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ABSTRACT

The sandwich wire antenna has been studied in this thesis. The

effect of an unduìation conductor on the sideìobe leveì and the

near field distribution is aìso investigated. lnitiaì ly, the

point source array theory has been applied to obtain an approxi-

mate expression for the array factor of this antenna. The validi-

ty of this approximate expression is examined by comparing the

antenna patterns obtained using this simplified expression with

the Numerical Electromagnetic Code (NEC). This comparison shows

a good agreement. Using an approximate expression, the unduìa-

tion heights are then determined to provide a Taylor near field

di str ibution. The undulated I i ne i s subsequently studi ed us i ng

the NEC., to determine its near field and the radiation patterns.

The near field is found to be different from the assumed Tayìor

distribution, but the sidelobes of its rad¡ated field are gener-

aì ly acceptable. ln practicaì, an iteration may be used to im-

prove the near field distribution and subsequently the sidelobe

leveìs of the far f¡eld pattern.

The characteristic impedance of the strip ìine, whereupon the

unduìated line is connected to the load, is obtained by using the

finite difference method. The effects of various dielectric con-

stants, the strip width, and the distance between the strip and

the side walls of the trough, on the characteristic inpedance and

the relative wave veloci ty are also investigated.
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Chapter I

I NTRODUCT I ON

The sandwich wire antenna was originaìly introduced by Rotman and

Karas tì] in .¡957, to overcome some of the mechanical disadvan-

tages of the ex i st i ng antennas used i n radar eng i neer i ng. Such

antennas are normaììy large in size, to provide the required high

gain, but the size results in excessive weight and ìarge mounting

and scanning structures. The sandwich wire antenna which is new

is fabricated by printed circuit technology, thus resulting in a

I ow prof i I e and sma I I er ure i ght.

The new sandwich wire antenna consists of three coplanar con-

ductors of which the centre one' connected to the inner conductor

of an unbaìanced coaxial or strip transmission line feed, undu-

lates in the form of sinusoidal, rectangular, tr¡angular, or tra-

pezoida ì shapes. The tv,,o stra ight outer conductors are grounded

to the external shield of the input. This antenna is usualìy ter-

minated at the end so that a travell ing-wave can be obtained. A

detaiìed discussion of this antenna was given by Rotman and Karas

t2l in .|959. The paper provided a cìear description of the an-

tenna behaviour, and presented experimental data on the attenua-

tion of the current in the undulating conductor and the radiation

patterns. lt also indicated that load impedance mismatch caused

cont¡nuous current reflections. An analysis of this antenna was
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given by Chen t3]. His analysis was approximate, since he neg-

lected the current attenuation along the central undulating con-

ductor. However, his results were in close agreement with the ex-

perimentaì resuìts of Rotman and Karas. ln 1971, Green and Whi-

trow [4] analyzed the cavity backed geometry. They assumed a TEI'I

brave exc i tat i on and showed that the rad i at i on character i st i cs

must be independent of the wire undulation geometry. The computed

results agreed reasonably well with the exPerimental data.

The sandwich wire antenna has been considered by other inves-

t i gators for des i gni ng ì i ght wei ght antenna arrays. Laver i ck and

Welsh t5] have used a sinusoidal undulation and have achieved a

-20 dB sidelobe level. Graham and Dawson [6] have used a trape-

zoidal undulation and have designed a 19 element arraY using a

Taylor distribution. Their design was aimed at obtaining a -30 dB

sidelobe level, but provided a sidelobe leveì of -25 dB. Hockham

and VJol fson t7] have al so des i gned pl anar arrays and have

achieved around -26 dB sideìobe levels. Aboul-Atta and Shafai

t8] have analyzed the sandwich wire antenna as a boundary vaìue

problem and derived the attenuation constant, which provides es-

sential information for the design of the sandwich wire antenna.

The calculation of the characteristic impedance of the sandwich

wire antenna with a central undulated line is difficult, since ¡t

is a three dimensional structure. However, from a þracticaì point

of view, the calculation of the undulated I ine impedance is not

necessary. This is due to the fact that the central undulated

line is normally connected to both the generator and the load'
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through a straight section of the I ine. The impedance matching

at these terminal points can therefore be achieved, using the

character i stic impedance of three paral lel conductors [9]

The previous work reported on the sandwich wire antennas have

utilized either exPerimental procedures, or approx¡mate analyses

to study or design such antennas.

The purpose of this thesis is to extend our understanding of

these antennas by uti I izing more accurate analytic and numerical

methods to study the various electrical properties of these an-

tennas, such as the current and near fieìd distribution and ra-

diation patterns in the case of both end-fed and centre-fed. lt

is also the intention to develop a design procedure to determine

the antenna dimensional parameters to meet certa¡n specified

electr¡cal characteristics. The thes¡s consists of five chapters

including the introduction.

chapter I I gives an approximate expression for the array fac-

tor of the sandwich wire antenna. Since the radiation from the

sandwich wire antenna is thought to be due to the sections of the

I ine which are Perpendicular to the array ax¡s' the undulated

I ine can be represented by discrete radiating elements. Using

this simpt ifying expression of the array factor for different

numbers of elements and neglecting the attenuation constant along

the array, the sideìobe level is found to be around -13 dB. This

i s an expected resul t from the wel ì -known array theory 129i,

since a uniformìy excited, egual ly-spaced I inear array has -ì3 dB

sidelobe level. The numerical model ing of the sandwich wire an-
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tenna is also investigated. By using a search method, the optimum

value of the load impedance is determined, which minimizes the

end reflections. For a l3 element array, the numericaì ly ob-

tained results gave the first sidelobe level at aPproximateìy

-14.0 dB. The difference between this result and the result of

the discrete linear array is due to the fact that the numerical

sol ut i on i nc I udes the effect of the attenuat ¡ on a I ong the array .

The simiìarity of the two results was established by introducing

a proper attenuation constant ( o = 0.22 nepers/meter) along the

array and calculating its array factor. The approximate expres-

sion using the discrete arra'r- theory helps in understanding the

radiation from the antenna and enables one to use the well known

array theories (Dolph-Chebyshev and Taylorrs I ine source methods)

to des i gn antennas wi th better rad i at i on character i st i cs.

