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N INTRODUCTION
“.\ _——————————
v t
t
'j A new feed configuration for microstrip antennas has been proposed
-
: by Pozar [1]. The feed and a rectangular patch antenna are shown in
i Figure 2.2. The feed consists of an open ended microstrip line which is
»
1: located on a dielectric slab below the ground plane., The microstrip
i antenna is formed on a separate dielectric slab above the ground plane
‘D
C and the two structures are electromagnetically coupled through an
LY
i electrically small aperture in the ground plane between them.
'E This design is particularly advantageous when applied to millimeter
>,
wave monolithic phased arrays. In this application the associated
[
&' active elements such as phase shifters and amplifiers would be formed on
"
nt
ﬁ gallium arsinide, which has a high dielectric constant (€r=12'8)'
)
ot
'
o However, it is preferable to mount the antenna elements on a low
o dielectric constant substrate in order to increase the bandwidth, the
ii; radiation efficiency and the angle off broadside at which scan blindness
W
L™
i occurs [2]. With the bi-layered design, the antennas would be located
<
ﬁ on a separate substrate which would yield optimal array performance and
5 eliminate the competition for surface space between the antenna elements
o
;o
Y . and the active devices. In addition, the ground plane shields the
-’
2 antenna half space from spurious radiation emitted by the feed lines and
‘A
<
i~ active devices. Finally, aperture coupling obviates problems associated 4
i |
3
.
1
B
LY
4
5
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Wwith probe feeds at millimeter wave frequencies, such as complexity of

construction and large probe self-reactances [1].

The scope of this thesis is limited to the analysis of a single
rectangular microstrip antenna coupled to a microstrip line by a
rectangular aperture. The goal of the analysis is to accurately compute
the input impedance as a function of frequency, geometry and material
parameters., The analysis employs the moment method and the resulting
Sommerfeld type integrals are numerically evaluated. Some analytical
results are compared to experimental results to verify the theory.

Two approaches are pursued in the calculation of the input
impedance. The first approach is to analyze the structure shown in
Figure 2.2 directly whereas the second approach involves extending the
feed line to infinity in order to calculate the two-port S-parameters of
the antenna. In the latter approach the input impedance can be
calculated by simple transmission line theory when the feed line is
terminated in an open circuit., Although the S-parameter approach is
slightly less rigorous than the direct approach, since any interaction
between the open circuit termination and the aperture is not taken into
account, the effect of any stub length on input impedance can be

calculated rapidly once the S-parameters are known.
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CHAPTER 11

THEORY

Formulation of the Problem

A schematic of the antenna and feed line is shown in Figure 2.1
Wwith impressed and scattered currents indicated on the different antenna
structures. In order to simplify the analysis the ground plane and
dielectric substrates extend to infinity in the ; - and ; - directions.
The electric surface currents on the patch antenna and feed line and the
electric field in the aperture are all assumed to be ; - directed (see
Figure 2.1a). By invoking the equivalence principle the aperture can be
closed off and replaced by magnetic surface currents just above and
below the ground plane (see Figure 2.1b). The magnetic current above
the ground plane is simply the negative of that below, to ensure
continuity of the tangential electric field through the aperture.

Denoting the space below the ground plane (z<0) as region a and the
space above the ground plane (z>0) as region b the total electric and

magnetic fields in each region can be broken into a summation of fields

due to the various currents as follows:

=tot = = = = =, =
Ea Ea(Jino) + a(Jf) + na(Ms) (M
’ AN SR (3 )+ H(T) ¢ H_(M) (2)
3 a 1ine a f a s

3
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Figure 2.1 Schematic of antenna and feed showing impressed and
scattered currents for; (a) original problem, (b) equivalent problem.
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E, = Eb(Jp) - Eb(Ms) (3)
stot _~ < _ 5 /&
Hoo o= Hb(Jp) H (M) (4)

Each field on the right hand side of (1)-(4) is the field due to the
current specified with the aperture shorted. The unknown scattered
electric currents on the feed line and antenna are Jf and J
respectively. The unknown magnetic current representing the aperture
electric field is ﬁs. In region b the negative sign on ﬁs can be
brought outside the parentheses because the field is linearly related to
the current.

The first step in the moment method solution of this problem is to
expand the unknown currents in a finite set of basis currents of unknown

amplitude. The surface current density on the antenna element is

expanded in a set of piecewise sinusoidal (PWS) basis functions which

~ -~

vary in the y - direction and are constant in the x direction as shown
in (5)-(9).
N
Iy = 30 1% Py (5)
o) 171
1=1
where
1 sin kb(hb—|y-y [y . X =W /2< x <x _+W /2
=b e 1 08 p -— -"0s p
Jl(x.y) = - -~ Y, b b (6)
dp sin keh yl-h <y Syl+h
k% - (2 )12 (7)
e re o
b b o] -1/2
Ere‘ (Er*1)/2 + ((s:r 1)/2)(1+10db/wp) (8)
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b
h = Lp/(Nb+1)

b

I1 is the unknown coefficient corresponding to the 1

function, J

Carver and Mink [3].

dimension, and width are given b L and W_ respectively.

Y

offset of the patch in the x-direction is X,

substrate thickness is db (see Figure 2.2).

(see Figure 2.3 a).

CRAN‘akd e~ el " ans  alah il " a Ui <auth BRI i

i. The effective dielectric constant, e:e

p

Polle Gl o il il ? ol A P Sl had o

(9)

th PWS basis

is taken from

The patch length, i.e., the resonant length

The lateral

s and the antenna dielectric

The mode half width is h

b

Because the aperture is assumed electrically short the magnetic

current can be represented by only a single PWS current mode. Noting

that the aperture is always centered about the origin in Figure 2.2,

this current can be written as

My(x,y) = vaP M3Px,y)

where
vaP . -V,
1osin k (L /2 - |x]) . -L__/2< x <L
p(x y) = = 2p X ap a
* - '
dap sin kapLap/z wap/2< y <Nap
K < n/L
ap - ap

/2

(10)

()

/2
(12)

(13)

VO is the unknown voltage across the center of the aperture. The

aperture length, i.e., the long dimension, is La and the width is W

(see Figure 2.2). The parameter k

ap must be determined by comparison of

analytical to empirical results, since its value can vary the aperture

distribution from essentially trianglar to cosinusoidal. It will be
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{c¢) End on view

Figure 2.2

schematic of antenna and feed which defines all material

and architecturai parameter3 and the orientation of various structures
with respect to the coordinate system.
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seen later that a general expression for kap can be found, which is a
function of the material parameters and antenna geometry and yields good
agreement between measured and calculated results in all cases studied.
The current on the feed line is expanded in a combination of
subsectional and entire domain basis functions. The incident and
reflected currents are represented by traveling wave modes corresponding
to the fundamental microstrip mode over the entire feed line. The total

traveling wave surface current is then

-1 - ! -t
Jtrav(x’y) - Jinc(x'y) * Jref(x’y) (14)
where
a

7 e = 1o Jk (y-L) 4 “We/2< X CWe/2 s

tnc **Y W Y y <L

f -3
. JK3y-L) . ~W_/2< X KW /2

J_ (x,y) =T 1 e © s y £r="-1 (16)
ref "’ c wf ' y ﬁLs

The current reflection coefficient, referenced to the end of the line,
is Fc. The length of feed line from the center of the aperture to the
open circuited termination is Ls and the feed line width is wf {see
Figure 2.2). The term k: is the exact propagation constant of the
fundamental microstrip mode. It is calculated in a manner outlined by
Jackson and Pozar [3].

