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7848-5-Q

ABSTRACT

An interdigital array antenna has been devised and studied in this work as a useful
antenna for certain applications. The theory of the linear antenna was used in the
theoretical analysis to obtain the dispersion relation for a source free infinite inter-
digital array. In carrying out this analysis, the antenna-wave theory concept was
used. This is essential if Floquet's Theorem is to be applied along with the antenna
theory. The approximate solutions were obtained numerically through the use of
the digital computer. The input impedance and the radiation pattern were also for-
mulated for a finite array of 2N+l elements with a voltage source applied between
the ground plane and the grounded end of the center element of the array. The ex-
pressions were then computed numerically, through the computer, for an approxi-
mate solution.

It is found that an interdigital array antenna has a fairly wide frequency band for
its broadside radiation at low frequencies. The field is polarized in a plane parallel
to the plane containing the elements and perpendicular to the axis of the array along
which the elements are spaced. The input resistance has been found to be 500 ohms,
However, when the frequency is increased and the length of each array element ex-
ceeds one quarter free space wavelength, the radiation pattern becomes twin lobed
symmetrical about the broadside axis with the input resistance fluctuating between
50 and 100 ohms.

Several experimental models with 13, 14, 17 and 21 array elements were con -
structed and tested. The comparison between the theoretical dispersion characteristics
and the experimental results after a correction for overall resonant length is close
within the experimental error. The agreement between the theoretical solution and
the experimental measurement of input impedance is reasonably good since the theory
is based on an assumed current distribution. The vertical sections were not con-
sidered in the analysis. In view of this, an extended effort was given to experimental
studies to determine the mechanism of the radiation and the input impedance charac-
teristics for both broadside and {win lobe radiation.






CHAPTER I

INTRODUCTION AND STATEMENT OF THE PROBLEM

The main objective of the interdigital array antenna is to obtain a broad-
band low profile radiator of small electrical size and adaptable for possible air-
borne application. It is felt that if a structure can be constructed in such a manner
that broadband radiation can be obtained when the structure is excited at one quar-
ter-wave length instead of one half-wave length like the Yagi-Uda structures, then
an electrically small antenna will be possible. The radiating property of the struc-
ture as an antenna should not be very much inferior to that of a Yagi-Uda structure.

The interdigital-line structure was first proposed by Fletcher‘(a) to be
used as a slow wave device in a travelling wave amplifier for a reasonably wide
band of operation. Later, it was compared with the other parallel line structures
by Butcher(4)’ () and Pierce(24) for similar applications. Bolljahn and Matthaei(z)
further developed the structure into a microwave band pass filter. However, all
of the analyses were based on a closed structure, that is, between ground planes,
and the possible use of such a structure as a radiator was not considered.

In treating the interdigital-line structure as an antenna, linear antenna
theory(e)’ (9), (11), (16), (22), (29) is employed together with the methods de-
veloped by King and Sandler(lz) , King and Harrisonus) » (14) , Mailloux(lg)’ (20)

(21) (30), (31). The concept of antenna-wave theory(lg) was used to ob-

and Tai
tain the solution of an infinite interdigital array antenna which is essential if the
Floquet's theorem is to be used. The outline of the present work is as follows.

In Chapter II a source-free infinite array is analyzed and the dispersi(or; cilg)ra?te;'—
1), (3), (25),

istics are obtained by considering the periodic nature of the structure
(26), (28), (33). Finite arrays of different elements are then analyzed in Chap~
ter III, from which the impedance characteristics and the radiation patterns are
obtained. Seven antennas were constructed and the experimental data are dis-
cussed in Chapter IV, including a comparison between theoretical and experi-
mental results. Finally, the conclusion of the present work and comments on

the future prospects are made in Chapter V.



CHAPTER II
A SOURCE-FREE INFINITE INTERDIGITAL ARRAY

2.1 Introduction.
The study of an infinite periodic structure by means of its dispersion

characteristics is a powerful method for analyzing the performance of a finite
length antenna structure(s)' (25), (27), (28), (32), (33). In order to understand
the radiation property of the interdigital array antenna, it is, therefore, con-
venient to obtain the dispersion characteristics for a given set of parametric
values. The basic assumptions made are:

(a) the infinite array is already excited by some external source and
an unattenuated wave is propagated along the antenna surface;

(b) the field distribution near the surface of the structure is a TEM
wave along the direction of the conductor;

(c) the line currents are induced along the axes of the cylindrical el-
ements, and have a sinusoidal distribution which satisfies the interdigital bound-
ary conditions;

(d) the vertical section of the conducting elements has negligible effect
on the dispersion characteristics since they are much shorter in length and
twice as far apart as the horizontal section of the conducting elements.

2.2 Formulation.

The geometry of an infinite interdigital array is shown in Figs. 2-1 and
2-2. It is seen that the interdigital array structure is a set of infinite parallel
cylindrical conductors above the ground plane with alternate ends of the elements
connected to the ground plane. At all points outside the conductor, the electric
field may be expressed in terms of the scalar and vector potentials when the

jwt

time dependence of e is used:

E=-V@§-jwA

_jw 2 (2.1)
= --JE (VV-A+k° A)

k
o

where k === gi-" » c¢=velocity of light in free space, A=wave length, w=angular

o

o |E
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frequency, ¢as§ca1ar potential, A=vector potential, and where use has been

made of the definition

X 2
V°A+j-£—¢!0 . (2.2)

The y-component of (2. 1) on the surface of the mth antenna is

2

P CHp R
By = -5 G-V A +k A ) . 2.3)

r=a k r=a
o

0gy<t

Assuming a perfect conductor, the (E'my) = 0 requirement gives
r=a

2v.a +k A =0. (2.4)
oy m o my

This equation may be expanded into

2
82Amx 82Amy a"Amz 2
+ +
dyox * 8y2 oyoz ko Amya= 0

(2.5)
0yt

For an idealized situation, both Ax and Az are zero everywhere in space, so
that (2.5) reduces to

2

3°A 2 |

—X kA =0, m=0, X1, *2, ... (2.6)
2 0O m

y
oy at r=a

It is readily verified that



=-1(C cosk y+D sink y) for m even,
r=a C m (o) m 0

s (2.7)

] o
== [Cmcos ko(ﬁ-y)+Dm s1nko(£—y):| for m odd J

are the solutions of (2. 6)_; where Cm and Dm are arbitrary constants of in-
tegration. The factor —% is included for later convenience, in order to make
Cm and Dm have the dimensions of scalar potentials measured in volts.
When the array is not excited by any voltage source, continuity of the scalar
potential at y=0 for m even and y={ for m odd requires that the Dmv be

zero. Thus, there results for an infinite source-free array:

A =-l C cosky for m even
my| o c m 0

(2.8)

=—-j-C cosk (L-y) for m odd
c m o

The vector potential at a point (a, y) just outside the surface of the mth
cylindrical conductor according to Hallén is approximately

- jkor

Ko Ko / <e_jkormK e mK'
A m=— E - > dy'
my 4=« IKy' T K T K
K=-® "o

where, as shown in Fig, 2-2

(2.9)

< '

rmK:-- \j(y--y')'2 + (z- d)z + (x-Kb)2

-

YK \ﬂy—y')2+(z+d)2+(x-Kb)2



=7
=4 = -
and po=drx 10 ° henry/meter, and where le, IK'y are the currrentsvon.
Kth  conductor and its image in the ground plane. Equations (2.8) and (2. 9)

form an infinite set of integral equations, viz.

y K=o -jkor mK -jkormK'
0 e e
Amy T4r Z IKy'( r Toor ) %'
r=a mK mK'
K=-m o
= -l [C cosk y] for m even
c m 0
(2.10)
-4 [C cosk (l—y)] for m odd .
c m o

The boundary conditions for an infinite interdigital array are given by

le(y=O) =0 for K odd

(2.11)
XKy(y=l) =0 for K even

Now, assume that the infinite array has been excited by some ex-
ternal source and an unattenuated travelling wave is sustained on the surface
of the array. Since the structure is periodic, Floquet's theorem(as) can be

applied to relate the current induced in each conducting element; that is

e, - o K ‘”10 £(y) 2. 12)

where 2y is_the phase shift per gection, IO‘is the amplitude of the current in-

duced on the zeroth element and f(y) is the amplitude distribution function



of the current along the y-axis. Equation (2.12) shows that in a periodic struc-
ture, such as an infinite interdigital array, the current induced in each conduct-
ing element by an unattenuated wave propagating along the array can only be dif-
ferent by a constant phase shift per section, where each section contains a pair
of cylindrical elements. This is a powerful theorem for wave phenomena in
periodic structures. If (2.12) is applied to (2.9), the vector potential at a

point (a, y) just outside the surface of the mth cylindrical conductor is reduced to

LY ¢
A =ul e S f(y' ) G, -G_)dy' (2.13)
y 0o K=-0w 0 Iy 2%
where
-]koRl )
G, =2
ly 47R
1
e_JkoRZ
G2y = 41rR2
are free space Green's functions and where (2.14)

R1 = V(;— y')2 + a2 + (K.b)2

R2 = 1/(y-y')2 +(a+>2d)2+(Kb)2‘

The subscript m was dropped from A because all such terms are identical

wy -

onee f(y) is specified on a conducting element either by an actual distribution or by

an assumed distribution.



The application of Floquet's theorem also makes the arbitrary con-
stants C in (2. 8) identical in each period, viz.
m

—'j' [C cosk y] for m even
clLe (0

= - ':: [Co cos ko (£ -y)] for m odd (2.15)

where C and C are arbitrary constants to be determined by the boundary
conditiona (2. 11) Since the structure is symmetric about y-2 , 88 can be
seen from Eq. (2.15), the same result occurs whether m i8 odd or even, so
the two solutions for (2. 15) are identical, if they exist. In order to obtain a
final form of the integral equation, the constants Ce and Co must be evaluated.
The boundary conditions given in (2. 11) cannot be used directly because a
small value of Ay exists at the end of the element even though Iy=0 is imposed.
Therefore, it is assumed that the actual current Iy is proportional to A~ -A

i

when m is even and to Ay-Ao when m i8 odd instead of just Ay alone( , for

a better approximation.

