o L T7743’

o NATIONAL LIBRARY i ' : : BIBLIOTHEQUE NATIONALE
. OTTAWA

0

. 4 ﬁw
w T OTTAWA o

2l

. . CANADA
~,

e o . . &
ok

.................................

)

' ~2;‘ . . "“i‘ . e » o %0 . . ‘\ )
: . S ‘ 3. } -

. o A R S
w B ' o :

)

YEAR THIS DEGREE (‘RANTED r’:ﬂ =

...............

-, rernmission is hereby g\ranted to THKA/}ONAL LIBRARY
L OF CANADA to mlcrofilm this the51s and to tend or sell copies

: - Qf the film.

The author feserves other publication rights, and
neither. the thesis nor extensive extracts from .it may be

printed or otherwise’reprodﬁced without the author's .

‘written permission.

AL o . (Signed).;W [ o

.........................

PERMANENT ADDRESS

H : oo - ilg\/o7ff‘8/ EWP

......................

.....................

N‘L-91 (_10-6,8) o Y o o



» THE UNIVERSITY UE ALBLRTA

o } : 73
.

FHYSICAL IAPEHING OF LARGF ANTENNA AREAYS

-

by

DESHNOND ANTHONY WYRNE

L THESIS v - L~

'8

SUEMITTIED TO THE FACULTY OF'GRADUATE,STUDIESVAND RESEARCH

TN PARTIAL FULFILMENT OF THE REGUIRMENTS FOR THE DEGREE

CF MASTEE OF SCIENCE

. 4
N :
ELECTRKICAL ENGINEERING
N )
' DEPARTMENT OF ELECTRICAL ENGINEERING
. e \ S
o
EDMONTCHN, ALEERTA i
FALL, 1973



THE UNIVERSITY OF ALBEETA -
EACULTY CF GKADUATE STUDIES ANIL %ES ARCH - _

R}
¥
L

The undersigned.certify that they have ' read, and
recommend - to the Faculty c¢f Graduate Studies and Research,

-

for acceptance, a thesis entitled "Fhysical Taﬁéting of

Laryge Antenné'A;rays", sg&mitﬁéd by Desmond A. Wynne in

'partiai fulfilment of the requirements for ‘the degree of

Master of Science, in Electrical Engineering.

-

9, A

I

-

- ) ’ 'SUE%I;\[‘LS r
N etz lx
» \‘j o (F _\ ].\ ‘
Late ... .R‘S..\J.MQ: 3. . éﬁ 1

e
B S




Ia,

DEDICATICW

iy

iv




</ ABSTEACT

.7 . o A ) . . )
The pertcrmance of larGe fan bpoanm dlrays (145X by

‘

4)) for T-type,kadio Telescover is studied usiryg -a Summatiow
A : - !
N »

~technique that takec advantage of the fast Fourier transfors

>
algorithm. The etfects, on sidelobe levels and beamwidthe,

of physical ahd‘tgsistiV¢ tepering of the excitation

distritutions are examiLed. The effects or randomn, &rrors in -

th;fexcitation of the elements are alsc considered. Tt 1¢

sthowr that tre numbter of elements required for this type of

' - B \. N - 4 .
array system may be substantially LeducCed, withoutr degrading
the perfermance of the system, by using a combination of
Foth physicel and resistive tapering.

B . N

P



\ﬁCKNO$LEDGE!£hIS

/
' S O ! . .
The author wishes to thank br. C. k. Jar'es ard Dr.

. : ' ‘
Fo S, Lhute for bhcln su;crv1C1on and cncourcgemert R
throughout- th['project.

. 8 )
The tirancial Q“rport frevided Dy tne Department
ct LlectLlcal nnqlnecrlnq is grateLully acxnowleoced
. : . P s,
‘ The authcrralso wishes tc express his thanks to
the starf of the Computing Centre tor their ascistance witly
_the computing problems. . .. . il ol
[
N
¥
’ [
(4
w7 _
I
A\

KT

B
Rl



 CHAPTER

ot R

1 INTRO

1.1

1.2
4.3

1.0

o ~2.8

H ANALY

'\

3.1

3.2

v ) . 3.3 Vnain 'Bea.mv Ré§ponse R : - . o

3.4

ANALYSIS OF- THE POWEK

Radiation from a

'Effects of a Ground Screen

General . = - R

Téperiﬁg'

ReSistive Vs Physicél(Tépering - fﬂf“ J ;¢3&?

!
v

purpose of whe Thesis S O R T

voms

PATTERN . %)

Tntroduction -

’ - i”~. . e @?/} ;_*TQ§
. o a v : D
Digole - -

[

Radiation

Y-directed »./2
in the X-Y Plane . . .. -
- &\;,1{ \

142 pipoles.  ; 0

P .

v

Radiation from an Array of .
in the X-Y Plane e
The Array Factor- . T gy

‘ . . y

Calculation of the'Atray'FactOE\ | .@%f

Beam Steering T o 29

T N : o
SIS, OF ONE-DIMENSIONAL. ARRAYS

Introduction 

Excitation

Sidelobé:Lévelsﬁ,.fj 45

vii S L

e

)

‘15‘

33



o

B ) ] BTN
. - o  Page,
CHAPTEK 4 ANKLYSIS OF TRO-DIMENSTONAL ARFAYS , 54

4.1 . Introduction . ' i . 54

4.2 Excitation ' L £ = .. 5b

4,3 'Array Factor in the Principle*Planes 60

4.4 . Peak Sidelobe Levels ™ " ‘ €6

_ 4.5 Discussgion o R , 74
CHAPTER 5 EFFECTS OF RANDOM ERRORS - ~ ., . | T8

. : . E . . .

5.1 Introduction . e o 76

' 5.2 Generation of the Randon Errors A 78

\'5;3 EfféCts.of the Errors on Cne-Dimensional 79

coe Arrays ’ o ' -
- 5.4. Effects of the Errors on Two-Dimensional 89

' Arrays L ER :

5.5 Discusgion " - : . o 95
CHAPTER 6 SUMMARY AND CONGLUSIONS  ~ 97
REFERENCES o - E o 101

~ APPFNDIX A N 103
| v | L “Vﬂ . »
APPENDIX B . ) E o v 101"

) . N . s C ) : f(a‘ .
APPENDIX C COMPUTER PROGRAMMS - - Yoo 1060
r.
.N,
! /l\('.\(

viii



Table

Table

Table

}Eeam. Gaussian ‘Array. 59 Phase Errors..

an

LIST OF TAGLES

Page
Power Patterns for the Arrays. 45
Average Sldalobe Levels Close to the . 13
Main Bcam. .
Peak sidglobe Levels in dF .Below the Main 67
Beam. Uniform Airray. No Errors. - ’
Peak Sidelobe levels in 4B Below the Mainf 68
Beam. Physically Tapered Array. No Errors.
Peak sidelcbe Levels in dB Below the Main 59
Beam. Combination Array. No Errors.

" Peak Sidelobe Levels in aB Below the Main 70
beam. Gaussian Array No Errors. '
Average Sldelobe Levels Over all thev . 89
Sidelobes., = :

Peak Sidelobe. Levels in dF Below the Main. © .90

" Beam. Uniform Array. 59 Phase Errors.

Peak . Sidéiobe Levels in dB Below theé Main = - 91
Eeam. Physically Tapered ‘Array. Ss ' '

-850 Phase Errors.

Peak Sldelobe Levels in dB Below the Maln" 92
Beam. Combination Array. 50 'Phase Errors. '

Peak Sidelobe Levels in dB Below the Main "= 93

P

ix




Figure

Figure

Figure

1.1

 First Sidelobes for the Array withi{\
.u‘StagQ§/of‘Taperingr~ ' ' o

. 4

/| LIST OF FIGURES

P

Excitation Distributions for Uniform,
Truncated Gaussian_ahd Binomial Arrays.

Coordinate Systen.

Locatiop of'thG.Elemenfs.'/'
3 4

The Parameters of K-space.

Arfangement of . the Elements‘in an Array.

Identification of the Elements in an
Rectanguiér Array.

Identificgtion of the Elements in a
Physica Tapered Array.

ArrangemeSE\gf the Elements in One-
dimensional Arrays.

Excitation Data for a Uniform and a

Truncated Gaussian Array. . -

Excitation Data for an Array with

2 Stages of Tapering.

N

.‘_

'ExcitationvData for an Array with
4 Stages of Tapering. '

‘Excitation Data for an Array with

8 Stages of Taperirg.

Ma_. seam Cngracteristgcs of the cne-
- dimensional Arrays.

First Sidelobes for the Uniform Array.

First sidelobes for the Array with

2 Stages of Tapering. ~

First Sidelobeé for the Array with -
8 Stages of Tapering. - ' :

Page

B

11

12

34

35
35
37

39

40
41

42



First -Sidelobes for the Gaussian Arrav.

Excitation Data for Gaussian Arrafsf
Effects of phasing‘On.the-aeam Width.

Peak 'sidelobe Levels for the UnlLorm

‘and the Gaussian Arrays.

&

peak Sigeldb

Peak,Sidelobe Levels Near the Main:

‘Beam for tne Arra, ‘with 2 Stages of

Tapering. s
ivels Near the Main
Beam for the‘array wltn 4 Stages of

'Taperlng.

Peak SideLoE% Levels Near the Main

Beam for the Array with 8 Stages of _

Taperlng.

Arrangemeﬁt'of the ElementS\in’the(

 Rectangular Arrays.

P & . . §w
Arrangenent of'the Elements in the “ay#e

Physically Tapered Arrays. v
Block Representatlon of K-space.’

Arrangement of the Elemelits and the
Excitation Data for the.Uniform Array.

' Arrangement of the Llements and the

Excitation Data for the Phy51cally
Tapered Array

Arrangement of the Elepents ana the

Excitation Data .for the Comblnatlon;'
Array.

Arrangement of the Elements and® the
Excitation Data- for .the. gau551an

JArray.

>

TeEffectlve Exc1tatlon in the. Transveree”
.Plane for the.Uniform and the- Gau551aa
- Arrays. ‘ .

Effective Fxcitation in. the Transﬁerse
Plane for the Phy51cally Tapered

Array.

| XL

Page
43
n
47

48

590

55
57

58

58
59

59
62

62



LN

d.ut

4.5a

gt

t,5b-

Figure &.1ta

-

] ' A

A 3 ’ ’
. " / .
ffective Excitation 1L the Tranqver%
‘Plane for the Lomnlnatlon Arrth

Array Factor in the Transvg&go Plane
for the Uniform and Gau551an Arrays.

Array Factor in the Transverse Plane

for the Physically Tapered Array.

Array Factor in the Transverse Plane
for the Combination Array.

4

Yo : - -
pffects of Zrrors dn the Array Factor
ot the Unitform.and Gaussian Arrays.

Effects of Errors on the Array‘Factor
Near the Mzin Beam of the Array wlt}
2 Stages of Tapering.

A

Effects of urrors on the Array Factor
Near the Main- Beam of the,Array with
4 Stages of Taperrna.

e

Effects of Errors on the Arréy Factor

‘Near the Main Beam of the Array w1th

8- Stages ot Taperlng

%ffects of Errors on the Peak Sidelobe

Levels of the Uniform and Gaussian
Arrays. hd , K o

Effects of Errors on the Peak Sldelobe
,Levels of the Arrays with 2, 4 and 8

Stages of maperlng.

Page.

@
N}

63

au

86

87



- CHAPTL 1 P
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1.1 Esgsrgl ¢ 2 o :
7 » . ) ;;; e
In rece ¢ years there has been conslderable it
\ B . . "gy
intere t%&n low frequency radio astroncmy -Work has been

N o
dOne at 10 MHz and 27SMHZ at Pen+1cton in west r'n Ca doa

1

[1 2] A broadband system from 10 MHZ to 25 MHZ is in
operatlon in central Russia [3 4. Xpe Un1ﬁers1ty of

Maryland's Clark Lake Fadlo Observatory has a‘system'v
" @ . ‘Q" »-\i
presently under ccnstructlon which w1ll operate betkeen 10

MHZz and 110 MHz [:], however, below 20 MHz 1ts use %ill be

llmlted as the collectlng area of the antenna wrl[/te low. .

In the southern hemisphere work has reen doné at 3.5 MHz and
‘19”MH2'[6,7].
‘ b ' A 1 q

. . ' ( ) “ . * :
All of the atove radio telesceopes use a cross or

tee‘?ype antenna Systenm flrst descrlbed by Mllls and thtle T
/ .

”[8] This type of telescope produces two orthogonal fan “.f‘;

2

. s 1 .
beams and by .the mu]tlpllcatlon of these beams a penc1l bean

- is obtalnﬁd whlch gives hlgh resolutlon at lou frequenc1es.
.

‘At present there is a need for a new radio -
telescope that has greater resblutlon and sensit1v1ty at low

'frequenc1es than any of the 1nstruments presently avallable.

A proposal for such an 1nstrument to be located in Alberta,

“has been made and srte testlng is. belng carrled “out [9] =

o
, ‘ [

Ihe telescope would operate near 12 MHz and would conslsﬁ'of

s e
S .



‘.
>

an array of horizontal antennas arranged in a tee with a-

, ~Q

north- south .arm 2.5km by 100m and an east- Hest arm 5km by

S0m. Such an -array would have a collecting area of the

crder of 100,Q00m2 and a resolving‘power of about 30 arcqins

) Y

at;the Zzenith.

The diftribution of radio- em1551qn in the sky is
very complex. Radiaticn is recelved frcm sourcesAof all
angular sizes 'in addition te the-general backgrOUHd
iemissiOn; For‘thic reason a rencil beam antenna systen with
as low a 51delobe level as p0551ble lS most de51reable.
Qidelobe level reduction is achieved through" what is
referred to ds tapering [10] -.Tapering consists of

gradually reduc1ng ‘the level of the exc1tation of the array

_elementc to soue small value at the ends of the array

: ' N N
1.2 zaperng

There are .many formQ that the excitation
distribution may take. A unifotm»eXCitation distribution -
produces a narrow beam but -the Sidelooe levels are high.

4For large arrayc the level of’ the fir t sidelobe 1s 13 6 dB

telow the peak of the main. beam.' A Deam with no Sidelobes-
'could be produced by u51ngaﬁ binomial eXCitation.
dlstribution but this incr s-°S the beamwidth and reduces
the gain of the arraf hf & .auge auount.. Other excitation
'distributions such as triangular,-COSine or COSlne sguared

'produce beams with int-= rmediate characteristics.'

BT

¥

.



In the fcllowing chaptere, array-systems which are
160 yavelengths'long, less than u'wavelengths wide,vand‘tnat
have an_excitationqdrstribution approximating a:Caussian
will be examined Such arrays produce fan beame in a
dlrectlon trancverse to the prlnc1gle ax1s of the array. A
trne)Gau551an excrtatlon dlstrlbutlor, infinite in extent,
would produce a Learn with nc csidelobes. In practicey the

, N '

excitafion distribution of a finite Eray can be represenc\?
Ly a truncated Gaus;f%n. C ooslng a taper such that: the | |
excitation of'the'elemenrs at theaends,of the array is 1/16
that of the centre»elements {11] represents a gbod
conpromlse between the requ1rementc for gain, teamuldth and

sideloke levels of the power pattern. Some typlcal

excitatiOn distributlons are illustrated in Figure 1.1 for a -

'llnear array 160 wavelengths long Note that tne.excitation

is assumed to be symmetrlc “about the centre of the array.
In each case the exc1tatlcns of'the centre elements have

tLeen set to unity.

1.3 P

(f)

s*stive Vs Physical Tapering

Tne nost straightforward method of obtaining a

speci ied excitation dﬁétribu'ion‘is:to place attenuators in

the lead to each ahtenng element. Ihissapproach'isvknown as
reSictiveitapéring. Another technlque i's to completely

ellmlnate some of ‘the elements of the’ array or to replace a

'grOup'of-elements, in a secticn of the array where the

excitation is'loy,,by a smaller group,or elements with

modified excitations. This is known as physical tapering.
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|
|

. . I ’ . . ’ :
The excitations of the elements in physically te;. -edfarrays

- 1o
ARON
!

may be found by setting the tctal contribution ~f tne |

|

clements in secticns cf the array equal to the totazl J

contribution of the elements in the same sectiocns of a

resistively tapered array. It is also possible to usel a
combination of both physical and resistive tapering in an

array to achleve a spec1f1ed exc1tatlon dlstrlbutlon.

In the case of large arraf systens, physi/el~
taperlng offers many practlcal advantdges over regsystive
tqperlng. The phy51cally tapered drrays dlscussed in
Chapter 4 have 37% fewer elements than the oorrespondlng
're51stlvely tapered arrays.-:Ihls reduotion represents a
:signiflcant saving ‘in the cost of constructing suoh an array"
SYStem. 'If-the system reguires_eignal Frocessing. at eech
elemeptrthere will be a‘further eaving in thevproceseing\\\\-; »
eguipment needed. The time involved in setting up and '
tuning the array Qill aleo.he reduced. There willvhe'rewer
points atryhlch errors can occur and lf everything'else’is
unchanged the effect,cf the'errors should be %ese on a

physioally tapered array.

" The purpose of this thesis is to'oompare the7
‘performance of resistively and phy51cally tapered arrays 1n
which the w1dths of the arrayc are small ‘compared to- thelr,x
lengths. A techniqpeuwillfbe developed in-Chapter 2;for_b
dfihding the power pEtterp"of one end'two—dimensiopél arrays.

~



It will ke . that if all the eiements in the array.arg
identical then t he powervpattetn can be split}into‘the ppwer
rattern of a reference antenna times an array factor which
takeQ into account the locatlon and excitation of every.
elememt in the array. A ccmparison between ditferent array
.systems can then be-made c: L“(tbasis ctf their afray
factors.‘,In Chaﬁter 3 the effects cf coarse resistive
tapering on the gain,‘beamwidth averade sidelobe level and
; —ak S1delobe levels of. one- dlmen51onal arrays wtfl ke
examlned These results will be extended to two- dlmen51onal
arrays, in Chapter a and a comparlson between re51stive and
physical taperlng wilil be'made. The differehcevbetween

" resistive. and phyéieal tapering will be shown to be gteatest
~at points far from the"main team._‘The eftects of‘randdm
‘érrors in tHe excitation of tde elements of both ohe’and
two dlmen51onal arrays will be ctualed in ‘Chapter 5. It
w1ll be demonstrated that the effectc of errors are great~st
P o

cn the caréfdlly adjusted 1651st1vely tapered arrayQ and not

S0 great on the ;hyslcally tapered arrays.,v

L3



CHAPTEER 2

ANALYSIS or THE POWER PAZZLHN

The power pattern of an-array of anhtepnas may be

Y

determined by surming the ccntmibuticns from dach element at
each anjgle for which the total field is to be cal‘ulatéd
This method is rot practlcal ror large arrays becalise of the

time 1nvolvea 1n d01ng the calculatlon and the problenms

encounterednln retaining accuracy. CQnsideranle
€implificdfion may.te achieVed by use of.the concept of thé
‘array facf[r which .is the power gattern of an array of ./7
‘isotrogpic p01ntvsburces with the same phy51cal arrangement
- as tbe aétual array. The.follOWLng analysis of rhe poweri)
pattern and the-array factor for rectangular arrays is .
',dirécted ﬁowards‘finding'thé resuit in a suitable form fOLQ
calculatijon using_somputingdfaciliries'such as'those

frovided byuthe_IBﬁ‘model'360/67 computer.

