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. ABSTRACT
| The ohject ofﬁthis thesis is to.develop a method of
uobtalning maximum galn and 1mprov1ng the s1delobe ratio of o
;”“a 10 wavelengths long Yagl antenna "‘ | ‘, ‘
| The oonventional analys1s which cons1ders the Yagl o
i as a resonant antenna is only adequate for the practical

ede31gn of a short Yagl antenna oons1st1ng of three or Iour

-dlrector elements In thls analysis, the optlmum perform_ co

”“ranee of a Yagi antenna depends upon the array length

helght dlameter and spa01ng of dlrectors and reflectors
| In the case of a long Yagi antenna, where the number

r"of elements may be very large, the analys1s of the antenna"f‘

- daooordlng to the conventlonal method becomes very compllcated ;ﬁﬁ

’1f not impossmble

Long Yagl antennas can be analyzed by 1ntroduc1ng che

vnotlon of a surface wave travellng along the array Assuming L l

‘uf_that a traveling wave 1s 1aunched along the array length it ~hlff

'Hffis then poss1ble to demonstrate experimentally the relatlon—ﬁ*v"

shlp between the dlfferent parameters of the antenna » w1th

lthls 1dea, ‘the gain of the antenna then depends only on the

) phase velocity of the surface Wave (Whlch in turn is & func—hjt"*

”*fletlon of the height diameter and spa01ng of the dlrectors)

and the ch01ce of the reflectors Therefore,.max1mum galn‘lfl("“

ii" )



for a glven array 1ength for any spaclng less than 0. 5
wavelength can be obtained by sultable varlatlon of the

B parameters to yleld the de81red phase ve1001ty

ST
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| CHAPTER 1
_ INTRODUCTION
”5Yéginantennae«efe eommon1§ nsea fof directionai“'
receptlon of 11nearly polarlzed electromagnetlc waves at VHF'

'-and UHF They are the cheapest and 51mp1est of the dlrec—f,fe

tlonal antennas and they can be- used successfully in both

: ?’hlgh and 1ow frequencieq as Well The conventlonal ana1y51s L

”efwhlch con51ders the Yagl strictly as a resonant antenna 1s
only adequate for tne practlcal deslgn of very short Yagl |
antennas Long Yagl antennas are almost 1mpossib1e to ana- B

v ~1yze by this method However, 1ong Yagl antennas can be

f;analyzed in a much 81mp1er way by considerlng them as travel—e'J"

”'1ng wave antennas
: The appllcatlon of travellng wave 1deas to Yagl
antennas is a relatlvely new concept The ana1y31s of Yagl

'as a traveling wave antenna was first suggested and the :

‘Jue;physical actions of dlfferent elements of the Yagl anﬁenna

.V.pp i 0- 151 1950

, explalned by Smlth 1 Accordlng to hls explanatlon and

suggestlon, the phy51ca1 action of the dlrector elements 1n 5

g, A, Swith, Aerial for Metre and Decimetre Wave-,v"*'”,

51ength Cambridge Unlver81ty Press, Cambridge, England



B ff:ymicrowave engineers after the appllcatlon of the travellng

;235,;fl

,the Yagi is to reduce the phase ve1001ty of the traveling ane
which ‘is 1aunched along the 1ength of the antenna by the‘.jﬁ7'l'

"drlven elemente

The 1ong Yagl antennas attracted the attentlon of thefﬂlﬁf:

J*éﬂwave prinolple to the antenna problems Exten31ve experimen-7;fﬁyf

5

‘.f talwinVestlgatlons have been made by Ehrenspeck and Poehler,;,‘“7

n:Kearns3 and Reynolde,LL

f'Yagl as a traveling wave antenna Slmmon and Blgg15 and

-v_’Sengupta6 7 have done both analytlcal and experlmental work

on the method of taperlng of the length and: spa01ng of the

'ﬂfdlrector elements

2y, W’ Ehrenspeck ‘and H, Poehler, "A New Method for o

'-Obtalning Maximum Gain from Yagi Antenna," IRE Trans. on

"'g 1959

“e5Antennasnand Propagatlony4vol AP T, PP 379 385, October, o

L Endflre Array with Tnereased Gain and Sldelobe Reduction,?fi

f:31957 IRE Wescon Convention Record, pti. 1, pp. 217-230.

on the properties of the unlform long ~efljﬂ

3w J Kearns and H W, Ehrenspeck ‘"Two Dlmen51onal ff{ll

S 4D K Reynolds,(”Broadband Traveling Wave Antennd;"nnffjﬂ;
'~~1957 IRE Natlonal Conventlon Record pt L, pp. 99 107 :

» 5J C Slmmon and V Blggl,;"Un Nouveau Type D'Aerlenf
‘et son Appllcation a la Transmisgion de Television a Grand -
Distance,"-L'Onde Electrlque, vol 34, pp. 883 896 November,:g,;

1954 ‘

6D L, Sengupta, "On Unlform and Llnearly Tapered
Long . Yagl Antennas;" IRE Trans. on Antennas and Propagatlon,,
vol AP-8,° pp. 11- 16 January, 1‘6o _ .

