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Design and Analysis of Rectangular Microstrip Patches Embedded in Electromagnetically
Anisotropic Composite L aminates

Chien-Chun Hung

Department of Mechatronic, Energy and Aerospace Engineering, CCIT, National Defense University,
Tahsi, Taoyuan, 33509 Taiwan, ROC
Email: hung@ndu.edu.tw

ABSTRACT: This paper proposes an innovative antenna module where the microstrip antennas are embedded in
composite laminates. The electromagnetic fields of the anisotropic medium by using Hertzian potentials will be derived
to form the bases to develop the electromagnetic model of anisotropic composite laminates and the dimensions of
radiators at desired operating frequency are solved by the spectral domain immittance functions with Parseval’s theorem
and Galerkin’s method. Analyses show that ply angle, anisotropy ratio and stacking sequence are critical to
performance and the composite laminates embedded with microstrip antennas will be a good candidate in aerospace
communication applications.

INTRODUCTION

This paper presents an innovative idea of smart antenna module where the microstrip antennas are embedded into
composite laminate structure. The concept of smart antenna module is inspired by the smart structures with built-in
sensor/actuator [1]. The fabrication technique of embedding piezoelectric material in glass fiber and carbon/graphite
laminated layers is successfully developed and a design concept of smart layer module by using flexible printed circuit
isrecently developed [2].

Most of the previous work on microstrip antennas has been largely confined to antennas on isotropic substrates. Many
of the materials used in microstrip structures have been treated as isotropic; they, for example, sapphire, alumina, and
even fiber-reinforced laminated composites, are anisotropic [3-4]. Recent interests have been in analyzing microstrip
antennas on uniaxial substrates [5-9]. However, the studies were limited to the case of the optical axis normal to the
microstrip patch. In practice, a microstrip antenna whose optical axis of its substrate may not coincide with any of the
principal axes, the permittivity matrix of an anisotropic composite laminate is a full matrix with distinct dielectric
congtants and the solution technique will be necessary to analyze the performance of a microstrip antenna embedded in
anisotropic composite laminates.

ELECTROMAGNETIC MODEL

The composite laminates consist of multiple laminae, or plies, oriented in desired directions and bonded together, and
each fiber-reinforced lamina has dielectric constant ¢, aong the fiber orientation of ply and ¢, along the other two

axes normal to the ply. The geometry of a microstrip antenna on lamina is shown as Fig. 1, with the optical axis along
the fiber orientation, and its permittivity matrix in principal axesis

& 0 0
e=|0 ¢ O]. (@)
0 0 ¢

The permittivity matrix will no longer be diagonal and leading to coupling terms as the fiber orientation, 6, , changes.
The electromagnetic wave propagation can be solved by the electric and magnetic Hertzian potentials

m, =T1,4 =11, (cost; &, +sin6; &,), (2
and
th :thé§ :th (COSQJ éz +Sin9j éx)’ (3)

where j is subscript of the j-th ply, and &, are the unit vectors along the optical axis & (e.g. the optical axis & is the

principal 1-axis for this anisotropic fiber-reinforced lamina in Fig. 1). For a microstrip antenna embedded into a
composite laminate of N plies as shown in Fig. 2, the associated electric and magnetic fields of each lamina in terms of
Hertzian potentials are
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2
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where o is the operating frequency in radian, ¢, is the permittivity of free-space, and y, is the permeability of free-
space. The electric and magnetic fields can be found from the above equations in space domain. However, the
derivation of electric and magnetic fields and Hertzian potentials in space domain will be more complicated by ways of
Green’s function representations and differential-integral expression for anisotropic substrates [10]. It should be noted
that the relationship between the tangential components of the electric fields and the unknown current sources could be
expressed in terms of a simple impedance matrix expression in spectral domain. Equations (4) and (5) can be derived
by solving the homogeneous wave equations in terms of Fourier transform of electric and magnetic Hertzian potentials,
and the tangential electric fields on the top surface can be represented as

EZ N-ply ZZX ZZZ N-ply JZ N-ply

where J and J are the Fourier transforms of the current densities on microstrip antenna, and Z
called immittance functions in spectral domain [6-7].

i.n_py are the so-

DESIGN OF RECTANGULAR MICROSTRIP PATCH

The immittance functions in spectral domain can be derived from Hertzian potentials and boundary conditions at the

interfaces. The unknown spectral current components, J , and J «» can be expanded in terms of linear combinations of
known basis functions [5-6],

J,(k, k) = Zd 7

:j-X(kZ’ X) Zcm ><m Z' X (8)

- and 3 are the Fourier transforms of J,,, and J,, which are nonzero only on the antenna, and the numbers of
mod% are M and N, respectively. As the |mm|ttance functions being derived from Hertzian potentials in spectral
domain, J and J can be expanded in terms of the linear combinations of known basis functions to solve the problem

that microstrip antennas embedded in composite laminates. By substituting (7) and (8) into (6) and applying Galerkin’s
method and Parserval’s theorem, the corresponding homogeneous matrix formis given as

Kom Ko e o ©
Ko K d, ,
N-ply N-ply

where the typical matrix element is given by

Ka = [ [ 3aZudmdi,dk,, q=12,..N . (10)

The nontrivial solution will determl ne the suitable dimension of rectangular microstrip patch embedded in the
anisotropic laminate at a given operating frequency. Consider rectangular microstrip antenna of dimensions L xW , the
basis functionsin space domain are selected as [8]
J,, =sin[pz(z+L/2)/L]- cos[qr(x+W/2)/W], (12)
J,n = Sin[rz(x+W/2)/W]- cos[sz(z+ L/2)/L], (12)
where p, g, r, and s are the integers of the mode numbers and the origin of coordinates is located on the centroid of the
rectangular patch.
The dimension of a rectangular microstrip patch can be determined if the basis functions of surface current densities are

selected. As a check on the convergence of the basis functions, a patch embedded in the composite laminate with
different anisotropy ratios is evaluated and the anisotropy ratio is defined as

