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ABSTRACT

A digital signal processor, operating at baseband, 1is
described for the scanning of a Mills' closs array antenna.
The procéssor use; time modulation to gcan the pencil beam
produced by the array in a raster-like fashion over the
p:éscribed sector. The scheme uses within-pul§e scanning in
ordér_to‘avoid the loss of power in the fan béams outside
the area c9vered by the pencil beam. This processcor
provides flexibility in applying different types of aperture
distribution Yo ‘modify the side-lobé structure of the
antenna pattern. It provides a siméle means for changing
the écanning rate of the array.
~ The different tvpes of scanning 'techniqué are
reviewed brieflg. A aetailéd mathemaFical analvsis of time
modulation. %cénning technique -1s presented. Experimental
results are included to demonstrate _thé practical
Eeasisllity of the digital basebaﬁd processor for scanning

the Mills' cross array antenna along prescribed look

directions inside the visible region of interest.
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CEAPTER 1

.-u-‘ ' 'INTRODUCTION

1.1 Bistorical Review

‘The use of a phased-array antenna in radas—oaffers the

unique feature of being able to achieve, in a single radar

system, the operations of search, track, and discrimination
of many high—velocitv targets simultaneouslv. In those
vxadar aopllcatlons whlch require the use of a penc;l beam to
provmde information in both a21muth and elevatlon, the most

" versatile solution is to use a planar arrayv. However, owing

-

to the large number of radiating elements which a practical
planar phased—array antenna would régquire and the duplica-

tion’ of eguipment in each chiannel for p:ocessihg the

P

received signal, the total cost of implementing such a
system can be gquite expensive.® A substantial reduction in
ﬁcogt can be achieved, whilst retaining hhe high reselution

capability of a - conventional plané? array, by using the

- -

b

Mills' cross array [1l]. " In thig tructure, all but two

- - < b -
linear arrays of elements (arranged to be at righf angles to

. . . - -“. -
-eacH other) are eliminated froqﬁa_p&anar phased-array

antenna. _— .

A" Mills' cross-array involves the use of multipli-
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cative signal processing in order to achieve the desired
high resolution. ™, Séec‘."rfically, the elemental outputs of the’

2 arms of ghe' array are weighted 'approp‘riately and then

-

~ added, and the resulting outpuit signals' from the 2 arms are

applied to a cross»'—dorrelator. The output of this
correlator has the equivalent effect of a two-dimensional

pencil beam at the intersection point of the two fan beams

produced by the 2 perpendicular arms of the arrav. The -

array may consist of dipoles, in which case the pattern

produceé:by each arm of the array would be directive in the

- plane containing the axis of the arm and broad in the .plane

at right angles to 1it. Alternatively, - the elements may

consist of parabolic dishes or any other convenient

-l

radiating -elements. - The Mills' cross array 15 most

appropriate  for’ use in those applications 'in which the

sources (or targets) of interest are uncorrelated, as is the

c&ase"ir\.,‘_'radio 'astronor‘ny'or a radar system that does not
suffer from multipath. The reason for this is ~that if

correlated signals (originating from different directions)

are received simultaneously by both arms of the array, the

system 'wiJ:l recognize them as a signal originating from the

‘central main beam of the arrav. -

Thé principle of antennd pattern multiplication to

v =

achieve a pencil. beam was first demonstrated in 1953 by

Mills and Little [1]. In this structure, the arms of the

N

N

\ -



cross are 120,f£.lin length and congist of a line of folded
dipoles which are fed from a twin wire transmission line.
_It.oéerates‘at a frequency of 97 MHz resulting in a beam-
@idth of 8°, The Mills cross at Fleurs near Svdney,

Australia has been successfully put into operatioﬂ. Each
arm of the cross consists of SQO half-wave dipoles extendiné
over 1,500 feet. The resolution is 49 min. of arc at 85 MHz
and -:‘:he beah éan be tilteé about -45° on- either side of
zenith by adjusting the relative phases df.ﬁhe dipoles. In
the meantime, a number of giant radio telescope, based on
this principle, have been construc;ed‘in different parts of
the :wo:lé. The Australiap crqés [2] <onsists of two
pa;abolié cvlinders with line feeds éf?angeé agﬂg cross.
éach arm of the cross is 1600 x 13 meters. I& operates at

408 MEz and lll:S MHBz. The Rusﬁran Mills Cross (3] has a

‘similar mechanical design. Bach cvlinder is 1000 x 40
meters with _focal disctance 14.5 meters. The cross is
designed for operation at meter wavelengths (50 - 200 MHz). .

The Italian Mills' Cross [4] is §f a similar design except -

for the north-south arm. It operates at a freguency of 408

MBz. The_eésﬁiwest"arm is 1180 .x 30 meters while the north-

south arm consists .of 96 parabolic cvlinder reflectors, each *

having 42 x 8 meters .and spaced 11.5 meters apart. In all

these cross-type anteénnas, the elements of the crosses are

macde of sections of parabolic cylinders, The -‘use of

-
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identical sections great;y redﬁqes the_cost-for-construc-
tion. Wislez and Gonze [5] have indicated the ééplication
of the Mills' cross to both solar mapping and radio source
"localization. The 5§e,of a Milis“c;ogs'array for radar

applications has also been described by Slattery {61 and

.Davies [7].

1.2 Digital Basebahd Processor

-

In this th;sié, we describe the digital implementa- .
tion pf a basebgnd processor used in conjunction with.<d
gills' cross array antenna system for radar ap?lication.
The scanning of the 'peﬁcil beam, produced by the Mills'
cross, in a prescribed sector is achieved by sweeping the
indi#idual fan beam® generated by the two arms of the cross
at different speeds. ,One approach to forming the fan beam -
and steering it at a desirable speed would be tormultiplex
the element signals into a single channel by using a
technique known as element signal multiplexing. Examples of
this technique-‘are frequency modulation scanning ([8] and
time modylation scahning [9)]. In this thesis, we wili.focus
attention on the-use of the time modulation scanning as ét‘
is rather well-suited fd: practical implementation using
digital ha;dwére.

" The Bufﬁosé of the digital procéésor is two fold:

(1) to perform the cross-correlation required for



construction of the pencil Beam “and (2) to provide é

continuous— scanning capability of the pencil beam 1in a

.prescriﬁed sector by using time modulation [9]. The scheme .

[N

uses wit@in—pulse scanning in_ogger to avoid loss of pbdgr_
in the fan beams 6htside the area covered by the pencil
beam. Within-pulse scanning is essentially a sampling
technique,f whereby -all ‘targets (l.e. the whole scawmning
sectof) .are scanned .once pér transmission pulse length.
Thus, targe;é at all‘ ranges are sampled during one
repetition period.
The précessor offers the following advantages:
(1) It eliminates the.need for phase shifters-which can
be expensive. - -
(2) It provides flexibility in applying different tyvpes
of aperture illumination to modify the sidelobe
structure of the antenna pattern.
(3) It provides a simple means for changing the scanning
rate of the array.
. (4) It uses digital hardware £dt the processing of base-
band signals consisting of in-phase and quadrature

components.

1.3 Organization of the Thesis

Before going into the details of the proposed digital

baseband processor, it is instructive to present a brief



&) rév,iew of different beam forrﬁing and steering techﬁiques.
Chapter 2 reviews the beam forming and steering technigques
available in literatures ., and then giveé' a de;ailed
mathematical analvsis of time moduiation scanning technigue.
In Chapter 3 we describe in.detail the experimental sys;eﬁ.
In Chapter 4, we present some experimental results obtained
with an 8 x 8 Mills' cross phésed-array antenna and‘coggfre

them with theory. Finally, 1in Chapter 5, we present“

conclusions of the thesis. Z_
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CHAPTER 2

SCANNING\TECHNIQUES

2.1 Introduction (///'

Mechanically scanned antennas were emploved almost

exclusively in the radar systems of World War II and are
still being used in the majority of operationél radar
svstems today. However, new requirements for radar systems-
(such as rigidity and shock resistance of the antenna
structure, volumetric rapid scanning Qf large antennas, and
avoidance cf any mecpaﬁical motion in the radar system) have
led to a reneweé.interest in électronically scanned antennas
in which the antenna stays fixed in space and the radar beam
is moved by introducing proper linear progressive phase
shifts along the length of the antenna. Such an antenna 1is
called a "phased array"?‘ A phased array 1is -so called
because a number of antennas are interconnected to radiate
or receive coherently, and, by controlling the relative

phase of the signals between antenna elements, a beam can be

formed and steered over a large sector. Phased arravs can

provide scanning patterns and scanning rates which are
"impossible to attain with mechanically positioned

‘directional arrays. 'There are a number of ways in which the
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progressive phase shifts along the length of array can be
varied in accordance w;th the beam desired.

This chapter presents a brief review of the:different
scanning technigues of phased arrayvs, and then gives'{a
detailed mathematical aftalysis of the time modulation
scanning on which we will concentrate in this thesis. .