Throughout the analy51s the cfrect of the mutual

1mpedan es between the elements will be neglect@d and it
will bE assumed that each of the elements in the array can

ke excited as spsc1fied.

~The analysis of the*arrays:Will‘be performed using
Fourler transforms and sc the behav1our of the arrays Hlll

ke xamlned in the transform space (K syace) The Erlmary

N

advantage of worklng 1n K—cpace is that the fast Fourler

’

7 . . ~.

5['7

N



tranbform algorlthm [127, whlch is both fast and accurate,
‘may be used to compute the array ractor. -Another advantage
_1@ ‘seen uhen dealang wlth phaCed arrays An unphasad_arrary
15 one 1n which the phase or'the exc1tations of every
element4are 1dent1cal Beam steering. in'K Space is
reprecented by -simple llnear shifts as‘wlll be bncwn in
ﬁcectlon 2.8. Although the array tactor can be trancformec
Eack to real space, the Erocess would 1nvolve a lot cf

‘computlng tire and for the purpose of comparlsonQ between

‘01tferent array syQtems it is not really neces ary. ;
-Tne analy51s of arrays with phy51cal taperlng w1ll"
ke performec Dy treaklng the daLrdays up into suk-= arrays wherc T
each sub—array is of COnstant width ‘The total field
ctrength pattern may then be/found by summ;ng the field
?trength patterns of the Sur arrays. For array systeas ia #
which'the widths of. the arrays are véry.mdch less than their.
lengths thls technique ach:jeveC an additional sav1ng in

'bomputatlonal time over a darect appllcatlon .of the . fast

Fourler,transform.

The calculatlon of the array factors will 1nvolve ,,/“ <
'tne generatlon of large tables oﬂ&data and’ a repefltlve
‘sequence of- Operatlonc at about 106'p01nts in K—cpace.; The

’pcomputatlonal time can te reduced con51derably py eff1c1ent

..

codlng of the repefltlve seguence in'assembler . ‘ o P

lanquage [ 137. ‘S .
\



2.2 Badiation : . S ‘ | o . ’

* Fadiation in-unbounded space from ‘a local source

may be described in ter@s.of a magnetic vector poténtial, X}‘

which satisfies the'Helméof?z equation 2-1 [147].

C—

V2X + k2A = -J L b (2-1)

J is the current densitg (Amps/m2) and k is the wave number
. - N 7 . . -

of the medium and is given by

K

(2-2)

=
.Il

i
>J.:i

The‘resulting magnetic and electric fields (E énd_ﬁ) are’

functions of & as indicated in equations 2£3a_and_2—3b.

F= —jond + 1 v(v.F) A (2-3a)
. & J we :

=TI

= VXE . _ T  (2-3Db)

S8

i

e A(T) =

8= 8
<
[}
t=i
»
—_r

1
b

Eguation 2-4 is a:géneral sblution of equation_2—1 for'X in
. -an unbounded regibn.‘ The primed_yariables»?@érésent the

source coordinates and the unprimed variables the field
A : ’ : : :

‘coordinates. .The iftegrationyis carried out over the source

coordinates. When the current distribution in some

localized area is known, equations 2-3a, 2%3b-aﬁd 2-4
cohplétely specify fhe_résulting.electromégnetic radiation.

e

-

,

-Tr jdxrtaytazt  (2-4)

v



10

2.3 Eadiétioh firom a Y-directed X2 leglé in EES gzglfléne

Cdnsider a Y-directed )/2 dipole locafed,atﬁk',Y'
in the X- Y plane as 1ndlcated in Flgure 2 1. Ascuming that
the dlpole is or1ented1w1th 1ts axis parallel to fhe Y- ax1s,
~the current dlstrlbutlcn and hence the magnetic vector |
’ g
potential of éguation 2-4 will have only a Y—cbmponént.
When oﬁlybthe nature of thc field at large distances from’
thé aptenna 1is reguired, ]?—f’lhmay be'replaced by |

(Appehdix A)

IT-T'| = £{t-5in6 (X'Cos@+Y'Sing)} . 1 (2-9)
' , B . - o
Thus equation  2-4 becomes - ' , %Fik"
Ay(r) = 1_ f T ey )nxp{ 3kr+3kslne(x'cOsﬁ+Y sln@)}dx dy'az
L oo ~0 oo r-51in6 (X'Cosg+Y¥'Sing)

(2 6)
In the denomlnator of equatlon 2-6 the trlgonometrlc terms
are small comp?red to r and nray be neglecied.  1In t“g_‘
exponent théy represedt Thase shif%s’and since X' and Y?! mayb
be-cbmpafable to X‘they must be retained.

a

Let K, = kSineCosg . ‘ (2-7a)
Ky'z kSinesing . | : o _ ’ ; (2-7b)
' ) . | - , \‘,
A(r) = EXp {- jkr} IR ' - _ (2-8
T Gmpn. ' '

LA . )

Then e€quation 2-6 becomes

wt

od . S s N
g; Iy (') EXP{IKxX" 43Ky Y }ax a1z

>

8*-’ﬁ 8

8%8

kAy(r) = A(r)

(2-9)

v
LN
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Figure 2.2.

Locatlon of the Elements.
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The relationship between the parameters of K-5pace, and real -

(N

space are shown in Figure 2.3. K, and Kywextend to infinity

in all directions but, as will be shown‘in Section 2.6, only

a limited area of K-space represents real_space.

4

Let the integral part of equation 2-9 ke denoted
by ]
A(Ky oK) = _ngiZ' Jy(rﬂ)Exp{jKXX'ijYY'}dX'dYRdZ{A‘ (2-10)

Then Ay(r)'becbmés

By (R S R@AKGK) o emm

‘;Ih‘éguation 2-10 Jy(r') is a’cﬁrreht dénSity ip:Amps/mZ.‘
'CQnsider the,dipole, of length I, located at (Xp oY1) in £he 
X-Y piane as‘indicated in figure 2.2, The‘subscripts m and
‘-n.are introduced at»thisfpoiht for Convenieﬂce. ~In Section
z.5 (X&,Yﬁ)»Nill refér to the posif;én of the élemént'(m,n)
in anvarray of elements. 1f i(X%,Y%)frepresehtsith total
¢ﬁrréntffldwing aléng the dipolg then J?(r') méy Ee wriﬁtén '

AN

as

Jy(r') :‘I(X$,¥5Y5(X"X$)5(Zf), ' ,.I" : (2-12)
where the'delta functions have the dimensions of invérse
»leﬁgth.' It ﬁay be assumed  that tﬁé current at the epds.of
'theﬂdipolejis zero and varies sinuscidally over its length..

Hence, Jy(r‘) becones

Jy(rt) = Id;ﬁHS(X'fX&)ﬁ(Y'—Yﬁ)6(2')Sip(k¥'ﬁ ‘,' ‘(2~j3) “



x
*where T, is the .peak current on a hypothetical antenna and
2 o ;
where
Cpn = the current.onJé dipole lccated at_(Xg,Yﬁ)
T (2-11)
U(Y'=Y1) = u(Y'-YA-I/2) - u(Y'-Yr+L/2) . ©(2-15)
\r ‘ 5 - 2 . . ) .
Y= L 2-(yr-vrg - | @6

Cmn haq been 1ntroduced at thls stage g0 that in bug;egﬁent
‘Cectlons arrays of dlpoleq wlth alfferent currents may ﬁ

'vdlscussed dlrectly in tvrmcvof the results presented here

'For this current element located at X! and Y the magnetic

veptor potenthl Lecomes
Ayma () = B (D) Apg (Ky,Ky) . ' | 21
'where Amn(Kx,K§).is thained‘by eubstitﬁting equationn2—13

. = : o AR i
into equation E—lO. Thus _ ; : o

Bon (K4 Ky) =

e -

7

13

8‘“\8

'éuﬁs

[I.c . 6 (X*-x4 )U(Y'—Y )6(2')sln(nyw

| Exp{]KXX +jKyY'}]dX{dY'dZ' C(2-18)

The‘indicated integratien is carried out in Appendix_B'vhete"

S K -
S ) : . .

- it is shown .that .

ol ' ' s ' ‘ :
Amn (Kx,Ky) = CmnExP{nggﬁf]KyYn}Ay:}KX:Ky{ : (2-19)

where

~

2To[Cos{(kL/2) Sin6Sind} - Cos{kL/2] ] (2-20)
1 - Sin26 Sinzg , : :

\

Ayr (Kx,Ky) .

1 ’

.

14



Ayr(K%,K ) 1is known as the'element-oztﬁern. Tt may. be

1nterpreted as the magnetic vector: potentlal that would

result if the'element §t (Xg7Y}) were located at ‘the centre,
SN

cf the cocordinate system- with its peak current ad]ucted to a

hypothetical reference level _Id. The exponentlal factor in

equation 2- 19 represents the phase Shlft assoc1ated Hlth

dlsplaClng the,element frcm the orlgln to Xp,Y0) -

The
constant.cmn acccunts for the relative magnitude and»phaSefi

cf the current in the element 1) wWith respect to the *

reference level,_Io.

2. u Erfects of a Ground Screen

Tt was assumed in the earller sections that the
Elpole was radlatlng in free space.' In pragtlce'the dipoles‘
'wlll be praced over ‘a reflectlng screen which will modify: .
‘the fields and power pattern of the?antenna. ‘These effects
will be con51dered Sejarat ely as 1t ‘will be shown that:» they

“are common to all the dlfferent array systems ‘to be exam1ned>

The effects of the screen may be calculated b?
:con51der1ng the antenna as: composed of tWO antennas one

,above the screen and the other

an.lmage antenna wlth its
current reversed telcow the sc:eEh&_ The . reversal of the _

B bl

currents 1s necessary to produce the Zero tangentlal E~ fleld

thCh must occur on the screen. S ‘ /-)

~/



‘) .

i“

- Zero. The resultlng flelds and power pattern wlll be- | * \

16
5 . n
For the antenna acove the plane of the screen the
rhase of the magnetic vector potenfial must be advanced by
an amount ¥ where s
. ,"y" T
‘Y= khCos® (2-21) '

'.andrh:is thé'height”of the antenna above the screen. For -

the'array.below the screenhthe phase must De_retarded ky the

~Same amount. ?y combining the two_antennas equation 2-17

h-Y

becomes S
T

AA(r)ﬁmn(Kx(Ky)[Exp{j&hQ@SG}—Fxp{-jthosé](2—22)

"‘?r Aymn(( r)

‘~,Th s addltlonal ﬁactor will be called the>screen factor

v

SF(KZ) whlch may he_wrltten as

“m

Iv-SV-E'(gKE)

A

éjsin(jhkzﬁx where K, = kCos8 (2-23)
Thus, V »
Byma (F). 3 B(E) Apg (Ky, Ky) SF(Ky) L (2-24)
. . ':,> . . . .

q !
& \

fSF(Kz)_dépends only on.theidistance from the reflecting

‘sereen to the,antenna and not on the shape of the antenna..

" xa

- Assume that the array i's rectangular and that each
B

‘p051t10n in the array contalns a - dlpcle.» This assumptlon

i‘, .

'produces no loss in generalltyfwslnce, for @ non- rectangular

L3

‘shaped arraytlt~1s p0551ble to.flll out the array to a

rectangular shape by 1nclud1ng a number of addltlonal

¢

elements for whlc% the level cf the exc1tat10n is set to

¥
e

o L .H“ e



-
. unchanged. Assume also that the numbers of digpoles in the - X
ana Y dlrectlons .are even. For the case 1in which the number
of dipoles in either dlrectlon is odd only a Cllgh

modification to the methoa of analyC1s de: crloed in thls

sectlon and the following sections is required.

Let the array cf dipolee be laid out aQ'ehown‘in
:Figure 2.4, The spacings between the dlpoles in the X and Y
dlrectlons are D and D respectlvely and tne rumbers cf
elementc in the X a%d Y dlrectlonQ are N “and N

.‘respeétlvely;: Let (m, n) bevthe syste S used\ror 1d\ntlfy1ng

the element located 1n column m and TOowW n. (Xm,Yn)‘lS the

locatlon of element (m n).

-

y(r) for the complete array is found by cummlng

»

Aymn(r) .over all m.and n.‘ Ihue ‘from equation 2-24

A
. Nx=1 Ny=1 o E : o
Ay(r) = 'Z E : A(r)Amn(KX,Ky)SF(Kz) T (2-25)
m=0 n=0 ' T
H NX 1 Ny—1 | »,» - .
= A(r)SF(K D) Amn (Ky Ky) : (2 _€)
. m=0 n=0 SR - .
- From eguation 2-19
. S . Nx_l Ny-=1 "
Ay(f)‘:,A(f)Sf(K ) A r(Kx.K y 7 f Co Exp(nx X'+JK%;5}

- m=0 n=0 _ (22

~.

Ey defining an array facfor AF(KX}Ky) as

<

B (Kx Ky) = ] 1 e ConBXP (3KxXhé 5Ky Y4} 0 (2-28)

"m=C. n=0 _

s

<

& -
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the ﬁagnetic vector potential for the completé-array becomes

. L T

Ay (T) 2 A(r)g§£(xx,xy)SF(KZ)AF(KX,Ky) (2-29)

Equation 2-29 has ﬁgg; distinct terms, A(r) representé the

e ‘ \

~d€§éﬁé§ﬁcg on the~diStaqce from the ankenna tb da point in
the.far‘field'aﬁd'wili not be taken into acﬁbuht-in'the
comparison of the différent afray §YS£ehs.~ The element
paftern Ayr(KxiKy)' tqkes into-éccount the shape of the
.elements used "in the array‘and;the basic form of the current’
distributions in'£he}§lemehts. The screen factqr, SF(Kzi;
takes account of the effects of a réflecfing screen placed
.Eelod tﬁe antenﬁa. vThe.array factcr,»AF(Kk,Ky); aécounts
for'fhe'physical layout~ahdfarténgeﬁénﬁ'bf the elemeﬁts in.
the“array- Ip.al~obtakes into acgount the’differences in
the magnitudé and .phase of the exqitaticnsubeiween.the

€elements.

. 'The Evand'H vectors‘now can be found from
~€quations 2-3a and 2-3b.

a

Fg = TIwhhe o N (2730%) .

:nzz-'w  o - | o | : 2-30b
Foym TawmAg, | (2-30b)
Hg = gka, - (2-30¢)
H =

¢ "?jkAe‘-v ‘ : o | ~'r(é43od)‘



‘Ae = Ay(r)cOseSin¢- : _ -  (2%31a)

"A§ = Ay (1) Cos¢ ;., | -  (2—31@)
J\\\Qi;i.-ijAY(:)Césesin¢ ' “ ‘ | o - (2f3;a)

| E¢ ij;ﬁquy(r)Cos¢ : : _ | | ; v2-;2b)

| Hg - jkAy(r)COSQJWff"fl. ; | "'(2;3gé)
H¢'¥ jjkAy(r)CoseSin® " - R v (2—32&).

Einally,.thé power pattern is givenvby

Pr =f11E BY - E,HY)
2 00 $6° |
= [Ay (r) | 20pk (Cos26 Sid?@ + Cos2p) . - (2-33)

The array factor is the only term which will vary

when the arrangement of the atray or the excitaticns of the

elements are changed. Hence, comparison between different

.array systems"will te made on the basis of their'arréyv

~has large sidélobes nezr the zeros of

factors. - o _ r

It will not be necessary to refetvto_the'element

rattern or the screen factor except when- the array factor

"the element pattern or

the screen factor. Under such circumstances the element

pattetn~or the screen factor maY':édnce these sidelobe% to

20

+

an accéptable level.: Equation 2-33, fbr‘thé power, contains. -

m an~addi£ionaL'factor.arisingifrbm the conversion of the



o 21
| | . S

" magnetic vector potéhtial from rectangular to polar '
coordinates.. Thisvfactor éléo contains zeros aﬁd if the.

array factor has iarge sidelobes at the location cffthese

_zefos this tefm must be tgken iptd éccéunt in determining

the actual sidelobe ley;ls cf.the array.

2.6 The Array Factcr
t .

The location of the elements shown in Figure 2.4

- is given by £ Q :
XE = (m—NX;1)DX _  ‘ o (2-3ta)
Yy = (n—NX—1)py L o . (2-34b)

| Ey substituting these values for X} and ¥Y! in equation 2-28

the array factor‘becomes‘

- Ng-1 Ny=-1 .

Af(kx,xy) = B(Ky Ky § 7 .cmnﬁxp{jxknxmfjxynyn}-'(2—35)
: . - m=C n=0 ' : v
where
B(Kyg,Ky) = Exp {- K, Dy (N, —1) /2 -jKyDy(Ny-1)/2}_ L (2-36)
‘Let Py = KyDy S ' - (2-37a)

2m

Ky ‘Aﬁ%gz B [ . (2-37D)
Then,

AFYRX,Ky) = B(Kx,Ky) 7

Y ~cﬁnﬁxp{j2npxm+j2n9yn}_ (2-38)
n=C n=0 S :
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The advantagé cf expressing the array factor in
' ‘ !
this way is that the summation part of equation 2-38 is very
similar in form to the two-dimensional finite Fourier
transform [15] which may be written as
Nl—:’,] N2’1

X(Li,L2) = ] ] A(X1,K2)EXp{j2TK L1 /Ny +32TKyLs/N,)
. ' K,=0 Kp=0 : : (2-39)

Where N, and'Nz are integéf constants and where L,, LQ,IK;“@
and K, are integet variables defined in the following

ranges.

¢C< Ky <N/ 1 . (2-40) -

IA
- A
—
|
-

O < L'l

1A

O 5 Lz Np_“j

"

X(Ly,L,) and A(K;,K,) are complexzﬁariables. The summation
defin€d by equation 2-39 may te computed using the
“techniques of.the fast Fcurier transformn.

