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Abstract —In this paper, we investigate the
spectral method that calculates the S-parameters
for microstrip circuits and antennas. A sampling
interval selection criterion is proposed. The
scheme for low-loss cases is specially discussed.
Several examples are employed to demonstrate the
engineering applications of the spectral domain
method and its results are compared with
previously published and measured results.

Index Terms - Microstrip ~ circuits,
interval, and spectral domain method.

sampling

I. INTRODUCTION

The time domain Prony’s method [1, 2] and its
improved version [3] have been proposed to derive
complex resonant frequencies of a scatterer from
its transient response. The optimum sampling
technique for the original time domain Prony’s
method has been presented in [4] and the issue of
choosing the sampling interval for the improved
time domain Prony’s method has been addressed
in [5]. A combination of FDTD and time domain
Prony’s methods [6] have been employed for the
analysis of microwave integrated circuits and to
obtain their scattering parameters. The concept of
spectral domain Prony’s method has been
introduced in [7], and has been applied to the

Submitted On: Apr. 10, 2012
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problem of analyzing planar microstrip circuits. It
employs the least squares procedure to estimate
the complex scattering parameters. It does this by
extracting the magnitude and phase of the incident
and reflection waves from the sampled voltage
data, and it does not require the knowledge of the
characteristic impedance of the microstrip feed
line. However, if the dimensions of microstrip
lines at the feed and load ends are relatively small,
then the distance between the sampling points to
which the Prony’s method is applied is small.
Under these circumstances, the conventional
spectral domain Prony’s method suffers from the
problem of ill-conditioned equations whose
solution has considerable errors, especially at low
frequency. We have introduced its improved
version in [8] to circumvent this problem. The
improved version has higher accuracy and smaller
computational domain compared with the
conventional spectral domain Prony’s method, and
is in good agreement with analytic formula as well
as measured data. In this work we propose the
sampling interval selection criterion based on error
analysis and numerical experiments. Further, this
method cannot get physical attenuation for low-
loss cases, but it can get good results for S-
parameters. We will demonstrate this point in the
following sections and propose a special scheme
for lossy cases.

1054-4887 © 2013 ACES
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I1. SPECTRAL-DOMAIN PRONY METHOD
The sampled values of the complex voltage at
the feed end of the microwave circuit can be given

by [7]

V. =A4z'+4,z;, n=0,L---,N-1, (1)

where both 4, and A, are complex unknowns, as
yet undetermined, and

—yd d
zy=e’, z,=¢", )

where y (y=a+jB) is the complex wave number,
and d is the sampling interval along the microstrip
transmission line. In equation (1), V, are obtained
from the time domain data at N equally spaced
nodes via Fourier transformation.

It is assumed that z; and z, are the roots of the
algebraic equation

B, +Blz—Z2 =0. 3)
From equations (1) and (3), one can obtain
oo £
v N |:Bl } e (4)
: : || B, S
VN—l VN—Z VN

Using the least squares procedure, the original
spectral domain Prony’s method solves equations
(4), (3) and (1) to get 4; and 4, i.e., the incident
and reflection voltages, and knowledge of which
one can calculate all of the entries of the scattering
matrix.

An improved method has been presented in [§].

From equations (2), (3) and (4), we have

4 V,+7
v, ':eyd +e—yd:| _ V,+VW )
VN*I VN +VN72

Numerical simulations show that solving the
above matrix cannot get physical attenuation
constant for small loss cases. Considering that loss
is generally low and sampling interval is very
small (generally 0.01 mm ~ 2 mm), even if we set
a = 0, we can get good results of scattering
parameters. When it is very lossy, we still use the
above matrix.

For a lossless line, the matrix shown in
equation (5) reduces to

ACES JOURNAL, VOL. 28, NO. 2, FEBRUARY 2013

4 V,+V,
v V.4V
Re| 2 Re 3o
% Vo4V
Y12 cos(fd) = v a (6)
4 V,+V,
v V.1V
Im| Im 3: '
Vya ] Vy+Vyo ]

where Re (*) and Im () imply the real and the
imaginary parts, respectively. We derive f from
these above equations. It is evident that the values
of thus obtained, have numerical artifacts and,
hence, we fit the computed values with a straight
line passing through the origin. This is due to the
fact that § is proportional to the frequency f

ﬂ=—2”;/€_" 7, ™)

where ¢, 1s the effective dielectric constant and c¢ is
the speed of light in free space. Then, the
improved method leads to S-parameters that are
much more reasonable and physically acceptable
than the original results. A more accurate approach
for solving a and f is to introduce analytic solution
of o and S. For a microstrip line, the phase
constant can be written as shown in equation (7),
and the attenuations due to dielectric loss and due
to conductor loss can be given by [9],

o - kye, (g, —1)tany

= 8

N X CRY ®
R.

ac - ZOW’ (9)

where ky is the free space wave number, tany is
the loss tangent of the dielectric, R; is the surface
resistivity of the conductor, W is the width of the
microstrip line, Z, is the characteristic impedance
of the feeding transmission line whose expression
is also given in [9]. For coplanar waveguides, its
attenuation has been analyzed in [10-14]. In fact,
for these cases as well as other complex problems
[15-17], it is very complicated to calculate their
phase and attenuation constant. So, we solve
equation (5) for very lossy cases and equation (6)
for lossless and low loss cases. We subsequently
solve equation (1) to get incident and reflection
voltages and then calculate the S-parameters.