The evaluation of Ce and Co can then proceed without actually solving
the current Iy explicitly, using the method described by King(u)' (15).
First form the functions Wev(y) ==Ay-A ’ and W0 d(y)=|=Ay-A0 to represent
the distribution of the current along even and odd elements, respectively. A 1
and A0 can be obtained by letting y=£ for m even and y=0 for m odd in (2. 13)

and (2. 15) as follows:
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K=+

Z f(y')(Gu-Gm)dy'

Ay

m=even

= - -i- [Ce cos ko£] (2. 16)

and
K=+00 1
- - JKy ' - '
b1 e / 1(y')(G, -G, ) dy

)
Kz-

m=odd

= - % [Co cos kol:l (2.17)

where G G, andG_, are G, , G, as defined in (2. 14) with all

11’ Ggy» G 804 Gy 1y Yoy
y's in the expressions been replaced by £ and o respectively,
From (2. 16) and (2. 17) the functions Wev(y) and Wo d(y,) can be

formed, that is,

Wev(y) = Ay'Az

K=+

= L Z jw‘/f(y)(G -G, ,*G, '

K=-00

=4
= -3 Ce cos koy coskol] (2.18)
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and

wod(y)sz-Ao

K=+ i
= -jKy 1 - - 1
Ho 1 2 e /f(y)(Gly G2y G10+G20) dy
K=-m o
=-1 C_ |cosk (£-y)-cosk l] . (2.19)
c o ) o

The constants Ce and Co are thus obtained from (2. 18) and (2. 19), respectively

as follows
K=+m
%o’ Ky
= ! -
Ce cosk y-coskl Z ty )(G G -G +G21)dy
K= -
(2.20)
and
K=+
C = Pol E d K[ tyNG, -G, -G, +G, )dy'
o cosk o(l-y)-co:skol © y ly 2y lo 20 y
K=-o ° (2.21)
Ho
where § = |[— =cu =1207
: (o] €° o
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Substituting (2.20) and (2. 21) into (2. 15) and combined with (2.13), there results

K=+

{
-jky f
e f(y'NG, -G, )dy
Z o ly 2}'

K=-0

coskoy K=+o0 SKy 1
- 1 - - t
cosk y-cosk { ]Z e f £y )(Gly G2y Glll +G2£) dy

o o =-0 o}

for m = even (2.22)

and

K=+0 i
-jKy J 1 '
e f(y') (G, -G, )dy

—

1 - - 1
f(y)(G1y G, -G, *G, ) dy

- {
cosk (f-y) K=+ ]K

cos ko(£ -y)-cos koy K

=-Q (o)

for m = odd (2.23)

Since (2.22) and (2. 23) describe the symmetrical structure with the unknown
phase shift constant { as a function of ko and other physical parameters,
and both expressions are interchangeable by shifting the reference coordinates,
it is expected that they both will yield identical solutions, if the wave is to
exist and be sustained along the array surface.

The current distribution function f(y) will have to be specified in order
to solve (2. 22) or (2.23). A sinusoidal distribution will be assumed for
simplicity.
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Let,

f(y) = sin koy Yor K odd ,

(2.24)
= gin k0 (L-y) for K even .

Substitution of (2.24} into (2.22) leads to the dispersion characteristics: of
the infinite interdigital array antenna, After many manipulations, the final

forms of the dispersion relations are obtained.

Z e-jK‘p ¢od+ Z e_ij ev==0 (2.25)

K== odd K== even
where
Fo(l)
d .~ 5 [5, 1t 90-5,00.9)]- 5, (. 0 + 5,0, (2.26)

F (1)
®ev#== Fd(Y) {Go(l) [Cblu’y)-cbz(l‘yﬂ

-E W) s, (3-8, y)]}

-G (1) _cbl(z,t)-cbzu,z)]

+T (1) .Sblu’“'sbz(“ﬂ (2.27)



2.3

14

Fo(y) = CO8 koy

Go(y) = gin koy

Sbl(l ,y) =
2

i t 1
sin koy Gly dy
2y

~ O'\h

= ; 1 1
Sbl(l,l) sin koy Gll dy
2 () 24
{
- t 4
Cbl(l, y) [ cos koy Gly dy
2 0 2y
£
C (£,2) = ' 1
bl( ) /cos koy G,, dy
2 (0] 24

The Numerical Results.

(2.28)

(2.29)

The dispersion relation (2. 25) involves infinite summations. Therefore,

unless the functions @o d and @ev decrease rapidly as K is increased, the nu-

merical solution will be very difficult.

The examination of (2.26) and (2.27)

shows that this is indeed the case since the sine and cosine integrals involved

cancel out each other very rapidly as K increases. It can also be argued physi-

cally that the effect of the coupling from far-away elements tends to be nullified

by the images of these far-away elements.

Based on the above argument, the

series of (2.25) was truncated at 20 and 30 terms and the equation was solved

(23)

by Newton-Raphson method™ . Let
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F(y) = Ze'jK‘”c[)od+ ) VO a0

K=o0dd K =even

be the sum-of the dispersion relation (2. 25) when an arbitrary value of the phase
shift ¢ is used for a given kol . The values of |y which make F(y) zero are the so-

lutions of the dispersion relation (2.25). The null of the function F (y) was attempted
(o)

by using the first two terms in a Taylor's series expansion about ' ', a selected

value of . In this way, an increment 6 ¢ is found and the procedure is repeated,
(1) _ ( w(O)

carrying out the expansion about the new value ¥ + 6y), and so on. Thus,
the formula for the successive increments is found to be

F( w(i)

" F'W)
U=y

oy = (2.31)

(i)

where F'(y) denotes the derivative of F (), with respect to its argument, and

i
s//( )
sults of a 20 - term solution and of a 30 -term solution do not differ significantly
(identical within the third decimal point). It is therefore concluded that the result

are successive values of | obtained by carrying out i iterations. The re-

represents the solution of the expression (2. 25) approximately and, thus, repre-
sents the dispersion characteristics of the infinite source free interdigital array.
The curves are plotted in Figs. 2-3 through 2-18, with a wide range of parametric
values.

The dashed lines are references corresponding to the limiting dispersion
characterisitcs and are useful in establishing different regions. The kol =y line
bisects the plot into fast wave and slow wave regions as shown in Fig. 2-3. The

dotted line represents the solution obtained from b/f = 0.05 alone in the forbidden
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region (or fast wave region), since it is expected that the solution indicated by
the dotted line is not a valid one.

The reason for an invalid solution in a fast wave region is actually per-
ceived through experimental measurement. If the solution in the fast wave re-
gion is valid, then since the slope of the curve is always positive, the direction
of the phase velocity and the group velocity must be the same. This is found to
be true through experiment in the slow wave region when the structure is ex-
cited by a source. But the phase velocity and the energy flow (associated with
the group velocity) in the fast wave region are actually found to be in opposite
directions. This phenomenon will be discussed in Chapter IV. ,Thus, a travel-
ling wave radiation mechanism in the fast wave region cannot be excited physi-
cally for an interdigital array antenna. The behavior in the fast wave region
then will have to be that of a leaky wave type. In other words, a complex so-
lution must be assumed in the fast wave region for a better description of the
structure. A numerical solution was triefi'for a complex root in the fast wavé
region but the solution was not satisfactox_'k;‘ due to the complexity involved in
double iteration and the slow and uncertéin convergence of the root. However,
it is likely (32) that when the radiation is of a leaky wave type in an open struc-
ture, the real part of the dispersion curve will follow very closely to that of a
free-space one. Therefore, although the imaginary part is not known, it is

expected that the real part of the dispersion curve will be approximately along
!

DX
solution takes over. The solutions obtained in the slow wave region are differ-

the solid line kol = unﬁl kol approaches or exceeds from there the slow wave
ent for different parametric values, as shown by the solid lines in the plot. Fig-
ures 2-19 and 2-20 are the dispersion characteristics for varying distances from
the ground plane and radii of the cylindrical elements. It is seen that the distance
above the ground plane has only a slight effect on the dispefsion curves while the
increase in radii of the cylindrical elements seems to shift a curve toward the

kol=¢/ line.

T
2 2
current distribution becomes less realistic and, therefore, the solutions in the

When the frequency is increased beyond koﬁ = the assumption of the
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higher frequency range become less accurate. The comparison of the present
solution and those of other workers(z) » 8) is shown in Fig. 2-21; a direct com-
parison is difficult because of the fact that (i) solutions obtained by Fletcher
and others are in a closed structure, (ii) available dispersion characteristics
are for a square conductor, instead of the circula_r one used in the present an-
alysis, see Fig. 2-21a. The dispersion curves compar¢ quite well near k0£=§.
but the solutions deviate gradually as soon as ko! is increased. The deviations
are considered to be due to:

(a) A closed structure tends to reach cut-off frequency faster when kol
is increased, which implies that the curve will gradually "level off"' when kol is
increased, while in an open structure a '"cut-off’ is reached more slowly and,
thus, the curve goes up slightly. Then, it should shift toward

persion curve k01=¢/ with imaginary components when the "cut-off’ is reached

in order to satisfy the radiation condition in free space.

(b) As mentioned before, the assumed current distribution in the

analysis may depart from the actual one. This could have contributed to the

discrepancies between the two solutions.

(c) Possible differences in the computation procedures for the numerical
solutions may have contributed to the deviation.
2.4 Discussion.

The study of the dispersion curves obtained shows that the interdigital
array has a slow wave solution when the frequency is near and above the equiva-
lent quarter wave length of the array element. In a lower frequency range, there
will be an attenuated wave along the array, represented by a complex propagation
constant along the array. This will contribute to a broadside pattern in the far
zone if the antenna is fed at the center of the array. If the antenna is fed at one
end of the array, the far zone pattern will tilt toward the feed end of the array in
a typical "leaky wave" phenomena(32)’ (33).

If the frequency is increased until the slow wave region is reached, the fi-

nite array will become a travelling wave antenna which gives an oblique radiation



36

LLLLLLLL L L, _L

1w
NENENEN
— L= F

TTT77777777777777777777777
(a) Cross Sectional View of Fletcher's Rectangular Interdigital Line.

-
S Y, ¢

S/

(b) Cross Sectional View of the Interdigital Array Antenna.
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FIG. 2-21; THE DISPERSION CHARACTERISTICS OF FLETCHER'S

SOLUTION (Solid Line, £/L=0.4) AND THE INTERDIGITAL
ARRAY ANTENNA (Dashed Line, d/£=0.06) FOR THE
EQUIVALENT PARAMETERS.
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in the forward direction of the array. Thus, if the antenna is fed at the center
of the array, an oblique radiation with two symmetrical beams, one toward each
end of the array (i.e. a "rabbit enxr' pattern) will result. On the other hand, if
the antenna is fed at one end, only a single oblique beam will occur along the di-
rection of the array in a typical trévelling wave antenna behavior(sz) .

It is also observed from these curves that for a given element size of
radius "a'" length ""£", and distant from the ground plane ''d", the dispersion
curves vary with the separation distance '"b'" in such a way that when they afe
very close together, say b/ <0.05, the dispersion curves predict a wider band-
width for the structure and therefore a wider bandwidth is anticipated for both
broadside and oblique radiation patterns when the structure is properly fed. The
wideband characteristics in the forbidden region can be utilized to operate the
antenna over & wide frequency band in a broadside pattern or an oblique pattern,
depending on whether the antenna is center-fed or end-fed. The curves be-
come more dispersive as the separation b/l is increased, indicating a narrower
bandwidth for the structure. In view of the above, the upper. limit
of b/{ should be around 0. 15 while the lower limit will be determined by the el-
ement radius and, perhaps, additional factors not readily deduced from the an-
alysis of an infinite array.