-

let N, =, R L ‘ (2-41a)
' Nyo= N . : ) . | ‘ .. (2-41b)
.Tm,= K1 _ - L N (2-41c)

n = K, - B o (2-414)

Po= LuNy (2-41e)

Py = La/No ' N - (2-41£y

Con = A(K,,Ky) S _ (2-41g)



By u51ng the substltutlonQ deflned by equatlons 2~ u1aw
throuch 2= u1g it is p0551b1e to use the finite Fourier

transform algorlthm to do the summation part of equation

2-38.

Itooan readily be shcwn fren equations 2—7a,'2—7b,
2-37a and 2-37b that K,, Ky, Fx and Py are continuous

variables which are deﬁined in the following ranges

-2m < K, < 21 o ‘ (2-42)

o
IA
.
x -
IA
o
x

o >,

IA
as]
<

<

X
Ly
X

P .

o

It should be noted that although Kyr K. ‘PX.and P

yr
are oontlnuous variables eguatlons 2= -4 1e and 2-41f deflne
values of P, and Py whlch can be expressed only as ratlonal
numbers; For. thlS reason it is apparent that the array
factor can only ke found at dlscrete p01nts in K- Space by
using the flnlte Fourler transform.. In addltlon to these
1restr1ctlons on Ky Ky, P, and Py only certaln varues of t .
p'these uarlables represent real p01nts in thebsky. ~_‘Tne‘se

‘values may be found as follows Ty
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éith#
Iherefore
, .‘Q )
0 <
If Dx =
then g < GgeEpie 1 e

. i k]
The relatlonshlp between 8. ¢ and K,,K; ' is. shown 1n

Yy
Figure 2.3, The 51delobes of the array factor whlch occur
fln the reglons of K= space outslde the region deflned by
€equation 2- u3 do not: contrlbute any power to -the system."If
the array is phased by the 1ntroductlon of a progre551ve
_phase shlft in the exc1tat10n of the elements, these
51dglobes may be shlfted 1nto the reglon of K-space

representlng real p01nts in the sky and will now contrlbute

Eower to the system.

nv2.7'Calcnlatioh ef‘the‘grggy Factor ' j E <£;

| By u51ng the technrgues of ‘the fast Fourler
_transform the array factor can only ‘be found at p01nts ln

K- spaqe where p, and Py are‘ratlonal numbers as.was

1nd1cated in the last secticn, »The 1ntervals in Py- and Py
:hetween the pOlHtS ‘defined by equations 2- 41e aHd 2-41f are:.
/N, and 1/N2 respectlvely. Increa51ng N, .and N, reduces

the size of these 1ntervals and 1ncreases the resolutlon

slnce the total range of Py and giils llmlted by equatlon



5-47. N, and N, will both be set to 2048 in the following

work. This choice sets the increment in K-space to

0.006136/1 for both

examlned in 1ater chagpters

Ky and

Ky

‘when Dy=Dy=A/2. AlSo, in tnis
case,-it sets the oyerall sizé of the array to 1024Xx by

'_1o2ux thCh is. much larger than any of the. arrays to be_‘

The size cf these arrays will

te 160 by 4. The array factor of these arrays can - be

examlned w1th a hlgh degree of resolutlon in K-space and

hence- in real space

by u51ng the fast Fourier transform on

an array 102Uk by 102ux where the level of ex01tatlcn-

cutside an area 16OX by 4) is set to zero.

-

'Figure‘2 5 illustrates how an array 320 elemefits
: |

excitation of the elementc

Zero. In other words,

c._ =0 for
er
for

for

n<1020

1>1027

n< 864

n>1183

_elements 1n51de_the.shaded a

suggested by Figure 2-6.

If

'-long (16OA) by 8 elements wide GOSN

out51de

and
and
and

and

*.For a phy51cally tapered array

all

all

all

all

the

might be numbered. "‘Thne

the'shaded area 1is set to

L
b

P AL

excitation of some of. the

Tea would also be set to zero-as

e exc1tatlon of the elements

does not - change across the uldth of the array’ the. m-

subscrlpt 1n’Cmn may be droppedvand the array—factor majggg

written -as




(2047,0)

(2047,2047)

(1027,864) (1027,1183)

A
(1020,864) ' '._(104».,1183) +
m e 160X : —3 )

(0,00 n—> o | . (0,2047)

Figure 2.5.. . Arrangement of the Elements in Resistively

864
0911
912

: .
«——

sTapered Arrays.
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i

AF (K, K

y)

By substituting for B(K*,K

“with respect

‘width of the

_array factor

"B (K, K

to m and n equation 2-49 becones

27

. . o - N ‘

1027 1183 . - _

) N C_Exp{j2m(P_m+P_n)} (2-49)
" p=1020 n=864 - s A

”

y) and separating tne summations

o ' | 1027 S S
,AF(K;,KY).z G(Py) Exp{-J2nP, (2047/2)} Z, Exp{j2mP n} - a
g v g m=1020 _ (2-50) :
Where J
S S 7 1183 > T ‘
G(P,) = Exp{-j2nP_(2047,2)} ¥ C_Exp{j2mpP_n}. ~ (2-51)
y y* & n vy
: n=864 , .
‘In the actual3Eanin of the fast Fourier transform.
subroutine n will beg}nérimented.ffbm 0 to 2047, of course, «
since C,=0 for n<864 and for n>1183 the value of_equation
2-49 will be unchanged. . -
. ( . .  C - " - B ) -‘ - - c
AF (K, K)) = G(Py)[EXP{fJTWPX}*Exp{-JSWPX}-:-+Exp{jJ7HPX}]
:_G(Py)2{Cos(7wPX)+Cos(5WPX)+C03Q3HPX)+Cos(WPX)}
=:F(Px)5(9y) . . o (2-52)/
where-
. F(PX) = 2{Cos(7wPX)+Cos(§ﬁPx)+Cos(BWPXy+Cos(ﬁPX)}(2—53)
It is‘apparent'from,equation 2-52 that when the

'array is constant over its whole lehgth the

may be expressed as the product of two.

orthoganal array factcrs. Tc find the array factor. of ‘an

~array which is physicélly.xapered}the«array”must be broken

up into sub arrays in which the widths of the sub—éfrays are

4
AN



constaht over their lengths. 1In the case of the’fhysically e

. b "
L

tapered array shown in Figure 2.6 there are four distinct

sections so there will be four terds iﬁ-the array factor.

‘Let the functions F(Py) -and G(Py) be defined as follows.

t

Ga(r‘

5

y) = 6(P,)" where C, = 0 when . n< 973 (2-50a)
: . ‘ or n>1074" :
R ‘ - o
.66 (Py) = G(Py)' where C, = C _when  .n< 945 (2-5ub)
LT : or n>1102 :
\ or 973<n<1074" .
Gu (Fy) = G(P,) where C, = 0 when n< 91z (2-58¢c)
: ' ‘ or n>1135 , '
or.945<n<1102
G2 (By) = G(Py) - where Cy = 0 when n< 864 (2-544)
. . “or n>1183 . S
or 912<n<1135
- f. o
Fo (Py) = F(Py) N (2-55a),
Cower o ' : :
sl - . o .
~'F6(ng;= 2{Cos (5P, ) +Cos (3TP_) +Cos (TP, )} - (2-55b)
, Xy EERSE , : - ' ' - .
Fu (P,) = 2{Cos(37B,)+Cos (TP,)} (2-55c)
F2 (P,) = 2{Cos (TP )} o (2-554)
. } - \ :
N ,&”a

The_array factor fcr the apral_shownfin Figure 2.6 can now '-

te written as

AF(KX,Ky) =AFa1Px)Gg(Py)+F6(PX)G6(P;SfFu(PXjG»xPy)+F2(Ex)cgep

k3

y)

.

(2-56)

\



2.8 Beam Steering , ' o ’ -,

S

Beam steerlng may be achleved by progreSC1vely

'delayihg (i. e. Phace Shifting) the" exc1tatlon of the

elements towards the dﬁslred posxtlon of the beam. The

effect is to

shift the array factor in K- space so that the

maln beam polnts in thé new dlrectlon. To show this effect

conslder beam steerlng alcng the principle ax1 In thls

case ¢ is 90

- follows,

’-AF(Ky) =

"~ For the case

Set

CAF( K,)

‘For the case

degrees and equ?tlon 2-38 may be re- written as-

o -1
Exp{~jKyDy(Ny—1)/2};§O Cp EXp {JK,Dyn} (2-57)

in which the phase of the excitatiocn is-zerd

L4

v

%@,

'A; : o - ' - ‘; Y S (2458)

: Ny -1 . c
EXp {=JK Dy (N,=1) 2} E - ApExp{JjK,Dyn} . (2-59)
- : n=0 . , < .

in whlch there is a progre351ve phase shift in

the exc1tatlon it is p0551ble to represent C. as
j C =2 Exp{ ]K n} P | " (2;605
n yo y
N : S ' .
where K ;»kSinOO. o o G T
.- . ST o Ny'_‘]_ : . . .
AF(Ky) = Exp{—jKyDy(Ny—1)/2} ) AnEXp { (Ky-K O)D n}
“ : .n=0 , (2 61)

1f the array

Shlft “iS nNow

factcr for the array with the progre551ve phase -

Vo

e\aluated at K +K instead- of at Ky, equation



2-61 becomes

-
-

, . ' A4 : ‘.
AF (Ky+Kyo) = Exp{-J(Ky+Kyo) Dy (Ny=1)/2} T Anﬁgp{jxy ¢ 0}
: . _ n=0 . (Z2- 62)

‘Equation 2-62 may be written as

AF(K +K ) = EXp (3K, oDy (¥ 1)/2}Exp{ KD, (Ny=1) /23

"Except for the first exponential factor equations 2-63. ana
Zz-59 are identicai. In cther words, when the array. factor
tor the case in which a progressive phase shift is present

yo

, which no’progressiﬁe phase chift ic'present is evaluated at

- 1s evaluated at Ky +K and the array factor for the casedin

‘ﬁ&, the two array factors are 1dent1cal except for a Shlft

o

‘in phase. By taklng the magnltude of both equations 2-59

‘and.2r63 it is apparent<that the'shape of the array<factors
. ST

for the phased and - the unphased arrays are 1dent1cal and

that the effect of 1ntroduc1ng a progre551ve phase shift hass

been to shlft the array factor in K-space by-an'amount Kyo.

Hence

IAF(K +K O)L.v‘ - (K )I o (2-64)
- Phased array S R4 Unphased array ’

5 'Q"Q7)‘ .
. ~ .
. / . n
P . s
. . For .
s : . ,fl

‘It'shbuld'be noted that although the peak levels

of the array factor do notgchange when the array is scanned

: R
“the w;dths of the main b3

~which ‘may produce chéan

AnExp {jK,Dyn} o (2-63)

30
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by the main beam and the sidelobes. The cnanges in width
are due to the way 6 and ¢ "are related to Ky ‘angd” Ky For
'values of 6 close to zero in Figure 2.3 the smalleet
increqent_in Ky or K?-represeﬁfs 0.056 degrees in.e while
for 6 Close‘£0’901degrees the same increment in K, ‘@r Ky
represents 3.532 degfees ih'e It should also be noted thatf
the peak levels of the power pattern may change when the
‘array is phased. If this cccurs it is due to the iuct that
the combined effects of the elemeﬁt pattern, the screen
.factor and the facternintroduced by the change in
eodidinates.from rectengular to polar do not produ ‘¢ an
isetrepic pétte:n ;h the direetion in which‘tﬁe main kteam is

~

shifted. B | o
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CHAETER 3

3.1 Introcducticn

'In this chapter the array factor of tive one-

4" ensional arrays will be examined. In all cases the array

will .consist ofvhali—uavelength‘”;poles and their

arrangement will be as indicated in Figure 3.1.

.“ N . X
12 - S 320
e A/2 | ~ , |
— 159X - —

Figure 3.1. Arrangement of the Elements in One—dimensiohalv
Arrays. - I . : ‘
The tapering will te entirely resistive'andbthe excitation
dlstrlbutlonc will vary from uniform. through four’
progre551vely better approx1mat1cn< to a Gau551an.j The

i [
flrst three. approximaticns to the Gaus¢1an exc1taflon -

4distribdtlon'represent a very coarse tayef. fhls,tppe of
'taper will'decessarily e#ist along the.tr@nsverse ax1s_o§ )
the phy51cally Lapered twc dimensicnal arrayc to be
dlﬁcussed in Ch p:er 4. Indeed the exact’fo:m of ‘the
excitation dietritdticn, 1nvth15.chapter, u1il be chocen
such fﬁat the‘recPonse of these one—dimensiondl,arréys'will
correspond very closely 1n their pr1nc1ple plane to thei

array factor of one of the four arrayc to oe dlccucsed in

" Chapter u, Corresgpondence js achieved by setting the

32



excitation at each point,along"the axis of the one-

~dimensional array equal to the sum of the excitations across

‘the width of the two—dimensional_arrays'at'the same points’

Fan

along the principle axis:of these‘arrays;

One—dimensional analysis allows the principle
features of-the array factor. to be examined without the
heces51ty ot expenS1ve computlng The beam width in the

prlnclple plane, the effects of pha51ng on’ the beam width,
N
'the locatlon of the flrst zeros and the maximum sidelobe

level that may be expected can eas1ly be found

' The,analysis was'done using an IBM 360 computer.

A

' Programs were wrltten to generate the excxtatlon data for

the dlfferent types of arrays to. be examlned. The Summatlon'

‘part of'the calculatlon was'performed using a fa Fourier

transform subroutlne called HARN wr ch is-available in the ¢
IBN SC1ent1f1c Subroutlne Package, [16]. Addltlonal ' v : /

programs weére wrltten to analyse the resulﬁs and present the /
| /

~output in a useful form. These progﬁams and ‘the problems

»encountered in computlng are dl tussed_ln.Appendix C.

3.2 Exc1tatlon

The exc1tat10n data for the unlform and the‘

1

'ftruncated Gaussman arrays are shown An’ Flgure 3.2a.. The

exc1tatlon is symmetrlc SO, only half has been shown.',The:

shape of the Gau551an dlstrlbutlon 1s based on ‘a taper ofr’

—2& O dB over a dlstance of 80 wavelengths.' The ch01ce of

]

'—2u O dB for the taper 1s based on a compromlse between the -

« LR s
i EEE
5 v -w »



Excitation Level

Figurev3.2a.'EXéitatioh Datévfor'athiform and

Excitation LéVel

@ Uniform Array

@ Gaussian Taper

1y

1 o L

I 1 k.

. . ,
0. 20 40 60 80
Distance from the Centre (X))

a Truncated Gaussian Array,

L A\\ ) , @ ﬁ—Stage“Taper
Y .
s hR - | @ Gaussian Taper
W N o] ' ‘
= AN !
N
N
N Q/\
0.5 e N
N
‘ A Y
= Y
0 1 L L 1 1 g 1
0 20 40 so0 80

Distance fromithé'Centre (A)'

‘Figure 3.2b. Excitation Data for an Array with

2 Stages of Tapering.

%
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Se ' @ 4-stage Taper

“Excitation LeVél

o
92

N o © (@ Gaussian Taper

. l cot :
.20 -
Dlstance from the Centre’(x)

3Z;,

40

80

Figure c. Exc1tat10n Data for an Array w1th
. -4 Stages of Tapering.
1.0p=— - .
5\\ @ 8-stage Taper
o N - . '
N _ @ Gaussian Taper
B \\ : . o .
— . . N .
0} o SN :
. s AN
=R o
0 0.5 : - b .
g \\
3 ,
el S
U A Y
% AN
) N
~
~
~

20

40

60

'Distance from the Centre‘(k)

8 Stages of Taperjng

- 80

Flgure 3.24. Excitation Data for an Array w1th



feguirements for gain and thé maximum sideiobe ievel that
can ke tolerated,“vFigﬁreé 3.2b, 3.2c and 3.2d show the i
progressi?ely better approkimations ffom the uniform to the 
Gaussian excitation distribution. They'représeﬁt tépering
in two, four and éight stages where £he ekcitatioﬁ step

cizes are 0.5, 0.25 and C.125 respectively.

I% all cases the excitation of the centre elements
has been set to unity so'that the gain, of the different
systems may. be ccmpared. All the excitations are real. = ¥o

[rogressive phase shifts were introduced as it was shown in

Section 2.8 that the effects of scanning on thé_array'factot7

‘can’ be examined by shifting the array factor in K-space.

3.3 Main Bean Response

The array factors for the five array systems
N . ) - .' B . . ' ‘ . N S ‘ ) V - ‘
descrikbed in the last secticn Were ccmputed. Each was

nOrmalized with respect to its own maximum level, The -

normalizing factors are related. to the‘relatiye gain betqéen

the systens.

| The main beamvrespoqses fof'levels g;eatét thén
Y—G;O dB aré §hown in Figu:e 3.3. ‘If is apparent thét the
priﬁciplé effeét of;tapériﬁg has beeﬁ‘tovincrease the
teamwidth. The response cf,an'étﬁay,uith=a true Cagléian
ekcitationvdisfribu£ibnvQas,calculatéd but the rés;;nse'in

this part of the main beam is not distinguishable fronm the'

N

response of the array wit

distribution. -

“"the truncated Gaussian excitation’

36
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L

Figures B;Ha'through 3.4e show the first‘two‘ /
degrees. in the principle plane of each array factor. It can
be seen that the beanwidth to the first minimum increases
and the peak sidelcke level decreasec as the number of

stages of taperlng is 1ncreased

: The resnonse cf anvarray with a true Gauss1an
excltatlon distritution is also shown in Flgure 3.4e for
comparlson W1th the truncated Gaussian array. For' 6 less
l o than O 8 degrees the dlfterence between the two array
u , factors is small, however, for 6 greater than 0. 8 degrees
I the . response Q£%x:e true Gau551an falls rapldly to zero

whlle the reCpoﬁse cf the truncated Gau551an has sidelobes.
?lhese 51delobes represent the effect of truncatlng the true
ﬂ'é?& .Qéau551an exc1tat10n dlstrlbutlon and could be con51dered as
representlng the array factor produced by an error runctlon/
as suggested by Flgure 3 5. The-array.factor,of an array

. -"'."?lth type 1 excitaticn, as shown in Figure 3.5,'ls identical

'1to the combined erray fuctors of arrays with tYEe 2 and typel

i 3 excitation. '533

In all cases,’for the array factors shown’in
Figures 3.4b through d.ud. for -the arrays Hlth coarse
/taperlng, the locatlons of max1mum 51delobe levels close to
’ the main b;am are not very predlctable. The flrst 51delobe
. is not the greatest and the relative magnltudes of the

)51delobes are not,determined by the amount of tapering.

‘L. There is, however, a general trend in the average sidelobe

A ,'
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‘/\ T '_‘;[‘yéeyjb « N l\

Distance _rom the Centre,(A)

Figure 325;_'Excitation bPata for Gaussian Arrays.
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level which decreases as the amount cf tapering is

increased. The frinciple features of the main bean area are

.