I11. SAMPLING INTERVAL

There are several popular excitation
techniques in FDTD simulations: lumped port,
wave port, mode port, aperture field, and plane
wave source [18]. The difference of the wave port
from the lumped port is that the wave port is used
to excite a matched port and the lumped port is
used to excite an open port. Since the feed line is
terminated at the domain boundary, it is perfectly
matched at the domain boundary. We then use
wave port excitation, not lumped port excitation.
Another suitable excitation source for uniform
transmission lines is a mode port [18, 19]. For
solving and storing modal field, it needs more
memory and computational time than wave port.

Theoretically, we choose d to be as large as
possible to improve the property of equation (1).
Unfortunately, if d is too large, the computational
cost will greatly rise. Consequently, there is an
optimal choice for the sampling interval that
balances computational cost in the FDTD method
and numerical error in the spectral domain
method. To derive the selecting criterion of
sampling interval, we firstly define a function y =
fix) plotted in Fig. 1. As shown in this figure, the
same error = Ay has different confidence intervals,
and with large gradient comes small interval, in
which it has higher probability to obtain the exact
solution. From equation (6), we approximately
have

dsin(fd)AL =0, (10)

where o is the relative numerical error of the
sample data. The relative error depends on a
number of factors such as the cell-size in the
FDTD method, and the structure of microstrip
circuit. If we want to get a reasonable f, the
sampling interval d must satisfy

(Bd) >5 . (11)
Numerical simulations for the band pass filter with
wave port cases indicate that the suitable sampling
interval approximately satisfies

a>20 (12)

One can also get good results if selecting such
sampling interval for simple microstrip circuits as
the patch antenna and low pass filter given in [20].
Although being an approximation, the above
expression provides a selecting criterion that has
not been presented before. Note that the sampling

GONG, ET. AL.: SELECTING SAMPLING INTERVAL IN IMPROVED SPECTRAL DOMAIN METHOD

interval should be larger than the minimum cell
size of the FDTD simulation.

i
T
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W

Xo X4 .xz :('n

Fig. 1. Relationship between interval and gradient
with the same error.

V. EXAMPLE

We now use the spectral domain method to
simulate a microstrip patch antenna, whose actual
dimensions are shown in Fig. 2. The relative
permittivity of the substrate is 2.2 and the
conductivity of the patch and feed line is 5.8 x 10°
S/m. We get the conductor loss by the use of
equation (9), which is plotted in Fig. 3 (a). The
computational domain for this problem is 25 mm x
50 mm x 20 mm and the sampling interval d is
equal to 0.5 mm. Since the conductance of the
conductor is finite, several cells are needed to
simulate the conductors in the z-direction. It is
very important to ensure that the FDTD mesh
coincides with the edges of the feed line and the
patch. We take the minimum cell sizes to be 0.05,
0.05, and 0.01 mm, in the x-, y-, and z-directions,
respectively. Thus a non uniform mesh of (225 x
320 x 261 cells) is generated including six-layers
of PML. A wave port is employed as an excitation
source. To calculate the S-parameters, we use
these three approaches as follows:

i. using equation (5) and set a = 0, then fitting £,
ii. using equation (6) and fitting £,

iii. using analytic a and £ from equations (8) and
9).

The numerical results of the attenuation
constant are shown in Fig. 3 (b). We then plot its
magnitude in Fig. 4. Moreover, the results of the
phase constants are shown in Fig. 5. From the
example, we conclude that it is difficult to solve
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the attenuation constant for the present spectral
domain, although the method can get good results
for the scattering parameters. As mentioned above,
if the sampling distance is large enough, the
current method can get good result of attenuation
constant, but it will significantly add
computational domain and require more memory.
Using the current method, we can get good results
for the S-parameters even though we cannot get
physical attenuation for low-loss cases in the case
of small sampling interval.

1z

Fig. 2. Microstrip patch antenna.