(19),

The slow wave solutions of a Yagi-Uda array obtained by Mailloux
(20), (21), Sengupta(zs) ' (26), Serracchioli and Levis(27) were also compared
with the present solution. = A direct.comparison is difficult because of the dif-
ference in the array spacing of the two structures. In the Yagi-Uda array, the
array spacing is at least 0. 1\ while the array spacing of the interdigital array
is at most 0. 1A. As will be discussed in later chapters, the interdigital spac-
ing is made as small as possible for wider band applications. It is interesting
to observe however, that when the element radius "a" is decreased toward a small
value, the dispersion curve of the Yagi-Uda array tends to become the calculated free
space dispersion curve with smaller bandwidth-according to the solutions given in

the references and as shown in Fig. 2-22a. The Yagi-Uda array is seen to be quite

narrow banded compared with the interdigital array structure even for the array
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spacings of 0. 1A and 0. 4x. As the spacing is further decreased the trend is
toward a narrower bandwidth with a lower resonant frequency for the elements.
It is interesting to note from Fig. 2-22b that the dispersion curve for the com-
bination of two parallel non-staggered Yagi-Uda arrays obtained by Mailloux(zo)
has a tendency to move up in frequency when they are fed out of phase (anti-
symmetric case) and the spacing Lx between the array is decreased. However,
the bandwidth becomes narrower, as seen from the plot.

It seems from the above comparisons that imterdigital current distribu—
tions have helped to extend the dispersion curves and thus increase the band-
width of the structure. No solution exists when the eXpression of (2. 25) is solved
separately for an even or an odd mode only, which seems to strengthen the state-
ment made above concerning the wideband behavior of the interdigital array
structure.

The frequency equivalent to the quarterwave length of the array element
has been and will be used in discussions to account for the
actual current distribution. The short vertical section will of course affect the
resonant frequency of the array element. The measurement of the resonant fre-
quency of a single element will be utilized to determine the equivalent length of
each array element (see Chapter IV). The solution of Serracchioli and Levis(2 N
is not based upon a sinusoidal distribution of: current along the dipole ele-
ments and thus the shift of the dispersion curve as a function of the dipole spacing
is evident while no shift was obtained in the interdigital array solution. The solu-
tion of Mailloux also depended upon a sinusoidak current distribution and therefore a
shift did not occur. Later his theoretical curve was adjusted to provide a better fit
with the experimental data.

Attempts were also made to compare the interdigital structure with other
parallel line structures as transmission networks. As pointed out by Bolljahn

and Matthaei(z)

the interdigital structure is a wideband structure although it is
not as good as the Meander line or the zig-zag line which have all-pass character-

istics.
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CHAPTER II
A FINITE INTERDIGITAL ARRAY WITH VOLTAGE SOURCE

3.1 Introduction.

In order to obtain a better understanding of a physically realizable inter-
digital array antenna, it is desired that the radiation patterns and the input im-
pedance be known for a given set of parameters. In this chapter, an array of
2N+1 elements is studied. A voltage source is assumed at the center of the ar-
ray and is applied across an infinitesimal gap at the grounded terminal of the Oth
array element. Some assumptions concerning the line current, its amplitude
distribution, and the nature of the wave along the unexcited array elements carry
over from the previous chapter. In order to estimate the input impedance,
Hallén's first order current distribution is assumed on the Oth element where the
voltage is applied. Since these assumptions provide only a very crude analysis,
it will be useful in predicting the antenna performance only if a reasonable agree-
ment is obtained from the experimental measurement.

3.2 Formulation.
A finite interdigital array with 2N+1 elements is shown in Fig. 3-1.

The voltage source is applied across a small gap 6 between the vertical section
of the 0th element and the ground plane. Since the vector potential of the array
is still described by (2. 6), it must satisfy the equations

—ny +k°2A =0, m=0, +1,+2, ---+N
o (3.1)

with the solutions

41
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" |
o »|
I-Jl |: i “xlr
—————— SRS N ER 4N AU I, S -
Ne— e o - 3, 2, -1,0 1, 2, 3 ————— N
K

FIG. 3-1; A FINITE INTERDIGITAL ARRAY ANTENNA WITH VOLTAGE
SOURCE V0 APPLIED AT THE GROUNDED END OF THE

Oth ELEMENT.
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A

_
my - - (Cmcoa ky+D sinkoy)

raa

for m even

S (3.2)

) ) -
-- [cmcos ko (L-y) + Dmsinko(l Y)]

for m odd . y

The scalar potential can be found from (2. 2) once the vector potential is known,
In other words,

I CR. .\ Sy (3.3)

Substituting (3.2) into (3. 3) there results:

¢m= [— C sink y+D cos koy]

for m even

\ (3.4)
- [Cmsin k (1-3)- D_cosk (1 -y)]

for m odd .

-’

If the 01! element of the array is excited across a small gap by a voltage source
V_, then
o



44

\
oo™ Yo
g | =0= D for m even >
y=
¢ ml =0=D for m odd
m
y=t
~

The integral equation of the finite array is thus describable by

\
K=+N {
- '
Aoy= Ho z : /Il(y' (Gly G2y) dy
K=-N o
=) -
=-= (Cocoskoy+ Vo smkoy)
K=+N [ >
- ]
Amym“o E : l:Ky' (Glmy GZmy) dy
K=-N ©
o —%‘ [Cm cos koil for m = even
% 0
| - =
-~ s Elm cos ko (£ y):l for m = odd
-

(3.5)

(3.6)



3

where N
-jkoRIm
e
Clmy™ 4R
my 1m
e-j'koR2m
G =

2my 47 R

i .

are free space Green's functions with (3.7)

9 5
R, = \/(y-y') +82 +(K-m)’ b

Ry = \[(y-y')2 +(a+2d)> +(K-m)? b2

and where C0 and Cm are arbitrary constants to be determined.
The unknown constants Cb and Cm can be evaluated by the same method

used in the previous chapter. It is necessary to form the functions:

Wo(y )= Aoy_Aol

K=+N

= - - + i .
Ho Z Lyt (GpyCoy =Gy +Gpp) &y (3.8)
K=-N o

=-1 [ - conk _ ]
5 Co(coskoy cos kol)-c-Vo(sinkoy sinkol)
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Wev(y )= Amy.-AmI

K=+N

== - - + 1
Ho Z ‘/‘H(y'(Glmy G2my G'lmﬂ szl) dy
K=-N o (3.9)

=-iC (cosk y- cosk £)
c m o o

for m even .

Wod(y)= Amy-Amo

K=+N

{
== - - + !
Ho Z f IKy' (Glmy G'Zmy C"lmo G2mo) dy
K=-N o (3.10)

j ]
=~ k (£-y)- k £
5 Cm cos o( y)-cos o

for m odd

where G Lmo’ G2mo‘ Gr1 ! and G2 my 2Te as defined in (3. 7) by letting y=0 and
£, respectively.
The expressions in (3.8), (3.9) and (3. 10) give the values of Co and Cm,

respectively, as follows:

i K=tN
S—— o |
Co cosk y-cosk £ Z &(y'(Gly-GZy-Gll-‘.GZI) dy
° ® K=-N ©

sinkoy- sinkol
B Vo coskoy-coskol (3.11)
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and i, K=+N 3
cm cosk y-cosk 1 Z /H(y lmy_GZmy_Glml+q2mt
K=-N o
, for m even ?
K=+N
I
!
* cosk (1 -y) cosk /] Z Il(y my-GZmy 1mo+G2mo) dy
K=-N ©
for m odd. (3.12)

Substitution of Co and Cm into (3. 6) gives a set of 2N + 1 integral
equations which can be solved once the current IKy' is specified for every K.

The expression (3. 6) becomes

\
K=+
N V sink (l-y)
Z /H(y (Gly-Gz ) dy! jE cosk y-cosk 1
K=-N o
cosk y —+N
= coskoy-coskol IKy (G .GZy-Gl +G2£)dy !
K=-N o
K=+N
(G - G ) dy'
> / - oy @ >
K=-N ‘o
cosk o K=N /
= cosk oY cosk 1 Z IKy (Glmy-GZmy_Glm+G2m1)dy
K=-N o
for m even, m#%0
K=+
cosko(l -y) N4
cosk (L-y)-cosk ! Z f’Ky G'lmy quy 1mo szo
(o o
K=-N o
for m odd »

(3.13)
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Since Floquet's theorem cannot be applied to a finite structure, it is

necessary to assume the current IKy' in each conducting element. A

sinusoidal

distribution is used in all elements except the excited element, where Hallén's

first order distribution is assumed to match the voltage source. Thus, let

IKy= AK smkoy for K=odd

= AK sinko(l-y) for K=even and K# 0 >

l:cosk y-cosk £
5 0
= AO

+ i ink (£- =
l-coskof :| ]Bosm o( y) for K=0

S

be the current induced in the array elements. The real constants Ao

(3.14)

and B
o

and the complex constants A are to be determined from the integral equatic

K

(3.13). Substitute (3. 14) into (3. 13) and,after some manipulations, one finally

arrives at a set of 2N + 1 simultaneous integral equations.

N N A
E + g + + i
AK @odo AK Qevo Ao ¢Ao JBo @Bo
K=o0dd K=even
jVo
=—G ({L~y)
EO o
N N
+ + +3 =
ZAK q’odl, ZAK éevlle ¢A1|]Bo ‘bm' 0
K=odd | K=even | | |
| | | i
| | { |
N | N : , :
| {
+ + +j =
Z AK @odm ZAK éevm Ao @Am JBo @Bm 0

K=o0dd K=even

(3. 15)
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where K= +1, +2, ==-=, +N
m=+1, +2, ---, +N
and where
i
Fo( )

@odms —F_[sblm(l’y) " Spomtt y)]

) I:Smm“’ D=5 omt: f)]

F(£)G (2)
o "o
evm  F [Cblmu’ y) -Cmeu‘ y )]

2
[, 4]
T F [Sblm(l' y)- Sb2m(l' y)]

-a (1) [Cb L 0-C (L, f)]

+E (1) [Sblm“' 0-8, (t, f)]

| -
§Am" 1-Fo(£) {Fou)[Eblmu’f) Ebzm("ﬁ]

2
[Fo(l)]
F [Eb1m“”')'Eb2mu’y)]

) [Cblm“' D- Coamts f)]

F (1)
0
*7F [Cblmu’y)-cmeu’y)]}

(3.16)

(3.17)

(3.18)
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@ Bm= éevm =0

Fo(y) m even
F=
Fo(l -y) m odd
r ¢ m even
f=
0 m odd
and where
{
= | ! ]
Sblm(l‘ y) / sink y Glmy dy
b2m () 2my
= : 1 '
Sblmu' £) / sinkoy Glm! dy
b2m o) 2m{
£
I = i 1 1
Sblm( ,0) / sin koy Glmo dy
b2m (e} 2mo
£
1 v) = 1 1
Cblm( ,y) / cos koy Glmy dy
b2m o 2my
4
l, l = | ] t
Cblm( )= / cos koy Glmo dy
b2m o 2mo
f
= 1 ]
Cblm(l' o) / cos k 'y G} mo dy
b2m (] 2mo

(3.19)
\
e (3.20)
>
(3.21)
»



o1

= 1
Eim (2,y) Glmy dy
b2m o 2my
1
= '
Eblm(t,l) /Glm,tdy
b2m o 2md

L 4

(3.22)

= !
Eblmu’ o) G'lmo dy

b2m o 2mo

The short vertical sections can be taken into consideration by assuming
a constant current distribution on all vertical sections with amplitudes
identical to the maximum value of the amplitude of the horizontal section. In
other words, each short vertical section is taken to be a Hértzian di- -
pole with a dipole moment of 2 IKd and a radiation resistance of(ls)
80 12

A

R_= 4’ . (3.23)

The radiation pattern of these Hertzian dipoles can be considered to be similar
to that of a pair of parallel Hertzian dipole arrays which give a vertically po-
larized endfire radiation along the array in both directions.