_summarized:in Table 3.1. It is. also 1nstruct1ve to deflne a-

/,.

'flgure ot merit! for each array as 1nd1cated 1n equatlop

4 0

3-1. Although thls term will be referred to .as the galn it

should ke noted that it “is not the dlrecblve galn usually

’

associated with an antenna system.

,//

Gain = 2Qleg, , _ AFpay ' ' (3-1)
AFmaX(Unlform) IR :

i

"Table 3.1

.'Characteristics of the Main Beam n;’

- T et o SR T - T
| Taper | Gain | -1st Min | ‘Eeamwidth | Max Sidelobe |
| | | (dB) %1 (Degrees) | (Degrees) | (dz) c
| | b o | ' | I
t — 1 + t—- 5= 1.
| Uniform | 0.00 | 0.34 l, 0.320 i -13.3 ‘l
| | . | I : | I -
| 2-stage’ | =-2.34 |  0.50 [© 0.360 | -19.1 |
! | ' | | o |
| U—Stage | -4.24 0.73 I 4 0. 420 | -27.6 {
I — | | | o : |
| 8-stage | -4.,84 { 0.73. { O 4&2- R —31.< l
| i ) i | | - |

-l Gaussian. ] —5.72 I .- 0.84 i 0.468 i -28.0 |

o o ' - b 1 I I

L i 4 1. 4 ]

,examlned For each system by shlftlng the main beams, shown

: _ \% _
The effects of pha51ng Qn tne: beamw1dth were

ﬂf“
in Flgure 3.3, to dlfferent locatlons 1n;f %ace and flndlng

gu
the ‘new values of [ whlch ccrrespond tc the 3 dB p01ntQ

located‘ln the new dlag:am,‘,The effectsﬁof phasimg on the oy
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teamwidth when the main team 1s'sh1fted up to 30 degrees

‘from the zenith are shown in Flgure 3.6. For 6 close to

‘zero the beamwidth of the Gaussian array 1s U46%. greater than -

'”jQAH'Sidelobe Levels S _,“’

vthe'beamwldthtof the-uniform array and for'e closedto.30

degrees 1t is 50% greater. ‘The percentage increase in

beamw1dth 1s 12 8%. For the.Gaussian array the percentage

1ncrease.;s 15.2%;

i

The purpcse of tafering is to reduce the sidelobe

levels ofvthe‘array factor. \tonSider first the peak

'sidelobe levels,-as functions of'@ - of the uniform array and

the truncated Gau551an arrays shovn in Figure 3.7. The

Curves represent the locus of values of the peakc of the

51delobes. It 1s apparent that for both arrays the sidelobe
levelo ‘decrease smoothly for 1ncrea51ng 9. In both cases

they drop off rap1dly,from~the level of their first sidelobe
. PR ".‘;;'}«‘ . V4 . .

and then level out’as”e?approaches 90 degrees. The peak

L

‘51delobe levels for?small values of 6§ are about 25 dB lower

1n the case of the array with the Gauss1an taper. But, for

. f W '

n'eﬁgreater than about 2 5 degrees the dlffe:°n”’ is about

/ R

20dB. It was observed durlng the study, although it 'is not

,«-,
K]

shown hefegwthat for large values of G the locatlon of the

‘A‘\."I .

.51de19bes and the zercs in the array ractors for both array-‘

4
o :L N

'systems cccur, very close together.v The spac1ngrbetween the

_ zeros for both systems fer large values of 8 is determiﬁed

. .

By the overall dimensions of the array.
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Attempts were made to obtain similar diagrams for

ﬁ;heﬁﬁhfee'coarse approximations to the Gaussian excitation

dﬁ%tb@butioﬁ but it was found that the peak'sidelote‘levels 5?
do not fol%&g a smocoth curve.' The scale of_e in Figure 3.7

is insdftieient tcﬂshow theee variations in the eidelbbe
leVelS.  The array factors were theh drayn inisections to an

expanded scale of 6. Figures 3.8a through 3.8c show the

reak sidelobe levels that occur in‘thé»rirst 10 degrees of

8. " The sections frcm 2 degrees to 10 degrees can te
considered typical for each syetem and only the aralysis of

R

these sections will be presented here.

One of thé most striking features that can be seen

cn these diagrams is that there are'points,'in all three

'systems with course tapering,twhere the peak sidelohe levels

are greater than the peak ¢1delobe levels of a unlform

;“What has happened is that the taperlng has

’ellmlﬁgt@d some of the sldelobes and reduced many of the

others. Some 51delobes ‘have remalned almost unchanged.. T he
reason:that they appear to be greater than the 51delobes of

a unlform array is because each array iactor was normallaed
-

.w1th respect to its own maximum. If they. had all- been

normalized with respect to the maximum of the unlrorm‘array,

3

the array factors for the arrays with tio, f our and eight

stages_of~tapering,would have to ke reduced byi2.3 dB, 4.2 dB

‘and'u.é‘dB'respectively. If this were done some of the peak

sidelobe levels of ‘the arraye with coarse tapering would
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just touch the smooth curve throughy the peak sidelobe levels,

of thefarray'with a uniform excitaticn distribution. ' e

. . ] . r( T a -}\fﬁ‘
The frequency wlth ‘which the peak 51delobe levels

~cf ‘the array wlth coarse tapering are greater than the
‘Qaevels of the array with uniform exc1tat;oe were measu;ed.
It was feund thét as the numbef of'stages'df tapering was
incfeased the freQuency at whieh large sidelobes occurred
was reduced. Hence, increasing the tarper reduces more
sideloﬁes, |

! The aWwerage sidelobe level jzr each. of the array

>Systems was calculated. The results

il

hich are given in
- .fable 3.2, show that as the number of stages bf tapering is’
increase¢ the average sidelcbs level is reduced.

v

-E1.4

ot

Table 3 2.

Average Sldelohe Levels clos

to ‘the Main Eeam. : ‘7 vf
q;r T. - }»

I Tager | Average Sidelcbe"|

| | Level (dB) y

| e | “
w0 } ]

[ 4 N T |

| Uniform | -31.5. I

I b [

| 2-stage | -36.1 o

| | . | «
| 4-stage | - -38.2 i

i l . o 1.

{ 8-stage | -42.1 T

b - |

i Gaussian | i

| | -

1 |

L




CHAPTEE 4

ANALYSIS OF THC- DIMFNSIONAL ARRAYS

__________ ] . . e
The array factcrc of several one—d1mens1onal
arrays were exemlned 1n Chapter 3. ‘wihese also,could be
con51dered as two—dlmen51onal arrays:witﬁ:constant array
- factors in the - transverselplaneé. If a number of
idenﬁical one¥aiﬁeneional<arrays are placed.eide by 5ide to
form a‘two-dimensional array then the resulting array factor
will be t%g product ot two otthogonal one- dlmGPSlondl array
Iaetors as 1ndlcateo 1n eguatlop 2= 52 If the one-
'ﬂdlmen51onal arrays are nct identical then the array rust be
. | N

hquen;up into sub- arrays where the one- dlmen51onal arrays

. used in the sub-arrays are 1oent1cal., The array factor for

”thisvtype of array may be found by using equatlon 4-56.

The physical layout of the elemente.of all the .

arrays to be discussed in this chapter. will follow either

the arrangment-of an & element wide rectangular array shown '

‘in Figure'u}ia or of an .8 elementiuidejarray Qith“four.
stages of physical téperiné shown in FigUre 4.1b. It should
be noted that it is possible, by a suitable choice of the

~excitation distribution,’to deSigh several-drfferent array

systems comblnlng bo+h phyC1cal and,Ie¢1st1ve faperlng such'
that the array factors in the prlnelple plane are, 1dentlcal

for: each system.

rony;
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The arrangment of thewelements and the excltation
distribution of thevarrays are'symmetric about both'X and Y
so that it is oniy necessary to c¢xamine the array factor in
cne'guadrant of K-space. In order to achieve a reasonable
degree of resolntlon and to 1nsure that no large s1delobes
‘are mlssed it 1s,necessary to compute the array-factor at
approximately‘105 noints'in K-space. A‘verﬁ considerable

xamount of computlng is obv1ously regu1red Ihevfinaltoutput

is arrlved at in tuo stages. One quadrant of K-spack,

4

deflned in the reglon O0<K, <271 /A and 02K <2ﬂ/l is d1v1ded up

.dnto 32 incrinments. along the K, an,d-g(y axes as shown in

rI;guredu.L;h‘In turn this gives 1024 egualgﬁgctions. The

Koy 1‘>ﬂof.the'array faotor in»each section,vunich.alSOv
represents the peak sfdelohe'levelfin that sectlon,Aisya
found. tThe section of K—space.representing real space‘is

g &$ow d1v1ded 1nto 120 blocks along the 0 and ¢ axes. For €

f%ss tnan'30 degrees there are 60 of the latter blccks where

A
;each}block represents a change in 6 cf 5 degrees and a

B

. ’{change in ¢ of 167 degrees »For 6 greater than 30 degrees
R < » )

there are also 60 blccks but in thlS case each block

represents a change in both 6 and- ¢ of 10 degrees.

*u 2 Exc1tatlon

The array factor cf four tuo dlmen51onal arrays

will be examlned 1n thls chaﬁter.~ The physical layout and

exc1tatlons of the arrays are. shown in Plgures 4.3a through

.yu.3d, For‘convenlence they u;ll‘be named as follows

TR
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Distance from the Centre of the Array

1shape.

Figure 4.3a. Arrangement of the.Elements and the
’ Excitation Data for the Uniform Array.

Excitation

P 0.5 -
. b
Excitation | ~
80X 40X S ¢ S ' 40X : 80X
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Distance from the Centre of. the Array -

Shape'

-

Flgure 4.3b. Arrangement*of the Elements and the
Excitation Data for the Phy51cally
Tapered Array,'

80N 40 0 40X : 80X
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Uniform -Array:

-«

The shape is'rectangdlar and the-

G‘XCltathl’l is unlform.

Thfé ]%J? i

gpe 1s,phy51cally tapered
ﬁﬁéxcitation is uniform.

The sharte ﬁs-physically tapered

and the excitation is resistively

tapered.

The shape is rectangular and the

excitation is resistively tapered

The shape of the array factors 1n the pr1nc1ple

.. 0

Elane of the two-dimensional unlform and Gau551an arrays are

Zero 1in Cquatlon 2 “2.

dimensiocnal array factors.

e

”»elements to 8 acrass the width of the array.

the one- dlmen51onal array with four stages of taperlng.‘_The

respectlvely 1dent1cal tc those 0of the one-dimensional
'funlform and Gausslan arrays, as can be seen. by settlng Py to
The level of -the two-dimensional -

~array factors is 9 dB greater than the level of the one-

This increase is the result of.

the increase, 1%‘the -two-dimensional" case, of the_number of

The shape'of

the array factor in the‘principle rlane of" the two-

[

"dlmen51onal physically. tapered array is the same as that of

ﬂChape of the array factor Ain the pr1nc1ple plan@ of the-two-

dlmen51onal combination array is the same as that of the

one-dimensional Gaussian array;

In both cases the levels of

the array factors of the physlcally tapered -and the

comblnatlon arrays are 9 dB hlgher than the levels of the

corrgsponding one-dimensional arrays.

60
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0

. SR The shape of the array factor in the trancverse

lane ,depends the amount of taperlng that exists alon
P F %& g
. : a

R4 -
the transv%ise axis. For a- s1ngle line of dlpoles the array

-factor in the trancverse planc is constant For a two—
'dlmen51onal array made up of 1dent1cal one-dimensional -
arrays placed side by 51de, cuch as the two-dimensional‘
unlrorm and Gaussran arrays, the effectlve exc1tatlon along
.the transverse axis is constant as shown in Flgure 4.44a.
The array factor’ 1n the: transverse ‘blane for bcth o6f these
arrays is shown 1n'F1gure k.5a. - The ertectlve excrtatlons‘
shown 1n‘F1gures b.4a through 4 uc are found by summlng Chp

over all n at each value of m.

LR

. . Sty P o

The effectlve exc1tatlon along tne transver Se axis

for the two- dlmen51onal phy51cglly tapered and comblnatlon
L

arrays" ce shown in Frgures 4. ub end 4 uc respectlvely. T he

N 2 o

array factors 1n the transversenplane for these arrays areA
- shown. in Flgures u Sb and u 5c respectlvely.f They show a

ir

c1gn1f1cant 1ncrease in the beamw1dth and decrease in the

Vo
> )
-

51delobe levels compared to thOSe cf the unlform or Gau551an

. e .
arrays."The precrse value,cf the decrease rﬁ the sidelope

s

e o ¢

Mg;level is"not 1mportant It wlll be shown in “he next

section,that the 51delobes closest to the transverse plane .
for‘both the physlcally tapered and the comblnatlon arrays
’are ‘not necess arlly the greatest fcr arbltrary values of, 6 ';
greater than 30 degrees, however, they Are 1n general lower

than the sidelobe levels of the unlform or Gaussian array An

the same region. - , I s ) e
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a. : Distance from the Centre (Aj

1.0

’

o 1w

0.5 +

X 0 0 XL o
T jDistance_from the Centﬁe;(i)
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>_ . » 2

;
-

i . , 1,

2x . X 0 A 2
c. Distance from the Centre (})

< Figure 4.4. Effective Excitation in the Transverse =
Plane. ’ ‘ : o
. a) Uniform and Gaussian Atrrays.
. " b) Physically Taperéd Array.
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, ‘ Q"' ' , ' 7 ; S/ ’. -
The peak sidelobe levels ror the four arrays
- o} -

&%Scribed in Secticn 4.2:are given'ln Tables 4.1 through

12
s

4.4, For the purpose of. maklng comparlcons between the

different array syctems a quadrant of the sky Hlll be

d1v1ded into flve reglons as. 1nd1cated 1n the takbles.

Reglon 1 (e<5 CS¢S90) represents-the‘area close to main

teanm. Peglons 2 and 3 reprecent the areas ¢close to the'
pr1nc1ple plane and the transverse plane (80<¢<9O 5<6<9O

1

'and ¢<1O 5<9<90)-respect1vely- Peglon 4 (5<6<30 10<¢<80)

'

reprecents the area off the pr1nc1ple planes for 6 less than,

30 degrees and ‘Region 5 (30<BS90, 10<¢<88} represents the

O
{

7
’

" Fegion 1. Main Beam. -

Region 1 ccntains the main beam; In the tables

the main beam hasibeenVSuppressed and the entries represent,
'for each array, the largest 51delobe found in the region.
»In the case of the unlform and the Ga3551an arrays thlS'
51delobe Ls,therflrst sidelobe in theiprlnc;ple plane;
however, for‘the'physically tapered orithe combinationf
arrays the locatlon ct éhe largest c1delobe is unknown. The

relatr%nshlp between the array factors in the pr1nc1ple

L}
Aplane of the . two dlmen51onal arrays and the array factors of

the one-dimemsional arrays was 1n01cated in the previous

section. - The analysis of the main beams of the one-

-~

“dimensional arrays with uniform and Gaussian excitation

area off'the’principle planes forie'greater than 30 degreesL

66



Sﬁherical Coordinate @ (degrees)

20 30 40 50: 60. 70 80 30 .
T T T T T | T ‘

Maximum Sidelobe Level: 13.3 dB.

10 F | | , e ot

10.3 131.2 36.8 37.6 40.0 38.2 38.9 3.2 | 39.5

(degrees)

dinate 8

15 e ‘ o . ’}-' .
13.0| 43.4 48.4 531 46.0 44.7 44.0 42.1] 41.9

20 F B R ]
2.8 43.2 48.9 52.5 56.5 49.3 47.5 45.3 | su.i

25 | | -

—

;7| 1741 4.6 51,0 ‘53,6 55.8 59.1 51.5 u6.6 | 45. g

) |

30 -
16.4 50.2 57.7 57.1 56.6" 58.7 57.1 49.3| 47.0

40 | -
17.4152.6 57.2 60.5 63.8 60.1 60.9 52.4. 46.8

50 b - R - | e -

Spherical

17.9 | 56.5 63.6 62.2 63.6 61.8 61.9 53.3| 49.6
60. " i | - o . |
17.9 55.9'>61.6 65.0 64.7 66.0 62.4 56.4.50.0
21.0| 58.2 61.6 65.3 65.5 65.7 62.8 56.5] 50.1
el | , . N s A ‘;lpl»ﬁ5l

o 5 | A, o=
2€.41 62.9 63.1 66.1 66.7 65.9%82.8 «64.7| 50.3

’901' ’ \ o | I 0 ! ‘
‘Takle 4.1.  Peak Sidelokbe LevelC in 4B Below the Maln Beam.
: Uniform Array No Errors. |




0
5
10
2
15
w
v 20
Q
o
o
Q
rU .
o
e
P
g
- - 30
e R
§ 57
EE K
40
-,
f{o3d
N
-
2 50
Q,
wn
60
7¢C
80
90

VGQ

Spherical Coordinate @ (degrees)

K 10 20 30 4¢ 50 60 70 80 90 -
T T T ] T I | T ’
R Maximum Sidelobe Level: 2 5 dB.
1.3129.9 .3¢.2 29.6 3C.4 29.6 34.4 33.7]33.5
5.7[29.7 33.9 36.9 '37.3 35.5 38.2 37.5| 39.2
11.0(30.4 38.1 35.8 40.5 43.2 42.5 041.5]|40.7
14
12:9 | 31.5 37.¢ 39.8 2.3 45,2 46.1 u4.3| 42.5
15.8| 32.4 39.2. 42.8 42.3 45.2 46.9 43.4 | 42.7
18.2| 34.5  42.8 43.4 44.9 47.6 47.4 47.9 | u6.8
: b ,
20.3 1 37.3 42.5 45.7 46.3 48.4 47.7  49.7 | 6.3
b CAEh o eTeT |
23.1] 40.3 43.7 6.7 47.9 48.0 49.3 43.7| 6.0
2071 40,6 43.7 47.3 49.2 49.3 49.7 50.0| 46.8
28.4| 45.5 44.7 47.1 49.7 49.8 49.9 5073 | 4.8
33.8| 48.4° 47.9 51.4 50.5 50.3 50.5 51.7| 49.0

] IO L | i | P |

Tableiu.z.

Peak Sidelbbe Levels in @B Belok the Main Bean.
Physically Tapered Array. No Efirors.