Finally, we study a microstrip branch line
coupler with four ports. The substrate relative
permittivity is 2.2. The dimensions of the branch
line coupler are given in [19] and repeated here in
Fig. 6. The computation domain is 50 mm x 20
mm X 3 mm, in the X-, y-, and z-directions,
respectively. The minimum spaced steps used are
Ax = 0.5 mm, Ay = 0.38675 mm, and Az = 0.2 mm
and the non-uniform mesh is 85 x 47 x 13 cells,
which is relatively small for a single PC. The
corresponding time step is approximately 0.532 ps.
The sampling interval is 0.5 mm and a wave port
is employed to excite port 1. The computation
time for this circuit is approximately only one
minute on a single PC with two cores and 6 GB
memory. It is a lossless case, so we use equation
(6) to get the phase constant and plot it and its
fitting curve shown in Fig. 7. The scattering
coefficient results, as shown in Fig. 8, indicate
good agreement in the location of the response
nulls and crossover point. The desired branch line
coupler performance is seen in the sharp S;; and
S,; nulls, which occur at approximately at the
same frequency as the crossover in S;; and S,;. At
this point S3; and Sy4; are both approximately -3 dB,
indicating that almost all of the power from port 1
is equally divided and transmitted through the
device to ports 3 and 4.

0.35

120

00}

a0

o in Mp/m

20

Fig. 3.
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Fig. 6. Dimensions of the microstrip branch line
coupler.
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Fig. 7. The computational results of the phase
constant and its fitting curve.
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10

Amplitude in dB

0 2 4 6 8 10
Frequency in GHz

Fig. 8. Scattering parameters of the branch line
coupler.

V. CONCLUSION

We have investigated the improved spectral
domain method for the computation of scattering
parameters of microstrip circuits. An empirical
formula has been proposed for selecting a suitable
sampling distance of the total voltages along the
feed line. Moreover, we have also presented three
approaches to analyze the lossy cases in spectral
domain, and found that lossy problems can be
processed as lossless cases in the present method.
Using the current method, we can still get good
results for S-parameters even though we cannot
get physical attenuation for low-loss cases in the
case of small sampling interval.
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Abstract — In this paper the Green’s functions
(GFs) of a thick microstrip in the spatial-domain is
computed based on expanding the corresponding
spectral-domain functions over inverse quadric
(IQ) radial basis functions (RBFs). The scattered
data interpolation ability of RBFs is exploited for
efficient sampling of the Sommerfeld integration
path (SIP), passing from close vicinity of
singularities in the complex k, plane. By this, the
information content of spectral-domain GFs is
preserved, which makes it possible to compute the
far-fields accurately. Thus, the method can be
applied to the analysis of electrically large
structures near layered media. The proposed
method is direct with only one approximation
level.

Index Terms - Microstrip, integral equation, 1Q,
RBF, and Sommerfeld integral.

I. INTRODUCTION

Development of integral equation (IE)-based
methods, was a revolutionary step in the growth of
computational electromagnetics (CEM). The most
obvious advantage of IE solvers over PDE solvers
is to decrease the amount of discretization region,
which is limited only to the body under study in
the former case. This removes the need of IE
solvers to absorbing boundary conditions (ABCs),
which is a troubling requirement of PDE
counterparts [1, 2]. There also exists a rather not
obvious priority for IE solvers, which if not

Submitted On: Aug. 20, 2012
Accepted On: Nov. 25, 2012

dismissed, is not sufficiently highlighted in the
literature; i.e., the unambiguous description of the
problem at its edges and corners. To clarify this
issue, consider electromagnetic (EM) scattering
from a PEC plate. Handling this problem by the
Finite  FElement Method (FEM) requires
determination of boundary conditions at interior
region of the plate, its edges and corners. Although
for the interior region, the tangential components
of the electric field are known to be zero, the exact
condition on EM fields is unknown on rest of the
boundary. What is known is its order of singularity
[3]- On the other hand, solving the same problem
by MoM is straightforward noting that at the
edges, the normal component of current and at the
corners, the total current should vanish [4].

Beside the aforementioned benefits, there are
two challenges dealing with IE solvers. The first is
the knowledge of the Green’s function (GF) of the
problem, which is known for limited cases such as
free space, half-space, and multi-layered media
[5]. The second challenge is computing the layered
media GF in the spatial-domain, which requires
numerical evaluation of an inverse Fourier-Bessel
transform (IFBT) and follows four difficulties.
First, the spectral-domain GFs are multi-valued,
having number of branch point singularities and
their corresponding branch cuts. Second, these
functions have number of pole singularities,
leading to abrupt changes. It is important to note
that in addition to poles, which intrinsically lead to
harsh variations, some of the branch points also
lead to such behavior. Third, the Bessel functions
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are oscillatory, which complicates the process of
the numerical integration. Fourth, the Bessel
functions are slow decaying, which decelerates the
computation process, i.e., more sampling is
needed, which will lead to longer computation
time.