3.3 The Numerical Results.

Equation (3. 15) was put into the digital computer for a numerical solu-

tion to yield the unknown coefficients Ao,,B0 and AK for a given set of parameters.
The radiation pattern and the input impedance were computed from the computer
output data.
3.3.1 The Input Impedance.
It is expected that the input impedance formulated below will be
consistent only within the validity of linear antenna theory. The mathematical
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model using a "delta' voltage source does not correspond to physical boundary
conditions. Therefore the input impedance formulated on this basis is severely
limited in accuracy.

The first order input impedance of a finite interdigital array looking from
the voltage source is defined to be

\Y \
o) )

0= =| = +l .
i Io(y 0) A0 JBosmko!l

z (3.24)

A

£

Solving (3. 15) by letting y= 5 andK=#1, ----, + N will yield _V_O_) and
0

B
(TO) which can be used in (3. 24) to obtain an approximate expression for the

input impedance of the structure. The numerical results for N=6, and 10 are
plotted in Figs. 3-2 through 3-15 for typical parameter values.

It is observed from these plots that the input resistance of the structure
is fluctuating around 50Q2. The increase in b/{, the separation between array
elements seems to decrease the input resistance over all frequency ranges and
the increase in d/{, the distance of the array above the ground plane increases
the input resistance over all frequency ranges by a significant amount. = The
above observation indicates an expected effect of a cylindrical antenna parallel
above a ground plane. When the antenna is close to the ground plane, the radia-
tion effect decreases since the radiation effect is proportional to the input re-
sistance of the antenna when the antenna is near, or less than, a quarter wave-
length of the frequency. The increase in b/ decreases the coupling effect be-
tween the array elements.and, if the coupling is to increase the radiation effect,
then the input resistance should decrease when b/ £ is increased. This being
the case noted here, it is believed that the coupling effect for the interdigital

boundary condition is helpful in improving the radiation of the structure,
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as will be confirmed through experiments in the next chapter.

If typical values of d/{ are used in (3.23), the radiation resistance
of the vertical sections is found to be less than 5Q2; therefore, the effect of
the vertical sections will be very small compared to that of the horizontal ones
unless d/! is increased very significantly.

However, the above discussion is. only indicative of structure dependence
and results must be checked by experiment, in particular since the analytical
formulation is very crude.

3.3.2 The Radiation Pattern.

The radiation pattern can be computed by letting y='§ and
K=+1, +2, ----, +N in (3.15). With Ao’ Bo’ and AK known, the complex

space factor is found to be

1 .
Ao Folg) ™ B

2 K
=(1- + +z | 2 ———+ 2 A,
F=(1-z,) G(i)[‘l-F(l)] 1B TE A I At 1 %k
o2 0
(3.25)
where
jk bcos@
o ces
z =e for K positive
-jk b cos
=e for K negative (3.26)
jko(Zd)sin¢
Z, = €

and where b, d, §§ are as indicated in Fig. 3-1.

The magnitude of (3.25) is calculated for N=6 and 10 with various parameter
values as shown in Figs. 3-16 through 3-29. From these, it is seen that a broad-
side pattern is obtained over a wide frequency range except for some frequencies
where the array elements are the equivalent of a quarter-wavelength; here a beam

split is noted for several cases. The comparison of the same parameter values
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2/1=0.1-0.28
0.32-0. 34
- == == /r=0.30

FIG. 3-16: THE FAR FIELD H-PLANE Ey-PATTERN FOR
N=6, a[1=0.01, b/£=0.1, d/£=0.075.
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£[\=0.1-0.26, 0. 34

vol — = = = = 1/2=0.28

\ _

(o]

£ /A=0. 30

FIG. 3-17: THE FAR FIELD H-PLANE Ey-PATTERN FOR
N=10, a/£=0.01, b/£=0.1, d/2=0.075.



70

622 0=7/P ‘1°0=7/d ‘10°0=

7

/e 9

£
=N 404 NYIdLLVd- d INVId-H dTHd 4vd HHL :8T-¢ "OId

$€°0-2€°0=Y/7

(o]

91 "0=X/7

FT0=X/T e - — — —

0€°0~-81°0

21 °0-1°0=Y/7




71

- o ' ’/ - —-p_ LS
7 - ° / ~ ° N \\ ~N
~ 7
/ ~ P N
/ // ~ \ o
/ o / \
l /
! £ x=0.1-0. 12,
I | 0. 18~0. 30 o
\ o -— = —=1/x=0.14
\\ ‘ - —— 1/2=0.16 |
\ o £/2=0.32-0. 34
\\ \ /

\ N / o //
\\\\ / -’
N N N . ////

NN 45 6
™ -

FIG. 3-19: THE FAR FIELD H-PLANE E_-PATTERN FOR
N=10, a/£0.01, b/£=0.1, d/£=0:225.
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" £ /x=0.1-0. 20 \‘

0.24-0. 34 |
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FIG. 3-20: THE FAR FIELD H-PLANE Ey-PATTERN FOR
N=6, a/£30.01, b/£=0.2, d/£=0.075.
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£[x=0.1-0.24, 0.28
0.32-0. 34

£ [x=0.26
£ [x=0. 30

FIG. 3-22: THE FAR FIELD H-PLANE Ey—PATTERN FOR
N=6, a/1=0.01, b/£=0.2, d/£=0.225.
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2 x=0.1-0. 16, 0.20

£/2=0. 18, 0.32-0. 34
£/x=0.22-0.26

£ [x=0.28-0. 30

FIG. 3-23: THE FAR FIELD H-PLANE Ey-PATTERN FOR
N=10, af£=0.01, b/£=0.2, d/2=0.225.
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£[x=0.1-0.14, 0.18-0.26
£/2=0.16, 0.32

£/2=0.28

FIG. 3-24: THE FAR FIELD H-PLANE Eyv—PATTERN FOR
N=6, a/£=0.02, b/£=0.1, d/£=0.075.
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| £/3=0.1-0.20
, 0.30-0. 34
l‘ ------ £/3=0.22, 0.28
PN
\
\
\

FIG. 3-26: THE FAR FIELD H~PLANE Ey-PATTERN FOR
N=6, a/£=0.02, b/£30.2, d/4=0.075.



79

- - T~
.// % =
/ 7/ \/
/

/

/
I £/2=0.1~0.24

| 0. 30-0. 34

: ----- £/2=0.26
| - 1£[/2=0.28
\

\

\

FIG. 3-27: THE FAR FIELD H-PLANE Ey-PATTERN FOR
N=10, a/£s0.02, b/¢=0.2, d/£=0.075.
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£/230.1-0. 14

£[x=0.16, 0.28
£2=0.18
2/7-0.26, 0.32-0.34

FIG. 3-29; THE FAR FIELD H-PLANE E_-PATTERN FOR
N=10, a/£=0.02, bf1=0.2, d/£=0,225.
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for N=6 and 10 reveals that the split is more significant and over a wider frequengy
range when N=10, which is an indication of the increased.significance of the
slow wave radiation. However, when the frequency is increased further, the pat-
tern goes back to broadside if b/! is large and d/! is small. This is because of
the narrow slow wave bandwidth, corresponding to an above cutoff frequency situ-
ation in a closed structure. Therefore, as will be shown experimentally in
the next chapter, the radiation can only be of a leaky wave type and is represented
by a broadside pattern. An array can be designed for either a broadside or an
oblique beam based on the frequency range of operation. If the frequency is kept
below the equivalent of a quarter-wavelength of the array element, the broadside
radiation is predominant. If the frequency is above the equivalent of a quartey=
wavelength of the array element, then a broadband obligue beam can be obtained,
if the parameters are properly chosen to obtain a wide slow wave bandwidth.

The above discussion is consistent with the discussion and prediction
made in the previous chapter over the slow wave region, where the discussion
was based on the dispersion characteristics of an infinite structure.

The contribution of the vertical sections to the radiation pattern are neg-
ligible in the broadside case, since the broadside of the array is a null point
for the vertical elements. However, for an oblique beam case, the vertical
gections will contribute a vertically polarized field to the horizontally polarized
field obtained from the horizontal array elements. This will result in a cross-
polarization, if the relative field strength of the two are close. This will have
to be determined experimentally.

The theoretical far field H~-plane Ey-pattern for the antennas A-1, A-2,
A-3, B-1 and B-2 (see Chapter IV for specifications) are plotted in Figs. 3-30
through 3-34; these patterns are seen to be predominantly for broadside radia-
tion with cosine square pattern except for some frequencies where the beam splits,
indicating a slow wave propagation along the array has taken place in this fre-

quency range.
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£/x=0.1-0.18
0.22-0.26, 0.32-0.34 \

———i— [ [A=0.2

—e—o— {[)1z0.28

~—t—a— 1[220.30

FIG. 3-30: THE THEORETICAL FAR FIELD H-PLANE Ey—PATTERN
FOR THE ANTENNA A-1.
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£/2=0.1-0.2, 0.24
0.30-0.34

L =0.22, 0.26

£[x=0.28

FIG. 3-31: THE THEORETICAL FAR FIELD H~PLANE Ey—PATTERN
FOR THE ANTENNA A-2.
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£/x30.1-0.20
0.26-0. 34

_____ 2 /x=0. 22

FIG. 3-32: THE THEORETICAL FAR FIELD H-PLANE Ey-PATTERN
FOR THE ANTENNA A-3.
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3.4 The Angle of Maximum Radiation.

32
The beam angle for a fravelling wave radiator is given by( )

£
- sm¢m (3.27)

where c is the velocity of light, v is the phase velocity of the source and ¢m is
the angle of the maximum radiation measured from the line perpendicular to the
source, or from the broadside of the antenna as shown in Fig. 3-1. Equation
(3.27) is true for a source of uniform amplitude distribution and a constant phase
velocity v, and gives the far-field expression

> -k _z' (£ -sing)
P(sin¢)=[e v dz' (3.28)
o

where L is the length of the source.
Equation (3.27) results from applying the principle of sta-
tionary phase (or saddle point) to (3.28). That is,

a C 1
ar [Grembrie]no 529

However, as pointed out by Walter(322 when the source does not have a uniform
amplitude distribution, {3,27) is only approximately trye when the angle ¢m

is between 5 to 70°. For a larger source length (L > 5X)), ¢m is not too well
defined if the angle is either below 5o or above 70°. For a shorter source

(L <5)), the angle ¢m is considerably smaller especially when the angle ¢m is
greater than 0°. It is noticed from (3.27) that the ratio % will be greater than
unity in the slow wave region. The angle obtained is imaginary in this range but
it has been used physically as if it were real; i.e. one can obtain ¢m from (3.27)
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by taking the inverse of a hyperbolic sine of % in the slow wave region.