Writing J in terms of real functions, in order to facilitate

1]
trav

the numerical evaluation of subsequent integrals, yields




' 1 - 1 -
(x,y) = (Fc+1)ﬁ cos k:(y-Ls)y + J(Fc-l)ﬁ sin kZ(y-Ls)y (7

J
trav £ £

The cosine term in (17) violates the boundary condition on the current
at an open in all cases except rc equal to -1. To allow for general

solutions for rc' the cosine term is truncated i _./4 (Af denotes guide

£
wavelengths) from the open ended termination. This is shown
schematically in Figure 2.3b. With this condition imposed the incident

and reflected currents are altered near the end of the line and are

given by
JinetX¥) = Jo0x,y) = 333(x,y) (18)
Jrer (oY) = T (T2(x,y) + 3T2(x,¥)) (19)
where

“W./2¢< x <W_/2

-a 1 a o f f

Jc(x,y) - wfcos ke(y Ls)y' -(yw+w/(2k2))< y < Ls-w/(2k:) (20)
s : s A TW2< X CHA/2

Js(x,y) = ﬁfsin ke(y-Ls)y, Sy <y <L3 (21)

From (20) and (21), it can be seen that the traveling wave current mode
is finite in length. A semi-infinite traveling wave current mode could
be used, but this introduces an additional pole in the integrands which
contain this mode. Complexities associated with treating this pole as
well as convergence problems are avoided by truncating the traveling
wave current mode in the above manner. The semi-infinite line is

approximated by making the traveling wave mode a few free space

-------
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wavelengths long and by employing an appropriate testing procedure to be

described later,

In the vicinity of the aperture and open circuited termination, PWS
basis functions are used to represent non-traveling wave currents which
arise due to these discontinuities. Thus, the total scattered current

on the feed line is

N
< a <a et- <a
Jo(x,¥) =nE1 I I (x,y) + T (I (x,y)+33 (x,y)) (22)
where
. a, a
1 sin kS (h"=|y-y |) . ~W_/2< x <W_./2
-a e n f - -f
I (x,y) = - aa Y, a a (23)
wf sin ke yn-h <y gyn+h
a
= - u
h (L Y /(N _+1) (2u)

I: is the amplitude coefficient of the nth PWS current mode, 3:. The

microstrip feed width is wf. Parameters ha and yo are respectively the

PWS mode half width and the y coordinate of the left edge the first
(n=1) PWS basis mode (see Figure 2.3b).

Substituting the expressions for Jp, Ms, Jinc’ and Jf given in
(5),(10),(18) and (22) respectively into (1)-(4) and utilizing the

properties of linear operators yields

=tot = ,=a .= ,=a a .a =
a " S - JEa(Js) + 79 1% E_(JD) (25)

. = 33y,.:58 (38 . vaP g (mapP
rc[ Ea(Jc)+Jba(Js) ]+ V¥ Ea(M )

WY
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=tot = .=a = ,=a a.a= ,=a
= H_(J)) = JH_(JQ) +n§1 IH (J) (26)

+

r{ H (32 )*JH (J y 1+ v H (Map)

c
N
z§°t 7° 1% E E, (3° %) - V3P E (7P) (27)
I b
1=1
=tot Nb b= ,sb ap 5 ,=ap
Hy o = 121 I, H(3)) = Vo5 H (M) (28)

The individual field components on the right hand side of (25)-(28)
represent the fields due to the basis current indicated (5?. ﬁa? 32, 3:,
and J: defined in (6),(12),(20),(21) and (23) respectively) in the
presence of the grounded dielectric slab only. To find the unknown
current amplitudes which occur in the presence of the antenna, aperture
and feed, three boundary conditions must be satisfied. These are zero
tangential electric fields on the patch and feed line and continuity of
the tangential magnetic field through the aperture. Continuity of the
tangential electric field through the aperture has already been imposed

by the negative relationship between the magnetic currents above and

below the ground plane. These three boundary conditions yield tnree

equations to solve for the three unknown currents J , Ms and Jf‘

Setting the tangential components of €;°t equal to zero on the feed

line yields

a a - =t -a =t <a _ yaP gt Zap
n§1 o Ea(J ) = T L E(II*IES(I) T = VP EZ(M™) (29)

=t, =a =t =a
E:a(Jc) JEa("’s) }on feed line

SR A RSy
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X
R
. where the superscript t indicates tangential components. Equating
;l|‘ -
.," tangential components of HtOt and HtOt in the aperture gives
D
e
i N t t t t

g _aat _ =t =a, .=t,=a, , _ .apr =t =ap, zt =ap
- { n21 a(J ) = T L H (TG (I0) 3 = VUL H (MO +H (MT) ]
N =

N

Sl N

L) b b 5t 5d -t =a -t -a

) = -

o + 121 1 Hb(Jl) Ha(JC) JHa(JS) }in aperture (30)
12N =
R -tot
W\ and forcing the tangential components of E‘.b to zero on the antenna
*’E gives the expression below.
o
:;: Nb b st ,=<b ap =t, -ap

th - E =

N\ { 121 I1 :'b(Jl) v ED(M ) 0 }on antenna (31)
s
s
hLA
K A testing procedure is employed in order to solve for the N,
CKl
E: i.e.,N = Na + Nb + 2, unknown coefficients such that (29)-(31) are
Rl
K <~

.~ satisfied. Each equation {s satisfied in a least mean square sense by
) dotting it with an appropriate testing function and integrating over the
>p.
Fi structure where the boundary condition is to be enforced. A Galerkin
.-' testing procedure is utilized to enforce the boundary conditions at the
B antenna and aperture to produce Nb + 1 equations. The remaining Na + 1
Tl
S
\‘ equations are obtained by testing with all PWS functions on the feed
N

LN
’5. line in the neighborhood of the aperture and open termination. As a
Bl result there is one more PWS test function (dashed PWS mode shown in
(L >

::: Figure 2.3b) than basis mode . This sacheme enforces the boundary
-

e condition near the terminated end of the line only, however outside this
&
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B ¥ region the scattered basis current assumes the form of the fundamental
1%
>, N1
‘Lt? quasi-TEM microstrip mode which automatically satisfies the boundary
)
*:_.}; condition on the feed line. Furthermore, by testing with this procedure
)
' the opposite end of the traveling wave mode is not "seen" by the test
}'h\ modes provided the traveling wave mode is terminated relatively far from
the aperture (2-3xo). In this way a good approximation to the
. infinite line is obtained without convergence problems.
( 3
-,.» Using the following notation to denote an inner product
oy
e
o <F,G>s = ” F+G ds (32)
ol ! S
‘y'(:;
3 i}
"_‘1"
o and taking advantage of the linearity of the inner product, (29)-{31)
-'j- upon testing become respectively
’_'!:,.:
2
T ~a - -
¥ a 2 y _ a _y,.a a _y,.a,.
‘). 2 <Jm Ea(Jn)> FU I EL(I )2+ 3<d LB (30D 0 ] (33)
[ N
S a a "a a
:.: -v p <Jm,s3a’(n p)>r - <Jm,E:(Jc)> J<J Ey(J 1> m=0,1,2,...,N
i
L)
‘.e.
pe - za 3 (2P HY(J2 Pap = Tl M52 e 5B %% ] (3W)
. net Iy ! c '"a' "¢ Tap '"a'“s’"ap
-_'\.‘
f.}:‘-q' a - N
> - VL PP P> P P> 1 I° 13 3P (3 T
A e P 1=
n . w@P X, .2 _ iogdP X, .a
inued <M 'Ha(Jc)>ap J<M ’Ha(Js)>ap
[ !".
g *
Ry N
o -1 <J () P>+ VP <Jb Ey(Map)> = 0, k=1,2,...,N, (35)
) 1=1
S
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3 "-(‘
18N
xi:
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.
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. The superscript x or y on the field quantities indicate which of the two