At present, a winning approach to the problem
is expanding the spectral-domain GFs over a class
of functions with known analytical IFBT.
Assuming a successful expansion, all four said
difficulties are bypassed. In the recent decades,
lots of research is done based on this idea, e.g., [6-
13]. These methods can be classified from the
following aspects:

A. Expansion function

Up to now, the most used expansion functions
are complex exponentials [6, 7, 10], rational [8, 11]
and Gaussian functions [13], in either of k. or k,
complex planes, defined in [6]. These planes can be
uniquely mapped on each other. The corresponding
integrals are then analytically computed via
available mathematical identities, e.g., the
Sommerfeld Identity (SI) [5], or by the residue
theorem [14].

B. Expansion method

Expanding a known function over a class of
functions with unknown parameters can be studied
under the context of model-based parameter
estimation (MBPE). The MBPE can be carried out
by non-linear programming or optimization
methods. However, there exist conditions which
allow solving non-linear problems by linear
algebra, e.g., the Prony method [15], generalized
pencil-of-function (GPOF) method [16] and matrix-
pencil method (MPM) [17]. These methods are all
one-step solutions to the expansion problem and
expand a complex valued function of a real variable
over sum of complex exponentials, provided that
the independent variable is sampled uniformly. For
expanding over rational functions, the rational
function fitting method (RFFM) has currently
attracted the researchers [18]. This method is
iterative and should be initialized properly.

C. Dependence on human labour

Achieving fully automatic IE solver requires
direct methods for computation of spatial-domain
GFs. By direct method, it is meant methods
independent of human labour, e.g., [7, 10]. In the
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pioneering works, e.g. [6], the contributions of
quasi dynamic images and surface-wave poles
(SWPs) were subtracted, analytically. It should be
noted that for a general multilayered case, the
surface-wave terms cannot be obtained analytically
[10].

D. Integration path

Another distinguishing factor is the integration
path, which is called the Sommerfeld integration
path (SIP). The SIP can be considered in either of
the k. or k, complex planes. Theoretically, all valid
paths are equivalent. However, as clearly stated in
[10], the limited number of significant digits in
numerical computations leads to different results
from different paths. The information content of the
evaluated GFs increases as the path become closer
to singular points. Thus, if the expansion method is
incapable of tracking abrupt changes, the path
should pass sufficiently far from singularities.
Stating another way, there is a compromise between
the sharpness of the function and its information
content. Such a decrease, leads to erroneous
evaluations in the far-field region of the spatial-
domain GFs.

E. Number of approximation levels

The variation rate of the spectral-domain GFs
differs on different sections of the SIP. Therefore,
if the expansion method requires uniform
sampling, the efficiency of the process decreases
drastically. This fact should specially be
considered when direct methods are of interest. A
classical solution to this problem is partitioning
the integration path to sub-sections and sample
each of them independently, based on the behavior
of the corresponding spectral-domain GF. The
number of approximation levels is then equal to
the number of partitions. This procedure is utilized
in [7] for the first time, leading to a two-level
approximation, and is still followed by other
researchers.

F. Physical compatibility

Different sections of the SIP correspond to EM
waves of different nature. Thus, it seems reasonable
to expand each part such that its IFBT coincides
with the real nature of the wave. For instance, the
EM wave at the near-field and the far-field along
the substrate becomes spherical and cylindrical,
respectively. Consequently, physical compatibility



is met by expanding the low and high spatial
frequency sections of the path such that their IFBT

lead toe_jk‘)r/r andHél)(k0 ), respectively, as is

done in [11]. Nevertheless, for a successful result,
such a compatibility is not necessary [10].

The proposed method employs inverse quadric
(IQ) and radial basis functions (RBFs) for
expansion, which are rational [19]. The RBFs are
mainly  constructed  for  scattered data
interpolations [20] and are currently exploited in
mesh free solution of operator equations [21, 22].
Expanding over RBFs is done by solving a linear
system of equations. Therefore, the expansion
process is carried out in one-step, without the need
to initial guess. The proposed method is direct and
does not need any human labor. Moreover, the
extreme ability of RBFs in data fitting makes it
possible to pass the SIP from vicinity of
singularities. As a result, the method is capable to
correctly evaluate the spatial-domain GFs in the
far-field region, due to preserving the information
content of the spectral-domain GFs. Thus, the
method is applicable for the analysis of electrically
large structures near layered media. The scattered
data interpolation property of RBFs is utilized for
non-uniform sampling of the SIP, leading to one-
level approximation and significant increase in
computational efficiency. Finally, the method does
not possess physical compatibility, due to
expressing the EM field by cylindrical waves in
the whole spatial range.