. Coge - i
N '
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_(dégrees)

Sphegical:Coérdinate 0

30

S0 60

Spherical Coordinate ¢ (degrees)‘

70

o .10 29 4o - 80 90
0 T T T S T T T
Maximum Sidelobe Level: 34.9 dB. /
. '5 — » ’ //:’&
1.5| 36.6 35.6 38.3 41.3 44.9 48.9 52.1| 52.7
ol : | | |
6.3]31.4 32.3 39.5 43,2 45.8 48.8 52.9| 57.6
15 | | _ | .
12.6| 30.9  37.9 38.5 43.0 45.6 48.0 53.5| 57.0
204 o .
14.0 ] 31.5 37.9 41.9 43.1 44.3 46.0 51.9| 58.8
25 - —
17.2] 33.9  4C.C 44.1 4u.y 446 47.5 52.%| Se.0
30 - ‘ ' 8
19.6| 36.0° 43.1 44.7 85.0 46.9 48.2 0.0 | 8.4
4o b ' . | v | m‘ | E
21.6| 3805 43.7 46.3 47.7 u9.ﬁ/{u915 50.8| 56.5
:50’— - o | | L
23.7| 40.2 4.1 48.1 49.3 45.3 50.3 50.4| 57.2
60 | | | .
26.7| 40.3 44.0 47.2 50.0 50.2 49.5 4. u| su.1
7C F \ ‘ —
28.1| 45.4 45.0 48.0 51.1 S1.1 50.8 51.7| 57.0
80t H e
| 33.4] 48.7 47.7 51.2 51.8- 52.0._52.uv 53.3| 56.3
90 1 L 1 B | 5’1 -
Peak Sidelobe Levels in dB Eelow theeMain

Table 4.3,

Comkinaticn Array.

No Erroérs.

Beam.
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(degfees)

‘Spherical Coordinate 6

Spherical Coordinate @ (degrees) .

- 90

- 10 20 30 40 50 60 70
0 - ] 5 — — - —
Méximum-sidelobe Le§e1:> 'QQ;B dB.
L ‘ o | o
2.1/ 48.0 46.2 45.1 50.8 50.1 53.2 55.6 | 52.9
10 I .
0.3 50.6 6.3 S6.e 59.2 57.4 S8.0 57.3 58.7
15 ]
13.0 62.9 67.6 72.3 65ﬂ1v,63J8 ‘63.12‘61.2 61.0
20 R | ' —
12.8 | 62.7 €5. 2 7.7 5.6 63,u' 66.7 6u4.4 '63.;3
258 | | | o
17.1 | 64,1 70.1 72,7 4.9 78.1,.70.6 65.7 |-65.0
30 ' — -
6.4 6S.4 76,8 76.2 75.7 .77.8 T6.1 6.3 ves;;
4o .
17.4 {.71.8  76.3 :79.9 82.9 79.2 80.0 71.5 6709
50 | - :‘; .
17.9| 75.7 82.7 81.2,.82.7 80.8 80.9 72!u 68.7
60 | B T
17.9| 75.0 80.7 84.1 83.8 85.0 81.5 75.4 | 69.0
70 o | .
21.0| 77.3 80.7 84.3. 4.6 84.8 81.8 75.6] €9.1
80 “ | | .
.26.4_»8210 82.2 . 85.2 85.8  85.0 '81,9 83.8] 69.4
90 , . ' L T .
Table 4.4. Peak-Sidelobe Levels in dB Below the Main Bean.

Gaussian Array. No Errors.



distributions &nd the -array with four stages of tapering,
éonsidered invSéction 3.3, isfapplicable to the arrays
discussed in this chapter. For points off the prwnc1ple

Elanes but 5t111 close to the maln beam equations 2-52 and

Py
4
v

[\

-5€ mnust be used to Llnd th@ array ractors “ky oxamining
the F(Py) t@rmsrln thcse eguatlonc 1t can be aaen thatvfor
ysmall values of Py the dependence of the array faatbr’bn'Pg
is weak. It can be secen frbm‘Figurés.U.Sawthrough 4. 5¢

5 deérees; the effects of Py on the

“level of the'ma

:
.

will differ by

£ the four two-dimensional ‘arrays

"1 dsB. - Tne Gaussian arrav has the

lowest maximum ~1-elob@ level ln this region. Theé maximum

51delobe level cf the comblnatlon array is 6 dP hlgher close
: , A
to tkn trancverse rlane. No rurther analysls of this region

w1ll be made.

Fegion 2 Principle Plane.

.invthe'regiod close to tré principle‘plane the
Cau951an array has the best sidelobe level performance. .The
1peak 51delobe levels decreace from —52 S dB for 9 Cloae to 5
degrees to-f69.u dB for 6 close to 90 degrees. The
gerrcrmance of the combinatioh array is hot as gaod; "There -
is littlé‘difference for’small values of &; hovever, fbr 5]
close. to 90 aegrees the peak 51delobe level is —56.3 dB.-
1h1q.repreqents an 1ncrease of 13.1 dB over the level of rbe
Cauc51an array. The perrormance of ‘the. unlform“ana the
_phy51cally tipered arrays are 51mular to each other. The

-

51aelobe levels go from -33.5 dR for small values of 8 to



PN

-50.3 dB for large values of 4. This represents a scrious
loss in the performancé ccmpared te the Gaussian or the

cdmbination arrays. For small values of 6§ the sidelobe

-

levels dszie unifcrm or the physicaily tapered arrays are
{:about 20 dB -higher -than ‘those of either the Gaussian or the

cOmbination7arrays. Fon~large values Uf e the,increase in
. " N

« =i delobe level i%s. abcut 19 aB compared td the Cauxslan array
. i .

and a about 6 aB ccmpardd to %he(comtlnatlon array

a . i i i N ! T . (:r
‘The rhy51cally tapereﬂ array ILQ 1delore Z;;ETS\ _

‘up to 3. 6 dB hlgher than thoce of ‘the unlform array. .As

. o
. fp01nted olit. in Sectlon ‘3. b these cldelqbe lev¢l° onby appear

+ higher tgﬂp thcce of -the unltorm array becauce or tn@ way in -

wnlch the reqpect1v>

TJ

array factorq Wele normallzeo.

Fegion 3.

Traneverce Prane_ .
o ‘;u\ :

o
o

T}empwak Q1delcbe l4vel characterlsthS/Pear the

trancverse plane for the twordimensional arrays all ~into
‘- . ’ ) L )
“two catagonles.' For_ arrays witﬂ1%§ pny51cal taperlpg, such

-

“as the unlform or tnf Gauc51an %rray, the peak level« are'

faalmost 1dent1cal They alsc:roliou clos cly tne array factor ¥

-
hd v

in the_transvééég_plane; Flgure 4. 5a.j TnlQ n&sult may be

v

agt1c1pated 51nce the«/array'rac*torC Ior tnesc array may'be‘=

‘.;':'expressed‘ac'the product of two orthcgon!ﬁ a{%ay factorei.fﬂ

PS —-ﬂ
3

whlch both show a progreqs1va decrease in the Qldelobe

-

“(/' level% for 1ncrea=1ng 6. Thb peak levcls decreéase. . rrom (f 1.

. » . '
ab tor Cmall value< of e to -2§ ‘4 4B for largg valuec of e; Q[,

‘b' -



73

T, Fof‘the,arrays w1fh phyélcal taperlng, such as thp
ph)c1Cdlly tayered array or tuﬁ_comblnatlon array, the p6ak N
sidelobe levels, for 8 Ggreater than abcut 20 degreeg, are ‘
greater .than the values of. the array factor plctted i the
transve;se plane, Flgures @.Sb'and b.5c, over the’

corresponding ranges cf 8. This result indicates that for

the physically.taaéred arrays the largest sidelobes in

region;B do rot occuer in the- trans&%rk plane. 1n géneggl/////(//

their locatlons are not- eaSLly bFredictable. Tabi€s 4.2 ang
e \
4.3 for tbece arrays 1n01CdtL_thqt there is a coneral ' v
-foicas

oecr€ase 1n the {eak Q1oelobe levels frem -1.2 dF for small

values of-e to -33;u,d5 ‘for large values of 8.
, L : : : B
TN : 4 Lo . v ' '

[N

For 9 lcsc.than 20 degrpﬂs tn' pwan sidelocbe

’

s levels of the ccmblnatlon array are nlgncr tnar thocc of - tha

Gauss1qn or the unlform drrays. Inlc rusult is due to tha

4

11credse in beamwldtn in tne transversc’ulane tnat

¢ ~

accompanles pny51cal tapering. _The uax1mum dllteronce ot

o>

u C. dE'cccurs for 6 betwecn 10 and 15 degreeb.' For

greater than 20 ‘degpfes the ccmblﬁatlonaarray proauces tha
. - / .J Ad N

rost rapla décro Se’in the peak 51deloba leve l ‘ ﬁn peak. & -

. -

sldelobe levels“ot the combinabion-array, for large values o
\ N :

cf el'are abou 7 O dB/lOHQE than Lhose or tle Gausclan'“"h

™ .. ' , . ) 2! \' : L ’ ‘J < ’ ’ - R
array /‘ . el RN o i S o . :

N . PO [
v,
4t e g e > -

Egg;gg"u; Near Sldelobe Levelc off the Principle Planes

In thlS reglon the Gauss1an array has the lowest
~ ¢

51qelobe levels. They vary frnm 45,1 dB to %72.3 dT. ‘'The

b



4

> ) .
average level of the peaks it about -57.5 dB. For the
combination array the peak sidelobe levels vary fron *30.9
dB to -53.5 dB with the average peak lével-at -42.5 dB, Tne

csidelobe levels of the combinatioﬂ'array decreaée'steadily

for increasing ¢. 'The Gausgian array displays a similar

. than t'hese

decvease.in the sidelobe levels-put in addition +ne first
zero of the array factor in the transverse plane 1ntroduces
a large drop in the levels near 6 'qual to 20 degrees and ¢

equal to 35 degrees

 The peak‘sidelobe'levels ot the physicelly tapered

and the‘uniform arrays'are higner than those of the Gaussian

[

or tnnchmblnatlon ar ajw.‘ For ¢ between 10 and 20 degreés.

s

tkere i llttle differeng between the uniform or the

B
~ - A

bhyclcally taperea array anaJ he Comglndthn array. TFor ¢

clpse to 80‘d€grees_the“peak SLdelODe,leVels ot thé‘uniform
y A ' . . ’ ) . 7 ' X - ) ‘ ‘. . Lo .- .";v .
or the.'physically tapered arrays are dabout i5.0 ag nigher
B ~ A S~ .;"’ ‘. ‘!~ o . : . . : E .
xpf“the‘comtinaticn array. ’ _ R

=

Eeghon 5._ Far SldelOLG Levels o‘f +nh P@lﬂtlph@ Planes.  °

_____ . {' ﬁ.

o~ ]

In thlS regldh the Gau551an array has thg lowest

L,sldelobe levels.. CvEr mcct of the reg&on they artnabout"O

-dB lower than those of the/unlf m artay and;about 30 G- B,
xS ; . . o5 : S

Mt ” NG - N e
1ow§% than QhOS@ ¢t eltner the ghjs' a}lyftapered or-the

s
!

comhlnatlon drrays. Lney véry fr&% -b2«7 dB tc -&% 8-dp.

4.5 piscussion

Con51der1nq the main bfam, the array factors in
G

;hi/P11%c1ple planec and the peak 51delobo levels th@

»

v 74
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Gau sian array has the most satis rdctory power pattern

vlgharacterlstics. The nlghest sidelobes that may- be expected

will be about 38.dE louer than the main Deam. ;The'

perférmance of the éombinaticn array in the main bheam area
is almost identical to thét of the Gaussian array. In the
area ciose . to th@Amdln ueam the highest SdelblF levels that.
ray be'gxpected for the ccmblnatlcn array are auout £ dbB

hlfheL than those ¢r the GaUSSlan arrav. Both the uniforn
o , Vi o :

nd tke physicaliy tapered arrays have sidelohes between 15

and - 2% .dB higher than those of the Gaussidn arrey. . In the

regions ﬁar-ftom,the malin beam the Q@ussian array has

pIeveIs JO dB pelqw the geak sidelobe 1€V€lS of th@

-

than for ‘the unlform'arrafﬁ It is in thié/region that

P v
randdm e€rrors %n'the excitation of the elements are expected
. ) /‘ - v ) .

> : . ‘ o . .

to have ‘the greatest effeéts.--ihig wi%¥l be examined in the
next-chaptgr. . . o o R . . Y

of

.



, . CHABTEE 5
v ' . . i

5

EFFECTS OF RANDOM ~-ERRCRS

Ihe,ana<¥51c ¢f the one and twu dimensional ecrdys.
peffbrmeu in the edrlier chapterc ascumed thdt there would
te no cev1at10n in the ccnstructlon or cgeratlon of the’
arrays from 1deal arrays of 1dent1cal.eleqents equally
spaced‘and ha%ing speCified excitations. Thisvsﬁfuatidﬁ‘
will not oeoccur in'practice} The‘effects*of'thé pﬁteal‘
'impedahces on the excitation and the galn of the_elements
w1ll not ge concldered 1n tnlc the51°. Tﬁere are, howeyerL
sevefal ofher sources;of errors which can ea°11y be

accounted for i the.c lculatlon of"the array factbrs. 4

An 1mp rtant source of errors is relatej toA he

conctrUCtlon and tunlng of the arrays. TQe’elements of the

Tarrays may not te absolutely 1dent1cal ‘Tﬁefewmey k& érrors
L T T

1n the locatlon of the element< or in tthe lengthshof,fhe

- ‘,‘l

” -

cables ]Olnlng them %o the recelver Lccation or cable

t

P
..,,

- length errors of'a’fgacticn ofma percent w1ll 1ntroduce

v
tu

; 7..{hade errors of 1 degm%e QL mo;e 1n‘tne exc1tatlon of the
»ﬁ_‘:;"‘ -t i ] : LA -
pfh-.,_ele’glent ‘The proce551ng equ1pment may InéfodUCe errors 1n
iy the,clgnals from the elementcxoefore they are correlated
oy - ‘(

It may be. po%s1ble~to compencate tor or to correct some of

A SR i L.
thece ‘errors during the tunlng of the drray However, the
. accuracy of the tunlng w1ll depend on the spec1f1catlcn°'or

, o . ’ 3 :
the- equ1pment used.’ . o v o .



Anétger source of errors is related to‘thee
pby51cal env1roment 1n\<h1ch the array and the proce551ng
.€quipment are placed ~In the Northern,Hemlsphere-ambient
temperaturec may vary from a loQ of FéOﬁOf:in'thefwintér to

“a hlgh of about 100 OF in the summer..miﬁ general,an array’
.Juouid a%so be subjected ta coatlngs ot dust ‘water, Snow ansi’
1ce, @11 Of whlcn may affect 1ts performanc ﬂmv1ously,

i

wlthout a high dearec of stablllty tthe env1ﬁomental
[N . Ty

extremes can produce sigrltlcant errors in the exc1tat10n Oof -

13

If the” errors‘arlslug from the constructlon, S
8

tunlng or stablllty of the array systems are completely

random they can, De accounteo for’ Uhen computlng the‘array
@ B é

factor by 1ntro&ﬁc1ng equlvalent random errors in the‘

‘magnltude and pnase of the excrtatlon or the elementsm It
i “ .
wlll be asszed for the analysls of’ the arrays 1n thlS S

7

_chapter that the com'lﬂ d effect of all the ar{ors can be ’k'

-accounted ror by 1_rroduc1 g magnltude errO{s ‘in the

ex01tatlon of the elements whlch will not‘exceed 0.5 dBﬂand
. R

ggase €LLOrS whlch will not exceed 5 degrees. Tns ch01ce of -

- “tﬁes@ llmats 1S‘based ﬁn tne fact; that such toleranCes on 5 .
3"1 ;t e array system could pbe éch%eved in practlce w1th careful

desxgn an& constructlon. If the perrormance of the arrays

o -

LI

is aegraded to an nnacceptable 1evel by errors of these ' Mﬂ
‘magnltudes it W1ll be necessary to examine carefully the‘
'source of the eLr ors and to attempt to r@duce them._'Forwa

fglven System it would be p0551b1e to flna the expected



78
' v i _ .
EITOLS By dnalyc1ng the constructlcn and tunlng techniques

and the speclflcatlons of the equipment used in the system P

. . £
cr for tunlrg.ﬂ o L

kg

R

»

Thetterm in equatlon ’—3U representlng the

-

excitation of the glementc is Cp.. To accoudt fbr the

a

€rrors C,. may be-redeflned as follows

,_Cmn = Amn(“{'gmn.' )Exp{jwmn} ) ‘ : (5—1)
where e, and w’ are random variabi@s witnin the limits ﬁ
definedﬁby equatlcns 2a and 5-2b.
-0.C€Q < e < 0.060F [  (5-2a)
SC.C8T <yt < 0,087 SRS R (5-2b)

[

" ThHe calculatlon of the array factor Hlll be performed on an
IEM 360 so e “and Un can most convenlently be“generated
by u51ng the subroutlne hANfU in :the IEBHM 501ent1f1c

Subroutlne Package [46] An order to sée more clearly the
/ .
effects of the errcrs, the magnltude and phace €LrOoLS Were

g vapplled separately. The analys1s snOWed that iagnltude

€rrors of O 5 dB degradec the perrcrmance .0f- the: system to

elmost-the same extent as phase errcrgﬁof 5 degree The
f e :

",efrects of both of tnese errors on the” average s1delobe»:

-

levels Qﬂd the peak 51delobe Ievelc are so nearly the ‘same

v
3

. that only the results or the analycls with the phase errdis

w1ll be.presented'here. T ,. ‘."'““".f.

A



The array

13

v -

A

iactcrs Were reccm;utea u51n3 four

dlfferent sets of random varlablee. There were Sone large

,gqps Letween the peak eldclobe levels tor any one Set of

random errors so that it wac dlfflCult to predlct the‘

»max1mum levels that may be expected in +hege reglons. By

”u51ng four sets of random €IIors it wds Found that there -

Ty

'were Suff1c1ent data p01nts available to. gredlct rha peak

rf]cldelobe levels in all re€gions of K- Space. It wae_also

!

‘po 51ole w1tb the adaltlonal data to assure.that tnere were

“no trends in the randcn EII@ISg

o

3 Effects of Error§ on the Qgg_g;g:g_;gggl Arrayg

The five one- dlmenSlonal arrdyq dis cueqed in

Chapter 3 .are conC1Qpreg!here with randcn phdce €@Lrors or. .

[

teamﬁidth

£ degrees in the exéltatlon of the elementc The gain,

the lccaticn of the first Blpimums and thejpeah

<1delOLe levels for the arrave with. no bXCltaulOF erors

were Iound in Chapter 3 and will now be compared to¢ tncse“'

“the galn Was loghwth

9
b

: \:\/“ .
cbtalned when excltatlon errore are taken- 1nta'acecunt.