, 7D L Sengupta,_"On the - Velocity of Wave Propagatlonlj
along an .Infinite Yagi: Structure,”" IRE Trans. on Antennas: and
¢ Propagation, vol AP 7, pp 234 239, July, 1959 :




ThlS the81s 1nvolves a. 1ong Yagl antenna 10 wave-:"

'elengﬁhs long at a frequency of 10 ch In this tne51s threef-fn“

;z'ntypes of . 1ong Yag1 arrays are used . The flrst type of array"

. is a one dlmen51ona1 unlform long Yagl, the Second one is a -

Ttwo dimen51ona1 unlform long Yagl W1th two para31tlo 31de
b'arrays, and the 1ast one is the tapered form of the second
\faftype ‘The works of dlfferent authors are comblned thus the g
f;experlments reported here are ‘new., The work of Sengup’ca8
’tflnvolves a one dlmen81ona1 unlform and tapered 1ong Yagl
fantenna of 6. O wavelengths at 3 o Kme . Ehrenspeck and fj'
 ?xPoeh1er9 madeylnvestlgations on the properties of the uni—.'
| fxform 1ong Yagi as a travellng wave antenna They also foundiﬂﬂ
ifthe relatlonship betWeen the varlous parameters of x:) long Yagl
1eantenna for optlmum galn 1nla forward dlrectlon ‘ ThlS work f
dgives very practlcal 1nformat10n for optlmum de81gn of a long
Yagi antenna : Kearns and Ehrenspeoklo made experlmental
| ¥works on one and two' dimensional unlform 1ong Yagi antennas -
‘wtof 6fO wavelengths at IO-ch U81ng the near fleld radlatlonv
'pattern of Yagi,xthey found out that 1t was p0331ble to in- |

»crease the galn and 1mprove the 81delobe ratlo of a one d1~:‘

"fmensional 1ong Yagl 81mu1taneously by adding para51t1c 51de

8Sengupta, op oit. 1960
9Ehrenspeck and Poehler, opo cit‘

10Kearns and Ehrenspeck opy_olt.



il i
‘

”ifg5érrays'on eithér”éide~of~thewceﬁter'arréy In thls thesis,_

f;the Works of Sengupta, Ehrenspeck Poehler and Kearns are- -

‘7vcomb1ned and as a new feature, taperlng 18 done in two dl—’

Vw‘meneional array The authors mentloned above did not
perform any experlment W1th the tapered two dlmen31ona1
”“long Yagl antenna Whlch is the thlrd type of array con31dered

*~1n thls thesis

The detalls of the method of analysis of the antennav5f;zf

7‘:are presented in. Chapter > and Chapter 3



DEFINITIOV DESIGN CONSTRUCTION AND EXPERIMENTAL
7\ ARRANGEMENT OF LONG YAGI ANTENNA '

2.1 Deflnitlon and General Descrlptlon

A Yagi antenna consists of a number of 11near elements; S

‘Jbarallel to each other along a straight llne',fFlg 2. la,'bﬁ"o‘w

'_hrepresent two types of Yagi antenna The flrst one is called tf'
a conventional Yagl, the other one consists of a row- of mono—k
/ ,poles 1maged 1n a ground plane The latter is the type |

~T’under investigatlon 1n thls the81s Only one of the mono- -

' t‘poles is exc1ted ThlS element 1s called feeder, all others lﬁzn‘“

are para31tlc' The elements 1n  the dlrectlon of 1ncreased ‘,Ew ”
galn are called dlrectors and the ones 1n the opp031te

‘directlon are called reflectors ' As mentloned 1n the 1ntro9f

'~duction, one can obtaln an 1ncrease of galn 1n the endflre

'n dlrectlon of the array by choos1ng the correct comblnatlon
'?.of the dlmens1ons of the dlfferent parameters of the Yagl _'""
qantenna o | o . |
o Yagl antennas are essentlally’unldlrectional and’cani‘
!h_be assumed as some kind of endflre antennas w1th 1ncreased n
:galn These antennas are very easy to constrnct both mechan1;
vcally and electrlcally and they can be used practlcally 1n |

all frequency ranges



2.2 Discussion of Design of 10 Wavelength Yagl and the

Symbols Used in Design

In designing a Yagl antenna the problem is to find
the correct combinations of the dimensions of the parameters.
For this purpose, 1t 1is necessary to discover how these
parameters are related to each other under the condlitions of
optimum gain. Up to now, a rigorous theoretical solution
to the Yagl antenna problem has not been discovered. Conse-
quently, the solution given to the Yagl antenna problem in
this section will be partly theoretical and partly experi-
mental.

The goal here, 1is to find a general design method
for Yagl antennas with optimum gain. First, the lnvestiga-
tion 1s restricted to a consideration of Yagis with three
reflectors and directors of equal height, spacing and
diameter., The design criteria, here are based on achileving
maximum forward gain.