The beam angle of the interdigital array antenna is expected to be smaller
than the expression of (3.27) because the structure is much shorter than 5\
(usually in the order of A ).

Experimental confirmation of Eq. (3.27) is shown in the next chapter,
where antenna C-2 is investigated for an interpretation of the radiation mechan-
isms involved in the interdigital array antenna.

3.5  Discussion.

The input impedance of a finite array is seen to be fairly stable with
respect to changes of the parameter values or the number of the array elements.
However, the input resistance increases slightly when the parameter d/! is in-
creased and also when the number of the array elements is increased from 13
to 21. On the other hand, the input reactance is not affected by the parameter
changes very much, having a resonant frequency a little lower than the equiva-
lent of the quarter-wave wavelength of the array element. The structure is
capacitive in the low frequency range and inductive in the high frequency range.
The impedance curve is somewhat irregular in its shape and trend, in spite of
the assumption of a sinusoidal current distribution along the array elements.
This may result from mutual coupling among the array elements with an inter-
digital boundary condition.

The radiation patternsindicate a fairly wide frequency band for broadside
radiation in the low frequency range and a tendency for the beam to split when the
slow wave region is reached. As soon as the slow wave pass-band is exceeded,
the pattern goes back to a broadside radiation. It is seen that the smaller the
value of b/{ and the larger the value of d/4, the more the bandwidth of the struc-
ture is increased, according to the study of an infinite array. This increase in
bandwidth is reflected in the far field pattern as a split beam with a large tilt
angle.

Thus, in spite of some uncertainties about the formulation, the far field

pattern obtained in this chapter points toward a consistent prediction over
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the slow wave bandwidth of the structure. It should be remembered that slow
wave phenomena is not well defined in a finite structure. The nature of the ra-
diation mechanism in a finite array can be approximated as a travelling wave
type in the pass-band region and a leaky wave type in the higher and lower fre-
quency region. One way to confirm this is to check the angle of maximum radia-
tion for a given travelling wave source, if one can define a constant phase veloc-

ity along the array surface. This will be done in the next chapter.



CHAPTER IV
EXPERIMENTAL RESULTS

4.1 Introduction.

Seven experimental models were constructed with the following speci-

fications.

Parameter ‘ Antenna Type v W

A-1 A-2 A-3 B-1 B-2 Cc-1 C-2

2N+1 13 13 13 21 21 14 17
(2a)* 0.15cm 0.15c¢m 0.15c¢m 0.15cm 0.15c¢m 0.15cm 0.15cm
b 1.2cm 1.8cm 2.4cm 1.2cm 1.8cm 1.8cm 1.2cm
d 1.0cm 1.0cm 1.0cm 1.0cm 1.0cm 2.0cm 2.0cm
8 ] 8.0cm 8.0cm 8.0cm 80cm 8.0cm 8.0cm 8.0cm |

*equivalent

They are shown in Figs. 4-1 through 4-5. The models were photo-etched from a
strip-line material and mounted on a 10" x 15" brass plate and then attached to a
5' x 6' ground screen for all measurements. All models are symmetrically fed,
i.e., only the center element was excited, except C-1 and C-2, which were built
to study the mechanism of radiation . While the antenna C-2 is fed from the left
endoof the array, C-1 is actually a combination of two arrays fed at ‘the end of
each antenna. Two elements, one from each array and now in adjacent positions,
are driven in phase. The strip-line structure was used because of the conven-
ience in construction by means of the photo-etching process. The width of each
array element was 0.3 cm which corresponds to an equivalent diameter of 0.15 cm
since the thickness is very small relative to the width of the conductor(n) | The
antenna D-1 was constructed with copper tubes of 0.63 cm diameter, 3 cm above
the ground plane, b = 2 cm and a total of five array elements. It is shown in

Fig. 4-6 with a magnetic probe above the conductor. The purpose of D-1 is to

make the diameter of the element larger for a better measurement of the current

distribution along the cylindrical array element.

91
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FIG. 4-1: THE INTERDIGITAL ARRAY ANTENNA A-1.
2=8cm, d/£=0.125, b/£ =0.15, a/2=0.01, N=6,

.
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FIG. 4-2: THE INTERDIGITAL ARRAY ANTENNA A-2.
2=8cm, d/f =0.125, b/L=0.225, a/2 =0.01, N=6.



FIG 4-3: THE INTERDIGITAL ARRAY ANTENNA A-3.
f=8cm, d/£=0.125, b/2=0.30,a/f =0.01, N=6.

B
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FIG. 4-4: THE INTERDIGITAL, ARRAY ANTENNA B-1.
2=8cm, d/1=0.125,b/L=0.15, a/£ =0.01, N=0.
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FIG. 4-5: THE INTERDIGITAL ARRAY ANTENNA B-2.
£ =8cm, d/£=0.125, b/£=0.225, a/£=0.01, N =10.

FIG. 4-6: THE INTERDIGITAL ARRAY ANTENNA D-1 WITH A
MAGNETIC PROBE ABOVE THE EXCITED ELEMENT
£=16¢em, d/£=0.206, b/1=0,125,a/£=0.04, N = 2.
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4.2 Near Field Measurements.

The near field measurement facilities involve an anechoic chamber, a
magnetic probe with its carriage system, and a receiver-recorder system. A
symmetrically shielded vertical loop probe was used throughout the measurements.
It has a diameter of 0. 33 cm and is made from a coaxial line of 0.084 cm outside
diameter. The probe pick-up error due to E-field is very small for all of the fre-
quencies under measurement since the probe is very much smaller than the
wavelength of the highest frequency involved (less than 1 per cent). (34)

4.2.1 Near Field Amplitude.

The neaf field amplitude measurement set-up is shown in Fig. 4-7.
The magnetic probe was placed 0.5 cm above the surface along y=;— of the array.
A manual control was used to drive the probe synchronously with the pen drive
mechanism of the x-y recorder. The recorder output was normalized to the max-
imum power of the plot. The results are shown in Figs. 4-8 through 4-12.

The study of near field amplitudes shows that when the frequency is low,
very little field is present once the first couple of array elements are probed;
this suggests that broadside radiation has taken place and the field attenuates
very rapidly as it travels along the array surface. However, when the frequency
is near 650 MHz, the field is maximum at, or near, the N=3 element, which
strongly suggests a slow wave along the array surface and that an oblique radia-
tion is taking place. However, A-1 does not seem to have a sufficient number of
elements to establish slow wave propagation. Therefore, it is expected that the
radiation pattern will still be very much of a broadside pattern. When the fre-
quency is increased toward 300 MHz, the structure is driven above the slow wave
pass-band and the near field amplitude decays very rapidly toward the end of the
array. Thus, broadside radiation may take place. The above observation is also
true for the A-2 and A-3 antennas, except for the fact that these two are physically
longer and thus are able to maintain a better slow wave propagation along the array

surface. Therefore, some oblique radiation will take place when the frequency is

near and above 650 MHz. The near field patterns for B-1 and B-2 are comparable
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Array Element N
THE NEAR FIELD AMPLITUDE FOR THE ANTENNA B-1.

(ap) spnpduy eATjEleYy

e

Feed point

FIG. 4-11a:
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to those of A-1 and A-2 except that the number of elements is increased and thus,
slow wave propagation will be more efficient and, consequently, better oblique
radiation will occur when the frequency is soinewhere between 650 MHz and 850
MHz. Here 850 MHz is observed to be the upper limit of the slow wave pass-band.
The antenna A-3 has the narrowest bandwidth with the upper frequency of about
800 MHz or less.

4.2.2 Current Distribution.

In order to justify the assumption made in previous chapters, the
antenna D-1 was built to check the current distribution along the conducting ele-
ment. The antenna D-1 is shown in Fig. 4-8 with a magnetic probe above the con-
ducting element. The distance was maintained at about 0.5 mm during the mea-
surement. The near field amplitude along the excited element is shown in Fig.
4-13 and the near field amplitude along the adjacent conductor is shown in Fig.
4-14. One thing is obvious from the observation of these two figures. That is,
although it is not perfect, the amplitude of the current along the conduetor has a
nearly sinusoidal distribution obeying the interdigital boundary conditions, The
shape of the current distribution may actually be somewhat different due to the fact
that the\conductdr is only about twice the size of the magnetic probe and the probe-
to-element spacing may not have been 0. 5 mm.uniformly along the conductor. - The
latter may have been the main reason why the two conductors have quite a different
near field amplitude distribution along the conductors. It should be noted here,
however, that the near field amplitude was actually a linear power distribution a-
long the conductor and, thus, a direct interpretation of the current distribution has
to be done carefully.

To further investigate the current distribution along the array element and
to check the proper excitation of the array elements by a single feed arrangement,
the near field amplitude was measured along the array edges y=0 and y={ for the
antenna B-1, The results are shown in Figs. 4-15 and 4-16. The excessive amp-
litude observed above the feed point is due to the sudden decrease of the probe-to-
element spacing caused by the protruding solder joint between the feeding wire
and the conducting element. It is noted that along y=0 the near field peaks up
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where the elements are grounded (even elements) and nothing was observed above
the ends of odd elements. The reverse is true for y=£. These results imply

(i) both even and odd elements are properly excited; (if) the current distribution
may be sinusoidal subject to the interdigital boundary conditions as observed
from the measurement made on antenna D-1.

Slow wave propagation is also observed at 650 MHz from these plo,t_s as
was discussed in the previous section.

4.2.3 The Near Field Phase Shift.

The near field phase shift was measured with the set-up shown
in Fig. 4-17. The attenuators and phase shifter were adjusted to obtain a null
on the CRO display, which corresponds to equal amplitude and opposite phase be-
tween the reference signal picked up by the directional coupler and the signal
picked up by the magnetic probe. Thus, if the net change in phase shifter is re-
corded and then converted into the angle by dividing the net change with the wave-
length of the measuring frequency, the net phase shift angle can be obtained. A
trombone -line was 'modified to provide a convenient phase shifter with its net
change readily read out from the attached scale. The probe was put very close
( <0.1cm) on the middle of the array surface and at the center of the array ele-
ment for an accurate measurement. The measurements were made for five
models, A-1, A-2, A-3, B-1, and B-2, through the frequency range of 400 MHz
to 900 MHz. Measurement data are shown in Figs. 4-18 through 4-22, where ¢
denotes net phase shift in radians and N denotes the number of array elements
counting from the center (which is 0); only half of the antenna was measured be~
cause of the assumed symmetry.

An important trend was noted among these phase shift plots; there is a
phase decrease along the array at lower frequencies up to 650 MHz when the phase
shift suddenly changes to an increasing phase along the array direction. This
implies a change in the direction of the phase velocity along the array axis.

In other words, at lower frequencies when the antenna is excited in the fast wave

region, the phase velocity associated with the decreasing phase along the array
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direction is "backward’, or directed toward the feed end of the array(7) ,(17), (18)

Since the dispersion characteristics in the fast wave region require that the phase

and the group velocity have to be in the same direction, it is expected that the en-
ergy associated with the group velocity will be "backward" also. However, the
antenna is fed in such a way that a backward energy flow along thecarrayaxis is im-
possible. Therefore, the radiation mechanism has to be different from the fast
wave radiation. It is from this result that the statement in Chapter II was made
about the invalidity of the fast wave solution for the theoretical dispersion char-
acteristics. The possible mechanism of radiation in the fast wave region is a
"leaky" wave which is defined to be a gradual loss of energy through radiation
when the wave is travelling along the array axis. In other words, a complex
propagation constant exists along the array axis with its real part equal to that

of a free space propagation constant and its imaginary part causing an expo-
nential decay of the amplitude along the array axis. The decay of the amplitude
can be seen from the near field amplitude plot in the previous section.

