced _clements of length less than A/2 act as
director and add the fields of driven eleme &rector will excite the next. The reflector adds
the fields of driven element in the directi eflector towards the driven element.

The greater the distance between driv
needed to provide correct phasin

off to achieve reactance. x
A Yagi system has the foll@t aracteristics.

1.The three element a (re#lector, active and director) is generally referred as “beam antenna”

director elements, the greater the capacitive reactance
tic elements. Hence the length of element is tapered-

2.1t has unidirectional beam of moderate directivity with light weight, low cost and simplicity in
design.

3. The band width increases between 2% when the space between elements ranges between 0.1A
to 0.15\.

4. It provides a gain of 8 dB and a front-to-back ratio of 20dB.

5. Yagi is also known as super-directive or super gain antenna since the system results a high gain.
6. If greater directivity is to be obtained, more directors are used. Array up to 40 elements

can be used.

7. Arrays can be stacked to increase the directivity.

8. Yagi is essentially a fixed frequency device. Frequency sensitivity and bandwidth of about



3% is achievable.

9. To increase the directivity Yagi’s can be staked one above the other or one by side of the other.

5.4 Corner reflector:

directional antenna. When the corner angle @908, the Sheets intersect at right angles, forming a
square- corner reflector. Corner angles bo er Or less than 90° can be used although there are
practical disadvantages to angles muc 0. A corner reflector with a=180° is equivalent
to a flat sheet reflector and may be ed as limiting case of the corner reflector. Assuming
perfectly conducting reflecting ite extent, the method of images can be applied to
angle a = 180°/n, where n is any positive integer. In the
analysis of the 90° corner rg ere are 3 image elements, 2, 3 and 4, located shown in Figure.
iMages have currents of equal magnitude. The phase of the currents in
| and 4 is same. The phase of'the currents in 2 and 3 is the same but 180° out of phase with respect
the currents in 1and 4. All’elements are assumed to be A/2 long.

Two flat reflecting sheets intersecting at an ar{ carner as in Figure 5.5 form an effective
t

At the point P at a large distance D from the antenna. The field intensity is

E(@)= 2/\1,“«:0.\(5, cos@)—cos(S, sing)|

Where

I1= current in each element

Sr = spacing of each element from the corner, rad =2zS/A

K=constant involving the distance D,

For arbitrary corner angles, analysis involves integrations of cylindrical functions. The emf Vt at

the terminals at the center of the driven element is



Vi=hZu+hRil+hZ14 - 21712

Where

Z11= Self-Impedance of driven element R:L=Equivalent loss resistance of driven element
Z1,=Mutual impedance of element 1 and 2

Zi14=Mutual impedance of element 1 and 4

If ‘P’ is the power delivered to the driven element, then from symmetry.

I

7
\' R, +R; +R, 2R,

: I P _
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'V R]I *RII_ +R1.L_2R11 '3 Q
The Field Intensity at *P” with reflector removed §
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Where the expression in brackets is the pattern factor and the expression included under the radical
sign is the coupling factor. The pattern shape is a function of both the angle, and the antenna- to-
corner spacing S. For the 60° corner the analysis requires a total of 6 elements, 1 actual antenna
and 5 images as in Figure.



5.5 Parabolic reflectors

Fig 5.6 Parabolic Reflector

Suppose that we have a point source and that we wish to prﬁ ce\a planhe-wave front over a large
aperture by means of a sheet reflector. Referring to Fig(a), it is equired that the distance from

the source to the plane-wave front via path 1 and 2 be e 4Fhe parabola-general properties
2L = R(1+cos @) &\
2
po_ 2L
1+ cosé

Referring to Fig. (b), the para% may be defined as follows. The distance from any point
P on a parabolic curve to a @‘ t F, called the focus, is equal to the perpendicular distance to
a fixed line called the difeetl hus, in Fig.(b), PF = PQ. Referring now to Fig.(c), let AA’ be a
line normal to the axis agan arbitrary distance QS from the directrix. Since PS = QS — PQ and PF
=PQ, it follows that the diStance from the focus to S is

PF+PS=PF+QS-PQ=QS

Thus, a property of a parabolic reflector is that waves from an isotropic source at the focus that are
reflected from the parabola arrive at a line AA’ with equal phase. The “image” of the focus is the
directrix and the reflected field along the Jine A A’ appears as though it originated at the directrix
as a plane wave. The plane BB’ (Fig. 5.6¢) at which a reflector is cut off is called the aperture
plane.

A cylindrical parabola converts a cylindrical wave radiated by an in-phase line source at the focus,
as in Fig. 5.7a, into a plane wave at the aperture, or a paraboloid-of-revolution converts a spherical
wave from an isotropic source at the focus, as in Fig. 5.7b, into a uniform plane wave at the
aperture. Confining our attention to a single ray or wave path, the paraboloid has the property of
directing or collimating radiation from the focus into a beam parallel to the axis. The presence of



the primary antenna in the path of the reflected wave, as in the above examples, has two principle
disadvantages. These are, first, that waves reflected from the parabola back to the primary antenna
produce interaction and mismatching. Second, the primary antenna acts as an obstruction, blocking
out the central portion of the aperture and increasing the minor lobes. To avoid both effects, a
portion of the paraboloid can be used and the primary antenna displaced as in Fig below This is
called an offset feed.

