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Abstract: The Moment Method (MM) is employed in the spectral domain where piece-wise sinusoidal basis
functions are used to expand the current distribution on the dipole. The current distribution and input impedance are
calculated as functions of the layers parameters. The effects of the material anisotropy and superstrate (cover)
parameters are studied. Expressions for the far-zone fields of the dipole in the anisotropic substrate-superstrate
structure are derived, and radiation patterns are computed for different structure parameter. Finally, Improvement of
Single-Element Antenna Design by using anisotropic layer will be demonstraited.
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1. Introduction

Extensive amount of work is being carried out in
the analysis of various parameters associated with
antennas on anisotropic substrates (Deschamps, 1953)
(Gutton and Baissinot, 1955). Study has also been
carried out using hertz vector potentials (Carver and
Mink, 1981). A full wave analysis for antenna on a
double dielectric anisotropic substrate has also been
done (Byron, 1970). A recent study includes
anisotropic substrate characterized by permittivity and
permeability tensors (Munson, 1974).

In our study the mixed boundary value problem
of a microstrip dipole placed on the top of a uniaxially
anisotropic substrate with the presence of a superstrate
(cover) layer as shown in Figure. 2.1. The cover layer
can be either isotropic or uniaxially anisotropic
dielectric. The microstrip dipole is assumed to be
excited by an idealized source. This idealized source
provides the incident electric field, which excites
current on the dipole surface. Explicit form of the
spectral domain electric field integral equation (EFIE)
for the surface current induced on the dipole is derived
using the dyadic Green’s function for the layered
uniaxially anisotropic medium. The EFIE is solved
using the MM to find the unknown induced surface
current on the microstrip dipole. Piecewise sinusoidal
(PWS) expansion modes are used to represent the
unknown surface current. Explicit expressions for the
input impedance are obtained for different electrical
and geometrical parameters. Antenna research was
conducted to explore various methods of designing an
antenna that operates both effectively and efficiently
within the previously mentioned design constraints.
After performing extensive research, the Yagi-Uda
array and Microstrip Patch antenna array were deemed
to be topologies that could effectively operate within
the design constraints. Multiple designs, simulations,
and analyses were conducted to provide insight on the

advantages and disadvantages of both topographies.
Ultimately the Microstrip Patch array was chosen due
to its ease of impedance-matching with a 50-QQ SMA
line input. The ideal outcome of the design is to
produce a highly directive antenna. As such, it is
necessary to implement an array of patch antenna
elements to promote greater directivity and gain. 1-
element antennas were designed, simulated, and
analyzed. For simplicity and ease of mathematical
calculations, patch antenna elements were separated
by a constant distance of A/2.

2. Spectral Domain Integral Equation
The microstrip dipole considered in Figure 2.1 is
of length L and width W.
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Figure 2.1. Geometry of the Problem

It is assumed that the width of the dipole is very
small compared to the free-space wavelength (W <<
o), and therefore the current on the dipole can be
assumed to have only one component in the x-

direction. That is Js=xJ, .
The dielectric layers are characterized by
permittivity and permeability tensors of the form
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0 0 ¢ (2.1)
and
Hi=H, 1

where ~ is the unit dyadic.
The electric field integral equation EFIE on the
surface S of the microstrip dipole can be written as:
— =0
-E, = E.
where(?) stands for tangential components to the
surface of the printed dipole and

ESF) = iw ”df’??ﬁ(?,??-jv(ﬂ
5 2.2)

=T
o ()

where is the transverse 2x2 dyadic

k.
Green’s function which is written as below with /%

jAQ) k.
replaced by "1z for TE waves and #* replaced by

(e)
k‘lz

for ™ waves, we get:
Gu(7, r) jjdk e g (k. ,z)
gtk = 1 {k [h(k“”) R e
e+ R h(—k‘f’))]
TM ik 2k O, ik'S
e e + TN ke
[k + R 5k (23)
where
(h)
RTE _ RTE _ klz B ka
ul — N0 T k(h) K
1z 0z (24)
RTE _ KD +ik™ tan k" h,
kP ik tankPh, 2.5)
(e)
RTM — pT™ _ ki, — & k.
ol Mo _k(e) N k
1z gl 0z (26)
& k@ +ie k'Y tank'Oh
RTM — 72 "z 1"V2z 2z '"2
ekl —ig kY tank!9h, @7

TE _ 1
ho = 1— R RIE ez:‘kl(_f)hl
! Ul (2.8)
™ _ 1
ho = - R™ p™ ezikl(_f)hl
(2.9)
%
kP = (k2 - k7
2 ( J S) (2.10)
0=k - =L k)"
€ 2.11)
2 _ 2
kj = u e (2.12)
5
ko, = (ks — k!
0z ( 0 s) (213)
2 2
ky = @ e, (2.14)
where j=12.

The sommerfeld condition at infinity determines
the branch interpretation of

ko, = (k2 — k2)"

as:
A R S AR AR
Re(k,,) 2 ,and
= ik - k)l =
ie Im( ) 2
In the above Re (kOZ) and Im(%,.) stand for

real and imaginary parts respectively.
That is the positive branch of the square root has
been properly chosen to be consistent with the

radiation condition as £ —> ®©,

};(k/z ) and ";(k]z)

The unit vectors are
obtained as
(h) ) (Xk k) .
(k) (KDY _ K, h(zs)
L1 (0) +—(xk + k) +2——
(k) _ kk, & k _
Tagko)+ 52k
& k; 2.16)
wherej =1, 2.
The expression for the transverse (surface)

z=0)

components of & n(k,
Is
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1z

(2.17)

Since the induced surface current density on the

dipole is assumed to be in the x-direction, only the

(x,x) component of G will be required. Thus,

2

(H) k l/lo k* rlTE 1+ RTE p2kn \(1 + RTE

&1 ( ) F'k(h) ul € ( m)
s 1z

k2 kY e .

e (1 — R P Xl —RYM ) 5%

s (2.18)
Substituting Eq. 2.3 in Eq. 2.2 withz =0,

EOG) = io [[dr [ [k, " 30 ()¢ 7 T (7)
N —0

(2.19)

Using the 2-D Fourier Transform, Eq 2.19

reduces to:

EOG) = o [ [dk, &7 850 E)-T(K)
o (2.20)
Jo (k)

where is the Fourier Transform of the

surface current density J, (1) .using electric field
integral equation (EFIE) for the unknown surface

current density
—(s) —®

and " Ei = E0
gettlng
—laJJ.J.dke'k' g (k)T (/;) EV(F), T €S
(2.21a)
[ [dke™" T (k)=0, 7 &S
2o (2.21b)

Eqs. 2.21 are the coupled set vector integral
equations in the spectral domain. Eq. 2.21a is the
spectral domain electric field integral equation
(SDEFEI).

2.1. Application of the Moment Method
(MM)Solution

To apply the MM to solve Eq. 2.21, the surface
current density on the dipole is expanded in terms of

fn(x7y) with

appropriate  expansion modes

unknown coefficients /,:

T o A > ' '
(Y=, [,y
n=1

where
fi(xy) = ©,(x") Y, () (2.23)

For the present work, Piecewise sinusoidal
(PWS) expansion modes are selected to represent the
variation of the current in the x-direction.

The form of the n” expansion function centered
about x, may be expressed mathematically as:

(A/m) (2.22)

%;lx’“) ,  x,,<x'<x,
. '
D(x') = % X, <X <x,., (2.24)
0 , otherwise
where x, = nd, and d is the half length of each

expansion mode given by d =L/ N.

The wavenumber k for the PWS mode can be
chosen arbitrary, however, a judicious choice will
improve the convergence. For single isotropic
substrate, it was found that setting k& equal to the
“effective” wave number for the substrate is a good
choice (Pozar, 1983)

= e k (2.25)

The y-variation of the current density may be
chosen as

1 w w
Y,0)=— , ——<y<=
w 2 2 (226

Thus, The Fourier transform of the current

T oy,
density J (") in Eq. 2.26 can be obtained as

p— N ~ pa—
J, (k)=x Zln F, (k)
n=1

(2.27)
where
Fn (ks‘) = q)n(kx) lI]ﬂ (ky) (228)
and

&)n(kr) _ 2k, .(cos k,d 2— coszkxd) ok
) sin k,d (k; —k;)

(2.29)

(k) =

(2.30)
Substituting Eq. 2.27 in Eq. 2.21, we get
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N
~YI1,E®(F)=EY(F), onS
= (2.31)
where E, (F*) is the scattered electric field due

to the n” expansion mode f of the surface current

density I , and is given by
EY (7)= mwjjﬂ:e C gl (k) F, (k)

=12,.m,. ,N (2.32)

g

where & ( N is given by Eq. 2.8. Applying
the Galerkin’s method by choosing the test function to
be the same as the expansion functions; dot

multiplying Eq. 2.27 by S (%,3) and integrating
over the surface of the dipole, we get

_Zln ”fm (x,»)-E (x,y) dx dy

[[ 7, G.3) E® (x,y) dx dy

= Su ,m=1,2,., N
(2.33)
where S,, is the surface of the m™ test mode and
EY (x,)

For the case of impressed current source (probe
excitation), by using the reciprocity theorem, Eq. 2.33
can be written as

Y —d —
_Zln -”.EW(IT) (xay)'fn (.X,y) dx dy
n=1 S,

Jj ErfzS) (xayaz) ’ j(i) (x,y,Z) : dXdy dz
=V
m=1,2...N (234)

>

where, £ o (5332) S the field in layer(2) of
j(i)
the test mode at the position of the probe and is
the impressed (source) current of the probe.
Thus Eq. 2.33 or Eq. 2.34 can be written as:

Zz I, =V’
,m=1,2,.,N (2.35)
where
= —Jj E(x,p)- f,(x,y) dx dy
(2.36)

=Mﬁmnﬂwww

(2.37a)
or

is the scattered field in layer (1) by the m’ " test mode f m gt the e position o

P = ([ EY (xv.3.2) TV (x.y.2) dxdy dz
v (2.37b)
Substituting Eq. 2.32 with n = m in Eq. 2.36 and
performing the integration over S, we get:

mn

z,, =-io [ [ dkdk, F;(k, k) g (k k) F, (k,.k,)

>

m=12,....N
n=12,....N (2.38)

The system of equations given in Eq. 2.35 can be
written in matrix form as

]

[ Zuw][1,]= (2.39)
where [ 7 ] is the generalized current column

vector whose N components contain the 7, of Eq. 2.22,

[ Zun ] is the NXN generalized impedance matrix, and

[ " ] is the generalized voltage column vector. The
P
dimensions of the elements Z,, and Vm are volt-

amperes (VA), while the elements [, are
dimensionless.