Chapter I I I expl a i ns the des i gn of tapered sandwi ch wi re an-

tennas. The model which is considered represents a tapered undu-

lated wire above the ground plane. This model is excited at the

centre and its ends are loaded by load resistances to assist in

establ i shi ng a travel I i ng-wave along the structure. To achieve a

low sidelobe level, a Taylorrs distribution [10] is used to de-

termine the unduìation geometries. 0nly the rectangular undula-

tion shape is considered and the numericaì electromagnetic code

is used to compute the current distributions and the radiation

patterns. The effect of varying the frequency and the height of

the undulation, on the antenna sidelobe leveìs, is also investi-

gated. The antenna is designed to have -40 dB sidelobe levels
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but the designed unit normalìy yields results around -32 dB when

¡t is fed at the centre. The reason for this difference will be

explained later on in the chaPter

Chapter lV presents the numerical calculation of the charac-

teristic impedance and the relative wave velocity of a straight

conductor inside a trough, whereuPon the undulated I ine can be

connected to the required circuit elements. The characteristic

impedance and relative wave velocity are computed by using a fi-

nite difference method for solving the Laplace Equation for the

domai n def i ned by the i nner and outer conductors of F i gs.

t{. ì -À.2. A computer program to solve the d i fference equat i ons i s

prepared which calculates the I ine impedance for any trough and

line shape, as well as the dielectric substrate dimensions. Us-

ing this program, the I ine characteristic impedance and relative

þJave velocity are computed for different substrate and line pa-

rameters. The results are presented graphically and can be used

as des i gn data.

Chapter V contains some concluding remarks about the main

characteristics of the sandwich wire antenna.



Chapter I I

ARRAY F ACTOR OF SANDI.' I CH I.' I RE ANTENNA

2.1 I NTROD UCT I ON

The operation of the sandwich wire antenna can be explained by

considering a transmission I ine consisting of a central conductor

mounted between tvro side walls of a trough as shown in Fig.2.l

Itt¡. When the central conductor is parallel to the side walìs'

the energy propagates along the line in the guided strip line

mode. No radiation takes place because the currents in the wires

are travel I ing in opposite directions at intervaìs of haìf wave'

lengths and thus the radiation from each half waveìength is in

anti-phase and cancels out [12]. Any tendency for incomplete

cancel lation can be suppressed by extending the side wal ls in

front of the centre conductor, to form a cut-off wave guide for

waves which are polarized paral ìel to them. However, if the ì ine

is unduìated with respect to the side walls with an undulation of

one wavelength as shoþJn in Fig.2,2, the current components per-

pendicular to the side wal ls are al I in the same direction, and

rad¡ation resuìts. The undulating wire is supported on a thin

dielectric strip, and is fabricated by using the printed circuit

technigue []31,[14]. ln this chapter, the resuìting radiation

patterns (Array Factor) of the sandwich wire antenna wiìl be in-

vest ¡ gated.

6



7

RADIATING ELEMENT

SIDE WALLS OF
lHE TROUGH

DIELE IC SUPPORT

OROUND PLANE
OF IHE TROUGH

FIG. 2.1 SANDWICH WIRE ANTENNA

Ã. CAVlTY

I
\/2

+

\2
Ã --l \4 l*---"-.+

t€cTroN A-A

FlG.2.2PLANEYlEwANDcRoss-sEcTloNoFTHE
UNDULATED CONDUCTOR INSIDE THE TROUGH



I

2.2 ARRAY FORI'IED FRO I'1 UNDULATED L INE

Since only the elements perpendicular to the side wal ls radi-

ate, they can be considered as elements of a discrete array [4]'

The phase of the radiating elements can be determined by their

spaci ng along the transmi ssion I i ne [15] , and the array factor

can be determined to study the antenna radiation patterns. Using

this approach, tv,,o different cases are considered in this chap-

ter:

l) End-fed arraY, where the unduìated I ine is excited at

one end.

Z) Centre-fed array, where the undulated I ine is excited at

the centre.

Each case is studied separately and their radiation Patterns are

computed to determine their expected sidelobe levels.

2.2 I End Fed Li near Arrav

ln this case, the undulated line is terminated at one end, and

the other end is connected to the source, as shown in Fig. 2.3 '

so that a travelling wave can be launched. lf the lengths AB and

BC are half-wavelength, the current distributions along the ver-

ticaì sections radiate in phase. For a travel I ing wave current

along the structure the current I aìong the structure can be as-

sumed as [3]

r = ro .-(o + jß)[ (2.t)

where

o¿ is the attenuation constant.
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I^ is the input current at the generator terminaì.
o

.Q, is the distance along the structure.

ß is the phase constant along the structure.

ln this analysis, ì.re consider the broadside radiation. Hence, the

interelement phase shift ü is given by

rþ=ßdcosô

where,

g =2r /),

Ô is the angle between the axis of the array and the

vector from the origin to the observation point.

d is the distance between the radiating elements.

À is the wavelength.

Assuming the radiation of each element to be due to a single

point at the centre of the vertical sections, the array factor of

the antenna can be shown to be lZgJ

J (N-1) (Y + jas) Q.2)AF - 1 * 
"J(Y 

+3al')

Assum i ng

eJ2(Y 
+Jo.Q,) ++ *e

Nsin (
2 t¡) (2.3)

ir¡

ul=V+jcl,

equat i on (2.2) can be reduced to [29]

AF=e j{(N-r)/2} u

sin (t¡
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This expression can be used to extract information about the beam

width, the location of pattern nulls, and the side.lobe levels of

the array pattern. For different number of elements and neglect-

ing the attenuation constant, the pìots of this expression are

shown in Figs. 2.5-2,6. From these results, the first sidelobe

level in all cases is found to be about -13.3 dB below the main

beam. This is a weì I known resuìt from a uniformly-excited

equaì ly-spaced I inear array. Thi s sideìobe level i s too high for

many directive antenna appl ications, such as in radar and direc-

tion finding. From Fig.2.7, when the attenuation constant aìong

the array is increased to cl=O.lO, the first sidelobe ìevel is

reduced to -.l3.9 dB. Hence, the sidelobe level can be reduced to

some extent by taper i ng the ampl i tude of the exc i tat i on of the

elements ¡9¡,[10J. This possibility will be discussed.¡n deta¡ì

in chapter I I I Figs. 2.5'2.6 also indicãte that the pattern

beam width can be reduced by increasing the number of radiating

elements. The radiation characteristics can therefore be con-

trolìed easiìy in these antennas.