3

2.2 Phase Sc¢anning

The relative phases between the radiating elements in
the array antehna determine the position of ﬁhe main beamnm
which points in .a direction that 1is normal to the phése
front. ‘ If _tﬁe phaseg are fixed, the antenna radiation
. pattern is also fixed. Scanning of tﬁe beam formed by an
array can be accomplished by mechanically moeving the entire
array—antenna structure,. However, in a phésed array, the
beam can be steered by individual control of the phase of
excitation of each radiating element. This is indicated in
Fig.' 2.1. Specifically, the pattérn of the phased-array
antenna may be steered to an angle & by apgiying lihéarly
progressive phase increments from element to 'elemeng, S0
that the phase between adjacent elements differs by-}c =
(21/1)—§~gin 8 where, 4 is the interelement spacing, 6§ 15
the angle with normal to tHe antenna structure and ) 1s the
operating wavelength. The phase shifters are émployéd in

order to obtain the ingreméntal phase shift x. Phased-array



Fig. 2.1 Phase scanning array -

t=(d/cYsinb

VARLASLE
TDME
DELAYS

Fig. 2.2 Time-delay scanning array -
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antenna can have large number of elements, ‘with é phase
shifter for each elemeﬁt} therefore, pe:fo:mgnc& and cost of
the array antenna are strongly affecqed by the performance
and cost of the phase shifters. The phase shifters [10] are
electronically actuated to permit rapid scanning and -are
adjus;ed in. phase to a value bet&een 0 and éu. From the
expression of the incremental phase shift ¥_= (2=/x) & sin
8, it 1is obvious that if the phase x is constant with
frequency, the scan angle 8 is.frequencv-dependent such that
(sin 8)/X 1s constant. ?hus the phase scanning is seen to

be dependent on the operating frequency.

2.3 Time-delav Scanning

Tw

The problem of dependence of the phase scanning on
frqusncy is overcome by using delay lines {l1l] instead of
phaégvshifters as indicated in Fig. 2.2. This provides an
incremental delay from element to element of t = (d/c) sin
8, where ¢ 1s the velocity of propagation. Phasing circuits
cépable of providing true time-delays are regquired for this
purpose. These circuits are normally operated at relatively
low power levels and consist of -a number of transmission
line lengths that can be s&itched inﬁo or out of the paths
to the array elements. The line lengths may be made in

binary increments. The combination of circuit elements for

producing a step in time delay is called a time-=delay bit.
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Thus the individual time-delay circuits are normally too

-4 - N .
complex to be introduced in each radiating element. a
reasonable compromize in case of a large phased array may be
reached - by adding one time-delay network to a group of

elements that have phase shifters.

2.4 Frequencv Scanning

The design of radar systems using freguency scanning
antennas began in .the early 1930's when microwave power
generation proé:essed to the point wheére high power'souries-
capable of variable freguency output were dJdeveloped. A
simple and effective method of changing the radiated beam
direction is to change the operating frequency in an antenna
feed svstem composed of frequency sensitive phase shifters.
A phase shifter in this.category is simply a length of
transmission line chosen to meet the design requirements. A
frequency-scanned antenna [12] méy be represented by the
series-fed array shown in Fig. 2.3 with fixeé fength of
transmiséion line connecting the elements. The total phase
through a fixed length 2 of transmission line 1is (2vfe/c)
and thus a function of fregquency £. The lineslconnecting
adjacent elements of the series-fed freguency-scanned array
of equal length are chosen so that the phase at each element
is the séme when operating at the center frequency fo. When

the frequencg is exactly fo’ the beam points 1in the



Fig. 2.3 Freguency scanning arxay .
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Fig. 2.4 Blass-type scamiing array .
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- direction normal to the array-plane. "As the frequency 1is
increased above £,» the phase through each length of
ira&smiséiou ling; increases and the beam'.rotates to . one
side. At a frequency belgwicfo, the "beam moves in the
oprsiﬁe"direction. The impléﬁentation .0f a fregquency-
scanned array. E;@ar is- relatively straight forward 1in
~principie.‘ e

The principle has been applied to develop many

different forms of antenna scanning. For example, a fan

beam results if a line source of this type illuminates a

b -

horn aperature. -If the line_éource illuminates a parabolic

cvlinder, on tﬁe ether hand, a one-dimensional scanning
'pencilqbemn_is produéeé. Volumetric coverége may be
achieved in the iatter-caSe by a combination of freguency
scanning and mechanical rotation of .the antenna 1in ~ the

orthogonal plane. . =,

2.5 Multiple Beam Forming and Switching

Multiple beam forming systems c¢onsist " of networks
that generate or, more usually, receive simultaneous beams:
from an aperture, with each beam having the gain and beam-
width of the whole antenna. One or more beams are selected
by switches. On receiving, the total number of beams that
may'be processed simultaneously is limited primarily by the

number of elements that méy-be made available. A tvpical
. % b E

~
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multiple beam forming of this type developed by Blass [13] -

is shown in Fig. 2.4 in which each.intersection‘of lines,

-

PR L L

represédts a directional coupler. The phase shift of each
length of-lfﬁe is r;présented by the physical line length.
The beams produced are stationary in space and ovgrlaé at
aboﬁt 4 4B points. Another beam fofminé network, degcribed

by .Butler [14],([15] contains hybrid couplers and fixed

- phase-shifters. This is indicated in Fig. 2.5 in which an

8- ment array forms eight orthogonal beams lving to the
rjght and left of broadside direction. The terminals have

been labelled to identify the perbinent beams. The reguired

‘microwave network has 2N ports and is matched at all ports.,

‘The N outputs.on one sidé of the network that are excited by

any of the N inputs on the other side possess a progressive
phase charagteristic that is a2 function of the input. The ‘ E

basic building block-in the microwave network for multiple

-

beam generation is the hybrid junction which can provide two

overlapping beams from a two-element array. There are- -

various corfigurations which provide hybrid operation.

-

A single hybrid Jjunction supplies rudimentary
o, - - .

multiple~-beam operation from a two-element array. The

significance of theselement, however, lies 1in 1its use as a

buiiding block for arrays with more eleménts anéd beams.

b )

Figu:e'z.s'indicates the feed system for eight elements and

- . - T .
the pattern for extending the number to any power of two 1is -

-



Fig. 2.5 Butler-matrix network for 8—elements array.

\
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rather obvious. The critical aspects of the arrangements

are the interconnections @among . the hybrids and. to the

elements and the added phase-shifts. All transmission lines

in a given cross—section are’ assumed equal in length except

£or the phase shifters.

The principal limitation on the use ;;—;;;}igs is the

restriction of the number of elements to powers of kwo. The

. b . . . = . N - N . N
alternative to thi% difficulty is’ to £find more/ building
blocks. An additional limitation on the use of small

‘building blocks 1is the great number that are reguired to
»”

feed large arravs. T~

4

2.6 Modulation Scanning-
In a phased array“?%dar svstem, the classical methods
of beamforming and beamsteering use edther elemental control

elements 1.e. controllable phase shifters or time delayv
elements or elemeét interconnection matrices which procuce a
number of simultaneous beam outputs. When, however, it is
reguired to scan the beam of the arfay in the receiver éa:t
of\§§stem continuously ané rapidly, we may use a class of
beam <forming and steering technigue .knowg as moéﬁia;ion
scanning technigue which includés-frequency modul&;;ém-
scanning [8] and time modulation scanning (8]1,[9] as special

cases. Figure 2.6 shows the block diagram of an arridy

signal processing receiver using modulatéon scanning. In

..
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such a system, the received signal for each element of the
array is multiplied by a corresponding component selected
from a set of orthogonal- functions. The . choice of a
nartfcular set of orthogonal £functions datermines the type
of scanning modulation used. fhe contributions thua
bbtained from various radiating elements of the array
antenna are combined in a multlplexer to produce a main beam
-that scans'contlnuously with time at a rate determlned by
'7tne basic period-of“tha set of orthogonal functions.
Fanallyu the multiplexed signal is cross-correlated with a
_béan sampling signal to.'stegr the beam to a desired
dzrectlon as snecxfled by the beam sampling 51gnal.
"In a frequencv modulation scanned syatem,_ the
_ reéeivea element siganls of the array antenna are frequency
nmultlplexed by means of a set of scannlng local oscillator
51gnals whlch are snaced by a fixed frequency lnterval equal
to the nec1procal of the‘pulse duration of  the transmltted
~radar aignal, thereby prqducing a time-multiplexed beam
signal. On the other hand, in a time modulation scanned
systen, the neceived element signals-of the array antenna
are‘ multiplexed 1in time so as to produce a- frequency
»
multiplexed beam signal. In effect, the frequency
modulation and time modnlation scanning teéhniques are the

dual of each other. In this thesis, we will concentrate on

the time modulation scanning as it forms the basis of the
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-
digital baseband processot for scanning the array.
=

2.7 Mathematical Analysis of Time Modulation Scaﬂﬁing

The aperture illum}ﬁation of an array antenna affects
the spatial dist:ibution ;f the radiated or received energy.
In the time-mod@lation method of scanning an array,
developed by Shégks (8] . the ;perture illumination is
modulated in a periodic manner by ﬁultiplexing the received
element signals of the array so as to produce a freguency=
multiplexéd beam signal. Specifically, each element of a
lineér array con§isting of- N elements is progressivgly
switched on for a time-T/N and then switched off for Ehe
remaihdef of the period, whérg‘ T is the period of the
periodic aperture illumination. The procedure 1S
illustrated in Fig. 2.7 for the case of N = 8. In the
implementation described by Shanks RF switches were used,
whereas in the -processor described -in this thesis the
sﬁitching operations are pe:fofmed at baseband using digital
hardware.