- tangential components are selected as a result of dotting the field

against the test function. The caret (") above a current quantity

X denotes the testing function. The letter(s) cited after each inner

[ product indicates the surface (f=feed, ap=aperture, p=patch) over which
ﬁ} the integration is carried out. Equations (33)-(35) can be written in
e
: matrix form as follows:
e ¢
¥ l'
fi
a,.a cq. .
‘ [2*101%) « ([2°3+302%Dr - (1°v3P = -[2°)+502°) (36)
-~
ot b b
r -1eI017) - (Pege®ir v (v s e 1) = cC-jo (37)
- 1z°101°1 + (TP - o (38)
The matrix and vector elements and scalars are defined as follows:

»i a ‘a a

- = ]

. Zn m JE (Jn)>f N_* X Na matrix (39)
P 2° - <48 Ey(Ja)> N +1 X1 column vector (40)

m m ¢’ f a
- z; = <-J ,Ey(J )>f Na+1 X 1 column vector (41)
e b “b y
¥ = N
’:I 2 = <IE (J >, Ny X N matrix (42)
W a ap ap
yo = <=M ’Ha(M )>ap scalar u3)

> yb = <-M3P X (mdPy, scalar (ud)
. b ap
59 2 . <Map,Hx(Ja)> 1 XN row vector (us)
" n a ap a

413 e - <Map,Hx(Ja)> scalar (46)

3 a & p

b
" 3 - <Map NOINE scalar u7)
't a i) ap

X b _ 3P X : 48
- ) <M 'Hb(J1)>ap 1 X Nb row vector (u48)




i'n -l
2 i

[ ;" 5 l’_‘
S A 4

a _ 53 .y.,ap

tm <Jm,Ea(M )>f Na*l X 1 column vector (49)
b b _y,.ap

t <Jk.Eb(M )>p N, X1 column vector (50)
a a .a a

In = 11'12""’1Na N, X column vector (51)
b b .b b

Il = 11.12,...,INb Nb X 1 column vector (52)

m = O,1,2,...,Na n = 1,2,...,Na

k = 1,2,...,Nb l = 1,2,...,Nb

It is convenient to consolidate some of the quantities above into the

new matrices, vectors, and scalars given below.

a a c. . s . -

[Ztot] = [zmn | (zm¢sz)] N1 X N+ matrix (53)
a a c. s

[Ctot] - (cn | (ef3e™)] T XN row vector (54)
a L rqa

(Iioed = (1] | r.J N +1 X column vector (55)

I c .. s
ine "¢ Jc scalar (56)

c. ..s
[Vinc] = zm+jzm] N_+1 X column vector (57)

The matrix [Ziot] represents the impedance matrix for an open ended
microstrip line by itself. Likewise, [Zb] is the impedance matrix for a
microstrip patch alone. The quantities ya and yb are the aperture
admittances looking into region a and region b respectively of a slot in

]

a
a ground plane with dielectric slabs on each side. The vectors [Ctot
and [Ta] are interaction vectors representing the coupling between the

feed line and aperture, Coupling between the antenna and aperture is

5
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contained in [Cb] and [Tb]. From reciprocity it can be seen that the

elements of the T matrices are related to the C matrices by

In (59) the t; element is actually the (m+1)th element in the vector
[Ta] because of the numbering convention given in (33), i.e., m runs
from 0 to Na’ whereas all other indices run from 1 to Na or Nb'
Substituting (53)-(57) into (36)-(38) and solving yields

=1

vapP Iinc LC tot][ztot] [Vinc:l (60)
y e y® - ety e’y - e} arzd 07
_ -1 . a.,,ap
(1 tot] [Ztot] (tv, 1+ [T7v%P) (61)
_ b,,ap
1y 1= -0z e (62)

a
It should be noted that Vo equals -V P from {11) and that Fc is the

. a
bottom element in [Itot]'

Input Impedance and S-Parameter Analysis

The input impedance referenced to the center of the aperture is

easily determined from the current reflection coefficient, Fc, by

RS SR NPT NN '.‘ A .\-.\-.‘r-.'- .
REAEAPS Lo I A A I A A 3
n\-n.;..\.‘.-ﬁ( ":.;\f‘&_‘n‘ A WAV R, SA')_.tAr_Lr_...._. -y




-jZKZLS
1 -Te -

2. =12 < - (63)
-j2kL
1 +Te €s .
C

where Zc is the characteristic impedance of the line and Ls is the
length of open circuited transmission line beyond the center of the
aperture.

It is also of interest to calculate the S-parameters of the
aperture backed by the patch antenna. This can be done with only a
small modification to the previous analysis. The feed line is extended
to infinity in both directions from the aperture. The total traveling
wave current now becomes the sum of incident, reflected and transmitted

wave components shown in (64).

-a - - -

Jtragx.y) = Jinc(x,y) + Jref(x,y) + Jtragx,y) (6u)
Jinc and Jr'er‘ are defined as before in (18)~(21) where L’s is set equal
to zero. Jtran is given by

- . s _ - .

Jtr‘argx'Y) = TCLJC(X' y) + JJS(X’ Y)] (65)

where 30 and :Is are defined in (20) and (21) with Ls equal to zero and f

TC is the current transmission coefficient. The layout of the basis

modes for the S-parameter analysis is shown in Figure 2.3c¢. The modes




are symmetric about the aperture center. The number of unknowns on the

feed line now equals Na+2. Na+2 equations are obtained by testing with
all PWS functions in the vicinity of the aperture. The test PWS
functions start a half mode length to the left of the first expansion
mode and extend a half mode length to the right of the last expansion
mode (see Figure 2.3c). The cosine terms have been truncated a quarter
of a wavelength from the aperture to avoid a current discontinuity at
that point.

It is evident from the symmetry of the basis currents that the
matrix elements representing the coupling of the PWS test modes to the
transmitted traveling wave current are simply the matrix elements in
reverse order representing the coupling of the PWS test modes to the
reflected traveling wave current., Thus, very JTew ziditional
integrations are required to carry out the S-parameter analysis despite
the introducticn of an additional column and row to the matrix [Z

a 2
tot?

d 3. 01% and [V, 1. 1If

and an additional element to the vectors [Ctot ino

the same number of PWS expansion currents are used on the feed line in
the two analyses, then only two additional matrix elements mus® Dbe
calculated in the S-parameter analysis as compared to the terminated
line analysis. As will be seen subsequently most of the additional
affort required for this analysis is in the form of matrix fill
operations and a couple of additional algebraic operations.