772/771 = \152/31 = \lgrz/grl , (13)
where ¢,, is the relative permittivity along the optical axis, and ¢,, is the relative permittivity in the directions

perpendicular to the optical axis. Consider one basis function expansion (M = N =1), the design rule will be obtained
only by substituting the one-mode expansion into (9) and setting the determinant to be zero; that is,
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|Z,.0.2/W) + Z,, (0~ W) |Z,,(z/L,0)+ Z,,(-z/L,0)| = 0. (14)
The far field radiation pattern of microstrip patches can be calculated and transformed into polar coordinates by using
the inverse Fourier transform and the rectangular-spherical transformation.

ANALYSISOF ELECTROMAGNETIC WAVE PROPAGATION

The design of microstrip antennas embedded in composite laminates are determined by using the vector Hertzian
potentials, Galerkin’s method, Parseval’s theorem in spectral domain. However, the effects of the overlay and the
sequence of stacking play an important role in the electromagnetic properties of microstrip antennas embedded in
composite laminates. Tab. 1 shows some design examples of rectangular microstrip patch embedded in 6-ply
composite laminate of distinct stacking sequence (the thickness of each ply is 5 mm): symmetric balanced, symmetric
cross-ply, antisymmetric angle-ply, and asymmetric balanced laminates and the corresponding length and width ratios
with respect to those of microstrip patch on isotropic substrates are also illustrated (the subscript iso denotes the design
on isotropic substrate). The dimensions of microstrip patches will no longer be square in composite laminates; however,

microstrip antenna embedded in laminae of ply angles + 45" will remain in sgquare in spite of the anisotropy ratio.
Microstrip patches will not be square when embedded in composite laminates, even if in symmetric stacking.

Fig. 3(a) isthe far field patterns of microstrip patches embedded in 6-ply [45/-45/45/45/-45/45] laminates. The patterns
have more radiation intensity in specific directions, i.e., they have good directivity in specific direction due to the effect

of ply angles + 45" laminae. Fig. 3(b) shows another patch design in substrates of different stacking sequences. The
far field pattern of asymmetric [30/45/60/-30/-45/-60] laminate as n,/n, = 0.50 in Fig. 3(b) has more apparent ripples

on its boundary and it is higher than that on isotropic substrate. Despite its asymmetry, this pattern performs well than
that on isotropic substrate in all direction. Analytic results also show that without suitable design, the microstrip
antennas embedded in composite laminate will have poor far field patterns.

CONCLUSIONS

An innovative electromagnetic model of anisotropic composite laminates embedded with antennas has been established,
and this model provides a simple and efficient way to design and evaluate microstrip antennas in composite laminates.
The performance of microstrip antennas embedded in composite laminates is much different from those on isotropic,
uniaxial or fiber-reinforced laminae, and the changes in ply angles, anisotropy ratios and stacking sequence result in
different electromagnetic characteristics. The difference between the mechanical properties in symmetric and
asymmetric laminates will not be “transferable” to their electromagnetic properties. Without the electromagnetic model
developed in this paper, such analyses would be much more difficult up to the present. Furthermore, (6) and (9) give
the similar matrix forms as those of composite mechanics[11]. The similarities are listed in Tab. 2 and it is interesting
that electromagnetic wave propagation in spectral domain gives the similar matrix forms as mechanical wave in space
domain.
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Tab. 1 Length and width ratios of rectangular
microstrip patchesin composite laminates
Stacki ng sequence 772/”1 L/ Liso W/vvlso
symmetric balanced | 0-75 1219 1219
[45/-45/45/45/-45/45] [ ) ) 1075 | 1075
symmetric crossply | 0-75 1141 | 1114
[90/90/0/0/90/90] 050 1090 | 1083
antigmmeticangeply | 0-75 1125 | 1125 Fig. 1 Microstrip patch on lamina
[45/-45/-45/45/45/-45] =" [ 1 003 | 1063
asymmetric balanced | 0-75 1251 1.106 y
[30/45/60/-30/-45/-60] ) = 1100 | 1092
#N
Tab. 2 Analogy of mechanical and electromagnetic %ﬁ} e \:':\
guantitiesin composite laminates ded
N-1 der
Mechanical System Electromagnetic System dT N N\
2 #1 Ground o,
Stress of lamina o Electric field of lamina E /ﬁ/ X
Stain offamina gy | Curendensyolamina ) 3, Fig. 2 Microstrip patch in composite laminate
Transformed lamina stiffness matrix | = Immittance function of lamina >
Q z
Force per unit length Ni Electric field of laminate é o
Strain on middle surface gp Current density of laminate 3 .
Laminate extensional stiffness Ai Immittance function of laminate Z~
Governing equations Governing equations )
for lamina: for lamina:

e s 8[| 52 2]
oy =R Q2 Q|8 (|E) [Za Zz] (I

Txy 616 626 Qss | ¥y

for laminate:
(a) 6-ply [45/-45/45/45/-45/45]  (b) 6-ply [30/45/60/-30/-45/-60]

for laminate: £
N [AD A Agl [en {i} Fig. 3 Far field at 2.40 GHz of microstrip patch
Ny b= Ay Ay Agl-ied v - embedded in composite laminate
N As As A royll= ZJX - ~J~X
Y Y sz Zzz N Jz
-ply N-ply
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