2.2 Calculation of the Generalized Voltage Matrix

"]

the d ole is excit d|1‘t6)}’f1 # edxerl)g}l gap %?ngratolg
the evaluation of the voltage vector elements =
given by Egs. 2.37 is simple: only these position in the
generalized voltage matrix corresponding to segment

junction that contain the generator will have non zero
P
value (Vm =] for a delta-gap generator of 1V) (Lo et

al.,, 1977).

When the dipole is excited by a probe, the
P
evaluation of Vi is rather involved. In this case, we

need to find £n (%:7:2) yhich is the electric field in
the dielectric layer (2) due to the m™ expansion mode

S (x,9) of the surface current density on the
dipole.

If the impressed source is assumed to be an
idealized current source (probe feed) expressed as:

_(i) =5 — -
JU(xp,2)=26(x—x,)0(y—y,) (2.40)

where the feed position is at (x,,),). The voltage
vector elements reduce to

vy =[] E,(x.p.2)-28(x=x,)8(y=y,)dV

0
= [E.,(x,.y,.2) dz
e (2.41)
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where E_,, is the z-component of Em .
Using the dyadic Green’s function formulation,
we have

E,(x,.2) = io [[Gu(.5)- [, (7)dS’
s (2.42)
Gu(.7) |

where is the dyadic Green’s
function in layer (2) due to a point source in layer (1)

on the dipole surface.

521 7,r))

for the layered wuniaxially
anisotropic medium can be given as:
G (7,7
z'=0 =
J JdEY eikl\‘ 5 §21 (];Y ’Z)
0 (2.43)
where
8y (k,2) =

ty rTE ~ - (h) IO ()

0 1 TE (h) ) —ik. z TE 2iky.’ Iy (h) \ ik 'z

P {k(h) X o h(_ k. *TtR e h(kzz )e
1z

A=k )+ R4 (k)
+

}"TM [A e i (x’lz i () R . ; (")z]
kll(e) X5 V(_ k{9 =7 4 RIY g7c T V(kéz) ke
D (e) ™ 2ik$Oh A7 ()
[V(_ KO )+ RIY MM (s )J} (2.44)
where
TE
XTE — (l + le )
2,1 —n
(1 L RTE hz)
(2.45)
e _ ™
XTM = k2 kl(z) (1 le )
2,1 (o) e
k22 kl (1 — Rf?z\/l ez kz(:)hz )
(2.46)

Since S (x,y) is assumed to be x-directed in Eq
2.22, and it is required to evaluate only the z-
component of the electric field £.,,. Thus,

Ezm (xp ’yP ’Z)
i [[GF (.7, 2.5)- £,(F)dS’
Sm

(2.47)

where the (z,x) component only of the dyadic
(z.%)

Green’s function ~ 2! is required.

(z,x)
Using Eq. 2.44, Eq. 2.15 and Eq. 2.16 821

can be obtained as
g5 (k,,2) _

in, & "
87° &, k k,

z
—ikl® ™ 2ik9h,  ikl®
(e B E L R e T (2.48)

where the TE- components do not contribute.
From Eq. 2.43, Eq. 247 and Eq. 248, the

™ ™  2ikiE hy
sz,l kx(l -R e

expression for “~zm reduces to:

E,(x,,y,,2)
i ” dx'dy’ I ]‘lea ei(lz‘ %k 2p)
S, -~

g (k,,2)e" " f,, (7))
Since
J:[dx’dy’ eﬂ;‘ " fm (FY,) = Fm(kS)

S (2.50)
thus

E,(x,.),,2)

(2.49)

l(kx xp + ky yp)

io | [dk, dk, e
g5 (k,,2) F, (k) 2.51)
Substituting Eq. 2.51 in Eq. 2.41, we arrive at

i(k, x, * ky yp)

io| Ta’kx dk, e

VP

Fm (kx Dky) : géiz);)) (kx > ky DZ)
m=1,2,....N
where

0
(z,x)
(z,x) J‘gZIr (kx,ky,Z) dZ
21(1) — -hy

™o g
1z

Ho & K k (17RTM)(17RTM ezu{;"nl)
87° &, ki (kw)7 * o ot

(2.52)
vr o

The Z,,, and " m appearing in Eq. 2.38 and Eq.

2.51, respectively have to be computed using

numerical integration techniques and properly

accounting for the residue contribution of the surface

wave poles. The unknown complex coefficients /, are
determined after solving Eq. 2.39.

2.3 Calculation of Input Impedance
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For the case when the dipole is excited by delta-
gap generator, the input impedance may be found
V

in

mn
1 oV, = .
m  So, if V:" 1 , the input
1
1,

from
zZ, =
impedance is simply .
For a dipole excited by a probe, the input
impedance can be calculated as:
N
Z _Z In VnP
in = =l (2.53)
where [, are the expansion mode current
amplitudes and / is the probe current.
2.4 Computational Efficiency
Because of the computational complexity of Eq.
instead of performing the doubly infinite integrals in
the (k.k,) space, it is common to change to polar
coordinates (k ) in the spectral domain, where
ke=k cos (2.54)
k,=k sin (2.55)
In this case, the integrations in Eq. 2.38 and Eq.
2.52 undergo a transformation which can be
symbolically shown as

.[TU(kx,ky)dkx dk,

2p 0
[aa[dk, k, Uk, @)
o0 (2.56)
Thus, the doubly infinite integrals are reduced to

a finite integration and a semi-infinite integration.
Also, the even and odd properties of the integrands

can be used to reduce the & =0 —> 27 integration

T

a=0——

range to . Eq 2.38 and Eq. 2.52 can then
be written as

/2 0

Z,, =-4o | dafdk,k, gk, a)
0 0

-Re{CT)Z CT)m} -Re{‘?’: ‘?’m}

m=12,....N
n=12,....N (2.57)
and
7l2 0

V =-4o j dajdkpkp g;ﬂ(kp,a)
0 0

I, ¢ }-Ref, &0}
m=12,..,N (2.58)

The integrals in Eq. 2.57 and Eq. 2.58 are to be
evaluated numerically. Thus, the expressions for Z,,
and V), constitute the bulk of the computational effort
for the microstrip dipole solution, and so it is critical
that these terms be calculated as efficiently as
possible. The singularities of the integrand correspond
to TM and TE surface waves. If the dielectric layers
are lossless, then the surface wave poles are on the

R.{k } axis between ky and k; where kj:\/; ko is
the wave number in the dielectric layer with higher
dielectric constant. As illustrated in Figure 2.2, if the
dielectrics are lossy, then the poles move in the third
quadrant. However, for low-loss dielectrics, the poles
are very close to the R.{k} axis. These poles must be
avoided in performing the numerical integration from
k=0 to. The conventional method of avoiding the poles
is to deform the contour from the R.{k} axis to the
contour C; which makes a small half-circle around
each pole.

The integrals around the half-circle can be done
in closed form by computing the residues at the poles.
This method works well for one layer structure and
when the substrate is electrically thin, there is only
one surface wave pole (TM surface wave pole).
However, for multilayered structure (or if the substrate
is not electrically thin), there can be several surface
wave poles. Also, analytically performing the
integrations around the half-circles will be
complicated if two or more poles are extremely close
to each other. These problems can be entirely avoided
by deforming the contour C; into the contour C,.

The contour C, goes down from the origin at 45°
angle until it is at height -jH below the R.{k } axis. It
is then proceeded parallel to the R.{k } axis until it is
past k. Finally, it moves back up to the R.{k } axis
and then out to . The advantage of the contour C,is
that numerical integration near the poles is avoided.
Further, no knowledge of the pole locations or their
number is required. This method works well for H on
the order of 0.1k (Derneryd, 1977, Carver, 1979). If
the dipole is divided into equal-length segments, all
the values of the N’ matrix elements are contained in
any one row of [ Z,,,,], say the first one.