. ot

N , N . ,
i v v

et

n

For all the eyctems the etxect of the orrcre on

Le not detectatle.

an O 1& and the chapges in beamwldth

The only Gectlonc of;the maln‘redme ru

~
i

&

hhere the levels were more tnan 49 aE louer than the lever

cI the main'neam.4

s

- . To xamlne the efIECe ot errors- on the péak

S 8

/

.sruelooe 1€VPLb 1t is nececcary to ¢onsiuel the area ¢los:

3

)

e arrected Dy fhe €T rors ‘were those cicse ‘to, the Eirst Zero..

N,

79



to the main beam Séparately. Figure 5.1a shgis thke first

10 degrees of the array factors for the uniform and the

. .
- R . i

Gaussian:arrays. The solid lines represent the peak ‘-
~sidelobe leVélsﬂfouhd Wwhen errors were introduced int ., the

17
\

" excitation of the elements,- The broken lines which

Lrepngsent'the peak sidelob@;ievels fcr the arrays wlthout

€rLOors aLe'included'forjre grence. It is apparent that the

effect of the errcrs on both“%ystems has been to increase

‘the side€lobe levels. 1In the case cf the uniform array the

difference iS»smail for 6 less than

egrees and increaes
‘v . ! . - - : ‘“ 0 B . : l
slowly beyond.thls p01nt. In the cas f the Gaussian array

the increase starts at atout 2 degreﬁﬁ’-,d 1is much more

Vil

pronounced. Houever, Ior the lattpf w\ﬁgam the sideloke

levels are much lower to start wWith ‘and it 1s to be expecfed
O

that the Frfect Gf the errecrs is greater.

[

. ‘ !
,The peaK 51delcbe lcvels in .the fiirst 10 deyrees

o+

of the apray‘factors for the»one—dimensiohal arrays uith 2,

S

4 d 8 Ctages of tayerlng and with errors of 5 dPWTGGS in

.

.tne'phase of the exc1tat}ons are shown 1in rlgurec 5 b

Sy

,thfougn‘5.1d.» £6;.nefenence; the &Ortesponding peak

sidelcbe levels for i “drrays wf%ﬁ~ﬂq-exCitation'erfbrS"até"

PURN . N ‘ . Y N .
s

.showﬁ in.each figare and the‘peakjsi@elobe levels for,the

uniforr and tihe Gaussian array$ havinj. no excitaticn errors

are shown in vall the- fiffures. The effects of the «rrors on

these arrays 1s tne same as the efrect of th2 error. on the

(2
. 3

uniform and tne-GausSian'arraysv “the slielope Tevels nave

[ e : e @

»L@cranicu.whu tac -ioelegse Ll greates: ot polntg furth
. . N : . & : ' : - T

R ﬂ : o S . .

80
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from the main beamn. In all cases the sidelobes most

affecfed;by the errors are those which were lqw initially.

v

It can te seen that the errors have very little
effect on the magnitude or location of the largest

10 sidelobes. Tne magnitude and location orf these sidelobes

Tl

dependskon the sizes cf the steps used fo:‘tapering and the
. r.' s

points at which the Sé%ps cccur..

% Figure 5.2a shdws, for large values of 8§, the reak

sidelobe levels that mav be expected. 1dr.the one-dimensiornal

uniform and Gaussian arrays when errors in thetexcitation
: ? - :

are. introduced.. Thé peak sidelobedlevels of the same arrays

. : . P
h: no excitatvion errors are included for reference.
L0 It can be seen that the increase in the sidelcte

“1¢vels due to the excitaticn error which was observed in-
k4 Lo . : B . o
Figure 5.7%a continues for large values of 9. For both

" ’ . ' - ) :\ . ~ - » . .
arrays- tne peak sidelobe levels fall towards a-limlting
value. The limit is -41 A5 for tne Gaussian array and 1 4k
higher for the uniform altay. WwWhen-9 is 3 degrees- in the

_ T ‘ oL ! ., ' .
case oI the Gaussian array and 30 degrees in the case of the

. ounxform atray‘thé-sidelote.levels'have fallen to within 1 4db
or their limits.

Figure ©.zb shows, for large vilu=s of 9, the
- . .

=

Lt ylol within whicn peak sldelobe levels can neEelpected to
coautr erthy AIrys wijn_;, 4 de_H'iﬁ:ﬂgﬁjutf:apeLing\yhen
. , , .

dEﬁ)JRTﬁ?q:;fLMﬁJ\. The peak

SELLOIT 1D the excitatilon siaelobe

e
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levelc expected for these systems are s;pular. For;: "~ one

system some s1delobes should be at least as hlgh as the

LY

lower SOlld }1ne and none should be greater than the upper
‘solld line. It can be Seen that these limits follow closely

'the peak 51delobe levels that ‘may ‘be expected for the_

unlform array when exc1tatlon errors are cons1dered . The ~

peak 51delohe levels for tne uniform and baus51an aﬁrays s
y >

with no excitation errors are ‘included for.reference.
. : 4
' The average sidelobe .level for the five one- . .
. . . . O, ' f‘ o ,‘h ‘ ‘
dimensional arrays, without excitation errors and wi'th
excitatioh errors,'were‘computed‘as follows .
T/2 o
- [~ AF(6)de

AF(ayg)‘= 6(min1)- » o v 1523)
. /2 - B (mint) o Lo '

where 9(m1n1) is the rlrst minimua of the array factor.
The results, whlch were normalized with- respect to the
‘levels of the maln beans, are glven in Table 5.1, It can be

~ seen that the effect of . the errors on the averagq%§lcef%be

.

‘level is to 1ncrease the level The 1ncrease is small for

oo

the unlform array (1. u aB) and the 1ncrease is large Ior the

‘) .
Gauss1an array\(11 1 dﬁ‘. An 1mportant result whlch'can be

' seen from the takle is that the spread in the average
751delobe levels between the dlfferent array systems is

reduced when the exc1tat10n ©rrors are con51dered The

: o .
.array’ most affected by the errors is. the Gaussian array. »

P Tt e

-‘-‘.. L - o f\i-ff“:sy

|

A

- 88



Table 5.1. - C o A : "ﬁygﬁk . N
Average Sidelvte Levels A R AL
Over.all Sidelobes. o . - ‘.?
r - T ' T .'l
| Iaper | No -EFrrors | ErrorS-' §
( CW @Byt (dB) N
N | o v : A

’ivunlform | 745.8 |. -a4.4 { i
| > |- [ )
| 2-stage. | .-48.3 - | -45.9° ] . :

« | G4-Stage | -50.7° | Au7.0 | . o

. I l. A IF 9 . . '4‘1 . & - Y ~
| &- Sta e | -S6.1 .. —-48.4 - - AR
| U T =
{ Gaus51an { -61.2 | - -50.3 A : - . “
| 1 N SR R > ‘
[ 1 4 —d 4 o

5 4 gggggts g§ ggrgg gg the Two Dlmen51onal Arrays I N I

The effect of exc1tat10n €rrors on the periormance
cf the two- dlmen51cnal arrayc dlscussed in Chapter ﬂ‘v1ll
now be cons;derec.v As in Chapter 4 only the'peax sldelohe‘

; levels will be examined. Ihe cky will also be lelded 1nto

tne same flve Lr1nc1ple reglons. "The results of this,
analy51s for errors of 5 degrees in the phase of the

excitations are given in Tables 5.2 +hrough 5.5.°

N
Region’ 1. Main Beam}

| | It was 1nd1cated in the last sectlon that
exc1tat1cn €rrors had very llttle eftect on characterlstlcs
of the main beam of one- dlmenslonal arrays.- It is clear
from that dlscu551on and the dlSCUSSlOH of the main beam
area 1p Sectlon u 4 that for the- ‘two- dlmen51onal array the

effects of exc1tat10n errors on the maln beams are small.

The max1mum 51delobe levels oi the Gau551an,'the comblnatlon
- _
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'Spherical Coordinate ¢ (degrees) h
0 0. 20 30 40 50 - 60 70 80 90
0 T T LA B T T T T
\E{Maximum Sidelohé,Level: 12.9 dB.
. 5 ‘- A » } ~ . »
2.1 &8.1 26.3 25.1 31.0 30.3 32.7 34.5| 32.4
. " “- N . . ‘ . .
0F | o .

10.3| 30.7 36.5 36.3 38.1 36.3 35.2 34.5| 34.9

13.0 u§{1 7.1 51.2 41.3 40.1 38,3 3€.7| 36.2

(degrees)

200 N T | =
| 12.8] 42,9 7.1 7.9 so.8 2.7 41.3 38.7 37.6
25 - | . S N

17.7] 4403 47,2 49.C §9.2 52.4 44,0 38.5| 37.8

ol e o
16.4] 48.9 S3.1 50.5 50.4 49;84'47_2'~5859I‘36.9
<ot o B B SR S - 45"
| 17m4, 50.7 52.6 S4.C 56.6 43.7 50.3 41.4] 37.5

sof | |

-Spherical;Coordinate °]

17.9| 52.8 57.0 S4.0 53.3- SO:T 51.2 42.6| 39.0

S I
eor | \ | ]
; 715.9 52.2 S5.4 54.3 ~53.9 5.2 51.8 45.3| 38.9
21.0 53.5: 55,4' 57.7 S54.8 55,2 552;éf.u6.5 38.9
go | o | | S

-

26.4| 57.2 f:gs_,55.a 56.4 55.2 51.7 sSu.6| 39.2F
| [} .

90 ' L '
Table 5. 2. ‘Peak SLAelobe Levels in dB Below the Maln Beam.
B Uniform Array. 59 Phase Errors :



‘

, Spheriéél Coordinate ¢J(degrées)

91

Physically Tapered Array. ‘50 Phase Errors.

¢ 10 20 . 30 © 40 50, . 60 - 70 80 90
Q T T T — T T I ‘
. Maximum sidelobe Levélr» 24.1 4B. ,
5
1.3 29.5 29.4/ 28.8 .29.4° 28.6 33:3 32.6 | 32.4
- A0 1 - g
5.7|29.5 33.7 35.8 36.0 34.4 36:7 36.0| 37.6
15 -1
| 11.0{ 30,1, 37.3 36.77 39.6 41.9 40:3 .39.4] 38%%W
o 20 -
8 . . . . oL
| \ |
o P 12.9 [ 31.1 37.3 "39.2 42.2 42.6 #2.5 40.5| 39.7
T N S
T s -
. @ N - ) - . . ’ e = . i . )
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and the physicallv tapered arrays have'igéfeased by about -3

,-db.

Frfinciple Plane. - I 3 {.'g

Eegion -2 .

In the region clcse”to-thelprinc1ple plane the. -
combination array has the lowest sidelobe levels, which vary

from -39.9 dB to -43.9 dE. mhé sidelobe levéls of the .

" physically tapered array are about*u dB hlgher than those of
the comblnatlon‘orray over most ot thls reglon, hovever, for
€ less’ than 10 degrees they are 10.6 dEB nlgher. The peak

sidelobe levels of the Gausslan array vary from -33.1 dB to

.J

-38 O dB which 1nd1cates that the errors have introduced a

t

serious degradation in the performance of this arrays.’
Fegion 3. Transverse Plane.

The effeét of'the errors on'the sidelobe levels
close to the trancverse plane for all ‘the two- dlmenslonal

arravs 1is less than 0.1 dB.

-

‘ggg;gnﬂﬂl Near Sldelobes off the Pr1nc1ple Planes.

H

vover most of thls region: the performance of the

Gaussian and comhlnatlon arrays are 51m11ar. The largest

) / o . . ) . . o B . L
sidelobe for the Gau551an ~array are at -34.0_dE and for the

eombinatlon array are at —30 7 dB. .The peak sidelObe-levelsv

:

- of both the phy51cally tapered array and the_uniform.array

are larger than thcse of elther the Gauss1an array or the‘
-\

.comblnatlon array. ThlS is. most clearly evideéent cﬁose/f’

the maln_beam. o v ’ -

\

e
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. . .

Far Sidelobes off the Principle Planes.

Inbthis regiOn the peak‘sidelobe leyelS'of both

‘ ' iQl
. ‘—’1 dE to about =51 dB wnlle t%ose CL‘Dth the rh slcally

“

tapered array and the comblnat&on array vary fron abbut

=37 dB to about -£7 dB.' For e close to 30 degrees ‘the

o o/ .
GdUSSlan array has the lowest sldelobe levels .

Y

5 5 lecu551on

- - ‘ The analysis of the ¢ffects of excitation €rror om

the one dlmen51onal arrays showed that tney are small close
'ito the main beam but that they 1ncrease for large values of | \\g\
JG.” ‘For 6. close to 90 degrees the peak sidelobe leyel" RS
approaches.g limiting value. It'can'be seen that\tne same
trend is apparent for the twoc-dimensional arrays, however,_

P

c1nce the array factor ‘in the transverse plane 1s not
affected Dy the errors, the flrst zero of thcse array

factors 1nfluence the sid .e”levels over much of K-space.
‘This situation accounts for the lowest sidelobe levels in
Tables 5.2 thtough 5

‘Considering the overall'performanCe of the two- -

dimensicnal arravs the Gaussian array 1s nest in tne \;:> '

h L3

- ‘ r‘\' ]
v1c1nlty of the main beam: The comblnatlon array has LA

sldelobeQ about 6 dB hlgher ‘close to the maln beam. N \S
However, close to the pr1nc1p e plane and for 9 greater than
5 degrees ‘the performance of this array actually becomeS' B

better\than‘the Gau551an array. 'Thls statement is alsc true



for the.regionxoff the prihc1ple planes{and'whe;é 8 is lé;gﬁ‘

than 30-degrees. Eoth the unifbrm arraygand the thSicallx‘
tapered array have large Sldelobes close to the maln neam'h
(at least 15 dB hlgher fhan the Gdu551an array) 'he

ﬁnlfonm arnqy has the hlghest 31delobes in all rcalcns.wher@

® is less than 30 degreﬁs. Ihe pﬁysg ylly tapeled array ‘hag

the hlghest 51delobes in the reglon~ -xthe,prlnc1ple.'

planes‘and'far from the‘main beam. R ' \'
. N " /' ‘;J'

@

S
(-
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0
O

‘:-in‘this thesis ittwas‘shovn‘thar the power pattern
of -an amtenna array can be considered as the product of an~
arlay factor and a referencc or ‘element. pattern.l The array
factqr accounts for the arrangment and em01tatlon of the

elemeptc in the array. Ihe reference pattern depends on the

Ehape of the elementc used in the ‘array and the posltlon of

(l
‘the rcflectlng screen. ‘ o ’ RN o 'L:'ﬂ%

‘ - T ' 4 o NEL
-~ ’ ‘ ‘ ’ )’v\v7~\i/.7

Altechnique‘uas developed for computing the array .
factor of 'one‘and two- dlmemsa.onal arrays whlch is based on
'ﬂvthe wse of ‘the fast Fouiler'transform.' Because the rumber
of steps 1nvclve§‘1n the'calculgzions.u51ng tnls type of.
pe

algorlthm 1< small it is fa<ter and more accurate than the

" usual summlng technlques._

o o : The technl@ue was arplied to the analy51s of one-
dlmen31onal arrays w1thout éxcitation errors,,'The'first'
' . e e

array to be .examined had a unlform exc1tatlon ?&stribution;

/

Ny

,Arrays with taperlng in 2 4-and 8 stages were con51dered

These represent coarse approx1matlons to a Gaus51an

dlstrlbutlon. ?ana ly, an array wffﬁ a Gau551an EXC1tatlon
: &

;wQshexamlned. As the exc1tat10n dlstrlbutron was changed

S

o~




2. the‘beamu:dth 1ncreased ej
3. th% average 51delobe level decrqased’ . {“;.‘ . ﬁ
- o £ .o e

- L. the peak 51delobe K vels aecfeased.** S B LB T

5. The arraysﬂylth 2, 't and 8 stagec ~or" taperJng haa - ¢f$

R [

¢ 51delo§i levels as muchgac 3 dzéé'eater than thcse -
of ‘the uviﬁorm array, however, Phe frequency,with
E ] L e

-

‘which’ tnese cccurred decreased as the ‘taper bgcame
. . . . 3]"

o R o ; : S
‘more Gaussian. . . i RPN R
, : - 7 o

Extension of the analysis to a two¥dimensional'{' e
unlform array and three progresc1vely bftter approxlmatlo///’if
'fo a two dlmen51onal Gau551an array showed very llttle '\;

change 1n the array factors in the pr1nc1ple plane. The

@

.sdidelobe levels in, the transverse plane of both the.

*a
\

phy51cally tapered array and the comglnatlon array oecreased T

”
[

compared to tﬁose of koth the. unlform and Gausslan arrays.
‘Thls decrease in tne sidelcbe levels is due*to the fact that /
the 1ntroductlon of phy51cal taperlng 1n two dlmen51onal-

arrays 1ntroduces a taper along the transverse ax1

- % RS - .ooN

'”In'the'area close to -.the main beam the-sidelohef\l.

,performance of the Ga0551an array is best. The peak

'51deloLe level of thlS array ‘is at least 6 dB lower than

_that of the comblnatlon array and at least 15 dB lower than Kgi

~that of ‘both the_unlform and physlcally tapered arrays, s,‘f
IP tbe are€a tar from the main beam the 51delobew.'
, M~ 9

"M\

level performance of the comblnatlon array 1& best The

o

o

ot
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Erinciple contrlbutlon to the power from thls reglon ‘comes

3

from the area close to. the transverse }lane where the peak

-

51delobe levels of the comblnatlon array are lower’ tban

those of the Gaussian array by 3 dBb when 6 is 30 degrees and

. LS
Y

by 6 @B when 6 is 90 degrees. 1.
-» .
~The effects of introducing magnitude and phase o

€rrors in the'excitation/of.the‘elements were examined. In

the case of the one-dimensional arrays it was found that

Rty ) 4

magnltude errors cf 0.5 dB _and phase errors of 5 oegrees

‘produceqfcomparable degradatloﬂ in the performance of’ eacn
1

system., The principle effect of the erIOrsS was to 1ncrease‘
the average\flderobe level and the/geak 1aelobe levels.
Ihe etfects of the errorg on the maln beam and ‘the areas
close to the maln beam weie'cmall The array most atrected
by tbe €IrOrs was the Gau551an array Wthh 1n1t1ali; nad the

lowect 51delobes levels. - The most slgn1f1c1ent result to be

obtalned from the anaiv51s~was the, reouctlon 1n the spread

R

in the average 51delcbe levels'betueen the systems from 25, Q.

P
—

dB to 6 dB by the effects cf the errgrs.

