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Abstract — In this paper, the element free Galerkin
(EFG) method and the local Petrov-Galerkin
(MLPG) method are compared for solving the
electromagnetic problems. The EFG method and
MLPG method are introduced at first. Both of the
EFG and the MLPG methods are formulated in
detail with Poisson’s equation. Based on basic
electromagnetic problems, the numerical results
from the EFG method and MLPG method are
given in this paper. The numerical results show
that the EFG method and MLPG method both
work well for the solution of electromagnetic
problems. The EFG method, based on global weak
form, needs background meshes for integration,
and it needs more nodes to get an accurate result
but it requires less cost in computational time. The
MLPG method as a true meshless method doesn’t
needs any meshes in the implementation and can
obtain an accurate result using fewer nodes than
EFG. However, because the MLPG Method needs
more integration nodes and has asymmetric
matrices, it needs more CPU time than the EFG
method with the condition that the same number of
nodes is used in the problem domain.
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Accepted On: June 24, 2012

Index Terms — electromagnetic problems,
meshless method, the element free Galerkin
method, the local Petrov-Galerkin method.

I. INTRODUCTION

With the development of the computational
technologies, the modeling and simulation of
engineering problems can be solved by the
numerical methods. For decades, people have been
using the finite-element method (FEM), boundary-
element method (BEM) and finite-difference
method (FDM) to solve the partial differential
equation of the engineering systems [1]. Among
those methods, the finite-element method is
mostly widely used to solve the more-challenging
problems as they require increasing demands on
flexibility, effectiveness and accuracy for
challenging problems with complex geometry [2].
However, the FEM requires the solution domain to
be meshed, and the accuracy of the FEM depends
on the quality of the mesh [1], and the mesh
generation is more time consuming and a more
expensive task than the solution of the finite
element equations [3]. A lot of efforts have made
to improve the design mesh, but it is still a
challenge for some engineering analyses such as

1054-4887 © 2012 ACES
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the dimensionally very small air gaps and the
remaining electromagnetic structures.

To avoid these problems, recently a class of
new methods called meshless or meshfree methods
have been developed. The meshless methods do
not require the generation of a mesh of the
solution domain. The only necessary information
are sets of nodes scattered in the solution domain
as well as sets of nodes scattered on the
boundaries, which means no mesh generation at
the beginning of the calculation is needed.

There are many different types of meshless
methods [4-8], some important examples of these
methods  include  the  smooth  particle
hydrodynamics (SPH) method, the diffuse-element
method (DEM), the reproducing kernel particle
method (RKPM), the element-free Galerkin (EFG)
method, the meshless local Petrov-Galerkin
(MLPG) method, the local boundary integral
equation (LBIE) method, the hp-cloud method, the
finite point method (FPM), and so on.

In those methods, the element free Galerkin
(EFG) method (Belytschko et al., 1992) is one of
the most viable methods and has become an
inspiration source for the latter meshless methods.
EFG method is based on the global weak-forms,
so it requires background cells for evaluation of
the integrals of the weak-forms. The meshless
local Petrov-Galerkin (MLPG) method (Atluri and
Zhu et al, 1998) is based on the local symmetric
weak form (LSWF). The MLPG Method does not
need elements or meshes either for interpolation
purposes or for integration purposes. All integrals
in the MLPG Method are carried out only on
spheres (in 3-D or circles in 2-D) centered at each
point in question [3,9,10]. Based on different type
combinations of trial and test functions, there are
six different schemes of the MLPG method [11].

Both the EFG method and the MLPG1 method
are based on the moving least squares (MLS)
approximation for the construction of the meshless
shape functions. There are two differences
between the EFG method and the MLPG method
[12]. In the first place, the trial and test function in
EFG are taken from the same functional spaces
while they can be different for the MLPG method.
Second, the main difference of them is the weak
form used. The EFG method uses the global weak
form and needs the background cells for the
integration, but the MLPG method is based on the
local symmetric weak form, so it does not need the
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background cells and thus is a truly meshless
method.

In this paper, the EFG method and the MLPG
method are formulated in detail and a comparison
is made in their solution of an electromagnetic
problem. The numerical results show that EFG
method and MLPG method both work well for the
electromagnetic problem. The EFG method needs
more nodes to get an accurate result but has the
advantage that the computation time is lower. The
MLPG method doesn’t need any background
meshes in its implementation and can obtain an
accurate result using fewer nodes than EFG, but
the MLPG method requires more CPU time.

The following discussion begins with the brief
description of the moving least squares (MLS)
approximation which is used to construct the
shape function for both the EFG method and the
MLPG method in Section II.The basic numerical
implementation of EFG method and MLPG
method are given in Section III. The numerical
examples are given in Section IV. The paper ends
with conclusions and discussions in Section V.

II.THE MOVING LEAST SQUARES
APPROXIMATION

The MLS method was first introduced by
Lancaster and Salkauskas [13]. The MLS has main
two major features: (1) the approximated field
function is continuous and smooth in the entire
problem domain; (2) the MLS method can produce
an approximation with the desired order of
consistency [2]. Those two features make the MLS
method the most widely used method for the
construction of the meshless shape functions.

A. The MLS approximation scheme

Consider u(x) to be the function of the field
variable defined in the problem domain Q). The
approximation of u(x) is denotedu"(x):

U'(x) =Y p,(a,(x) = p’ (Wa(), (1)
j

where m is the number of terms of monomials
(polynomial basis), and a(x) is a vector of
coefficients given by

a’ (x) = {a,(x) ,(x) . a,(x)}, (2
which are functions of x.
In equation (1), p(x) is a vector of complete



monomial basis; m is the number of the terms in
the basis. In this paper, the linear basis is used for
1D and 2D:

p (x)=[1 x], in 1D, (3)
p (x)=[1 x y], in2D. 4
The linear basis assures the MLS

approximation has the linear completeness and can
reproduce any smooth function and its first
derivative with arbitrary accuracy [11]. The
coefficients aj(x) can be obtained at the point x by

minimizing a weighted discrete L, norm as follows:

1= Y wix-x) (x a0 -u T, @

where n is the number of nodes in the
neighborhood of x which weight function
w(x—x')>0. The u, is the value of u at x=x.
The neighborhood of x size is called the domain of
influence of x.

To obtain a(x) at an arbitrary point x, the
minimization condition is required:

0J
—=0, 6
%a (6)

which leads to the following linear equation
system:

A(x)a(x) = B(x)U;, (7
where the matrices A(x), B(x) and U are defined
by

A(x) =Y w(x—x,)p"(x,)p(x,), (8)

B(x) = [w,(x —x,)p(x,), W,(x—x,)p(X,), .. ,

W, (x—x,)p(x, )], ©
U=, U, .. U]l (20)
Solving the equation (7) for a(x) we obtain:
a(x) = A"l(x)B(x)US. (11)
Hence, we have:
u"(x) =3 p;(x)(A(x)B(x)) , u,
' (12)

= ancbl (x)u,,

where the shape function is defined by:
®,(x) =D p;(x)(A"(x)B(x));. (13)
j

The partial derivatives of ®,(x) can be
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obtained [3]:

2= 2P, (A"B), +p;(A,"B+ATB), |, (14)

]

where: A "=—-A"A;A™" and ( ); denotes
o)/ ox

B. Choice of weight function

There are many types of weight functions that
can be chosen [2]. The following weight function
is adopted in this paper [14]:

2

£ _4r?44r8 for rg1
3 2

4

w(x—x)=w(r)= A arear? A3 forlara (15)
' 3 3 2

0 for r>1

where r=d, /d,,, d, =[x—x,||and d,, is the
size of the domain of influence of the | node.

ml 1

1. IMPLEMENTATION OF THE
EFG METHOD AND THE MLPG
METHOD

In this section, a basic domain obeying
Poisson’s equation function and boundary
conditions is considered to demonstrate the
formulation of the EFG method and the MLPG
method. The governing equation and boundary
conditions are expressed as:

Vau(x) = _P) xeQ. (16)
£
The essential and the natural boundary
conditions are respectively given by:
U(X) = uo on 1—‘u’ (17&)
ou(x) -
—=(= on I'_,
on a=q q (17b)

where the domain is enclosed by 0Q =T, UT", and
n is the outward normal direction to the boundary.

A. The EFG method formulation
The EFG method is based on the globe weak

form on the global problem domain € and the
essential boundary conditions can be imposed by
the penalty method by penalty parameter. The
equivalent weak form of Poisson’s function is:

24 28 g _ _
J,( v+ 292 Jvg-af, (u-v,)wr 0,09
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where U is the trial function approximated by the
MLS method, Vis the test function, and ¢ >>1 is
a penalty parameter used to impose the essential
boundary conditions.

Using the formula(Vzu)V =U,v= (u 'V),i —-u;v;,

the divergence theorem and U; n| au N =(Q, we

can derive the local weak form as:

J.(VVVU p()jdg

&

I qudI’

oQ

(19)
+aL (u—u, vdI" =0.

Imposing the natural boundary (17b), we can
obtain:

J‘Q(VvVu)dQJron‘r uvdl“—J‘F qudl =

_ p(x) (20)
J'rq qudl™ + aj'ru uvdI' + IQTvd Q.

When the trial functions and test functions are
taken from the same function space and produced
by Eq. (12) [3], we can discretize Eq. (20) as:

Ku =T, (21)
where the matrix K and the vector f are define
by:

Ky =] ve, -V®de+aLu ®0,dl
8@ (22)
- —Ldr.

fi=[ gedr+af uodr+| 20 640 29)
q u s &

B. The MLPG method formulation
The MLPG method is based on the local

symmetric weak form over a local sub-domain Q,
the local sub-domain €2 is entirely inside the

global problem domainQ). A local weak form of
the governing equation (16) and the boundary
conditions (17) can be written as:

I (Vzu +@]Vd9—aj (u—uy)vdl =0, (24)
Qs & Ty

where U,V and « >>1are the trial functions, test
functions and penalty parameter respectively.

'y, is a part of the essential boundary I',. If the
sub-domain has no intersection with the global
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essential boundary I, , the second part of equation

(24) vanishes [11].
Corresponding to the EFG formulation, the
local weak form can be written as:

jg (Vv vu_ 2B, de [, qudr

& (25)

+0[J-r (u—uy)vdI" =0.

Using the natural boundary condition (17b) we
can obtain:

IQ [W-Vu—@}vdg—hqur

—L qul“—jF qul“Jron.F (u—uy)vdT =0.

S

(26)

where 'y is a part of the natural boundary of I, if
a sub-domain is totally inside the globe domain and
has no intersection between Q, the L, =0, and

the integrals over I'g, and qu vanish [11].

The weight function used in the MLS
approximation is chosen as the test function in the
MLPG method. So the test function will vanish on

the boundary of the local domain €2, and the

boundary L, . Using this function, the function (26)
can be rewritten as:

IQ sz-VudQJraL wsudl“—‘[r w,qdI" =

p(x) 4 €
J' qul“+aj' WUdF+I W, " dQ.

To obtain the dlscrete equatlons, substitution
of (12) into (27), we can discretize EqQ. (27) as:

Ku=f, (28)
where
Ky = Lzs Vw,-Vo,dQ+ ajrsu wo,dl"
0. (29a)
- w,—dT,
Ty, on
and

f_jr wqdr+aj wudr+j W, ( )dQ (29b)

su



IV. NUMERICAL EXPERIMENTS
In this paper, the essential boundary
conditions in the EFG and MLPG methods are
both imposed by the penalty method with the
penalty parameter ¢ being chosen as 10° [2,12].
The number of integration points is chosen to be
three times the total number of nodes in EFG, the

local quadrature domain €_ with four subdivision

cells and 4x4 integration points in each cell is
used in the local quadrature domain in MLPG
method [3].

In order to investigate the accuracy of the EFG
and MLPG methods, a relative error is calculated
as follows [12]:

num _ana
i i
ana !

maxlSiSN ui

max u

I<i<N

Error = (30)

num

where U; " denotes the numerical solution of the

ith node and the u™ denotes the analytic
solution of the ith node.

A. Solution of Poisson’s equation

We first consider Poisson’s equation with the
problem domain illustrated in Fig. 1. As shown in
Fig. 1, the size of the problem domain is

0 =(0,10)x(0,10) with dielectric constant &, .

The governing equation and boundary condition
are as follows:

Vu(x) = -7 [iz + iz)sin (lnj COS(iﬂj& ,(31)
al aZ al aZ 80

u(x)=0 on I',, (32a)
ou(x)
=0 on T,
on q (32b)
where  p, is the distribution  density,

P, =—100C / m?, &, is dielectric constant and two
choices of a; and a, have been made such that
a,a,€{1,2,5,10}.

With different a; and a, the analytic solution is
different. The analytic solution of this problem is:

u(x)=sin (lzjcos[in] P (33)
& a, &
The Analytical solution based on equation (33)
is shown in Figs. 2 and 3 for different values of a;

and a,. A comparison of the exact solution with
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numerical results from both EFG and MLPG
methods along the line x=5 is shown in Fig. 4 and
Fig. 5. The total number of nodes was 400 for Fig.
4 and 2500 nodes for Fig. 5. Each Fig shows the
results for the two different values of a; and a..

y
 0u(x) r k)
Fq' an =0 80 q an
(0,0) r,u=0 X

Fig. 1. Problem domain for Poisson’s equation.

Electric potential(V)
o &
\
/é\
Q\V

0 o
Fig. 2. The analytic solution of the Poisson’s
problem with a;=5 and a,=5.

H
1.5 Sy

£-054
/
-1

Electric potential(V)
o & =~
Vo
AU
Voo
\
2 \
oo
Voo
>
% Vo
e Voo
. / \\
3
s
/
%
SIEF
——
/1]
L L

Fig. 3. The analytic solution of the Poisson’s
problem with a;=2 and a,=5.
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x 10
We can observe good agreement between Lo — _7_
analytical and numerical results from Fig. 4 and 1 7\ ?y \ f”‘"‘
Fig. 5. And the numerical results become more %0_5 I’ \ A .
accurate as more nodes are used in the calculation. g Oj | O |\E/|FL§G \
13 é 05 h Analytic solution ||
w

=
o

x 10 ) j/ q /
- o -1 Kﬂl Kﬁzj
g | |- EFG L L
/ v‘-\%\ MLPG 15
o %

Analytic solution 0 2 4 . 6 8 10

(b) a;=2and a,=5.

=

o
3

Electric potential(V)
>

o
)]
A
///

Fig. 5. Comparison between the analytic solution,
EFG and MLPG method with 2500 nodes used
along x=5.
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(a) a,=5 and a,=5. B. Solution of Helmholtz equation

. Next, let us consider a problem domain which
15X 100 _ - is governed by the Helmholtz equation [8]:
A AR R V2E, +k’E, =0 for (x,y) eQ, (34)
S0s [ 3 / \ [ E,(x,y)=f(x,y) for(x,y)edQ. (35)
£ ---©--- EFG . . .
g o¥ MLPG Ry The problem domain along with the associated
E-O 5 Analytic solution |- boundary Conditions iS i"ustrated in Flg 6
A {
! 5O 2 . 4 6 8 10 y
y E, =sin(mzXx) (L1)
(b) a;=2 and a,=5. '
Fig. 4. Comparison between the analytic solution,
EFG method and MLPG method with 400 nodes E -0
along x=5 . E,=0 -
X 1013
te | ---©-- EFG
I i MLPG (0,0) E, =sin(mzx) X
2 i A i i
£ 057 s Arelyrc soluton Fig. 6. Example of Helmholtz equation.
5 oW ¥ 3
§05 \“& ')’Ll' . . 2r
- *&% 7 Consider the case for which 4 = =1. The
15 T analytic solutions of this problem with two
0 2 4 6 8 10

y different choices of m in boundary conditions are
(a) a1=5 and a,=5. shown in Figs. 7 and 8.
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(b) The analytic and numerical solutions with m=3.
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Fig. 7. The analytic solution of the Helmholtz  Fig. 9. Comparison between the analytic solution,
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/"//// e
J;\\ o —
—1 X \..\ N OG- ---©---: EFG £
02 A MLPG 7
T . . w\\'\, Analytic solution ,;//-
/ g -0.4 R ] 4
E‘ -0.6
-0.8 7
-14 -1 R 74 £
1 jiil l < >
0.5>\ ‘ / 1 0 0.2 0.4 . 0.6 0.8 1
o~ 0.5
g \0~0/ * () The analytic and numerical solutions with m=1.
Fig. 8. The analytic solution of the Helmholtz
equation with m=3. 0.08
A comparison of the exact solution with 0.06 i —
numerical results from both EFG and MLPG 0.04 | X Y
methods along the line y=0.5 is shown in Fig. 9  _ o} %—| @ EFC X
and Fig. 10. The total number of nodes was 400 § o '. ;A;;fﬁc solution b
for Fig. 9 and 2500 nodes for Fig. 10. “.0.02 T 7
-0.04 \ 7
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® ---©---- EFG > 0 0.2 0.4 0.6 0.8 1
N MLPG 7 . "y o
0.2 \ Analytic solution (b) The analytic and numerical solutions with
E 04— = m=3.
08 \ Wil Fig. 10. Comparison between the analytic solution,
1 e ﬁ\/ EFG method and MLPG method with 2500 nodes
oo along y=0.5.
0 0.2 0.4 0.6 0.8 1

. . . o According to the results shown in Fig. 9 and
(&) The analytic and numerical solutions with m=1. Fig. 10, it can be concluded that both the EFG

method and MLPG method work well for the
Helmholtz problem. In addition, more nodes used
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in the model, more accurate of the results, this is
the same as that in the example of Poisson’s
problem.

Based on the analytic solutions with different
a; and a, in Poisson’s problem, the relative error
and computational efficiency of EFG and MLPG
method are investigated.

In order to discuss the relationship of the
relative error, the total number of nodes with
different problems (different a; and ay), a relative
error with different number of nodes in EFG
method and MLPG method is given in Fig. 11.
Figure 11 shows the MLPG method is more
accurate than EFG with the same number of nodes,
especially when the total number of nodes is
substantially lower. With the increase of total
number of nodes used, the relative error of both
EFG method and MLPG method are getting close
to zero.

For the case where a;=2 and a,=5, the analytic
electric potential is much more complex than the
case where a;=a,=5, more nodes are required to
get an exact answer.

To investigate the computational efficiency of
the two methods, the average processing time
required as a function of the total number of nodes
is obtained and plotted in Fig. 12. It should be
noted that he computation was done with the same
Lenovo computer.

0.5—H§ I I I I
—8— EFG with a1:2 a2:5
04 ---@--- EFGwitha,=a,=5 [
S MLPG with a,=2 a,=5
5 0.3 ] u
; -y MLPG witha,=a,=5
To2
T | s
0.1 ! !‘f'ru—s_s
o;&ieggr e I o e
. 0408686 5:615:8: G0 |

0 300 600 900 1200 1500 1800 2100 2400
Total number of nodes

Fig. 11. Relative error with the total number of
nodes in EFG and MLPG method.

It can be found that, the MLPG method needs
more processing time than the EFG method. It is
mainly due to the following two reasons: At first,
the MLPG method requires more integration
points than the EFG method in the computation.
Both of the EFG method and the MLPG method
need to integrate over the domain. The EFG
method needs shadow meshes to set integration
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points over the entire domain of the problem. The
MLPG method doesn’t need elements or meshes
for integration, all the integrals are carried out on
spheres centered at each node in the domain, so
the MLPG method can be referred to as a “real”
meshless method or at least close to the ideal
mesh-free method. But because of the complexity
of the integrand that results from the Petrov-
Galerkin formulation, the integration difficulty is
more severe than EFG. The MLPG method needs
to be divided into small cells and more Gaussian
guadrature points should be wused for the
integration [15]. The second reason for the
increased processing time is that the system
matrices produced by the MLPG method are
asymmetric and those that are produced by the
EFG methods are symmetric. The asymmetric
matrices require more CPU time for their solution.

150 | —g— EFGwith a,=2a,=5 s
D ---@--- EFGwith a =a =5 ’,3’!
o7} ] o -

£ MLPGwith a,=2a,=5 d,‘o’

o 100l <=+ MLPG with a =a,=5 r'3

£ o7

2 &

s %0 6,6’“

(5] o

g W’%’e

= ¥

S

Z o

o

300 600 900 1200 1500 1800 2100 2400
Total number of nodes

Fig. 12. Comparison of the proceeding time with
different total number of nodes of EFG and MLPG
method.