Im(k)
k,— plane

" Refka

Figure 2.2. Two paths of integration in the complex
k  -plane
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All other rows are morally a rearranged version
of the first. The remaining elements can be obtained
by the rearrangement algorithm (Lo et al., 1977)

Zon =21 \mn |41, m 22,1 21, (2.59)

Such a matrix is said to be a toeplitz matrix. In
this case execution time is considerably reduced from:

t~ AN +BN (2.60)
to
t=AN+BN"” (2.61)

where 4 is the time required to compute a typical
impedance matrix element, B N’ is the time required
to solve [ Z,,] [ 1,] = [ V] for [ 1,] by matrix inversion
for a system of order N, where [ Z,,] is a non-teoplitz
matrix. This time is reduced to BN’” by using a
computer program for solving the teoplitz matrix.
2.5 Radiation Field Evaluation

The current distribution is radiating in the
presence of the layered anisotropic medium. To find
the field patterns, the expression for electric and
magnetic field is obtained in the upper half-space.
Using the dyadic Green's function in the upper half-
space due to the current distribution on the dipole.
These fields are represented in terms of Sommerfeld-
Weyl-type integrals. These integrals are calculated in
the radiation zone or far-field region. Such integrals
can be evaluated with numerical integration routines,
but it becomes very tedious when observation point is
in the far field of the source, because the integrand is
rapidly oscillating. However, in the far-field region,
we can use the stationery phase method or the saddle
point method to evaluate the integral to obtain far-
field expressions. Here a method that captures the
essence of the stationary phase method is presented
and the far field approximations of the Sommerfeld-
weyl type integrals are derived. The result of this
calculation is correct asymptotically to the leading-
order which we are interested in.
2.6 The Electric and Magnetic Fields in the Upper-
Half-space

In the upper-half space (region 0), the far-field
satisfies the following relations:

EOz
Eow_ sing (2.62)
1
H _Eoe
06— o (2.63)
for TM waves, and
HOZ
Hy_  sing (2.64)
Ey _—nyHy,

(2.65)
for TE waves, and

Mo
MoV & (2.66)

Thus, to calculate the far-field expressions we
need to calculate E,, and H,, in the upper half space

(layer(0)) due to the current distribution J () -

~ ! !
X (x50 on the microstrip dipole in layer (1).
The electric field £y, can be obtained as
:.E,

_ s ;

j dr’ ﬁ 7,7 T.(F)

de &' G (7, F) J (x5

=i (2.67)
where

(%) (7 7 .G (F. 7%
G01 )(r,rr): z Ol(l”,l” X (2.68)
(5
G01 (77 )can be obtained as (See Figure. 2.3).

_ r—_
and 7" in region (1) where z'==h
Gy (7. F") _
[, di, & gk, 2,2
o (2.69)
(0) =
x
@ Yo

FT 7777777777

Figure 2.3, Geometry of problem with sources in
region(1) and observation point in region (0).

For the case of uniaxially anisotropic medium,

Gy (7. F")

jjdk dk, " g9 (kz,2)

where
. ™
Il n x™ 2
z,x - 5 ° (e) 0,1
g(()l )(ks,Z,Z') = 87[2 klz
{"}(koz )ezkgzz
~ e - i e i ( e, ~
[v(kl(z))e RTM 2ikOhy ( k()) k| J}x
(2.70)
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where in our case Z' = _hl since the dipole is
on the boundary between layers (1) and (2), and

1
™ 1 TM 2ik'h
n™M _1=RR e @.71)
™ ™
ROV _ Rig 2.72)
(e)
SR T S
Xlon _ ko, k
VL= oz 1 (2.73)
performing the dot product in Eq. 2.70, we get
. ™
" AT,
g (k,2)  _ 8x? ky ’
ooz ok & (1_ RT!;/[eikl(;’)hl)
N
k, (2.74)
h

where Z' is substituted by ().
Thus, the z-component of the electric field in
region (0) is given by

Ot [[ax dy' J (x',5")
EO(’”)— 8r* s

(—z')g [ [dk,

ei[kx(x—x’ﬁky(y—y’)] oo

&k (Es) (2.75)

where
™
4l x ™
- k k 0,1
g (k) _ ok
etk( h (1 RTI etkl(;) 1)
(2.76)
Nz
(=) —
and £, is taken outside the 1ntegra1 as dc

Thus, E,, is obtained and expressed in Eq. 2.75 in
terms of Weyl-type integral. £y, can also be expressed
in terms of a Sommerfeld-type integral as

O [[dxdy' T ()
Eo.= 4m N

cos ¢ - [dk, klg, (k,) " J,(k, [p-p)
0

(2.77)
where we used the relation

é‘]O(kp |/5_/5,):
) @8)

&
—os¢ k, J,(k,|p

The magnetic field in the upper half-space can be
obtained from Maxwell's equations

1 _
- VxE,
H, _ i, (2.79)
That is
1
H, (7) = Ho

.de, dy, \% XEO](FJ?,) ’ js(x,ay,)
s (2.80)
where

- i, '[ '[ dk ok () ko2
Gm(r ') _ 87

TE ik‘l”h 2
Xu()l - ]h(k()z)

k(h)
L (7.(h) TE kP, (h)
e Rz A2 ) +
I”TM (e)

™ ik A

l(e) X oy € (k)
klz
A (e)) ™ zk( ( (h) )J}
[V(klz TR e ki 2.81)

Performing the curl operation, so:

_ i,
Vx Gy (r,r") - 87’

o0
J J dic e ) ik’
N
-0

TE
h E ikPh g A
{kl(h) XUO,I e l(_lko)v(ka)
lh () +RTE ik, h( k(h) )J}
I"TM (e)
™ kO g T
l(e) XUO,I e l(lko)h(ka)
N K
(e) ik n (e)
[ (62 )+ R e (- )J}' (2.82)
Hence, the magnetic field ~ "0z can be obtained
as
1
Hy~ z-H, - Ho
H dx'dy'z- (V x al ) xJ (x',y")
s’ (5.22)

de dy'J (x',y")

0_87r s
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(—z')% | Ifﬂi

ol G 0] iz g, (k)

(2.83)
where
TE
n TE
gu (k) _ S
eikl(j)hl (1+R:f€ik'(:)hl)
(2.84)
where
1
TE TE 1 TE 2ik!"h
R IRy R e (2.85)
TE TE
RU‘ = Ry (2.86)
TE TE
XuO,l — (1 + Rul ) (2.87)

Thus, H), is obtained and expressed in terms of
Weyl-type integral. In a similar way, H), can be
expressed in terms of a Sommerfeld type integral as

2L [faxtay .y

Hﬂz: 472' S’
sin g - [ dk, k2g, (k,) " - J,(k, [p-p)
(2.8?;))
where the relation
% _
5 Jolko [p=7) )
~sing 4k, -7
(2.89)

Can be written.

2.7 Leading-Order Approximations to
Sommerfeld-Weyl-Type Integrals
Let us consider an integral of the type

= sz a(1,0Q)

(2.90)

where is a large parameter. If the integrand
becomes rapidly oscillating when is large, and it
there exists a simple stationary phase point in the
integrand, we can evaluate a leading order
approximation of Eq. 5.30 using the method of
stationary phase (Lo et al., 1979).

The first step in the procedure is to factorize the
integrand g( , ) into two parts, a slowly varying
part and a rapidly varying part. So, we let

[dr
== fU Y( , ) (2.91)
where f{ ) is the slowly varying part, while
h( , ) is the rapidly varying part when o0,
Assuming here that #( , ) is of the form
h( , )=é (2.92)

Next, finding the stationary phase point of
h( , ) which is given by the value of  where

AS(A)

AB) i, =0 (2.93)

Most of the contributions to the integral in Eq.
5.31 will be from the vicinity of the stationary phase
point. Hence, replacing the slowly varying part of the
integrand f{ ) by its value at the stationary phase
point. By so doing, Eq. 2.91 becomes

[dr

I~fC )= hC ., ), O (294

If the integral has a closed-form expression, Eq.
2.94 is an analytic expression for the leading-order
approximation of Eq.2.90. An illustration of how the
foregoing method is applied to find the far-field
approximations of Sommerfeld-Weyl-type integrals.

The following two identities are used in this
approximation:

1) The Weyl Identity (Richards and Lom 1981):
o)

- i 0 [[kl xtk,ytk, ‘z‘]
e 2—j [ak, dk, ©
ro= T : (2.95)
2) The Sommerfeld Identity (Richards and Lom

1981): thus

X . 00 k )
e l ) ik, 7|
e Ejdkp k_pHO (kpp)e
ro= S : (2.96)
kZ _ kZ _ kZ
In Eq.2.95, k. _ \/ * 7, and in

[12 2
Eq. 2.96 k. Nk =k

Let as consider first a Weyl-type integral in the
form we encountered for the fields in the upper half-
space as

j Tdkx dk, g(k,.k,)

i[kaJrknyrkz‘z‘]

I = e (2.97)
where £, is defined in Eq. 2.95. When x, y, or z

are large, the integrand in Eq. 2.97 is rapidly
oscillating, and the integral is amenable to the
stationary phase approximation. With the Weyl

identity in mind, factorizing the integrand into slowly
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varying part and a rapidly varying part which can be
integrated in closed form; that is, writing

jTa’kx dk, {g(kx,ky) kz}
; _ .
ei[kzlx+kyy+kz 2]

k.

(2.98)
By virtue of the stationary phase method
argument, contributions to the integral will come from
around the point where the phase of the exponential
function is stationary. Hence, looking for the
stationary phase point in the two-dimensional k,-k,

space which is given by

o

ok, i(kxtk,y k., \Z\)ZO

X |

ok, ik, x+k,y+ k. Z‘LO (2.99)

This is easily solvable to give the stationary
phase point at

X Y

ko=k 7 ko=k T (2.100)

2 2 2
Jx2+y? +
where » =V¥ TV TE Eq. 2.97 or Eq.

2.98 can be physically interpreted as expansions in a
spectrum of plane waves. The physical interpretation
of the stationary phase point, as expressed by Eq.

2.100, is that only the plane wave whose k —vector
(k = %k, + pk, + ékj ,
points from the source
point to the observation point is important in
evaluating the field at the observation point. By
replacing the slowly varying part of the integrand in
Eq. 2.98 with its value at the stationary phase point,
getting:
% ik ek, yr|2))
[ [dk, drk, <
5 ~ glhkwokyo) koo ™ z ,r0
(2.101)
Using Weyl identity, Eq. 2.101 can be evaluated
in closed form to obtain the leading-order
approximation to the integral as
eikr

L~—2i gkohkoko 7

where

ko = k> — K2 — k2, = K/ r

00 (2.102)

10

Let us next consider a Sommerfeld-type integral
of the form

[dk, k,g,(k,)

12: -

Jn (kpp) e[kz‘z‘ (2103)

Where £, is defined following Eq. 2.96. When

00, using the large argument approximation for
the Bessel function, notice that the integrand does not
have a well-defined stationary phase point. To obtain
an integrand with the form of Eq. 2.96, it is most
appropriate to convert the above integral from a semi-
infinite integral to an infinite integral and replace the
Bessel function with a Hankel function. This will lead
to the use of the Sommerfeld identity given in Eq.
2.96.