" The introduction of excitet ¢ erro s in the two- C

S

dimeﬁ%&eﬁ:l arrays produced severe degraaatlon in the S
| /
performan e of all the arrays. As was the case for the one-

‘e
dlmen51onal arrays the effect of Lhekefrors 1n the area

close to the maln bean was' small Lg thls'reglon the

jGaUSs1an array is sr;ll.the‘best.ftWhen‘the'regions”far from

the main beam were examined it was found that the most \,'

- 99
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..51gn1f1c1ent contrlbutlon to the power came from the area

close to the transverse plane wKere the/peﬁformance of the-

: _comblnatlon array is up to 6 dB better than that of the . .
- A 2 4
Gau551an array. The 51delobe level performance of both the

-~

Gau551an array and the comblnatlon array was found to be N’ / kN

very nJch bette%,than that of the unifoym array ortthe
>
'phys.(ally tapered array. ,7 ‘ /r/f/

On the basis ofcthese results it is concluded-that;
the performance of an array comblnlng both phy51cal and :l
resistive taperlng is comparable to~ that of an array wlth
‘only re51st1ve taperlng. The performance or;an array ulth -’
only physical tapering would not be satisfactory due tohthe
large Sidelohes close to the madnhbeam'which would ber,

introduced by such a taper.

I1f the'arrays discussed in th%s thesis are to.beh
used as part of a-T—interferometer it ,would be necessary to .

"consider'the;co",inedvoperation-of both~arms of the T. The

~

sidelobes'of tz . T cannot be obtalned dlrectly from the

"results presented in Chapter 5 as only the peak 51delobe

4

“levels _were con51dered. If any further 1nvest1gat10n of

these types of arrays is to. .be conducted it would be useful'

«

‘to compute the average 51delobe level for the arrays in

addltlon to the peak sidelobe levels.

v
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is obtained as follows..-

. - ‘
Ic*i2

DU
lr-r'|2

In the far

~ APPENDIX A

-
'

Referring tc figuré'2.1vt‘e,exbressi@n for jL-r'|

-

TSin6Cos¢p -

= r5in6Sing \ N
=‘;Cose,
= (Xv)2 + _(Y')2/
= (X' - rSinBCos@) =2 + (Y' - rSinbSin@)?2 + r2cCos28
= X'2 + ¥'2 - 2rsin@(X'CoS¢ + Y'Sing)
+ résinzech52¢ + 5in2¢) #-rZCosze
= 12 -’2rSin6(X!Cos¢ + Y'Sti)L+'fZ‘ "
= r2{1 - 25in6(X'Cos¢ + ¥'Sing) +, "2}
'field PR _ e -  | ‘ &
T E ‘ . . S

<< 1 - 25inB(X'Cosp + Y

N

]

T{1 - $ing(X'Cosg + Y'Sing))

Sing)
r . ,

r2{1 - 25in6 (X'Cosg + Y'Sing)}

—~. . . L : i

T
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APPENDIX E J

y

Equation'2—T8’is evaluated astOlLows r%' ‘ ,

Ann (Ko Ky) [ToCmnd (X' =) T(Y*-Y4)6.(2*) Sin (k¥ ™

8~— 8

1
‘8~— 8

EXp {JKy X'+ JK, Y1} JdX1d¥ 1 az

where R , _ -

Y L/2;|y'—yﬁl

L

and
Ty u(Y'lYﬁ—L/2)‘v u(Y'-Y2r+1/2)
Voo | o
Integrating with respect to X' and Z' gives
Aon (KyrKy) = I,CuuEXp{IK XA} F
- N - .
: |

where - h
F ' E(y-—iﬁ)sin{k(L/2-|Y'—¥5|)}Exp{jxyyv}dy'
Let | W VR
then- dw! A
F  [ ‘{u(w-—L)2)~u(W{;L/z)}Sin{k(L/z-rW}nﬁ
' EXp{jKy(w'fyﬁ}dw1
EXp{3K, Y2} G (L), .
where ‘ ) p :
o 1/2 o a »
G(L)y = [~ Sin{k(L/2-1%'1) }Exp (K, W'} dW"
-1/2 _ o R

-

© This is a standard#intégral'eYaguated.in most‘elementry.'

lo4 - .
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at

texts on antenna theory [17]. Noting that

- Ky = kSinpCos¢ S : , o
G(L) is given asi .
=0 ,
G(L) = 2LCos{(kL/2)Sln951n®} - Cos{kL/2}J

Bpn (KxrKy)

Run (Kx o Ky)

where

Ajr(xx'xy)

= IoCunExp {JKxXq*+ 3Ky Y4} G (L)

1 - SanG Sin2¢

now becomes

ConEXP {JK XA+ TK YR Ay (Ky (Ky)

21 LCOS{(kL/Z)ane sing} - Coc{kL/z}]
o 1 - Sin28 Sln2¢ :
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APPENDIX C

s
. COMPUTEE EROGRAMMS -
®
i -
B ' , R .
// : The following is a br{et description of the

>~

vcomputer programmes used to calculate the array factorc of
[ 'the arrays descrlbed in this the51< A llsting of the
programmes is ccntalned at the end of the Appendlx.'
-Subroutlnes whlch use standard technlgues have not been
listed. ‘ ‘ D o R ST

MAIN PROGRAMKE 1 €1
>

This. programme was used- to perform the
ucalculatlons qnvolved in. the analysls of the one-dimensional

‘ arrays. Ihépﬁnput_for the programme is

1. .1IC - A ~control parameter,
2. ERROEM maximum. magnitude error. ' -
L g ) S o o
3. .EREKOR . Maximum phase error '
R TERD R 4 ~the points at which course tapering occurs.

\

The flrst of the programme up to- and 1nclud1ng the
g
sectlon for applylng the B(K) correctlon was used to

'generate the tables of transforms required for the analy51s

/////6? the two- dlmers1cnal arraye.

 MAIN PROGRAMME 2. a S

This programme was used to compute the array
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factors and the peak 51delobe levels of the tWwo~dimensional

arrays. The lnput for the ‘Programme "is
T, Tables of transforms from the flESt main programme

2. Tablés of cos fufctions. : » -8

lhlS programme was used to rlnd the peak 51delobe

levels of the array factors as descrlbed in Section 4. 1o

¢

the two-dimensional arrays. This portlon was found to be ‘the’ -

-

. most time consumlng part’ of all the calculatlons By wrltlng
. 4-
“the programme in assembler language the total number of

R

machine steps regulred for the calculatlon is reduced to the

m1n1mum. S

CSL ThlS subroutlne is used to- generate the tables for the
SIN and COS of large angles whlch occur in the evaluatlon of =

eguatlons 2- 51 and 2-54;

14

'GENARY This subroutine generates the{excitation data for the

—————— v S e

- HARM ThlS is the fast Fourler transform programme avallable

arrays.
R A

::1n the IBH Sc1ent1f1c Subroutlne Llnrary. It is used in the
A : , S
_evaluatlon of equatlons 2 51 and 2- =54, N : A

3

e




-

- -

4ty equation 5-3. The'trapezoidangule is used.

'y‘n

'numbers in the range '2ﬂ to 27,

,.A\"

needed for evaluating the average sidelob& 1evels‘describud\

r

F

except that: the 1ntegrat10n is performed over the peaks of
the sidelobe;levels. It is less accurate but faster than
INTR1. o R ; S

N d v
LOG1O ThlS subroutine convertc the arr&y factor, which is

normallzed w1th respect to the peak level from the

magnitude form to the dB form. 4

'.":,..

MAG1 This subroutlne converts" the array factor fr@m the real
¢
and 1mag;nary numbe{'form to the - magnltude ‘and ghase form.
‘ B
g
it

Y,MAK This subroutine is used to find the maxiohm value of the

array factor.

&

‘e

1

|0
|=
=
Iz

This subroutine generates a table of random'numbers

‘a_uniform distribution.

€
hit
St
=
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RANM This'shbtouting is used to apply random errors to the

“phase of .the ekcitatibn of the elements of ah array as

described by equaticn 5-1b.

B

RANM This subroutiﬁe‘is used to apply random errors to the -
magnitudé ofthe'excitatidn‘of the elements of an array as

described in secticn 5.2.

O

phase of ‘an array factor calculated u51ng the subroutlne

HARM.

SCALE Tkls subroutlne is used to normallze an array factor
with respect to the maximumtvalug found-by-LOCMAX.'  ¢)
§§IA;This subroutine is used to expand the size of an array

: - .u‘. ’ N . h .n L ) N . : N
so that the.resolution of the array factor is increased.
2ERQ THis subroptine i$ used to zero parts of storage

between programme steps. . -~



NnOOCONOO

[oNeNe)

00N 0

0 An

s W =

X
"

DIMENSION A1(4096),A2(4096),R3 (4096) ,Al (4096) , .
A5 (4096) , AREF (320) , AR(320) ,THETAT (1025) , -
PIP (2048) ,COSPF (2048) ,SINPF (2048), . -
M(3),INV(512),S(512),L(8),
B1(400) ,B2(400) ,B3 (400) ,B4 (400),B5 (400),.

MAIN PROGRAMME 1

. 110

(7
%

EQUIVALEVCE (B1{ ,L1(1r),(82(1),L2(1)),(B3(1),L3(1)),

L1(QOOQ{LQJUOO),L3(HOO) ,LU(400) ,L5(400) .

/11,0 O/,

1 b (BU (1), L4(1)) , (BS(1),L5(1))
DATA N,NAI,NAR/2048,4C96,320/,NL/
1 PI,TRPER,D/3.1415927,-12.0, 0.

ok
ok
k¥
oA

***'
A

X A

¥ %%
3 % %k
% %k

Ok
ETE S

ok ok
ok ok

/

PPOGRAMME TO EXAMINE THE EFFECT OF RANDON ERRQBS IN
THE PHASE OR MAGNITUDE OF THE EXCITALION OF THE

AREAY ELEMENTSg
READ IN DATA

READ(5,101) 1- o
READ (5, 102) ERRORM
"READ(5,102) ERRCRP
fREAD(5,101) ic -

GENERATE TABLES AND CONSTANTS.
EM = 'ERRORM/100.0
EP = ERRORD

PIZ = 2.0%PI

¢ = 180.0/P1"

R = 1.0,/1024.0 v

CALL PITAB(FIP,PI,N)

CALL" CSL(PIP COSPF, SINPF N)
DO .1 I=1,1025

'THETAI(I)' ARSIN(FLOAT(I 1) *R) -

"GENERATE THE EXCITAIION DATA FO%‘THE ARRAYS
WITHOUT . ERRORS IN THE MAGNiTUDE OR THE PHASF

* DO 99 IK 1 5

- CALL GENAEY(AREF NAR, L, NL TAPER IK)

%k % %k
B 3

% k%

***
% k%

ic = 1
ZERO THE ARRAYS.

CALL ZERO (A1,NAI)
CALL ZERO (X2,NAI) .
~CALL ZERO (A3,NAI).
CALL ZERO (B4 ,NAI)
CALL ZERO(AS NAI)

EXPAND INTO A LARGER VECIOR

O INCREASE THE



C *xX
C *%%

—

g
Aok
ok
* kK
%k
2ok

AONAONOO

%%k %
* A%
*k &

1'0

NnAan

11}

“

RESOLUTICN

CALL SETA(A1,AREF,NAI,NRE) o e, A
CALL SETA (A2,AREF,NAI,NAR) . ° ‘ : |
CALL SETM(A3,AREF,NAI,NAR) ¢ :

CALL SETA (A4,AREF,NAI,NAR)

CALL SETA(A5,AREF,NAI NAK)

DETERMINE WHICH TYPE OF ERROR IS TO BE EXAMINED.
MAGNITUDE IF IC=1 g
PHASE IF ~  1IC=2
NO ERRCRS IF IC=3

6o TO'(IO 20,309, IC .', .

GENERATL A RANDOM ERROR IN ThE MAGNITUDE,

IX1 = 1111

DK = EM . - S -
CALL RNUM (AR,1. 0 DK, IX1 NAR)

CALL. RANM (A2,AR,NAI,NAR) . * - S
CALL RNUM(AR,1.0,b%,IX1,NAR) L '
CALL EKANM(A3,AR,NAI,NAR) - = P

- " CALL RNUM (AR,1.0,DK,IX1,NAR)

igiLL RANM (A5,AR,NAI,NAR)

IX} = 1111 - ) o o _
DK = EP*PI/¥80.0 A e )
" CALL RNUM (AR,0.0,DK,IX1,NAK) o

.CALL RANP(A2,AR,NAI,NAR) L S

CALL RANM(AY4,AR,NAI,NAR) .
CALL ENUM(AR,1. o DK, IX1,NAR)

ITE (6,103) ERRORM
T0 30 -

GENERATE A RANDOM | ERROR IN THE PHASE.

CALL RNUM(AR,0.0,DK,IXT,NAR)

'CALL RANP(A3,AR,NAI,NAR)

CALL RNUM (AR,O, 0, DK, IX1, NAR)
CALL RANP (AG.AR,NAT. NAR) -

~'CA;L'RNUM1AR,0 0,DK,IX1,NAR) ' = SR\

. CALL RANP(AS,AR,NAI,NAR)

%k %
Hkdk
¥ % %

30

BN aNeNe)

WRITE(6,104) ERRORP R .

\
\\

PRINT OUT THE EXCITATION CF THE ARRAY ELEMENTS.

WRITE (6,107)

DO 60 I=864, 1185

N2 = 2%T . Sl
N1 = N2-1 T R

_WRITE(6 108) ‘I,N1,N2, ' T

A1(N1),A1(N2) ,A2 (N1).,A2 (N2) ,K3(NT),
A3(N2),AU(N1),AQ(NZ),AS(N1),A5(N2)k

-



aNeEeNS)

000

‘e NN e T

% %%k
% 3% %k
E X3 3
# ek

~

EXCITATIONS

'.CALL

% XX
% %k %k

Bk

‘CALL

CALL
CALL
CALL

HARM(A1,M;INV,S,1,IFERR)
HARM (A2,M,INV,S,1,IFERR)
HARM (A3,4,INV,S,1,IFERR)

‘HARM (A4,M,INV,S,1,IFERR)

HARM (A5 ,M,INV,S,1,IFERR) :

APPLY THE B(K) CORRECTICN.

CALL

 CALL

E ¥ 3

FALL

CALL
L CALL
*x*‘

FIND

e X
" CALL

3 X%

X KXk
% %%k

CALL

CALL.

CALL

CALL

FIND

CALL
CALL
CALL

CALL

. CALL

* K3k

Ak

Ao

k%

L
* Ak _
- "CcALL.

"CALL

X TS

EE 35

Tk

ROTATE (A1,COSPF, SINPF, -1,NAT,K) -
ROTATE (A2,COSPE, SINPF, -1, NAI

ROTATE(A3,COSPF,SINPE;—1,NA‘
ROTATE (A4,COSPF,SINPF,~1,N

ROTATE (A5,COSPF¥, SINPF,-1,NAT,

MAG1(A1,NAI) e

MAG1 (A2 ,NAI)
MAG1(A3,NAI)
MAG1 (A4 ,NAI)
MAG1(A5,NAI)

r

N

FIND THE ARRAY FACTOR BY FOURIER TRANSFORMING THE

THE MAGNITUDE AND PHASE OF THE ARRAY FACTOR.

THE‘MAXIMUM VALUE OF THE ARRAY'FACTOR.

MAX(A1 NAI ATMAX,LATMAL,2)
MAX (A2,NAI,A2MAX,LA2MAX, 2)
MAX (A3,NAI,A3MAX,LA3MAX,2)
MAX (AU,NAI,A4MAX, LA4MAX, 2)
MAX (AS,NAI,ASMAX,LASMAX,2)

NORMALISE THE' ARRAY FACTOE.

. CALL

CALL

- CALL
- CALL,

CALL

FIND

CALL
CALL
CALL

EIND

CALL
CALL

SCALE (A4 ,NAI, AUMAX,2)

SCALE (A1,NAI,ATMAX,2)
SCALE (A2,NAI, A2HAX,2) -
SCALE (A3,NAT,A3NAX,2)

SCALE(A ,NAI ASMAX 2y

THE FIRST HINIMUMS .OF LHE ARRAY FACTOR.‘

MINA1(A1,LATHAYX, LATMIN, 2 Ny
MINA1(A2,LA2MAX, LA2MIN, 2, N)
MINA1T(A3,LA3MAX,LA3MIN,2,N)
MINA1 (A4, LAUMAX,LAUMIN, 2,N)
MINAT(AS,LASMAX,LASHIN,2,N)

THE‘PEAK SIDELOBE.LEVELS.

LOCMAX(A1 B1,B1, UOC NEBL1,LA1MIN N, 2)
L AX(A2 B2,B2,400, NEBL2 LAZMIN, N 2)

112



s NsXe)

‘fa0ndeonna

sNeNg!

ke FIND

CALL to

"'CAIL 1O

CALL 1O
* %0k

*%¥% FIND .LFE AVERAGE. SIDELOBE‘ LEVEL AS A FUNCTION CF

***.THEIAP
* 2ok
CALL‘IN
CALL 1IN
CALL IN
- CALL IN
CALL IN
SAT1 =
SAT2
SAT3
SATu

SATS
* %k '

It

o

0—1 .

*%* ' FUNCTIO

: ‘**‘*

- 'CALL IN
© CALL IN
CALL IN
CALL ‘IN
.CALL IN

~ SBTI]
*SET?2
SBT3
“ SETY
SBIS

¥ ¥

**x% FOR EAC

N

kxS
,BTHE

ok "THE
* ok . THE

* ok EUN

Akk £
" - WRITE(6,
. WRITE (6,

.-WRiTE(s,

WRITE (6

WRITE (6,

: WRITE}B
% k%

K WRITE O

ok -
HRITE(6
DO 85 I=
o= I+

o

s

TTR3 (A1,LATMIN, THETAT, 1025 SAT1y
TTR3(A2,LA2MIN, THETAT,1025,SAT2)
TTR3 (A3,LA3MIN, THETAT, 1025,5AT3)
TTR3 (A4, LAGHTIN, THETAT 1025 ,SATY)
TTE3 (A5,LASMIN, THETAT, 1025,SAT5)

‘SAT1/(THETAI(1025) THETAT(LA1MIN/2+1))

SAT2/ (THETAT (1025) ~THETAT (LA2MIN/2+1))
SAT3I/ (THETAT (1025) - -THETAT (LA3MINy/@+ 1))

SAT4/ (THETAT (1025) ~THETAT (LA4 MERY2#1) )

SATS/(THETAT(1025)—THETAT(LASM N/2+1))
N OF THEIE.