When the antenna is excited above 650 MHz, the phase velocity reverses
its direction and becomes "forward" propagation, that is, the phase velocity is
along the forward direction of the array axis toward the unexcited end. The en-
ergy associated with the group velocity:is also along the forward direction of the
array for the type of feeding method used in this measurement. Thus, a slow
wave solution is valid and a slow wave radiation should take place if the antenna
is driven above 650 MHz until the pass-band is exceeded. A leaky wave radia-
tion should take place again once the antenna is driven beyond the pass-band.
Since this frequency range is not of present interest, the behavior of the antenna
above the slow wave pass-band will not be pursued.

The nonuniform phase shift is probably the result of: (i) probe was not
actually at the middle of the array or at the center of the array element, (if)
models were not symmetrically constructed, (iii) drift of the frequency during
the measurement, (iv) reflection of the waves at the end of the array, (v) some

other experimental errors. It is noted, however, that the phase shift becomes
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smoother as the number of array elements is increased from 6 to 10. In order

to construct a dispersion curve from these measurements, an average phase

shift was obtained by assuming a uniform phase shift and drawing a straight line
across the actual phase shift curve. The dispersion curves thus constructed were
shown and compared with the theoretical solutions in Figs. 4-23 through 4-25
where the actual resonant frequency of the structure was obtained from the mea-
surement of the single element. It is seen that the experimental results com-
pare fairly well with the theoretical solution except in the fast wave region and
above the slow wave pass-band where theoretical solutions are not available
numerically.

4.3 The Input Impedance and the VSWR.

The experimental models were placed in an anechoic chamber for an in-
put impedance and a VSWR measurement. The method used was a standard
slotted line technique for the impedance measurement. The VSWR was measured
by a sweep frequency generator and, thus, continuous values were obtained over
a wide frequency range. The frequency marker was integrated into the CRO dis-
play for convenience and the reference values of 6.0 and 3. 0 were also pro-
vided by a standard attenuator. Since the attenuation of the coaxial cable RG 58
may affect the accurate measurement of both input impedance and the VSWR, the
feed line was kept very short (less than 3 feet, or less than 1 db within the fre-
quency range) during the entire measurement.

4.3.1 The Single-, Double-, and Triple-Element Antenna.

For a better understanding of the effect of the coupling due to the
interdigital boundary conditions, it is natural for one to study the input impedance
of a single element antenna first. The physical dimensions of the conducting ele-
ment and the distance from the ground plane are identical to A-1. The input im-
pedance was measured and plotted in Fig. 4-26. The locus of the input impedance
is similar to that of a lossy transmission line. The real part is very small, in-
dicating a weak radiation and some losses, as expected. The resonant frequency

is around 700 MHz, which is equivalent to the quarter wavelength of the effective
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length of the vertical plus the horizontal conducting element. The effective
length means a ten per-cent increase from the actual length of the conducting
element to take the true current distribution into consideration. (29)

When a second conducting element is placed near the single element,
with the spacing between the elements identical to that of A-1 and grounded on the
alternate side, the input impedance locus was moved toward the right of the
Smith Chart, meaning some additional radiation and loss due to the second
element. Another interesting effect seems to stand out in addition to the in-
crease in radiation. That is, the resonant frequency was decreased somewhat
from the original one. This probably is because of the change in the actual cur-
rent distribution on both elements and thus, more than ten per: cent will have to
be added to the actual length of the conducting element in order to obtain an ef-
fective length. The above two effects are further evidenced when a third element
was added along with the alternate boundary conditions. Eventually, when the
array element is increased to 13 (A-1), shifta of the input impedance locus
and the resonant frequency are advantageous for antenna operation (see Fig.4-27).
That is, a wider band and increased radiation are obtained. The resonant fre-
quency is shifted down to 640 MHz, which is equivalent to a 20per cent increase
in effective length.

Although it is not too obvious from the study of Fig. 4-26, it can be noted
that the locus is shrinking toward the center of the Smith Chart as the number of
elements is increased from one to three. This is the indication of a wider band
structure.

A study was also conducted using VSWR measurements as shown in Fig.
4-28. For the frequency range covered by the sweep frequency generator, it can
be observed that the effect of the second and third interdigital elements tends to
decrease the overall VSWR gradually. It is also interesting to compare results
on one, two, or three elements with the VSWR of the antenna A-1 (see Fig.4-28d).

-Similar measurements were tried without interdigital boundary conditions,

that is, grounded on the same side or no grounding at all. The Smith Chart plots
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do not show significant shifts in the impedance locus by incressing the number
of adjacent elements.

To sum up, the addition of the second and third element with an inter-
digital boundary condition has the following effects:

(a) Lowers the resonant frequency.
(b) Shifts the impedance locus toward the center of the Smith Chart.
(c) Shrinks the impedance locus to become a wider band structure.

4.3.2 The Center-fed Antenna. |
The input impedance and the VSWR of the center-fed antennas

A-1, A-2, A-3, B-1 and B-2 were taken and compared in this section.

 The input impedance of A-1 is already shown in Fig. 4-27 as an exten-
sion of the single-element antenna. As was noticed before, the resonant fre-
quency is down to 640 MHz and the VSWR shown in Fig 4-28d indicates a fairly
wide band of frequency for which the VSWR is lower than 3 with respect to 502
coaxial cable. Based on the above observations, it can be said that the antenna
A-1 has a bandwidth of around 280 MHz with a center frequency of 640 MHz. The
comparison of the theoretical solution of A-1 and the measured impedance is
shown in Fig. 4-29, where it is seen that the theoretical solution fails to coin-
cide with the measured values although it falls into a general range. This per-
haps is due to the ambiguity of the theoretical solution and some error in ex-
perimental measurement.

The input impedance of A-2 is plotted in Fig. 4-30 and the VSWR is seen
in Fig. 4-31. Measurements indicate that the increase in the array spacing has
made the antenna into a narrower band structure with its ihputh impedance locus
stretched out a little in comparison with the antenna A-1. "The resonant frequency
is around 630 MHz and the bandwidth is around 250 MHz based on the VSWR of
less than 3 with respect‘to 502 coaxial cable. It is seen that the VSWR of A-2
is lower than that of A-1 within the frequency band of operation, which, pexfhaps
is due to a physically longer array structure and thus, a lesser reflection from
the end of the array back to the feeding point. The comparison between the theo-
retical and measured input impedance is shown in Fig. 4-33,



134

7

T-V VNNILNV JHL HOJ4 IONVLSISHY LNdNI FHL ‘B6Z-% DI

o
7o

-1 &l

- wlt

paansesaA O O O

1BO138I09Y L

0S

00T

(5) 9oue)sisay Induy



135

‘T-V VNNALNV FHL 404 IONVIOVIY LOdNI JHL :962-% "DId

o
73

-1kl
-1kl

paanseaAl O 0O

1801191094 L,

00zf -

ootf-

ootf

003f

(35) 9ouejoeay ndug



FIG. 4-30: THE INPUT IMPEDANCE FOR THE ANTENNA A-2,

136

o) Q)
. o -
S
= v
o\_xd ~
;ﬂ‘\%\ P
R <
o\ (o D
© 0.2 R
e
g
6
o
\4\“
> Iy
0.
B\ &
Y
2¢ 0
i%° o
A <
Y &
'S
& e
o ..°
v 0 1
¥ X
> § °
0
& L)
&
& i)
3
3
2
L)
e
[}
T S S HEERERE ) Y Te 1Y 2
HHHRA—A
RESISTANCE COMPONENT(-R-), R conpucTANCE componenT(-)
0.2
o2
Pl
2
g o
"z
%
% 4
%
2 &)
\:i 03
*
%) »
A%
EAY -
Q o
R
1,
", 7
S
<
3,
L/
‘voo
)
DN K o
st 2
s ~34 )
9] v. <
o) -
(J o
o e

20,



137

Frequency (MHz)
FIG., 4~31: THE VSWR FOR THE ANTENNA A~2,
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FIG, 4-32: THE VSWR FOR THE ANTENNA A-3.
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When the array spacing is further increased, the input impedance shifts
toward the same valae as for.the singieselement antenng, 8s:evidenced from Fig.
4-34, where the input impedance of the antenna A-3 is plotted. The resonant fre-
quency has shifted up to around 700 MHz and the VSWR, shown in Fig. 4-32, in-
dicates a much narrower frequency band. The comparison between the theoretical
solution and the measured input impedance is shown in Fig. 4-35.

The input impedance and the VSWR of B-1 and B-2 are shown in Figs.
4-36 through 4-39, where the study reveals, as expected, the increase in the
number of array elements from 13 to 21 lowered the VSWR within the frequency
band and the band became slightly wider with a shift in resonanf frequency of the
structure, Therefore, from the above observation, the antennag B-1 and B-2
are slightly better than the antennas A-1 and A-2, respectively. The compari-
son between theoretical solutions and the measured results again shows the same
discrepancy observed in the other three types of ﬁntennas. They are shown in
Figs. 4-40 and 4-41. |

4.3.3 The Asymmetrically-fed Antenna.

The antennas C-1 and C-2 were built as wider frequency band an-
tennas and also for a better understanding of the mechanisms of radiation. The
antenna C-1 is actually a combination of two seven-element antennas fed at one
end of the array, with the excited element of both antennas brought together next
to each other at a spacing of 1.8 cm apart (which is identical to the array spacing
of each antenna). Altogether, it looks like one antenna with two center elements
being excited from the same feeding wire. The use of this feeding method is a
consequence of the investigation and the prediction of the radiation pattern based
on the study of the antenna C-2. The input impedances of the antennas C-1 and
C-2 are shown in Figs.4-42 and 4-43. The antenna C-2 is fed from end of the
array to investigate the mechanisms of radiation. A wide band is obtained by
reducing the array spacing "b" and increasing the jistance of the array shove the

ground plane. It is observed that the input resistances are substantially greater



141

. . G B
A )’\ Y
[ Bs -~
> o ot (e o
S
o\ (o
e v
P S
OIS 0 5
o
o
N
O dg’o - 0.4
&
S
o
&y &
$
O
q
6’ 0 O \
S X0
Iu
O
& > S
X
P
« ke
$
5 %
]
Q
2 |
0
0
@ T ® 9
S| s 131313 o Y T ! 3 S o )

-]

O]

1

HH- 3
RESISTANCE CoMPONENT(-E-), OR CONDUCTANCE CoMPONENT (-}

A&

14

FIG. 4-34: THE INPUT IMPEDANCE FOR THE ANTENNA A-3.