Before proceeding any further, notice that Eq.
2.103 is also obtained when writing Eq. 2.97 in terms
of cylindrical coordinates by letting

k. =k cos, k, =k sin, x = cos¢, y = sin¢g

Then Eq. 2.97 becomes

Ta’kp kpzf da glk,,a)
0 0

(2.104)

11:
ik ,pcos(a—¢@)+ik,|z
e’ i (2.105)
where g (k )=g(k cos k sin).

Next, g (k) can be expanded in Fourier series in
-variable as:

. Z ezna g, (kp )

Bk o (2.106)

Substituting back Eq. 2.106 into Eq. 2.105 and
making use of the following integral identity for the
Bessel function

the

2n

1 Idoc

2 ik, pcos a+ina—inz/2
Jo(ky=2T 0 e (2.107)
Obtaining

Z 2 ein¢+[n7r/2 Jdkp kpgn (kp)
L = = 0 VA

ik, |z
e’ (2.108)

Now identity each term in the series to be similar
to Eq. 2.103. From Eq. 2.106, if we denote (k. k,) by
(k) in cylindrical coordinates, then the point (

—k - —
x? ky ) can be denoted by (k) or ( k'” ). Because
of this, deduce that

A

&, koo & (2.109)
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Hence the function g,(k ) in Eq. 2.103 which is

similar to 8 «(k ) in general has the above property.
Next, by using the identity for Bessel functions in
terms of Hankel functions,

HHD (x)+ HP (x
ie. J,,(x) 2[ n ( ) n ( )]
(Abramowitz and Stegun, 1986), writing Eq. 2.103 as

. 3 { dk, k,g,(k,) HO (k) guie

%{dkp k2, (k) HP(k,p) g/ (2.110)

With the change of variables from & to # for
the second integral, the use of the property of the
Hankel function that

(2) X e_i” _ainx [€))]

H ( ): e " H," (%) [13], and the
property for g,(k ) given by Eq. 2.109, combining the
two integrals in Eq. 2.110 into one integral as

1
2 ,[dkp kpgn (kp) HO
12 = —® "
(2.111)
The integrand in Eq. 2.111 is rapidly oscillating
when  or z tends to 9O because

2
Hg)(x) B 0 et(x—nzz'/Z—zz'/4) (2112)

when x 90 (Newman and Tulyathan, 1981).
Next factorizing the integrand in Eq. 2.111 into two
parts so that Sommerfeld identity can be used in Eq.
2.96. Consequently,

1 Tdkp g.(k,)

12: -

k A
{l (e |
: (2.113)

In view of Eq. 2.112, the first factor in Eq. 2.113
is slowly varying while the second factor is rapidly
varying when r 90 (i.e. when the observation point
is far from the field point). Since the rapidly varying
part of the integrand is asymptotic to the phase factor

ik, prik: 2| . . L
€ , the location the stationary phase point is

given by
2
0fk+ l(kpp + kz Z|)
L kﬂ(] = 0
The solution of Eq. 2.114 is

(kpp ) P

H (k,p)
H (k,p) *

(2.114)

11

Po=ksin , k,y=k cos (2.115)

With = sin’( r , as the angle of the

observation point with respect to source point. Now

evaluating the slowly varying part of the integrand at

the stationary point and use Sommerfeld identity to
evaluate the rapidly varying part in closed form.

As aresult
. H," (k, p) i
—1 gn kpo H(]) k z0 —e
IzN 1] ( pop) v ,
r —> ©
(2.116)
When 7= ®© | using the large argument

approximation of the Hankel function to simplify
M
HO(k p)

Hél)‘kpp’ ~ eimr/2’ kpp—) o0

(2.117)
Hence Eq. 2.116 is simplified to
ikr
e
-\ n+l _—
12 - (_l) gn(kpu) kzO ad , y — o0
(2.118)

2.8 Far-Field Expressions
The results obtained in section Eq.2.63 are
applied to find the far-field expressions.

The z- component of the electric field in the

upper half-space given by Eq. 2.77, can be written as

L,
EOZ(F): 47[
[[ax" v’ J7.(x",y") cosg 1,
S
(2.119)
where
dic k? g, (k o
. :,([ pp E( p) oo J1(kp|,0_,0'|)
(2.120)
which can be put in the form
L [dk, k2 g.(k,) .
IE: —o e 0z
Hl(l)(kaB_IBrD

(2.121)

Using the large argument approximation for the
Hankel function, the rapidly varying part of the
integrand in Eq. 2.121 is asymptotic to the phase

ik, | p=p'|+iko.z .
factor € Thus, the location of the
stationary phase point is given by
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=2 i(k, =]+ ko.)

g k=0 (2.122)
The solution is given by
Po = k() Sil’l,
kozo = ko
cos
(2.123)
-7
7 Al
with = sin™ ‘r P ‘ , (see Figure2.4).
B
X
S
0
Figure 2.4, Relation between P and 0
This leads to the following expression for I
eiko‘F—,B"
—in/2 k
s (k ) k e 0z0 |— —y
Iy ~ L 8e\Kp, Po |l" -P
r— 0 (2.124)
But
‘r—ﬁ’ =r—r-p'
thus
ikyr

. k —iko-p'
Ip~ kisin cos gg( )€ ro r—,o®o

(2.125)
Thus,
_ —iC!J,Llo k Y
Ep(" )~ 47 k)’sin  cos cos gg( ”) 7

X ”dx’dy’]x(x’,y’) .

—ikn-D'

e "™’ (2.126)
Following similar procedure, getting the

magnetic field in the upper half-space as r
the following expression
: ikyr

1 e

Hy (7)) ~ 4r ks sin  cos sin gH(kp") r

12

X ”dx' dy'J (x',y")

—ikn-D'
e "™’ (2.127)
Thus, using Eq. 2.62 - Eq.2.65, the field patterns

are readily obtained.

3. Results

Numerical results of the problem of a microstrip
dipole embedded in a substrate-superstrate structure
are presented. Numerical computations investigating
the effects of the thickness and the anisotropy of the
layers on the dipole current distribution and input
impedance are performed. Also, the radiation patterns
of the microstrip dipole printed in the considered
substrate-superstrate structures are calculated.

The numerical computations for the problem
under consideration using the dyadic Green’s function
(DGF) formulation where the moment method (MM)
is applied in spectral domain (SD). A microstrip

dipole of length L = 0.5 ﬂ”o and width W= 0.0001 ﬂ”o

, on the top of an isotropic substrate of permittivity

£,=3256) 4 iitnes 11 = 010164,

3.1 Printed Dipole on a Single Layer

Magnitude of single layer
T T T T T T

Aba) (4

26 2 016 o 506 o 006

Figure 3.1. Magnitude of current distribution of a
printed microstrip dipole on a single layer using delta
gap generator with /2 =0.0001/,, L= 0.5 [,, #=0.081,

Figures 3.1show, the magnitude of the current
distribution of a printed microstrip dipole on a single
layer. The figures indicate that the current distribution
undergoes significant changes if the isotropic substrate

£=06¢,]

with is substituted by an anisotropic

substrate of € = 680 €. = 10'280, The magnitude

of the current distribution of the dipole on the
anisotropic substrate exhibits a rise at the feeding
point. Figures 3.2(a) and 3.2(b) show, respectively, the
real and imaginary parts of the input impedance. It is
clear that the effect of the positive anisotropy
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gZ

—>1)

& of the substrate is to decrease the resonant
length relative to the isotropic substrate. Also, the
impedance level of the printed dipole on the
anisotropic substrate is lower than the dipole on an
isotropic substrate. Finally, Figures 3.3(a) and 3.3(b)

show, respectively, the E _and H - radiation patterns
of the printed dipole. For this considered case, there is
no significant differences between the isotropic and
anisotropic substrates. However, the H . plane
radiation plot shows a slightly lower directivity for the
printed dipole on the anisotropic substrate.

pedance of a printed microstrip dipole on a single layer using dsita gap gonerator

Rel2)

aa

Figure 3.2(a), Real part of the input impedance of a
printed microstrip dipole on a single layer using delta
gap generator with /2 = 0.0001/,, 2=0.08,

Imaginary p input impedance of a printed microstrip dipole of e 'g delta gap generator

Figure 3.2(b), Imaginary part of the input impedance
of a printed microstrip dipole on a single layer using
delta gap generator with W72 = 0.0001/,, #=0.08/,

E-plane radlation plot of a printed microstrip dipole on a single layer using delta gap generator
===Ex=Ey=Ez-8 EO, Lr=0.525 Lmd0
—Ex=Ey=8 E0 Ez=10.2 ED, Lr =0.435510 Limd0

B ]

Figure 3.3(a), E-plane radiation plot of a printed
microstrip dipole on a single layer using delta gap
generator with W72 = 0.0001/y, #=0.081,

13

+ Ex—Ey-—6 EQ, Ez=102 EO, Lv =D 43551
——Ex-Ey=Ez- 6 E0, Lt =0.525 Lmd0

Figure 3.3(b), H-plane radiation plot of a printed
microstrip dipole on a single layer using delta gap
generator with W/2 = 0.0001/y, h=0.081,

3.2 Effect of the superstrate thickness

The effect of the superstrate (cover-layer)
thickness is investigated for a printed dipole in a
substrate-superstrate configuration. The cover-layer is
assumed to be isotropic with  permittivity