The block diagram of an array signal-processing
receiver employing time modulation scanning is .shown in Fig.
2.8. The band-pass signal, ceﬁtered at the transmitted
‘radio freguency, which is received by each element éf'the

array antenna is first of all converted into its equivalent

baseband (low-pass) form [16]. This is achieved by applying



2.7 Time-multiplexed signals
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the reéeibgd signai {(on an element by element basis)
simultaneously\to 5 pair of multiplieré, One multiplier 1is
suppiied with a local oscillator' signal (which ia
synchronous with the RF source in the transmitter) and the
other multipliér wifh the same oscillator signal except for
a 90° phase—shift. The resulting.multiplier outputs are
then low-pass filtered, thereby vielding the in-phase (I)
and. gquadrature (Q) componenﬁs of the received signal, which
provide a complex—valued'represent&tion of the signal. The
set of operations, whereby the received signal at each
element of the array anténna_is définea in terms of its I-
and Q-components, 1i1s represented in bloc¢ck diagramatic form
by the I-Q <generators in Fig. ‘2.8. The complex-valuéd
output ¢f each element is next multiplied (by means of a
complex multiplier) by a corresponding component selected
from a set of time-multiplexed (i.e., orthogonal) periodic
trains of rectangular pulses. | The contributions thus
obtained from the various elements of the array are combined
in a complex summer to procduce a. main bean that scans
continuously with time at a rate egual to 1/T.

Consider a,6 linear array consisting of N 1identical
" elements, assumed to have no mutual coupling between them.
ﬁet E(t) denote the complex envelope of the transmitted
signal. For a discussion of the complex representation of

arbitrarily defined band-pass signals, see reference ([1l6].



The complex envelope of the received signal at the pth
element of the array, produced in response to a transmitted

radar pulse, is given by (in the absence of noise):

-

rp(t) = b exp(jpx) E(t), p=20, 1, ...,.N;l (2.1)

where b = a- complex-valued random .variable which includes
the combined effects of target cross-section and
propagation-loss fluctuations

The guantity x 1in eql (2.1) 1is 'related to the angle of

target arrival @ (measured with respect to the normal to the

line array) by

21r

x = ££ & sin @ - (2.2)
where » = the transmitted wavelength, and
d = element—-to-element spacing of the array.

Fof.é prescribed valué of 8, the guantity x represents the
.phase—angie difference (in radians) measured between the
signals re?Fived by any two adjaceﬁ£ elements of the array.
assuming plane waves.

Figu:e 2.9 shows the signal-flow graph for the
complete array processzng system. The signal ; (t) at the
pth element 1s multlplled by the correspondlng functlon

;p(t) derived from a generator that produces a set of
periodic trains of rectangular pulses that are orthogonal to

each other. The coefficient aj represents the amplitude

weighting applied to the pth element; its value 1is
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determined by the choice of a particular radiation pattern-

for the array. By summing the contributions of all the

elements of the arrayv obtained in this manner, we get

e{t) = bf(t) s{t,x) . (2.3)
where ' -
-~ N" l oy
s(t,x) =L ag o, (t) exp(3px) (2.4)
! = - :

The signal_;(t,x) of egn. (2.4) is referred to as the
beam-sampling signal for the following reason [8,17].
Suppose that it 1is required to steer the array in a look
direction specified by thellook angle & or éorrespondingly
the phase-angle difference Xx. From ed. (2.3) we see that
this can be achieved by cross-correlating the supmer output

~

e(t) with a beam-sampling signal s(t,x). The result of this

-~

cross—-correlation is defined by the variable
. o )

L = f e(t)s*(t,x)dt
o]

"

T - - . .
J bf({t) s{t,x)s*(t,x}dt (2.3)
o)

where T is the period of the periodic function ¢p(t), which
is chosen egual to the transmitted pulse duration. In the

case of a radar pulse with constant frequency fc and

constant amplitude k, we have \ ‘

N
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£(t) = <. ' . (2.6)
o, otherwise

We may therefore rewrite eqg. (2.5) as

- T - - :
£ = bk 5 s(t,x)s*(t,x)dt - \\
° }
- T N-1 N-1 -~

-~ )
bk [ z L a,a s _(t)e _(t) exp(jpx)exp{-jgx)dt
o p=0 q=0 P ap q

_N-1 N-1 R ~
= bk I £ a_a_ expiix(p-q)] 7 ¢_{(t)e_(t)dt (2.7)

~

~ -;ﬂf
Assuming that the set of orthogonal £unctions {¢P(ty§ agp

normalized, we have ' ~

. 1, B=qg
\‘/‘( - T ~ ~ ’
, S d () ¢q(t) dt = (2..8)

o P
a, jebde

Hence, we may simplify eg. (2.7) as follows

~ N=1
t =bk I a
p=0

(2.9)

Suppose -that the summer output e(t) 1is cross-

correlated with the beam sampling signal s(t,xo) for a
specified wvalue of Xq and that we are now interested 1in
evaluating the'response of the array viewed along a variable

direction corresponding to-x that is different from x In

oo
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+

this case, we find that the cross-correlator output is a

function -0f the deviation in the value of x from Xgr namely .,

AX = X - X

- o .
- 2=d R
= =% (sine - sins)) ’ (2.10)
as shown by
- -~ N-1 2
L(4x}) = bk - a_ exp(jpéx) (2.11)
. p=0 P P

When &4x 1s zero, this output assumes the value dgfined in
eq. (2.9). Consider, for example, the case of a unifq;mly

weighted array for which 2, = 1 for all p. Bere we find

from eg. (2.11) that the corresponding value of the

cross—correlator output is
A}

N-1

bk I exp(jpix)
p=0

;(Ax}

i

sin(% AX)

bk expl] (=) ax] (2.12)

. o
s:.n(2 Ax)
which has the same form as the array pattern o©of a
conventional uniformly weighted array antenna that uses
phase shifters to achieve the regquired scanning.
We conclude therefore that by correlating the summer

-~

output e(t) with an appropriate set?of beam-sampling signals
7

{s(t,x)} corresponding to prescribed look directions (i.e.,

prescribed wvalues of the gquantity x), we are able to scan



the array into prescribed Dositions inside the visible’

region of interest.

It should be noted, however, that if the transmitted

radar pulse involves a form of amplitude or frequency

_modulafion or both, with the resdlq that we can n¢o longer

assume the validity of eg. (2.6), then it becomes necessary
to crqss—correlate each elemental output of the afray with a
stored replicé of the transmitted radar signal. This
operation has to be performed beﬁoré multiplication with the

pertinent component derived from the orthogonal

function—-generator {17].

2.8  Summary
In a phased array, a number of aﬁéennas_are'inter-
connected to receive or radiate cohereﬁplyul A beam can be
formed and steered over a prescribed sector of interest by
applving linearly prégressive phase increments from element
to element. There are a number of ways iﬁ which ‘such
progressive phase-sifts along the length of the array can be
varied. This chapter has presented a brief description of
different methods of scanning:
(1} Phase scanning: The radi%tion pattern of the array
antenna may be steered to an angle 8 by applving lihearly

progressive phase shifts from element to element, so that

the phase between adjacent elements differs by x = (27/1) d

. N
N -_,_.,-..;.-up_-,.._..-lu..--u—-u«u.-.-n

. aalt
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éin\e, where d is the inter-element spacing-and'k is the
operating wavelength. The phase-shifters, used for the

above incremental phase shifts x, are electronically

actuated to permit rapid scamning. - It is depéndent on
fréquency. )
{(2) Time—-delay scapnihg: Dependence of the phase

scanning on freguency is taken care of by using -delay lines

instead of phase shifters. This provides an incremental

delay of t = (d/c) sin 8, where ¢ 1is the -velbbity of
propagation.
(3) Frequency scanning: A simple and effective method of ™~

scanning is to change the operating freguency in an antenna
feed system composed of frequency sensitive phase shift?rs.
The total phése shift through a fixed length of transﬁission
line, which serves as a phase shifter, is (ZxfL/c).

(4) Multiple beam formingﬁand switching: This involves
the generation of a number of simultaneous beams and ‘then
selection of a particular one. Beam forming networks
accordiﬁé to Blass [13] and Butler f[14] are described
briefly.