It can be shown that the maximum gain of a Yagl an-
tenna of given length L occurs at a definite value of the
phase velocity of the travellng wave which 1s launched along
the axlis of the antenna. It has long been recognized that

the maximum directivity is obtained from this kind of an-

tenna when

(P- k)L=T

or Vv _ L/A (2.1)
c - L/A 4+ 0.5




where

fB is the propagation constant in the antenna,

~

1s the propagation constant in the free space
for lossless case,

L is the length of the antenna,

v 1s the phase velocity in the antenna,

¢ is the phase velocity 1in free space,
(2.1) is the well-known Hansen-Woodyard condition which pre-
dicts that the phase velocity should be less than free-space
velocity in order to satisfy the condition. Therefore, 1t
is predicted that this antenna works as a slow wave struc-
ture to get the maximum gain in the desired direction. Fig.
2.2 shows the required values of the normalized phase velo-
city (v/c) in the antenna as a function of the antenna length
in wavelength. Once the necessary phase veloclty 1is chosen
for a given antenna length, the radiation pattern of the an-

tenna may be analyzed by using the followlng expression11

S (e) L. {sm IWL/A (BP/k - Cos @ )]

[mL/a (p7k = cos 0 ) (2.2)
where
S (6) 1s the space factor for Yagl antenna
e is the angle measured from the axis of the

antenna

lgsengupta, op. cit., 1960.
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9

This equation 1s an approximate one. It glves sufficient
accuracy for practical purposes to explain the character-
istics of the mainlobe and the sidelobe.

The symbols used for antenna parameters throughout
this thesls, are shown in Fig. 2.3. 1In that figure,

hf 1s the height of the feeder

2R 1s the diameter of the copper rods

h is the height of the reflectors

h is the height of the directors

S,.¢ 1s the distance between the feeder and the
reflector
is the distance between the feeder and the
director

S3 1s the distance between two adjacent directors

The following discussion will present a clear pilc-
ture of the design ideas and the 1interrelationships between
the different parameters. For infinlitely long Yagi antennas,
1t can be shownl?2 that the phase velocity on the antenna
gsatisfies the following expression in addition to the Hansen-

Woodyard condition:

\ Az

where

z 1s any length along the axis of the antenna

125engupta, op. cit., 1959.



10
X 1s the reactance presented by the elements and
is given asi3
X= -JZ, Cot 2fh, (2.4)
A

Since the phase velocity on the antenna is almost
independent of the length of the structure after a certain
length of the antenna, (2.3) can also be used for calculating
the phase veloclty in a long but finite long Yagl antenna.

The following general comments can be made from a
critical study of (2.3) and (2.4):

1. The phase velociéy 1s less than the free-space
veloclty as long as hfgx/lt. This 1s the range of practical
interest, since the antenna utilizes the slow-wave nature of
the propagation.

2. The phase velocity decreases continuously with
increase of hfand decrease of Sd' Its value is very close
to free-space phase velocity for small value of hf and large
value of 3j.

3. The phase velocity increases with decrease of R
and 1ts value approaches the free-space value In the ideal

case of R== 0. This property cannot be seen directly from

the above equations. Jor'danl)4 explains 1t 1n detail.

13L. Tourel, The Antennas, John Willey & Sons Inc.,
No Yo) 1960, p- 1400

1l‘LE. C. Jordan, Electromagnetic Waves and Radlating
Systems, Prentice-Hall, Inc., N. Y., 1950. PP. 359-304.
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12
4. The phase velocity decreases continuously with
increase of frequency.
Consequently, one can say that for a gliven value of
phase veloclty, the values of different parameters of the
uniform long Yagl antenna can be chosen by consulting the

published experimental and theoretlical curves,

2.3 Optimum Design Procedure

By following the technlque presented in the previous
section, a uniform long Yagl antenna of length L = 10\ at
the frequency of 10 Kmc. has been designed. The design
values of different parameters are glven below:

Operating frequency fo== 10 Kmec.

Relatlive phase veloclity according to the Hansen-

Woodyard condilition 10

o B 0sse

Radius of the elements R = 0.0335\

Spacing between the two adjacent directors Sy = 0.2A
The height of each director h.= A /L

It should be noted that for a given length L of the
antenna, the optimum phase velocity may be obtained for
different combinations of the parameters mentioned above.
Consequently, one can say that the design values gilven above
are not unique. However, from a critical study of the varia-
tion of the phase veloclty with the different parameters, it

is possible to find sultable ranges for the values of the



13
parameters. The value of R should be chosen between KR = 0.05
and kR= 0.15. This choice of R 1s given by Sengupta15 con-
sldering the variation of the self reactance of any wire with
its radius. It can also be shown experlmentally that the
directivity of the antenna becomes less frequency sensitive
for values Sy= A /4. The maln consideration on choosing
the value of Sd is the ldea stated above; for practical
interest, a possible range for Sd may be taken as between
0.1Xand 0.25A. Once R and Sy are chosen, h_ can be fixed

f

automatically by consulting the published experimental and
16

theoretical curves similar to the curves given by Reynolds

and Ehrenspeck and Poehler.17

2.4 0On the Types of Antenna Arrays Under Investigation:
Measurements of antenna patterns were performed on
two different types of endfire arrays. The first type is a
one dimensional long Yagli antenna of 10 wavelengths. This
array ls discussed in sections 2.2 and 2.3 in detall. The
second type 1s a two dlmensional long Yagli antenna with two
parasitic slide rows of the same length. The most important
physical dimensions of these array types are shown in Flg.

2.4, This second type of array has been explained in detall

16Reynolds, op. cit.