&, =3258,1 1, =, I

while the substrate is assumed to be uniaxially

6 0 0
£,=6,0 6 0
anisotropic with 0 0 102
/:11 = ,Uoi
The substrate thickness h, = 0084, . The

dipole of length L =0.5 ﬂ”o and width = 0.0001 ﬂ”o

is fed at the center. The effects of the dielectric cover
thickness on the dipole current distribution, input
impedance, and radiation patterns are determined. The
results are shown in Figures 3.4-3.6, and the following
comments are pertinent: 1). The real part of the
current distribution, shown in Fig. 3.4(a) is more
influenced by the dielectric cover thickness near the
center of the dipole. The effect of the thickness of the
dielectric cover is negligible when it is increased from

hl = 0-0510 to hl =01 M‘0 . 2). The imaginary

part of the current distribution, given in Fig. 3.4(b),
also shows some what larger influence of the
dielectric cover thickness near the center of the dipole.
In addition, it is noted that increasing #,, the current
level is decreased at the center of the dipole. 3). The
magnitude of the current distribution, given in Fig.
3.4(c), also shows that the current level is decreased at
the center as the thickness of the cover layer increases,
however this increase is small in the range of /; values
considered. The above mentioned effects of the cover
dielectric layer were also observed for printed dipoles
on isotropic substrates (Newman, 1978). Figures
3.5(a) and 3.5(b) show curves for the real and
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imaginary parts of the input impedance at the center of
the dipole, respectively, for various values of the
dielectric cover thickness #/;. The decrease of the
dipole’s resonant length for any structure with cover-
layer relative to the case with the cover layer thickness
hy = 0 is evident from an inspection of the imaginary
part of the input impedance given in Fig. 3.5(b). Also
the resonant frequency decreases as the cover

A

thickness increases from 4, = 0 to h; = 0.05 770,
however it increases for values of 4, larger than 0.05

A

0. This effect has also been observed for microstrip
dipoles printed in isotropic structures (Uzunoglu et al.,
1979). Figures 3.6 show the E- plane radiation
patterns for different values of the cover layer
thickness.

Re ) %)

das 02 0as EXl o
Klimaso)

Figure 3.4(a), Real part of current distribution of a
printed microstrip dipole using delta gap generator
with W/2 = 0.0001/,, L= 0.5 Iy, h,=0.081y, e; =3.25 e,
I, er= 6 €, €xn = 10.2 (<)

iy

.........

Figure 3.4(b), Imaginary part of current distribution of
a printed microstrip dipole using delta gap generator
with W72 = 0.0001/y, L= 0.5 o, h,=0.081p, e; =3.25, €
I, er= 6 €, €xn = 10.2 €o

sl

Ei

Figure 3.3(c), Magnitude of the current distribution of
a printed microstrip dipole using delta gap generator
with W/2 =0.0001/y, L= 0.5 Iy, h,=0.08y, e; =3.25 ey
I, er= 6 €, €xn = 10.2 ()

14

Rel)

.........

Figure 3.5(a), Real part of the input impedance of a
printed microstrip dipole using delta gap generator
with W72 = 0.0001/, , = 0.081, e =325
€y I, (%) =6 €p, € = 10.2 €

of & printad microstrip @ipole on a singie Iayer using doRa gap gonerator

Figure 3.5(b), Imaginary part of the input impedance
of a printed microstrip dipole using delta gap
generator with W/2 = 0.0001/y, h,=0.08/,, e; =3.25
€y I, (%) =6 €p, € = 10.2 €

printad micrastrip dipale using dalts gap generator

Figure 3.6, E-plane radiation plot of a printed
microstrip dipole using delta gap generator with /2 =

00001[0 , h2: 0.08 l(), e =3.25 (<)
I, € =6e()’ €pn = 10.2 €o
33 Effect of substrate anisotropy

The effect of substrate anisotropy on the
performance of a printed microstrip in substrate-
superstrate structure is presented her. The analysis
presented in this research is general enough to treat

both positive uniaxial ( €. > &, ) and negative
uniaxial.
(gz <‘C"X) cases, as well as wide range of

anisotropy ratio
&

z

(AR = €x ), most substrates in common use are
negative uniaxial. As a practical example, is the
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Epsilam-10 material
e.=130¢,, & =102¢,

Figure. 3.7(a) shows the real part of the dipole’s
current distribution for a printed dipole on an
anisotropic substrate and having isotropic superstrate.
Three different substrates are considered; where

having

£ 102,
s 6 &x (isotropic  case), and
g, 102
= =——=0.7846
x 13 . The figure shows that the

anisotropy ratio has great influence on the real part of
the current distribution. Substrates with negative
uniaxial material has the largest variation of the real
part of the current distribution, while substrates with
positive uniaxial material has the smallest variation.
Figure 3.7(b) shows that the imaginary part of the
dipole’s current distribution does not depend too much
on the anisotropy ratio. However, the current level is
decreased for the case of positive uniaxial material.
Fig. 3.7(c) shows that the magnitude of the
dipole’s current distribution is the highest for
substrates with negative uniaxial material. Figures
3.8(a) and 3.8(b) show the real and imaginary parts,
respectively, of the input impedance of the printed
microstrip dipole, as function of the electrical length
of the dipole for different values of the anisotropy
ratios. It is observed that as the anisotropy ratio (AR)
decreases, the resonant length of the dipole decreases.
Also, the magnitude of the real part of the input
impedance decreases with the decrease of the AR. The
figures also show that the shift in resonant frequency
is about equal to the bandwidth of the microstrip
dipole. This implies that a dipole designed for a
specific operating frequency may actually resonant
outside the dipole bandwidth if the substrate
anisotropy is neglected (not considered). Similar
conclusion was obtained (Mosig and Gardiol, 1979),
for microstrip antennas on single anisotropic substrate.
Figures 3.11(a) and 3.11(b) show, respectively, the E-
and H- plane radiation patterns for three cases:

e, =¢,=102¢,

isotropic  substrate  with ,
positive uniaxial substrate with
g, =6¢g,,6,=102¢,

, and negative uniaxial

substrate with &= 1380’ €2 = 102 80. In these

three cases the superstrate is assumed to be isotropic.
The figures show that for the positive uniaxial
substrate, the E-plane radiation pattern has higher
directivity than the isotropic case while the H- plane
radiation pattern has lower directivity. The radiation
patterns of the printed circuit dipole on a negative
uniaxial substrate exhibits opposite property (E-plane

15

is less directive while the H- plane is more directive
than the isotropic case).

10° Real part of current distribution of a printed micrastrip dipole Lsing delta gap generalar
T T T T

—F26
—F2=102
—Cp-13

Re () (A1)

[
xilimdab)

Figure 3.7(a), Real part of current distribution of a

printed microstrip dipole using delta gap generator

with W/2 =0.00011/, , L= 05 lo, hy = b =
0.08 lo,e1 =3.25 e()l,ezz =10.2 ()

4¢°  Imaginary part of current distribution of  printed microstrip dipole using della gap generator
T T T T T

—F2=6
—Cpe102
—pe13

m (0 (A%

5| L
02 0z EX0 EX] 005 005 ol o5 0z 025

o
{imdag)

Figure 3.7(b), Imaginary part of current distribution of
a printed microstrip dipole using delta gap generator
with W/2 = 00001[0’ I=0.5 l(), ]’ll = hz = 0.08 l(), (]
=3.25 (<) I, €,n = 10.2 €

rrent distribution of a printed micrastrip dipale using delta gap generator

Absf) AN

g B 2 8% 8 8 ¢

B3 =7 om [
*(limda0)

Figure 3.7(c), Magnitude of the current distribution of
a printed microstrip dipole using delta gap generator
with W/2 =0.00011/, , L=0.5 Iy, ho=h=
008 l(), e =3.25 € I, €,n = 10.2 €

3.4 Effect of cover-layer anisotropy

Figures. 3.10(a)- 3.10(c) show, respectively,
the real part, imaginary part, and the magnitude of the
current distribution of a printed dipole in a two-layer
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microstrip structure having isotropic substrate and
anisotropic superstrate. It is observed that the behavior
of the current distribution is almost the same as the
previous case where the substrate is anisotropic with
isotropic cover-layer. However, the variation of the
imaginary part of the current distribution is more
pronounced (Figures 3.11(a) and3.11(b) show,
respectively, the real and imaginary parts of the
dipole’s input impedance. The data show similar
behavior to that observed in the previous case. Here, it
is also observed that the resonant length of the dipole
decreases with decrease of the anisotropy ratio.
Figures 3.12(a) and 3.12(b) show, respectively, the E-
and H- plane radiation patterns as function of the AR
of the superstrate where the substrate is isotropic
dipole. Observe the singularly in the dipole current at
the probe location. Figure 3.14 shows the real and
imaginary parts of the input impedance. Since the
problem is formulated using an idealized probe feed
which does not account to the probe self reactance, a
self inductive reactance term
e

Xp =60k, I, In(k; R) is added to the result as a
correction factor (Dernerydm, 1977). Finally, Figure
3.15 shows the radiation pattern for this case.