2.2,2 Centre Fed Linear Array

llost of the earlier work which has been carried out on the

sandwich wire antenna considers feeding of the array at one end

tl-9]. However, if the I ine losses are significant, some im-

provement in the efficiency can be obtained by feeding the array

at the centre as shown in Fig. 2.\. ln this case, the efficiency

increases, since the input power is now inserted brhere the ampli-
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tude distribution is maximum. Assuming that the ampl itude exci-

tation of the radiating elements is symmetrical about the array

centre, the array factor wi I I be given by

AF=2*e -ag rY .L + e-(N-l)o1. 
"J(N-1)V (2 .4)

*e -cg .-JY* .... + 
"-(N-l)o[ e-J(N-r)v

which can be reduced to the form.

N
.-(n-t)of, co"t(n-t) { a cos61 (2.5)er=2I

n=l

The pattern of this array factor is shown in Fig.

attenuation aìong the array is neglected.

2.8 when the
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2,3 NUtttRtcAL tIODELLtNG

Sandwich wire antennas of pract¡cal size are d¡ff¡cult to mod-

el for numerical computation. The main difficulty is with the

side walls of the trough, which require a large number of sub-a-

reas and excessive storage memories. The other difficulty is with

the dieìectric card that generates poìarization currents. The

undulated centre wire can be model led using the wire approxima-

tion t331. The side walìs can be modeìled either by the surface

patch method or by the wire grid approximation t331. Both reguire

approximately the same amount of computer storage. ln the wire

grid approximation the wire segment length should be ìess than

0.1 wavelength. Thus if the length of the sandwich wire is 25). ,

the total number of wire segments that are required to modeì the

side walls of he¡ght À/4, is in excess of 1000. For the undulat-

ed wire one may use 250 wire segments, which means the total wire

segments will exceed 1250. Since the current distribution on

each wire segment is unknown and must be obtained from a matrix

solution, the matrix dimension wi I ì exceed .l250 X 1250. The so-

lution of this matrix requires excessive storage memories and

long execution time. ln addition, the inversion of a large matrix

due to excessive computation, causes the accumulation of round-

off errors that makes the the soìution inaccurate. Due to these

d¡ff¡culties, the model is considered as an undulated wire above

the ground pl ane. Th is model is used to determine t.he current

distribution and its phase variation along the undulating wire.

One of its advantages is that it modeìs only the undulating cen-

tre wire and thus requires reasonable computer storage and time.
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2.3.1 l.la tch i no the ul ated Wi re

S i nce the sandwi ch wi re antenna i s a travel I i ng h,ave antenna,

any refìection from its ends affects its radiation characteris-

tics. lt is therefore essential to el iminate such reflection by

terminating its end in a matched load tl]. To search for a

matched load a straight wire segment of length J À is selected

and assumed to be at a distance ),/4 over the ground plane as

shown ín Fig. 2.9(a) to 2.9(b). At the lef t end of the wire, a

voltage source is used to excite the wire and the other end is

connected to the ground through a load resistance. The value of

this resistance should be equal to the characteristic impedance

of the wíre to achieve a reflection free termination. This char-

acteristic impedance can be determined approximately using the

expression for the characteristic impedance of two ¡ntinite par-

al leì ì ines which is given by t29l

," - 
Ëloero 

(o þ (2 .6)

used as starting

load for the an-

where

d= the diameter of the wire.

h= the height from the ground plane.

Zo= the character i sti c impedance.

er= the dielectric constant.

The impedance computed by this eguation can be

point for determination of the optimum matched
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tenna. This can be achieved by adjusting the size and location

of the required load, unt¡l a lowest standing wave on the line is

obtained. Fol lowing the above procedure, equation 2.6 was used

withd-0.OOA À , h-0.25 Àand.r-l tocompute thestarting

resistance value which is 330.9 ohms. Using this resistance as

the load, the current distribution on the conducting wire was de-

termined using the Numerical Electromagnet¡c Code (NEC). lts re-

sults are shown in Fig. 2.9 (a). Since the current exhibits a

significant standing wave character, the size and location of the

ìoad resistance are changed to search for their optimum combina-

t¡on. The results are shown in Figs. 2.9(a) and 2.9(b) which in-

dicate that a load resistance of 200 ohms may be used as a

matched load. This load resistance is used in aìl computations of

th i s thes i s to reduce the end ref I ect i ons.
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2 À VAL I D ITY OF APP I¡TATE ANALYS IS

To verify the validity of the approximate expression of the

array factor for the'sandwich wire antenna deveìoped in section

2.2, the Numericaì Eìectromagnetic Code [3]-32] is used to study

the radiation characteristics of a uniform undulated rectangular

antenna. The undulated line is mounted at a distance X/\ above

the ground plane, and terminated by a 200 ohms load through a

straight segment section of a length 0.75 
^. 

The ampl itude and

phase of the current distributions of this antenna for different

heights are shown in Fi9s.2.10,2.1.l,2.12. From these curves, it,

can be seen that when the undulation height increases, the atten-

uation increases. Since the attenuation is due to the radiation,

the radiation increases with the undulation height. The radia-

tion patterns of the undulated antenna for two different heights

are calculated by using NEC and shown in Figs. 2.13-2.1\. From

Fig.2.lJ, the first sidelobe level is about -lÀ.8 ¿lg Uelow the

main beam, when the height of the undulated I ine is 0.15 wavel-

engthr âñd becomes -ìb.03 dB when the he¡ght is reduced to 0..|

wavelength as shown in Fig. 2..l4. These sideìobe levels are dif-

ferent from the wel l-known result of the discrete array, since

the numericaì solutions include the attenuation along the anten-

na. By determining the attenuation constants along the array for

the two different heights (0. l5 À and 0. I À ) ' and including

these attenuations in the expression of the array factor' the ra-

diation patterns for the two different heights are shown in Figs.