Rewriting (36)-(38) to account for the extra unknown, T , and

incorporating the aforementioned symmetry relation yields
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‘:‘: 20
-1
)
~ ~ a, . a
2 (2*101%) « (02°3302°Dr + ((Z2%0+502°D T - (1P (66)
- Cq ...S
e = -[z27]+5027]
- . . b,.a
= -1e7I01%) = (e%+ye®)r - (eeye®)T + (yPey )P (67) ~
\
3 e 1ePI01%) = %-je®
x_
v (z°301% « (1P - o (68)
\‘:'
V3K where
d ¢ __c¢
[ Zn T 2(N_+1)-m (69)
" a
oo -8 _ 8
:_:}_ 20 * Z(N +1)-m (70)
2 a
<
2 Mm=0,1,2, 0000, N N _+1
':'.'_-: All other quantities are defined as before in (39)-(52) with the
appropriate change in matrix dimensions due to the change in the range
of index m.
- As before, it is worthwhile to consolidate some of the matrices
above by defining
N a a c,. S =c, .>s . \
(Zeoed = Lz | (z #3z) | (z +32 )] N_+2 X N_+2 matrix (71)
a a s .S .
S [Ctot] = [cn | (c¥3c) | (c¥35¢%)1 1 x N *2 row vector (72)
o a a
Ry 1y .3 = (1] | T, | T,) N,+2 X 1 column vector (73)
- m=0,1,2,....,N_,N_+1
L a'"a
L n=1,2,....,N
a
=

a, e 8
L

]
LR

.
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With these definitions, (60)-(62) remain valid. It should be noted from
(73) that FC is the next to last element and TC is the last element in
Fea

LItot]'

Since the junction is symmetric, the S-parameters referenced to the

center of the aperture are

S,y = 822 = -7 (74)

[$]

S =3 =T (75)

The input impedance can be easily calculated from the S-parameter
analysis when the feed is terminated in an open circuit. Examining
Figure 2.3c reveals that the relationship of the first (Na-1)/2 PWS
modes (assuming Na is always odd) and the reflected traveling wave
current is identical to that of the open ended feed analysis shown in
Figure 2.3b. Thus, the matrix elements necessary to rigorously
calculate the current reflection coefficient seen at the end of an open

circuited microstrip line alone exist within [Ziot] and [Vin J. The

appropriate elements reside in the top (Na+1)/2 rows of [Ziot] and
a

r . - -
“Vincl and columns one through (Na 1)/2 and column Na 1 of [Ztot]'
Letting

N = (Na~1)/2 {76)

a a_,. 4
(2) = lz | (z +5z )] N XN (n
1) = (LD, Ty uf 1 N X (78)
. e .S
V) = (-2 *jz ] N X (19
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S
_'J n=1,2,...,N-1
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._~ then rco is the open circuit reflection coefficient for a microstrip
N - :
O line alone. rco is found by solving
N
)
o (Z]1] = (V] (80)
oy
b
" With the S-parameters and rco the input impedance, referenced to the
o
T‘ aperture center, of an antenna terminated by an open circuited stub of
- "
N
.o length Ls can be easily found from
. v I‘in
= Zin = %6 T T, (31)
B . in
o where
N s,.s,.T
2 Tin =8y * 113 21 I1: (82)
e 22'L
R a
-jZkeLs
-_"_' = T_e (83)
W
}':f Dielectric Slab Green's Functions
‘-§::
1 P
.P_'
_ From (39)-(50) it can be seen that the fields due to a given
g
e current in the presence of the grounded dielectric slab are required.
:;i The fields can be found by convolving the given basis current against
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the appropriate Green's function. The required Green's functions are

the y - directed electric field and x - directed magnetic field due to a

~

y - directed infinitesimal electric dipole at (xo, Yor db) and the same
field components due to an ; - directed infinitesimal magnetic dipole at
(xo, yo. 0) for the grounded dielectric slab where the ground plane and
dielectric to air interface is located at z=0 and z=db respectively,

Figure 2.4 shows the nature, direction, and location of the two
sources necessary to obtain the various Green's functions. The presence
of the dielectric interface at z=db gives rise to fields which cannot be
decomposed into a single transverse electric (TE) or transverse magnetic
(TM) mode. For the electric dipole of Figure 2.4a the fields are
constructed from TM to ; (Ay;) and TM to ; (Az;) vector potentials and
analogously the fields due to the magnetic dipole of Figure 2.4b are
formed from TE to ; (Fx;) and TE to ; (Fz;) vector potentials.

The vector potentials are derived using the Fourier transform
method which is suitable for structures unbounded in one or more
dimensions. By Fourier transforming the scalar wave equation for each
of the above vector potential components with respect to x and y, the
problem is reduced to a one dimensional Green's function problem in z.
The x and y dependency of the fields are obtained by performing the
inverse Fourier transform.

In the case of the y - directed electric dipole of Figure 2.4a the

scalar differential equations which must be solved are

o
-
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Figure 2.4 Orientation, location and type of current sources used to

solve for the Green's functions in region b. (a) J-source (b) M-source
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Figure 2.5 Orientation, location and type of current source used to
solve for the Green's functions in region a. (a) J-source (b) M-source
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: i]Ay1(x,y,z) = -d(x-xo)é(y-yo)é(z-db), 0< z <dy (84a)

(9% + eI, (x,y,2) = 0, Oz <d, (84b)

[V2 + ki]AyZ(x.y,z) = 0, z >db (84¢)

[V2 + ki)Az2(x,y.z) = 0, z >db (844d)
where

K2 - e (85)

The free space permittivity and permeability are €s and My respectively.
The complex dielectric constant, which takes into account dielectric

loss, is e?. Fourier transforming (84a)-(84d) with respect to x and y

gives
2 -j{k x +k y )
d 2 .= o ke Xxo yo
[d22 + kw]Aw(kx,ky,Z) 5(z db)e ,» 0<z <dy (86a)
d2 2 1=
[—-2 + k1b]Az1(kx’ky’Z) =0, 0<z <dy (86Db)
dz
d2 2+~
(=, + k2]Ay2(kx,ky.z) = 0, z >dy (86¢c)
dz
d2 2.7
[—‘2 + k2]A22(kx,ky,z) = 0, z >dy (86d)
dz
where
° -3k x + K y)
- x y
Ay1 2(k Kk ,z) = !i Ay1’2(x,y,z)e dxdy (87)
i - ﬁ =3k x + ke y)
Az1'2(kx,ky.z) = ! Az1'2(x,y.z)e dxdy (88)
b 2 2.1/2
Kip = (er o " 87) , Im{kw} <0, Re{k1b} >0 (89)
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k2 = (ko - B8) Im{k,} <O, Re{ky} > 0 (90)
2 2 2
g = kx + ky (91)

The quantities kx and ky are the two independent separation constants in
the separation equations given in (89) and (90). The sign on the
imaginary part of k1b and k2 is chosen to guarantee convergence of the
integrals in (87) and (88) and the sign on the real part is necessary to
remain on the same branch as determined by the sign on the imaginary

part [5]. Solving (86a)-(86d) subject to the boundary conditions yields

the magnetic vector potential components in the spectral domain.

-J(kxxo + kyyo)

-~ 1
Ay1(kx.ky,z) - ;b sin(k1bz)e (92)
e
X ky(s:-1)sin(k1bdb) “3kxg * K Yo
Az1(kx,ky,z) = 7% cos(k1bz)e (93)
T T
e m
sin(k,, d ) -jk. {z-d ) =-j(k.x_ + ky)
~ 1ib'b 2 b x"o y' o
Ayz(kx.ky,z) -——;5__-_— e e (9u)
e
k (e2-1)sin(k. d )cos(k. d. ) -jk.(z-d.)
B (k. k_,z) = ==L 10 b - (95)
22 x' 'y’ b .b
T T
e m
=jk.x_ + ky)
¥ o x o y'o
b .
T, = k1bcos(k1bdb) + Jk251n(k1bdb) (96)
T° = ¢P%_cos(k, d ) + jk. sin(k,. d ) (97)
m r2 1b' b 1b i1b'b
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The transformed electric and magnetic field quantities of interest are

easily obtained from

b, 1 b2_,2: ., . d=
Ey(kx,xy,z) - 3 [(erk ky)Ay + Jky dzAz) (98)
jwe €
ro
~b d- -~
Hx(kx.ky.z) = dsz + jkyAz (99)

~

Thus, the required Green's functions in the space domain due to the y -

directed infinitesimal dipole are: (1) the y - directed electric field

at z=db
H Ik (x=x )+k_(y-y ))
b b X o y o]
GEJyy(x.y.db|xo.yo,db) [{ QEJyy(kx,ky)e dkxdky (100)
. b2 2 2 2
b . Zo (Erko ky)kzcos(kwdb)*J(ko ky)k1b31n(k1bdb)
Ugyy Kok, = - (101)
yy xy ik 0 10
Q0 e m

X sin(k1bdb)

2

wherezo=(u°/eo)1/ and (2) the x - directed magnetic field at z=0

Jk_(x=x )+k (y=y ))

b b X X 0 y o]

= 1
GHny(x.y.0|xo,yo,db) [{ QHny(kx.Ky)e dkxdky (102)

b 2, b 2
Qb R : erk1bk2cos(k1bdb) + J(ky(er 1) k1b)31n(k1bdb) (103)
Hdxy "x'y JJ"2 Tb Tb

e m
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The above Green's functions are appropriate for finding fields in
region b due to the currents on the antenna element. The Green's
functions necessary to find the fields in region a due to the feed line
currents are determined from the configuration of Figure 2.5a. The

fields in this case are easily determined from (100)-(103) by a simple

coordinate transformation and replacing db with da and e: with si.