V. CONCLUSIONS

Implementations of the element free galerkin
method (EFG) and the meshless local Petrov-
Galerkin method have been presented in this
paper. Both of the methods are formulated in
detail for a basic problem governed by Poisson’s
equation. Problem domains governed by Poisson’s
and Helmholtz’s equations have been considered
and the numerical results are compared with the
analytic solutions to investigate the accuracy and
computational efficiency of the EFG method and
the MLPG method. The results show that the
MLPG method needs more CPU time but can
obtain a more accurate result using fewer nodes
than the EFG method. The reasons the MLPG
method needs more processing time are that the
MLPG method needs more integration points and



the solution of the asymmetric matrices require
more CPU time.
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Abstract — A chiral body of revolution (BOR)
which is partially covered by a thin conducting
shield is analyzed using the Method of Moments
(MOM). The axisymmetric system is excited by a
plane wave. The internal fields and the far
scattered fields are computed. The problem is
solved using the surface equivalence principle.
The scattered fields outside the structure are
assumed to be produced by an equivalent magnetic
surface current that exists on the unshielded part of
BOR surface and an external equivalent electric
surface current that exists over the entire BOR
surface. These two currents are assumed to radiate
in the unbounded external medium. Similarly, the
internal fields are assumed to be produced by the
negative of the above magnetic current and an
internal electric surface current that exists over the
entire  BOR surface, but is an independent
unknown only on the shielded part of the BOR
surface. These two currents radiate in the
unbounded internal medium. Enforcing the
boundary conditions at the surface of the BOR
results in a set of coupled integral equations for
the three equivalent surface currents. These
equations are solved numerically using the MOM.
The computed results for the partially shielded
spherical chiral body are in excellent agreement
with other data.

Index Terms— Aperture, body of revolution,
chiral body, method of moments, equivalence
principle.
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I. INTRODUCTION

Figure 1 shows a chiral body of revolution that
is partially covered by a perfectly conducting
shield. The system is excited by a plane wave. We
are interested in finding the field that penetrates
into the chiral body through the apertures on its
surface and the far field scattered by the structure.
The problem of electromagnetic penetration into a
regular dielectric body of revolution that is
partially covered by a perfectly conducting shield
is analyzed in [1] and [2]. The problem of
electromagnetic transmission through an arbitrary
aperture in an arbitrary 3-D conducting surface
enclosing chiral material is analyzed in [3]. The
electromagnetic analysis of general bodies of
revolution is given in [4].

Fig. 1. A chiral body of revolution with two
apertures.
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Penetration of electromagnetic waves through
apertures has been studied extensively. Two
dimensional apertures in thin infinite planes are
studied in [5] and [6]. Apertures in arbitrarily
shaped three dimensional objects are studied in [3]
and [7]. In [3] the internal medium considered was
chiral and in [7] both internal and external media
were regular dielectrics. The research problem
dealt with in [8] relates to a rotationally symmetric
aperture on a perfectly conducting BOR
containing the same homogeneous dielectric in the
interior as well as the exterior. A boundary
integral equation is used in [9] for dielectric
objects partially coated with a perfectly conductive
layer. Diffraction of an electromagnetic plane
wave by a rectangular plate and a rectangular hole
in the conducting plate [10] is rigorously tackled
using the method of the Kobayashi potential (KP
method).

In [11], there is a method applicable to
arbitrarily-shaped apertures (in particular those not
axially symmetric in bodies of revolution)
employing the method of moments. The problem
of the scattering of an electromagnetic plane wave
with arbitrary polarization and angle of incidence
from a perfectly conducting spherical shell with a
circular aperture [12] is solved with a generalized
dual series approach. In [13], the problem of
scattering from a spherical shell with a circular
aperture symmetrically illuminated by a plane
electromagnetic wave is solved by expanding the
fields inside and outside the cavity in terms of
spherical vector wave functions. In [14], a hybrid
FE-BI method that combines the finite element
(FEM) and boundary integral (BI) methods is used
to analyze electromagnetic scattering from
structures consisting of an inhomogeneous
dielectric body attached to perfectly conducting
bodies. A new variational direct boundary integral
equation approach is presented in [15] for solving
the scattering and transmission problem for
dielectric objects partially coated with a perfect
electric conducting (PEC) layer. The absorption
cross section of a dielectric sphere partially
covered by a thin perfectly conducting spherical
surface is calculated in [16]. Two-dimensional
electromagnetic scattering by a dielectric cylinder
partially covered by zero-thickness perfect
conductors is treated in [17]. In [18], an
axisymmetric chiral radome is analyzed via the
method of moments. In [19], a method of moments

ACES JOURNAL, VOL. 27, NO. 8, AUGUST 2012

solution is presented for electromagnetic scattering
by a three-dimensional (3-D) inhomogeneous
chiral scatterer illuminated by an arbitrary incident
field.

This research work is important because of its
significance for numerous applications in radar
techniques and for tracking and discriminating
between space vehicles and objects.

II. ANALYSIS

Let S. be the part of the surface of the chiral
body (scatterer) covered by rotationally symmetric
perfect conductors, let S, be the part of the surface
of the scatterer not covered by the rotationally
symmetric conductors, and let S be the entire
surface of the scatterer as shown in Fig. 1. Here,
the subscript “c” stands for conductor and the
subscript “a” stands for aperture.

The surface equivalence principle is used to
separate the problem of Fig. 1 into two simpler
parts, namely, the region external to surface S and
the region internal to S. The scattered fields in the
external region are produced by an equivalent
magnetic surface current M and an equivalent
electric surface current J, radiating in the
unbounded external medium. The current M exists
on only S, and the current J, exists on the whole
surface S. The requirement that the tangential
electric field of the external equivalence be zero
just inside S is expressed as

SR YY) M 0 I C)
n 7.

e

where 17, =/ 1, / g, is the intrinsic impedance of

the homogeneous achiral medium outside the
scatterer in the original problem. Also, E.(J., M)
is the electric field of the combination of J, and
M, both radiating in all space filled with the
homogeneous achiral medium that is outside the
scatterer in the original problem. The subscript S~
denotes evaluation on the side of S facing inside
the scatterer of the tangential part of the enclosed

vector. In (1), [E"’” L is the tangential part of the

incident electric field on S.

The requirement that the tangential magnetic
field of the external equivalence be zero just inside
S is expressed as

] el o



where H.(J.,, M) is the magnetic field of the
combination of J, and M, both radiating in all
space filled with the homogeneous achiral medium
that is outside the scatterer in the original problem.

The field in the chiral medium is produced by
the equivalent magnetic surface current —M, and
an equivalent surface electric current —J; radiating
in the unbounded chiral medium. J; exists on the
whole surface S. The requirement that the
tangential electric field of the internal equivalence
be zero just outside S is expressed as

_UL[E,. (Jie- M) =0, 3)

where E(J,, M) is the electric field of the
combination of J, and M, both radiating in all
space filled with the homogeneous chiral medium
that is inside the scatterer in the original problem.
Here, J,. is the combination of J; on S, and J. on
S.. The subscript S denotes evaluation on the
side of S facing outside the scatterer of the
tangential part of the enclosed vector.

The requirement that the tangential magnetic
field of the internal equivalence be zero just
outside S is expressed as

_|:Hi (Jie7M):|S+ =0, “4)
where H,(J,,, M) is the magnetic field of the
combination of J, and M, both radiating in all
space filled with the homogeneous chiral medium
that is inside the scatterer in the original problem.

In view of (1) — (4), the equivalent currents J,
and M of the external equivalence and the
equivalent currents —J;,, and —M of the internal
equivalence assure that there is no electric field on
both sides of S, and that the tangential electric and
magnetic fields are continuous across S,.

The product of an arbitrary constant o with (3)
is added to (1) to obtain

1
_U_[Ee (Je > M)JS’

o _ 1 e
LB OeM)] = E ] ()

and the product of an arbitrary constant § with (4)
is added to (2) to obtain

-[H, (3. M)] - B[, (3,.M)] :[Hi"“ ]S. (6)
The method of moments as applied to bodies
of revolution is used to solve (5) and (6)

numerically. Piecewise linear variation of the
currents is assumed along the generating curve of
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the BOR. The variation of the currents along the
circumferential direction is represented by Fourier
series. An approximate Galerkin’s method is used
for testing. If af* is real and positive where *
denotes the complex conjugate, then it can be
shown that (5) and (6) imply (1)~(4)
[20, Section 2]. Equations (5) and (6) are two
vector equations on S where the unknowns in (5)
and (6) are J, on S and the composite unknown
consisting of J; on S, and M on S,.

A. Expansion functions and testing functions
Let electric and magnetic currents J., J;, and
M be expanded as

N N,
J, - zNzl(zsz;,»Hszﬁ) )
n=—N j=

=

t

N
Jie= Z

((L}Vn’j LI )3 (L +LjIZ-)ij) (8)
n=—Nj

1

N N,
M=, ZN;Lj(naJ;, ). o)
n= j=

t ¢ t ¢
where [, I, V,, and V,; are complex

constants to be determined and J;j and J fj are

expansion functions given by

JTi()

Ty =it e (10)
T () .

¥, =¢$e’”¢, (n

where ¢ is the arc length along the generating
curve C of the body of revolution (BOR),

p= ,o(t) is the distance from the z-axis of the
BOR, ¢ is the angle measured from the positive x-
axis toward the y-axis in the xy-plane, and T (¢) is

the triangular function defined by

=1,
J
I b StShy
J
by —t
T;(1)=1-+ o St<t,,
J > P2j+1 2j+3 12
d;., ,  (12)
0, elsewhere

where
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Aj=t,—t;. (14)
The generating curve C consists of the straight line
segment from =t, to t=t,, that from ¢, to t,..., that
from o to fones Where, as in (7), N, is the

number of triangles on C. In (8) and (9),

1, T;(¢) is in an aperture
b= (15)
T;(¢) is on a conductor
, { (t) is on a conductor
J . (16)
T; (¢) is in an aperture.

Testing functions J’,,; and me, are defined

Lo e’ 17
- (17)
NAORS
J =¢ﬁe"’”¢. (18)
Yo,

Henceforth, we assume that (7)—(9) have been
substituted into (5) and (6). The symmetric
product of two vector functions is the integration
over S of their dot product. First taking the

symmetric product of J°,; with (5), then taking
the symmetric product of J? Tni with (5), next
taking the symmetric product of J' . with (6),

and finally taking the symmetric product of J q,jm,-
with (6), one obtains, for (i=1,2,..., N,) and for

(m= -N, -N+I1,...,N), the following matrix
equation.
B gzt g ot o 1 i I ] _I}'t ]
g% ¥ ¥ || ¢ %44
Dt piY oyt Yt¢ pi - It (19)
DY p#  y¥ Y¢¢ V¢ j¢
For (n= -N, -N+1,..., N) where for g=torg=¢,
I? and V) are column matrices whose ;"

elements are I, and 7}, respectively. The ij"

elements of the members of the 4x4 array in (19)
are, for p=t or p=¢ and g=t or g=¢,

zp =[] 9%, -[——E (sz,o)} ds
.

e
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ot n (140)| 5 on
.

e

et -1 ([t - 033
#5900 '[_O‘El’ (0.7 )]5 dSJ

+LJ’-HSme '{‘%E (JZJ’O)L+ s e

e

Dff = [fo 3[R (33.0) a5
oL, ] 37, .[_ﬁH (JZJ,O)L s (22)
s L o] o
[0t [-nm (005)]as)
ey [ 7| =M, (35.0) | as. @)

For p=t or p=¢, the i elements of 17” and frf’

are, respectively, V2 and I given by

Vh =[] I [ E} ds (24)
e s

inlzj' = J- SJgni _|:Hinc:|s ds. (25)

The preceding discretization gives the 2N+1
small matrix equations {(19) for n=N,
—N+1,..., N} instead of one large matrix equation
because, due to the rotational symmetry, an e/™¢
dependent current source produces only an e/"?
dependent field.

III. COMPUTED RESULTS

Numerical results are given for the bodies
shown in Fig. 2.

Figs. 3 to 8 are for a chiral sphere contained in
a perfectly conducting thin metallic spherical shell
with a single aperture of oy = 30° at its bottom
that exposes the chiral material to the unit plane
wave that illuminates the bottom of the sphere, as
shown in Figure 2. The purpose of choosing this
partially covered chiral sphere is to compare our
results with those of early researchers, particularly
with graphic results in [3]. The generating curve is
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its bottom. (Insert taken from [3]).
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We see marked resemblance between our graph of
Fig. 5 and that of the insert from [3], Fig. 6.

Figures 7 and 8 show the internal electric
fields along the z-axis of the body with varying
chiralities. The generating curve is approximated
by 3132 straight line segments and 102 points on
the z-axis were used to obtain the graphs.

Sphere with 30° aperture, ke = 1.5, ¢, = 2, jt, = 1
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Fig. 7. Magnitude of x-component of internal
electric field along z-axis.

Sphere with 30° aperture, ke = 1.5, &, =2, u = 1

Magnitude of y component of E field
N

-1 08 06 -04 -02 0 02 04 06 08 _1
z

Fig. 8. Magnitude of y-component of internal
electric field along z-axis.

Figs. 9 and 10 are for a conical-shaped chiral
BOR contained in a perfectly conducting thin
metallic shell with a single aperture at its bottom
that exposes the chiral material to the plane wave
that illuminates the BOR along the z-axis from the
bottom of the conical shell, as shown in Figure 2.
The radius of the aperture is 0.5m, the radius of
the cone is 1m, and the length of the cone is 2m.
The generating curve is approximated by 3132
straight line segments.
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More results for these structures are available in
[21].

Cone with 30° aperture, ke = 1.5 ¢ = 2 B= 1
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Fig. 9. 0gg /A3 of the obstacle with single aperture
at its bottom.
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Fig. 10. Magnitude of x-component of internal
electric field along z-axis.

VI. CONCLUSION

In this paper, plane wave incidence on a
homogeneous chiral body partially covered by a
thin perfectly conducting surface is investigated
using the surface equivalence principle and MoM.

The body is replaced by equivalent electric
and magnetic surface currents, which produce the
correct fields inside and out. The application of the
boundary conditions on the tangential components
of the electric and the magnetic fields results in a
set of two equations to be solved. Triangular
expansion functions are used for both #-directed

and  ¢-directed currents. The  unknown
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coefficients of these expansion functions are
obtained using the method of moments.

The inside fields and the scattering cross

section are computed. The results are generated by
a computer code, which produces agreement with
available published results.

The theoretical framework presented in this

paper can be used to obtain results that are not
available elsewhere.
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Abstract — The traditional multiple CPUs
mounted on one node in a high performance
cluster is based on Symmetric Multi-Processing
(SMP) architecture. The memory bandwidth is a
major bottleneck in the high performance
computing. Recently, Intel and AMD companies
developed the (Non-uniform Memory Access
(NUMA) architecture for the multi-CPU server
that is an important extension of the SMP
computer. In the NUMA architecture server, each
CPU has its own memory and can also be access
to the memory located the nearby of other CPUs
through the onboard network. For a parallel code,
we can allocate the data for each CPU inside its
local memory to accelerate the memory access. In
this paper, we investigate a way how to achieve
the high performance of parallel FDTD code on a
computer cluster that includes 21 nodes with 42
CPU and 168 cores. Numerical experiments have
demonstrated that different job binding schemes
can significantly affect the performance of parallel
FDTD code.

Index Terms — NUMA, parallel FDTD, processor
affinity, SMP.

I. INTRODUCTION
A high performance cluster has become a
popular hardware platform today for the
computational electromagnetic methods to solve
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the electrically large problems. In three popular
computational electromagnetic methods, FDTD
method [1] is parallel in nature, and hence, has
high parallel performance than method of moment
(MoM) [2], finite element method [3] due to a
parallel FDTD method only requires the field
exchange on the interface between the adjacent
neighboring  subdomains.  For  simulating
electromagnetic (EM) problem from electrically-
large and complex structures with FDTD method,
parallel technology is a powerful tool to provide
the necessary computing power and memory
resources [4-8]. The parallel performance of
FDTD code depends on not only the way how we
develop the parallel FDTD code and problem type,
but also on the hardware platform such as CPU
type, network system, Input/Ouput (I/O) system,
and the operating system as well. In this paper, the
parallel FDTD code is developed based on the
literature [7, 8] that uses the combination of Open
Multiple Processing (OpenMP) [9] and Message
passing Interface (MPI) library [10]. OpenMP is
developed for the efficient use of multi-core
processors and the MPI library is developed to use
the distributed resource.

For the same parallel FDTD code, we
investigate the performance of parallel FDTD code
on an intermediate cluster that includes 21 nodes
(42 CPUs with 168 cores) when we use the
different binding techniques and the running
environment variables. In all the numerical

1054-4887 © 2012 ACES
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experiments, we do not modify the parallel FDTD
code and keep the same hardware platform and
operating system as well. Each node in the cluster
includes two Intel Xeon X5520 2.67GHz
processor, which support the NUMA architecture.
Namely, it allows us to allocate the data for each
CPU in one node to its local memory. If one job
unit is assigned to one node, the communication
between two CPUs in one node is realized through
OpenMP. And the communication between the
nodes is realized by the MPI functions. Otherwise,
if one job unit is assigned to one core, all the
communication between the cores is realized by
the MPI functions. Furthermore, if one job unit is
assigned to each CPU, the communication
between the CPUs is realized by the MPI function
but the communication between the cores inside
each CPU is realized through OpenMP.

To achieve a good performance of the parallel
FDTD code on the high performance cluster, the
NUMA policy is used to extend the memory
bandwidth and reduce memory access time by
allocating the data for each CPU in its own local
memory. The advantage of NUMA architecture is
obvious from the numerical experiments. We also
investigate the effect of processor affinity [11] on
the parallel FDTD code performance by binding
each rank to the node, CPU, or core. In this paper,
all the test examples are carried out by using
GEMS software [12].

II. THEORY AND METHOD

Both the electric and magnetic field updates in
the FDTD method only require field information
from their nearest neighboring cells, which
requires much less communication information
than other methods that require the 3-D
communication data. Hence, the parallel FDTD
method gives much less burden on the network
system, and in turn, it generates the higher parallel
efficiency. To achieve the better parallel
performance, we install two sets of network
systems in a regular cluster, one of them is design
the data communication during the simulation and
usually is fast. And the second one is designed the
cluster =~ management, namely, it allows
simultaneously to check the cluster status without
interrupting the data communication.

In Yee’s scheme [1], the computational
domain is discretized by using a rectangular grid.
The electric fields are located along the edges of
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the electric elements, while the magnetic fields are
sampled at the centers of the electric element
surfaces and are oriented normal to these surfaces,
this being consistent with the duality property of
the electric and magnetic fields in Maxwell’s
equations, as shown in Fig. 1.

If the computational domain is broken into
two subdomains, and the interface coincides with
the FDTD mesh. The electric fields on the
interface can be counted into either subdomain 1
or 2. For instance, if it is belong to the subdomain

1, we need to borrow the magnetic field #2? from
the subdomain 2 when we calculate the electric
field Eiynterface on the interface.

; ; At
Elvnterface,nﬂ — E:}merface,n + ==
| ' > ()
H2,n+1/2 _Hl,n+1/2 H2,n+l/2 _Hl,n+l/2
. X X _ z z
Az Ax

We need to borrow the electric field Eiynterface on

the interface when we calculate the magnetic field
H? in the subdomain 2:

Hz’”H/Z — HZ,n—l/Z
n At |:E§,n —E}( E;Jl _E)I},interface:l (2)

M| Ay Ax

In the MPI library, the communication of the
electric and magnetic fields between the
subdomains 1 and 2 are realized by the MPI
functions MPI Send and MPI Recv. The
information is changed through the high
performance network system. OpenMP is based on
the fine grid technique in the shared memory
system, and its information exchange is through a
shared memory. In the optimization of the parallel
FDTD code, we need to achieve a balance
between the minimum area of interface and
performance of network. Internal consistency
should be maintained

Uniform Memory Access (UMA) is a shared
memory architecture used in parallel computers, as
shown in Fig. 2. In the UMA model, all the
processors share the physical memory uniformly,
and access time to a memory location is
independent of which processor makes the request
or which memory chip contains the transferred



data. The UMA model is suitable for general
purpose and time sharing applications by multiple
users. Contrasted with UMA, NUMA is a shared
memory architecture that describes the placement
of main memory modules with respect to
processors in a multiprocessor system, as shown in
Fig. 3. Based on the idea, however, Intel and
AMD use the different technical paths to realize
the NUMA architecture.

To better understanding NUMA roles in
parallel FDTD method, we do many simulations
using GEMS with NUMA and UMA policy,
respectively. For example, the command for
running the GEMS project with NUMA is:

mpirun —np 9 -machinefile hosts nuamctl--
physcpubind=0-8,9-15 /gpfsAPP/GEMS
/GEMS Solver test.gpv

and the command for running the GEMS project
without NUMA is:

mpirun -np 9 -machinefile hosts /gpfsAPP
/GEMS/GEMS Solver test.gpv

In addition, job balancing plays an important
role in determining performance of the parallel
code. Proper job balancing can obtain good
performance of the parallel FDTD code on the
HPC system, while improper job balancing may
reduce the performance of parallel code for most
of the processors in the cluster to that of "waiting"
during the simulation process. Another important
factor that affects the parallel efficiency is the
division of the sub-domains according to the
allocation of the array in the computer's memory.
Processor affinity is a modification of the native
central queue scheduling algorithm in a symmetric
multiprocessing  operating  system.  Taking
advantage of the fact that some remnants of a
process may remain in one processor's state from
the last time the process ran, we can enhance the
performance of parallel FDTD code on a HPC
cluster. For example, if we use two nodes (4
CPUS, 16 cores) to run GEMS with binding rank
to nodes, CPUs and cores, respectively, we should
first edit the rank files for banding nodes, CPUs
and cores as following:

For binding nodes:

rank 0=host0 slot=0-7
rank 1=hostl slot=0-7
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For binding CPUs:
rank 0=host0 slot=0-3
rank 1=host0 slot=4-7
rank 2=hostl slot=0-3
rank 3=hostl slot=4-7

For binding Cores:
rank 0=host0 slot=0
rank 1=host0 slot=1
rank 2=host0 slot=2
rank 3=host0 slot=3
rank 4=host0 slot=4
rank 7=host0 slot=7
rank 8=hostl slot=0
rank 15=hostl slot=7

And the following commands will be used to

run GEMS testing project.

mpirun -np n -machinefile hosts -rf ranks
/opt/GEMS/bin64/GEMS Solver test.gpv

Interface
Subdomain 1 Subdomain2
1,2 2,2
E; E:
1 Eimerface 7
1 H. ¥ H; E2
Ey X : X ¥
L1
E; Ef’l ,
Lﬁ

Fig. 1. Distributions of electric and magnetic fields
near the subdomain interface.