2.13-2.14. The resuìts of these figures indicate that the radia-
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tion patterns, calculated using the simpl ified array factor ap-

proach¡ côñ represent the actual antenna patterns, when a proper

attenuation constant is selected. The main difference between

the results of the numerical solution and the array factor aP-

proach is the location of pattern nulls, which is due to the fact

that the designed antenna resonates at a somewhat lower frequen-

cy, and this will cause phase error along the array.
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2.5 RESULTS AND DISCUSSION

ln this chapter, a simpl ifying approximate expression for the

array factor of sandwich wire antenna having a rectangular undu-

lation was obtained. A comparison of the antenna patterns ob-

tained using this approximate expression w¡ th the numerical solu-

tion using NEC, indicated that good agreement between the results

of these t!.ro methods can be obtained, provided a proPer attenua-

tion constant is selected. The main difference betþreen the pat-

terns of the two methods was in the location of pattern nul ls.

This difference which is evident from Figures 2.13 to 2.14, was

thought to be due to the variation of antenna resonant frequency

with the unduìation height. To examine this effect, Table 2.1 is

included, which shows the phase variation per unduìation as a

function of undulation height. These results show that as the un-

dulation height increases the phase progression reduêes. Note

that in all cases the physical ìength of each unduìation was as-

sumed to be one wavelength. lt is clear that by increasing the

unduìation height the antenna element progressively ìooks short-

er. Thus, in design of sandwich wire antennas, one must compen-

sate for these phase reductions by increasing the element length.

Table 2.1 aìso shows that the phase progression aìong the ar-

ray is not constant. This difference of phase per undulation

along the array is due to the effect of the reflected wave' which

could not be eliminated.

ln summary, in this chapter the radiation from a sandwich wire

antenna w¡th rectangular undulation was studied using the uniform
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po¡ nt source array theory t30] . Compar i ng the resuì ts wi th the

results of the NEC, which determ¡nes the array currents numeri-

caìly, it was shown that the arraY theory can be used effectively

to model the sandwich wire antenna. The comparison also showed

that the antenna elements generaì ìy resonate at a frequency which

is higher than the resonance frequency which is calculated using

the physical lengths of the array. Aìthough the array factor ap-

proach is an approximate one, it heìps in understanding the radi-

ation mechanism of the sandwich wire antenna.
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TABLE 2.1

PHASE VARIATION ALONG UNDULATED
RECTANGULAR ANTENNA

I'Ë'DULATþN HEIGHT

)u"*lu, ,--l-oa*l
t,ÎtDuLAlþN

I,NDI.ILATED RECTANGT.,LAR ANTENNA OF 6 UNDULATION S

I,,l{DULATION

NUMBER

HEIGHT OF THE UNDULATION IN WAVE LENGTH

-Æ106 $-ÉtrEcr
I

2

3

4
5

6

345.5

350

351.7

352
354.1

350.5

335.5

348.4

552.3
352.6
352.8

347.2

330.7r

356.4

357.8
355.8
360.O

347.O



Chapter I I I

DES IGN OF SANDh'ICH I.TIRE ANTENNA

3.ì TNTRoDUCTT0N

ln chapter 2 it was found that brhen the attenuation constant

along the array i s i ncluded i n the array factor expression the

sidelobe level can be reduced. ln order to achieve lower side-

lobe levels, it is necessary to vary the undulation height of the

central conductor as a function of distance along the antenna

length t8]. Rotman and Karas tl] reported a sandwich wire anten-

na of sinusoidal shape with a tapered undulation height. Their

design did not give lower than -20 dB sidelobe leveìs and was an

end-fed configuration. Graham and Dawson [6] developed a planar

array with a number of sandwich antennas stacked together. The

individual antennas were designed to produce a Taylorrs aperture

field amplitude distribution w¡th a sidelobe leveì of -30 dB t6l.

The measured sidelobe leveìs urere about -26 dB. They claimed

that the total reflections from the bends were canceììed out us-

ing a series of capacitive stubs placed transverseìy across the

central conductor.

The design of sandwich wire antennas with very low sidelobe

level ¡s attempted in this chapter. The most ¡mportant methods

to achieve narrow main beams and low sidelobes are

l. Dolph - Chebystrev method for línear arrays tZgl

32-
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2. Tayìor Line source method [ì0].

ln the present work,the Taylorrs line source method is used since

it is more convenient to design non-uniformly spaced arrays.

3 2 THE TAYLOR L I N SOURCE I{ETHOD

The antenna space factor for the Tayìor distribution is given

by Iro]

ñ-t
]I

n=l
1 (Y, )'

n
F(z) sin(rz) (3. I )ñ-1

n
n=l

(l)'1

where

I cos 0 =tn O A2*(n-t/Ð2 1(n<n1I rn n

A
1 _1

= - cosh
1Í

ñ

(n)

A
2 + (n 1/Ð2

n is the sidelobe voltage ratio

0 is the ìocation of the nulls
n

z_zeros of the Taylor Patternn

The function F (z) in equation (3.ì) becomes indeterminate for in-

teger values of z. Using L'Hopital's rule it can be expressed as

ñ-t
n

n=1

z2
1

cos (r z oz {Az + n-1/Ð2]i
TT

ÏI z2

n
n

F(z)
112

,+,(z=n) , [1- ], n=z excluded)



34

n-l
]I

n=l

')
z

I
cos (r z)

2

o'{A2 + (n + 1/Ð2 j
F(z) (3. 2)ñ-t

il
n=l

)
I il (n=z excluded)

The ampl itude distribution function g(p)

given by [to3

of a line source is

e (p) IT F(o) + 2

ñ-r
I

m=l
F (m) cos (mp) I

l
(3.3)

where

p = rx/a

2a=9.

-aSxSa

,Q, is the length of the antenna.

The half-power beam width is given aPproximately by t29l

Ao=2sin -1
{

À o
T (cosh I (cosh -1 rì )')1/ 2 j (3. 4)

il
I

f,,VL

To initiate a Taylor design one shouìd

I . spec i fy the s i del obe ì eve I of the pattern

2. choose a positive integer value forñ, to insure the

equal ity of the first sidelobes.

ln this chapter, ¡f the desired sidelobe level is assumed -40

dB, then A = 1.686¡+. Choosing ñ = 7,Õ = 1.0424, the normalized

ampì itude distribution along the array is calculated using the

above equations and wi I I then be used to compare the near field

distribution.
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3.3 ATTTNUATI ON AL NG TT{E ANTENNA

The phase veìocity and the attenuation constant of the sand-

wich wire antenna shouìd be known in order to design the antenna.