{5) .Modulation scanning: One approach to beam scanning
is’ to multiplex the element~signals either in fregquency or
in time by using a technique known as modulation scanning
which includés frequency modulatioﬁ scanning and time

modulaticon scanning as special cases.

i
#

7



CHAPTER 3

i
n
U]

U

XPERIMENTAL SYSTEM

f

3.1 |, Desian Considerations of. the Antenna

A Mills' <c¢ross array antenna, as previously
mentioned, consists ¢ two linear arrays at right angles to

each other. - Tucker [24] indicates that the total apertures

of the two arms comprising the Mills' cross array éntenna
§hould be aporoximacelv equal for achieving'ﬁaximum signal-
to-noise ratio. Slat:é:y‘[sllin his paper mentions that the
array arms c¢an 5e conveniently crossed at their centers

\\resulting in a2 non-c¢stimum svstem. He considers a Mills*"

-

Cross array as cons:isting of 9 elements in each arm and

finally he omitts the center elements of the two arms. This

design, however, results in large side lobes because of the

absence of the center element. To overcome this difficulty,

we used, in our studv, the Mills' cross array antenna of an

[X'ed

even number of elemsnts in each arm. The experimental

~

svstem used consists of an 8 x 8 element array with the two
arms of the arrav c:osseq at‘their cente:g. TEe array 1is’
designed to operat=2 at X-~band, so that an arrav of
manageable physical dJimension can ~be constructed. Each

element of the array consists of an open-ended waveguide

30 | | '
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horn that is fed bv a matched coaXial'qa le. The cgzin of

these horns is nominally 10 dB at-midkand The»beamwiéth-éf'

. a N L
_these horns is approximately 50° for the above gain

sﬁécification. The horns are placed™ld cm. apart-:h'the
array geometry resulting in a half power Seamwidtﬁ?di 25§
degrees. The scanning is limited to_lO degree on each gide
of %he normél‘to the arrav so as to avoid the appearance of

grating lobes (which a;e 21.4° apart). )
Measurement- of the far fielq patﬁe:n of anv a;efturé
has always i@volved probing the £ield at 2 constant adius
far enough away so that the aperture approximates a soint
source. Since the wave -gene:ated from the transmitting

antenna is spherical, the phase front across the aperture of

the ‘receiving antenna will be plane only when thedistance
between the antennas is infinitely large and for any Zinite
separation the phase £front across the aperture will be

curved. For the plane wavefront to be in-error 05_9.1 as
‘which is sufficiently‘raccurate for most antenné wWOT X, t?e
distance R between the antennas should be calc:lnteé
according to the formula R 2 2A2/k, where A 1s the aperture
of the antenna and x is the received wavelength. The svmbol
R, A and x should be expressed 1in ‘the same unit. The
derivation of the above formula is given_in Appendix A. The

above expression results in a distance R = 35 meters £or the

antenna under study. Thus, the anechoic chamber with a
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guiet zone of 8 x 3 x 2 meters can not accommo-late the
requirements for the desired  antenna measuremeg_zts' in the
Fraunhofer zone. In order to realize, with the guiet zone
described ab'ove, a2 plane wavefront at the aperture.of the
receiving array, the structure is physically molded into a
spheri;:al surface having a radius of curvature less than or
egual to 2A2/l.‘ Such a curved structure permits a piane
wavefront across its aperture, the proof of which is given
in Appendix B according to Bickmore [18]. Such measurements
have less inherent phase error  in the ::egion of the main
beam than the conventional measurements on a 9lane' aperture
at ZAZ/A. This follc_:ws the special fccussing procedure

described by Bickmore. It is apparent from Fig. 3.1 that
the distance D by w‘n-:'.ch “the center of the\array will be
deflected is given by D = (A/2) cos 3. Also we have cos 8 =
sin (A/4R) .. Consecuently, D = A2/8R is an excellent
approximation to make the focussing as desired. With A = 30
cm and R = 8 meters, the ends of each arm of the Mills'
cross array are thus deflected by 1 cm £from their normal
positions. The s'tructure is pictured in Fig. 3.2 showing
details of the receiving Mills" cross array along with the

RF components used for baseband conversion.
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3.2 Transmission of Microwave Energv

" The transmitting antenna of the experimental system
transmits a periedic train of rectangular pulse-s modulated
onto a sinusoidal carcier wave o;E frequency 8.2 GHz. _'.T.‘hé
carrier wave is obtained from a sweep oscillator HP-8620A,
designed specifically for use with the Hewletit-Packard Model
8410A Network Analyzér‘ svstem to provide a conplete
microwave measurement system. An external modulation signal
of 1 KEz from a pulse generator HP-8008A 1s applied through
EXT aM co::znec‘tor to modulate the outpi:t RF signal. The
modulated signal 1is applied to the model HP-4953A microwave
amplifier input and taken .at the output of the traveling-
wave tube amplifier (TWTA). All voltages reguired by the
TWTA are supplied by the regulated high voltage power supply
and the modulator resident inside the microwave amplifier.
It g;_nera}:es about 1 watt at the output with the application
of 1 milliwétt or less at the input. The level of the
output power can be set at any desired value. A portion of
this microwave energy 1s t;:ansmitted by the tranémitting
horn and the rest is used to dri‘ve "the mixers for baseband
conversion. This division is done by using directional
coupler right at the output®of the microwave amplifier. The
photograph of the transmitting horn along with the microwave
amplifier 1is shown in Fig. 3.3. The microwave amplifi-ér is

placed conveniently near to the’ transmitting horn in the



Fig.
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Photograph of the transmitiing
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arrangerent.
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anechoic chamber in order to avoid unnecessary attenuation

in transmission lines.

It may be mentioned that the foam dielectric Heliax

cable, used in transmission of energy at such high frequency
from equipment to equipment, plays an important role in the
experimental set-up. Those cables are ideai for use 1in
vhased-array radar applications or £for c¢onnection of RF
eqguipments. . These cables offer low aﬁtenuatioﬁ {0.2
dB/foot), complete RF shielding and flexibility compared to .
conventional solid dielectric cable of similar size. The
photograph of the equipﬁeﬁts used in measuring antenna
fesponse»pattgrn is shown in Fig. 3.4. The sweep oscillator

which is a member of the Network Analyzer 1is excluded in

this figureﬁ

-«
»

-

3.3 The Baseband*Processor

A Sbssible implementation of digital hardware signal

brocessor to scan the pencil- beam over the prescribed sector
" using time- modulation sScanning is achieved through the

conversion of the RF_sigﬁal into its baseband. This permits

bt

in shipping received signal outputs to sSignal processing

unit without severe atfenuation that may occur at x-band.

The RF éignal received by each element of the arraf

antenna is heterodyned ‘to, its baseband form (expressed 1in

terms of in—phasé and ‘guadrature components) by using the

-
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coﬁfiguration shown in Fig. 3.5 £for one afm of the array.
This same heterodyniné configuration is reproduced for the
6the£ arm of the array. This conversion into baseband form
is reguired in ordef to make the implemeﬁtation of the
processor using digital ha;dware possible. Specifically,
the signal received b§ each element is applied, through a
two-way power- divider, to a pair of mixers which are
supplied with two sinusoidal waves in gquadrature with each
other. .The 90° phase-shift regquired for this mix;;g process
is obtained by means of a line stretcher, as in&ttated in
Fig. 3.5.

The' mixer outputs are next appliea te a baseband
processor which uses within-pulse scanning in order to avoid
the loss of received power, and also to provide a high data
rate capability (71. Scanning over the sector of interest
is achieved by sweeping the individual fan beams, odﬁced
by the two arms of the array, at different speeds fso .khat
the pencil beam at-their intersection point‘moves across the
sector in a raster-like fashion. 'Denoting the number qf
raster lines by M and'the duration of the transmitted radar
‘pulse by T, one arm of the array is scanned at a rate equal
to lyT and the other is scanned at a faster rate equal to
M/T. Thus, thé'deéired aperture excitation is achieved by
progressively switching on each element of the slow arm of

the array for a duration equal ‘to T/N seconds and then
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switching it off for the rest of the period, wherégs'eéch
element of the £fast érm_is progressivel& switché& on for a
duration equal to T/MN seconds in a synchronous manner with
the slow arm. The N denotés the number of elements in each

arm of the array.

A block dlagram of the baseband processor is shown in

Fig. 3.6. This processor is implemented using dlgltal

hardware, for which time modulatlon scanning [9] 1is rather

Y

well-suited. The swrtchlng operations on the mixer outputs
are performed by means of 4 multiplexer switches, with one
pair operating on the. in-phase and quadrature components of
the baseband signal derived from one arm of the array. and
the other pair operating on the in-phase and quadrature
components of the baseband signal derived from the second
arm of the array. The time-multiplexed signals obtained
from the multiplexer switches are low—-pass ‘filteredf
amplified, and then applied to a corresponding set of
analog-to-digital (A/D) converters. The required data 1in
digital form 1s now available for further processing.-
Suppose that it is required t6 steer the array in a
look direction specif&ed by  the angle 84, measured with
respect to the normal to the’slow arm, and the angle ¢&,,
measured with respect to the normal to the fast arm. To
achieve this, the time-multiplexed signals obtained from the

two arms of the array., ‘after analog-to-digital (a/D)
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conversion, aré respectively correlated with the beam-
sampling signals s(t,xl) aq@ s(t,x5) which, for pre-selected
‘values of x; and Xx,, are stored in the form -of loock-up
tables 1in programmabie read-only memories (BROM). . rhé‘
variables x, and x, correspond to the angles &, gnd 8
respectively, according to eg. - (2:2). - The resulting
coﬁplex—valued outputs'of these 2 correlators are brop;rly
. Scaled and then multiplied together to produce‘“a comblei
signal representation of the prescribed pencil beam. The
photographs of the front view and rear-view oﬁ the digital
baseband pfocessor are Showﬁ in Figs. 3.7 and 3.8 .

~

respectively.