Processor Processor Processor Processor

Cache Cache Cache Cache

Memory Memory Memory Memory

Fig. 2. UMA architecture.
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Fig. 3. NUMA architecture.

III. NUMERICAL EXPERIMENT
RESULTS

In this section, we introduce a parallel
processing platform installed with Linux operating
system and investigate GEMS performance on the
platform. The HPC cluster shown in Table 1
includes 23 nodes (21 computation nodes and 2
master nodes) and each node has two CPUs with
Intel Xeon X5550 2.7GHz processor. The 10Gbps
Ethernet is used to connect the computation nodes.
To evaluate the performance of the FDTD code,
we define the performance as follows:

Performance (Mcells| s )
B (Nx XN, x NZ>>< Number_of _timesteps &)

>

Simulation_time (second)

where N ,N , N, are the number of grids in x, y

and z direction, respectively.

Firstly, NetPIPE [13] was used to test the
performance of a network inside a node and
internode. Table 2 gives NetPIPE results about the
bandwidth, which shows that the network speed
inside node is around 4 times of the internode. The
NetPIPE results about the latency is described in
Fig. 4, which shows the internode has a latency
that is over 3 times than that inside-node. To test
the job balancing role in determining performance
of the parallel FDTD, a job with different
processes has been run in one node of the HPC
cluster. Fig. 5 shows the performance of the
parallel code on one node with different processes,
which indicates that job balancing plays an
important role for performance of a parallel code.

An ideal case that is a hollow box with the
simplest excitation and output, and its domain is
truncated by using the Perfect Electric Conductor
(PEC) boundary condition, was used as an
example to study the impacts of processor affinity
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on parallel FDTD performance. The project
settings including the number of unknowns,
excitation type, output parameters and binging
strategy (Binding each rank by node, by CPU and
by core) are identical in the cluster simulations.
Fig. 6 shows the performance of the parallel
FDTD with different banding strategy, which
indicates that parallel FDTD with banding rank to
CPU give the best performance, and the worst case
is banding rank to core. For example, the
performances of the parallel FDTD code using 18
nodes are 5300 Mcells/sec, 4900 Mcells/sec, and
2700 Mcells/sec for binding rank to CPUs, nodes
and cores, respectively. From the results shown in
Fig. 6, we can also see that the job balancing
between the internode and inside node play an
important role to obtain good performance. If we
bind each process to each core, we will suffer from
the high latency of messages transmitting for there
are more processes created between nodes.
Binding each process to each node, we will not use
the whole processor. However, if we choose to
bind each process to CPU, all processors can be
used and the latency of messages transmitting is
less than that by banding to core.

Then, NUMA policy is used to reduce
memory access time in the average case through
the fast introduction of local memory. For NUMA
providing each node with its own local memory,
memory accesses, parallel code with NUMA
policy can avoid throughput limitations. The
performances of GEMS with NUMA policy are
plotted in Fig. 7, where the numactl command is
used as a plugin of GEMS software. As a
compared date, the performances of GEMS
without NUMA policy are also shown in Fig. 7.
Comparing the results shown in Fig. 7, we can
obtain that the performance of GEMS with
NUMA is around 1.5 times than that without
NUMA. For example, the performances of GEMS
using 18 nodes of the HPC system are 3400
Mcells/sec and 5400 Mcells/sec for without
NUMA policy and with NUMA policy,
respectively.

Finally, we use the different options described
above to simulate a reflector antenna fed by a dual
mode circular horn, as shown in Fig. 8. The
thinner horn part is excited by TE11 mode. The
transit will generate the TM10 mode and have the
same magnitude and out of phase with the TE11
mode at the end of the thicker horn. This horn will



generate a very low slob by cancelling the fields
generated by the TE11 and TM10 modes.

Table 1: HPC cluster information

CPU type Intel Xeon E5520
Clock speed | 2.67GHz
Computation
Number of | 23
Nodes (21) e O
Master Available 12GB (DDR3
Nodes(2) memory 1067MHz) _
Operating Cent OS (Linux)
system
Network BNT 10Gbps
svstem Ethernet
Table 2: NetPIPE testing results: bandwidth
Netpipe Internode 8822.02 Mbps
Testing Inside node 33462.93 Mbps
8000
7000+ : —=—Inter Nodes r
= 6000 : Ingide Node f
'g H
g 5000
2 4000
2
& 3000
g
S 2000}
1000

0 10 100 10e+3 10e+4 10e+5 10e+6 10e+7
Message size(bytes)

Fig. 4. NetPIPE testing results: latency.

Test On Signle Node

Performance(Mcells/s)
=] o
o o

o
o

2 processes 4 processes 8 processes 12 processes

Fig. 5. Testing results about job balancing problem.
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Fig. 6. Parallel FDTD performance with different
binding strategy.
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Fig. 7. Parallel PDTD performance with NUMA
and without NUMA.

Finally, we use the different options described
above to simulate a reflector antenna fed by a dual
mode circular horn, as shown in Fig. 8. The
thinner horn part is excited by TE11 mode. The
transit will generate the TM10 mode and have the
same magnitude and out of phase with the TE11
mode at the end of the thicker horn. This horn will
generate a very low slob by cancelling the fields
generated by the TE11 and TM10 modes.

Due to the symmetric property, we need only
to simulate one quart of the original problem. The
original domain size is 770 mmx 770 mmx 670
mm, and the one quart domain size is 385 mm X
385 mm x 670 mm, which is discretized into 569
x 569 x 1144 non-uniform cells. Output
parameters include the far field pattern and return
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loss. This is a very large problem, which cannot be
solved by two nodes of the HPC directly even
using parallel FDTD method. The return loss of
the reflector antenna is plotted in Fig.9, and Fig.10
gives directivity of the parabolic reflector antenna
at working frequency 12GHz.

The comparison between with and without
NUMA option is shown in Fig. 11, where 4
computation nodes are used to simulate the
problem. Fig.11 shows that parallel FDTD with
banding rank to CPU give the best performance,
and the performance of GEMS with NUMA is
around 1.5 times than that without NUMA. To
investigate the parallel efficiency of the parallel
FDTD, 18 computation nodes are used to simulate
the parabolic reflector antenna fed by a dual mode
circular horn. The performance and consumed
time of parallel FDTD using 18 computation
nodes are illustrated in Fig. 12. Comparing the
results in Fig. 11 and Fig. 12, we can obtain that
the parallel efficiency of parallel FDTD is almost
90%. For example, when we run the parallel
FDTD code by binding each rank to CPU, the
consumed time of parallel FDTD with NUMA
using 4 nodes is 2 hours, and that using 18 nodes
is 23 minutes.

Fig. 8. Parabolic reflector antenna fed by a dual
mode circular horn.
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IV. CONCLUSION

In this paper, the processor affinity and NUMA
policy are used to enhance the performance of a
parallel FDTD code on a HPC cluster. By binding
each rank to the node, CPU and core, we
investigate the effect of processor affinity on
parallel FDTD code performance and find that the
processor affinity has significant impacts on the
performance. With the advantage of NUMA
policy that can reduce memory access time, the
parallel FDTD code using NUMA policy can
obtain better performance than that without
NUMA policy. The proposed methods for
optimizing the performance of parallel FDTD code
are suite for other parallel code, which is very
useful enhance the performance of a HPC cluster.
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Abstract — The calculation of the eddy-current
losses is one of the most important aspects that
must be considered in the design of transformers
and electrical machines. In this paper, a
comprehensive 2D finite element (FE) model for
calculating the eddy-current losses in a tank-wall
of the transformer is presented. The FE model
takes into account the Surface Impedance
Boundary Condition (SIBC). A detailed 2D-SIBC
formulation in terms of the magnetic vector
potential is described. The SIBC is incorporated
into the FE formulation by using the Galerkin
method. An axi-symmetric electromagnetic model
of the transformer is solved by applying the SIBC
formulation for calculating the loss intensity
distribution along the wvertical tank-wall. To
demonstrate the validity of the SIBC formulation,
the results are compared against those computed
with a model based on first-order triangular
elements. The advantages of using the SIBC
formulation in the modeling of power transformers
are highlighted.

Index Terms — Eddy current losses, finite element
method, power transformer, surface impedance
boundary condition.

I. INTRODUCTION
The Finite Element Method (FEM) is a
computational tool that can be applied in several
fields of electrical engineering where knowledge
of electromagnetic fields is needed [1]. Alwash et
al. used the 3D-FEM to analyze a helical motion
induction motor [2]. Afjei et al. applied the finite
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element (FE) in a switched reluctance generator
under faulty conditions [3]. B. Ali et al. presented
a 3D-FEM analysis in modeling periodic
structures using high-order multiscalets functions
[4]. Wan et al. implemented an efficient FE time-
domain method via a hierarchical matrix algorithm
for electromagnetic simulation [5]. Torkaman et
al. applied the 3D-FEM to evaluate the main
characteristics of a three-phase external rotor
switched reluctance motor [6].

The power transformer is an essential
component and the most expensive asset within
the transmission and distribution electrical
networks [7]. A transformer includes several
metallic parts, such as frames, shunts, and the
tank. In these metallic parts, the stray losses are
generated by the magnetic flux leakage of the
transformer windings. The prediction of the stray
losses in the transformer is fundamental at the
design stage. This can help to avoid the presence
of hot spots on the surface of metallic components.
In oil-immersed transformers, the appearance of
hot spots may provoke an undesirable overheating
of conductive regions. This may generate internal
gases, which may lead to the transformer failure
[8].

In conductive regions exposed to time varying
electromagnetic fields where the penetration depth
is much smaller than their domain size, the
Surface Impedance Boundary Condition (SIBC)
can be used to reduce the FE model size. Hence,
the aim of combining the FEM and the SIBC is to
reduce the computational cost needed in the
solution of an eddy-current problem. The SIBC is

1054-4887 © 2012 ACES
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based in the analytical solution of the diffusion
equation. In FE transformer modeling, the
computational cost to obtain stray losses in regions
with induced eddy currents is high. This is due to
the equipment size and the large number of finite
elements needed in the discretisation of the
metallic parts. Hence, the Surface Impedance
Boundary Condition (SIBC) represents an
economic alternative for calculating these stray
losses because it avoids the FE meshing of
conducting parts. The FE literature recommends
the usage of line elements to represent the
conductive regions with the SIBC [9-11]. For this
reason, the incorporation of the SIBC into a FE
model presents two important advantages in its
usage. Firstly the resulting model decreases the
computational cost and secondly it can easily be
implemented into a FE code.

Several researchers have applied the SIBC for
calculating the stray losses in power transformers.
Holland et al. used 3D FE and SIBC to analyze the
tank-wall losses of a three-phase transformer [12].
Guerin et al. made a simulation of a three-phase
transformer using the volume AV, shell AV and
surface impedance formulations [13]. Guerin et al.
also applied the non-linear surface impedance
condition using a B-H rectangular curve known as
Agarwal curve to simulate an 100 MVA three-
phase transformer [14].

In addition, some papers have published the
application of the SIBC in electrical motors and in
the time domain. Adamiak et al. analyzed a low-
speed linear induction motor using the 2D SIBC
[15]. Yuferev et al. presented several high order
generalized expressions of the SIBC, which were
obtained by solving the diffusion equation using a
perturbation technique [16]. Sabariego et al.
developed a dual formulation of the time-domain
SIBC both the magnetic field and magnetic vector
potential [17]. Sabariego et al. also combined the
SIBC in the time domain with a coarse volume FE
discretisation of the massive conductors to capture
the slowly varying flux components [18].

Futhermore, the SIBC has also been applied to
high frequencies problems. Sakellaris et al.
developed a SIBC formulation based in the
magnetic vector potential, which was applied to a
high frequency problem [19]. Darcherif et al.
applied the SIBC to obtain the parameters of
multiconductor and shielded cables at medium and
high frequencies [20].
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However, the above references show a lack of a
clarity in the SIBC formulation, which does not
help to its implementation into a FE code. A FE
beginner will grasp easily a detailed step-by-step
SIBC formulation such that can be incorporated
into his FE code. This can be useful in those
situations where the usage of commercial software
is not available due to its high cost.

In this paper, a comprehensive SIBC 2D-FE
linear formulation is presented. This formulation is
expressed in terms of the magnetic vector
potential. To illustrate the SIBC application, an
axi-symmetric model of the transformer is solved.
The loss intensity on the vertical tank-wall of the
transformer is obtained using the Poynting’s vector
formulation. The SIBC model is compared against
the results of a first order FE model of the
transformer. The results obtained demonstrate the
validity of using the SIBC for calculating the stray
losses on the tank-wall of a transformer.

II. FINITE ELEMENT
DISCRETISATION

The diffusion equation can be derived from the
Maxwell’s equations. It describes the behavior of
the electromagnetic fields in the frequency domain
and it is given by [9].

WA= jocA-J,, (1)
where w is the angular frequency, ¢ and v are the
conductivity and reluctivity of the material,
respectively. 4 is the magnetic vector potential. J
is the imposed current density.

The FEM can be used to obtain the solution to
the diffusion equation in 2D. By applying the
Galerkin method, where the residual is multiplied
by a weighted function and by using first-order
FE, the solution of (1) is given by (2) [19]:

J,A

% JwoA
—1| S|4 T||A4]|= 1],
LS| 2R )=
where the matrices S and 7 are given by:
bl+c¢'  bb,+cc, bb,+cc,
[S]: bb,+cc, by+c;  bbtec |, 3)
bb,+cc, bb,+c,e; b+
2 1 1 1 4
[T]=|1 2 1|[1]=|1].[4]=|4, | @)
1 1 2 1 4,



Where by, by, bs, ¢, ¢; and ¢; are geometrical
coefficients and A is the area of the element. 4,, A,
and 4; are the nodal potentials on the element.

The calculation of the loss intensity P of a first-
order FE is given by (5), (6) and (7) [21]

JI
P=Re {E}, (5)
J=0L, (6)
A+A4,+A4
pejodthrh) 3 ), (7)

where J is the eddy current density in a triangular
element, J is its complex conjugate and E is the
electric field.

III. THE SIBC FORMULATION
The SIBC has its origin in the phenomena
known as skin effect, where the flux density is
concentrated at the surface of the conductive
material. This effect can be found in regions
characterized by high values of permeability,
conductivity or frequency. The diffusion equation
without the presence of current sources is given by
(8),
Vx(VxA)=joucA, (8)
where u is the permeability of the material.
The one-dimension (1D) form of (8) can be

written as
2

o’
its analytical solution is given by (10) [10], and the
normal derivative of the magnetic vector potential
is given by (11).

= jopo 4, )

A= Ae™, (10)

—yAe” =—yA, (11)

where 4, is the magnetic vector potential of the
separating surface. y and the penetration depth &
are defined by (12) and (13), respectively.

1+
=5 (12)
2
o= [—.
P (13)

To implement the concept of SIBC into a FE
formulation, the diffusion equation is solved using
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the neighbor region jointed to the boundary with
eddy currents [20].

Vx(nWVxA)=0, (14)
where v, is the reluctivity of the region without
eddy currents.

By discretizing (14) with the FE Galerkin
method and using the normal derivative (11) of the
1D analytical solution, the following result is

obtained,
A
v | N—dI'=—v,y| NAdT,

11 on 74 '1[ (15)
where v, is the reluctivity of the region with eddy
currents and N stands for the shape function.

Taking into account the right hand side of (15)
and the linear interpolation of the potentials within
a finite element, the expression (16) can be
obtained,

—vzyjNA dr = —vzyj[Ne]T[Ne][Ae] dr

o4

" (16)

where [N°] are the shape functions of the linear
element and [A°] are the unknown nodal potentials,
which are expressed by (17) and (18). T means
matrix transpose.

[N]=[N, N,], (17)

A= Al
[4°]= 4l (18)

Therefore, the discretisation of (16) of a linear
element is as follows,

v,y [ NAdT =
r

19
‘”I{ N? NlNz}[Al}dr (19)
, .
T NlNZ ‘]VZ2 AZ

By using the definite integral given in (20), the
values of the characteristic matrix are obtained,
u a'b!l
[NPNDar = ——, (20)
< (a+b+1)!
where / is the length of the linear element and it is
given by:

2 2
l=\/(x1_x2) +(y1_y2) ) (21)
where x1, x,, y; and y, are their spatial coordinates.
Therefore, Eq. (19) can be written as

vwyl[2 1] 4
— NAJD = -2 .
wrfvaar =220
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Consequently, by employing the SIBC, the
elemental matrix (2) can be transformed into:

0o A
iimﬂﬂ+l%§—wnﬂ
vl JA (23)
1+ )22 pl[A] =221
+( 4_])6é§[ 1[4] 3 [7],
210
[P]=[1 2 0], (24)
00 0
5= |2 25)
0o,

Where o is the conductivity of the 2D region and
0> 1s the conductivity of the SIBC region.

The SIBC edge of the first-order FE is located
between the first two local nodes, Fig. 1.

IV. APPLICATION OF THE SIBC TO A
TRANSFORMER
This section presents the application of the
SIBC for calculating the stray losses on the tank-
wall of a transformer. The theory of Poynting’s
vector states that at the surface of good conductors
the tangential components of the electric and
magnetic fields are approximately proportional to
each other. This is known as surface impedance
[11].
The magnetic field intensity H within one FE is
given by (26) [9]
H=v,B=v,Vxu_ 4™
px (26)
=u,v,yde’ =u v,y 4,
and the electric field E is expressed as (27).
E=-joA =-u_jode”™ =-u_jwd. (27

Triangular
element

\ /
Line element Nodes of a line
with SIBC element

Fig. 1. Line element with SIBC between two first
local nodes of a triangular element.
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By employing (26) and (27), the surface
impedance, Z;, is obtained as (28).

_E _[E_jo_y _(+))

©H |H| - WY - o, 0,0,

t

,» (28)

where E; and H, are the tangential components of
the electric and magnetic fields, respectively.

Therefore the resulting equations for the post-
processing of the solution are (29) and (30).
A+ A
Et = _j @ ( 1 2) >
2
EIO-255
2
The loss intensity P, within a linear element is

obtained by using the Poynting vector and it is
given by (31).

Q=%Rd4)

(29)

H, = (30)

2
Al g
2 026;

The SIBC formulation is implemented in a C
language program and the solver PARDISO is
used to solve the resulting system of linear
equations [22-23].

For a student, the demonstration of the validity
of the SIBC formulation is illustrative. For this
purpose, two FE meshes of the axi-symmetric
model of the transformer (Fig. 2) are constructed.
The loss intensity along the vertical tank-wall is
calculated by employing two FE meshes. One
mesh is generated using first-order FE to represent
the tank-wall while the other mesh is created using
line elements that represent the SIBC. The
thickness of the tank-wall is 4.83 mm. The
parameters of the transformer model are shown in
Table 1 and the electrical frequency is 60 Hz.
Therefore, the skin depth has a value of 1.2579
mm which is smaller than the thickness of the
tank-wall. The FE meshes were generated using a
free software library [24]. A computer with an
Intel dual-core processor was used in the
simulations. The mesh size and the computational
time for each model are indicated in Table 2. It
can be seen that by using the SIBC approach, the
mesh size can be reduced by 57.44 % and the
computational time can be decreased by 52.34 %.

The comparative results of eddy current losses
by using the SIBC and FE used to represent the
plate of transformer tank-wall are shown in Table
3.

H| =




QOil

Core LV HV

Tank-wall /

Fig. 2. Schematic diagram of the transformer FE
model.

It can be seen that both results are almost of the
same magnitude. This demonstrates the validity of
the SIBC formulation. Table 3 also shows that
losses are mainly concentrated in the vertical tank
wall due to the small loss increment obtained in
the total stray losses.

The flux distribution obtained with the model
that uses first-order FE is shown in Fig. 3, whereas
the solution obtained by using the SIBC
formulation is illustrated in Fig. 4. It can be seen
that both flux distributions are very similar.