The attenuation constant along the array is expressed as a func-

tion of its amplitude distribution and is given by t2l

^2 
G) (3 .5)2a(z)

L PL

Pl-:-F:-1L

rL

I o'G)dz
/c)

A2 (z)dz +

7

where

Cl=

.L

D-
1

L=
A (z)'

attenuat i on constant

d i stance a ì ong the arraY

power dissipated in the load

power at the i nput

the total length of the antenna

the aperture ampl i tude d i str i but i on

Equation J.l in the normaìized form can be expressed as

0.5 A2 (z) (3 .6)e (z)

',*, I.
z

a,2 Q7 dz L ¡2 (r) dz
o

where

z
z
T

b=þ
1
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tor a line-source antenna with the Taylor's amplitude distribu-

tion, A (z) in equation 1.6 should be calculated using equation

3.3. The attenuation constant of the antenna can therefore be

calculated from equation 1.6.

3. ¡{ DES IGN PROCEDURE

The geometry of a centre fed undulated I ine antenna is shown

in Figure J.l, where the unduìat¡on line has a rectanguìar geom-

etry. lt is assumed that most of the radiation is due to the

vertical portions of the unduìation (i.e. the sections along the

y-axis in Fig. 3.1), which contribute to the current attenuation.

On the horizontal portions, the current is assumed to remain con-

stant and, thus, the horizontaì portio.ns do not contribute to its

attenuation. To design such an antenna the following parameters

are def i ned.

th
xn

H
n

I
n

A
n

À

- the

o the

= the

= the

= the

= the

position of n half-period along the x axis

height of the nth half-period

current at the trai ì ing end of the haìf'period

amplitude ratio of the aperture fields at \ and ç
free space wavelength along the conductor

totaì number of haìf-period sections

(3.7)

(3.8)

(3 .e)

N

The design equations of the antenna are given by t9]

\/2-2Hn+Xr,-Xn-r

Ir,-, .*p [ - %r-, (Hn-¡ +Hn) ]

An _ In(Hn *Hn+¡)
ro H¡

rr, -
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TABLE 3. I

Dil,rENSr0N 0F THE UNDULATED C0NDUCToR USING DESIGN EQUATl0N

n tt
n

x X
nn+t

ì

2

3
À

5
6

7
I
9

ì0
il
t2
r3
ì4
ì5
l6
17

ì8
ì9
20
2l
22

o .0 ì 48705
-0.02ì2320

0 .0292 I 9!
-o .0383628
o. o482oo5

-o .058 r 874
o.0677932

-0.o765727
0 .084 ì 972

-0 .09 ì 3402
o .0952060

-o .0983986
0.1000000

-0. I 000000
o .0983986

-0.0952060
0 .09 r 3402

-0.08¡{ 1972
0.0765727

-0.0677932
0.058 I 874

-o .0482005
0.0383628

-0 .0292 I 9!
0.0212320

-o.oì48705

0.4706 I 92
o.\575357
0.44 r 5607
o.\2327\o
0.4035988
0.3836250
o. 3644 r 33
0.3\685\2
0.33 r 6050
o. 3 r 90979
0.3095872
0.3032027
0. 3000000
0.3000000
0.3032027
0.3095872
0.3 ì 90979
o. 33 r 6050
0.3\685\2
0.361+À ì33
0.3836250
0.4035988
0.\2327\o
0.1+415607
o.\575357
0. ¡{706 192

23
2\
25
26
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An initial value for H, is assumed and the value of xr.,, t and

Hn*l ate determined from equation (3.7), (3.8), (3.9) respective-

ly. Equation 3.7 is based on the fact that the total electrical

ì ength of each sect i on of the undu ì at i on (each per i od) i s equa ì

a" à. The attenuation constantor,-lin equation J.8 can be cal-

culated from equation J.6 and the amplitude ratio of the aperture

fields at X^ and X- from equation J.l. The height of the unduìa--on
Àtion should be less than A so that its total length can be re-

À
ta¡ned at * The model which will be used in this design is an

¿

antenna with b = 0..l (tfris model wiìì be referred to as model

#ì) The values of X and H are calculated through a comPuternn
program and are listed in Table 3.ì.

3.5 RADIATION CHARACTERISTICS OF TH E CENTRE-F ED SANDW I CH W I RE

ANTENNA

The design procedure deveìoped in the previous section is an

approximate one, since the mutuaì coupì ing between different ra-

diating sections of the antenna are not included. lt is there-

fore desirable to investigate its near field and far field radia-

tion characteristics to examine the val idity of the design

procedure. To undertake th¡s study, the geometry of the antenna

of model #1 is used as input to the Numerical Electromagnetic

Code and its radiation patterns are computed in the frequency

range of 300 llHz to 355 FlHz. The results are shown in Figures

3.2a to 3.5a.
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An examination of these figures indicates that the radiation

patterns of the antenna are freguency dependent and generalìy

have higher sidelobe levels than -40 dB, the design goal. The

best rad iat ion pattern i s at 325 l,lHz, wh i ch g ives the nar rowest

beam width and the lowest sidelobe level of about -34 dB. The

first sidelobe level, at this frequency, is about -36 dB. By in-

creasing or decreasing the frequency, the radiation patterns

gradual ly broaden and the peak sidelobe levels increase. How-

ever, both beam widths and sideìobe levels seem relatively con-

stant f or a 6 percent bandwidth f rom 320 llHz to J4O llHz.

The above antenna was designed without a modification of the

antenna element, to correct the phase reduction due to the cor-

ners. To examine the possibi I i ty of improving the antenna per-

formance by incorporati ng the phase correction, the antenna of

model #2 was designed. This antenna is the same as modeì #1, but

the element lengths, Xn, are increased accord¡ng to the data of

Table 2.1. lts radiation patterns are presented in Figures

3.2(b) to 3.5(b). Comparing these results with those of model

#1, one notes that the performance of this antenna is simiìar to

model #ì, but its centre frequency has shifted from 325 llïz to

around 3.l0 l'lHz . The d imens ions of th i s mode I (mode I #2) are

I isted in Table 3.2.