3.3.1 Control Circuitrv

The scheme uses within-pulse scanning to obtain
information about all targets in the prescribed scanning
sector. This is achieved by appropriate- control of the
clock pulse at different stages of the digital baseband
proceésor. The'icontrol circuitry érovidgs all. necesSary
clock pulses and control signals for the baseband processor.
For svnchronous operation of the whole system, it 1is
necessary . that the clock pulses ﬁnd the pulse train for
modulating the RF signal in. the sweep oscillator be obtained
from thélsame source. The modulating periodic pulse. train

is obtained by means of appropriate freguency divider. The
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v Fig. 3.8 Photograph of the rear-view of the digital béseband_ processor
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address counte:s"for the mul;iplexei switches and pro-
grammable read-only memories, convert comménds for the
analog- o-dlgltal converters, clock pulses for the :eglsters
in the integrator units and load 51gnals for the counters
associated- with different units, are obtalned from the
. master clock pulse with éppropriate delavs. Since each
circuit of the digital baseband processor has its own time
delay to complete its operation, time delavs at diffeéent
stages will be different. In order to make synchronous
operation of the system possible, the desired time delavs

‘for .different sfages are obtained £from monostable
multivibrators 74123 by incorporating‘ external capacitors
and resistors of appropriate Qaluesl The monostables
provide flexibility in controlling the pulse width of the
clock pulse, either to lgngthen the pulse by retriggering or

shor ten bv c¢learing. Delays of the order of 10 ns are

obtained by using simple inverter gates.

03.3.2 Analog—to—diaital Conversion of the Time-multiplexed

Signal

The basebaﬁd analog data is acquired in digital form
in order - to.make the desired signal processing operations
possible. To digitize data from diffefent analog channels,
a time-sharing process is introduced. The input‘of a single

A/D converter is time-multiplexed 1in sequence among the

CH_,/’
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.

various element signals. In the "'.éyétgm _icbnfiguration we
have used 4 A/D converters. aAn ;dditional logié circuit
keeps track of which data source is coupled to the converter
at any 1instant as shown i& Fig. 3.89. The. nultiplexing
operatlon is done by employing the unit 2m 3705 which is a
MOS monollthlc 8—channel multlplexer switch with an output—
enable control and one-out-of-eight decoder. It has a
switching time of 1 us which 1is apéropriaée for our study.
The time-multiplexed siénal is then applied to the low pass

filter to remove unwanted components of the input™signal.

The filtered signal is then scaled up from millivolt level:

to the A/D converter's ,full Vscale input level. An
operational amplifier with appropriate closed loop ggin is
used foﬁ this purpose. The analog signal 1is thus
‘apbropriately conditioned to be ready for digital
conversion. Upon receipt  -of the external convert command
from the control cirsuitry, the previous data sample from
each A/D converter is cleared from the output registers.

Each bit is then successively compared against the amplitude

of the input signal and is held as "0" or turned on as "l1"

until all bits have been tried. The parallel data output is

not available fer transfer for further processing until its
status output changes from logic "1™ to logic "0". Bipolar
2's compleﬁent is obtained by using the éOmplement of the

most significant bit (MSB). The required data in digital

PN
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form is now available’ for further processing. The circuit
diagram involved in this process of analog-to-digital
_conversion is given 1in Fiéure 3.9 which describes the
operation qf_one arm. The other arm has the same circuitry

' except for the timing control.

3.3.3 Generation of the Beam éampling Signal

The time-mulﬁiplexed signal, after analog=-to-digital
conversion, is correlated with a beam sampling signal to
steer the arrayv pencil beam to a desired look direction.
The beam sampiing signal for a pre-selected look direction
in 2's complement notations is_stored in the form of a look-
up table in a programmable read-only memory (PROM). Thé Am
1702 used for the above purpose is a 256-word by 8-bit field
programmable MOS read-only memery. This unit is designed to
have all outputs at logic HIGH level. Each bit in the
memroy can be electrically programmed to a LOW-level. The
Am 1702 can be erased by controlled exposure to uitra-violet
light. After it is erased, the Am 1702 can be reprogrammed
by the PROM programmer, each word being located by the
corresponding address. Thus it provides the flexibility of
applving different types of apertufe distribution in order
to modify the side lobe structure of the response pattern.

The 8-bit address to the PROM is obtained through two

counters, 74193, connected in cascade as shown in Fig. 3.10.
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nanual switches along wiph inverter gates are used on the
input side of the counter unit to prévide the beam switching
facility. A particular beam is selected by setting the
manual switches to appropriate positions so that they
"collectively represent the first address correspond}ng to
. that beam. The counter uniﬁiéith the manual switches set at

appropriate poéitions, provides the PROM ‘with 8 address

* sequencially required for a particular beam position.

3.3.4 Correlation and Integration

The operation of cross—-correlation involves
multiplying the time-multiplexed output by the complex
conjugate of the beam sampling signal which is :esiden: in
the PROM. Thus it includes the arithmetic operations of
multiplication, addition and subtraction. Multiplication is
performed by ‘using Am 2505. It is a high speed digital
‘multiplier that can multiply numbers represented in 2°'s
complement notation and produce a 2's complement product
without correction. The device consists of 4 x 2
multipliers that can be connected to form iterative arrays
capable of multiplying numbers. The device assumes that the
most significant bit in a word carries a qegative weight and
therefore can be.used in arrays whefe its multiplicand and
‘multiplier have different word lengths. Figure 3.11

illustrates the connection scheme of 8 x 8 bit 2's
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complement multiplication. . The device_proviées a 1lé6-bit
word at its output pins. i

The 16-bit word outputs of the multiplier units are
appropriately addéd and sﬁbtracted for desi;ed Cross—
correlation. The 74283, which is. a 4-bit binary full adder,
is useé for both arithemetic operations. The 16-bit adder
and subtracter are obtained by cascading four 4-bit binary
adders. The tvpical add and subtract time is 43 nanoseconds
for two l6-bit words. The integration necessary to imé:ove
the detectibility is conveniently done after correlation.
The operation of integration involves the use of adder units
and two shift. register units. Bach of the shift register
units are supplied with different clock pulses, one of which
has 8 times pulse repetition rate. The operation of
integration is illustrated by the block schematic diagram
shown in PFig. 3.12. The double lines in the figure indicate

transmission of 16-bit words.-

The complex valded_outputs of the two correlators,

after appropriate integration, afe properly multiplied .

togéther' to produce a complex/representation of the

prescribed pencil beam.

3.4 Summary

In Chapter 3, we have described the Mills' cross

antenna that has been constructed for the- eiperimenﬁal
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system. The experiﬁental‘sgstem employed, consists of an 8
Xx 8 element afray with the two armé crossed at their
centers. The array is designed to operate at x-band, so
that an array of manageable physical dimension can be
constructed. The horns forming the Mills' cross are spaced
10 cm. apart in each-arm resulting in a half power beamwidth
of 2;5 degrees. The scanning is limited to 10 degrees on

~

each side so as to avoid the appearance of grating lobes.

.In order .make measurements possible in the anechoic
chamber, the structure is physically molded into a spherical

surface having a radius of curvature less than or egqual .to

4

ZAZ/A) where A is the aperture and t is the operating/}

~wavelength.

In the second part of this chapter, the digital base-
band processbr implementing the time modulation technique

for the desired raster-like scanning is described. The RF

signal received by each element is heterodyned to its base-

~band form. The scheme uses within-pulse scanning to have

simultaneous information about all targets in the prescfibed
sector. Synchronous opéfation of the whole system is
achieved by deriving all neéessary clock pulses and controls
from the maséer clock pulse.

The analog-to-digital (A/D) converters are time-
éhared by using a multiplexer switch for each A/D converter.

The processor foérs'the flexibility of applying different

PRSP TEFFRPTI |



types of aperture distribution in order to mddify the side-
lobe structure of.the response pattern. This is OSQainedAby
-merély changing the-‘loﬁk—up tables stored 1in _the
programmable read-onlf .memories (PROM)... The cross-
correlation involved in the baseband érocessqr‘includes'tﬂe
operations of multiplication, additioh'andIsgbtraction. a1l
‘arithmetic operations are done-in 2°'s complément notations
to.iake care of negative numbers. The integration necessary
to improve the system performance ig conveniently done after

correlation.

e
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- - CHAPTER 4 -

EXPERIMENTAL RESULTS AND bISCUSSIONS

. 4.1 General ;

- The Mills®' cross array, that has been dJdesigned and

- N .-
built to . test nd verify the 1idea of tim4 modulation

gifcanning using Aigital baseband processor, consists of wave-

guide horng as 1its elements. The horns are spaced 10 cm

apart, the restriction being 1imposeZ because ©of the array
- : * N 2 -,
* ~~ geometry and dimensions of Yhe horns, resulting in a half-

e Dower béaﬁwidth of 2.30°. Tﬁe antenna thus constructed has
a visible region that is defined by £10° in both horizontal
and 'vérticaQ diréfsioné of scanning with respect to
boresight of the arrav, as illustrated in Fig. 4.1. OUniform
scanning-gﬁer'all parts of the se;tor'is best achieved by

sweeping the indiRidual array beams so -that the crossing
point moves across in- sector in a raster-like fashion. The
AN .

parameters of the experimental system are as follws:
. s - ~ -

-

[‘ﬁ:> \“ﬁfﬁggger of Eagiating elements'(in each arm) = N =8

| T

,
Number of raster lines = M = 5
Duration) of the transmitted puiée =T = 500 us v
. The number of raster lines .is detérmined -by ‘the beamwidth

and the angle of thy visible region.