Thus, the y - directed electric field at z=-da is

(kx(x X )+Ky(y yo))

’ ] 1 lk k (10“
EJy§x ,¥,-d Ix Y0 -d ) IIQ (k, y)e d dky )

EdJyy

(k_,k ) = (k_,k (see eqn. 101) (105
y x'y EJy x' )le . ea d =+ d q )
r rr b a

a
QEJy

-

and the x - directed magnetic field at z=0 is

II a J(k (x- Xy Y+k (y y.))
Hny(x,y ,0]x oVordy) = N QHny(kx,ky)e dk dk (106)
b
HJX (k kg ) = Hny(k WK )| » a (see eqn. 103) (107)
+¢ ,d +d
r r b a

-

In the case of the x - directed magnetic dipole at z=0 in Figure
2.4b the same procedure as above is followed to solve for the electric
vector potential. The Fourier transformed differential equations for

the electric vector potential components are

2 - “Jlk. x +k_ y )
d (k K ,2) = =68(z)e xoy °, 0< z <d (108a)
dz Xy b

S A R T T
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d2 2 .=
[;;2 + k1b]FZ1(kx'ky'2) = 0, 0< z <db (108b)
< 2 .
[—- + kz]sz(kx,ky,z) = 0, z >db (108e¢)
dz
: d2 2.z
[;;2 + kz]Fzz(kx'ky'Z) = 0, z >db (1084)
where
Fx1,2(kx'ky'2) — Fx1,2(x,y.z) (109)
Fz1,2(kx'ky'2) — Fz1’2(x,y,z) (110)

Solving (108a)-(108d) and applying the boundary conditions gives the

e2lectric vector potential components in the spectral domain given below.

b
e k_sin(k ) Jk cos(k d)
r2 1b b 1b'bd
Fxl(kx,ky,z) = { b cos{k, 2) (111)
1b'm
31n(k1bz) —J(kxxo + kyyo)
-— ]
1b
. x(e:-i) =3k x Ky¥o)
Fz1(kx'ky'Z) = —;E_;B_- 51n(k1b2) e (112)
e m
= 82 -jkz(z_db) -J(kxxo * kyyo)
sz(kx,ky,z) = -J-T-B e e (113)
m
b .
- kx(sr-I)sin(k1bdb) -Jk2(z db) -J(kxxo + kyyo)
F__(k_,k ,z) = e e (114)
z2 x'y TbTb
em

The two field quantities desired are obtained from

X e .
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L

e Ev(k ok ,2) = - &Fx v 3k F (115)

o o 1
- ~b b2 2 o 4=

! H (K, ky,z) = qu (e kg kx)F‘ + kg, 3F,] (116)
< o {

3

V)

i*ﬁ From (111),(112),(115) and (116) the necessary Green's functions in the
~ -' ~

}2; space domain due to the x - directed infinitesimal magnetic dipole can
o be readily found. These are: (1) the x - directed magnetic field at z
DN -0

o

\:,*.

.

bl Jlk_(x=x )+k (y=y ))

i b b b 4 (o} y o}

- - 11
o Gy (XY 01X sy, 0) {{ Qumxx KKy dic k(117
Sl

o Q® -j 1 .22, b b2 2

e (k_,k_) = [3k5kS, (e-1) + (e_k°-k%) (118)
- HMxx X'y lhrzk Z k~|bT2 T:) x ib r ro x

- X {k Ko (e 1)sin(k d )cos(k d )+ J(e k sin (k d )- k2 cosz(k1bdb))}]

1b

\_\':

‘\:‘_

. (2) the y - directed electric field at z = d_

Lo

ﬁb- J(k (x- X ) +K (y y.))
b ® ” b o

w - d 1
B E:Myx(x'y vdplX sy, 0) 2 QEMyx(kx,ky) kdky, (1 9)
%;} Qb (k_,k ) = -Qb (k_,k ) (see eqn. 103) (120)
ﬂg EMyx' x’y Hdxy' %'y

..
14 ,‘,

o Equation (120) follows from reciprocity. i
-

ot As before, the Green's functions appropriate for region a shown in
o
"X Figure 2.5b can be formed from those given in (117)-(120). These
S -

& Green’s functions are the x - directed magnetic field at z = 0

>,

-
}"-
Ve

\i

nd

bl R P S
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I j(k (x=x_)+x (y=y ))
J x=x_)+x (y-y
a . a X o" Ty 0
GHMxx(x,y,leo.yo,O) {{ QHMxx(kx.ky)e dkc dk (121)
Q% (k_,k.) = D (kK ,k )| (see eqn. 118) (122)
HMxx "x’ "y HMxx ' 'x''y a ’
e *e ,d +d
r b
and the y - directed electric field at z = -d,
T 3k (x=x )*k_(y=y ))
a _ . a b4 o’y o}
GEMyx(x.y, dalxo,yo.o) {{ QEMyx(kx,ky)e dkxdky (123)
Q2 (k_,k) = -Qb (k ok )| (see eqn. 120) (124)
EMyx x' y EMyx "x""y'! b a ee ean.

Matrix Element Expressions

With these Green's Functions the matrix elements in (39)-(50) can
be fully defined. 1In (39) EZ(J:) is the ; - component of the electric
field at z = -da due to the basis current Ji in the presence of the
dielectric slab. This field is obtained by convolving the Green's

function given in (104) against Ji as shown below.

(125)
B Jlk_(x=-x )+k (y-y ))
y, .a a a p ¢ 0 y o]
Ea(Jn) { { Jn(xo,yo)liQEJyy(kx,ky)e dkxdkydxodyo
oo

Substituting (125) into (39) yields




A ph Ak wh b e LR AL RL SRS LA AAAA

- Ly . -y Ny

7

0
Nt 32
h‘-‘_\"

YN
1Y A

.y a
::“:‘- Zmn' ( 126)
‘2E: I j . j J(kx(x-xo)+ky(y-yo))

St - J_(x,y) ] JI23(x _,y )!IQ (k_,k Ve dk_dk d_ d_ dxdy

oo ’ » ’
fC*J y X m yo x n"o'vo EJyy x''y Xy Xo Yo
)
= or
- @

L ~ *
o) 22 j! (K_,k )J 2 (K, Ky )J (ky ok, ) ak dk (127)
K- mn UEayy Kxr ¥y ' y

. where
" - Jlk x +k y )
~- Ja(k sk ) = f [ Ja(x,y)e X0 YO 4x dy (128a)
S n x’'y y °X n o’o
:_‘4 o O
- :a* I I “a J(kxx+k y)

3 Jm (kx.ky) = Iyl Jm(x.y)e dxdy (128b)
\f: Thus, the six fold integration in (126) can be reduced to a double
A integral by Fourier transforming the basis and test currents
f 3
'i§ analytically as defined in (128). Note that (128b) is only valid for
e L
l%} real currents. The integration in (127) must be carried out numerically

so it is advantageous to convert the double infinite integral in the

~
2 v L’
.

