Radiation characteristics of rectangular patch
antennas with a laminated ground plane
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Abstract: In modern aeronautical and automobile
industries, composite materials are becoming
increasingly popular for building the vehicular
surface. The antenna engineer may face the
situation of needing to design patch radiators
above the composite material instead of a
conductor ground plane. The input impedance
and radiation patterns of a rectangular patch
antenna attached to a laminated ground plane by
using an integral equation approach is studied
herein. The effects of composite lamina, substrate
thickness and current probe location on the input
impedance and radiation patterns are analysed. It
is observed that the bandwidth of the patch
antenna can be increased significantly when the
substrate thickness is reduced. This observation is
contrary to the conventional microstrip antenna
concept and can be used to design a wideband
microstrip radiator.
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Introduction

Conventionally, microstrip patch radiators are built as
low-profile radiating elements where a metal patch is
attached to a substrate with a perfectly conducting
ground plane [14]. A surface impedance approach has
been used to model the imperfect conductor in a layered medium [5]. In [6], the current distribution inside
imperfect conductors of finite thickness is considered
when analysing the attenuation properties of microstrip
lines.
In modern aircraft and vehicle designs, composite
materials have been widely used in the vehicle surface
to reduce the weight or the radar cross-section. G/E
composite is one example which is made of several laminae of epoxy resin with conductive graphite fibres
embedded in specific orientations [7]. If a patch resonator is built on a composite surface, details of the
ground plane will affect its radiation properties.
Scattering from a sandwiched layer of conducting
fibres has been analysed [XI. If the fibre spacing is comparable to the wavelength, Floquet modes should be
incorporated in the analysis. In [7], an anisotropic conductivity tensor is used to study the shielding effective@ IEE, 1996
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ness of a G/E composite. The fibre separation in each
GIE lamina is a tiny fraction of a wavelength, hence
using an equivalent conductivity tensor is appropriate
to analyse its propagation properties.
The characteristics of a patch resonator on an anisotropic substrate have been analysed by several authors
[9-121. In [lo], a differential matrix operator is derived
from the Maxwell equations to calculate the tangential
field components. This method was also used in optics
[13, 141 and scattering [15]. General derivations can
also be found in [16-181.
In this paper we will study the effects of a laminated
ground plane on the input impedance and radiation
pattern of a rectangular patch radiator. First, a transition matrix will be formulated to model the laminated
ground plane. Assume that the wire/fibre spacing in
each lamina of the ground plane is much smaller than a
wavelength, hence each lamina can be modelled as an
anisotropic layer with a conductivity tensor. An integral equation is then derived based on the electric surface current on the rectangular patch. Galerkin's
method is applied to solve for the current distribution.
The input impedance is then obtained by a variational
approach, and the stationary phase approximation is
applied to calculate the far field pattern.
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Fig. 1 Con$guration of a rectangular patch antenna above a laminated

ground plane
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Transition matrix

Fig. 1, shows a rectangular patch radiator above a
laminated ground. A substrate is sandwiched between
107

the patch and the ground. The coaxial cable feeding the
patch runs through the laminated ground. The outer
conductor is flush with the bottom of the substrate,
and the inner conductor of radius R is connected to the
rectangular patch. The ground plane is modelled as N
laminae of homogeneous anisotropic media stacked
along the z-direction. The principal axes of each lamina
lje in the xy plane, and an effective conductivity tensor,
0, is used to describe the electrical properties of each
lamina.
We first derive the transition matrix in the spectral
domain for a single lamina. If the principal axis of
6 skews from the x-axis by an angle a (fibres are laid
from the x-axis by an angle a), 6 can then be expressed
as [71

= zo = 4 - h are related by the transition matrix as

where the subscript s means the tangential (to z) components.
Next, we impose the boundary conditions that: (1)
the tangential electric field at z = -d - h vanishes; (2)
the tangential electric fields are continuous across the
boundary at z = 0; (3) the tangential electric fields and
magnetic fields are continuous across the boundary at z
= -4 and (4) the discontinuity of tangential magnetic
fields at z = 0 accounts for the surface current. Thus,
the tangential electric field at z = 0 can be expressed in
terms of the spectral representation of patch surface
current, TS(Ef),
as

a, is a 2 x 2 tensor. oSs= o', cos2 a + dyJisin2 ES(Fs)=
a, csxy= oxy= (dyy
- dXx)
sin a cos a, oyv= dxx
sin2 a
+ dYycos2 a, and T(, = dzz.
Here, dXx,
o(yy and dZZ

where

are conductivities measured along the principal axes of
the medium. An isotropic permittivity of E, and an isotropic permeability of po are assumed in the whole
medium.
The E-field, g-field, and the curl operator can be
decomposed into the zcompongt and s (x and y ) components. Eliminating E, and H, from Maxwell's equations, and assuming asolution with the xy dependence
of exp (i& F,) (k,= %, + PI$,, F, = jcx + jy), the following state-variable equations are obtained:

d - -V(ks,
dz

-

2)