Il. MATHEMATICAL STATEMENT OF
THE PROBLEM

Suppose an infinite grounded dielectric
substrate with height % and real electric
permittivity of ¢, The substrate is placed on x-y
plane such that its top side coincides with z = 0.
This structure is illuminated by an x-directed
electric dipole of wunit strength located at
z=z'">0 and oscillating at frequency f = fj. It is
assumed that z>0is free space. Under these
assumptions, the spatial-domain GFs in the air

region can be computed by [6]
—Jkory

Gr=tl It p(R,)

dr 4r
D e .
e.OD
G = + F(R.,+R
" 4me, i, 4re, ( " q)

with
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efjkﬂ(:+z')
PO =[O ko)t @)
SIP 0
where J; is the zero order Bessel function, and
_ rlgE +O
" 1+ rlgEq)
22, (1-¢,)(1-@?) -3

! (kzl +k,, )(kzl +éek, )(1 + r}?cp)(] - ’”IZM(D)
with,
ro =k, —ko)(k, +k, )71
ro' = (k=& ko) (k, +e.k, )71
k2, + k. =k, : 4)
Kk = o i

® = exp(—,2k, h)

Traditionally, equation (2) is called the
Sommerfeld integral. From the mathematical stand
point, equation (2) is an IFBT and SIP coincide the
real axis in k, plane, not passing from poles and
branch points [23]. Exclusion of singularities can
be theoretically carried out by turning over them
with hemi-circles of infinitely small radii such that
the path remains in first and third quadrants to
satisfy the Sommerfeld radiation condition [5, 23].
Therefore, the integrand remains analytic on the
deformed path. It should be noted that the path
deformation theorem ensures invariance of the
integral [6, 14].

11l. MESHLESS INTERPOLATION BY
1Q RBF

Consider the problem of interpolating a
function u based on its N scattered samples. The
samples are assumed to be laid on the real axis,
positioned at x;,...,xy, and u is in general, complex
valued. Currently, the most famous way for
achieving this goal is exploiting RBFs. The RBFs
are either global support (GS) or compact support
(CS) [22]. There is a fundamental difference
between these kinds; the CS RBFs are never
analytic whereas it is possible to have analytic GS
RBFs.

As a brief description of the proposed method,
we intend to evaluate contour integrations over the
complex k,-plane where the integrand is expanded
over RBFs. Thus, CS RBFs are excluded and
among GS RBFs, the 1Q kind is selected because it
is analytic, all-pole, and has a well-conditioned
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(practically banded and sparse) moment matrix.
For the problem at hand, IQ RBF can be expressed
as,

p(x)= (x2 + 47 )71 )
where A is called the shape parameter [21]. The
function u can now be uniquely interpolated at any
xe [xl, xN] , by the following expansion

()20 (1) = X (3
. (x)=¢7(x—xl.)=|:(x—xi)2 +Al_2:|71

where u" is the interpolated value of u. In addition,
A; and w; are the shape parameter and weighting of
the ™ sample (node), respectively. The shape
parameter can be node dependent. The weightings
are simply computed by collocating equation (6) at
the nodes and solving a corresponding linear
system of equations, which is a well-conditioned
diagonal-dominant matrix for the problem at hand.
For determination of the shape parameter, it is
preferable to express A4; as,
4=ad, >0 ™
where o; and d; are called the dimension less shape
parameter and the characteristic length of the /™
node, respectively [21]. These parameters are, in
general, selected empirically. Unless the
distribution of samples is not too irregular, d; can
be selected to be the average nodal spacing [21].
In this work, o, =2andd, = |x.

i+l

remark, the IQ RBFs tend to zero outside the
sampling region. Thus, if u is practically zero out

of [x,x,], u" can also extrapolate it.

: (6)

—x,.|. As a final

V. 1Q RBF APPROACH TO THE
PROBLEM
In this section, the IQ RBF is used for
evaluating equation (2). For this purpose, inspiring
from [10], we start with the following SIP
SIP, :k, =k, + jrk,, 0<k, <o, ®)
where k), is the real variable of the complex £,

plane and y is a positive factor. Additionally, let’s
define

. e*jkzo(”z')

i ; €)
Ry =—L—(Ry +R,)-e /)
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which leads to the following equivalent statement

of equation (2)

F(p)= [ R/(k,)-Jy(k,p)dk,, 1=1,2.
SIP,

The substrate is assumed to be loss-less. Thus,
all the singularities of the spectral-domain GFs lay
on the real axis and consequently, this path passes
from above of R; and R, singularities. Moreover,
since SIP,; is a biased version of the real axis, the
IQ RBF can interpolate the aforementioned
functions based on their samples evaluated on this
path. Noting the final remark of the previous
section, it is necessary to study the behavior of R,
and R, when k, approaches to infinity. It is
straightforward to show that

klﬂiirche{Rl} = k{irﬁrlolm{Rl} = k%)ig}@lm{Rz}

(10)

. ¥ (11)
klﬂlir}CRe{Rz} =(1-¢,)(1+¢,)
The above limits can be verified as follows,
when k, — oo, Sommerfeld radiation condition
requires k.9 — —joo and k,; — —joo. Therefore,

d—->0

rg =0 (12)
s (1-g)(1+e,) "
Consequently,
R, —0
P (13)
R —(l-¢,)(1+¢,)

which noting to equation (9) leads to equation
(11). Thus, interpolating R; by IQ RBFs will also
lead to its extrapolation. This is not the case for R,.
One way to overcome this difficulty is to subtract
and add the following function from R,

k
R=(lve)(1-5) .