‘ -V I S
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The response patterns of this - experimental array
{used as a receiéer) are measured as follows. The array\is
‘mounted on anhgnfenna positioner located at one end of an
anechoic chamber, with a transmitting bhorn located 1in a
fixed position at the other end of the chamber. The antenna .
positioner is rotated into different positions so as to
provide different 1look directions -for the 'array. The
antenna patterns are thus measured at six different angular
positions for one quadran; of the scanging sector. Because
- of symmetry of the system, similar results would be obtained
for the other ;hree—quadrants of the scanning sector.
In this chapter, we present the results‘[l9] of a
number of response patterns . .of. tﬁe Mills' <c¢ross array
rantenna to targg}s at different positions in one guadrant of
the prescribed sector. v?he~response patﬁerns are taken for
both uniform and Chebyshev distributions. This is a matter
of simply changing the look-up table of the programmablé
.read-¢nly memory. The other methods of aperture
illumination could ‘also be easily applied to achieve desired
pattern structures. For target'at any one position in the
prescribed sector, the strengths of fhe signals atAa}l 55
different discrete positions are~£3§3£239’§fbm the output of
the digital baseband processor unit. _ The digitalfocutplks
¢

available in 16 bits are then presented in the form of a

three dimensional surface projected on a two dimensional

. v

-
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plane employing a2 digital plotting system in the CDC 6400
- i
computer. This is obtained from the measured discrete data

. - 3
byrinterpolatiﬂg between the known values using tﬁe’method'
of cubic spline [20].-'This.proves to be an effec;ive tool
in the 'elementary ,érocess ?of interpolation. Since the
spline funtions cpﬂstitute,a relatively vast new subject in
analvsis, a ve;y;short description is given in Appendix C to
define the méﬁhod of cubic spline. The response patterns
for othgr”fargetApogitions in the gquadrant qf interest are
obtained exactly in the same way. In all patterns, the main
lobe has its peak value normalized to 0 d&B. Also, the
.sidelobe 1level in any region of interest is obtained by
constructing a plane parallel to the (81,82) plane of the
figure and through the peak point of ;gggziobe level in

question; the intergection of this plane with the vertical

axis vields the required sidelobe level in &B.

4.2 7 Uniformly Weighted Arrav . _ -

The Mills' cross array, as previously mentioned,
consists of two linear arrays arranged at right angles. The
array 1i1s’ med according to the type oOf aperture
illumination applied to each arm of the array. The Mills'
cross array is said to be uniformly weighted array if‘all
the elements in each arm are uﬁiformly weighted. A uniform

distribution in the aperture yields maximum directivity.
- .

,



61 .
?

This form of weighting.produces a_half—powef beamwidth egual
to (0.88 l/ﬁ) cos 8, where i is the operating‘wavelength; A
is tﬁe aperture% length and 9 1is the' angie of the 1look
direction mgasurgd with reépect to the normal to the array
geometry (for détails.see Appendix D). ~ The highest side
lobe level is 13.5 dB below that of the main lobe. Bv
virtué of the fact thét the 2 arms of the array are at right
angles, we find that the hal f-power beamwidth‘and highest
sidegplobe lewel for a Mills' cross array have the same
values as the corresponding. ones for either arm. Figures
4.2 to 4.7 reprEsent the threé-dimensio al plots of the
response patterné for é'different look directions in arder
to indicate the iscanning capability of the Mﬁils' Cross
array along the prescribed sector. In Table 4.1, we have
summarized the half—power beamwidth (fn degrees) -and the
highest side lobéx level (in dB) for the above :eséonse

patterns, based onﬂtheory and measured results. Note that

the main lobe has its peak normalized to 0 dB.

4.3 Chebvshev Weighted Array

As is well-known, the high sidelobe 1level of a
uniformly weighted array can ben{éduced, at the expense of
increased half-bowe; beamwidth, . by applving some form of
nonuniform weighting to. the individual elements of the arrcay

[21]. For example, by exciting the elements of the arraVv so

<

~
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Look direction Theopetgcél Experimental
81 32_ . First First |
Beamwidth highest Beamwidth highest
in in in sidelobe in sidelobe
degrees | degrees degrees level degrees level.
- . - in dB - in 88
0 0 2.300 -13.5 2.5 -10
0 5 2.308 -13.5 3.2 -9
0 10 '2.335 ~13.5 3.2 1 -3
5 5 -| 2.308 -13.%" 3.0 -11
5 10 2.335 -13.5 2.7 -9
10 10 2.335 ~13.5 2.6 -11
,‘-
Téble 4.1 Comparison of theoretical and experimental

results of the Mills' Cross array antenna for
. uniform distribution current

that their amplitudes are proportional to the coefficients

-

of a Binomial series, then the sidelobes are completely

eliminated, and with an 1increasing number of radiating
°t

elements, the array pattern approaches

a Gaussian form.

"However, for a given number of radiating elements, we may

find that the resulting beamwidth is too excessive for
practical useage. Another type of aperture weighting is the
so-called cosihe-on-—-a-pedestal distribution.

However; the

best compromize between sidelobe 1level and beamwidth 1is
achieved by using the Dolph-Chebyshev distribution.  This

-
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P .

lestrlbutlon was nroposed by Dolph for the case of broaGSLde

arrays, basaﬂ on the optlmum propertles of Chebyshev

polyncmlals {22]. _For details see Appendlx E. Specxfl--

~cally, the elements of the array are weighted according to

the- Chebyshev polynomial as follows: ' o

N/2-1 . 1y
a1 = [p + 2 z TN_l(zocos %1) cos iii%ﬁill] (4.1)

2z

i=1

-

where a, is the Chebyshev coefficient for the nth element, N

is the total number of elements, p 1s the main lobe-to-

sifdelobe ratio, and

cos[ {N-l)arcces Z]. - izl £ .
N l(Z) = (4.2}
cosh[ (N-1)arccosh Z1., izl > 1
and ) .
24 = cosh[{1/(N-1)} arccosh o] (4.3)

These results were derived by Stegan [23] by equating the

array space facto: to a Fouriler Series.

—

Flgures 4 8 to 4 13 show the measured 3 -dimensional

' ploﬁs of antenna radiation pattern for the case of an array

emploving Do;ph-Chebyshev distribution.for 6 different look
directions. In Table 4.2, we have summarized the values of

highest side lobe level and. half—power beamw1dth for the

above response patterns, based on theory and- measured‘

results.
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Look direction Theoretical. Experimental
81 84 First First
Beamwidth highest | Beamwidth highest
in in in sidelobe in sidelobel -
degrees | degrees | degrees level degrees level
. in 4B in 4B
g a 3.080 =40 3.2 -32
0 5 3.090 -40 3.2 -31
0 10 3.128 -40 3.2 . =33 .
’// 5 5 3.092 -40 3.2 . -31
5 10 3.12%@ ~40 3.4 -32.
10 10 - 3.128 -40 2.7 -35

Table 4.2 Comparison of theoretical and experimental
. results of the Mills' Cross array antenna for
Dolph—-Chebvshev distribu<ion of current

4.4 Comments on the Exverimental Results

In Tables 4.1 and 4.2 we have summacrized the
theoretical anéd experimental results correspondiﬁg to
uniform and Chebyshev types of aperture distribution for

different look directions in one qﬁadranf of the scanning

sector. By careful examination of the Tables 4.1 and 4.2,

we observe that there is close agreement between theory and

experiment, certainly with regard to the half-power beam-

width. Howéver, the measured values of highest side lobe

-
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level are somewhat higher than the corresponding values
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LN

deduced from theory. This discrepancy arises because of

several factors which have been ignored@ in the results

computed f£rom theoryé

(1)

(2)

(3}

(4)

The theoretical results are computed assuming an
ideal array w;th isotropic radiators as elemerits. On
the other hand, the horns used 1in the practical
system have elemental patterns of their own.

The theoretical resulis ignore the effect of mutual
coupling between adjacent elements of the_array.

The digital béseband processor uses a £inite word
iength (namely, 16 bits}, which introduces
Quantization errors.

The plotting of a three-dimensional antenna pattern

from discrete data by emploving interpolation is only
. :‘, .

approximate.

Nevertheless, the experimental results do demonstrate

the practical feasibiiity cof using baseband processing with

digital hardware to achieve the scanning of a Mills® Cross

array along prescribed directions in a visible region of

"interest.
4.5 Summarv

Chapter 4 has presented the results of a numger of

‘I

radiation patterns of the Mills' cross array antenna to

T
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targets at diffe t positions in one guadrant of the
prescribed scannigg sector. Tﬁe results are presented for
both uniform a Chebyshev aperture illuminationé. The
digital output in ls;b;gg available from the baseband
processor are resented in the form of a three. dimensioconal
surface projectgd on a two—dimensional plane by using the
method of cuibic spline. .