In order to compare the loss intensity on the
vertical tank-wall, it is firstly computed with a
first-order FE mesh. A technique was developed to
obtain this surface representation of loss intensity.
This technique is based on the linear distribution
property of losses within a FE. Firstly, the total
area of the vertical tank-wall is divided into
equidistant rectangular regions. This allows the
calculation of loss intensity by using the loss
quantity allocated in each rectangular region. An
interpolation technique was used to obtain the
amount of the losses in the rectangular area.
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Table 1: Parameters of the transformer model

Region | Current | Turns My c
LV 5552.3A 6.0 1.0 —
HV 5356 A | 622.0 1.0 —

Non-
Core — — linear 00S
(M4)
Oil — — 1.0 00S
Tank — — 400.0 | 6.67¢6 S

Thereafter, the losses of each rectangular region
are divided along its vertical length (height). Since
the problem is axi-symmetric, the losses are also
divided by its cylindrical depth, 277, where 7 is the
radius of the tank-wall surface. To illustrate the
above process, a mesh with six rectangular regions
(shaded) is shown in Fig. 5. To complement the
analysis presented in this paper, the magnetic
nonlinearity of the tank-wall material is included
in the FE model. The Newton-Raphson algorithm
is employed to solve the resulting nonlinear
equations. The A36 steel is used to represent the
tank-wall. The loss intensity behavior in the
transformer tank-wall is shown in Fig. 6. It can be
observed that the nonlinear model underpredicts
the loss intensity with respect to the linear FE and
SIBC-FE models. This is a useful result for
manufacturers because a linear solution can be
used to approximately predict the eddy current
losses. The rather small loss difference is due to
the slightly saturation of the transformer plates
since it is only excited by the magnetic leakage
fluxes of the transformer windings.

Table 2: CPU time and mesh size for both models

Model CPU time Nodes
Linear FE 4092 s 278,249
Linear SIBC-FE 2142 s 160,018
Non-linear FE 253.81s 278,249

Table 3: Computed stray losses of the transformer

Vertical tank- Total tank-
Model
wall losses wall losses
Linear FE 84.3245 W 86.9237 W
Linear
SIBC-FE 84.5805 W 87.18890 W
Elf:’“'hnear 77.5774 W 79.2268 W
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Fig. 3. Flux distribution in the FE linear model of
the transformer.

Fig. 4. Flux distribution in the SIBC-FE linear
model.
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Fig. 5. Projection of the FE losses in the vertical
tank-wall into an equivalent surface.
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Fig. 6. Loss intensity behavior along the vertical
tank-wall.

V. CONCLUSION

In this paper, a comprehensive FE-SIBC
formulation has been presented and applied to the
modeling of the transformer tank-wall. The
formulation allows an easy understanding of the
SIBC and its incorporation into a FE code.
Besides, it was illustrated that this formulation has
advantages in terms of computational time and
mesh size, which makes it attractive for computing
stray losses in large electrical equipment. An axi-
symmetric FE model of the transformer was



developed and the SIBC formulation was used to
represent the tank-wall. In order to compare the
results obtained by using the SIBC and FE models,
a projection technique of the 2D-FE losses was
developed. Finally, it was shown that the SIBC is
a useful approach that can be used in conductive
regions allowing to decrease the FE mesh size.
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Abstract — A novel compact ultra-wideband
(UWB) monopole antenna with triple high quality
notch bands is presented. By attaching a T-shaped
strip to the semicircular patch on the front side and
adding a rectangular ring on the back side, a notch
band for WiMAX is obtained. Furthermore, by
symmetrically etching a pair of curved slots and a
pair of L-shaped slots in the radiation patch, band
rejected filtering properties in the lower WLAN
band and upper WLAN band are also achieved.
Experimental results show that the designed
antenna, with compact size of 24 X 28mm” has an
impedance bandwidth of 2.75GHz-14.7GHz for
VSWR<2, except three frequency stop bands of
3.3GHz-3.75GHz, 4.77GHz-5.4GHz,and 5.7GHz-
6.23GHz. Moreover, good omnidirectional
radiation patterns in the H-plane are also obtained.

Index Terms— Compact, monopole
rejected bands, UWB applications.

antenna,

I. INTRODUCTION

Ultra-wideband ( UWB ) technology has
undergone many significant developments in
recent years [1-2]. However, there still remain
many challenges in making this technology alive
up to its full potential [3-4]. Planar monopole
antennas have been found to be excellent
candidates to operate in UWB systems, owing to
wide  bandwidth, simple  structure and
omnidirectional radiation patterns [5]. However,
over the UWB frequency band ranging from
3.1GHz to 10.6GHz, other frequency bands exist
such as WiMAX band (3.3GHz-3.7GHz), and
WLAN band (5.15GHz-5.35GHz, 5.725GHz-
5.825GHz). Therefore, many band notched
technologies [6-9] have been reported such as

Submitted On: Nov. 27, 2011
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etching a pair of asymmetrical spurlines on the
feedline [10], embedding a pair of I'-shaped stubs
in the patch and G-slot on the ground plane [11].
Nevertheless, all these antennas have only two
notch bands and especially have only one notch
band for WLAN in 5.15GHz-5.825GHz. This
reveals that potential interference from other
narrow bands may still exist and the frequency
range between 5.35GHz-5.725GHz cannot be
utilized with these antennas.

In this paper, a novel compact monopole
UWRB antenna with three independent notch bands
is presented. By attaching a T-shaped strip to the
semicircular patch on the front side and adding a
rectangular ring on the back side, a notch band of
3.3GHz-3.7GHz is achieved. To realize another
two narrow bands of WLAN centered at 5.2GHz
and 5.8GHz, a pair of curved slots and a pair of L-
shaped slots are etched in the patch symmetrically.
Details of this antenna are presented and the
measured results are given to demonstrate its
performance.

II. ANTENNA DESIGN

Fig. 1(a) and (b) show the geometry of the
proposed band notched antenna, which is
fabricated on a FR4 substrate of thickness 1.6mm
and permittivity 4.5. The width of the feeding line
is fixed at 3.2mm to achieve 50Q characteristic
impedance (at the centre frequency). The proposed
compact band notched antenna is based on a
simple circular monopole antenna. The notches
defected on the ground plane is designed to
achieve better impedance matching over the entire
UWB frequency band, because the modified
truncation creates a capacitive load that neutralizes
the inductive nature of the patch to produce nearly
pure resistive input impedance. To realize the

1054-4887 © 2012 ACES
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notch band for WiMAX band, a T-shaped strip
was connected to the semicircular patch on the
front side and a rectangular ring was added on the
back side. Therefore, an extra resonator was
constructed. Adjusting the related dimensions to
make it resonates at the desired notch frequency
(3.5GHz). Because of the symmetrical
characteristics of such resonator, the fields yielded
by the currents concentrated in the resonator
cancel each other. As a result, a steep rejection
property is achieved.

24

8T

Unit:mm

24

122 2
(b)Back view

Fig. 1. Geometry of the proposed band notched
antenna: (a) front view. (b) back view.

Similarly, the second notch band for lower WLAN
band (5.15GHz-5.35GHz) comes from the pair of
L-shaped slots on the patch and the third rejection
band for upper WLAN band (5.725GHz-
5.825GHz) is attributed to the two curved slots on
the patch.
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ITII. RESULATS AND DISCUSSION

The proposed compact monopole antenna
with triple high quality rejected bands is
constructed, and the numerical and experimental
results are presented and discussed. The
parameters of this proposed antenna are studied by
changing one parameter at a time and fixing the
others. To fully understand the behavior of the
antenna’s structure and to determine the optimum
parameters, the antenna was analyzed using the
commercial software CST. And a photograph of
some fabricated prototypes with optimal design,
ire. dF/=1mm, L;=59mm, 4=0.8mm, s,=0.1mm,
$,7=0.2mm, w;=0.7mm, L,=10.8mm, W,=7.4mm, is
shown in Fig. 2.

Fig. 2. Prototype of the proposed band notched
antenna.

In order to minimize the physical size of the
proposed antenna, the upper half circular patch
was cut first and then a T shaped strip is attached
to the lower half circular patch. As a result, the
maximum equivalent electrical length 1is
effectively lengthened thus compact size can be
achieved. Furthermore, by adding a rectangular
ring on the back, a notch band is achieved. Fig. 3
exhibits the effects of the rectangular ring to the
performance of the proposed antenna. And from
the results it can be observed that the inner length
of the rectangular L, have only impact on the first
notch band. With the parameter L, decreases from
11.6mm to 10.0mm gradually, the first rejected
band shifts right correspondingly, while the other
two rejected bands almost remain still.
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Fig. 3. Simulated VSWRs for the proposed
antenna with different length of Lr.
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Fig. 5. Simulated VSWRs for various distances d.

Moreover, the VSWRs for various width w;
are plotted in Fig. 4. It can be observed that the
parameter w; has only great impact on the second

notch band. And with ‘w;’ increases from 0.5mm
to 0.9mm, the second notch band shift left
gradually. Similarly, the parameter d mostly
affects the third notched band alone, as shown in
Fig. 5. And with d; increase from 0.2mm to
0.6mm, the third rejected band shifts right while
the other two notch bands stand still.

(b) At 5.2GHz

(c) At 5.8GHz

Fig. 6. The current distribution at different
frequencies: (a) at 3.5GHz. (b) at 5.2GHz. (¢)
at 5.8GHz.
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The simulated current distribution of the
proposed antenna at 3.5GHz, 5.2GHz, and 5.8GHz
for the optimal design is presented in Fig. 6 (a), (b)
and (c), respectively. It can be seen that the current
at the notch frequencies are symmetrically
distributed.  Accordingly the radiation fields
generated by the oppositely directed currents
cancel each other at the notch frequencies. Thus
notch bands are obtained. Furthermore, the current
is mainly distributed along the T-shaped strip and
the rectangular ring at 3.5GHz, and distributed
along the edge of the L-shaped slots at 5.2GHz.
While at 5.8GHz the current is mostly exists along
the curved slots. As a result, the three notch bands
are independent adjustable, which is very
convenient when it comes to specific application.

20
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133

simulated proposed antenna
----measured proposed antenna
|-+=---- simulated reference antenna
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Fig. 7. (a) Simulated and measured VSWR for the
proposed antenna. (b) The antenna gain of the
proposed antenna and the reference antenna.

The simulated and measured VSWR of the
proposed band notched UWB antenna is shown in
Fig. 7 (a). Furthermore, the simulated VSWR of

ACES JOURNAL, VOL. 27, NO. 8, AUGUST 2012

the UWB antenna without notched characteristics
(the traditional circular monopole antenna) is also
shown for comparison. It can be observed that the
designed antenna has wideband performance of
3GHz-15GHz for VSWR<2, except three steep
rejection bands of 3.3GHz-3.75GHz, 4.77GHz-
5.4GHz, and 5.7GHz-6.23GHz. And the realized
gain showed in Fig. 7 (b) exhibits three sharp gain
decreases at 3.3GHz-3.75GHz, 4.77GHz-5.4GHz,
and 5.7GHz-6.23GHz. Particularly, compared with
other band notched antennas, the proposed antenna
with VSWRs>19 at all the three notch bands
demonstrates even much better rejection
characteristics. Furthermore, the frequency range
between 5.4GHz-5.7GHz can be utilized with the
proposed antenna, which is rejected by other
WLAN band notched antennas. Figure 8 shows the
radiation patterns of the proposed antenna at
3.1GHz, 5.4GHz, and 7.5GHz, respectively. It can
be seen that the proposed antenna exhibits a fairly
good omnidirectional radiation pattern in the H-
plane and a dipole-like radiation pattern in the E-
plane.

o ——yT

- = -f=5.4GHz|
+eeee £27.5GHzZ|

v —f=3.1GHz
R - = +f=5.4GHz.
eeses F=7.5GHz.

Fig. 8. The radiation patterns of the proposed
antenna: (a) E plane. (b) H plane.

Furthermore, as a very important aspect of a
practical antenna, the efficiency of the proposed
antenna is also investigated. The simulated



efficiency of the proposed band notched antenna is
shown in Fig. 9. And the efficiency of the
reference UWB antenna is also shown for
comparison. It can be observed that the efficiency
of the reference UWB antenna without notched
characteristics is mostly above 80% in the
operation band. However, the efficiency of the
proposed band notched antenna is not more than
10% in the three notch bands, while almost remain
the same in the operation band.
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= the proposed antennal

0.1+

0.0 T T T T T T T T T T T T T 1
2 3 4 5 B 7 8 9 10 11 12 13 14 15 16

Frequency(GHz)

Fig. 9. The efficiency of the proposed antenna and
the reference antenna.

IV. CONCLUSION

A novel compact UWB printed monopole
antenna with triple high quality rejected bands has
been presented. The notch bands are realized by
attaching a T-shaped strip to the semicircular
patch on the front side and adding a rectangular
ring on the back side, etching a pair of L-shaped
slots and a pair of curved slots in the radiation
patch. Both wide bandwidth and good monopole-
like radiation patterns are obtained. The proposed
antenna’s features such as sufficient and
independent adjustable band notches, higher
rejection  peak, wide  bandwidth, and
omnidirectional radiation patterns, show that the
proposed antenna is a very good candidate for
UWRB applications.
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Abstract — The hybrid volume-surface integral
equation (VSIE) method has the advantage of
solving electromagnetic  scattering problems
involving complex structure mixed metal with
dielectric. In this paper, a method combining VSIE
with overlapped domain decomposition method
(ODDM) is used to analyze -electromagnetic
scattering problems successfully. To further
improve efficiency, the multilevel fast multipole
algorithm (MLFMA) is adopted, then a novel
VSIE-ODDM-MLFMA is proposed. Numerical
results show that the proposed method has low
memory requirement, fast convergence, and
accurate simulation result. It indicates that the
proposed method has the ability to analyze
complicated electromagnetic problems.

Index Terms — volume-surface integral equation,
electromagnetic scattering, overlapped domain
decomposition method, multilevel fast multipole
algorithm.

I. INTRODUCTION

The solution of the hybrid volume-surface
integral equation (VSIE) is based on the method of
moments (MoM) which has been widely used for
numerical analysis of electromagnetic radiation
and scattering problems [1-3]. For direct solver,
the memory requirement is O(N°) and the CPU
time is O(N°) in MoM. However, both of them in
MoM are O(N°) for iterative solvers, where N
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denotes the number of unknowns. For the
electrically large problems, it is difficult to fulfill
the requirement of memory and efficiency on
single personal computer presently. The
overlapped domain decomposition method
(ODDM) has the function of decomposing the
computed domain into several subdomains. Each
subdomain is extended with a buffer domain. The
solution of the whole domain could be completed
by solving the extended subdomains circularly.
Due to introducing buffer domain, the current
edge-effect in each subdomain could be depressed
effectively and the convergence of the outer
iteration is much fast. For solving only one
subdomain at a time, the ODDM has the
advantage of saving computing resources. The fast
multipole method (FMM) can accelerate the
matrix vector product with complexity of O(N'~)
and its extension, the multilevel fast multipole
algorithm (MLFMA) [4-7], further reduces the
complexity to O(NlogN) [8]. In this paper, a new
VSIE-ODDM-MLFMA is proposed which
combines both ODDM and MLFMA with VSIE.
Numerical results show the accuracy and
efficiency of the proposed method. It demonstrates
that the proposed method has the ability to analyze
complicated electromagnetic problems.

II. FORMULATION
The section presents the VSIE-ODDM-
MLFMA solver and its computational complexity
analysis.

1054-4887 © 2012 ACES
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A. Outline of the VSIE

Using the equivalence principle, the
conducting bodies are replaced by equivalent
surface currents and the dielectric materials are
replaced by equivalent volume currents [9]. Above
is the basic idea of the VSIE [10-11] method.

For the electromagnetic scattering problems
involving complex structure mixed metal with
dielectric, the integral equations can be expressed
by mathematical relationship with corresponding
magnetic vector and electric scalar potentials. As
follows, the volume integral equation (VIE) and
the surface integral equation (SIE) are given by

D + joA,(r)+VO,(r)

E =—
£(r)
+joA(r)+Vd(r) reVl, (D
and
E', =[joA,(r)+VD,(r)
+joA () +VD(r)],, resS Q)

where £(r) is the permittivity of the dielectric
material, A, (r), Ay(r), @, (r), and O (r)

are vector and scalar potentials produced by the
volume and surface current, respectively, given by

AAﬂzmi}Aﬂk&JWM'u:&V (3)

1
D (r)=- VeI (r')g(r,r)du’
,(r) WOL (1) g,
u=S5,V. (4)
~jkole
In (3) and (4), g(r,r") =—————, the Green’s
47r|r—r

function of free space, J¢ is the surface current,
J, is the volume current which is related to the

total electric flux density D in equation (1).

To solve the equations (1) and (2), the
conducting surface is discretized into small
triangular patches, while the dielectric region is
divided into tetrahedral elements [9]. Employing
both the Schaubert-Wilton-Glisson (SWG) [12]
and the Rao-Wilton-Glisson (RWG) [1] basis
functions in equations (1) and (2), then testing (1)
with SWG basis function and testing (2) with
RWG basis function, we can get a matrix equation
which could be written as a submatrix form in the
following:

ACES JOURNAL, VOL. 27, NO. 8, AUGUST 2012

ZDD ZDM IDn ED
ZMD ZMM I = EM ’ (5)
Mn

where the first matrix is impedance matrix, /,,
and /,, are the unknown expansion coefficients,

E” and E™ denote the excitation vectors. The
more details of the VSIE can be found in [9].

B. Basic principle of ODDM

When decomposing the whole computed
domain to several subdomains, the corresponding
impedance matrix [Z] will be decomposed into

several submatrices. The solution of the whole
domain could be got by solving submatrix
equations circularly. Above-mentioned process is
the idea basis of domain decomposition method
(DDM) [13]. For solving only one submatrix
equation at a time, the memory requirement can be
reduced. However, as the whole matrix equation
need to be solved by iterative solvers, the
computing time would become longer usually.
Using parallel computation could improve
efficiency. Similarly, employing preconditioned
techniques can reduce iteration number and CPU
time.

Fig. 1. The illustration of the DDM model.

As is shown in figure 1, if the domain is
decomposed along the thin solid lines, there would
be no common elements among the submatrices.
In this way, the electric current of subdomain
boundary would have singularity which can lead
to the problem of low efficiency and slow
convergence, even no convergence. In order to
restrain electric current singularity, Brennan
proposed a forward and backward buffer region
(FBBR) iterative scheme which regards the
forward or backward domain of subdomain
boundary as buffer domain of the subdomain [14].
However, only the current edge-effect in one side
of each subdomain is depressed. On the basis of
the idea presented in [14], the ODDM was
proposed in [15]. The dotted line in Figure 1 is the



boundary of the extended subdomain whose
solution is restricted to the original subdomain by
discarding the currents in buffer domain. The
whole domain current could be got by solving
circularly. Above paragraph has illustrated the
basic principle of ODDM.

The ODDM involves twofold iterations
including inner iteration and outer iteration. The
iteration solving subdomain is inner iteration while
the process of solving all the subdomains once is
called as an outer iteration, in which the current in
the whole domain is updated once by the inner
iteration. The following figure has explained the
relation between inner iteration and outer iteration.

Computed domain

i=1 \LK\Wt\dOmX\\ ;Inoidcnt domain
i=2 Incident domain \\le\vkhmain

Incident domain

v Incident domain

Incident domam \\\\\\x\

Fig. 2. The relation between inner iteration and
outer iteration.

i=3 Incident domain

(

In figure 2, the iterative domain denotes the
extended subdomain that need to be computed and
its complementary domain is the corresponding
incident domain, the thin solid line is subdomain
boundary, the dotted line is the boundary of the
extended subdomain with buffer domain, i
represents the sequence number of the solved
subdomain and k denotes kth outer iteration.

C. FMM and MLFMA

Based on FMM, the MLFMA has gained great
success in solving electromagnetic problems with
electrically large size [16-17]. MLFMA is the
promotion of FMM in hierarchical structure. The
basic principle of FMM is to divide scattering
units which derived by discretizing scattering
object into groups. The mutual coupling of any
two scattering units is calculated by different
methods according to the relative position of their
groups. When they are adjacent, we use direct
calculation method, otherwise, separate into three
steps containing aggregation, translation and
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disaggregation. As shown in Fig.3, for a given
group of field point, firstly, the contributions of all
scattering units in its non-adjacent group would be
aggregated to the center of each group, secondly,
the contributions of these groups would be
translated from each center to the center of the
given group, finally, all the contributions of the
non-adjacent groups would be disaggregated from
the center of the given group to each scattering
unit in the group. For a group of source point, the
group center represents the contributions of all
scattering units in this group to its non-adjacent
groups. For a group of field point, the group center
represents the contributions of all non-adjacent
groups to this group. In this way, the number of
scattering center is considerably reduced [18-19].

Fig. 3. The direct interaction between two far-field
elements is separated into three steps containing
aggregation, translation and disaggregation.

The expression for matrix vector product in
FMM is written as

ZZ’”” n z zzmn n

qu neG
+g‘j‘> R’”P (k) ZB: rpt/ (k’ pq)ZG: (l‘;)lndzlg- (6)
q¢& ne

The first term in (6) denotes the contribution from
nearby groups (including the self-group) which is

represented by the symbol BP , the second term is
the far-field interaction calculated by FMM, the
qn(k) r, k7)), and R (k) donate the

aggregation, translatlon, and disaggregation factor,
respectively.