= H ( w , k S , F ) . V ( k S z, )

(2)

/ 1:

d&,eZiS

*

Js(is)

Fs on S

(6)

where (? is the dyadic which expresses the tangential
electric field on the patch in terms of the surface current on the same patch.
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Integral equation

To calculate the input impedance of the patch radiator,
we first assume that the current distribution along the
probe is uniform in the z direction as
J(F) =.~Ioc~ (xx, ) ~ ( Y- yS)

-d

5 x 5 0 (7)

The tangential electric field at z = 0 generated by this
current distribution can be expressed as

where
v i s , 2)

=

[Ex( i s , 4 ,E

y ( L 2 )>

K7JL 21, &(L.>It

To solve eqn. 2, first segment the thickness ( z ) coordinate into small divisions of size Az, then approximate the derivative with respect to z by a finite difference form [15]. Thus the tangential fields at z and z +
Az can be related by a matrix. By multiplying all these
matricesfrom z = zo to z = zN, we obtain a transition
matrix
zN, zo) to relate the tangential field components at z = zN and z = z0as

where F '3 = kxS + jys,e;@(li,)is the tangential field
spectral vector contributed by the current distribution
in eqn. 7.
Next, imposing the boundary condition that the total
tangential electric field on the rectangular patch vanishes to obtain the following integral equation

q&;

-

V(kS,XN)= F ( i s ; z N , x g ) .

V(7is,Zo)

J J-co

(3)

ular patch radiator
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The z-component of the fields in region (0) (z 2 0) can
be expressed as

Eoz ( F )

=

K

d&

ezis

JL

78

eo(Es)e z h z
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Numerical scheme

To apply Galerkin's method to solve eqn. 9 for the
current distribution, we first choose a set of basis functions to represent the surface current as

(4)
ho(j+2kozz0

Hoz(F) =
where z0 = z,z1 = z + d. Here EO,(F) (HO2(T)) is represented as a superposition of upward-propagating waves
with wavevector E, + 2koz and amplitude eo(&) (ho(&)).
The field components El,@) and Hl,(F) in region (1)
(-d S z 2 0) can be similarly represented. The tangential
(to z ) field components can be derived from E&),
M ) and
1191.
The tangential field components at z = zN = -d and z

n=l m = O

n=O m = l

(10)

where

~ ~ ~ m~ ,, m
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with a, = n d a and p, = mdb. Take the Fourier transform of eqn. 10 and substitute it into eqn. 9. Next,
choose the same set of basis functions as weighting
functions, and take the inner product of each weighting
function with the integral eqn. 9 to obtain
Npi

Mpi

c c cd m

f2

are dyadics related to 5 (Es).
and
where
Finally, apply stationary phase approximation to calculate the far field pattern. Define

3=x,y n=NO m=Mo

x./L

dk,ffi(-&,)&

.E(&)fiftm(kS)
1

=-U:

dk,epZICs‘;fg(--%,)&.$‘)(is)
(12)
with k, = k sin 0 cos @,ky = k sin 0 sin @,and kO,= k
a = x,y;N , 5 F 5 N a l ; M , 5 15 Mal
cos 0. The field components in the far zone can be
approximated as
where
E6
Hz
EOM --E,
H ~ M - He%-E ~ G - ~ H o
sin 8
v
sin 0
Eqn. 12 constitutes a matrix equation to be solved for
the unknown coefficients.
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Input impedance and radiation pattern

The input impedance can be decomposed into two
parts

ztn = z p + ZD

(19)

where 7 is the intrinsic impedance of free space.

(14)

where Z p is contributed by the current probe itself, and
Z, is contributed by the surface currents on patch S.
Using the line current source will give divergent Zp,
hence we need to consider the current probe radius R
when calculating the self-impedance 2,. Assume that
the current density is constant on the probe cylinder
surface

Results and discussion

Most of the computer time is spent on calculating the
double integral over k, and k, in eqns. 12, 16 and 17.
The integration path in the k, (k,) plane is deformed
slightly away from the real k, (k,) axis to avoid possible singularities [4, 6, 191. At each (kx,k,) pair, a finite
difference scbeme is performed to calculate the transistion matrix P (&, zN, zo), which is time-consuming. The
convergence of integration is confirmed by incrementally extending the k, and ky integration intervals and
observing the evolution of integration results. All computation is done by using a SUN SPARC-10 workstation. Calculating the input impedance at one frequency
takes about 15mins.