TTRY4 (E2,B2, THETAT, SBT2,NEBL2)
TTR4(E3,B3,THETAT, SBT3 ,NEBL3)
TTEKY (B4 ,BU, THETAT, SBTU4, NEBLY)
TTRY (B ,B5, THETAT, SBTS,NEBLS)
SBI1/(IHETAT(L1(NEBL1 1))—THLTAT(L1(
SBT2/ (THETAT (L2 (NEBL2-1)) ~THETAT (L2

TTRu(E1 B1, THEIAI\gBT1,NEBL1)

SBT4/ (THETAT (L4 (NEBLU=1)) ~THETAT (L4 (
SBTS/(THETAI(LS(NEBLS 1))—1HETAT(L5(

1))
n)Y)y
SBI3/(THETAT (L3 (NEBL3-1))-THETAT (13 (1))) -
1))
1))

H ARRAY PRINT OUT' , :
LOCATION OF THE MAXIMUM LEVEL,
VALUE OF THE MAXIMUM LEVEL, p
LOCATION OF THE FIRST %INIMUMw

7

CTICN OF THETA.

110) | X ~o
111)'LA1MAX ATHAX, LA1MIN SAT1,SBT 1"
111) LA2MAX,A2MAX,LA2MIN,SAT2,SBT2
+111) LA3MAX,A3MAX,LA3MIN,SAT3,SBT3
111) LAuMAX,AuMAx,LauMIN,sATu,SBTq__
,111) LASMAX,AS5MAX,LASMIN,SAT5,SBTS

UT THE PEAK VAﬁFEs OF THE SIDELOBES.
. 0 ' ’
120) . |
1,400,2 REEEEY

Bu(I) BU(J),BS(I) BS(U

v

'85 QBITE(e 121) B1(I),B1(J),BZ(I),B2(J),BB(I),B3(J),‘

aE AVERAGE OF THE PEAK SIDELOBL LEVELS AS A .

EELE FIND THE AVERAGE OF- THE PEAK SIDELOBE LEVELS AS A

Ak 'THE AVERAGE SIDELOBE LEVEL AS A FUNCTION CF THETA

s

.("r. .

11X



114°
.***

*%% CONVERT THE OUTPUT TO DB.
¢ % ‘ ’

[oNaNe]

'CALL LOG10 (21, NAI)

CALL LOG10(A2,NAI)

CALL LOG10 (A3,NAT)

CALL LOG10(AU,NAT)

CALL LOG10 (A5, NAI) ‘ . o

%Ak ‘ T o ) 4
*** FIND THE PEAK SIDELOBE LEVELS IN DB.

F k3 : . . B

aNeNs!

CALL LOCMAX(A1,B7,B1,480,NEBL1,LATNIN, N, 2)
- CALL LOCMAX (A2,B2,B2,400,NEBL2,LA2MIN,N,2) S
" CALL LOCMAX(A3,B3,E3,400,NEBL3,LA3MIN,N,2) Ve,
" CALL LOCMAX (a4, Eg(iﬁtboo NEBL4,LAUMIN; N,2). . . ,
CALL“LOCMAX(AS B ,85 40C NEBLS LASMIN,N,2) =~ -

% %%k . ‘.
*ok ok FOR EACH ARRAY PRINT OUT: '

kX THE LOCATION OF THE MAXIMUM EL,

%% THE VALUE OF THE MAXIMUM LEVE

Ak THE LOCATION OF" THE FIRST MINIMUM,
# Aok

NnOOOOO .

WRITE(6 110) , S : N
WRITE(6,111) LATMAX,ATMAX,LATMIN '
WRIIE(s,ﬁ11) LA2MAX,A2MAX, LA2MIN
WRITE(6,111) LA3MAX,A3MAX,LA3MIN
WRITE(6,111) LAUMAX,AUMAX,LAUMIN
WRITE(6,111) LASMAX,ASMAX,LASHIN

ok -

C *%% WRITE OUT THE ARRAY FACTOR IN DB.
C k%
WRITE(6 112) ' L
DO 90 I=1025,;1250 S S

i

T =_FLOAT(I-1025) o R R
J = IABS (I-1025) S .
V = FLOAT (J) '

J = J+1

‘IF (I.LE.1026) J = I+1024
AK = EI2#T*R
TEETAJ = ARSIN(V*R)*Q

N2 = 2%J
N1 = N2%1 : . R
'90»WRITE(6;113) 1,J,AK,THETAJ, v A
T o A1(N1),A1(N2) A2 (N1), A2(N2),A3(N1),
2 S a3 Au(N1),Au(N2),A5(N1),AS(N&
C 3k . AY

C ***¥ WRITE OUT THE PEAI\ VALUE; OF THE SIDELOBES IN DB.
C HEH

WRiTE(s 122) o . )

909511u002 : e

o J = I+41 ' IR

.95 WRITE 6,121 B1(I),B1(J) BZ(I),BZ(J),B3(I) B3(J),
1 © . B5(I) ,B5(J)

IF(IC EQ 2) GO TO 99 o R g‘j



. ,‘ v, ) . ) S ’ -. - v o 115 N

GO TO 5 . : T : . ‘ |
99 CONTINUE . : ' ' v
WRITE (6, 11%

STOP _ ) , -
C *kk’ SR . v !
C #%% FORMAT S ATEMENTS. ﬁg'
C %k . :
101 FORMAT (8L10) ~
102 FORMA 0.6) ' '
103 FORMAT (*1EXAMINING THE EFFECT OF RANDow MAGVITUDE'
1 "~ ' ERRORS OF',F6.1, ‘PERCENT.')

104 FORMAT (! 1EXAMINING THE EFFECT OF RANDOM PHASE ERRORS'
. ' JF¢,F5,1,% DEGREES.')
107 FORMAT( 1L)\,I‘IA'IION DATA FOR THE ARRAYS.,

) 1 //+212,'LOCATION' ,T28,'TYPE . @PARRAY',TSO, ‘
2 YTYRE 2 ARRAY',T?Z,'TYPE,BLARRAY'}T9M,'TYPE 4,
3 4 ' ARRAY',T116, o o C
4 .. 'TYPE 5 ARRAY',//,"' ELEMENT REAL IMAGY,T27,
~ 5 . 'REAL ~ +IMAG', Tu9"REAL - IMAGA ,T71,
6 J'REAL IMAG', ' Lo . ~
7 793, 'REAL IMAG',I115 'REAL IMAG-;//)

108 FORMATLI6 19,15,5(F12.6,F10.6)) .

110 FORMAT('1ARRAY FACTOR DATA.',////" LAMAX',T12 'AMAX'
RE _ T26,'LAMIN',T41,'A(MEAN)"',T61, ’AP}HEAN)'
2 T81,'A(MEAN) *,T101, 'AP(MEAN)',//)

111 FORMAT (I7, F1u 7,I10,4F20. 10 /)

112 FOEMAT (* 1ARRAY FACTORS FOR THE ARRAYS.!

™ //¢T32,"TYPE 1. ARRAY',T53,'TYPE 2 ARRAY',T7u,
2 *TYPE 3 ARRAY',T95,'TYPE 4 ARRAY',T116,"“TYPE ',
3 '5 ARRAY',//,TS 'I',T10;{J',T1&,'K',T19,i
, 4 1L.THETA, R o ’ . )
oy 5 T30, *MAGNITUDE PHASE',151,'MAGNITUDE PHASE',
e 6 © T72,'MAGNITUDE PHASE',T93,'MAGNITUDE PHASE',
T . T114,'MAGNITUDE PHASE!',//) =
113 FORMAT (215, 2F7 3, 5(F12 3,F9. 3)) . : : g
. 114 FORMAT (*1') - : . . \
115 FORMAT (215,2F7.3, 5(F13 7 F8 3)) SR S Lo
120 'FORMAT (*1PEAK SIDELORE LEVELS',//) IR S

121 FORMAT (5 (I10,F12:7)) B

122 FORMAT (* 1PEAK SIDELOBE LEVELS IN DB.',//)

-123 FORMAT (5 (110, F13 3)) e o S
END L S

N
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0Onoa

* ok
ok
ok
ook

* ok
4 e e
ke
s e

NN OAA

* %k %
3 2k

aNeNa!

% %k %
ok
k%

Q0N

X %k
X % %

K x

***
Ve

! MAIN PROGRAMME 2

DIMENSION A(9216),cu096);AP(zouq? AMAX%SQ)

PROGRAMHE TO COMFUIE THE ARRAY FACTOR OF TnO-
DIMENSIONAL ARRAYS.

A TRANSFORM TABLES. - . ¢
C  COS TABLES." ' '
AF  ARRAY FACTOR.

AMAX PEAK LEVELS OF AF.

EXTERNAL GETFD
INTEGER*2 LEWN
INTEGER*Y4 FLUB,ADRCF,FSIZE,BLOCK

-REAL*8 FNAME

DATA NEB, NB/32.32/ LEN/8192/

READ. IN THE TABLES OF DATA.

READ(4) & S ;\
READ(4) ¢ ... ..

READ(5,101) FNAME,FSIZE

CREATE THE'OUTPUT FILES.

CALL GFILES(FNAME FSIZE ,FDUB,1,8501 6502)

COMPUTE THE A?RAY FACTOR

CkkE
. READ (5, 102) KSTART

REAE{5,102) NBLKS

CM = “C (1) *A (2) +C (2) *A(4) +C(3) *A(6)+C(u) *A (8)
cp- C(1)*A(3)+C(2)*A(5)+C(3)*A(7)+c(u)*A(9)
CNORM = 1. O/SQRT(CH*CM+CP*CP)

- K = KSTART ¢

AIF(NBLKS GT 0) GO}TO_1’
STOP . :

-

CALL ZERO (AMAX,64)
BLOCK = (K-1) /32+1

-WRITE(10,112)j
DO 50 I=1,32

KC = U4*K-3
CALL AFACTS (A,AF, AMAX C(KC),NEB NB CﬁORM)
K K+1

;WRITE(S 111) AmMAX

DO 60 T=1,64,2 f S ED
IB _“,1)/2 . | R
I&T T P et

‘WRIT (10,113) Biocx 1B AMAX(I),AMAX(I1)

NBLKS = NEBLKS-1 A

<y

N

116,



oNaNe!

& ' . , .117
\("‘;' O
X .
S01 WRITE(6,601) =~ : . | ‘ :
© STOP 64 - o A J
502 WRITE (6,602) I '
" STOP 68
Fook o, .
#**% FORMAT STRATEMENTS
Hodkk ,
101 FORMAT (A8, 18)
102 FORMAT (10I110) A ‘ ) e \
103 FORMAT.('1',T5,'B',T10,'K',T27,*¥RITE POINTER'.,/,'D',/)
104 FOEMAT (215,120) ' T . S T
- 111 FORHAT (8X,828) R :
112 FORMAT (*1 B iB © ARMAX CAPBHAX',/,'0v, /)
113 FOERMAT (2I5,2F12.7) o g b
.602 FORMAT (* RCALL FAILURE:v)
601 FCRMAT (' CREATE FAILURE:')
"~ " END ~ : :

€



v . . MAIN PROGRAMME 3 \,
\ ' DIMENSION AB(20Q8),A1(512),A2(512YTBT(512LLB2(512)
"READ(5,101) AB . v ' R
IAB =1 ,
2’I1 = 1
‘IL=32: N

DO 30 J=1,32 '
DO 20 I=11,TIL,2

- +A1(IAB) = AB(I)
““B1(IAB) = AB(I+1) _ £
4 A2 (IAB) = AB(I+32) '
; B2(IAB) = AB(I+33)
. % 20 IAB = IAB+

I1 = I1+64
30 IL = IL+64
WRITE(7,703) A1,
WRITE(7,103) A2
. WRITE(7,103) B1
Mg WRITE(7,103) B2
o ' CALL LOG10 (AB, 20&8)
IAB = 1
It = ‘.]’ . .
IL: = 32 - ot
DO 50°J=1,32
Y - DO 40.I=I11,IL,2
' AT(IAB) = -AB(I) .
-B1 (IAB) -AB(I+1)
A2 (IAB) ~AB(I+32)
B2 (IAB) —AB(I+33)
4C. IAB = IAB+1
- I1'= I1+64
50 IL = IL+64
4 WRITE (7,102) A1
WRITE(7,102) A2
- WRITE(7,102) B1~
 WRITE(7,102) BZ‘
sSTop - ‘
101 FORMAT (8X,8z8) -
102 EORMAT (*14%,/,% *,16F5.1, (/e'0', /.0
103 FORHAT('1',16F8 5, (//,-o- 16F8 5))
~END -

', 16F5. 1))

118



'AFACTS

* .

-

*

100P

CSECT

119

SUBKOUTINE AFACTS

CALL AFACTS(A AF,AMAX,C,NEB, NB,CNOKH)

W STH
EALR
USING
ST -
LA
LA
L
L
s
MR
LR
LA
L
L
S

SLL»

L
AR
L

. AR"
L
L
L .

~LE

- ME
LPER
STE
CE

" BNH

. STE
LE
LE"
ME
ME
LE

LE-
ME
ME
AER
AER
LE
LE"

"ME
ME"
AER
AER

SNSwouominn & wE

NOOEOENOOENENONOD #0000 L VE W

14,12, 12(13)

12,0
* 12

13,SGR13
13, SAVEAREA

2,36

5,16(1)

5 0(5)
Fl‘l!

(N -
- A
-

- O

—
—
—

_~ e N N
O O £ = -
~—
ey
~—

—

m;}och:Oi c.q\nbc\ogpu.Ohoanm)n
iy .
~ W —
st S

+\~\\-‘ZO-\<-§~\,\n-\

(7)
(6)

—_— —
w ™ o
Nt Nt - —

6 (6)

—
©
—

(8)

0(6)
b(6)
6)

L~ —
(¢
~

LI I R I T T T T O S S Y S ey

O EDONNOEEE S 20O0®EO

S

L —

2(6)

-

Ft36"
ADROF NEB
NEE RN
NEB-1

36% (NEB-1)

 36*(NEB 1)
Figr

ADROF NB

‘NB
‘NB-1
-~ B% (NB-1)-

ADROF &

ADROF A +'36*(NPB 1)

ADROF AMAX o
ADROF - AMAX + 8% (NB-1)

.ADROF C

ADROF AF
ADROGF CNORM =~

AN

AM*COSS

" AFRTM

AFRTH

ABRE
ASIM

ABRE*COS8

A8IN*COS8

" A6RE

A6IM
A6RE*COS6

. ASIM*COS6

. A4RE
A4TIH
" AURE*COSG

AQIM#COSU



120

LE 4,28 (6) A2RE

"LE 6,32(6) A2IM

ME 4,12(8) . S A2RE*COS2
ME 6,12(8) A2IMN*COS2
AER 0,u : ' "o :
AER 2,6

M EK 0,0

MER 2,2

AER 0,2 0
~ STE 0,ARG - L : .
La “l,PARLSQR_'I ) " LOAD PARLIST FOR SCRT

L . 15,ESQRT | . ~LOAD ENTRY PT. FOR -SQRT
BAL 14,15~ "BRANCH TO SQE? =~ |
DE 0,0(10) o . S
STE - 0,4 (9)

C 0,0 (7). N

BNH. - *+8 . S

o o ,

CSTE | 2,8 (7).
BXLE 6,2,L00P -

LA 3,1152 .
LA 7,8(7) =
BXLE 7,4,LOCP :
'L . 13,SGR13. .
LY 14,12,12(13)
‘ BR 14 .
 SGR13 DS = F o o T
SAVEAREA DS = “ 1&F i ” S o
EARLSQRT DC . X'80' - . I
- IC AL3 (ARG). . ' ‘
ESQRT DC V (SCRT)
ARG.- LS  F

END



10
20
30
fuo

50
51

60

70

80

SUBROUTINE GENARY(A NA,L,NL, fmgﬁﬁ TYPE)
INTEGER*Y4 TYPE :

DIMENSION: A(Na) L(NL) o
GO TO. (10,20,30,40,50), TYPE

INCJI = 8
GO TO 60

INCI = 4
GO TO 60

INCI = 2
GO TO 60
INCJI = 1
GO TO 60

C
s

A(161-1)
A(160)
A(161)
RETURN
NIT = 1

1

1A.A||u

% :

SR
-

@

h

(-ALOG (10. O**(IAPER/1O 0))) ; S o
, C/ (157.0%157.0) . _ , . E
DO 51 I=2,160 ‘ : ' : :

CA(160+1)

EXP (-C* (I- 1)*(1 1))
A (160+I)

-0
.0

'po 80 J=1,8,INCJ

NIL = L (J+INCI- 1.
C =-1.0-0.125%FLOAT (J-1)

DO»7O =NI1,NIL
‘-A(1,60+% '
A(161-1) =

NI1 = NIL+1

RETURN

BND



‘v:’.

. SUBROUTINE CSL(A COSI,SINL, N) ,
DIMENSION A(N) COSL(N),SINL(N) :

10

10

20

C = 1.0 ,
DO 10 I=1,N
COSL (I) .

c = -c
RETURN
END.

= C*COS (A (I))
SINL(I) = -C*SIN(A(I))

SUEROUTINE ROTATE (A, COSPF SINPF IC,N,NCS)

DIMENSION A(N),COSPF(NCS),SINPF(NCS)

" IF(IC.EQ.-1) GO TO 20
‘DO 10 ‘I=1,NCS :
X = B (2*I-1) *COSPF (I).

Y = A(2*I)*COSPF(I)
A(2*xI-1) = X

A(2%I) = y
RETURN

DO 30 I=1,NCS

‘X = A(2%I-1)*COSPF (I)

Y = A(2*I)*COSPF(I)

30

Tl

'A(2*1 1) =X

A(2%I) = Y
RETURN
END

- A(2%I)*SINPF (I)
+ A (2*I-1)*SINPF (I)

A (2%I) *SINPF(I)
A (2*I-1) *SINPF (I)

+

A

122



T 123

SUBROUTINE RNUM (A, C,D,IX,N)
, DIMENSION A(N) .
- DO 10 I=1,N
CALL RANDU(IX IY,YFL)

A(I) = (YFL-0.5)*2.0%L+C
10 IX = IY’ L Y

"RETURN. : M

ENC ' : 1

N
S BROﬁTlNE RANM (A, K, NA, NR)
DYMENSION A (NA) R(NR)
1 = NAY2-NR+1 .
7 D0 10 I%1,NR . : S
( A(N1)/— A(N1)*R(I) : :
URN , S , 7

END

oy

SUBROUTINE RANP (A,R,NA,NR)
DIMENSION A (NR) ,R(NR)
N1 = NA/2-NR+1

N2 = NT+1
po 10 I=1,NR
. C = COS(R (1))

S = SIN(R(I)). . . s

X A(N1) *C~A(N2) *S

Y A(N1)*S+A(N2)*C

A(NT) = m

A(N2) . |

N1 = N1+2 : : ST &
.10 N2 = N2+2 - : ;

'RETUFRN !

END