—— n>0, (14)
P
and rewriting R as:
=R +R
R, =R +R, as)
R,=R,-R,

The function R, has the following properties:
. -1
klﬂlg}ORb =(1-¢,)(1+¢,)

e

-0 (16)
[ R, Iy (k,p)dk, =(1-2,)(1+¢,)"
SIP, IO
where the second equality one can be verified by
direct application of the SI. The first property in
equation (16) ensures automatic extrapolation of
R; by its expansion over 1Q RBFs. In addition, by



the second property in equation (16) the inverse

transform of the residual function can be

computed analytically. Thus, the problem to be
solved simplifies to the evaluation of

F(p)= [ R(k,)-Js(k,p)dk,, 1=1,3. (17)
SIP,

For this purpose,
expansion,

R (, ), = wat( o)

where , is the number of samples along SIP; for
describing R; at k, ,,i=1,..,N,. Replacing equation

consider the following

1=1,3 (18)

(18) into equation (17) and following the final
remark of the previous section, the SIP; can be
extended to SIP,

ky +jrks;
SIP, : k, = {k‘j ’

P>

0<k’ <o
" (19)
—0<k, <0
This makes is possible to rewrite equation (17) as,
N
=>w' [ ¢/ (k,)-Jy(k,p)dk,, 1=1,3 (20)
i=1 SIP,
which by using [23] leads
2, (2)=Hy (2)-H (=2), 1)
can be expressed as,
E(p)=F (p)+F (p),
with

F(p)=+= Zw [ o (k; ) H (+k,p)dk,

i=1 SIP,

p)=—32w [ o/ (k)

i=1 SIP,

1=1,3 (22)

Y (k)

(23)
where H) is the zero order Hankel function. At
this step, noting that H(gl)(z) is analytic at+ joo,
the integration paths corresponding to F," and F,”

are closed by hemi-circles of infinite radii at upper
and lower half planes, respectively. Doing so,
equation (23) can be analytically evaluated by
direct application of the residue theorem, i.e.,

:+j7rZN:.W—"l,H§1) [+(kp’,i +in’),0]
N , =13

él) |:_(kpl,i + inl )p:l

)==J ”Z ZAI
(24)
where A’ is the corresponding shape parameter.

This completes the proposed approach of the
problem.
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V. NUMERICAL RESULTS

In this section, the proposed method is applied
to a microstrip substrate with ¢, = /2.6 and & = 1
mm illuminated at f, = 30 GHz. In addition, it is
assumed that y= 10", 7=10% 0 < k,” < Tkyand z=
z’ = 0. Using this small value of y, the information
content of singularities are well-preserved and it is
expected the method to be able to track the spatial-
domain GFs at distances considerably far from the
origin. Under the above conditions, the
corresponding R; and R; functions are interpolated
based on their non-uniform samples, depicted in
Fig. 1. For this purpose, a simple algorithm is
developed, which its details are beyond the scope
of the paper. As a brief description, the algorithm
starts with dividing the domain of the function to
number of sub-intervals. Then, it iteratively
increases the number of samples in each sub-
interval, uniformly, unless the error in the
corresponding sub-interval becomes less than a
predetermined value. The non-uniform sampling
has decreased the number of sample from 8887 to
406 for R;, and from 9678 to 1232 for R;, which
corresponds to the reduction ratio of 95.4 % and
87.3 %, respectively. For clearly demonstrating
the capability of IQ RBFs in tracking harsh
variations, the singular regions of the functions are
enlarged and depicted in Fig. 2. Applying the
proposed method to 1Q interpolation of R; and R;,
the amplitude of G} and G, functions are

evaluated and compared to their corresponding
exact values in Figs. 3 (a) and (b), respectively. By
exact value, we mean the value computed by
direct numerical integration. For better showing
the accuracy of the proposed method, the
oscillating part of G, is enlarged and depicted in

Fig. 3 (c). Finally, the effect of yis studied on G*

and reported in Fig. 4. As is clear and was
predictable, the valid range of far-field increases
as y decreases.

V1. CONCLUSION

The IQ RBFs are used for expanding the
spectral-domain GFs of a microstrip thick
substrate. The Sommerfeld integrals
corresponding to spatial-domain GFs are then
analytically evaluated by the residue theorem. This
led to representing electromagnetic fields only by
cylindrical waves. In view of extreme capability of
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RBFs in data fitting, the SIP is deformed to pass
from vicinity of singularities of spectral-domain
GFs in the complex k,-plain, which led to accurate A
evaluation of far-fields up to logjy (kgp) = 3.