(a) (D)

& (b)
Oig .5.7 parabolic feed structure

Let us next develop &assion for the field distribution across the aperture of a parabolic
reflector. Since the development is simpler for a cylindrical parabola, this case is treated first, as
an introduction to the case for a paraboloid. Consider a cylindrical parabolic reflector with line
source as in Fig.a. The line source is isotropic in a plane perpendicular to its axis (plane of page).
For a unit distance in the z direction the power P in a strip of width dy is

P =dyS,

= 2 - > 2
Where Sy= the power density ay y. W m

P=Ud#

U’=the power per unit angle per unit length in the direction

S.dyv=Ud8é

S, 1

U" (d/d@)Rsin @)
2L

R =
1+ cosé
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The ratio of power density

hY 2

Sy,  l+cosé

The field intensity ratio in the aperture plane is equal to the square root of the power ratio

E [14cosé@
E, YV 2

P = 27pdpSp

L 4
P=27rsin&lél \Q

Equating the above two equations, we get, TS
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5.6 LOG PERIODIC DIPOLE ARRAY

The log periodic dipole array (LPDA) is one antenna that almost everyone over 40 years old has
seen. They were used for years as TV antennas. The chief advantage of an LPDA is that it is
frequency-independent. Its input impedance and gain remain more or less constant over its
operating bandwidth, which can be very large. Practical designs can have a bandwidth of an octave
or more. Although an LPDA contains a large number of dipole elements, only 2 or 3 are active at
any given frequency in the operating range. The electromagnetic fields produced by these active
elements add up to produce a unidirectional radiation pattern, in which maximum radiation is off
the small end of the array. The radiation in the opposite direction is typically 15 - 20 dB below the



maximum. The ratio of maximum forward to minimum rearward radiation is called the Front-to-
Back (FB) ratio and is normally measured in dB.

DIRECTIOIN OF
RIAXTIRIUR

e e RADIATION

Fig .5.8 Log periodic Dipole Array

The log periodic antenna is characterized by three interrelaté @:s, o, o and 1 as well as the
minimum and maximum operating frequencies, fmin and fiu e diagram below shows the

relationship between these parameters.

: Dyt e —

00 360 1-T Dy Ly
f S = Fan(c) B
MAX A

Dyl = Lyt

Fig .5.9 Relationship between different parameters

Unlike many antenna arrays, the design equations for the LPDA are relatively simple to work with.
If you would like to experiment with LPDA designs, click on the link below. It will open an
EXCEL spreadsheet that does LPDA design.

| 5.7 LENS ANTENNAS |
With a LENS ANTENNA you can convert spherically radiated microwave energy into a plane
wave (in a given direction) by using a point source (open end of the waveguide) with a
COLLIMATING LENS. A collimating lens forces all radial segments of the spherical wavefront
into parallel paths. The point source can be regarded as a gun which shoots the microwave energy
toward the lens. The point source is often a horn radiator or a simple dipole antenna.




Waveguide type: the waveguide-type lens is sometimes referred to as a conducting- type. It
consists of several parallel concave metallic strips which are placed parallel to the electric field of
the radiated energy fed to the lens, as shown in Figure 3-10A and 3-10B. These strips act as
waveguides in parallel for the incident (radiated) wave. The strips are placed slightly more than a
half wavelength apart.

COLLIMATING EXIT SIDE PLANE
METALIC STRIP WAVEFRONT

SPHERICAL
WAVEFRONT ™

RADIATING
SOURCE

RADIAL

SECTIONS /

AIR MEDIUM

e Internal dissipation losses are low, with dielectric materials having low loss tangent.
e Easily accommodate large band width required by high data rate systems
e Quite in-expensive and have good fabrication tolerance

Disadvantages of Lens Antenna

e Bulky and Heavy
e Complicated Design
e Refraction at the boundaries of the lens



5.8 Antennas for Special applications

5.8.1 Sleeve antenna

Ground plane or sleeve type A/4 long cylindrical system is called a sleeve antenna. The radiation
is in a plane normal to the axis of this antenna. The second variety of sleeve is similar to stub with
ground plane having the feed point at the centre of the stub. The lower end of the stub is a
cylindrical sleeve of length A/S.

A balanced-sleeve dipole antenna corresponding to the sleeve stub is shown in Fig. This is fed
with a coaxial cable and balance to unbalance transformer or balun. For L ranging between A/2 to
A, the operating frequency ranges through 2 to 1.