17Ehrenspeck and Poehler, op. cit.
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" - | ,“15ja.,
b;y Kearns and EnrenspecklS using the near field radiation
7=pat€emn'of‘thefantenna~"Tmey‘showedlfﬁat all. the energy~
;Eitravels along the array 1n a - v1rtual Wave channel Wthh has, .
-‘ian overall Wldth of about 2 Wavelengths and the energy,
yatransported through the channel is radlated at the open ehd
. from a v1rtual aperture Just as from the open end of a wave

Q’gulde

- “is very compllcated to analyze because of the. multlple effecth
'jof the elements among themselves

The v1rtual aperture Whlch 1s assumed to ex1st at

fw7ﬁthe radlation end of the array can be 1ncreased by symmetr1—7“f"

'Acally p1a01ng one or more shorter rows of paras1tlc elements -

-ﬁ’on either side of the center array because these paras1tlc

fg,side rows act as smaller wave channels fed by coupllng from

“f'the maln array

’ Examlning thelnear fleld radlatlon of the antenna;

2l'Kearns and Ehrenspeck19 de01ded to place the s1de rows at. a
-dlstance where the phase had dev1ated most from the maln

‘fﬁarray axis They found that the best locatlon for the para—‘\

‘; s1t1c array is at a dlstance of 2/3.% from the array ax1s

The fleld propagatlng along the ax1s of the structure,f“

‘i;They also dlscovered that if one places the 81de rows exactlyplﬁff*

qsymmetrlcal on either 31de of the center dlrector elements’x

" 18gearns and Enhrenspeck, op. c¢it. .  9Ibid..



and Wlth helghts equal uO the helghts of the dlrectors, 1t
‘t. lS possible to get a reduced s1delobe level compared to theﬁ :
flrst type array 1‘”he addltlon of the paras1tlc 31de rows
_ohanges the amplltude and the phase dlstrlbutlon 1n the »
: vitual aperture Therefore, ehange of gain’ and sidelobe lev-
fel becomes s1multaneous ~Furthermore, the 1ength of the -
'd81de rOWs has to be adgusted for max1mum galn, but there ls

no rlgorous Way of. flndlng an exact answer to thls problem,

- because of the Very compllcated 1nfluence of the side rows

on the maln array~ The eorrect length of the 51de rows can .
- only be found experlmentally Accordlng to the experlmental

:Q"result .1t is found that the length of the s1de rows should

ﬁﬂlﬂbe about the half of the length of the Whole arraya From thef N

{jabove explanatlon one can conclude that 1t is p0831b1e to

get hlgher galn and 1ower s1delobe 1evel just by addlng para— p”ffl

ys1t1o s1de rows on elther s1de of the center array of a long

'~Yagi antenna

;2 5 Constructlon and the Experlmental Arrangement

LIt was. de01ded to perform the experlment above a

' 1ground plane ThlS 1s very advantageous for several reasons;
ﬁone of - whlch 1s that the feeder arrangement can. be eX01ted

l%;from beneath | | » | |

| | ’ An alumlnum sheet Was selected as ground plane Whlch,

‘H?ﬂln turn, furnlshes mechanlcal support for the elements dA

| serles of holes was drllled and 1nd1v1dual copper rod.



1T

,fjkwradlators were press flt 1nserted 1nto the holes and thelr

"[helghts and the spaclng between two adgacent elements Were

V"_experlmentally adjusted 1nstead of finding these values “: Lo

x'e’from the publlshed experlmental and theeretlcal curves

As ‘the pattern and. the galn had to be measured in theft

xl1far field ‘the ground plane was- extended as far out as. fea81—" .

'7fhle,_ Because of the’ dlrectlve ‘nature of ‘the - Yagl antennas

a w1dth of 50 wavelengths and a 1ength of 1oo wavelengths‘

«'5were chosen

The experlmental arrangement 1s shown 1n/F1g 2 5
AAS mentioned above, the set of holes that held the elements
ngwas drllled 1n a plece of rectangular alumlnum plate and
St was in turn conneoted to an antenna mount - in such a
dfashion that the array under observatlon could be rotated
B whlle a rece1v1ng antenna, which was fixed to the far end of o
;”the ground plane, detected the 31gnal and relayed 1t to an - |
| antenna pattern analyzer, ‘
’ | All experlments were conducted in the Mlcrowave

,g;Laboratory of the Unlver81ty of Arlzona The ground plane:d

"1'fwas further surrounded by absorblng materlal to reduce the

;{fnreflectlon to a minimum ) Durlng the experlments, the VSWR‘a'”

'Alon the Yagl feed was kept 1n the range l 12 l 2 Both the; R

';fﬂelncident and reflected power were measured u51ng powermeters

‘u'on both s1des of a double 81ded dlrectlonal coupler fThé

"_reflected power was’ mlnlmlzed by using an h—H tuner Qn'the. R
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‘ ‘rece1v1ng antenna s1de .a double stub tuner was used to max1-

“”mlze the recelving power

The experlments were carrled out as follows first;'
-the dlpole to dlpole measurement was’ made and found to be -

3.5 db above the n01se level Thms was very 1mportant be-

f«‘cause all galn measurements were taken in terms of the power»w_._«f

”.dgaln of the reference dipole feeder and all galn flgures
-‘ninclude the ohmlc losses | B |