-
N kx' ky plane to a single infinite integral and a finite integral by
> o
-1 converting to polar coordinates [6]. Letting
2o
g,' kx = B cosa
if ky = 8 sina
\_
o {127) bpecomes
ey
L
'iﬁ 2n z * -
o 2% - -f f & (k_,k )J (k_,k )J%(k_,k ) gdsda (129)
o mn 0’0 EJyy x' x''y' "n x"y
,Eu
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A further simplification can be realized by noting that the Q functions

are even in kX and ky allowing one to integrate on a from 0 to n/2 only

[6] as shown below.

- - (130)
22 —ufn/zr Q2 (k_,k )Re{ﬁa:k 1I2(k ) IR {3a:k yJ3(k_)}8dsd
mn 0 0 TEJyy x'y m X' n X € y'’'ny @
where
“a ~a ~a
Jn(kx,ky) = Jn(kx)dn(ky) (131)
Defining Fourier transform pairs of the other currents as
a ~a ~a
Jc(x,y) — Jc(kx)Jc(ky) (132)
a ~a Ta
Js(x.y) — Js(kx)Js(ky) (133)
MP0x,y) = P M Pk ) (134)
b b b
Jl(x,y) — Jl(kx)Jl(ky) (135)
the remaining matrix elements can be written as
o I”ZI” R o 2 (137)
z = -4 0 EJy (k k )Re{J (k )J (k )}Re{J (k )J (k }}18dBda
s -uf“/zfm Q2. (k_,k )Re{jazk )32 (k )}Re{ja:k )33(k_)}Rd8d o
Zm 0 0 “Edyy x''y m x'"s x m 'y sy a
N 1
b —ufmr Q@ (k. k)R {3 PRrIONIE Pk )3k )} sdsa Y
zkl N 0 0 “Edyy x''y ELI K9 Ry ety y' 1y @
n/2(® ~
a _ a ~ap 2,-ap 2
y© = “jo Jo QHMxx(kx.Ky)IM (kx)l |M (ky)| 3dgda (140)

------
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- -“jg/zjo Qngx(kx,Ky)lﬁap(kx)|2|§ap(ky)|23deda (141)
2 - “I“/ij Q2 (k_,k )Re{éap;k 193 (k )}Re{;ap:k )93 (k )}Bdsda(1u2)
n 0 ‘0 “Hdxy x''y X 'nox y' 'n'y
et = u!"/2!° Q% (k_,k )Re{iap:k 132 (k )}Reu:aap:x 133k )}eaedam3)
0 ‘0 SHdxy x'y ' x “etx y' Yy
/2 ~ ~ (1414)

. a ‘ “ap Ta,. ~ap Ta
c N,O jo QHny(Kx,ky)Re{M (kx)Js(xx)}Re{M (ky)Js(Ky)}BdBda

o f"/zjm :ap' . :ap* - (145)
¢, = y 0o ‘o QHny(Kx,ky)Re{M (Kx)Jl(kx)}Re{M (ky)Jl(Ky)ledBda
m=0,1,2,...,N n=1,2,...,N
a a
K = 1,2,...,Nb 1 = 1,2....,Nb

b a N
The elements tK and t: are related to c? and ch by (58) and (59,

respectively.

Numerical Considerations

The integrals in (130) and (137)-(145) must be evaluated
numerically. The numerical integration routine used was a modification
of a routine written by D. M, Pozar to analyze a rectangular microstrip
antenna fed by an ideal impulse current source [6). This routine
employs a 10 point Gaussian quadrature integration scheme. A special
consideration common to all of the integrations is the presence of
simple poles determired by the zeroes of (96) and (97) which are a

function of 8 only. (In region a the poles are determined from (96) and
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(37) where db is replaced by da and s? by ei.) These poles correspond
to the TE and TM surface wave modes respectively., The poles are first
located by the Newton-Rhapson method, where the real part of the pole

1/2
always lies between k, and (Sr) k

o The integration on B8 is then
carried out by numerically integrating on B up to within A = .001 ko of
the real part of the pole (Bo). The integration from BO—A to BO+A is
performed analytically. The details of this integration are given in
[6]. This cycle is continued until the last pole is encountered. The
remaining portion of the integration is calculated numerically until
convergence is achieved. Convergence is attained when at least half the
elements in a given vector change by less than .5% over an integration
interval of 50 ko' This usually occurs somewhere in the interval 100 ko
<38 <200 ko‘

By the symmetry properties of Green's functions and Toeplitz
symmetries, which occur due to the infinite extent of the grounded
dielectric slab, only a single row or column of any matrix must be
calculated. The above integration routine was modified to calculate an
entire row or column with a single call of the integration routine.
This greatly improves the computation time of the analysis because an
entire vector of about 10 elements or less can be calculated almost as
fast as a single element. This is due to the fact that all the
integrands can be factored into two terms. One term, T (kx,k ), is

cnst y

common to all the elements in the vector and represents a vast majority

of the integrand. The other term, T (kx,ky,m,n), differs from element

var
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to element but is generally simple in form and in most cases is a single

cosine term of the form, cos ky(yn-ym) (where Y, and y, are the y

positions of the basis and test modes). Therefore, most of the

integrand can be evaluated just once at each point, (kxo'kyo)’ and the
value of the total integrand for each element in the vector at (kxo'kyo)
is then given by
» K = , 4
IT(kxo yo’m’n) Tcnst(kxo'kyo)Tvar(kxc’kyo'm n) (146)

To evaluate Tv (k

ar xo,kyo,m.n) N times (N7<10) takes far less time than

to evaluate Tcnst(kx

+K_ ) just once so the entire vector can be
0o yo

calculated nearly as fast as a single element.

Due to the complexity of the analysis various tests were performed
to assess the validity of the numerical results. These tests included
comparisons between numerical and analytic results for various limiting
cases for which analytic solutions were possible and comparisons of
numerical results with numerical results provided by D. M. Pozar and R.

W. Jackson from programs which have been proven to be reliable. Tne

b c
k1’ %m’

z; elements. The ya and yb terms were validated by comparing the

a
latter type of comparisons confirmed the accuracy of the z

mn® 2

results to analytic solutions for the self impedance of a narrow slot
with a PWS E-field aperture distribution in a ground plane in free space
and in a very thick grounded dielectric slab. 1In the latter case the

analytic solution is obtained by assuming the slot is in a homogeneous

~e A T A S| [T . v, . A R e TR T T ¥ L U I P
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medium with an effective dielectric constant, eres(er+1)/2. In both of
these cases the analytic and numerical results were in close agreement.
The c: element was checked by calculating in closed form the coupling
between a short, narrow slot in a ground plane with a cosine aperture
distribution and a short PWS dipole in the far field of the slot. Again
the two solutions compared favorably,

Lastly, studies were conducted to determine the number and length
of the current expansion modes necessary to obtain stable solutions.
From these studies it was determined that five PWS modes on the patch, a
traveling wave mode length of five feed line wavelengths, i.e., sxf, and
a density of approximately seven PWS modes per At./2 starting Ar/u prior
to the aperture center were adequate for convergence in the range of the
material parameters studied. In the case of the terminated line
analysis the PWS mode density was held approximately constant for all
stub lengths and in the case of the S-parameter analysis seven PWS

expansion modes are used on the feedline from y = -xf/u toy = Af/u.
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CHAPTER III

RESULTS

In all subsequent input impedance plots certain conventions are
followed. A measured impedance locus is denoted by a solid curve and
the frequency, given in megahertz, is marked on the locus in 25 MHz
intervals. Calculated input impedance points are given in 25 MHz steps
and are connected by a best fit dashed circle. Both the measured and
calculated input impedances are phase referenced to the center of the
aperture. Empirical phase referencing was achieved by constructing a
reference microstrip line of the appropriate length and shorting the end
to the ground plane with a wide strip of copper foil.