¢

a above t

ground plang

Fig 5.11 Sleeve Antenna
Evolution of flush-disk antenna from vertical /4 stub antenna
It is the modified ground plane antenna.
Here the ground plane has de-generated into a sleeve or cylinder A/4 long.
Maximum radiation is normal to the axis.
5.8.2 Turn Stile Antenna

The Antenna is similar to stub antenna with ground plane but with a feed point moved to
approximately the center of the stub. A basic turn stile consists of two horizontal short dipoles
placed normal to each other as shown in Fig. The individual field patterns are ‘Figure of eight’
fitted by 900. The total field pattern is given by
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V = Impressed emf

£-45"

11 = current at terminals of dipole 1
12 = current at terminals of dipole 2

Thus
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The Antenna is similar to stub antenna with ground plane but with a feed point moved to

approximately the center of the stub |
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Turn stile array with individual field pattern




Flg 5.12. Turn stile array with resultant field pattern
The turn stile is most suited for TV transmission for frequency from 50 MHz. Directivity can be

increased by stacking super turn stiles one above the other as shown in Figure.

Slotted cylinder, and turnstile
more type of omni-directio, directivity is much higher than that of turnstile. The system

basically contains horiz e which is bidirectional in vertical plane. A circular loop antenna
as shown in Fig can b obtain omnidirectional radiation pattern.

|\-’erl.cm
axis
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— > loop
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f
WY A | Coaxial —
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Fig.5.14 a) Circular Loop Antenna b) Approximately equivalent arrangements of “clover-leaf”
type ¢) “triangular-loop” type Antenna d) Square or Alford loop

5.8.4 Antenna for Mobile Application
Switched Beam Antenna:

The base station antenna has several selectable beams of which each covers a part of the cell area
as shown in the Figure 5.24. The switched beam antenna is constructed based on Butler matrix,
which provides one beam per antenna element. The system operation is very simple but has limited
adaptability.

ost comprehensive and complex configuration. The
system consists of several antenn ch antenna is connected to separate trans-receiver and

upon the requirements. But
Direction of arrival findj

can be adapted for the improvement of SNR during reception.
timization algorithms are used to select the complex weights for
cy domain duplexing the transmission weights are estimated based

on Direction of arrival inf@rmation.

DSP Beam ‘__‘f'\ Anlenna -2

unit B [

Processor) ! network ¢
|

e ‘
R-N b—-_Antenna -N
_____ 4 N

Fig 5.16. Adaptive Antenna



Antenna for satellite:

High Frequency Transmitting Antenna

Parabolic Reflector

6.8.5 Antennas for Ground Penetrating Radar (GPR)

Like Earth Surface Radars, the radars can be used to detect underground anomalies both
natural and Human Made.

The anomalies include buried metallic or nonmetallic objects, earth abnormalities etc.,
Pulse and its echo pulse are used for processing.

Far field radar equation to be modified as distance travelled by wave is less.

Power required is more since ground is lossy medium.

Mismatch at air-ground interface. o
Pulse width should be less. \

*

Fi @nd Penetrating Radar (GPR) Antenna

5.8.6 Embedded Ant@anas

If dipole is embedded in a dielectric medium of relative permitivity er (>1), then its length
can be reduced.

A M2 dipole resonates at the same frequency when embedded in a dielectric medium
having a length 0.5\/sq root of er

If er= 4, length required is half.

Used in Bluetooth technology, interfacing RF Networks.

,,,,,,,,,,,,,,,

Fig 5.18..Half-wavelength dipole embedded in a dielectric for Bluetooth Application



5.8.7 Ultra Wide Band Antenna

Used for digital Applications
Pulse Transmission which results in Large bandwidth.

Phase dispersion of pulse (transmitted at different instant of time)

Degrading of signals

V Antenna used for Communication

. =
e T
e
(a) V Jnlcnn?E\ (h) Ta —'t"‘h
’\' - QU
Fig.5.19 Ultra Wide Band Anw
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5.8.8 Plasma antenna
e A plasma surface wave can be e % a column of low-pressure gas by adequate

RF power coupled to the column tube.
e It is a system in which the r ss section is only the thin wall glass tube when not

transmitting. With a laser ucing the plasma the radar cross section becomes zero

when laser is off.

Fig.5.20 Plasma antenna

5.9 OUTCOMES
e To solve problems related to different types of antennas.

e Concept of Different antenna types is understood




5.10 Questions

o

8. Draw the construction details of an e

With a neat figure explain the working of Yagi-Uda antenna. Write the design formulae
for different components used in Yagi-Uda antenna. Also mention the applications of Yagi-
Uda antenna.

Write a short note on log-periodic antenna.

Explain the features of a helical antenna. Explain the practical design considerations of
helical antenna.

With a neat sketch explain the principle of lens antenna. Also list the merits and demerits
of lens antenna.

Explain the corner reflector antenna.

What are parabolic reflectors? Where are these antennas used?

Write short notes on the following:

I. Ultra-wide band antenna (4m)

Ii. Turnstile antenna (4m) ¢ Q

iii. Patch antenna (4m)

iv. Antenna for ground penetrating radar (4m) *

v. Plasma antenna (4m)

5.11 Further Readings

1.

2.

Antenna Theory Analysis andl Degign - C A Balanis, 3rd Edn, John Wiley India Pvt.
Ltd, 2008

Antennas and Propagatic 4{
John Wiley, 2003 6&