Moreover, the scattered data interpolation ability E‘;
of RBFs is utilized for non-uniform sampling of  ~ -200
the SIP which has led to considerable increase in
computational efficiency. 400! - Original
—Interpolated
2000 4000
k)
(d)
500/
Fig. 1. 1Q interpolation of R; and R; for (a) Re{R,},
. (b) Im{R,}, () Re{Rs}, and (d) Im(R5).
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Im{R_}

0
* Original Y
—Interpolated
kp'
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Fig. 2. 1Q interpolation of R; and Rj;, enlarged at
singular regions for (a) Re{R;}, (b) Im{R;}, (c)
Re{R;}, and (d) Im(R;).

6. .

— Eiacl
* Proposed

log, ,(IG}))

3 -2 1 0 1 2 3
log, ,(k;0)
(a)
5 - -
—Exact
* Proposed
4
:U'
g
=3
-3
K]
2
1,
-3 -2 1 0 1 2 3
log, (k)
(b)
2.2f

" [ —Exact |
* Proposed

Fig. 3. The amplitude of spatial-domain GFs for (a)
G, (b) G, ,(c) G, enlarged at its oscillating part.

3 2 0 1 2 3
log, ,{k;e)
Fig. 4. Effect of yon G}*.
ACKNOWLEDGMENT

The authors acknowledge Dr. A. H. Shoory

for inputs in Green’s function of multilayered
media. The authors thank reviewers for many
constructive comments.

(1]

REFERENCES
A. Taflove and S. Hagness, Computational
Electrodynamics, Third Edition. Artech House,
2005.
J. Jin, The Finite FElement Method in
Electromagnetics, 2™ John Wiley & Sons, 2002.
J. G. Van Bladel, Singular Electromagnetic Fields
and Sources. Wiley-IEEE Press, 1996.
R. Bancroft, Understanding Electromagnetic
Scattering Using the Moment Method. Artech
House, 1996.
W. C. Chew, Waves and Fields in Inhomogeneous
Media. IEEE Press, 1995.
Y. L. Chow, J. J. Yang, D. G. Fang, and G. E.
Howard, “A closed-form spatial Green’s function
for the thick microstrip substrate,” IEEE Trans.
Microwave Theory Tech., vol. 39, no. 3, pp. 588-
592, 1991.
M. 1. Aksun, “A robust approach for the derivation
of closed-form Green’s functions,” IEEE Trans.
Microwave Theory Tech., vol. 44, no. 5, pp. 651-
658, 1996.
F. Ling and J. Jin, “Discrete complex image
method for Green’s functions of general multilayer
media,” IEEE Microwave and Guided Wave
Letters, vol. 10, no. 10, pp. 400-402, 2000.
Y. Ge and K. P. Esselle, “New closed-form
Green’s functions for microstrip structures theory
and results,” IEEE Trans. Microwave Theory
Tech., vol. 50, no. 6, pp. 1556-1560, 2002.

[10]M. Yuan, T. K. Sarkar, and M. Salazar-Palma, “A

direct discrete complex image method from the
closed-form Green’s functions in multilayered
media,” IEEE Trans. Microwave Theory Tech., vol.
54, no. 3, pp. 1025-1032, 2006.



98

[11]V. N. Kourkoulos and A. C. Cangellaris, “Accurate
approximation of Green’s functions in planar
stratified media in terms of a finite sum of
spherical and cylindrical waves,” IEEE Trans.
Antennas Propag., vol. 54, no. 5, pp. 1568-1576,
2006.

[12]A. G. Polimeridis, T. V. Yioultsis, and T. D.
Tsiboukis, “A robust method for the computation
of Green’s functions in stratified media,” IEEE
Trans. Microwave Theory Tech., vol. 55, no. 7, pp.
1963-1969, 2007.

[13]M. M. Tajdini and A. A. Shishegar, “A novel
analysis of microstrip structures using the Gaussian
Green’s function method,” IEEE Trans. Antennas
Propagat., vol. 58, no. 1, pp. 88-94, 2010.

[14]J. W. Brown, R. V. Churchill, Complex Variables
and Applications. McGraw-Hill, 1996.

[15]R. W. Hamming, Numerical Methods for Scientists
and Engineers. Dover Publications, 1987.

[16]Y. Hua and T. K. Sarkar, “Generalized pencil-of-
function method for extracting poles of an EM
system from its transient response,” IEEE Trans.
Antennas. Propagat., vol. 37, no. 2, pp. 229-234,
1989.

[17]T. K. Sarkar and O. Pereira, “Using the matrix
pencil method to estimate the parameters of a sum
of complex exponentials,” [EEE Antennas
Propagat. Mag., vol. 37, no. 3, pp. 48-55, 1995.

[18]B. Gustavsen and A. Semlyen, “Rational
approximation of frequency domain responses by
vector fitting,” [EEE Trans. Power Delivery, vol.
14, no. 3, pp. 1052-1061, 1999.