Real part of the Input Impe dance oT a printed mIcrostip dipole on a single layer using delta gap generator

flimdao)

Figure 3.8(a), Real part of the input impedance of a
printed microstrip dipole using delta gap generator
with /2 =0.0001/,, hy = h,=0.08 [y, e, =3.25
() I, en = 10.2 €

g

i
s(imdan)

Figure 3.8(b), Imaginary part of the input impedance
of a printed microstrip dipole using delta gap
generator with W/2 = 0.0001/, hi = hy= 0.08 [,
€] =3.25 €o I, €n = 10.2 €o
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Figure 3.9(a), E-Plane radiation plot of a printed
microstrip dipole using delta gap generator with /2 =
00001[0 5 hl = hZ:O.OSIO, e =3.25
() I, €,n = 10.2 €

H. ntad microstrip dipole using delta gap ganerator

Figure 3.9(b), H-Plane radiation plot of a printed
microstrip dipole using delta gap generator with /2 =
00001[0 , ]’ll = hZ:O.OSIO, e =3.25
(<) €,n = 10.2 €

rt 5 printed microstrip dipole using delta gsp enerstor

i~

Re () (AY)

(imeacs

Figure 3.10(a), Real part of current distribution of a

printed microstrip dipole using delta gap generator

with W72 =0.0001/, , L= 0.5 Iy, h=h=
0.08[0, [ =3.25 €o I, €1 = 10.2 €o

10®  Imaginery part of current cisti - microstrip dipole us|

Im 1 A)
o ®

8§25

Figure 3.10(b), Imaginary part of current distribution

of a printed microstrip dipole using delta gap

generator with W/2 = 0.0001/y, L= 0.5 /,, hi = hy=
0.08[0, [ =3.25 €o I, €1 = 10.2 €o
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)
timeta0)

Figure 3.10(c), Magnitude of the current distribution

of a printed microstrip dipole using delta gap

generator with W/2 = 0.0001/y, L= 0.5 /,, hy = hy=
0.08/y, e;=3.25¢, 1 e, =102¢,

ReZ)

3

Figure 3.11(a), Real part of input impedance of a
printed microstrip dipole using delta gap generator
with W/2 =0.0001/, , o= h = 008 I,
I, e;1 = 10.2 €

¥ 2 printed microsts e ay:

m@)

a0,

Figure 3.11(b), Imaginary part of input impedance of a
printed microstrip dipole using delta gap generator
with W72 =0.0001/, ,

() =3.25 €

h1 = h2 =
I, e;1 = 10.2 €

0.08 /o,

Figure 6.12(a), E-Plane radiation plot of a printed
microstrip dipole using delta gap model with W/2 =
00001[0 , hl = h2:008 l(), () =3.25
() I, e;1 = 10.2 €

Figure 6.12(b), H-Plane radiation plot of a printed
microstrip dipole using delta gap model with W/2 =

00001[0 , ]’ll = h2:008 l(), () =3.25
€o I, €1 = 10.2 €
3.5 Probe-fed printed circuit dipole

Figure 3.13 shows the real and imaginary part of
the current distribution of a probe-fed microstrip

ey

Figure 3.13. Current distribution of a printed
microstrip dipole for probe excitation with radius
R=0.0004/,, W/2 = 0.0008l, L=0.25 Iy, h | = h,
:0.0810, e =3.25 eo,l, e = 13 €p, €71 = 10.2 €, Xo
=0.239833/,

—ro

Figure 3.14, Input impedance of a printed microstrip
dipole for probe excitation with radius R=0.0004/,
W2 = 00008[0 5 h 1 = hz =
0.08[0, e =3.25 € I, e = 13 €p, €71 =
10.2 e, xo=0.239833]

—--E-Plana
——H -Plana

Figure 3.15, E and H Planes radiation plot of a
printed microstrip dipole for probe excitation with

17
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R=0.0004/, W/2 = 0.0008/y, hy = hy= 0.08 Iy, L,
=0.175 l(), e =325 €o I, 62=13eo, e n =
10.2 ey, xo = 0.239833/

3.6 Farfield Directivities of one Printed Dipole
on Two-Layer Substrates

A two-layer Substrates for a printed dipole with
an anisotropic substrate was considered now. The
printed dipole was placed two in layers substrates,
with thickness were set h; = 01016 4, and h, =
0.08 A4.(See Table 1).

Table 1. Farfield Directivities of Printed microstrip
patches placed in different Layers.

Phi Gain Phi in Theta Gain Theta in
dBi degree dBi degree

1 Layer 1 dipole (2.3) 23 90 4.9 81

2 Layer 1 dipole (2.3) 0.6 30 1.8 102

2 Layer 1 dipole (6,6,10.2) | 4.7 0 43 294

2 Layer 1 dipole

(10.2,10.2,10.2) 48 0 14 1967

2 Layer 1 dipole

(13,13,10.2) 4.7 40 6.9 233

2 Layer 2 dipole (2.3) 0.8 4 5.1 252

2 Layer 2 dipole (6,6,10.2) | 5.7 0 4.1 250

2 Layer 2 dipole

(10.2,10.2,10.2) 32 0 ! 2%

2 Layer 2 dipole

(13,13,10.2) 4.7 37 6.6 306

3.6.1 For isotropic case

Where &, = ¢, = ¢, = 2.3 ¢&;. The main lobe

magnitude for Phi =90 was 0.6 dB with 30 degree
main lobe direction. But the main lobe magnitude for
Theta =90 was 1.8 dB with 102 degree in main lobe
direction.

2 Layeres 1 dipole L1-2.3L0

tivity Abs (Phi—90)

2
on —  30.0 deg.
E dB)— 47.5 dep
Theta / Dogree vs. dBi Side 48R

Figure 3.16, Farfield Directivity (¢ = 90°) of Patch
placed on the top of a isotropic substrate (2 Layers — 1
Patch) with Length L = 0.6 X, Width #=0.0004 2,
Substrate Thickness /,-0.1016 Apand ¢, =2.3 &,

Farficld Dircelivity Abs (Theta—90)

2 Tayeres | dipole T.1=2 310 0 o el
N300
\
. WA
20 2270
D/
o
120 /7 240

" Frequency — 0.65

T Muin lohe magmitude 1.8 dRi
180 Main lobe direction = 102.0 deg.
Angular width (3 dB) — 15.2 deg
Side lobe level = -1.0 4

Figure 3.17, Farfield Directivity (e = 90°) of Patch
placed on the top of a isotropic substrate (2 Layers — 1
Patch) with Length L = 0.6 X, Width #=0.0004 2,
Substrate Thickness /,-0.1016 Agand ¢, =2.3 &,
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Figure 3.18, Printed microstrip patch placed on the top
of a isotropic substrate (2 Layers — 1 Patch) with patch
Length L = 0.6 %, Width W=0.0004 Xy, Substrate
Thickness /4,-0.1016 Apand g, =2.3 &,

3.6.2 For anisotropic case

Where ¢, =¢;,= 6gyande, = 10.2 ¢, . The
main lobe magnitude for Phi =90 was 4.7 dB with 0
degree main lobe direction. But the main lobe
magnitude for Theta =90 was 4.3 dB with 294 degree
in main lobe direction.

Farficld Dircetivity Abs (Theta—90)

fa Sed Cavads)
N m

. e 330

|z T.ayores 1 dipolc Fx—Fy—6 F0 , Fy—102 ‘FO‘
30—

Lirequency = 0.65
Main lobe magnitude = 4.3 diBi
180 Morin Tobe ditection  249.0 deg.
Angular width (3 dB) = 32.0 deg.
Phi / Degree vs. dBi Side lobe level = -5.0 di3

Figure 3.19, Farfield Directivity (e = 90°) of Patch
placed on the top of an anisotropic substrate (2 Layers
— One Patch) with Length L = 0.6 %, Width
W=0.0004 Lo, Substrate Thickness /;0.1016 A, and &
=3.2560, ex=8&y= 6 &), &~ 10.2 &y

Farficld Directivity Abs (Phi=90)

|2 Layeres 1 dipole Ex—Ey—6 E0 , Ez—102 EO‘ §

Farfield (oroackand) [1]

Phi= 90

30 _—
A

// 120
<N Frequency - 0.65
__~"50 Main lobe magnitude = 4.7 dBi
180 Main lobe direction — 0.0 dexs,
Angular width (3 dB) = 96.7 deg
Theta / Degree vs. dBi Side lobe level = 1.2 dB

Figure 3.20, Farfield Directivity (¢ = 90°) of Patch
placed on the top of a anisotropic substrate (2 Layers —
1 Patch) with Length L = 0.6 &y, Width #=0.0004 2,
Substrate Thickness /,-0.1016 g and &, =3.25 ¢, &x =
ey =068, e7~10.2¢&
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1
5_B2+007 [S/n]
0900 [kg/n"0]

. w01 Turksnl
30 [k1/k/kg]
6.000115141 [n"2/5]
iod. 120 [kii/mn"2]

Thermal Exp. 17 [1e-6/K]

Figure 3.21, Printed microstrip patch placed on the top
of a isotropic substrate (2 Layers — 1 Patch) with patch
Length L = 0.6 %, Width W=0.0004 Xy, Substrate
Thickness /,-0.1016 Agand &, =3.25 &), &x = &y = 6 &,
e~10.2 &

3.6.3 For isotropic case

Where &; = ¢;, = €, = 10.2 ;. The main lobe
magnitude for Phi =90 was 4.8 dB with 0 degree main
lobe direction. But the main lobe magnitude for Theta
=90 was 1.4 dB with 196.7 degree in main lobe
direction.