The near field distributiorìs of both above antennas are aìso

computed and are shown in Figures J.6 and 3.7, respectively.

Their near field distribut¡ons are simi lar, but somewhat differ-

ent than the assumed Taylor distribution. An examination of
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TABLE 3.2

D II'IENS ION OF THE UNDULATID CONDUCTOR AFTER PHASE CORRTCT ION

n Hn v -X'tn+I n

I
2

3
¡{

5
6

7I
9

ì0
il
t2
ì3
tÀ
r5
ì6
17

t8
r9
20
2l
22

0 .0 r 48705
-0.02 12320

o .0292 ì 94
-0.0383628
0.0[82005

-0 .058 I 87¡{
o.0677932

-o.0765727
0.08¡{ ì 972

-0 .09 ì 3402
0.0952060

-o .0983986
0. I 000000

-0. ì 000000
o .0983986

-0 .0952060
0 .09 ì 3402

-0 .08¡{ ì 972

o. ¡{568 ì 92
o.\\37357
0.\277607
0.409¡{740
o. 3897988
o. 3698250
0.3506r32
0.33305\2
0.3 t 780¡r9
0.3052979
0.2957872
0.2894027
0.286 ì 999
0.286 ì 999
0.289\027
0.2957872
0.3052979
0.3'ì 780!9
0.33305\2
0.3506 r 32
0.3698250
o. 3897988
0.4091'740
o.\277607
o .\\37 357
o. ¡{568192

23
2\
25
26

0
-0

0
-0

0

.0765727

.0677932

.058 ì 874

.0¡{82005

.0383628
-0 .0292 ì 9¡{
0.02 I 2 320

-o.ort8705
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these figures shows that the antenna elements toward the end ra-

diate less energy than the required Taylor distribution. This

deviation of the antenna near fields from the required Taylor

distribution is a possible cause of the higher sideìobe leveìs.

ln practice, if an antenna brith a lower sidelobe level is re-

quired, it may be designed by an iteration process to improve the

antenna near fieìd distribution.

As a final check, the variable b which is the percentage of

the antenna power delivered to the load, is aìso modified to ex-

amine i ts effect on the design. Seìecting b=0.2 a new antenna

was designed and stud¡ed. The dimensions of this antenna are

listed in Table 3.3. lts radiation patterns are shown in Figures

3.2c to 3.5c and its near fieìd is shown in Figure 1.8. For this

design, the radiation patterns have higher sideìobe leveìs' indi-

cat¡ng that increasing the parameter b does not improve the an-

tenna rad i at i on patterns. Th i s poor performance i s due to fur-

ther deviation of its near field distribution from the required

Taylor distribution.
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TABLE 3.3

D1}IENSION oF THT UNDULATED CONDUCTOR b,ITH 20 I POWCN IN THE LoAD

n H x X
nn n+t

ì
2

3
4

5
6

7
I
9

t0
lt
t2
r3
t4
r5
r6
t7
r8
r9
20
2l
22
23
2\
25
26

0.0 r ¡l930 ì
-0.0200¡{72
0.0292443

-o .0368800
0.0480750

-0 .056¡t683
0.0676350

-0.0747078
o. o84og2 ì

-0.0885068
0.0951717

-0 .096¡{ ì 46
0.1000000

-0..l000000
0.0964 I ¡{6

-0.09517ì7
0.0885068

.l0.084092 ì
o.o7f7o78

-0.0676350
0.056q683

-0.0480750
o. o3688oo

-0.0292¡{43
0.0200472

-0 .0 I 4930 I

o.t+563395
0.4¡{6 ì 056
0.4277 I I I
o. ll r 24399
0.3900496
o .37 32630
0.3509299
o. 3367840
o.3r8ot57
0.309 ì 85 I
0.2958560
0.2933707
0.286 ì 999
0.286 I 999
0.2933707
0.2958560
0.309r85r
o.3r80ì57
o. 3367840
o.3509299
0.3732630
o. 3900496
0.4 r 24399
0.4277ì ì ì
o .4q6 I 056
o.\563395
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3.6 RESULTS ANp p r SCUSS r 0N

ln this chapter approximate design equations for the tapered

rectanguìar sandwich wire antenna were obtained. These design

equations were based on the Taylor line source method [t01. The

geometry of the antenna, obtained by using these equations, was

used as input data to the Numer¡cal Eìectromagnetic Code which

computed the radiation patterns at different frequencies. The an-

tenna was designed for sidelobe levels of -40 dB, but the results

obtained show that the radiation patterns have sidelobe levels

higher than -40 dB. The deviation in the sidelobe level from the

desired value was thought to be due to the phase error along the

array. However, when the phase along the array þras corrected, the

performance of the antenna remains the same as the previous case

but its centre frequency shifted from 325 ÌîHz to 310 llHz. The

near fieìd distributions for both cases yrere similar but somewhat

different from the assumed Taylor distribution. By examining the

ef f ect of the poþ.rer del ivered to the ìoad, it was f ound that by

increasing the load power, the sidelobe level increased and the

near field distribution deviated further from the Taylor distri-

but i on.

The results presented in this chapter indicated that sandwich

wire antennas can be-designed to provide radiation patterns br¡th

low sidelobe levels. However, the design procedure developed in

this chapter . neglected the mutual interaction between the radi-

at¡ng parts of the antenna. As a result, the computed sidelobes

of the designed antennas were somewhat higher than the design



goal. Nevertheless, they provided

those of previously designed antennas.
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sidelobes much lower than



Chapter I V

CALCULAT ION OF THE L INE II'lPEDANCI

4.I INTRODUCTION

Generally, the central undulated ìine is connected to both the

generator and the load through a straight section of the line.