D. The VSIE method combined with ODDM
As is shown in (3) and (4), using the volume

current J,, and surface current J to respectively
denote magnetic vector and electric scalar
potentials in equation (1) and equation (2), we get
the incident field expression. To derive the
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formulation of VSIE-ODDM conveniently, we
define one F linear operator as

E, <r)) jouy [ 3, (r

jvq r') g(r,r')du’

Then the equation (1) and equation (2) could
be expressed as

B =D (0, ()
+F,J(r) rev, (8)
E.  =[FJ,0)N)+FJ;x)], res 9
To build the integral iteration formula
between subdomains, we define two linear
operators 7" (r,J) and K”(r,J) for the VIE (8).
The two linear operators can be written as

g(r r')du'

u=S8,V. (1)
]a)go

T(r,d) = %w 3, (")
+F,(J,(r') r'eQ.rel’ (10

K°(r,0)=F,J, (")
+E,J () reQlreV’ (11)
where i is the sequence number of subdomain, the
i th extended subdomain Q] includes V" and S/,

Q! is the complementary domain of Q.

Q=Q +Qb([) where Q

1

Here,

sy denotes the buffer

domain of Q, . Similarly, V= V.+V,, and

S/=58,+8,, -

equation (10) and equation (11), we get the VIE-
ODDM iteration scheme which is expressed as

TP (r,3)=-K"(r,J*")
+E'(r) reV/ (12)
Comparing equation (12) with equation (8), the

Combining equation (8) with

computed domain is reduced from V' to V., and

the excitation source in the computed domain
includes both the information of incident plane
wave and the coupling from other subdomains.

A similar procedure can be applied for the SIE

(9). We define two linear operators 7" (r,J) and
K" (r,J) , then we can get the SIE-ODDM

iteration scheme, expressed as

TV (r,J9)=-K" (r,J* ™)
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+E'(r),, resS. (13)
Expanding the equation (12) by RWG and
SWG basis function and testing it with SWG basis
function, the matrix form of the VIE-ODDM can
be obtained. Similarly, for equation (13), selecting
RWG basis function as testing function, we can
get the matrix form of the SIE-ODDM. Combining
the two matrix equations, a VSIE-ODDM iteration
scheme is presented as

2z ne [ 2
- {Z Z}H
> MD = MM (k)

jercenn| Ly Ly Ly

g

> DD > DM (k-1)

zr0 M I

> MD > MM (k-1)
J>i,c(j)eb(i) Z szf IMj

i=1,2, M.  (14)

Here, M denotes the number of subdomain,
[ED, Eé” ]T represents the vector of incident
field in the ith extended subdomain Q' Z, 7 PP ,
ZiiDM ’ Zii , and Zu‘

. . DD 5DM  SMD = MM
matrices in Q] -Z,y , Zij , Zij , and Zij are

are the self-impedance

the mutual-impedance matrices between €2 ; and
Q. By solving the equation (14) and discarding

the current in the buffer domain Q the current

b(i)
in subdomain €2, could be updated. The process

of solving the equation (14) is an inner iteration.
By several outer iterations, we can get the current
in the entire domain.

E. The VSIE-ODDM-MLFMA solver

The MLFMA may be employed to accelerate
the matrix vector product. The entire object is first
enclosed into a large cube, which is partitioned
into eight smaller cubes. Each subcube is then
recursively subdivided into smaller cubes until the
edge length of the finest cube is about 0.1
wavelength. In ODDM, the whole computed
domain needs to be decomposed into iterative
domain and incident domain. However, when
combining the ODDM and MLFMA, it is
necessary to consider the problems of
decomposition and grouping simultaneity.



1 @ 1 @ 1
of o] | +{oi o
(a) (b) (c)

Fig. 4. The cube belongs to iterative domain and
incident domain simultaneity. ( ® , o represent
basis function units in the ith iterative and incident
domain, respectively.)

In VSIE-ODDM-MLFMA, for a certain cube
of a certain MLFMA layer, if no less than one
basis function unit is located in ith iterative
domain or incident domain, the cube belongs to ith
iterative domain or incident domain. As is shown
in Fig. 4, the cube (a) belongs to ith iterative and
incident domain simultaneity because it has both
e and o basis function units. As a cube in ith
iterative domain, the cube (a) is equal to cube (b),
while as a cube in ith incident domain, the cube (a)
is equal to cube (c). Due to outside of the iterative
domain, the o basis function units will contribute
outgoing radiation (called aggregation) but do not
receive updates via translation and disaggregation.

F. Computational complexity analysis of the
VSIE-ODDM-MLFMA

The computational complexity for the VSIE-
ODDM-MLFMA is composed of the inner and
outer iterations. We define the average number of
unknowns in every iterative domain as
N=N/M+N, where N is the total number of
unknowns, &, denotes the average number of
unknowns in buffer domain. Suppose that the
average number of inner iterations is ¢, the average
CPU time of solving each iterative domain is
O(¢NilogNy). Assuming that the number of the
outer iterations is ¢, then the total CPU time of the
inner iteration is about

O(c-M-&-N,logN,)

ZO(g.M.g.(%+Nb)log(%+Nb))

—0(-&-(N+ MNlog -+ N). (19

When the size of the whole coefficient matrix
is fixed, the CPU time of inner iteration is mostly
determined by ¢'¢. According to past experience,
the accuracy of both electric current and radar
cross section (RCS) could generally meet the
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requirements when ¢ is 3. Obviously, the memory
requirement for the inner iteration is O(N;logN,).
When using an iterative solver to solve the
problems, only near-field matrix elements need to
be stored. So the VSIE-ODDM-MLFMA is better
than VSIE and VSIE-ODDM in the aspects of
memory requirement or computational efficiency.
In contrast to VSIE-MLFMA, the memory
requirement is reduced significantly, which is very
important to analyze electrically large problems.

III. NUMERICAL RESULTS
To demonstrate the accuracy and efficiency of
the proposed method, several numerical examples
are presented in this section.

|
X }\ Y

Fig. 5. Perfectly conducting sphere coated with
dielectric layer.

30
mie(phi=0)
o mie(phi=90)
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= o R 7 a 8 ot xBASH
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20 |
30 |
-40
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Fig. 6. Bistatic radar cross sections of a dielectric-
coated sphere.

The first example is a perfectly conducting
sphere with a diameter of 0.34234,, which is
coated with a 0.10174, thick dielectric layer whose
relative dielectric constant is ¢=2. The mixed
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structure is illuminated by a plane wave. In order
to use the VSIE-ODDM-MLFMA, the target is
decomposed into four domains. The dielectric
domain is discretized into tetrahedrons and the
metal domain is discretized into triangles, as a
result, 14332 SWG basis functions and 963 RWG
basis functions are generated.

The bistatic RCS computed by the VSIE-
ODDM-MLFMA is shown in Figure 6. The
comparison with the exact Mie series solution is
given and excellent agreement is found. The
example demonstrates the accuracy of VSIE-
ODDM-MLFMA for analyzing the structure
mixed metal with dielectric.

Y

z

/ b

| Im

I
Il: 2m >

Fig. 7. A dielectric cuboid coated with a metal
layer on the surface.

As shown in Figure 7, the second example is a
dielectric cuboid coated with a metal layer on the
surface whose specific size is marked. The relative
permittivity of the dielectric cuboid is 1.6. The
incident wave frequency is 300MHz. To apply the
ODDM, first we divide the computed domain into
two domains averagely in X direction. Then we
discretize the dielectric and metal domains as the
first example, as a result, 4959 basis functions are
generated, which includes 4323 SWG basis
functions and 636 RWG basis functions.

We use VSIE-MLFMA program, VSIE-
ODDM-MLFMA program, VSIE-ODDM program
and VSIE program to compute bistatic RCS of the
target respectively. The comparative results are
presented in Figure 8.

As shown in Table 1, the comparison of the
total memory requirement and CPU time between
VSIE-ODDM-MLFMA and VSIE-MLFMA is
provided. In VSIE-ODDM-MLFMA, the total
memory requirement is 42288KB, which is
reduced by 35.3% significantly in contrast to
65364KB in VSIE-MLFMA. If we divide the
computed domain into more subdomains, the
memory requirement will be further reduced. This
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experiment results also tell us that the total
memory requirement of VSIE-ODDM-MLFMA
only accounts for 10.6% of VSIE, 20.4% of VSIE-
ODDM, and the CPU time is reduced significantly
in contrast to VSIE and VSIE-ODDM.

30
MLFMA(phi=0)
————— MLEMA(phi=90)
20 0  ODDM-MLFMA(phi=0)

ODDM-MLFMA(phi=90) ~ ,aste®

~ 10
m
o
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@]
o0
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Oo
20 !
0 30 60 90 120 150 180
theta(deg)
(a)
20
ODDM-MLFMA (phi=0)
————— ODDM-MLFMA(phi=90), a&78
0 o ODDM(phi=0) 'S
i ODDM(phi=90) A
@ AAAAAAAAAAAAAAAAAAAAAAAAAA
7 0
Q
4

-20
0 30 60 90 120 150 180

theta(deg)

(b)
Fig. 8. Bistatic radar cross sections of a dielectric
cuboid coated with a metal layer on the surface.

Table 1: The comparison of the total memory

requirement and CPU time between VSIE-
MLFMA and VSIE-ODDM-MLFMA
Memory CPU
Method requirement(KB) | time(s)
VSIE-MLFMA 65364 88
VSIE-ODDM-
MLEMA 42288 132
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Fig. 9. The illustration of a 7x7 planar FSS array
and the square ring unit.

o ODDM-MLFMA(phi=90)

1]
10 F FEKO(phi=90) f

RCS(dB)
TN
[« S (=)

50 | |
-60
0 30 60 90 120 150 180
theta(deg)
(a)
0
i 0  ODDM-MLFMA(phi=90) g
-0 oo FEKO(phi=90) .
20
)
2 30 -
wn
@]
M40 -
-50 o
-60
0 30 60 90 120 150 180
theta(deg)
(b)

Fig. 10. Bistatic radar cross sections computed by
the VSIE-ODDM-MLFMA and FEKO.

In order to further demonstrate the VSIE-
ODDM-MLFMA has the ability to solve the
problems of complicated structure, we take the
third example of a 7x7 FSS array whose
dimension is shown in Figure 9. The FSS unit is
square ring whose outside edge length D1 is 7mm,
inside edge length D2 is 6mm, and cycle is
8mm.The dielectric substrate has 56mm in length,
56mm in width, and 0.5mm in thickness with the
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relative permittivity ¢,=3.0. To use the ODDM, we
first divide the computed domain into four
inhomogeneous domains, then discretize them into
tetrahedrons in dielectric domain and triangles in
metal domain, respectively. As a result, 30213
SWG basis functions and 1372 RWG basis
functions are generated. The FSS array is
illuminated by a TM polarization wave from the
vertical direction at 14 GHz. The RCS results
computed by the proposed method are plotted in
Figure 10. The comparison with the FEKO is
given and the good agreement between the two
methods is obtained.

The experimental results in Figure 10 have
demonstrated the proposed method has the ability
to solve electromagnetic scattering problems of
complicated structure accurately.

IV. CONCLUSION
In this paper, the ODDM and MLFMA are
introduced to the VSIE simultaneity, which could
solve the problem of insufficient hardware sources
and improve the efficiency. Numerical results of
the presented examples demonstrate the accuracy
and efficiency of this proposed method. It shows

that the VSIE-ODDM-MLFMA can solve
complicated electromagnetic problems
successfully.
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Abstract — This paper presents parametric analysis
of two-dimensional (2D) open-ended waveguide
array feeder and introduces a modified parabolic
reflector antenna structure to obtain electronically
switchable radiation patterns. The main motivation
of the study is to achieve desired radiation
characteristics for naval, air and coastal
surveillance radars such as, pencil beam,
suppressed side lobes and cosecant-squared
pattern shapes. The Analytical Regularization
Method (ARM) is used as a fast and accurate pre-
design tool to compute near and far field radiation
characteristics of the feeder and reflector antennas.
The numerical procedure is initially verified by the
analytical methods and the calculated results are
presented for the proposed novel designs.

Index Terms— Open-ended waveguide array,
Parabolic reflector antenna, Cosecant squared
pattern, Analytical regularization method.

I. INTRODUCTION
Typical surveillance radar systems generally
have a parabolic reflector, which has cosecant-
squared elevation pattern [1]. The feeder
configurations must be considered primarily to
estimate the radiation characteristics of reflector
conveniently. Waveguide or horn antenna arrays
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are widely used to feed the reflector antennas.
Suitable feeder configurations, which can
illuminate the reflector efficiently, must be
designed to meet requirements of modern radar
systems. Geometrical optics (GO), physical optics
(PO), aperture integration (AI) and geometric
theory of diffraction (GTD), or optimization
methods can be used for determining the antenna
radiation characteristics [2-6]. Moreover, method
of moments (MoM), finite element method (FEM)
and finite difference methods can be used for
feeder and reflector designs [7-8]. However, large
size antenna analyses usually require long
computation times [9-10]. Furthermore, the
complexity of some cavity or aperture geometries
creates hard numerical convergence problems in
many cases. The origin of these problems is
related to the direct numerical methods, which
reduce a diffraction boundary value problem
(BVP) to the functional equation of the first kind.
First kind equations may typically have a singular
kernel that causes unstable numerical process.
Thus, while the truncation number of the matrix-
vector algebraic equation set increases,
computational error degradation cannot be
guaranteed [11-13]. Hence, ARM that transforms
the ill-conditioned integral equation of the first
kind into a well-conditioned one of the second

1054-4887 © 2012 ACES
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kind is preferred to solve the matrix equation
numerically by truncation method with fast
convergence to reach fast and reliable solutions
[14]. The ARM is implemented for solving the 2D
problem of E-polarized wave diffraction by
arbitrary shaped, smooth and perfectly conductive
cylindrical obstacles to obtain fast, accurate and
reliable results [15-16]. The ARM solutions for
the 2D parabolic reflector and the H-plane horn
feeder have already been demonstrated by Turk
[10, 18-20].

In this paper, parametric characterization of
the 2D open-ended waveguide array feeder and the
design of modified reflector antenna are presented
to achieve electronically switchable pencil beam
and cosecant-squared radiation patterns for naval,
air and coastal surveillance radars. Feeder is
located on the focus of the reflector. Geometry of
the problem is illustrated in Fig. 1.

Section II explains the general theory of
ARM. Section III presents the parametric analysis
of wave guide array feeder. Section IV describes
the reflector design for pencil-beam and cosecant-
squared switchable pattern with exhibition of
performance results. Section V is the conclusion.

II. ARM FORMULATION

Scalar diffraction problem of an infinitely
long, smooth, longitudinally homogeneous and
perfectly  conducting  cylindrical ~ obstacle
corresponds to the Dirichlet boundary condition
for E-polarized incident wave. The incident and
scattered scalar wave functions (u'(p) and u’(p))
must satisfy the Helmholtz equation given in Eq.
(1) and the Dirichlet boundary condition in (2),
also with the Sommerfeld radiation condition.

(A+K)u'(p)=0, peR\S (D)
u'(p)=u"(p)=-'(p), peS )
where, S is smooth XOY cross section contour of
the domain D in 2D space R>eC?, v’ (p) and

u'7(p) are limiting values of u’(p)in the inner

and the outer sides of S, respectively. The solution
of the BVP is written in (3), using the Green’s
formula and the boundary condition in (2) [14].

—ﬂ[Hé”(k la—pDZ(p) I, == (g) 3)
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ou'(p) _ou(p)
on on

the unit outward with respect to S normal of the
point p. The unknown function Z(p) is constructed
by solving (3), and using parameterization of the S
contour specified by the function 7(0)=(x(6),y(6))
that smoothly parameterizes the S by Oe/-7 x].
The integral equation representation of the first
kind in (3) is equivalently arranged as follows:

1 4
E:[[|:ll'l
with the unknown function Zp(7) and the given
function g(6), where 6 €[-7,7] and

where, Z(p)= , ¢,peS;nis

2sin9_T

+K<e,r)}z,3<r>dr=g<9> )

Z,(0)=10)Z(1n(0)).g(0) =—u' (1(0)) &)

10) =[x (O)F +[y' O >0, x(0),y(0)eC”(0") (6)

The logarithmic part in (4) represents the main
singularity and K(6, 7) is rather smooth section of
the Green’s function. The functions in (4) are
represented by their Fourier series expansions with
ksm Zm 2n coefficients. An infinite system of the
linear algebraic equations of the second kind can
be obtained [15]:

2? + Z k’\s,mfm = gAS’ §= i17i2’ (7)

where

- 1
ks,m = _2z-sz-m |:ks,m +E§v,05m,0:|’

2 =1"z,8="2rg (8)
7, =max(l,| n |”2), n=0,+1+2,..

and o, , is the Kronecker delta function. Finally,

the scattered field u°(g) for g €R’ is obtained by the
integral equation representation of the (4) with any
required accuracy by the truncation method [16].

The ARM procedure has already been verified
by the analytical solution of wave scattering from
infinitely long circular cylinder [10]. Moreover, it
is compared with the analytical Wiener-Hopf
solution of scattering from parallel-plate
waveguide cavity for the case of E-polarized plane
wave incidence from 60°, which is given in Fig. 2
[17].
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Fig. 2. Comparison of the ARM calculation with

analytical result of scattering from open-ended

waveguide for 60° plane wave incidence.

III. PARAMETRIC ANALYSIS OF
WAVEGUIDE ARRAY FEEDER

The ARM procedure described at Section II is
derived for the investigated waveguide array
feeder. The geometrical cross-section of the feeder
is modeled by ARM, as a closed contour L that
goes from point 4 to point Z and back to 4
corresponding to @e[-z, 7], as illustrated in Fig. 3.
The relation between / and 6 is formulated in (9).
Distances of sources from inner wall are /4.

I=0+nm)L/2x )
l€[0,L]> (O,7)e[-n,x]
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Fig. 3. XOY-plane geometry of 3-elements open-
ended and flared waveguide array.

The feeder structure consists of totally 23
contour parts that are defined in Table 1. The
parameterization of the contour line is
implemented separately from point 4 to Z, and
back to 4 by means of the variable ;/<[0,L] as

given in Table 1 and Table 2.

Parametric analysis results of the waveguide
length, waveguide width, flare angle and edge
rolling effects on the H-plane radiation pattern are
presented in Figs. 4-7, respectively. The major
comments are highlighted briefly that; increasing
the waveguide length decreases back lobe levels
(see Fig. 4). The waveguide width should be
arranged as less than 0.75A to avoid multi-mode
propagation (see Fig. 5). Increasing the flare angle
does not yield significant effect for waveguide
array (see Fig. 6), although it can suppress back
lobe levels up to 15 dB for the single horn [20].
The edge rolling can slightly improve the side and
back lobe suppression performance (see Fig. 7).