Farfield Directivity Abs (Phi—00)
|2 Layeres 1 Dipole Lx=0y=Tz=10 2 E0|

fackield (henachand) ||

Phi= 90

s " Trequency =065
150w 150 Muinlobe magnilude — 4.8 dii
180 Main lobe direction= 0.0 deg.
Angular width (3 dB)— 52.1 deg
Theta / Degree vs. dBi Side lobe level = -16.9 dB

Figure 3.22, Farfield Directivity (¢ = 90°) of Patch
placed on the top of a isotropic substrate (2 Layers — 1
Patch) with Length L = 0.6 X, Width #=0.0004 2,
Substrate Thickness 4;-0.1016 g and ¢, =10.2 g,

Farfield Directivity Abs (Theta—90)
‘2 Layeres | Dipole Cx=Ily=[z=10.2 E0|
e

Bl Graachand) |1

0

" lirequency = 0.63
< 310 Mainlobc magnitude = 1.1 dBi
180 Main lobe direction = 309.0 deg
Angular width (3 dB) = 196.7 deg
Thi/ Degree vs. dBi Side lobe level = -2.1 d13

Figure 3.23, Farfield Directivity (e = 90°) of Patch
placed on the top of a isotropic substrate (2 Layers — 1
Patch) with Length L = 0.6 A, Width #=0.0004 2,
Substrate Thickness /,-0.1016 Ay and ¢; =10.2 &,
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Figure 3.24, Printed microstrip patch placed on the top
of a isotropic substrate (2 Layers — 1 Patch) with patch
Length L = 0.6 A,Width W=0.0004 X, Substrate
Thickness 4,-0.1016 Apand &; =3.25 &,

Tarfield Direcriviry Abs (Theta=90)
|2 Layeres 1 Dipolc Ex—Ey—13 EO, Ez—10.2 Eo| 5
W e

Figure 3.25, Farfield Directivity (e = 90°) of Patch
placed on the top of a isotropic substrate (2 Layers — 1
Patch) with Length L = 0.6 A, Width #=0.0004 2,
Substrate Thickness /,-0.1016 g and &; =3.25 ¢, &x =
ey =138y, 67102 &

Varfield Directivity Abs (Phi=90)
|2 T.ayeres 1 Dipole Ex Fy 13 FO,Fr 10 2‘F.0| .

Saxficld (beoadbard: [1]

Phi— 00 30 -

Angular width (3 dB) — 133 deg
Side lobe level = -1.4 dB

o

Figure 3.26, Farfield Directivity (¢ = 90°) of Patch
placed on the top of a isotropic substrate (2 Layers — 1
Patch) with Length L = 0.6 X, Width #=0.0004 2,
Substrate Thickness /;-0.1016 Apand &; =3.25 ¢, &x =
ey=13e,6~102&

Figure 3.27, Printed microstrip patch placed on the top
of a isotropic substrate (2 Layers — 1 Patch) with patch
Length L = 0.6 A,Width W=0.0004 X, Substrate
Thickness 4,-0.1016 Apand &; =3.25 &,
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3.6.4  For anisotropic case

Where ¢ = ¢;,= 13¢yand e, = 10.2 ¢,. The
main lobe magnitude for Phi =90 was 4.7 dB with 40
degree main lobe direction. But the main lobe
magnitude for Theta =90 was 6.9 dB with 233 degree

in main lobe direction.

3.7 Farfield Directivities of Two Printed
Dipoles on Two-Layer Substrates

A two-layer Substrats for Two printed dipoles
with an anisotropic superstrate was considered nest.
The printed dipole in Fig. 1 was placed two layers
substrats, with thickness were set h; = 01016 4, and
h, = 0.08 A,. See Table 1.
3.7.1  For isotropic case
Where €& =¢, = 23¢,. The main lobe
magnitude for Phi =90 was 0.8 dB with 4 degree main
lobe direction. But the main lobe magnitude for Theta
=90 was 5.1 dB with 252 degree in main lobe
direction.

Farficld Dircetivity Abs (Theta=90)

2 Layeres 2 Dipoles Ex=Ey=Ez=2.3 EO‘ farfielé (oroachand) [1]

0

A S
e

e
3 5, 24 Frequency = 0.65
LN /210 Main lobe magnitude = 5.1 dBi
180 Main lobe direction = 252.0 deg
Angular width (3 dB)= 19.4 deg.
Phi/ Degree vs. dBi Side lobe level = -1.4 dB

Figure 3.28, Farfield Directivity (e = 90°) of Patch
placed on the top of a isotropic substrate (2 Layers — 2
Patches) with Length L = 0.6 Ay, Width #=0.0004 2,
Substrate Thickness /,-0.1016 Apand ¢, =2.3 &,

Farficld Dircctivity Abs (1Phi=90)
2 T.ayeres 2 Dipoles Fx=Fy=F7=2 3 F.O|

factisld (beoadbard) 1]

0

" ¥requency = 0.65
"<y Main lobe magnitude 0.8 dBi
Mein lobe direction 4.0 deg.
Angular width (3 dB) = 91.1 deg
Side lobe level = 3.4 dB

Figure 3.29, Farfield Directivity (¢ = 90°) of Patch
placed on the top of a isotropic substrate (2 Layers — 2
Patches) with Length L = 0.6 Ay, Width #=0.0004 2,
Substrate Thickness /,-0.1016 Apand ¢, =2.3 &,

20

|
Figure 3.30, Printed microstrip patch placed on the top
of a isotropic substrate (2 Layers — 2 Patches) with
patch Length L = 0.6 A,Width W=0.0004 A,
Substrate Thickness /,-0.1016 Agand ¢, =2.3 &,

Farficld Dircetivity Abs (Theta—90)

|1 Layeres 2 Dipoles Ex—Ey—6 £0 m Ez—10.2 1:0| 5 Sarbicid Grondand) 111
B soo o [

" Frequeney = 0.65

" Main lobe magnitude = 4.1 dBi

180 Merin lobe direction  250.0 deg
Angular width (3 d13) = 37.8 deg.

Figure 3.31, Farfield Directivity (e = 90°) of Patch
placed on the top of a isotropic substrate (2 Layers — 2
Patches) with Length L = 0.6 Ay, Width #=0.0004 2,
Substrate Thickness /4;-0.1016 Apand &; =3.25 €0, ex =
ey=06¢0, ez= 10.2 0

Farfield Direclivity Abs (Phi 90)

Sidc lobe level — -4.8 dB

2 Layeres 2 Dipoles Ex=[y=6 B0 m Ez=102 K0

L Bl Crcsdband) [1]

Phi= 90

90

120
" Frequency = 0.65
Main lobe magnitude — 5.7 dBi
180 Main lobe direction = 0.0 deg.
Angular width (3 dB) = 118.1 deg.
Theta / Degree vs. dRi Sidelobe level  -4.6 dB

Figure 3.32, Farfield Directivity (¢ = 90°) of Patch
placed on the top of a isotropic substrate (2 Layers — 2
Patches) with Length L = 0.6 Ay, Width #=0.0004 2,
Substrate Thickness /;- 0.1016 Ay and €1 =3.25 0, ex
=ey=06¢p 2= 10.2 ¢

3.7.2 For anisotropic case

Where ¢, = ¢;,= 6gyande, = 10.2¢, . The
main lobe magnitude for Phi =90 was 5.7 dB with 0
degree main lobe direction. But the main lobe
magnitude for Theta =90 was 4.1 dB with 250 degree
in main lobe direction.
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Figure 3.33, Printed microstrip patch placed on the top
of a anisotropic substrate (2 Layers — 2 Patches) with
patch Length L = 0.6 A,Width W=0.0004 A,
Substrate Thickness /,-0.1016 Apand &; =3.25 ¢, &x =
ey =068, e7~10.2¢&

Farfield Directivity Abs (Lheta=90)
|2 Layeres 2 Dipoles Ex=Fy=FEz=10.2 h0|

L el (b vadbend) [1
0 « b

Frequency 0.65

- / 210 Main lobe magnitude — 5.7 dBi
180 Main lobe direction = 309.0 deg.

o
150 ™~

Angular width (3 dB) = 47.2 deg.

Phi/ Degree vs. dBi Side lobe level = -9.3 dB
Figure 3.34, Farfield Directivity (e = 90°) of Patch
placed on the top of a isotropic substrate (2 Layers — 2
Patches) with Length L = 0.6 Ay, Width #=0.0004 2,
Substrate Thickness 4;-0.1016 g and ¢, =10.2 g,

Farfield Direclivity Abs (Phi-90)
‘2 T.ayeres 2 Dipoles Ex—Fy—Fz—10.2 Fn|

0 farficld (broadbard) [1]

P Frequency = 0.65
Main lobc magnitude = 2.1 dBi
180 Main lobe direction = 31.0 deg.
Angular width (3 dB) — 47.2 deg.
Theta / Degree vs. dBi Side lobe level = -6.8 dB

Figure 3.35, Farfield Directivity (¢ = 90°) of Patch
placed on the top of a isotropic substrate (2 Layers — 2
Patches) with Length L = 0.6 A, Width #=0.0004 X,
Substrate Thickness 4;-0.1016 g and ¢, =10.2 g,
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8930 [ky/n"3]
o1 [wksul
0.39 [ky/Krka]
Tan [n2/s]
Ikizan’2]

Figure 3. 36 Printed microstrip patch placed on the top
of a isotropic substrate (2 Layers — 2 Patches) with
patch Length L = 0.6 A,Width W=0.0004 A,
Substrate Thickness 4;-0.1016 g and ¢, =10.2 g,

3.7.3  For anisotropic case

Where ; = ¢;, = €, = 10.2 ;. The main lobe
magnitude for Phi =90 was 5.2 dB with 0 degree main
lobe direction. But the main lobe magnitude for Theta
=90 was 1 dB with 259 degree in main lobe direction.
3.7.4  For anisotropic case

Where ¢ = ¢;,= 13¢yand e, = 10.2 ¢,. The
main lobe magnitude for Phi =90 was 4.7 dB with 37
degree main lobe direction. But the main lobe
magnitude for Theta =90 was 6.6 dB with 306 degree

in main lobe direction

Tarfield Directivity Abs (Phi=90)
|2 T.ayeres 2 Dipoles Fx—Fy—13 F0_ F7—102 F0|
0

farfield (oroadband) [:]

Phi=90

1o\, a /120
¥ ="/ Frequency — 0.65
_~"Iso Mainlobe magnitude — 1.7 dBi
150 Main lobe dircetion = 37.0 deg.
Angular width (3 ) = 45.5 deg
Theta / Degree vs. dBi  Side lobe level = -1.9dB