It is therefore desirabìe to determine the impedance of a

stra i ght conductor i ns i de a trough, so that the undul ated l i ne

can be connected to the required circuit elements. Because the

conductor is supported by dielectric substrate the problem wi I I

be treated as a suspended microstrip inside a trough. This chap-

ter i s concerned wi th the determi nat i on of the character i st i c

impedance and the relative wave velocity of a microstrip I ine in

a trough. To simplify the problem, the mode of propagation in the

microstr ip is assumed to be transverse el ectromagnet ic (TEl'l)

wave, i.e., neither the eìectric nor the magnetic fields have

components in the direction of propagat¡on. Thus, the determina-

tion of the impedance and relative wave veìocity requires a study

of the fields onìy over the line cross-section. For such a case'

it is known that the potent¡al function obeys Laplacers equation

IlZ] wtrich must be solved subject to the imposed boundary condi-

tions.

-57"
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\.2 TI{EORET I CA PROCEDURE

The microstrip structure considered in the analysis is shown

in Fig. 4..|. Assuming that the cross-section of the structure is

defined by the boundaries I and 2 in Fig. \.2, the potential

function ô(x,y) can be obtained by solving Laplace's equation

for the domain defined by the boundaries I and 2, and the surface

at infinity. The function must satisfy the two-dimensional La-

placers equation,

f**t'9*o
AX' ây'

with the following boundary condit¡ons

0(X'Y)=0t=l

0(X'y¡-0o=0
where

01 is the potential

is the potential

(4. ì)

(l{.2)

(¡,.¡)

0

on the str i p

on the walìs
o

Additionaì boundary conditions on þ (x,y ) are also imposed, by

assuming that it approaches zero at large distances from the ob-

ject.

0nce the distributed electrostatic potential is found, the

electric field values can be determined. From these results one

can determine the surface charge distribution and hence the capa-

citance of the line per unit length. The latter can be used to

calculate the characteristic impedance of the ì ine and its rela-

tive wave velocity [ì6,17]. ln this thesis a finite difference

technique is used to solve the Laplace's equation.

(boundar y

(boundary

t).

2).
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4.3 F INITE DIFFERENCE REPRESENTATION

Considering the th,o-dimensional problem shown in Fig. 4.3(a),

the region between the strip and the wal ls may be divided into

square sub-areas, by a mesh of interlaced rows and columns. Fig.

4.3(a) shows the orientation of the conductors along these rows

and columns, which is for the purpose of organizing the problem

in the computer. Considering a typical point 6 (x'lr) in the

medium between the strip and the wal ls, the potentiaì at this

point must satisfy equation (4.1). This equation ,using a finite

difference approximation, can be expressed in a form which is

suitabìe for numerical computation [ì9-21], and given by

v2oi,j = å [Oi*r,j + 0r-r,j + Qi,j*r * Oi,j-t -40i,j] 0 (À.4)

The most common method for soìvìng this equation is the suc-

cessive over relaxation (S.0.R) [19-2.l], and the potent¡al at the

point of interest can be written as,

(k+t ¡

irj

0

(k)
irj

(k)
i+r,j

(k)
irj (4 .l)

(4 .6)

0 + ôÍk) +'].-t r l
(k) (k)

i, i+r0 +0 -40I l I
0 0 +

To get faster convergence equation l+.5 can be rewritten as,

4

+ 0 +Q

'"L
olk)

+lrj
(k)
i-1,i

(k)
i'i*l

(k)
i,i-1

(k)
i,j+ 0 40

ó !ki 1)
'1rJ

(k)
irj +

4
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0(xt,Yt+1)

é(X¡,v¡)

É(x¡*r,v,)0(x¡-ry,) c

c
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FIG.4.3 (b) MESH REPRESENTATìO.¡ FOR POTENTIAL FOR

ADJACENT MESH POINTS

é¡-r,i

öi,¡-r Éi,¡+ r
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wherê oo is the acceìeration factor, and will always be between

1.0 and 2.0. t¡^ is not aìways predictabìe in advance, but thiso

d ¡ f f ¡ cu I ty r.ras overcome by Car re l22J .

4.3.1 Nodal Pote,ntial with Dielectric Support

ln a practical design of a stripline shown in Fig. 4.1, it is

necessary to support the stripline inside the trough. This can be

accompl ished by a dielectric substrate. ln this case, equation

(l{.6) st i I I holds, except for mesh poi nts located on the i nter-

face of the two regions (i.e, air and dieìectric) The difference

equation for these poìnt" can be shown to be tl6l

0arl
(l .tl

with the notation shown in Fig.4.4. Equation 4.6 and 4.7 can be

used to compute the required potential distributions. These com-

puted potentials enable one to determine other field q,uantities

that are essential for computation of the I ine impedance and the

v',ave velocity. The steps ìeading to these computations are indi-

cated in the fol lowing sections.

_ 0i,j * tt Oi,j-t ,Oi-r,j * Oi*t,j
ztr+.ri -+ 4
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q.4 DETERIIINATION OF THE I''IPEDANCE AND RELATIVE VELOCITY

Having calcuìated the potentials on the nodal points of the

mesh estabì ished in section(4.3), it is necessary to determine

the charge on the strip by the Gaussrs theorem [23] in order to

obtain the capacitance. This reguires the integration of the nor-

mal component of the electric flux density over a surface, which

encloses the strip. This surface is formed by lines joining nodaì

points drawn paral leì to the coordinate direction' as shown in

Fig.4.5. The electric flux density at any Point on this surface

is given by

Dn _?0
ln

(4.8)= -€

where,

n is the unit vector normal to the surface

D is the normal component of electric flux density
n

Thus if the surface containing the conductor consists of'.['

straight I ine segments each containing 'n' nodes, the charge per

unit length normal to the cross-section is given by,

Q=e'Ìjì (*)' (4.9)

where p is any point on the surface. The symboì I' i s used to

indicate that the first and last terms in the summation are

halved, which is equivalent to integration by the trapezoidal

rule. From equation (4.9), the charge Q can be used to determine

the capacitance c, the capacitance c is given by,
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SURFACE OF INÎEGRATION SIRIP OUTLINE

FIG.4.5 INTEGRATION TO DETERMINE THE CHARGE
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c--q-
Qt

v,rhere Ô. is the potent¡al difference

walls. lf the region is homogeneous,

the characteristic impedance 12\-277

(4. t 0)

between the strip and the

that is, without dieìectric,

is given by,

I (À. il)L --ocv

V=V //c'ro

where,

v

v

e

o

T

ts

ls

IS

the phase veìoci ty in the medium.

the phase velocity in free space.

the dielectric constant of the medium.