Since electronically shaping of the reflector
radiation pattern mainly depends on the aperture
illumination, the most critical design parameter of
the feeder is source phases. The electronically
beam scanning performance of the waveguide
array feeder is demonstrated in Fig. 8. The phase
difference of 7° is proposed to obtain the near field
illumination in Fig. 11 for the suitable cosecant-
squared pattern given in Fig. 12.
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Fig. 4. H-plane radiation pattern of the feeder for
c=2A, d=0.05A, f=0.481A, R=IA, a =25°.
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Fig. 5. H-plane radiation pattern of the feeder for
b=2.2A, ¢=2.0A d=0.05A, R=1A, a =25°.
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Fig. 6. H-plane radiation pattern of the feeder for
b=2.2A, c=2A, d=0.05A, f=0.481A, R=IA.
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Fig. 7. H-plane radiation pattern of the feeder for
b=2.2A, ¢=2.0A, d=0.05A, f=0.481A, a =25°.
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Table 1: Segment lengths of the feeder contour
regions

No | Segment Definition Segment Length
T
1 —ﬂS9<2LIZ—7r L =a
2 2LI%—7ZS6’<2L2%—77 L,=L +b
3 2L2%—7r$0<2L3%—7r L =L +c
v i
4 2L3z—7r§6’<2L4z—7r L,=L,+0.57Rd
5 2L4%—n$0<2LS%—7r Ly=L,+c~d/tana,
6 2L5%—7ZS0<2L6%—7Z L, =L, +d/sing,
7 2L6%—7Z'S19<2L7%—7Z' Ly=Ly+b=db+d
8 2L7%—US9<2L8%—7I Li=L+f
9 2Lx%—”se<2L9%—” Ly=L,+b-d
i v
10 | 2L, =-7<6<2L,~-7 L,=L,+0.57Rd
L L
1 2Llo%—7rS€<2LH%—7r L,=L,—-d+b
12 2L11%—77S6’<2L12%—7r L,=L,+f
13 2le%—nﬁe<2Ll3%—7r L,=L,+b-d
v v
14 | 2L, ~-7<6<2L,~-7 L,=L,+0.57Rd
L L
15 2Ll4%—7zS€<2LIS%—7z Ly=L,—-d+b
16 2L15%—7IS6’<2L16%—7z Ly=L.+f
17 2L16%—72'S6’<2L17%—7r Ly=Ltb=db,+d
18 2Ll7%—7rﬁ9<2le%—7z Ly=L,+d/sing,
10 | 2, %-r<o<2r,Zeg | lo=hite-d/tana,
L L
20 | 2, Z-7<0<20,%- L,=L,+0.57Rd
19L = 20L G 20 19 N
21 ZLZU%—ﬂ'S6’<2L21%—ﬂ L, =L, +c
2 2L21%—7IS9<2L22%—7I L,=L, +b
23 ZLZZ%—ﬂ'S6’<2L23%—ﬂ L=L, +a
db, = d/tan(o1 —d/tanozI —-0.5d sin,
db, = d/tan o, —d/tan a, —0.5dsinq,
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Table 2: Parametric definitions of feeder contour

No |Region Parameterization

1 AB x=0;y=[-L +a

2 BC x=I-L;y=a

3 CcD x=b+(I-Ly)cos(a,); y=a+(I-L,)sin(e,)
x=0.5dsin(a ) +b+ccos(a, ) +0.5Rd cos(0.57+¢;)

-2(I-L)/Rd+X,;
4 DE y:—O.Sdcos(al)+a+csin(al)+0.5Rdsin(0.57z+al)
—2(1-L)/Rd +Y,;
X, =0.5(1-R)dsin(e,);¥, =0.5(R—1)d cos( )
x=b +dsin(a])+(cf(lfL4))cos(al);

: BF y:afdcos(al)+(cf(lfL4))sin(al);

. G x:d/sin(a])+?77(lfL5)cos(gol);
y=a—(I-L)sin(¢p);

7 GH x==l+Li+b—-dbl; y=a—d,

8 HI x=d;y=-l+L,+a—d,

9 I x=l-Li+d;y=a—-d-f;
x=b+0.5Rdcos(z/2-2(I-L,)/(Rd));

10 JK
y=a-15d - f+0.5Rdsin(z/2-2(I-L,)/(Rd));

11 KL x=L,—-l+b;y=a-2d-f;

12 LM x=d;y=L,~l+a-2d-f;

13 MN x=I1-L,+d;y=a-2d-2f;

14 "o x=b+05Rdcos(/2-2(I-L,)/(Rd));
y=a-2.5d-2f+05Rdsin(x/2-2(I-L;)/(Rd));

15 oP x=L,-l+b;y=a-3d-2f;

16 PR x=d;y=L,-1+a-3d-2f;

17 RS x=Il-Lg+d;y=d-a;

18 ST x=b —db2+(l—L”)cos((p2);
y:d—a—(l—L”)sin(goz)

. v x=b +dftan(e,)~db2+(I-L)cos(a,);
y=-a-(I-L,)sin(a,)
x=0.5dsin(a,)+b+ccos(a,)+0.5Rd cos(0.57 -,

-2(I-L,)/Rd+X,;
20 uv y=-0.5d cos(a, ) +a+csin(a,)+0.5Rd sin(0.57 —a, )
-2(1-L,)/Rd+Y,;
X, =0.5(R-1)dsin(a,);Y, = 0.5(R—1)d cos(a, )
x=0.5dsin(a, )+b+ccos(a,)+0.5Rd cos(0.57 - a,)
—2(I-L,)/Rd + X,;
21 VY y=-0.5d cos(a,)+a+csin(a, )+0.5Rd sin(0.57 -, )
—2(I-Ly,)/Rd +Yy;
X, =0.5(R-1)dsin(a,);Y, =0.5(R-1)d cos(a, )
22 YZ x=b+L, -l y=—a
23 ZA x=0;y=—a+l-L,;

0 P T TNy
SR . .,
N T
W\
104 %7
4
Q 0t 3
-30_ =
[—0° ==-45° - 60° —90°| *
“% 50 100 150 180

Degree
Fig. 8. Electronically scanned H-plane radiation
pattern of the feeder for h=2.2A, ¢=2A, d=0.05A,
f=0.5A, R=IA, a =30°.

IV. REFLECTOR DESIGN WITH
ELECTRONICALLY SWITCHABLE
PATTERN

The geometrical cross-section of the reflector
is modeled by ARM, as a closed contour L that
starts from point 4 towards point M and returns to
A corresponding to ge[-r, ], as illustrated in Fig.

9. The relation between / and € is formulated in
9).

The reflector structure consists of totally 12
contour parts. The parameterization of the contour
line is implemented separately from point 4 to M,
and back to 4 by means of the variable / [0, L] as

given in Table 3 and Table 4.

BeC :
40 ff \\ ..... R e
i N
: NN
20 S \\ .............
i ~
~ d - a ¥
& o a2
o OG- RE e L
> /

X (cm)
Fig. 9. Geometry of the modified reflector.

The modified reflector geometry is designed
asymmetrically by adding special rims with
different lengths and bending angles to obtain
electronically switchable radiation patterns. Near
field radiation of the array feeder is considered as
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the illuminator of the reflector antenna. The
cosecant-squared pattern is arranged by
determination of adequate near field distribution of
the feeder. For this aim, waveguide feeder sources
are excited with suitable phase and amplitude
values to obtain the desired near field illumination.

The calculated near field distributions on the
reflector for the pencil beam and cosecant-squared
patterns are shown in Fig. 10 and Fig. 11. Feeder
sources have same phases and amplitudes for
pencil-beam. However, 7° phase differences are
preferred and amplitude of the third source is
increased 1.2 times for cosecant-squared pattern.
H-plane normalized directivity gain patterns of the
electronically switchable cosecant-squared and
pencil-beam radiator are shown in Fig. 12.

9 0.15
5 '
0
_55 0.1
-10f
-15}
0.05

0 5 10 15 20
X/

Fig. 10. Calculated near field which illuminates
the reflector for pencil-beam radiation pattern.

y/A

9

0.3
5 ’
0.25
0
0.2
<
> -5
0.15
-10
0.1
-15
0.05
0 5 10 15 20
XIh

Fig. 11. Calculated near field which illuminates
the reflector for cosecant-squared radiation
pattern.
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==-pencil beam
—cosecant-squared

Degree
Fig. 12. H-plane normalized directivity gain
patterns of the electronically switchable cosecant-
squared and pencil-beam radiator.

Table 3: Segment lengths of the reflector contour
regions

No | Segment Definition Segment Length
1 —7[£9<2L1%—7z L1:2btan((az—al)/2)
2> | 2, f-z<6<20,%-7 | L, =L +7c,
L L
3| o Eorco<a, By | Bebivram((a-a)/2)
'L L
4 2L3%—ﬂ§9<2L4%—7r L, =L, +p,c,
5 2L4%—7z§6’<2L5%—7r Ly =L, + psc,
6 2L5%—7ZS€<2L6%—7Z Ly =L, + p,c,
7 ZLG%—ﬂS0<2L7%—ﬂ L =L +pc,
8 2L7%—US€<2LS%—7I Ly=L, +mc,
9 ZLS%—ﬂS9<2L9%—ﬂ L, =L ++pc,
T T
10| 2L, 7-7<0<2L, x| Lo =L+ Py
i v
11 2Lloz—7z§6’<2LHz—7r L,=L,+ psc,
T
12 2LHZ—7zS9<7z L=L,+p,c,

c, :(b—a)/(lJrcos(al)) c, :(b—a)/(lJrcos(az))
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Table 4: Parametric definitions of the reflector

contour regions

No |Region | Parameterization
x:—2bcos(y/l)/(l+cos(u/l))
! 4B y= 2bsin(1//l )/(1+cos(1//l))
v=cycos[ (L =1)/e, +7-a, ]
—(a+b)cosa, [(1+cosa,)
2 Be y=esin[(L =1)/c, +7—at, |
+(a+b)sina, /(1+cosa,)
= 2acos(y,)/(1+cos(v,))
L] s/ esv,)
x:—2acos(al)/(l+cos(al))+(l—L3)COS(a3)
! bE y:2asin(al)/(1+cos(al))—(l—L3)Sin(a3)
x=—2acos(al)/(1+cos(al))
+p,c; cos(ay)+(I1- L, )cos(a,)
: R y=2asin(e,) /(1+cos () )
—picssin(a; ) +(1-L,)sin(a,)
x=-2acos(q,) /(1+cos () +(I - L) cos(az;)
+6[ py cos(a) + p; cos(a,) ]
6 Fo y=2asin(e,)/(1+cos(e,))- (I - L )sin(as)
—¢, [ psin(a )+ pysin ()]
x=-2acos(,)/(1+cos(a,)) +(I - L) cos()
+ |:p4 cos(a;)+ p; cos(a, )+ p, cos(a ):I
7 Gt y:2asin(al)/(1+cos(al))—(l—Lﬁ)sin(as)
-, |:p4 sin(a, )+ pysin(a, )+ p, sin (o ):I
x—clcos[ /cl q]— a+b)c0§(q)/(l+ms(a,))
e cos()+ pcos{+ prcs() ol )]
i a y=¢sin[(L,~I)/c,—a; [+(a+b) sm(a)/(Hcos(a‘))
¢, pysin(a;)+ pysin(a, ) + p, sin( )+ psin( ) |
x=go8(+ar) ~{a-+b) os( ) L+cos{ )| (I Ly os( )
[y cos( )+ py cos( )+ o)+ py cos( ) ]
’ v x= sin[—7—g |+ a+b)sin( ¢ /(1+cos(oq))+(l—lﬁ)sin(q,)
o[ pisin(ey) +pysin(a) +pysin o) + pysinf )|
x=g08(+a;) ~{a-+b) os( ) L+cos{ )| (1 Ly os{ )
46 cos{ )+ pcos( g+, s )
| mesiora)astisnla) e -1l
~a[pysin(as) +psin(a) +pysinf )
w=g 0os{ ) ~{a+b) os s )/(1+°°S(04))
(7= lqo)o(ﬂ(a4)+c3[p4 (a)+p, (0’4)]
H KL x=¢ sin(—7—a; )+ a+b)sin( ¢ /(1+oos )
(1= Ly )sin(e)—c;[ p sin(es) + pysin( ) ]
x=6 c05( 7+ )—(a-+b) cos( ey ) (1-+c05 ()
( )COS(OLJ'FQQ (aj)
12 M x=¢sin(—z—¢)+(a+b)sin(q )/(1+cos( )
+(1-L,)sin(;) —¢,p, sin( ;)
YVy=at [("‘ )/L] '//z:”‘2_[("2_al)(l_Lz)/(L3_Lz)]

V. CONCLUSION

In this work, the waveguide array fed
parabolic reflector antenna is investigated to
obtain electronically switchable pencil beam and
cosecant-squared patterns. For this aim, the
waveguide array structure is parametrically
analyzed, and the modified asymmetric reflector
geometry is proposed.

The Analytical Regularization Method is used
to compute the near field distribution of the
waveguide array feeder and the radiation patterns
of the designed parabolic reflector antenna.

Simulation results of the feeder analysis and
its combination with the modified reflector are
presented to demonstrate the suitability of the
proposed antenna for microwave and millimeter
wave air, naval and coastal surveillance radars.

ACKNOWLEDMENT
This work was supported by grant PIRSES-
GA-2010-269157 (AMISS project) of EU 7"
Framework Marie Curie Actions research fund.

REFERENCES

[1] C. F. Winter, “Dual Vertical Beam Properties of
Doubly Curved Reflectors”, [EEE Trans.
Antennas Propagation, vol. 19, no. 2, 1971.

[2] Y. Rahmat-Samii “A comparison between
GO/Aperture field and physical optics methods for
offset reflectors”, I[EEE Trans. Antennas
Propagation, vol. Ap-32, no. 3, pp. 301-306,
1984.

[3] D. Duan, Y. Rahmat-Samii “A generalized
diffraction  synthesis  technique for high
performance reflector antennas”, [EEE Trans.
Antennas Prop., vol. 43, no. 1, pp. 27-40, 1995.

[4] G. A. Suedan, E. V. Jull, “Beam Diffraction by
Planar and Parabolic Reflectors”, IFEE Trans.
Antennas Propagation, vol. 39, pp. 521-527,
1991.

[5] K. Tap, P. H. Pathak, “A fast hybrid asymptotic
and numerical physical optics analysis of very
large scanning cylindrical reflectors with stacked
linear array feeds”, [EEE Trans. Antennas
Propagation, vol. 54, no. 4, pp. 1142-1151, 2006.

[6] S. L. Avila, W. P. Carpes Jr, J. A. Vasconcelos,
“Optimization of an offset reflector antenna using
genetic algorithms”, IEEE Trans. Magnetics, vol.
40, no. 2, pp. 1256-1259, 2004.

[71 F. Arndt, J. Brandt, V. Catina, J. Ritter, I
Rullhusen, J. Dauelsberg, U. Hilgefort, W.
Wessel, “Fast CAD and optimization of

waveguide components and aperture antennas by
hybrid MM/FE/MoM/FD methods: State of the art

674



675

and recent advances”, IEEE Trans. Mic. Theory
Tech., vol. 52, no. 1, pp. 292-305, 2004.

[8] W. Ewe, L. Li, Q. Wu, M. Leong, “Analysis of
reflector and horn antennas using adaptive integral
methods”, IEICE Trans. Comm., vol. E§8-B, no.
6, pp. 2327-2333, 2005.

[9] M. Djordjevic, B. M. Notaros, “Higher order
hybrid method of moments-physical optics
modeling technique for radiation and scattering
from large perfectly conducting surfaces”, IEEE
Trans. Antennas Prop., vol. 53, no. 2, pp. 800-
813, 2005.

[10] A. S. Turk, “Analysis of aperture illumination and
edge rolling effects for parabolic reflector antenna
design”, International Journal of Electronics and
Comm. (AEUE), vol. 60, pp. 257-266, 2006.

[11] K. Umashankar, A. Taflove, Computational
Electromagnetics, Artech House, 1993.

[12] J. H. Wilkinson, The Algebraic FEigenvalue
Problem, Clarendon Press, Oxford, 1965.

[13] C. A. J. Fletcher, Computational Galerkin
Method, Springer- Verlag, Berlin, 1984.

[14] Y. A. Tuchkin, “Wave scattering by an open
cylindrical screen of arbitrary profile with
Dirichlet boundary value condition”, Soviet
Physics Doclady, vol. 30, pp. 1027-1030, 1985.

[15]1 Y. A. Tuchkin, E. Karacuha, A. S. Turk,
“Analytical regularization method for E-polarized
electromagnetic wave diffraction by arbitrary
shaped cylindrical obstacles”, 7th Int. Conf. Math.
Methods Electromagnetic Theory, pp. 733-735,
Kharkov, Sept. 1998.

[16] E. Karacuha, A. S. Turk, “E-polarized scalar wave
diffraction by perfectly conductive arbitrary
shaped cylindrical obstacles with finite thickness”,
Int. J. Infrared & Millimeter Waves, vol. 22, pp.
1531-1546, 2001.

[17] M. Hashimoto, M. Idemen, O. A. Tretyakov,
"Analytical —and  Numerical — Methods in
Electromagnetic Wave Theory", Science House
Co., p. 202, 1992.

[18] A. S. Turk, O. Yurduseven, “Parametric analysis
of multi-source feeding flare rolling and
corrugating effects for H-plane horn radiator”,
Applied Comp. Electromagnetic Society (ACES)
Journal, vol. 25, no. 11, pp. 990-997, 2010.

[19] A. S. Turk, O. Yurduseven, "Parametric design of
parabolic reflector antenna with switchable
cosecant-squared  pattern",  Applied  Comp.
Electromagnetic Society (ACES) Journal, Issue 6,
vol. 26, pp. 494-501, 2011.

[20] A. S. Turk, O. M. Yucedag, "Parametric analysis
of flare edge rolling throat bending and
asymmetric flare effects for H-plane horn
radiator", International Journal of Electronics and

ACES JOURNAL, VOL. 27, NO. 8, AUGUST 2012

Communication (AEUE), Issue 4, vol. 66, pp. 297-
304, 2012.

Okan Mert Yucedag received the
B.S. and M.S. degrees in
Electronics  Engineering  from
Uludag University, Bursa-Turkey
in 2006 and 2009, respectively.
He joined the Scientific and
Technical Research Council of
Turkey (TUBITAK) in 2007. He
is currently working as senior
researcher at TUBITAK Information Technologies
Institute.

His research interests are microwave radar systems,
antenna design, RCS estimation and numerical methods
in electromagnetic wave scattering, especially method
of moments and analytical
regularization method.

- Ahmet Serdar Turk received

the B.S. degree in Electronics-

] Communication Engineering

from Yildiz Technical

University, Istanbul, Turkey in

/| {1 1996. He received M.S. and

Ph.D. degrees in Electronics

Engineering from Gebze Institute of Technology, in

1998 and 2001, respectively. He joined the Scientific

and Technical Research Council of Turkey (TUBITAK)

in 1998. He is currently working as professor at Yildiz

Technical ~ University  Electronics = Engineering
Department.

His research interests include horn, reflector, array
and ultra-wide band antenna designs in RF and
microwave bands, numerical methods in
electromagnetic wave scattering, high frequency
surface wave radar, ground penetrating radar, and
microwave and millimeter wave radar systems.



ACES JOURNAL, VOL. 27, NO. 8, AUGUST 2012

Investigations on a Novel without Balun Modified Archimedean
Spiral Antenna with Circularly Polarized Radiation Patterns
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Abstract — The proposed novel modified two-
layered Archimedean spiral (Mod Arspl) antenna
achieves a simple feed without balun and
maintains the antenna input impedance close to 50
Q over extremely wide (10:1) frequency band for
antenna design. It shows excellent impedance
matching, higher peak gain and acceptable axial
ratio over the operating frequencies compared to
the conventional Archimedean spiral geometry on
two-layers with the same aperture area. The
working of this antenna and important design
parameters to achieve frequency independent
response with respect to matching and CP
radiation patterns are discussed. The best case with
free-space Mod Arspl has impedance BW (S;; < -
10 dB) of 3.2-19.2 GHz (6:1 band), AR BW (AR
< 3dB) of 3-20 GHz (6.6:1 band), stable broadside
gain of 4-5.5 dBic and quasi-axial patterns in the
usable 6:1 band. Radiation patterns show some
beam squint towards higher frequency end
attributed to spacing between the two layers of the
spiral arms. The fabricated prototype antenna
using microwave substrate shows CP operating
BW over 5.21:1 frequency band (2.8 - 14.6 GHz)
and peak gain varying between 4 - 8 dBic in this
frequency band. Measured results show reasonable
agreement with the simulated ones.

Index Terms— Archimedean spiral antenna,
circular polarization, modified spiral antenna, two-
layered spiral, without Balun spiral antenna.

I. INTRODUCTION
Frequency Independent characteristics of a
Archimedean spiral (Arspl) antenna invented by
J.A. Kaiser in 1960 are well known [1], [2] and
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explained qualitatively by radiating ring theory.
Planar spiral antennas, being a self-complementary
structure, have the real impedance of 188 Q given
by Mushiake equation in [3]. This necessitates the
use of baluns for balanced-mode operation. Baluns
limit the inherent frequency independent operation
of spiral antennas and also increases the
complexity. In [4] the authors eliminate the balun
by employing a single arm spiral with disc/ground
plane which has comparable performance with the
two-arm spiral fed with balun except for the beam
asymmetry and squint. In [5], the authors
eliminate balun by reverting to unbalanced mode
excitation with one of the spiral arms as a parasitic
element. In [6] the authors propose a stripline fed
Archimedean spiral by having a broadband
impedance matching network conformal to spiral’s
windings to transform the input impedance of two-
layered spiral to the impedance of stripline over
10:1 band. Although, not the focus of this paper,
cavity backing for the proposed antenna was also
implemented to achieve directional radiation
patterns such as in in [7-8]. Similarly, the effect of
dielectric loading, as reported in [9-10] was also
performed, but not discussed here.

This paper investigates a two layered
Archimedean spiral antenna which will be suitable
for feeding with a 50 Q coaxial line considering
free space or foam substrate. The two-layered
geometry with conventional Archimedean spiral
design (referred as Arspl in this paper) is
compared with the proposed two-layered geometry
with modified Archimedean spiral design (referred
as Mod Arspl) with the goal being the frequency
independent response in terms of impedance
matching, circular polarization (CP) at broadside
angle and stable pattern with a balun-free coax

1054-4887 © 2012 ACES
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excitation. Some preliminary investigation results
of this antenna were presented in [11], and
therefore, are not included here, for the sake of
brevity. Since the proposed Arspl does not
need a wideband balun or is quite simple to
excite by a 50 Ohm SMA connector alone,
hence it offers low cost and light weight
implementation ~ while  still  providing
acceptable antenna performance. This can be
acceptable for several communication
applications, even if with some compromise in
quality of the CP patterns.

Section I describes the configuration of Mod
Arspl and compares its performance with the
Arspl of the same diameter. The working of Mod
Arspl is also explained. Section II discusses the
important design parameters for achieving
matching and stable CP radiation patterns. Section
I presents the experimental results of Mod Arspl.
Important findings are summarized in the
conclusions section. The simulations are generated
using Ansoft Corporations High Frequency
Structure Simulator (HFSS) v12 which is a finite
element method based full wave analysis tool.