Figure 3.1 shows a measured input impedance plot and various
calculated points. The antenna and feed dielectric substrates were both
Oak 601 with a nominal dielectric constant of 2,54 and a measured
thickness of .16 cm. The antenna dimensions were 4.0 em (resonant
dimension) by 3.0 cm. The slot was 1.12 cm long by .155 cm wide. The
microstrip feed line was .U#42 cm wide and extended 2.0 cm beyond the
center of the aperture. Three sets of calculated data points are shown.
The points defined by open squares were obtained assuming a cosine
aperture E-field distribution (kapsn/Lap in eqn. 12) whereas the open
and filled circles result from a PWS aperture E-field distribution. The

input impedance data indicated by open circles was calculated using the
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Figure 3,1 Measured versus calculated input impedance of an aperture
. coupled microstrip artenna with low dielectric constant feed sub-
strate, O = cosine E-field aperture distribution, direct method of
calculation, ©O = PWS E-field aperture distribution, direct method
of calculation, @ = PWS E-field aperture distribution, S-parameter
method of calculation. (er=2.3&. db=.16cm, Lpsb.Ocm, wp=3.0cm,

x =0,0cm, y =0.0cm, L =1,12cm, W_ =,155cm, €a=2.SA, d =.16cm,
os os ap ap r a

wf-.442cm, L =2.0cm)
s




first scheme discussed in Chapter II where the feed line is terminated
in an open circuit (to be called the direct method). The filled circles
were calculated by the S-parameter method discussed in the second )
section of chapter two. In the case of the PWS aperture distribution

the parameter kap in eqn. 12 was chosen to be the arithmetic average of

the effective wave numbers for the feed and antenna regions, i.e., kap =

(k: + kZ)/Z. This results in an aperture E-field distribution which is

roughly triangular for the electrically short apertures used in these

antennas.

The PWS aperture distribution yields significantly closer agreement with

measured values than the cosine distribution. The results obtained with

the direct method and the S-parameter method are approximately
equivalent but the latter appears to match the measured results slightly

better. Although the comparison between analytic and experimental

results is good, even better agreement could be obtained by varying the

dielectric constant within the manufacturer's specifications and

adjusting slightly the reference plane which is empirically only

approximately known,

To further confirm the validity of the PWS aperture distribution
the same comparison as above is shown in Figure 3.2 for an antenna with
4 high dielectiric constant feed substrate. The antenna substrate and
1imensions are the same as above but Duroid 6010.2 (cP=1O.2. da-.13250m)
#433 used for the feed substrate. The aperture dimensions in this case

were .913 x .108 cm and the feed width and stub length beyond the
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Figure 3.2 Measured versus calculated input impedance of an aperture
coupled microstrip antenna with high dielectric constant feed sub-
strate. 0O = cosine E-field aperture distribution, direct method

of calculation, ©O = PWS E-field aperture distribution, direct method
of calculation, @ = PWS E-field aperture distribution, S-parameter
method of calculation.

(€b=2.54, d,=.16cm, L =4.0cm, W =3.0cm, x =0.0cm, y_ _=0.0cm,
r b p p 0s 0s

L. =.913cm, W_=.108cm, €2=10.2, d_=.1325cm, W.=.116cm, L _=1.107cm)
ap ap r a £ s

a2 ai o
T h'("#h-$-_-.

41




e
boch

ASIEH
N
N

g

[y

o
L
a

F

A ‘:'I'.'l'f."‘m .

X
pelee

[

FE TR T WE RNy WAL WA

43

Table 3.1 Calculated S-parameters for the antenna of figure 3.1.

Frigﬁzgcy S‘11 821 I—S11
2150 .06+j.18 .94-3.20 .94-3.18
2175 145,22 .89-3.23 .89-j.22
2200 «25+3.23 .74-3.24 .75-3.23
2225 +34-3.05 .66+j.04 .66+3.05
2250 J12-3.11 .88+3.10 .88+j.11
2275 .04-3.05 .96+j.04 .96+3.05

Figure 3.3

Calculated S-parameter plot for the antenna of figure

3.1.
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Table 3.2 Calculated S-parameters for the antenna

Aie A dh=n dan 4}

Ang b e Abe Lian dloe Sun i Naspiuc S s AUe g el s L i ‘-'.'W‘_'VL“-F.‘

of figure 3.2.

Frequency
(MHz)

S11

S21

1-511

2175
2200
2225
2250
2275
2300
2325

.03+j.19
05+j.21
10+j.24
.23+3.20
.15-3.01
.04+3.04
.0243.07

.96-j.12
.94-j.13
.90-j.16
$76-j.12
.85+j.08
.95+j.04
.98+j.01

.97-3.19
.95-3.21
.90-j.24
.77-3.20
.85+5.01
.96- j .04
.98-3.07
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Figure 3.5 Equivalent two-port network for an aperture backed by a
- patch antenna in the ground plane of a microstripline.
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& Figure 3.6 Equivalent circuit for the antenna of figure 3.1.
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plotted on an admittance chart. This is to be expected based on the
proposed model. Figure 3.6 shows a circuit model for the antenna of
Figure 3.1, From the S-parameter analysis the reflection coefficient at
the end of open ended microstrip line with the dimensions given in
Figure 3.1 at 2.2 GHz equals .99-j.12 or equivalently Eoc (bar indicates
normalized impedance) equals 0.6-j16.2., The stub length beyond the

center of the aperture at 2.2 GHz equals .214) where ) _ is the feed

£’ f
line wavelength (Ar=2w/k:). Therefore, the normalized impedance looking

into the stub at the center of the aperture, Z is .002-j.17 or

stub’

Zstub -~ -Jj.17. Presumably, the capacitive reactance cancels the series
inductive reactance over the bandwidth of the parallel RLC network
yielding the bottom circuit of Figure 3.6. The input admittance of this
circuit follows a constant conductance circle.

Three parameter studies were carried out both emperically and
analytically with the antenna of Figure 3.1. Thesec parameters were
selected due to the reasonable ease and accuracy with which they could
be varied experimentally.

The effect of stub length, i.e., the length of feed line beyond the
center of the aperture, on the input impedance locus was examined. The
measured loci versus stub length are shown in Figure 3.7. As the length
of the open circuited stub is decreased, from an initial dimension of
214 Af, the input impedance at any given frequency moves

counterclockwise along a constant resistance circle towards the open

circuit point on the Smith Chart. Since the aperture looks like a
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"~ Figure 3.8 Measured versus calculated input impedance loci as a !
q function of stub length, (See fij 3.1 f ‘
v gth, ee figure 3. or antenna parameters,) ‘
- (a) Calculated points obtained with direct methad.

‘. (b) Calculated points obtained with S-parameter method.
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series impedance, only the imaginary part of the input impedance at any
frequency changes as the length of the open circuited stub varies.