Second the Yagl antenna was cons1dered as conslstlng
'of tWO partS° the oomblnatlon of feeder—reflectors, and the )
”ﬁ: TOW - of dlrector elements o : |
L The experiment was started by adgustlng the combina—“
-’"tlon of feeder—reflectors for max1mum galn 1n the forward B

‘lerectlon for dlfferent values of S, rf and h. Whlch remaineéd -

\f§opt1mum eVen after the row of dlrectors Was added The same

result occurred 1n success1ve experlments 1nvolv1ng dlfferent

o rows of directors After obtalnlng the max1mum galn condl—

otlon, the dlrectors Were added and the galn of the 1ong Yag1’7“
antenna Was measured as a functlon of Sd and hd : Then the
‘_tgain of Yagl was measured as a function of the array length
under the max1mum gain adgustment condltlon s

All the values about the max1mum galn adgustment ex-

'periments are shown in Flgs 2 6a & b 2 7a & b 2. 8

Next the ground plane radlation pattern of the one‘:;?&}ﬂg

n;dlmensional array ‘was measured and the result is produced dn



 Fig' 2. 9l‘ It can be seen from Flg 2. 9 that the 51delobe l
A rat1o in the pattern 15 about 9 O db down as expected from
' theery. As menhloned before, a better 31delobe ratlo and

'53 higher ga;n<can be obtalned by p1a01ng,tWO para31t1c'

" side foweksymmetrically on éither side of the-center directors: R

of the above antenna. A radlatlon pattern of the antenna,
_Wlth two addltlonal 51de rows, was measured, the galn iln-
’creased”2.5 db and the‘sidelobe ratie.lmproved 3.5-db come.e
pared to the original Yagi antenna, The results are produced .

in Fig. 2.10.
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' CHAPTER '3

T‘TAPERING OF LONG YAGI ANTENNA

7f3 1 Phys1ca1 Explanatlon of the Taperlng Actlon

The 31de1obe 1eve1 of a 1ong Yagl antenna can be

',~1mproved cons1derab1y W1thout sacriflclng much of. the di- . .

g rect1v1ty by Just us1ng a llnear varlatlon of the propaga—

oft n, and 8

R ftlon constant along the 1ength of the antenna The var1a~f 3{ﬁ3ff*

tlon of the propagatlon constant should be dlstlngulshed

’yfrom the arbltrary perlodlc varlatlon The theory and

V:,method Whlch explaln the effeet of taperlng on the: varlatlon LA;f,h

”lof the phase constant is glven by Sengupta 20

| ‘ Accordlng to the dlscuss1on glven in Sec° 2.2, the
normallzed phase veloc1ty and therefore the phase constant
on. the antenna structure can be . varied w1th the varlatlon:
£ d Consequently, one may eas1ly thlnk that lt 1so'
poss1ble to control the value of the phase constant along the:a
ﬁtlength of the antenna structure by tapering the helghts of

lthe dlrectors or. the. dlstance between the director elements

?*1n a predetermined fashion The effect of varylng phase.hff:

constant 1s to produce a nonunlform fleld dlstrlbutlon along L

t‘the,antenna struoture,a‘It 1sua‘wellfknown,fact in antennar :

: 203engupta ,ggo elit. ,"' 1960 . |
-l U TR
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theory that a proper nonunlform source dlstrlbutlon produces o

Ibetter 81delobe ratlo in the radlatlon pattern than that

Lproduced by a uniform dlstributlon : Moreover, if- the propa~“**;~N

\Agatlon constant is decreased slowly and 11near1y toward the
end of the array, then ‘the effect of any p0851b1e‘ref1ectlon
7at the end of the antenna will be reduced Therefore, one :

'can reasonably expect that the 51delobe 1eve1 in the - radla-'fk

utlon pattern of a 1ong Yagl antenna may be 1mproved by taper- k

ing the propagatlon constant along 1ts 1ength However, the

rr,amount of taperlng should be kept very small 80 that the<,

‘ average value of the phase constant 1n the antenna may not
" be .too - dlfferent from that requlred by the Hansen-Woodyard
. condltlon Otherw1se, the advantage of taperlng Will be.
alost due to too muoh broadening of the main beam of the’t E

3rad1at10n pattern 2l

33 2 Method of Taperlng

The requlred phase constant may be obtained by vary—fo,
1ng elther the dlrector helght or the dlrector spaclng or

e a comblnatlon of both In thls the81s, the varlatlon of the

Q*element 1ength is. used because of". 1ts 31mp1101ty . Later,‘:,,,_¢”

w‘:the effect of the comblned taperlng is explalned brlefly

It should be remembered that thls varlatlon of the f

_f~;_~ ’ 21J D Kraus, Antennas, McGraw~H111 Book Company, f;
- Inc., New York; 1950, pp 93 109 : o
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element length and spacing or both should be a very slowly
varying functlon of the antenna length so that the propa-
gatlon constant at any poilnt along the structure may be
assumed to have the value equal to what is required with

the Hansen-Woodyard condition.