142

‘€~V VNNILNV JHL 404 IDNVLSISHY LOINI JHIL -:esg-% "DId

— wl

o
7 A

— Wil

paanseapy O O O

180139X09Y L,

oS

00T

() soue)sisay nduy



143

'€~V VNNILNV THL 404

JONVIOVIY LNdNI JHL :qsg-¥ "DId

o
AR

- wicn

-1 &l

paansesWl O O O

[eo119I09Y.L

003( -

001f-

oorf

oozf

(35) 9ousjoEay ndug



144

o) Q
0 ° 3 Y
»
= v
o\_x2 ~
“‘_‘,1\10) o
O <
o\ o D)
< 0.2 K
«""
4 Q,
) <
oF o
<
O 3
A/ S
&
&
%
w0
A os
e, ‘)4," 7
£
S &
[ 29
[
A
0) O
2
3
>
S \
)
0}
\J
0 [}
b ol | o) o) 3 o[ 1= 3 %
ARARE LRSI rt-r ——t—t =] N
RESISTANCE couPonsm(To-), OR CONDUCTANCE COMPONENT| -&.-)
0.2
°~‘
—~
°
L,
©
v o
\ 8
2
Q 2
‘f;‘_ 0
(3
Y‘
3 & ,
A
>
7\« o>
o"o
4,
Y ’
%,
S g
%
Y,
‘bﬁ
0,
y
0y >
vy S G b
Y35
E2) LA
a4 %)
9/ v. <
® -
S o o

FIG. 4-36;: THE INPUT IMPEDANCE FOR THE ANTENNA B-1.



145

EEEt asan: s ML BERERE
R

- } c
RESISTANCE COMPONENT(-R-), OR coNpucT,
8 ), DUCTANCE COMPONENT(-E-) I

0.2

FIG. 4-37: THE INPUT IMPEDANCE FOR THE ANTENNA B-2.



146

| Ffequenoy (MHz)
FIG, 4-39: THE VSWR FOR THE ANTENNA B-2.
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than those of previous models. The reason is due the increase of the distance
above the ground plane "d'", which can be understood intuitively from the viewpoint
of a cylindrical antenna above the ground plane. Furthermore, it is noteiced that
the frequency band is also increased significantly and the resonant frequency is
slightly lower than for previous models.

4.3.4 Discussion.

The measurements of input impedance and the VSWR for various
experimental models are, in general, consistent with the prediction and analysis
from the infinite array structure. Discrepancies were observed between the theo-
retical solution and the experimental results. The exact reasons are not all
apparent. Some possibilities are listed below.

(a) The ambiguity involved in the theoretical formulation and the dis-
crepancy between the assumed current distribution and the actual current dis-
tribution.

(b) The vertical sections were not included in the analysis but were in-
cluded in the experimental measurement. The effect of the vertical sections
is assumed small for all cases. If they can be treated as two parallel arrays
of Hertzian dipoles, the calculated radiation resistance is less than 102 with-
in the frequency range of interest. However, they will have to be considered as
an additional contribution to the structure in terms of an input impedance.

4.4 The Radiation Pattern.

The radiation patterns of all experimental models were taken at the North
Campus Antenna Range on the roof of the Fluids Building. The models were de-
signed to utilize the best frequency band for operation of these facilities.
4.4.1 The Broadside Radiation.
The antennas A-1, A-2, A-3, B-1 and B-2 were pri(ma;'ily de-
32

signed for a broadside radiation utilizing the "'leaky' wave mechanism for a
fairly wide band operation. As mentioned before, the broadside radiation was
made possible by feeding the antenna through the center element and exciting the

structure within the frequency band which lies inside the fast wave region. Thus,
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the wave radiates or ''leaks" as it travels toward both ends of the array, re-
sulting in a broadside pattern. When the antenna is excited into the slow wave
region, the radiation pattern will depend on'the electrical length of the array. If
the array is less than a slow wave wavelength, it will be difficult to sustain an ef-
ficient slow wave propagation and thus, the radiation pattern may still have a
broadside tendency instead of an oblique radiation, as will be discussed in the
next section. The array length of A-1 is less than a slow wave length for the range
of frequency involved and, therefore, a predominantly broadside pattern is ex-
pected which i{s as predicted from the theoretical solutions in a previous chap-
ter. The antenna A-2 is about one slow wave wavelength, and thus, if the fre-
quency is increased above 650 MHz, a beam split will be expected. The antenna
A-3 is designed for a very narrow pass band and, thus, a radiation pattern will
resemble that of a single element or a predominantly broadside pattern will be
observed.ﬁ When the number of array elements is increased in going from A-1 to
B-1, the radiation pattern above 650 MHz must become oblique because the array
length is sufficient to support a slow wave propagation along both directions of the
array. A similar argument is true for the antenna B-2.

-The far field H-plane Ey-patterns were plotted in Figs. 4-44 through 4-48.
The above arguments on slow wave propagation are well applied to the experi-
mental results. The experimental patterns are not quite symmetrical because of
some errors in construction of the models and possibly because of the error in
the recording and plotting devices. The theoretical solutions for the far field pat-
terns were plotted in Figs. 3-30 through 3-34, respectively. Although they do not
have a perfect fit with the experimental patterns, the general trend of the beam
shift, the half power beam width and the frequency range are fairly consistent.
The bandwidth of the antenna based on the far field pattern is quite different from
that of the VSWR study, except for the antenna A-1, where both criteria are
quite consistent.

Based on the above discussion, a design of a wideband, broadside radia-

tion antenna can be achieved by the following methods.
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FIG. 4-44c: THE FAR FIELD H-PLANE Ey-PATTERN FOR THE ANTENNA A-1.
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FIG. 4-45a:

350 MHz

THE FAR FIELD H-PLANE Ey-PATTERN FOR THE ANTENNA A-2.
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FIG. 4-45b: THE FAR FIELD H-PLANE Ey-PATTERN FOR THE ANTENNA A-2.
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FIG. 4-46c: THE FAR FIELD H-PLANE Ey-PATTERN FOR THE ANTENNA A-3.
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FIG. 4-47a: THE FAR FIELD H-PLANE Ey-PATTERN FOR THE ANTENNA B-1.
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FIG. 4-47b: THE FAR FIELD H-PLANE Ey‘-PATTERN FOR THE ANTENNA B-1.
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FIG. 4-47c: THE FAR FIELD H-PLANE Ey-PATTERN FOR THE ANTENNA B-1.
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FIG. 4-48a: THE FAR FIELD H-PLANE Ey—PATTERN FOR THE ANTENNA B-2.
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(a) Feed the antenna symmetrically at the center of the array.

(b) Increase the bandwidth of the structure by choosing small "b"
and large "'d".

(c) Make the length of the array shorter than the slow wave wave-
length of the structure within the frequency range of operation.

4.4.2 The Oblique Radiation.

A further study of the mechanisms of radiation is attempted here
with the construction of antenna model C-2. The number of array elements is
17 and the antenna was fed from one end of the array (left end, see Fig. 4-49a).
Thus, if the frequency is increased into the slow wave region, the ai'ray will
have sufficient length to support the slow wave along the direction of the array.
The antenna is made to have a broader frequency bandwidth by an increase in
"d" and a decrease in ''b", as mentioned in previous section. The far field
H-plane E-pattern is plotted in Fig. 4-49. At low frequencies where the struc-
ture is excited in its fast wave region, the radiatibn pattern is seen to be a
""leaky'" wave type, resulting in a "backward" radiation, or, the radiation pat-
tern is toward the opposite or feed end of the array. This is expected as can be
observed in Fig. 4-50, where the dispersion characteristics of the infinité
structure are plotted and the appropriate frequencies are indicated by the dots
along the curve, andwherethe points b, ---, £ correspond to the patterns (b}, —--,
(1) in Fig. 449. As the frequency is gradually increased toward points e and f,
a slow wave is becoming significant, as observed in Fig. 4-49 (e) and (f) where
the second beam begins to appear along the direction of the array. This corre-
sponds to the well-known phenomenon of radiation from a slow wave structure. 32)
The trend is self-explanatory as the frequency is further increased into the slow
wave region. The slow wave radiation becomes predominant and eventually, as
seen in (k) and (1) of Fig. 4-49, the beam is totally directed in the forward di-
rection of the array in a typical slow wave radiation. It is noted that.a change in ra-
diation mechanism seems to-have occurred althoughrthebeam tilt angles are not
ehanged significantly when the frequency 18 varied. This behavior is guite different

) 10
from what is commonly known as frequency scanning of an array structure.( )
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Feed point
Ground plane | / Antenna C-2
\ /

1

(a) Antenna C-2 Fed at Left End of the Array

T

(b) 450 MHz

ﬁ1!

(c) 500 MHz

(d) 550 MHz

FIG. 4-49;: THE FAR FIELD H-PLANE POWER PATTERN FOR THE
ANTENNA C-2 FED AT LEFT END OF THE ARRAY.
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(e) 600 MHz

~F

(f) 650 MHz

(g) 700 MHz

T

(b} 750 MHz

FIG. 4-49;: THE FAR FIELD H-PLANE POWER PATTERN FOR THE
ANTENNA C-2 FED AT LEFT END OF THE ARRAY.
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(i) 800 MHz
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(j) 850 MHz

(k) 900 MHz
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(£) 950 MHz

FIG. 4-49; THE FAR FIELD H-PLANE POWER PATTERN FOR THE
ANTENNA C-2 FED AT LEFT END OF THE ARRAY.
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In scanning structures, the beam is shifted from, say 0° tQ,1800, gradually
through a broadside when the frequency is changed. The br.oadside is always a
null for antenna C-2 while the main beam shifts the direction. A leaky wave
structure, such as a slot array fed by a wave guide also has a tendency to scan
the beam when the frequency is gradually ch;a_nged.,(s_z) It is noticed, ‘however,
that the array spacing in both a frequency scanning structure and the waveguide
fed slot array are in the order of the slow wave wavelength (or guide wavelength)
and, thus, a broadside radiation occurs when all array elements or slots are in-
phase. But, this in-phase situation isli.mpossible in the interdigital array struc-
ture since the array spacing is very much smaller than the slow wave wavelength.
As a matter of fact, the whole length of the array is only of the order of the slow
wave wavelength.

The angles of maximum radiation in Fig. 4-49 for C-2 were taken as the
beam angles of the dominant beam. In a lower frequency range (450~ 650 MHz),
the dominant beams were those of leaky wave type in the fast wave region with
pattern tilt backward toward the feed of the array. If the expression (3.27) were
used by assuming that the beams were produced by a fast wave source, then the
angle of maximum radiation could be converted into a ratio of the phase velocity
of the source to the velocity of light. This ratio is plotted in Fig. 4-50 along with
the theoretical solution. The angle of maximum radiation of the dominant beam
in the higher frequency range (700~ 950 MHz) was also converted into the ratio of
the phase velocity of the source to the velocity of light by assuming that the domi-
nant beams were thoée of a slow wave type since they point toward the forward di-
rection of the array. These data were also plotted in Fig. 4-50 with different
symbols. When these two sets of plots were connected by a dotted line in Fig. 4-30
and compared with the theoretical solution, the difference between the two curves
was noticeable. However, since the expression (3. 2'_7) is only approximate and
many experimental errors may enter into the far field pattern, the results seem to

agree quite well except in the fast wave region.
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The dispersion curve obtained by a near field phase measurement is also
shown in the same figures. It is seen that this curve is much closer to the theo-
retical solution than the one obtained using the beam angle. The comparison
points toward an argument previously stated, that is, the radiation mechanism
involved in the fast wave region is a leaky wave type and not a travelling wave
type for an interdigital array antenna.