Figure 3.37, Farfield Directivity (¢ = 90°) of Patch
placed on the top of a isotropic substrate (2 Layers — 2
Patch) with Length L = 0.6 A, Width #=0.0004 2,
Substrate Thickness /,-0.1016 g and &; =3.25 ¢, &x =
ey =138y, 67102 &

3.8 Single-Element Antenna Design and
Improved Single-Element Antenna Design by using
anisotropic layer

The design parameters for the antenna are
detailed below:

e [=10.40 mm(Antenna length)
W= 25.4 mm (Antenna Width)
H= 1.48 mm (Substrate Height)
€,= 4.3 (Permittivity of FR4)
Mt=.038 mm (Metal Thickness)
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Tartfield Directivity Abs (Theta—90)
2 Layeres 2 Dipoles Ix~Iy—13 [0 . [z—102 10|
a

30 e

Figure 3.38, Farfield Directivity (e = 90°) of Patch
placed on the top of a isotropic substrate (2 Layers — 2
Patches) with Length L = 0.6 A, Width #=0.0004 A,
Substrate Thickness /,-0.1016 Apand &, =3.25 ¢y, &x =
=13 2~102 2

7

Figure 3.38, Printed microstrip patch placed on the top
of a isotropic substrate (2 Layers — 2 Patches) with
patch Length L = 0.6 A,Width W=0.0004 M,
Substrate Thickness /,-0.1016 Apand &, =3.25 ¢, &x =
e, =13 gy, £710.2 ¢

Figure 3.39 The patch antenna

The farfield realized gain plots is within
acceptable range to deem the antenna an effective and
efficient radiator in the ISM band.

Farfield Drectvity Abs (Phi=90)

Frequency = 5.7875
' Main lobe magntude = 7.0 dBi

Sl Main lobe drection = 9.0 deg.

Anguiar vidkh (3 dB) = 119.3 deg.

Theta / Degree vs. dBi Side lobe level = -14.0 dB

Figure 3.40. Farfield realized gain plot for patch
antenna

The Improved design (1) parameters for the
antenna are detailed below:

For layer 1

e LI1=10.40 mm(Antenna length)

e WI1=254 mm (Antenna Width)

e HIl= 1.48 mm (Substrate Height)

* Erxyn=(66,102)

22

e  Mt=.038 mm (Metal Thickness)
For layer 2

L2=10.40 mm(Antenna length)
W2=25.4 mm (Antenna Width)
H2=1.48 mm (Substrate Height)
€r(xy,2)~ (6,6,10.2)

Mt=.038 mm (Metal Thickness)

Farleld Drectty Abs [Piwal)

Frequency = 5.7875

Man lobe magnitude = 9.4 dB
Main lobe drecion = 170 deg
Kevpder vt (3 08) = 263 de
Sce b ievel = A4 B

Theta [ Degree va. d&b
Figure 3.41 Farfield realized gain plot for patch
antenna (€,(y, = (6,6,10.2))

The Improved design (2) parameters for the
antenna are detailed below:

For layer 1

e L1=10.40 mm(Antenna length)

e WI1=254 mm (Antenna Width)

e HI= 1.48 mm (Substrate Height)

® Erxyn~ (10.2,10.2,10.2)

e  Mt=.038 mm (Metal Thickness)

For layer 2
L2=10.40 mm(Antenna length)
W2=25.4 mm (Antenna Width)
H2=1.48 mm (Substrate Height)
€r(xy,z)— (10.2,10.2,10.2)
Mt=.038 mm (Metal Thickness)

Farfield Drecovty Abs (Phi=90)

Frequency = 5.7875

Man khe magntude = 10.5 dBi
Mann ihe drection =  20.0 deg.
Anguiar wickh (3dB) = 23.4 deg.
Sele bbe level = 42dB

Theta / Degree vs. dBi

Figure 3.42 Farfield realized gain plot for patch
antenna (€,(y,, = (10.2,10.2,10.2))
The Improved design (3) parameters for the
antenna are detailed below:
For layer 1
L1=10.40 mm(Antenna length)
W1=25.4 mm (Antenna Width)
H1= 1.48 mm (Substrate Height)
€r(xy,2)= (13,13,10.2)
Mt=.038 mm (Metal Thickness)
For layer 2
e [2=10.40 mm(Antenna length)
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W2=25.4 mm (Antenna Width)

H2=1.48 mm (Substrate Height)
€r(xy,2)= (13,13,10.2)

Mt=.038 mm (Metal Thickness)

Farfied Drectivicy Abs (Phi=90)

Phi= 90

30

Frequency = 5.7875

. £ Man lobe magnitude = 10.7 dBi
180 Man lobe direction =  19.0 deq.

Angular width (3 dB) = 22.5 deg.

Theta [ Degree vs. dBi Side lobe level = -3.5 dB

Figure 3.43 Farfield realized gain plot for patch
antenna (€,(,,, = (13,13,10.2))

The Improved design (4) parameters for the
antenna are detailed below:

For layer 1

e L1=10.40 mm(Antenna length)

e WI1=254 mm (Antenna Width)

e HIl= 1.48 mm (Substrate Height)
® €y~ (13,13,10.2)

e  Mt=.038 mm (Metal Thickness)

For layer 2

e [2=10.40 mm(Antenna length)

e  W2=254 mm (Antenna Width)

e H2=1.48 mm (Substrate Height)
®  Erxyn~ (18,18,10.2)

e Mt=.038 mm (Metal Thickness)

Farfield Directivity Abs (Theta=90)

0 farfied (+-5.7875) [1]

ao// 5,300
/7 ' \\
%0 5 70270
\
o i
120 /240

" Frequency = 5.7875
Main lobe magnitude = 14.3 dBi
180 Main lobe direction = 187.0 deg
Angular widtn (3 dB) = 65.5 deg.
Phi / Degree vs. dBi Side lobe level = -1.1 dB

Figure 4.28 Farfield realized gain plot for patch

antenna (€

rexyz— (18,18,10.2))

Acknowledgements:
Authors are grateful to Mr. Mubsher for all
support to carry out this work.

Corresponding Author:
Mamdoh Gharbi

4/8/2015

23

Department of Electrical and Computer Engineering,
King Abdul Aziz University

P O Box: 80204, Jeddah 21589

E-mail: mamdohgharbi@yahoo.com

References

1. Abramowitz M. and I. A. Stegun,” Handbook of
Mathematical Functions,” New York: Wiley Interscience,
1986.

2. Byron E. V.," A New Flush-Mounted Antenna Element for
Phased Array Application," in Proc. Phased Array Antennas
Symposium, pp. 187-192, 1970.

3. Carver K. R.," A Model Expansion Theory for The
Microstrip Antenna," Dig. Int. Sump. Antenna Propagation
Soc., Seattle, WA. pp. 101-104 June 1979.

4. Carver K. R. and J. W. Mink," Microstrip Antenna
Technology," IEEE Trans. on Antennas and Propagation,
Vol. AP-29a, NO. 1, pp 2-24, January 1981.

5. Derneryd A. G.," A Theoretical Investigation of the
Rectangular Microstrip Antenna Element,” Rome Air
Development Center, Tech. Rpt. TR-77-206, June 1977.

6. Deschamps G. A., "Microstrip Microwave Antennas."
presented at 3rd USAF Symposium on Antennas, 1953.
7. Gurel C. S. and E. Yazgan., “Characteristics of a circular

patch microstrip antenna on uniaxially anisotropic substrate,”
IEEE Trans. Antennas Propag., vol. 52, no.. 10, pp. 2532—
2537, Oct. 2004.

8. Gutton H. and G. Baissinot, "Flat Aerial for Ultra High
Frequencies," French Patent No. 703113, 1955.

9. Lo Y. T., D. D. Harrison, D. Solomon, G. A. Deschamps and
F. R. Ore," Study of Microstrip Antennas, Microstrip Phased
Arrays, and Microstrip Feed Networks," Rome Air
Development Center, Tech Rpt. TR-77-406, October 1977.

10. Lo Y. T, D. Solomon and W. F. Richards," Theory and
Experiment on Microstip Antennas, " IEEE Trans. on
Antennas and Propagation, Vol. AP-27, No. 2, pp. 137-145,
March 1979.

11.  Mosig J. R. and F. E Gardiol," The Near Field of An Open
Microstrip ~ Structure," IEEE AP — S International
Symposium, pp. 379 - 382, 1979.

12. Munson R. E." Conformal Microstrip Antennas and
Microstrip Phased Arrays," IEEE Trans. on Antennas and
Propagation, Vol. AP-22. No. 1, pp. 74-78, January 1974.

13.  Newman E. H. and P. Tulyathan," Analysis of Microstrip
Antennas using Moment Methods," IEEE Trans, on Antennas
and Propagation," Vol. AP- 29, No. 1, pp. 47-53, January
1981.

14.  Newman E. H.," Strip Antennas in a Dielectric Slab," IEEE
Trans. on Antennas and Propagation, Vol. AP-26, No. 5, pp
647-653, September 28, 1978.

15.  Pozar D. M., " Considerations for Millimeter Wave printed
Antennas," IEEE Trans. on Antennas and Propagation, Vol.
AP-31, No. 5. pp. 740-747, September 1983.

16. Richards W. F., and Y. T. Lo, "An Improved Theory for
Microstrip Antennas and Applications, "I[EEE Trans, on
Antennas and Propagation, Vol. AP-29, No. 1, pp. 38-46,
January 1981.

17. Uzunoglu N. K., N.G. Alexopoulos and J. G. Fikioris,"
Radiation Properties of Microstrip Dipoles," IEEE Trans. on
Antennas and Propagation, Vol. AP-27, No. 6, pp. 853- 858,
November 1979.