3.3 An Approximate Theory of Tapering

If one assumes that the propagation constant along
the array varies llnearly from(e', at the feed end of the
antenna to a value of le,~ at the open end, then propagation
constant at any polnt z along the antenna may be written as
follows:

/3(2):/3, - 2 (3.1)

where

X = ( /a' - /32 )/L 1is the average variation of the
phase constant per unit length along the antenna.
After solving some differential equations and makiﬁg
some mathematical manlipulation, Sengupta22 shows that the
space factor for the tapered Yagl antenna can be represented

in the following expression: (3.2)

bL/2 2b bL/2

S (8)— {(Sin(bL£22)2+[oc_I: (I . b ) Cos (bL/2) 2}%

22Sengupta, op. cit., 1960.
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where

1o=[:3 ay - K Cos © (3.3)

pov = L Fo (3.4)

6 1s the angle measured from the axis of the antenna;

it may be seen that for o =0, (3.2) reduces to the radiation
pattern for the uniform case. Thils space factor equation is

an approximate one but 1t 1is quite satisfactory for practical

purposes.

3.4 Experimental Procedure to find the Tapering Parameters

Before giving the details of the experimental attempts
made, it will be useful to define some parameters used in

this chapter.

hdmax represents the helght of the director element
at the feed end of the antenna,

hdmin represents the helght of The director element
at the open end of the antenna,

hdav represents the height of the director element

which is located at the mlddle of the directors
row and it 1s taken exactly equal to hd defined
in Chapter 2.

These parameters satisfy the 1lnequality

hdmax :> hdav :> hdmin
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The main purpose, here, 1is to find the values of
the above parameters experlimentally which will 1mprove
the sidelobe level without sacrificing much of the galn and
without broadening the mainlobe. This was done 1in the
following manner:

First, several values of (hg /hy ) were tried to

max min
produce the smallest sidelobe level 1in the radiation pattern.
It was found that for (hy _/hy . ) =1.2, the lowest side-
max min

/hg_, )

and assuming hdav is equal to unity, 1t 1s possible to cal-

lobe level was obtained. For this value of (hg

max min

culate numerical values of hdmax and hdmin as follows:

hdmax= 1.09 hdav

hy . = 0.91 hyg (3-4)
min av
These values of director elements are important.

Knowing these numerical values, it 1is possible to find the
values of the phase constants at both ends of the antenna
structure; and from the two values of the phase constant it
is easy to get the average varlation of the phase constant
per unit length which 1is represented by « . The numerical

values are:

S
—&— 0.95 (3.5)

k
¢ = 0.019

1.145

]

i



These values can be used 1n the evaluatlon of the
iivspace factors glven 1n (3 2) but no attempt is made to
vj_evaluate the space factor here It was found by Sengupta23

that the theoretlcal and eXperlmental values agree When the';s

esldelobe 1eve1 is kept to a mlnlmum by flndlng the Sultable *ﬁ;;**

T

N taperlng ratlo

13 5 Experlmental Arrangement and the Procedure of the

Experlment

ﬁ' The experlmental arrangement shown in Flg 2. 5 was
also used in the experlment of thls chapter . It.was found.
ethat the max1mum galn condltlon remalned unchanged even |
"after the tapering was made,;‘ 2 _ v " |
| e {T The experlment was carried out in the follow1ng'
Tmanner. the center dlrector elements and two side para31tlc o

:rows of the second type array of Chapter 2 Were tapered s

1inearly w1th dlfferent taperlng ratlos as mentlcned in the thali

,”prev1ous sectlon ' The value of 1 2 Was found to be’ the mosti e

'sultable taperlng ratlo as explalned before It was found

~‘that the d1recﬁ1v1ty of the anﬁenna was not reduced appre01~

ﬁ}ably as compared Wlth the unlform case for thls particular r"7

fvalue of taperlng ratlo | The only experlment whlch Was .

I'performed Wlth thls tapered array was: the far- fleld measure~'

| =lmentxof the«antenna,-dThe-results.of the measurement ere;

 23gengupta; op. cit., 1960. .
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kproduCéd‘iﬁ Fig H3'1 t3FrbmvtﬁiS figure, 1t 1s seen that the ’
. galn of the Whole array 1s reducea only about O 5 db; how -~
?;_ever, the s1delobe 1eve1 is- 1mproved Some 2. O db as compared[‘

 3,fw1th the unlform case,--
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L=10A
h,= 0.240
hy= 0.210X
hy = O.140X
S,,=0.25A
g
Sy = ©.200A

Fig.3.l__ Grouno Puane Raoiation PatrernN

OF THE TaAPEReD Long YAGI ARrrAY



* CHAPTER 4
. SUMMARY OF THE RE.SULTS
| "_DIS'CUSSlQNA D ;CCNCLUSJ:’ONS;. o
In this chapter the results of all experlments'
:fglven 1n Chapters 2 and 3 are summarlzed and the dlfferent
A ”ﬂvalues are discussed and compared w1th the theoretlcal aod

..‘experlmentally expected values

In the first experlment of Chapter 2, a dlpole to't. o

lf’dlpole galn measurement was performed | Although 1t wa.s the

4reference galn flgure of all experlments, there is nothlng
to dlscuss about it because there is no experlmental and

J.itheoretlcal galn fagure to compare wmth 1t ‘ Consequently,l“
h‘the 3 5 db galn above the n01se level which is found for thls
‘;experlment Wlll be accepted as a reference galn flgure