lf the medium is inhomogeneous, (i.e, contains dielectric materi-

als) the characteristic impedance is then given by, [24]

I (4. I 2)L
o vGloo

where

c is the capacitance without dielectric'

is the capacitance with dieìectric present,
o

c

The reìative þ,rave veìocity is given by

E-/olc-
(4. I ¡)v=r
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\.5 RESULTS AND DISCUSSION

A numerical analysis of the suspended microstrip in a trough

as shown in Fig. 4.1, has been carried out using a computer pro-

gram written for the finite difference method [18-l!]. The region

between the strip and the walls was divided into square subareas,

by a mesh of interlaced rows and columns. The potential at every

intersection was found by the successive over reìaxation (S.0.R )

method, and the i terative process terminated when the relative

displacement norm | 6 l/l 0 | is smaller than O.OOI The dis-

placement vector at the kth iteration, ô(k) is given by,

" 
(kl , (k) r (k- 1)Ò' ' = g- - g

and the norm i s def î ned by,

ll o ll lôilI
i

The numerical accuracy of the computed results and the comput-

er execution time depend on the number of node points per row or

column, and the acceleration factor, oo The number of mesh in-

tervals along X and Y-axes l^rere taken as 80, i.e., 79x79 interior

points. The stripl ine was divided into ì0 intervals. The opt¡mum

value of alo was found to be 1.7 and the number of iterations was

found to be equaì to 37. Table 4..l shows the required number of

iterations to achieve the convergence for to from l.l to 1.9

The optimum computer execution time was found to be ll seconds,

with tlo=1.7. For special cases, the results were compared with

these of Green 12\,257 and Schneider [ì6], and the agreement for
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the impedance within I percent I imit was obtained. The charac-

teristic impedances and the relative wave velocities for differ-

ent substrate and I ine parameters are shown in F igs. 4.6-4.9.

Fig. 4.6 shows the variation of the line impedance and the rela-

tive wave velocity as a function of line separation from the cen-

tral axis. The thickness of the dielectric was taken as l.ft mm.

For a centrally located line, the variation of the characteristic

impedance with the line width is shown in Fig. \.7, for substrate

of reìative permittivity er=2.32 and ." =4. The results of this

figure can be used to select line w¡dths for matching the line to

a given load or to a given generator impedance. The variations

of the rel at ive brave veì oc i ty wi th the str ip br¡dth and f or

Çr=2.3 and .r=[.0 are shown in Fig. ¡{.8. Fig 4.9 shows the

variation of the I ine characteristic impedance and the relative

wave velocity with the microstrip width of 2 mm. thickness.

From alì these figures, a decrease of the line impedance oc-

curs ¡f the ratio \l/A or the dielectric constant or dielectric

height is increased. This behaviour is expected since the struc-

ture resembìes a parallel plate capacitor. Thus, by changing

these parameters or the center offset distance, the desired value

of the ì ine characteristic impedance or relative wave veìocity

can be obtained. The results obtained in this chapter brere com-

pared wi th pubì i shed theoreti cal and exper imental resul ts [14] .

From this comparison ¡t is found that the method outlined pro-

vides sufficiently accurate results. The results obtained can

serve as useful data for design of the input and output termina-

tions of sandwich wire antennas.
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TABLE 4. I

EFFECT OF THE ACCELERATION FACTOR ON THE NUI'IBER OF ITERATION

(I) n
o

I
2

3
à

5
6

7
I
9

95
76
57
49
\5
40
37
44
8t
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Chapter V

CONCLUS I ON

ln this thesis the input and the radiation characteristics of

an undulated I ine were studied. The model which is used through-

out this thesis has a rectangular undulation form. The radiation

patterns of this antenna, for different number of elements were

ca I cu I ated us i ng an aPProx ¡ mate express i on for the ar ray factor .

The expression for this array factor was obtained using the con-

cept of point source arrays. The val idity of this approximate

expression was tested by comparing its results with the numerical

solution, using the NEC. This comparison showed that the simpì i-

fied array factor can be used effectively to model the wire an-

tenna, provided a proper attenuation constant is seìected. I t

aìso indicated that the antenna eìements general ìy resonate at a

frequency which is higher than its physical resonance frequency'

i.e., the freguency at þrhich the undulat¡on is one waveìength.

Although the array factor approach is approximate, ¡t heìps in

understanding the radiation mechanism of the antenna, which is

generally unknown to date.

Since the radiation characteristics of this antenna depend on

its geometrical dimensions, approximate design eguations were ob-

tained, based on the Taylor's I ine source distr¡bution, to give

the geometrical dimensions for a set of specified rad¡ation char-
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acteristics. The comparison of the near field pattern of the mod-

el obta i ned from these des i gn equat i ons wi th the theoret i ca I Tay-

lor distribution showed that the antenna elements toward the end

radiate less enegry than the required Tayìor distribution. The

disagreement þras thought to be due to phase error along the an-

tenna, but when the phase error is corrected, then the near field

distribution improves only sl ightly. The results obtained from

this design which is based on these design equations is satis-

f actory, i f one þ'rants to obta i n better improvement, an i terat ion

method should be used.

Since this antenna is a travel ì ing wave structure it should

be matched to the load end to eì iminate the reflection. Because

of ¡ts three dimensionaì geometry, the determination of its char-

acteristic impedance is difficult' which is further compl ¡cated

by the presence of the dielectric substrate. To overcome this

problem, the undulated I ine i s normal ly connected to the load

through a straight section of the line. The impedance matching at

these termi nal s can therefore be ach i eved us i ng the character i s-

tic impedance of the straight portion of the I ine. This charac-

teristic impedance was calculated numerically using the finite

difference method. A computer program used to solve this method

was prepared to calculate the Iine impedance for any trough and

line shape, as well as to caìculate the reìative wave velocity of

the str¡p. By controlling the thickness of the dielectric and the

width of the strip, as well as the distance between the strip and

the side walls, a wide range of characteristic impedance seems

feasible.
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ln conclusion, it has been shown that the sandwich wire

antenna can be designed aPprox¡mately foì lowing the design proce-

dure developed in this thesis. The resuìts obtained demonstrate

that satisfactory sideìobe levels can be obtained from this an-

tenna.
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