A comparison of the above result with calcuiated loci is shown in
Figure 3.8. Only every other curve of Figure 3.7 is shown in order to
improve the clarity of the comparison. Input impedance data calculated
by the direct method is displayed in Figure 3.8a, whereas the S-
parameter method was used to produce the analytic impedance plots in
Figure 3.8b. In both cases the analytic curves approximate the measured
loci reasonably well.

Another empirical study conducted with the antenna of Figure 3.1
was to vary the patch position relative to the aperture. Measured and
calculated plots are given in Figure 3.9 corresponding to movement of
the patch in the ;-direction, i.e., along the resonant dimension (see
Figure 2.2a). Calculated points utilizing the direct method and the S-
parameter method are plotted in Figure 3.9a and 3.9b respectively. The
agreement is good in both cases. The coupling factor, as defined by the
radius of the resonance circle, is greatest when the patch is centered
cver the aperture and drops significantly as the patch is moved in the
;-direction. This is in accordance with Pozar's [1] simple model for
this antenna based on Bethe hole theory and the cavity model. In
addition, as the patch is offset in the ;-direction the centers of the
resonant loops move approximately in a straight line towards the edge of

the Smith chart just to the inductive side of the short position. This

is probably due to the fact that when the patch is offset by a large
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- Figure 3.9 Measured versus calculated input impedance loci as a
_;; function of patch offset in the direction of resonance. The schematic
o) above shows the relative position of the patch to the slot in each
;}ﬁ case. (See figure 3.1 for other antenna parameters.)
L

(a) Calculated points obtained with direct method.
(b) Calculated noints obtained with S-parameter method.
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amount the structure looks like a small aperture in a ground plane which

is inductive.

In contrast to offsetting the patch in the ;-direction, lateral
movement of the patch in the ;-direction causes little change in the
coupling factor provided the entire slot remains under the patch. From
the measured data in Figure 3.10 it can be seen that the coupling factor
actually increases as the edge of the patch aligns with the edge of the
slot and then monotonically decreases as the slot emerges from under the
patch. Figure 3.11 shows calculated loci versus ;-offset of the patch.
Initially the coupling factor remains constant, however at the point
where the coupling factor increases empirically it decreases
analytically. This causes a significant discrepancy between measured

~

and calculated results for all large patch offsets in the x-direction.

This disagreement is not unexpected since our model utilizes only one
mode in the aperture. A single aperture mode makes the analysis
numerically more tractable but cannot account for skewing of the
aperture electric field distridbution as the patch is offset in a
direction parallel to the long dimension of the slot. 1In addition, the
patch current is assumed uniform in tne ;-direction which may not be
adequate for large offsets in that direction.

411 subsequent parameter studies are based solely on analytic

results. The direct method of calculating input impedance was selected

rather than the 5-parameter method for these studies because; (1) the

agreement between the two methods is within the limits of measurement
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accuracy, (2) the direct method is slightly faster except in the case of
stub length variation studies, (3) all currents for the tuned antenna,
i.e., feed line terminated in an open circuit, are obtained explicitly ﬁ
with the direct method as a function of the parameter varied.

The long dimension of the aperture was varied to obtain the curves
given in Figure 3.12. The antenna dimensions are given in the Figure
legend and are very similar to the dimensions of the antenna of Figure
3.1. As the aperture length is reduced the radius of the impedance
circle decreases and the center of the circle moves towards the shcrt
circuit location. The resonant frequency versus aperture length is
plotted in Figure 3.13. The resonant frequency, which in this case is
also the minimum VSWR frequency, decreases with increasing slot length.
Also plotted in Figure 3.13 is the input impedance at resonance versus
slot length which can be used to approximately determine the slot length
required to achieve critical coupling and the corresponding resonance

frequency. In this case the aperture length which yields critical

coupling is 1.09 cm at a resonant frequency of 2.233 GHz. For
comparison the resonant frequency of this antenna based on the cavity
model is 2.306 GHz [3].

It is also of interest to examine the influence of feed substrate
dielectric constant and thickness on the input impedance, since the feed
substrate will be electrically thick in the intended application of the
antenna. As dielectric constant and thickness are varied in these -

studies the feed line width and stub length are modified to maintain a
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characteristic impedance of 50 2 and a stub length of .22 Af. All other
antenna parameters were held constant and are given in the figure
legends.

The dielectric constant variation is shown in Figure 3.14., The key
features are the increase in the coupling factor and the invariance of
the resonance frequency with increasing dielectric constant., The
increase in the coupling factor is probably due to the fact that the
electric length of the slot is increasing as the dielectric constant of
the feed increases.

The last parameter study performed was to increase the thickness of
the feed substrate of the antenna of Figure 3.14 in the case of €r=10'2'
As the distance between the feedline and aperture increases, the
coupling factor decreases as can be seen in Figure 3.15., As with the

dielectric constant variations, the resonant frequency is unchanged with

changes in substrate thickness over the range studied.
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i:f§ A rectangular microstrip antenna coupled to a microstrip line
o through a small rectangular aperture in the ground plane has been
s analyzed by the moment method., In the case of a feed line terminated in
{; an open circuit the input impedance is determined from the amplitude
AEAD
o coefficient of a reflected traveling wave current mode on the feed line.
0
o In the case of an infinite feed line the S-parameters are calculated by
b,
}?? including both reflected and traveling wave current modes on the feed
o
- . . L - .
- line. These amplitude coefficients are obtained directly from the
T moment method solution.
;3: The analysis has been verified by comparison with measured input

impedance data for an antenna Wwith a low dielectric constant (er=2.5u)
N feed substrate and one with a high dielectric constant (er=10.2) feed

substrate. In the former case empirical parameter studies, which

:ﬁn involved varying the length of the feed line beyond the aperture and
|
;,: lateral displacements of the antenna with respect to the aperture, were
o carried out and compared with anlytical studies to further validate the
f;k: theory. With the exception of patcn offsets orthogonal to the resonant
':\, dimension of the patch the analytical and empirical results were in good 1
L I
o |
e agreement. From the above data and S-parameter results an equivalent .
>
Y

two-port lumped element circuit is proposed for the aperture backed by a
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v microstrip antenna near resonance. The circuit is a series impedance
consisting of a parallel RLC circuit in series with an inductor.
Finally, analytical parameter studies have been performed to determine
the effect of aperture length and feed substrate dielectric constant and
thickness on input impedance and resonant frequency.

Further development of the proposed equivalent circuit for this

antenna should be undertaken in the future. The circuit elements could

SO - . :

, he found by determining the stub length that yields an admittance locus

C
L

: “Ahizh fnllows a constant conductance circle. The series reactance due
R

.»3 to L' would then be the negative of the reactance looking into the open
A
b ') circuited stub, from which L' could be determined. The resistance, R,
¢ h‘: . . .

N of the model would simply be the inverse of the input conductance

s

( (constant under the condition stated above) near resonance and L and C
I
;-‘f.:-f could be determined from the input susceptance at two frequencies around
..'\.u_f
"~:::4 resonance. By performing parameter studies and examining the effect on
k ,‘.Lxd
-

0 the equivalent circuit element values, the antenna parameters which most

",;\\‘:,,. strongly influence each circuit element might be elucidated. Another

g

“

\R‘E\; area for future work is to determine the far-field antenna patterns from

e
‘:_‘\‘J

"""-‘ the ~2urrents on %the patch, Aaperture and feed line. Of particular

:"."_-:f interest wnuld be the relative magnitude of the lobe on the feed side

< . . . .

SN versus that on the antenna side. Finally, improved programmming !
- - !
..-.,_-' |
oy . techniques should be sought to reduce the CPU time required to carry out i
T :
::’ the analysi3. Most importantly, this would make it feasible to expand f
f .

":j: \ the aperture magnetic current in mor2 than one basis mode.
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