" The second experlment was the feeder—reflectors ade v

Swgustment for three dlfferent feeder—reflectors separatlon
'The goal of this experlment was (after decldlng a value, for“f‘

feeder element Whlch 1s less than O 25 Wavelengths) to flnd

"the maxmmum gain arrangement for feeder—reflector comblnatlon,iﬂt‘

v"A max1mum 7 0 db gain was obtalned with values of hf__ 0. 21%
hhr O 24%~ and w1th a separatlon of Srf“ Q.ES)\. Ehrenspeck'?'
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and Poehler24 obtained a 4 0 db gain with values he= O. EQK
hy, o 225)~ and srf._ o 25}, Since. in the experiment of .
'l;thls the81s; three reflectors were used 1nstead of one as’ 1n“"

'the case of the experlment of Ehrenspeck and’ Poehler,25 the f(

N 7eef1gures of this experlment seem quite reasonable

T Of hd‘and S

Next the director elements were’ added to the struc—::;ﬂ_‘

"Lfture and the galn measurements Were made for dlfferent valueslg‘f

a- It 1s reallzed that the same maximum galn can

L pe obtalned as long as the value of Sd remalns less than O 4 fA

“fwavelength _ The max1mum gain attalned 1n thls experlment

'Was 13 5 db for L=ﬁ 10 Wavelengths The authors mentloned

eabove found a max1mum of 14, 8 dab galn for L= 6 wavelengths
1}It 1s cbv1ous that the max1mum galn attalned in our case 1s"-

lower than the expected experlmental value° It is also ,

' poss1b1e to check the degree of correctness of these tWO galne,‘ ’

'fflgures Wlth a formula° A theoretlcal formula due to Reid
‘ and an experlmental formula to calculate the galn of a long
‘:,'Yagl antenna are glven by Tourel26 as J";'ollcar/\rs*j |
| (}==9 2 L (Theoretlcal) " PN
(}=s 5 L (Experimental) -(4ﬁ1)f"

The second formula w1ll be used to calculate the gain flguresfv

for dlfferent values of the antenna length.

24Ehrenspeck and Poehler,.op cit.  eBreid.
26Toure1, op itlﬁeg,ﬁ‘vﬁhf B .




”n From the formula glven above for the experlmental caSe; the7i’
'galn of the Yagl antenna for dlfferent values of the length“l
tof arrays,.can be calcalated as follows |

.;e;fo:' L-— 6.0 wavelengths,;tlguﬂuv
' G‘_.lo 1og10 (5 x 6)- 14, 78 db

for 1;=;10 wavelengths,'
T e=10 loglo (5 10) 16 96 ab

jFrom the abOVe results it 1s seen that the result of the N

' authors in questlon agrees w1th the result of the formula, e

.on the other hand there is 3 5 db dlfference between our- re-[Q@fg

sult and the. result of the formula This 3- 3 5 db dlfferencef-[l'

'from the optimum expected experlmental results has been
realized throughout the experlments in thls thesis. The
ﬂreasons for gettlng less galn than the expected value are

:'explalned at the end of thls chapter

The next eAperlment was the measurement of the radla—f'j:3

" tilon pattern of’ the long Yagl antenna w1th two para31tlc EANEE

1tflA81de rows From the experimental values glven by Kearns and'”

flEhrenspeck 27 a 19 19 5 db galn can be expected : Our max1—; Q;f_:

.fmum galn flgure for thls array is 16 db. . The value is agaln e

t',’3 3 5 db less than the expected value . Accordlng to the‘

‘theory presented “in Chapter 2 the 31delobe level of the twofi°“r:

',jdimen51onal array has to be better than the s1delobe level

“2Tgearns aud'Eﬁrenspeck?‘gg, cit.



nﬁOf the one dlmenSLonal unlform 1ong Yagl array ' From the‘

' dradlatlon pattern, 1t can be reallzed that the 81delobe

_ratlo 1s about 12 5 db Whlch 1s 3 5 db better than that of
| fthe one dlmen51ona1 array

In Chapter 3, some- experlments were made to find

'Qd'the proper value of the taperlng ratio For. taperlng ratlos o

ﬁglarger than the one Whlch glves the de31red galn, 1t 1s

*\V‘realized that ﬁhe maln beam in the radlatlon pattern broadenseﬂ

:}[.con31derab1y, and the dlrect1v1ty of the antenna 1s reduced

"1ng ratlos may be explalned 1f one con31ders that for a"'”

' - 1arger taperlng raclo, "the element 1engths, near the open'

3end “of the antenna, become too short thereby redu01ng the

,wfeffectlve radlating length of the antenna From thlS con—:‘ .
’f'31deration, one mlght expect a- better result by usmng a |

L comblnatlon of taperlng in length and’ spa01ng, because thls

"__'Thls broadenlng of the maln beam for larger values of taper—fmﬂ ,r

’Wlll enable one to achleve the de81red taperlng Offs w1th-'g"”‘”

out maklng the element 1ength near the open end of the

hfo_antenna too short The taperlng of spa01ng is not a 11near';

one, therefore 1t can only be made experimentally An ex~.