The theoretical and experimental results-
cor:égpoﬁding to qniﬁorm' and Chebyshev types of aperture
distribution for different look directions are summarized in
Table 4.1 and 4.2. The fesults indicate that there is close
agdéement between theory angd experiment, thus confirming the
practical feasibility of using baseband processing with
digital hardware to achievi raster-like scanning in the

prescribed sector.
-




CHAPTER 5

 CONCLUSIONS

The objective of the e#periment reported in this
thesis was to demonstrate the practical feasibility of
scanning a Mills' c¢ross array antenna along prescribed look
directions bv means of baseband processing with digital
hardware, which enables the realiZation of a high degree of
systemrflexibility. The experimental :esulﬁs présented in
Chapter 4 confirm that such - -a possibility 1s 1indeed
practical, showing reasonably cloge agreement with theory.

The baseband processor provides scanning capability
of the pencil beam by using time modulation scanning for

which it is. rather well-suited. The processor offers the

-

following advantages:

- (1) The scheme incorporates within-pulse scanning 1in
order to avoid the loss of power in the fan beams
outside tﬂe area covered by the pencil beam.

(2) The processor eliminates the need for phase-shifters

which can be expensive.

79

1 bty '.\‘J.a.‘_La_-..i,f.u.—r.w..a-..\u....-u-...‘.n-mg.‘

b A



80

(3) It provides flexibility in applying different types
of aperture illumination to 'modify the side 1lobe

/ - .
structure of the antenna pattern. This is. achieved
P ‘

by mgfely .changing the look-up table in the

progrémmable read—oﬁly mﬁ?ory.
/ .
(4) It pﬁovides a simple means of changing the scanning

!

rate '0of the Mills' cross array antenna.

|
(35) It e?ploys digital hardware .for the processing of

basipand signals consisting of in-phase and

quaﬁrature components.

To t@g/g;;hor's best knowledge, this is tpé first time that
‘the constructioﬁ of - this forﬁ of_ basgﬁapd pﬁocessor for
antenna scanging has been reported in the li&eraéﬁre.

. It should be mentioned that in a radar application,
the duration of the transmitted pulse is tyvpically much
shorter, and the number of arréy elements 1s typicallf\puch
larger than the cérresponding values used in ’the
experimenta&f study reported 1in Chapter 4. ‘Nevertheless,
with presently available digital devices, there should be ﬁo

difficulty in constructing a Mills' c¢ross array antenna with

50 x 50 elements (say) to operate with a transmitted radar

.o

pulse of 1 us duratibn.



APPENDIX A
DISTANCE EEQUIREMENT FOR AN&ENNA PATTERN MEASUREMENTS

Siq;e the ‘wave émerging from the transmitting anﬁenna
is spherical, the phase front across' the aperture of the
;eceiving adtepna will be flat only when 'the distance
between -the transmitting and regelving antennas is
infinitely 1large. For anyv finite separation, the phase
front will be curved. The extent of this curvéture or the
_amount of the phase deviation in terms of separation R and
aperture dimension A can be deduced with the aid of Fig.
A.l. The path lengih of the extreme ray OA is R + 4R, and

solving the right triangle OAB, we get

(R + aR)2 = R® + (%}2 (A.1)
Neglecting (AR)z, we have _ ) -
" B .2 ‘

AR = 3R’ unit of wavelength (&.2)

‘"Here AR x (180/#) is the maximum phase deviation from a

plane, in degrees, for an antenna of aperture A at a

distance R from the source.

-

‘The effect of such a phase deviation on the measured

antenna response can be ascertained by a zsgtor summation of -

-
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Eig. A.1 Gecmetzy for the derivation of R",-z%- used in anterma
measwrements for a phase deviation across the aperture
‘less than /8.
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2
-

the contributions of elementary areas 6f‘the antenna

aperture. For_example, for a phase deviaion of /8,  the

-

measured gain of an antenna having a uniformly illuminated

aperture and a plane wave front will be in ‘error-by only 0.1l

-

decibel, which is sufficiently accurate for most'antenqa
work. Specifying, then, that thg-phaég;deviatioq_across the

antenna aperture be less than-t/8% i.e.,

A

AR < S L (A3
We obtain - ' . ' : ‘
2 ’ .
. R > 28 : - (A.4)
N - A A .
— ' “

Atk 2k

ot Snati bR
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APPENDIX B -

| PRESNEL FIELD OF A:FOCUSSED APERTURE ~ =

-

*

A method of. Fraunhofer pattern measurement [18] has
been lndlcatai by Wthh the distance between .the antennas
may be reduced from the’ usual_ZA./l to values of the order

of 0.1 (a%/1). This redudtion may be ‘applied.to an antenna

-in which the aperture may . be physically molded about a

spherlcal surface having a radlus of curvature less than[

pattern in the Fresnel reglon by means of a focusszng

technique offers a solutlon ‘appllcable to manv tvpes of
Q. -

-arrays. . fj .

-

. It has- been shown 118] 'that the field intensity, at

any po;nt ?(xz, vz,ezz), produced by an aperture which has

been molded about a concave sphezlcal surface, is glven\bv

-
-

_ 5k x (% . -R)
U=E‘exP[ijlIfexp? 1 2

]
P R s . R o

. exp [ j“k/R.(yl §2,+'zl z5) ] d§ (ﬁ.i)

. . j?, o ' ) .
where F = element.factor, ' :
£ =-aperture:di3tribution functien, T ]
) . o C . ! i ) F f
k= 21‘/": L Ea .
3] . T R = o-'
. , . . d
‘a - 'Y --,'.- - -
e . . 84 - 'S

232 /A. The possibility of obtalnlng a true Fraunhofer-'
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A = wavelength,

exp{jwut] = time depeadence
The geometry is shown in Flg.‘ B.1. The term' exp
[3kxy (x,-R)/R] is an aberration term and is the factor bv

which Up differs from the true Fraunhofer pattern within the

limit of Fresnel approximation. From Fig. B.2 it can. be

seen that Xy =D = A2/3R, since 3 is usually small; and

max
'(xz-RJ = =R sin & tan &/2.

Consequently,

[k x; (x,-R)/R| < (K/R) (A°/8R) (R sin o tan o/2)

Letting R = K-Az/x,

k Xy (X4 - R) . '
1 2 1 Sin o tan o/2
e < % (8.2)

If the maxlmum permLSSLble Dhase e::orlls approximated as
1/16 SO that these measurements are at least as good as the
measurements at R = 2A /1,-then Rpin = -2 sin o tan 8/2,
Thus, the value of XK depends on how much of the Fraunhofer
‘pattern it is desxred to measure within the soecmfled error.

It can be noted that the phase error as a function of
¢ is zero at ¢ ,= 0 and increases to a maximum at » = = =/2,
while 1in the case of -plane aperture the phase error -is
maxiﬁﬁmaat-¢ = O-and decreasas to zero at ¢ = * /2. Thus,
the -focussing technigue givés minimum error in the vicinity

of the main lobe where accuracy is most desirable.

Within the specified error, we then have

[

('rz
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. . . ) \‘ "~ ) | )
[Upl =B/R [ £ exp [J /R (y) ¥; + 2 2)] &S (8.3)

“ which is the Fraunhofer field of a plane aperture having a

[ .
distribution f and element factcr F.



- APPENDIX C
SMOOTE %URFA'CE INTERPOLATION

-

Thin “elastic _sg]...iries‘ have long been used by
draftsmen to__“fair:'f-.--c.':;xrves through given set of points in
'tghe plane; The close :ei-atio-nék.iig of.cubic spline wi;h the
'd;:aftsman"s spline that results from the éhin beam
approximation leads to many of its important properﬁies aAnd
thus motivates much of its ap’é:licat:ign to 'the' problems 1in
numerical'analysis. Thq spl_in_é proves to be an effectiv\e
to;al in the elementary processes of ihterpélation. In the
small aeflection linear appro:;:imation, the segments are evén"
cubic polyhomials: ﬁence linearized spline-_interpolation..is'
a 'piecewise ‘polynomial method very. ada;;table_ to practical'
numerical combutation. '

| for a function of one -variable, 13'.‘ne'a‘rized spline
interpolation defines a function u(x) which assumes given
values ui‘= u(x)._at- given points Xy ¢ i=20, 1, ..., I, xqg <
Xx; < X, < ... < x; and given slopes 3u/in at the two end
points, x; and x;. The interpolating function is a cubic
polynomiag. in each intervals [xi_'l, xi}, i=1, 0, .., I.
l Bicubic sélir_ze interpolation 1is a two-dimensional

-

analog of "linearized spline; interpolation” applicable to

88
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C.

functions 6f two variables. The analog will also be one of

the piecewise polynomial interpolations, defined by

polynomial functions on polygonal subdomains hawving

continuous tangent planes dcross edges connecting adjacent

subdomains. Specifically,.we.suppose that u and 3u/3n are

-
-

givenw"on the boundary of a ‘rectangular polvgon R in the
(x,v) plane-and that the values of u(xi,yi) are also given
dn‘ a rectangular grid -of points. The .problem 1s to

interpolate u(x,y) through these given-points as smoothly as

-

sossible so as to match the given %glues of u and au/?n at

the boundarw mesh points.

Now assume that\th¢\§pline curves'u]x,yj) and u(xi,y)
have been éalculated ;H’ terms of the elevations Uy 5 and
slopes (au/ax)ij and (au/ay)ij atisp%kéggh points (xi,yj).
We consider the problem of intefbdlafing-a-jﬁﬁface element 2z

.