II. MODIFIED ARSPL COMPARED TO
CONVENTIONAL ARSPL

The top view of conventional two layered
Arspl is shown in Fig. 1(a) whose configuration
parameters are given in Table 1. The top spiral
arms is at a height 4 from the bottom spiral as
shown in Fig. 1(c) fed-in with a 50 Q coaxial
SMA connector. There is foam substrate (¢=1.06,
tan 8=0.002) between the two spiral arms which is
realizing the free space design. The radial distance
from the center to any point on the arm is defined
by the Archimedean function » = a,,®,, where ay,
is the spiral constant and @, is the winding angle
varying between the starting angle @ and ending
angle @.,q. The diameter of the spiral D is defined
by D = 274 With 7pe= ay®@Peng. The two layered
Mod Arspl has double the arm width that of the
Arspl and its top view is shown in Fig. 1(b). This
modified geometry will create a short circuit or
single conductor sheet if the spiral arms are kept at
the same level. Its configuration parameters are
given in Table I. The arm widths of Arspl and
Mod Arspl are denoted as W and AW, respectively,
with AW = 2W. The Mod Arspl has twice the
growth rate or spiral constant (a,) and half the
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number of turns (V) as that of Arspl so that the
aperture areas of both antennas remain the same.

The spiral arms of both the antennas are
tapered at the ends to minimize the reflected
current towards the feed. In case of Arspl, there
are top and bottom circular stubs of diameter 1.2
mm and 4.8 mm, respectively, connecting the
spiral arms to the SMA. Feed portion of Arspl is
zoomed to show the top circular stub of 1.2 mm
diameter (Fig. 1(c)). In comparison to this, the
Mod Arspl has only a bottom stub of diameter 6.4
mm. A top circular stub of diameter 1.2 mm is
used when the arm width of Arspl and Mod Arspl
is less than or equal to 2 mm. Feed portion of Mod
Arspl is zoomed in Fig. 1(d) to show the SMA
feed and the circular stub of diameter 6.4 mm
attached with the bottom spiral.

Bottom Spiral

Top Spiral

Top Spiral

Bottom Spiral

(b)

Top Circulnrjﬂ
©) (d)



.

(e)

Fig. 1. Conventional and modified, two layered,
Arspls (a) Top view of Arspl, (b) Top view of
modified Arspl, (c) Feed portion of Arspl zoomed
to show the top circular stub of 1.2 mm diameter,
(d) Feed portion of Mod Arspl zoomed to show
the SMA feed and the circular stub of diameter 6.4
mm attached with the bottom spiral, and (e) Side
view of both Arspl and Mod Arspl.

Table 1: Antenna design parameters of the
conventional and modified Archimedean spirals

Symbol | Arspl Mod Arspl
Arm W=2 mm AW =4 mm
width

h 1 mm 1 mm

as, 0.63 mm/rad 0.63 x 2 mm/rad
D, 0.5m rad 0.5m rad

D, 18.47x rad 18.477/2 rad

N 9 4.5

D 73.1 mm 73.1 mm

The input impedance of conventional Arspl
and Mod Arspl, both two layered, are plotted in
Fig. 2. It can be inferred that the resistance (R;,) of
Arspl varies between 25 - 150 Q whereas for the
Mod Arspl, it varies between 30 - 80 Q which can
be easily matched to a 50 Q line. Also the input
reactance X;, of the Mod Arspl is less oscillatory
compared to the Arspl. The reason for this trend is
explained in the next paragraph.

According to [3], a Self-Complementary
Antenna (SCA) is one which leaves the geometry
unchanged when the metal and blank spaces in a
planar antenna are interchanged except for a
rotation equal to one-half of its angular
periodicity. Mushiake in [3] describes about both
the planar (2D) as well as 3D self-complementary
structures and their input impedance properties.
Any self-complementary structure (2D or 3D) has
a constant input impedance which is independent
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of frequency [3]. Theoretically, planar SCA have a
constant input impedance of Zy/2 (i.e. 188 Q) and
the planar two-arm conventional Archimedean
spiral that is well known for the last 50 years is
one such antenna. In trying to achieve a simple
feed, the two layered design explored in this paper
disturbs their planar SCA nature and the problem
is now shifted to 3D which means that the Arspl
will not have a constant impedance of around 170
Q (Arspl has 25% of its area covered by metal on
both top and bottom layer and its complement will
have 75% of top and bottom layers covered by
metal which is clearly not a SCA).

Therefore, the proposed Mod Arspl (Fig. 1(b))
is a 3D self complementary antenna with 50% of
the area covered by metal on both top and bottom
layers which makes its complement have the same
50% area covered by metal on both top and
bottom but with a of rotation of 180° Here, the top
and bottom spirals are 2D self-complementary
structures by themselves and the antenna can be
considered as two stacked 2D self-complementary
structures with the impedance of each point of the
structure given by 60x Q as explained by [3]. Such
a parallel arrangement of 2D structures each with
170 Q impedance brings down the effective input
impedance of the antenna to around 80 Q (This is
similar concept of having 2 parallel resistors of R
ohms each which makes the total resistance R/2).
This explains the input impedance of the Mod
Arspl being fairly constant over frequency but at a
lower value (average of around 55 Q) compared to
the 188 Q for planar self-complementary
structures. Fig. 3 shows the reflection coefficient
magnitude versus frequency for the conventional
two layered Arspl and the proposed Mod Arspl
which shows a distinct improvement with the
modified geometry and its reflection coefficient
magnitude is better than -10 dB from 2-20 GHz
w.r.t. a 50 Q coaxial line.

The axial ratio (AR) at broadside angle (6=0°)
is plotted for both the antennas in Fig. 4 which
shows that the axial ratio of the Mod Arspl is
worse compared to Arspl at lower end of the band
(2-4 GHz) due to the number of turns being halved
which reduces coupling between the arms. This
effect is seen throughout the band in the form of
slightly increased AR and becomes more
pronounced at the lower frequency end. The peak
gain of both the antennas are plotted in Fig. 5
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2 ==-Arspl
==Mod Arspl

Nl - R

X v =10 dB lne

Reflection Co-efficient Magnitude (dB)
=

Frequency (GHz)
Fig. 3. Reflection coefficient magnitude versus
frequency for Arspl and Mod Arspl.

which shows that the Mod Arspl has higher gain
throughout the band.This increased gain can be
partly attributed to the better impedance matching
achieved and partly to the increased usage of metal
instead of blank spaces (100% area covered with
metal when seen from top instead of 50% in case
of Arspl). This is a desired phenomenon since it
partially achieves the purpose of cavity backing
without increasing the antenna volume. The
simulated left hand circular polarization (LHCP)
and right hand circular polarization (RHCP)
patterns of the Arspl and Mod Arspl are compared
at different frequencies across the 2-20 GHz band
in [6] and hence it is omitted here for the sake of
brevity.

III. ANTENNA DESIGN PARAMETERS
Arm length is the length between the feed point
and the arm end. The lower cut-off frequency for
operating the spiral antennas as a CP antenna is
denoted as fi and upper cut-off frequency as fy
with  the corresponding electrical wavelengths
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denoted as A, and Ay. A, refers to guided
wavelength. A spiral antenna radiates efficiently
from a ring one wavelength in circumference
according to band theory.

5
n -m-Arspl
! ==Maod Arspl
g I\ 3 dB line
% 3
=
‘EE 21 N /
: U / ~__ /
1 - \‘/r\/ \_/
é"l-u.f"""m-l—'lu-"'4
0
2 4 6 8 10 12 14 16 18 20

Frequency (GHz)
Fig. 4. Broadside axial ratio versus frequency for
Arspl and Mod Arspl.
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g -B-Arspl

—Mod Arspl

Peak Gain (dBic)

.

3

T
Frequency (GHz)

Fig. 5. Peak gain versus frequency for Arspl and

Mod Arspl.

The conventional single layered spirals are
designed to have a circumference equal to the
desired A.. Most of the spiral designs reported in
literature and also the commercial versions
available exhibit better than 3-dB AR if the
circumference of the spiral is atleast equal to one
guided wavelength at the frequency of interest.
These designs mostly have an arm width ranging
from 0.5-2 mm which ensures that there are
enough turns (and hence enough arm length of at
least 4*);) within the same one wavelength
circumference to create stronger coupling between
the spiral arms thereby radiating most of the input
energy as CP wave before it reaches the arm ends.
The Mod Arspl constructed by doubling the arm
width and halving the number of turns (compared
to Arspl) within the same diameter is different in
that aspect. Meeting the circumference
requirement alone does not guarantee a CP



radiation at that frequency and it requires a arm
length of atleast (5-6)*A, as the current distribution
is different from that of Arspl. Arm length
depends on the number of turns N which inturn
depends on the arm width AW. Arm length is the
most important parameter that sets the lower cut-
off frequency for the operation of Mod Arspl as a
CP antenna.
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Fig. 6. Parametric studies showing the effect of
AW on (a) reflection coefficient magnitude, and
(b) broadside axial ratio.
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Figure 6(a-b) shows the trend in impedance
matching and axial ratio at broadside angle for
varying the AW with 2 =1 mm and D = 73.1 mm,
respectively. Arm width equal or greater than 2
mm is recommended for these Mod Arspl designs
as the smaller trace widths increase the antenna
input impedance making it harder to match with
SMA feed as it can be seen in the case of 1 mm
AW in Fig. 6(a) showing poor impedance matching
and a AR of greater than 3-dB at 3.5 GHz even
with a arm length of 1920 mm. The impedance
matching improves at low band (2-6 GHz) when
the AW is increased from 1 to 5 mm but the higher
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frequenices (>12 GHz) are affected for 4W>4 mm
as seen in the 5 mm AW case. From Fig. 6(b), it
can be inferred that the AR deteriorates at the low
band till 4 GHz as the AW increases from 1 to 5
mm due to the decrease in arm length from 1920
mm to 340 mm. The AR BW starts from around 4
GHz for 4 and 5 mm AW as the arm length is 480
and 340 mm, respectively which is (5-6)*Ag at 4
GHz. It can also be seen that 2 and 3 mm AW has
an arm length of 960 (6.4*Ag) and 720 mm
(4.8*Lg), respectively at 2 GHz which explains the
AR BW starting before 2 GHz for these cases. For
frequency independent antennas, only the lower
cut-off frequency for AR BW is discussed because
of the finite antenna geometry and the upper cut-
off frequency depends on the accuracy of feed
fabrication. In case of Mod Arspl, all the cases
shown in Fig. 6(b) have an AR BW varying
between 4:1 frequency band (4 =5 mm) and 10:1
frequency band (4W=2 mm). Ideally, a balun fed
single layered spiral will have the impedance and
AR BW starting from 1.4 GHz for a diameter of
73 mm. Based on the above discussion, the
optimum arm width to operate the Mod Arspl will
be from 2-3 mm which ensures that there is
enough arm length to achieve CP at low band (2-4
GHz) and also maintain the impedance matching
at these frequencies.

Though AW of 2-3 mm is the optimum, the
level of impedance matching achieved throughout
the 2-20 GHz band with 4 mm AW case compelled
the authors to study the effect of height 4 with
AW=4 mm which has AR BW from 4-20 GHz. A
discussion of important parameter (% - separation
of spiral arms) that affects the pattern quality is
discussed in the coming paragraphs and Fig. 8.
The impedance matching, axial ratio at broadside
angle and CP gain at broadside angle for different
cases varying the height /# from 0.8-3.2 mm with
AW=4 mm and D=73.1 mm are shown in Fig. 7(a-
c), respectively. The AR BW remains fairly
constant for all the cases (Fig. 7(b)) but the
impedance BW reduces from 10:1 to 5:1
frequency band as the height is increased from
0.8-3.2 mm (Fig. 7(a)). This is due to the added
inductance of the probe with increasing height of
the center pin between the two spirals that lowers
the matching level and therefore a maximum
height of 3.2 mm is recommended.
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The most notable effect of increasing the
separation between the spiral arms can be found in
Fig. 7(c) which shows that the CP gain at
broadside angle stays constant around 4-5 dBic
from 3-18 GHz with increased spacing (h=2.4 and
3.2 mm) whereas for smaller spacing (A#=0.8, 1,
1.6 mm cases) the broadside gain drops with
increasing frequency.

The above perfromance can be explained from
the radiation patterns plotted at different
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frequencies across the 3-18 GHz band in Fig. 8 for
h=0.8 mm and 2.4 mm cases which show that the
magnitude of back radiation is reduced throughout
the band with #=2.4 mm case and the beam is
pushed to the front, thereby, increasing the
broadside gain at all frequencies. The bottom
spiral and its stub acts as a partial reflector
pushing the beam towards broadside angle if the
spacing between the spirals is greater than 0.02A.
The broadside gain is therefore held constant even
though the beam peak is not exactly at broadside
angle. Note that the patterns of #=2.4 mm case are
usable from 3-18 GHz as shown in Fig. 8. A
spacing of 1.6-3.2 mm is recommended to achieve
a frequency independent response with respect to
impedance matching and gain at broadside angle
for Mod Arspl. The pattern asymmetry and squint
is solely due to the spiral arms being kept at
different levels. Based on the above discussion, it
can be concluded that the arm width and spiral
diameter determines the AR BW whereas the
impedance BW and pattern/gain stability depends
on the spacing between the spiral arms. The best
case with AW=4 mm, /=2.4 mm and D=73.1 mm
has an impedance BW of 3.2-19.2 GHz (6:1 band),
AR BW of 3-20 GHz (6.6:1 band), stable gain of
4-5.5 dBic at broadside angle with usable quasi-
axial patterns throughout the 6:1 band.

IV. MOD ARSPL - EXPERIMENTAL
VERIFICATION

The simulation results presented in the
previous sections are based on using the foam
substrate, which require hand fabrication. This
method is prone to fabrication errors because it
involves curved configuration. Considering this
and to provide further practical significance to the
spiral design, the Mod Arspl was redesigned on a
low loss Rogers 5880 (g, = 2.2) substrate material
and consequently, fabricated using a LPKF CAD
milling machine which ensures fabrication
accuracy.
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Fig. 8. Comparison of radiation patterns for cases
h=0.8 and 2.4 mm to show the effect of reduced
back radiation as the arm separation increases.

The parameters of the fabricated spiral are AW = 4
mm, 2= 1.6 mm, D = 73.1 mm. The substrate is
square shaped instead of circular shape used in the
previous sections as shown in the photograph of
fabricated prototype antenna in Fig. 9 which has
the total dimensions 77 x 77 x 1.6 mm’. The
antenna is experimentally verified in the Antenna
and Microwave Lab (AML) at SDSU which are
also compared with the corresponding simulated
data. The VSWR and broadside axial ratio are
plotted versus frequency for the simulated and
measured data in Fig. 10(a-b), respectively.

WITHOUT BALUN MODIFIED ARCHIMEDEAN SPIRAL ANTENNA WITH CP RADIATION PATTERNS

(b)
Fig. 9. Photograph of the fabricated prototype of
Mod Arspl using the microwave substrate (a) top
view, and (b) antenna as seen from bottom
showing SMA feed.

The measured and simulated impedance BWs are
from 1.6 to almost 15 GHz (frequency ratio =
9.375:1) as shown in Fig. 10(a). The measured
AR, gain and patterns are obtained from analysis
software purchased from Orbit/FR which
computes the AR and radiation patterns from the
measured linear patterns. The measured and
simulated AR BWs are from 2.8 to 14.6 GHz
(frequency ratio = 5.21:1) as shown in Fig. 10(b).
The usable BW is defined as the common
frequency range between the impedance and AR
BWs which is also from 2.8 to 14.6 GHz
(frequency ratio = 5.21:1 band). The simulated
and measured LHCP and RHCP radiation
patterns at different frequencies over the band are
shown in Fig. 11 for ¢ = 0°, and 90° cut planes. It
can be observed that as frequency approaches the
higher end, the patterns show some beam scan.
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The measured and simulated CP peak gain varies
from around 4 - 8 dBic in the usable band.
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Fig. 10. Simulated and measured frequency
response of a) VSWR, b) Axial ratio at broadside
angle for the Mod Arspl on the microwave
substrate.

It should be noted that the free-space based
design discussed in the previous section offers
over 6:1 usable band but the fabricated design on
Rogers 5880 substrate with the same design
parameters (only exception being the usage of 1.6
mm substrate thickness instead of 2.4 mm
thickness) does not show same superior
performance because the design parameters are not
re-optimized on Rogers 5880.

V. CONCLUSIONS
This paper presented a novel antenna
geometry called the modified two-layered

Archimedean spiral antenna (Mod Arspl) with
simple SMA feed without balun which shows
improved performance in impedance matching and
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peak gain with a slight compromise in axial ratio
BW compared to the two-layered design of the
conventional Archimedean spiral (Arspl) geometry
with the same aperture area. The best case with
free-space or foam based Mod Arspl has
impedance BW of 3.2-19.2 GHz (6:1 band), AR
BW of 3-20 GHz (6.6:1 band), and broadside gain
of 4-5.5 dBic in the usable 6:1 band. Radiation
patterns show some beam squint as higher
frequency end is approached which is attributed to
the spacing 4. The fabricated prototype on a
microwave substrate has CP usable band from 2.8
- 14.6 GHz (5.21:1 band) with peak gain varying
between 4-8 dBic. Measured results show
reasonable agreement with the simulated ones.
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Fig. 11. Simulated and measured LHCP and
RHCP radiation patterns for the Mod Arspl
fabricated on the microwave substrate at different
frequencies.
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Abstract —This paper, presents a novel multi-
resonance monopole antenna for ultra wideband
applications. The proposed antenna consists of a
square radiating patch with an inverted U-shaped
slot and a ground plane with an inverted U-shaped
conductor-backed plane, which leads to a wide
usable fractional bandwidth of more than 135%
(2.9-15.1 GHz). By cutting a modified inverted U-
shaped slot with variable dimensions on the
radiating patch and also by inserting an inverted
U-shaped conductor-backed plane, additional
resonances are excited and hence much wider
impedance bandwidth can be produced, especially
at the higher band. The designed antenna has a
small size of 12x18 mm?, or about 0.151 x
0.254 at 4.2 GHz (the first resonance

frequency). Simulated and experimental results
obtained for this antenna show that it exhibits good
radiation behavior within the UWB frequency
range.

Index Terms- Square Monopole Antenna, Inverted
U-Shaped Structure, Ultra Wide-Band Systems.

I. INTRODUCTION
Commercial UWB systems require small
low-cost antennas with omnidirectional radiation

Submitted On: Mar. 8, 2012
Accepted On: July 22, 2012

patterns and large bandwidth [1]. It is a well-
known fact that planar monopole antennas
present really appealing physical features, such as
simple structure, small size and low cost. Due to
all these interesting characteristics, planar
monopoles are extremely attractive to be used in
emerging UWB applications, and growing
research activity is being focused on them.

In UWB communication systems, one of key
issues is the design of a compact antenna while
providing wideband characteristic over the whole
operating band. Consequently, several planar
monopoles with different geometries have been
experimentally  characterized [2]-[3] and
automatic design methods have been developed
to achieve the optimum planar shape [4]-[5].
Moreover, other strategies to improve the
impedance bandwidth have been investigated [6]-
[8].

This paper focuses on a square monopole
antenna for UWB applications, which combines
the square-patch approach with an inverted U-
shaped slot, and the ground plane with an
inverted U-shaped conductor backed plane that
achieves a fractional bandwidth of more than
135%. Three new small wideband printed
monopole antennas were proposed in [6-8], in

1054-4887 © 2012 ACES



which in order to achieve the maximum
impedance  bandwidth, inverted T-shaped,
rectangular, and trapezoid notches were etched
on the upper edge of the ground plane,
respectively, where as in this letter to achieve the
same goal, for the first time, an inverted U-
shaped conductor backed plane is inserted in the
feed gap distance and there is no notch on the
ground plane (this structure has an ordinary
rectangular  ground plane  configuration).
Moreover, by cutting a modified inverted U-
shaped slot with variable dimensions on the
radiating patch, additional resonances (third and
fourth resonances) are excited, which results in an
increase in the usable upper frequency of the
monopole and extends it from 10.3 GHz to 15.1
GHz. The designed antenna has a small size of
12x18 mm?, and the impedance bandwidth of the
designed antenna is higher than the UWB
antennas reported recently [2-8].

II. ANTENNA DESIGN
The square monopole antenna fed by a
microstrip line is shown in Fig. 1, which is printed
on a FR4 substrate of thickness 1.6 mm,
permittivity 4.4, and loss tangent 0.018. The width

Wf of the microstrip feedline is fixed at 2 mm.

The basic antenna structure consists of a square
patch, a feedline, and a ground plane. The square
patch has a width of W. The patch is connected to
a feed line with the width of . and the length of
L,.
conducting ground plane is placed. The proposed
antenna is connected to a 50-Q SMA connector for
signal transmission.

To design a novel antenna, an inverted U-
shaped slot and an inverted U-shaped conductor-
backed plane are embedded on the basic antenna
structure, mentioned above. Based on the current
distribution analysis, in UWB frequency band, it is
observed that the currents on the bottom edge of
the monopole’s radiating patch, are distributed
vertically at lower frequencies, while at higher
frequencies this currents are distributed
horizontally [9]. By cutting the inverted U-shaped
notch of suitable dimensions (W.,L., W, and

On the other side of the substrate, a

L,,) on the square radiating patch, it is found that

much enhanced impedance bandwidth can be
achieved for the proposed antenna.
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In addition, the conductor-backed plane is
playing an important role in the broadband
characteristics of this antenna, because it can
adjust the electromagnetic coupling effects
between the patch and the ground plane, and
improves its impedance bandwidth without any
cost of size or expense [10]-[11]. This
phenomenon occurs because, with the use of a
conductor-backed plane structure in air gap
distance, additional coupling 1is introduced
between the bottom edge of the square patch and
the ground plane [5].