Tften81ve experlmental work on thls kind of taperlng has beenﬁ‘f}’

’ done by French s01ent1sts Slmmon and Blggi 28 They flrst

performed the space” taperlng, p1a01ng every 1nd1V1dua1

AVQBSimmon-and Biggi;rgg, eit.



%
fe'director elememt at-a poiht'where‘it‘ihcreases'the'gaimfmost‘tmljfﬁ
‘along the axis of the antenna, startlng from the feed end | |
;1'and going -in the open end dlrectlon Wlth thls arrangement
 they got even better 51delobe 1eve1 as compared W1th the
‘teresult of the 1ength taperlng only The taperlng of the spac- ic
 1ng can also 1ndr1ect1y explaln one 1mportant situatlon 1n 5'
”1ong unlform Yagi antenna casesgj_Itﬂwas ment;oned earl;er
_fthat the maxlmum galn along the arraytean be obta;ned‘as’
”;'~1ong as the value of Sd remalns Tess ‘than 0. L Watelength.;

It S. 1s 1ncreased beyond this Value, the phase velocity on

d

’r,the antenna array also 1ncreases Thls 1ncrease of the
“.phase velocity makes it difflcult to trap the wave along the

"fantenna structure,‘and the galn of the antenna drops consid— 1n4

erablyv Thls 1is why the restrlctlon statement about the

ﬂvalue of Sd was mentloned on page 35.

After flndlng a proper value for taperlng ratlo, the

‘/radlatlon pattern measurement of the tapered 1ong Yagl an- J; ,;
:Tmtenna was performed The max1mum galn of thls array Was -
‘tfound to be 15 5 db and the 31delobe 1evel at 14 5 db down
. Whlch was 2. 0 db better than that of the two dlmen31onal unl-f'

‘rtform long Yagi array,‘as expected The maximum gain flgure‘f

of this experlment was agaln 3 O 3 5 db 1ess than the expect—;

'f.ﬂed value

The most serious sources of errors in gettlng lessvl”'”

gains than the eXpected ones: are from the reflections of the s



‘walls ExperimentS'ofrthis type should be cdnducted”in a

fmlcrowave darkroom whlch 1s bUllt for thls special purpose

‘“i}to mlnlmize the reflectlons

It is qulte prebable that the mechanlcal prec151on
"f of the antenna structure for the max1mum galn condition wase

‘enot satlsfactory because of the smallness of the. element

ffefdimensions



CHAPTER 5

'fSUGGESTIONS'FOﬁ FﬁRTHER(STUDIES‘

Although the experlments Wthh .are carrled out 1n
'this thes1s give some satlsfactory conclu31ons, further g
1nvest1gatlons us1ng thls Fame approach or preferably a new
| approach mlght Well lead to a better solutlon to the long k

'Yagi antenna problem

B Pattern measurements for dlfferent arrays can be

"carrled out at dlfferent frequen01es and from the dlstortlon '”"”

of the patterns at these frequen01es, the dlrect1v1ty and the e

- sidelobe level comparlsons can be made. This will - certalnly o

‘_llndlcate the 1mportance of worklng exaotly at the resonance

| 'frequency° The bandw1dths of dlfferent arrays of long Yagl IR

Jantennas can also be 1nvest1gated by. the above measurements
’ Long Yagl antenna measurements 1n two dlmens1ons canlf
‘be carried out and the characterlstlcs of the arrays can be_‘
explained by another method whlch 1s called the v1rtual
‘aperture method To be able to use thls method 1n antenna

measurements, 1t 1s necessary to have the near-field radla- S

tion pattern of the array 1n B and H. planes For thls sf"""

“epurpose, a near fleld radlatlon pattern analyzer has to be
‘yusedap In thls analysis,vthe problem is to flnd a Way of

o



yee

41ncreas1ng the v1rtual aperture Thls can be done by adding

‘one or more paras1tlc s1de rows on elther 31de of the center fi‘Vi

”‘array where the phase dev1ates most from the maln array sThef'f”

) 1ncrease of the v1rtua1 aperture can be seen from the near~

f’fleld measurements of the new array. The array Wlth one

f51de row on each side of the center array is examlned in. th1s7_;_ﬁ

'athes1s Wlth another method taklng the results of the experl— :

'ments of Kearns and Ehrenspeck29 for granted Plac1ng only

ne 51de row on each side 1ncreases dlrect1V1ty and 1mproves S

‘a the s1delobe 1eve1 of" the array s1mu1taneously Placing the k
»first s1de row a closer dlstance and addlng more side rOWS:y
\1t is. possible to 1ncrease further the dlrect1v1ty of the
uarray but Jin thls case, the sidelobe level 1s not as good

Las thelfirst;case; nowever, 1t 1s=better'than the.s1delobe

*jiéﬁel’bf'the array Witnouﬁ3Side rcws [ Ir the-lengthfof

every addltlonal row 1s made one half of the preceedlng row, e
" the 31delobe Tevel does not 1ncrease appre01ab1y ’if a’
'moderate SLdelobe level and a. hlgher dlrect1v1ty is pre-e

wferred thls array can e’ suggested for thls purpose,, The

#4.

o number of . the side rows on each slde of the antenna depends

Lo on the construction possiblllties of the antenna

. 29%earns and Ehrenspeck, op: cit.
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