= u(x,v). The whole projgcgion on the (x,y} plane 1is the

rectangle Rij: ‘.xi—l. L% £ 0x —1_5 y £ yj, given all

values of u, 3u/ix, 3u/3y "at the four corners - of the

. V.
it 43

rectangle. For each edge of the rectangular surface

element, sav on x = a, the cubic spline curve defigpes the

height z(x,v} continuously. At.the end of each edge, say at

{a * b), the normal sloﬁe az/an' = 3Ju/3x 1s also known.

Interpolation is.done linearly in'au/ax(a between these
r .

Y)
end ponits so as to maintain cgontinuity of slope. Finally,
‘ 4

s thadal



5, we -try to £it a smooth and:
analytically simple surface to the prescribed boundary

‘inside each rectangle'er

values of u and a3u/an.



- o .* APPENDIX D

LINEAR ARRAYS: SCANNING CONSIDERATIONS

~Let us dbnsider a linear arréy consisting of N
1sotropic radiétors, excited withleQuai amplitude and.phase.
The radiators are separated by distance d'as_shown in Fig.
B.1l. Then the field Eontribptions from all the elements{
with element O as phase referen_ger give -

2

%) N g sin 3] (D.1)

E., = 5= L exp [(J
0]

The factor l/lﬁ shows that each element is energized with
1/N of the input power. -Adjusting the phase relative to the
ceq;er of the aperture and normalizing the gain to unit? at
broadside, 8 = 0, give

N-1

Ea = éexp{(—j %L)((N—l)/Z)dsine}] I exp (3 %l Ndsinsg)
: n=0 . .

- Sin [N« {d/l)-Siﬁ 8] ) \\\?b?i)

N sin {r (d/X] sin 8]

~Z|

E, gives the radiation pattern with isotropic radiators and
is known as the array “factor. It is shown in Fig. D.2 for N
= 10. The pattern is repetive, and adjacent grating lobes

at angles 8, and 8, are separated by = (d/X) (sin 8, - sin

91 .
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Fig. D.l Linear phased array with isotropic radiators.
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-
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-
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] q T T T *Zs5ing ——=
-7 3 b 4 2 x

Fig. D.2 Arvay factor of the linear phased array for N=10.
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-

When. the radiating elements are not isotropic but

-

" _have elemental pattern E; cf their own,-the compléte

-

radiation pattern'E is

. . y
y . .
.

E=E xE,

sin [N=x (§/x) sin 8]
e N sin [* (d/x) sin 8]

=-E {D.3)

Now the approximation to the pattern of ed. (D.2) is in the
~form (sin x) /x:

o _ sin_[x (A/A) sin 8] .
E = =50ty sin e | (D. 4)

-

where, A = Nd.

The half-power beamwidth is obtained from eg. (D.4):

-

~

- 0.886 : _ 50.8 ) -
Lo g Vi radians = VAR degree; (D.5)

The first side lobe is 13.5 d&B down_from the main lobe.

The pattern of the array may be steered to én ang%é
-ao by applying linearly progressive phase increments from
element ‘to element, so that the phase between .adjacent
elements differs bv (2w%/) & sin 80._~Equétion (D.2) is then
modifieq, giving the normalized patterh

sin[N = (d/x) (sin ® - sin eo)l
E.=E -

a e N sinls (d/x) (sSin 8 = sin eo)] (D.6)

Egquation (D.B). describes the fundamental response of a
scanned-arrayv system. The array factor will have only one

single major lobe, and grating lobe maxima will not occur at
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values of -90° < 8 < +909,as long as
r d/x (Srlltn g - Si!j. Bo) <' *x c
or
-4 .1
A <TF |sin 8 (B.7)

ol

which is alwafs true if &/ < 1/2. When the scanning is
' limited,_the va;ue of.d/l may be inéreased; for examéle, to
d/% < 0.53 for scanning to a maximum of £60° or to d/x < .59
for scanning to a maximum of +45°, i |
For larger vallues of d/», grating J.obeé occur at
angles ai, given by
sin 8, = sin 8, =,E§¥ | (D.8)
where n 1s an ihteger.

It is known that the effective aperture of the array

antenna 1is reduced as the array 1is scanned. Thus

correspondingly} the beamwidth is increased to

BB {broadside)

8y (scanned) = =OS Bo

0.886 50.8

= T{&/x) cos N rad = TE7%) cos ©

degrees (D.9)

-—



APPENDIX E

DOLPE—-CEEBYSHEEV OPTIHﬁM DISTRIBOTION

. Consider the case of an array consisting ¢f an even

" number N .of isotropic point sources of uniform spacing 4 _as

shown in Fig. E.l. The total™field Ey at a large distance

in a direction 8 1is ‘ _ .

n-1 T .
_ - 2K+1 .
EN = 2 Kio AK cgs ( 3 X) (E. 1)
Where_L\I = 2(K+l) T K = 0; l’ 2' ..3’ - e wr
x = (27/X) d sin 8, and
n = N/2.

The field pattern of an even number of sources as given by

eg. (E.l) is a. finite Fourier series. The coefficients A,,

CByr e in the series are arbitrary and express the

amplitude distribution.

Proceeding now to the Dolph-Chebyshev amplitcude
distribution, it will be shown that the coéfficient'of the
pattern series eg. (E.l) can be .unigely determined so as to
produce a pattern of minimum beamwidthAfor a specified side-

lobe _1evel.-_ Before demonstrating that this-' is always

possible, it will be convenient to consider non-normalized

95
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Fig. E.1 Linear phased array with weven number of iso&opic radiators

Fig. E.2' Chebyshev polymomials of degree m=0 through m=5.
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Chebyshev polynomials. These are defined by ) /
| . T (2) = cos (m arccos z) | (E-2Y

where 2z = cos x/2 . ) r

For parficular values of m, the €£first 8__ghébyshév

polynomials are: | ' ': . .
] Tb(z),=_I R - )
Ti(2) =z |
T,(2z) = 22°-1
Ty(2) = 42323z 4
|  -_ T,(2) = gzi-gz2+1 ] (E.3)
. Ts{zj = 1625-2b23+5z ‘
Ts(zi‘= 3225-482z%+182-1
'$7(zi.= 6427-1122545623—72 J

'Welnotg in eq. “(E.3) that the degree of the polynomial "1is

.2

the same as the value of m.

occur when

C

- -

The roots of the pplyhomials

cog;(m arccos z) =0
or when m ar¢cos z = (2k-1) /2 {8.4{
whyre K =‘i, 2, 3:'.:. ) ;
The roots of.z,‘aésiénateé z',.are thus o
| 2' = cos [{2K-1} /2m] ] (E.5)

Thus .eq. (E.l) expresses the field -pattern of a symmetric
in-phase e&uispaced linear-arréy of N isotropic point
sources and is a polynomial of degree equal-to the number of

sources less 1. If we now set the array polynomial.given by



] " -. - . \/ --. - ..__
eq. (E.1) equal to the Chebyshev polynomial of like degtee?'
and ,equate the array coefficients to the

1cients of Chebyshev polynomial, then %he amplitt..ld‘e\

dlstrlbut:.on glven by these coeff1c1ents is a Chebyshev
dlstrlbutlon and the fleld pattern of the array corresoonds
" to the Chebyshev polynomial of degree N-l. _ D
. The Chebyshev polynomials of degree m=0 through m=35
[.\_a\re oresented in Fig. E.2. Referring to Fig. E.2, the

followlng propertles of the nolvnomlals are deduced:

(l) All polynom_:.als -pa_ss_ through the point (1,1)

\ (2) For values of z in 't.he. range -1 < z < +1, the

-:\\ polynomials all lie beﬁween ordinate values .6f +1 and
©_1. All roots occur between -1 < z' < +1, and ail

) '~ maximum values in thls range are =1. o

Wwe now describe Dolph! s method -of apolylng the Chebyshev

peolynomial to obtain an optimum pattern. L‘et‘the r_at:.o

the main-lobe to the side-lobe level be specified\ as

-

That is,.
. Main-ldbe maximum - )
- e side-lobe level
. . s
Next solve the equation Tm(zo) = p Efor Zq- A change of

scale is made by introducing a new abscissa w where

W =’z/z : oo ‘ ) (E-"S)
Then the constralnt that z must be restr:.cted to the range
- <z < +1 can be fulf:._lled by putting

w = cos x/2 o . ' (E.7) -

v
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where now the range of w is restricted to -1 < w < +1. The
pgﬁﬁerﬂ“;polynomial (E.1) may now be expressed as a
polynomial in w. The final step is |

Tg-p(2) = Eyg . o (E.8)

The coefficients of the array polynomial are then obtained

from*~gE.8), vielding the Dolph-Chebyshev amplitude

distribution which is optimum for a specified side-lobe

Ievel;

As the number of elements becomes large, the

'equat;ohs'bécome unwieldy, not only because of the number of

calcﬁlations‘.butjalSO the accuracy required in ;ntermediéte

. ’ * -
calculations. By using-a Fourier analyéis approach in the
calcula:ions,' tﬁe éompﬁtations simplify and, as a bonus}
also reéﬁiré'less cbm@utational accuracy. This procedure 1is

applied in our.case as discussed in Chapter 4.
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