In this work, we start by choosing the
dimensions of the designed antenna. These
parameters, including the substrate, is

Ly, xWs, = 12mmx18mm , or about 0.154 X
0.25/ at 4.2 GHz (the first resonance
frequency). We have a lot of flexibility in
choosing the width of the radiating patch. This
parameter mostly affects the antenna
bandwidth. As W decreases, so does the
antenna bandwidth, and vice versa. Next step,
we have to determine the The length of the
radiating patch L. This parameter is

lower

A
approximately 4 where A4 is the

lower

lower bandwidth frequency wavelength.
Ag depends on a number of parameters such as
the slot width as well as the thickness and
dielectric constant of the substrate on which
the slot is fabricated. The last and final step in
the design is to choose the length of the
resonator (slot and conductor backed plane).
L, is set to resonate at 0.254,, where

L =W.+2L. for slot, and L, =W_ +2L_
for conductor backed plane, A, corresponds

to resonance frequency wavelength.
The final dimensions of the designed antenna

W, =12mm, L, =18mm,

W =10mm , L=10mm,
Lf =Tmm, W. =4mm,
L. =3mm, W, =lmm, L., =2mm, W, =9mm,
L,=3775mm, W, =25mm, L, =25mm,

are as follows:
h,, =1.6mm,

Wf =2mm,
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L, =0.75mm W, =1.5mm,d,; =2.75mm

and Lgnd =35mm.

Ground (FR4)
Connector (a)

AW WA
A‘ =
L Q—W—V
I
L4 L
- N W
v al _’W"_ W I
CIT t—Wor L,
o Pl 1
W. L, e fai
:f= L
It end

(b) (c)
Fig. 1. Geometry of proposed antenna with
inverted U-shaped slot and conductor-backed
plane, (a) side view, (b) square radiating patch,
and (c¢) ground plane structure.

III. RESULTS AND DISCUSSIONS
In this Section, the planar monopole antenna with
various design parameters were constructed, and
the numerical and experimental results of the
input impedance and radiation characteristics are
presented and discussed. The parameters of this
proposed antenna are studied by changing one
parameter at a time, while others are fixed. The
simulated results are obtained using the Ansoft
simulation software high-frequency structure
simulator (HFSS) [12].

Figure 2 shows the structure of various
antennas used for simulation studies. Return loss
characteristics for ordinary square patch antennas
(Fig. 2(a)), with an inverted U-shaped slot (Fig.
2(b)), and with inverted U-shaped slot and
conductor-backed plane (Fig. 2(c)) are compared
in Fig 3. As shown in Figure 3, it is observed that
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by using these modified elements including an
inverted U-shaped slot etched on the radiating
patch and inserting an inverted U-shaped
conductor-backed plane on the other side of
substrate, additional third and fourth resonances
are excited respectively, and hence the bandwidth
is increased.

]

S

(@) (b) (©
Fig. 2. (a) The ordinary square antenna, (b) the
square antenna with inverted U-shaped slot (c) the
square antenna with inverted U-shaped slot and
parasitic structures.
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Fig. 3. Simulated return loss characteristics for the
antennas shown in Fig. 2.

As shown in Fig. 3, in the proposed antenna
configuration, the ordinary square monopole can
provide the fundamental and next higher resonant
radiation band at 4 and 8 GHz, respectively, in
the absence of the inverted U-shaped slot and
conductor-backed plane. Also Smith Chart
demonstration of the input impedance of various
monopole antenna structures, which were studied
as Fig. 3, is shown in Fig. 4.

The upper frequency bandwidth is
significantly affected by the use of the inverted
U-shaped slot on the radiating patch. This
behavior is mainly due to the change of surface



———0rdinary Square Monopole Antenna
— —- Antenna with Inverted U-Shaped Slot at Radiating Patch
—— The Proposed Monopole Antenna

Smith Chart

2.13.4 GHz

3.14.8 GHz

Fig. 4. Smith chart demonstration of the simulated
input impedance of various monopole antenna
structures, shown in Fig. 2.

current path which depends on the dimensions of
inverted U-shaped slot as shown in Fig. 5 (a). In
addition, by inserting the inverted U-shaped
conductor-backed plane on the other side of
substrate, the impedance bandwidth is effectively
improved at the upper frequency [6]. The inverted
U-shaped conductor backed plane can be
regarded as a parasitic resonator that is
electrically coupled to the square monopole.

As shown in Fig. 5(b), at fourth resonance
frequency (14.3 GHz), the current is mainly
concentrated on the interior and exterior edges of
the inverted U-shaped conductor-backed plane.
This figure shows that the electrical current for
the fourth resonance frequency (Fig. 5 (b)) does
change direction along the bottom edge of the
square radiating patch and changes the antenna
impedance at this frequency, as leads to an
increase in the radiating power and bandwidth.
Also there will be an increase in radiation
efficiency. However, the resonant resistance is
decreased [9].

By properly tuning the dimensions and spacing

dpsto semi-ground plane for the inverted U-

shaped conductor backed plane, the antenna can
create the fourth resonant frequency in individual
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resonant radiation band based on an over-coupling
condition. Figure 6 shows the effects of the feed

gap distance d,; (as shown Fig. 2,
dpg=L,—L
dimension of the inverted U-shaped conductor-
backed plane on the impedance. As illustrated in

ana — Lay) of the square patch and

Fig. 6, the feed gap distance d,is an important
parameter in determining the sensitivity of
impedance matching. By adjustingd,;, the
electromagnetic coupling between the bottom edge

of the square patch and the ground plane can be
properly controlled [6].

Tsurf{A_per_m]
1.2754¢1002

l

1.0948+002

9.1415¢+001

7.3353¢+001

5.5290e+001

3.7227e+001

1.1023¢+000

v [V ‘.
r Iy 1
H i\ 1
A A
i

B T T T
-

14 ¥} 3«
ok 1 N
PR D D
<—<‘M:“7—>
Aha)
fah
i
[
r
P
v
vy
v
LR
Yo
wew
WYY

Fig. 5. Simulated surface current distributions on
the radiating patch and ground plane for (a) the
square antenna with inverted U-shaped slot at third
resonance frequency (12.5 GHz), (b) the square
antenna with inverted U-shaped slot and parasitic
structure at fourth resonance frequency (14.3
GHz).
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Fig. 6. Simulated return loss characteristics for
various values of d .
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Figure 7 shows the measured and simulated
return loss characteristics of the proposed antenna.
The fabricated antenna satisfies the 10-dB return
loss requirement from 2.91 to 15.1 GHz. As
shown in Fig. 7, there exists a discrepancy
between measured data and the simulated results
this could be due to the effect of the SMA port. In
order to confirm the accurate return loss
characteristics for the designed antenna, it is
recommended that the manufacturing and
measurement processes need to be performed
carefully.

Figure 8 shows the measured radiation patterns
at resonances frequencies including the co-
polarization and cross-polarization in the H-plane
(x-z plane) and E-plane (y-z plane). The main
purpose of the radiation patterns is to demonstrate
that the antenna actually radiates over a wide
frequency band. It can be seen that the radiation
patterns in x-z plane are nearly omnidirectional for
all the four frequencies.

T T T T T T
—=—=Measured
5 — Simulated

Return Loss (dB)

35,
2

8 10 1‘2 1I4 16
Freq [GHz]
Fig. 7. Measured and simulated return loss

characteristics for the proposed antenna.

V. CONCLUSION

In this letter, a novel compact Printed
Monopole Antenna (PMA) has been proposed for
UWRB applications. The fabricated antenna satisfies
the 10-dB return loss requirement from 2.9 to 15.1
GHz. By cutting a modified inverted U-shaped slot
with variable dimensions on the radiating patch
and also by inserting an inverted U-shaped
conductor-backed plane, additional resonances are
excited and hence much wider impedance

ACES JOURNAL, VOL. 27, NO. 8, AUGUST 2012

y-2 plane (a) X-Zplane

y-z plane (b) X-Zplane

y-z plane (c) X-Zplane

v-z plane (@ X-zplane

Fig. 8. Measured radiation patterns of the
proposed antenna, (a) 4GHz, (b) 8GHz, (¢) 12.7
GHz, and (c) 14.5 GHz.

bandwidth can be produced, especially at the
higher band. The proposed antenna has a simple
configuration and is easy to fabricate.
Experimental results show that the proposed
antenna could be a good candidate for UWB
application.
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Abstract — In this paper, we propose a compact
coplanar waveguide (CPW) feed planar printed
monopole antenna for  WLAN/WiIMAX
applications. By employing two different types of
structures-L-shaped slot and I-shaped notched
slots, three distinct frequency bands with -10dB
reflection coefficient, which correspond to
2.4GHz-2.6GHz, 3.4GHz-3.85GHz and the other
at 4.9GHz-5.89GHz, can be achieved to covering
2.4/5.2/5.8 GHz WLAN and 2.5/3.4/5.5 WiMAX.
Also, the antenna has a small size of
30mmx23mm, and can provide excellent property,
including low profile, moderate gain, approximate
omnidirectioal radiation pattern, which prove that
the antenna is a good candidate for
WLAN/WiIMAX applications.

Index Terms — Triple-band antenna, L-shaped
slot, I-shaped slot, WLAN/WiMAX.

I. INTRODUCTION

Due to the rapid development of modern
wireless communication systems technique, the
research activity of the multiple or broad bands
operation and miniaturized size for current antenna
has become one of a highly competitive topic and
is growing stupendously. In [1] and [2], the planer
monopole antennas can achieve broad bandwidth,
but have a large size, especially a large ground
plane (250mmx250mm), whose configuration do
not meet the miniaturization requirements of
radio-frequency (RF) units[3]. However, planar
printed microstrip antenna may be a better
candidate due to their attractive features, such as
ease of fabrication, low profile, small size, ease of

Submitted On: Mar. 31, 2012
Accepted On: July 22, 2012

integrating with active devices and nearly
omnidirectional radiation characteristics, and so on.
In order to satisfy the wireless local area network
(WLAN) standards of 2.4-2.484 GHz (IEEE
802.11b/g)/5.15-5.825 GHz (IEEE 802.11a) and
the worldwide interoperability for microwave
access (WiMAX) standards of 2.5-2.69 GHz/3.4—
3.69 GHz/5.25-5.85 GHz [4] simultaneously,
many microstrip printed antennas have been
widely studied [5-9]. In [5], a pair of parasitic
strips is introduced to reach an operating
bandwidth of 4290 MHz (~ 108.7%), and the
antenna has a dimension of 61x51.5mm’. A
trapezoidal ground [6] and a parasitic U-shaped
open stub [7] are also used to the design of the
antenna for the WLAN/WiMAX applications.
Only by varying the slot’s construction, width, and
length, the feed point’s position and the CPW-fed
gap, another compact dual-/multiband antenna
have been shown in [8]. A CPW-fed dual-
wideband antenna formed by a triangular
monopole and a U-shaped monopole is obtained,
which occupies a small size and obtain good
dipole-like radiation characteristics [9]. However,
most of them have large dimensions and do not
pay attention on the interference suppression,
because there are many other existing narrowband
services such as C-band satellite communications
that have occupied some licensed frequency bands,
which may result in lower performance of
interference suppression. To avoid the problem,
several novel antennas with three separated
resonate frequency are reported in literatures [4,
10-15], which have good impendence bandwidth
and radiation pattern, but these antennas have also

1054-4887 © 2012 ACES



either large size or insufficient
restriction.

In this letter, a distinct triple-band resonate
antenna for WLAN/WIMAX applications is
proposed. By inserting three I-shaped notched
slots and an L-shaped slit on radiation patch, along
with introducing symmetrical L-shaped couple slot
on ground plane which had been proven to be
useful to produce resonant mode [16], three
separated resonant frequency bands can be easily
obtained. Compared to those designs shown in the
open literature, the antenna has not only better
performance of interference suppression, but also
smaller size. Details of the antenna design are
described, and prototypes of the proposed antenna
have been constructed and tested. The simulated
and measured results about impedance bandwidth,
radiation pattern, and gain are discussed in detail
in the next sections.

frequency

I1. ANTENNA CONFIGURATION

Geometrical configuration of the proposed
antenna for WLAN/WIiMAX applications is
shown in Fig. 1(a). The antenna is printed on FR-4
substrate of thickness 1mm, with the diclectric
constant of 4.4 and a loss tangent of 0.02, and fed
by a 50Q CPW transmission line. In this design,
two equal L-shaped ground planes, each
comprising two different sections which are
32mm’ and 94.15mm’ are situated symmetrically
on each side of the CPW line. In order to produce
resonate at 5.65GHz, a pair of L-shaped slots is
etched into ground plane, which broaden the
higher frequency range. On the other hand, three I-
shaped notched slots are also inserted into
radiation patch, which controls the lower operating
band (2.4/2.5GHz) and medium frequency band
(3.4GHz). Furthermore, a horizontal L-shaped slit
of width t and length p+ml is inserted into
radiation patch to improve impendence bandwidth.
This arrangement was found to be effective in
obtaining an appropriate impedance bandwidth of
the antenna, and the performance results are
demonstrated in the following section.

In the proposed antenna configuration, the use
of two horizontal I-shaped slots and a vertical I-
shaped slot on radiation patch produce three
different surface current paths, and by properly
tuning two different horizontal spacing of sl and
s3 from the patch to the side ground planes, a
dual-resonance mode can be excited on lower
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frequency, a resonate mode produced in medium
frequency and other resonate mode happened on
higher frequency, respectively. Note that the
ground-plane dimensions can also affect the
resonant frequencies and operating bandwidths of
the two operating bands. Thus, the ground-plane
dimensions should also be taken into account in
determining the proper parameters for the
proposed design to achieve the desired triple-band
operation.

Table 1: Parameter values of the fabricated
antenna. (Dimensions in mm)

Parameter | w wl w2 w3 w4 wh L

Value 30 4 137 17 895 515 23

Parameter | L1 L2 L3 14 L5 L6 L7

Value 5 33 3 35 2 27 9.7

Parameter | L8 Lf n nl n2 n3 g

Value 8 7 37 05 3 115 0.8

Parameter | gl wf S sl s2 s3 s4
Value 03 25 03 08 08 13 19
Parameter | m ml p t y

Value 02 05 11.5 05 0.7

I-shaped slot 2 T-shaped slot3 I-shaped slot 1

s4 4 ¥ !

gl
i |-._g
[ L-shapedslot
Ground plane

Ja
§-
A2 |

(b)

Fig. 1. (a) Geometry of the proposed antenna, (b)
Photograph of the proposed antenna.

The proper parameters can be obtained with the
aid of the commercially available software Ansoft
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HFSS wversion 13 (high-frequency structure
simulator), and a 50Q-SMA connector is
connected to the end of the CPW-feed mechanism
serves as antenna port. Parameter values of the
proposed antenna are summarized in Table 1.
Moreover, a photograph of the fabricated antenna
with triple-band characteristic is shown in Fig. 1.

III. EXPERIMENTAL RESULTS AND
DISCUSSION

The proposed antenna is implemented and
tested using an Agilent N5230A series vector
network analyzer. Fig. 2 describes the simulated
and experimental reflection coefficient against the
frequency, which shows good agreement. The
simulated and the experimental below 10-dB
bandwidths range from 2.4-2.62 GHz/2.4-2.6
GHz(8.76%/8%), from3.37-3.74GHz/3.4-3.85GHz
(10.4%/12.4%)and  from  5.04-5.75GHz/4.9—
5.89GHz (13.2%/18.4 %), which shows a minor
frequency shift owing to the error of substrate
parameters of the FR-4 substrate and tolerance in
manufacturing. It is also observed that best
resonant frequencies happened in 2.46GHz,
2.56GHz, 3.56GHz, 5.25GHz and 5.65GHz. The
Smith chart and the simulated input impedance of
the proposed antenna shown in Fig. 3 and Fig. 4
further illustrate the excellent impedance matching
of the proposed triple-band antenna, respectively.

To further insight into the physical behavior of
the antenna, the simulated current distributions of
the proposed antenna at different resonate
frequencies are presented in Fig. 5. We can see
that

Reflection Coefficient (dB)

404 Simulated
— easured

2 3 4 5 N
Frequency (GHz)

Fig. 2.  Simulated and measured reflection
coefficient of the proposed antenna.
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Fig. 3. Simulated input impedance on Smith chart
for the proposed antenna.
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Fig. 4. Simulated and measured impedance of the
antenna.

notched slot 1 provide a low resonate frequency
(2.56GHz) shown in Fig. 5 (b), moreover, notched
slot 2 and CPW control the flow direction of
current in 2.46GHz and 3.56GHz. Meanwhile, in
the high frequency (5.25GHz) the unfolded arm
provide a resonate mode, and a pair of loaded L-
shaped slots with length of about A/2 provide the
another resonate mode(5.65GHz), which broaden
the higher frequency bandwidth.

Figure 6 presents the frequency response of
reflection coefficient for the proposed antenna
without different slots embedment. In the case
without notched slot 1, second resonate mode is
not effectively excited at lower resonance
frequency range, and other frequency ranges have
no effects. Similarly, when removing a pair of L-



shaped slots on the ground plane, a worse
frequency response was achieved in higher
frequency range, but in other two frequency bands
it was invariable. It is also observed that existence
of the notched slot 2 not only can largely affect
impedance matching to the lower band and the
medium band, but also seriously change the
excitation of the upper-band resonant modes. It
clearly indicates that these results are similar with
that achieved from simulated current distributions
in Fig. 5.

Fig. 5. Simulation surface current in (a) 2.46GHz,
(b) 2.56GHz, (c) 3.56GHz, (d) 5.25GHz, (e)
5.65GHz.

—— Without notched slot 1
! — — Without notched slot 2
' Without L-slot on ground plane
T T T T
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Frequency (GHz)

Fig. 6. The effect of notched slots to the proposed
antenna’s resonant modes.
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Fig. 7. The effect of the ground plane size on the
antenna performance.

The simulated reflection coefficient curves
with different ground plane widths (w) and lengths
(Lf) are exhibited in Fig. 7. It is clearly seen that
when w and Lf are changed, they can significantly
increase or decrease the impedance bandwidth of
the antenna. It is also noticed that the length of the
ground plane affects the impedance matching
more significantly at lower frequencies than at
higher frequencies as shown in Fig. 7(a), and in
Fig. 7(b) the reflection coefficient curves vary
significantly and exhibit various shapes for the
four different ground plane widths. To have a
wider impedance bandwidth, the length and width
of ground plane need to be well optimized and the
extracted optimum parameter values are w=30mm
and Lf=7mm.

Radiation characteristics are also considered.
The simulated and measured radiation patterns of
the proposed antenna in xz-plane and yz-plane for
both E¢ and E, at 2.46GHz, 3.56GHz and
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5.25GHz (resonate frequencies) are shown in Fig.
8, respectively. From the results, the radiation
patterns in the xz- and yz-planes, as expected, are
all very dipole-like radiation. The electric field Eq
keeps always eight-shaped radiation pattern and
the electric field E¢ holds nearly omnidirectional
radiation pattern in xz-plane and yz-plane. It is
also observed that the antenna has more vertical
current (y-axis) shown in Fig. 5 (d) at higher
frequency, so the radiation pattern is similar with
dipole-like radiation along y-axis. Fig. 9 shows the
peak gains and radiation efficiency across the
three operating frequency bands. It should be
observed that for the operating band of 2.4-2.7
GHz, the peak gain of the antenna varies from 1dB
to 2.05dB, and the radiation efficiency obtains the
lowest value of 70% in centre frequency. For the
medium band, the antenna has relatively small
gain and radiation efficiency variation, the peak
gain is 2.14dB, and the radiation efficiency varies
around 83%.
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Fig. 8. Simulated and measured radiation patterns
for the proposed antenna at (a) 2.46GHz, (b)
3.56GHz and (¢) 5.25GHz in xz-plane and yz-
plane, respectively.
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Fig. 9. Peak gain and radiation efficiency of the
proposed antenna.

The peak gain in the higher operating band of
5.15-5.85 GHz is also stable, which varies from
2.15dB to 3.2dB, however, the radiation efficiency
drop to 65% in 5.75GHz. The low radiation
efficiency may be high loss in FR-4 substrate (a
loss tangent of 0.02), which results in a decrease in
gain and radiation efficiency as shown in Fig. 9.
But then the gain of the proposed antenna within
the operating bands satisfies the requirement of
some wireless communication terminals.

IV. CONCLUSION

In this paper, a novel CPW-fed monopole
antenna is proposed for WLAN/WiMAX
applications. The proposed antenna has good
performance of interference suppression, excellent
radiation patterns, excellent resonance character
and small size. The measured results illustrate that
the obtained impedance bandwidths are about 8 %
(2.4GHz-2.6GHz), 12.4% (3.4GHz-3.85GHz) and
184 % (4.9GHz-5.89GHz), good enough for
WLAN and WiMAX applications. This indicates
that the proposed antenna is well suited for
WLAN/WIMAX portable units and mobile
handsets.
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