Since the beam tilt angle, which is defined to be the angle between the
main beam and the broad-side direction, has the same value (500-600) but op-
posite direction, it is contemplated that two identical antennas be brought side
by side. Then a split beam radiation pattern over a wide frequency band with
both beam tilt angle and half power beam angle fairly constant would result.

The antenna C-1 has been based on such an anticipation. The far field patterns
are shown in Fig. 4-51. A fairly constant half power beam angle of 30% 40°
was observed. A beam tilt angle of 50°-60° was also observed despite some
experimental measurement error as well as imperfections in the construction
of the models.

From the above observations and discussions it is seen that an antenna
with a single beam with tilt angle in either direction can be designed making use
of the following:

(a) Obtain wider bandwidth by choosing larger '"d" and smaller "b".

(b) For a backward radiation, excite the structure below the equivalent
of the quarter-wave length of the array element for a predominant
"leaky'' radiation.

(c) For a slow wave type of radiation along the direction of the array,
excite the structure at a frequency above the equivalent of the quar-
ter-wavelength of the array element.

A symmetrical dual beam antenna, such as C-1, can also be designed
with much wider frequency band since both mechanisms of radiation can be im-
plemented. A 2:1 band-width can be designed easily if the parameters "b'" and

"d'" are properly chosen.
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(a) 900 MHz

(b) 850, MHz

(c) 800 MHz

FIG. 4-51: THE FAR FIELD H-PLANE POWER PATTERN
FOR THE ANTENNA C-1.
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(d) 750 MHz

{e) 700 MHz

Wy

(f) 650 MHz

FIG. 4-51: THE FAR FIELD H-PLANE POWER PATTERN
FOR THE ANTENNA C-1.
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(g) 600 MHz

!
!
(1F7

(h) 550 MHz

|
!
T

(i) 500 MHz

FIG. 4-51; THE FAR FIELD H-PLANE POWER PATTERN
FOR THE ANTENNA C-1.
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4.4.3 Effect of the Vertical Section of Element.

In éll of the above discussion, the vertical section of the element
has been neglected for some reasons. First of all, they are secondary in a sense
that the radiation is determined primarily by the horizontal array element be~
cause of relative size and closer array spacings.

However, the effect of the vertical section will have a certain effect on
the radiation pattern of the structure. As mentioned in a previous chapter, the
vertical sections can be thought of as two staggered and parallel Hertzian dipole
arrays with currents determined by the horizontal array element currents. Since
the vertical sections will yield vertically polarized endfire radiation(zo), the
broadside pattern of the horizontally polarized radiation is not affected. However,
their radiation will combine with the horizontally polarized oblique radiation.

The field strength of the vertical polarization is much weaker (0O~ 10 db) than the
horizontal polarization because of small size and a relatively great distance be-
tween the sections. Of course, this particular polarization can be used to ad-
vantage if one designs an antenna for oblique radiation.

The vertically polarized patterns are shown in Figs. 4-52 through 4-56.

It is noted that the pattern changes from a very weak (10~ 20 db below hori-
zontal pattern) radiation toward an endfire radiation at higher frequencies, where
the field strength is a little greater (0~10 db below the horizontal polarization).
The term endfire was used here even though the actual radiation pattern is only
half of the endfire. The other half is '"hidden" behind the ground plane. The pat-
terns shown in Figs. 4-52 through 4-56 are quite satisfactory in terms of the
earlier assumption to treat them as two staggered and parallel Hertzian dipole
array.

The effect of the vertical section can be minimized if a recessed mount-
ing is used to "flush mount'" the antenna. It is also possible to use some other
methods, to be explored in the future, to minimize the effect of the vertical sec-
tion both in terms of input impedance and the radiation pattern. This is another

reason why the vertical section of the element is considered only to be of sec-

ondary effect.
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FIG. 4-52: THE FAR FIELD H-PLANE EZ—PATTERN FOR THE ANTENNA A-1.
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FIG. 4-53: THE FAR FIELD H-PLANE EZ—PATTERN FOR THE ANTENNA A-2,
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FIG. 4-54: THE FAR FIELD H-PLANE EZ—PATTERN FOR THE ANTENNA A-3.
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400 MHz
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FIG. 4-55: THE FAR FIELD H-PLANE EZ-PATTERN FOR THE ANTENNA B-1.
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FIG. 4-56;: THE FAR FIELD H-PLANE EZ—PATTERN FOR THE ANTENNA B-2.
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4.4.4 Discussion.

The radiation pattern of the interdigital array antenna is found
to be predictable over a fairly wide frequency band. The mechanism of radia-
tion is considered to be of two types. The '"leaky' backward wave in the fast
wave region and the '"slow" forward wave in the slow wave region. The theory
fails to have a complete fit over the entire range of experimental results, but
the general trend, the half power beam angle, and the frequency band are quite
consistent with the measured patterns. Since the experimental models con-
structed were not quite symmetrical, the measured patterns were seen to be
non-symmetrical with respect to the center of array.

Different types of mechanisms involved in the radiation can be utilized
separately or jointly, depending on the particular type of the radiation pattern
and the bandwidth of the antenna desired. The choice of the parameters ''b"
and ''d" must be made consistent with the required bandwidth, input impedance
and VSWR of the structure. An antenna properly designed will be wideband with
respect to radiation pattern and input impedance.



CHAPTER V

CONCLUSIONS AND FUTURE RECOMMENDATIONS

5.1 Conclusions.

Several conclusions can be drawn from the discussions of the previous
chapters.

First of all, the application of the antenna-wave theory concept to ob~
tain the dispersion characteristics was found to be quite close to the solutions
obtained by Bolljahn and Matthaei(.z), Fletcher(a) for a closed structure,
although the direct comparisons were difficult for the reasons mentioned in
Chapter II. Some interesting trends of the dispersion characteristics of the
interdigital array were also compared with those of the Yagi~Uda structure.
Thereby, it was seen that for given parameter values, the interdigital array an-
tenna has a much wider bandwidth than that of a Yagi-Uda array. The theory
used was only approximate since the current distribution along the conducting
elements was assumed to be a sinusoidal one obeying the interdigital boundary
condition. However, the experimentally measured dispersion characteristics
are found to be fairly close to the theoretical ones. It is also found that the dis-
persion characteristics can be used to explain the mechanisms of the radiation
quite satisfactorily.

The analysis of a finite array was not as good as that of the infinite array
mainly because of the uncertainty of the actual current distribution along the ar-
ray elements which was again assumed to be a sinusoidal one obeying the inter-
digital boundary conditions. Hallén's first order current distribution was used
in the excited element in order to obtain a better expression of the input im-
pedance. Many other current distributions were tried numerically for a best re-
sult. In spite of this effort, the theoretical results were not in complete agree-
ment with the experimental measurements. However, the input impedance and

the radiation patterns based on analysis were close enough to make some limited

predictions possible and help explain the experimentally obtained data.
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The experimental study of the input impedance reveals a shift of the im~
pedance locus on Smith Chart when the antenna parameters were changed. The
resonant frequency of the structure was found to be about 20 per cent lower than
the equivalent of the quarter-wavelength of the array element. This is taken as
a change in actual current distribution due to the mutual coupling of the adjacent
elements. From the circuit point of view, the excited element has been ''loaded"
down by the adjacent elements both capacitively and inductively, thus lowering
the resonant frequency. The theoretical analyses were not able to predict this
since the current distribution was already assumed to be sinusoidal along the
array elements.

It is found through the experiment that there are two dominant mech-
anisms involved in the radiation of an interdigital array antenna. When the fre-
quency is below the equivalent of the quarter wavelength of the array element, the
radiation is of a ""leaky' wave nature. Strickly speaking, a 'leaky'" wave concept
is used only in an infinite structure such as in a waveguide f_ed slot array. The
term is used here to define, loosely, the phenomenon of continuous radiation as the
wave travels along the direction of the array. When the frequency is above the
equivalent of the quarter wavelength of the array element, the radiation becomes
a slow wave type. The two different mechanisms result in backward and forward
radition patterns respectively with respect to the direction of the axis of the ar-
ray. The axis of the array is taken perpendicular to each radiating element of
the array. Therefore, an antenna can be designed for a desired radiation pattern
if the desired mechanism is excited with proper arrangement of feeding location.

‘Models were built for a broadside and a tilted beam application. The
broadside models (A-1, A-2, A-3, B-1, B-2) were found to have a half power
angle of 30° to 60° over 25 to 40 per cent bandwidth.where the bandwidth is defined
to be the frequency range in which the main beam is directed broadside from the
surface of the ground plane. The tilt beam models C-1 have a rabbit-ear pattern
with half power angle of 20° to 40° and a beam tilt angle of 30° to 40° well over

a 2:1 frequency range. The physical size of the antennas ranges from 14 cm. x
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8cm. x lem. for A-1to 36cm. x 8cm. x 1cm. for B-2 which should be com-
pared with a typical cavity-backed slot antenna. For the same frequency the size
of the slot is about 25¢cm. x 13cem. x 13cm., which is considerably larger than
the antenna A-1 (about 4 to 1 in volume and 3 to 1 in aperture area) and slightly
larger than the antenna B-2 (about 2 to 1 in volume and comparable in aperture
area).

The wideband characteristics, in terms of the input impedance and the
VSWR, were noted to be consistent with the wideband characteristics in terms
of the far field pattern. In general, it was found that a 2:1 frequency range can
be designed easily in terms of both a far field pattern and an input impedance.

The vertical sections of elements which are necessary in providing an
interdigital boundary condition were found to have a little influence in terms of
the input impedance and the far field pattern. The radiation resistances of the
vertical sections of elements were found to be, at most, 552 each, if they are
assumed to be Hertzian dipoles. The far field patterns were vertically polar-
ized directed along the axis of the array in an endfire radiation. The far field
was found to be much weaker than the far field of the horizontal array elements

(which is horizontally polarized) by 10 to 20db and is, therefore, considered

insignificant.

As a summary conclusion it is found that an interdigital array antenna
has the advantages of being comparatively broadband, having a low profile, being

of small electrical size and permitting versatile feeding arrangements while its
main disadvantages are a low input resistance and a small amount of cross

polarization caused by the vertical sections.
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5.2 Future Recommendations.

A further improvement of the present structure is possible through some
modifications:

(i) A dielectric and/or magnetic loading: The loading of the antenna will
reduce the resonant frequency of the array and thus reduce the physical size of
the structure.

(ii) Lumped inductive or capacitive loading: These types of loading at
alternate ends of each element will change the current distribution along the
array element and may result in modified performance characteristics.

(i1i) Recessed mounting: This will permit a flush mount and thus mini-
mize the effect of the vertical sections on its far field pattern.

Alternate approaches to the theoretical analysis of the present problem

for a finite array would be of much interest.
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