The z-component of the electric field on the probe surface generated by this current distribution, E$”, is
derived first, and is substituted into a stationary formula for the input impedance [20] to obtain the selfimpedance

+i ( l - cos
kl,d)
kl,

s_9,

dz‘($

-

a:)}

where E? and Zf are the spectral components of electric field in region (1) generated by the probe current.
The impedance contributed by the current on S can
also be derived using the stationary fomula in [20] to be
IO
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Fig.2 Input impedance of a rectangular mzcrostrrp antenna
a = 1 7cm, b = 1 lcm, d = 0 3175cm

(xs. y,) = (0 85, 0 15)cm, EI = 2.33 E,

present method

~ _ _ _ measurement results from [l]

In Fig. 2, we show the input impedance of a rectangular patch antenna with a thick substrate. Measurements from [1] are also presented for comparison. The
real parts match reasonably well, but the imaginary
parts have a parallel shift. The authors in [l] pointed
out that the imaginary part of their measurement is
109

shifted due to the inductance in the coaxial feed, which
is difficult to remove. Note that the complex conjugate
of the input impedance in [l] is shown in Fig. 2
because we use the time convention of e-iwt.
In Fig. 3, we show the input impedance of a rectangular patch with a thin substrate. The complex conjugate of the input impedance in [2] are used for
comparison. The input resistance matches well, but our
input reactance has a shift compared to that in [2].
Some error may be incurred when reading the data in
[2] because they are presented in a Smith chart with
rough scaling. The deviation between our results and
those in [2] is comparable to the deviation among the
three sets of data presented there.

ance is very small while the input reactance is very
large [20], which is why our method predicts a capacitive shift in the thin substrate case. On the other hand,
the input reactance obtained by our method
approaches zero near resonance in the thick substrate
case as in Fig. 2. For the rest of the presentation
including Fig. 3, we will include the contribution by
the probe feed to the input resistance, but exclude its
contribution to the input reactance. For engineering
purposes, the input reactance can be compensated by
inductive loading. Hence, the reactance shift does not
affect the usefulness of our results
I
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The self-impedance in eqn. 16 is the input impedance
of a dipole in the stratified medium without the presence of the patches. For a short dipole, the input resist-

Fig. 4 shows the input impedance of a rectangular
patch antenna with a laminated ground plane. The
laminated ground consists of N laminae of GIE composite. Each lamina is 2 5 p thick, the fibre orientation
in one lamina is perpendicular to that in the neighbouring one. As the number of laminae increases, both the

110
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50mho/m

input resistance and reactance reduce in magnitude,
making it easier to match the input impedance with
that of the feeding system. As the number of laminae
increases from N = 2 to N = 8, the resonance frequency
shifts and the bandwith increases significantly. However, as the laminae number is further increased from
N = 8 to N = 12, the resonance frequency is only
slightly shifted and the bandwidth is almost unchanged.
This implies that stacking more composite laminae
than N = 12 has no further effects. The bandwidth
broadening is due to the loss incurred by the conductive composite material. It should also be noted that
when N changes from one to two, the resonance frequency shift is close to the magnitude of the bandwidth.
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Fig.8 E-plane (yz-plane) pattern deviation of a rectangular patch

aatenna with an N-lamina composite ground, using pattern with a perfect
conductor ground as reference
All parameters as in Fig. 4
....N = 2 _ . _
N =_
4 _
-.-.N=8

~

N = 12

Fig. 5 presents the input impedance with probe location as the parameter. As the probe is moved toward
the patch centre, the magnitude of both input resistance and input reactance reduces, and the bandwidth
increases. This feature can be used to match the input
impedance with that of the feeding system as in conventional microstrip patch antenna design.
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All parameters as in Fig. 4
. . . N = 2 ..._
N_
=4 -.-.N=8

~

N = 12

The field pattern deviations in the H-plane are shown
in Fig. 9. The deviation is symmetrical and more significant away from the forward direction. The magnitude is less than that in the E-plane. The curves with N
= 8 and N = 12 almost overlap. Note that 0 = -90"
indicates the -2 direction, and 0 = 90" indicates
the 2 direction.
Fig. 10 shows the pattern deviation in the E-plane as
a function of the substrate thickness. The substrate
thickness of the reference antenna with perfect conductor ground plane is 0.15cm. Around 0 = +80", the pattern deviation with d = 0.05cm is about three times
111

than that with d = 0.15cm. Around the grazing
ubstrate thickness has a much
pattern deviation than the lamishows the pattern deviation in
grazing angle, the pattern deviais about three times larger than
cm, and the deviations are smoother

trary to the conventional microstrip patch antenna
concept, and can be used to design a wideband microstrip patch radiator. The radiation p
from that with a perfect conductor ground is asymmetrical about the forward direction in the E-plane. The
deviation is small in the forward direction, and is large
near the grazing angles. For the antennas analysed, the
pattern deviation caused by laminated ground is of the
order of 0.2dB.
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