[19]B. Fornberg and C. Piret, “On choosing a radial
basis function and a shape parameter when solving
a convective PDE on a sphere,” Elsevier J.
Comput. Phys., vol. 227, pp. 2758-2780, 2008.

[20]M. J. D. Powell. “The theory of radial basis
function approximations in 1990,” Advances in
Numerical — Analysis:  Wavelets,  Subdivision
Algorithms, and Radial Basis Functions, vol. 2. W.
Light, Ed. USA: Oxford University Press, pp.105-
210, 1992.

[21]1G. R. Liu, Mesh Free Methods. CRC Press, 2003.

[22]1G. R. Liu and Y. T. Gu, 4n Introduction to
MeshFree Methods and Their Programming,
Springer, 2005.

[23]1A. Banos, Dipole Radiation in the Presence of a
Conducting Half-Space, Pergamon, 1966.

ACES JOURNAL, VOL. 28, NO. 2, FEBRUARY 2013

Babak Honarbakhsh was born in
Tehran, Iran. He received his B.Sc.
and M.Sc. degrees in Electrical
Engineering  from  Amirkabir
University of Technology where
he is currently working toward his
\ Ph.D. degree. His current research
interest is numerical solution of

electromagnetic problems by meshfree methods.

Ahad Tavakoli was born in Tehran,
Iran, on March 8, 1959. He received
B.Sc. and M.Sc. degrees from the
University of Kansas, Lawrence,
and the Ph.D. degree from the
University of Michigan, Ann Arbor,
all in electrical engineering, in
1982, 1984, and 1991, respectively.
He is currently a Professor in the Department of
Electrical Engineering at Amirkabir University of
Technology. His research interests include EMC,
scattering of electromagnetic waves and microstrip
antennas.




ACES JOURNAL, VOL. 28, NO. 2, FEBRUARY 2013

Analysis of Thick Microstrip Antennas by the Meshfree Collocation
Method

B. Honarbakhsh' and A. Tavakoli?

'Department of Electrical Engineering
*Institute of Communications Technology and Applied Electromagnetics
Amirkabir University of Technology (Tehran Polytechnic), Tehran, IRAN
b_honarbakhsh@aut.ac.ir and tavakoli@aut.ac.ir

Abstract — A meshless integration free approach is
applied to numerical solution of the mixed
potential integral equation (MPIE) governing
various microstrip resonators/antennas. The idea
behind the discrete complex image method
(DCIM) is exploited to provide closed form
expressions for all of the integrals, leading to an
efficient spectral-domain  meshless integral
equation (IE) solver. The proposed meshfree
method (MFM) is compared with low order
method of moments (MoM) from the aspects of
memory usage and simulation time, which shows
superior performance of the MFM.

Index Terms - Collocation, meshfree, microstrip
antenna, MoM, RBF, and Shepard.

I. INTRODUCTION

Currently, meshfree methods (MFMs) are
well-known as partial differential equation (PDE)
solvers and the amount of research devoted to
meshless solution of integral equations (IEs) is
negligible [1-7]. Not so far, a study is reported on
numerical solution of electromagnetic (EM) IEs by
the meshfree collocation method (MCM) [7]. The
purpose of this work is applying that method to the
analysis of microstrip resonators/antennas by
meshfree (meshless) solution of the mixed
potential integral equation (MPIE) [8]. This
equation is the most practical IE in numerical
solution of microstrip structures due to its weak
singular kernels, numerical stability, and intense
capability of handling multilayered media [9].

At present, the method of moments (MoM) is
known as the most versatile numerical method for

Submitted On: Aug. 20, 2012
Accepted On: Nov. 25, 2012

such problems. One of the pre-assumptions in
MoM is partitioning the problem domain by
meshes. The unknown field variable is then
expanded over known basis functions with
unknown weightings on each mesh, leading to
discretization of the IE. These expansion functions
most often have simple mathematical form and
thus, low reconstruction capability. Although it is
possible to use basis functions with high
reconstruction ability, currently the most used
MoM solvers are of low order. Hereafter in this
paper, by MoM it is meant low order MoM, which
exploits pulse/roof-top basis functions.

In contrast to MoM, MFMs discretize operator
equations by nodes instead of meshes and utilizing
meshfree shape functions. These functions are
highly complicated, with excellent fitting
capability [10]. Thus, it is expected that MFMs be
able to solve the same problem with less number
of unknowns compared to MoM, leading to save
in memory usage. On the other hand, noting that
evaluation of meshless shape functions often
requires matrix computations, MFMs are expected
to be slow solvers. This makes meshless solution
of IEs a challenging problem.

For decreasing the simulation time, guidelines
reported in [7] are followed throughout this paper,
which has led to less computational cost with
respect to MoM. Since all numerical integrations
are effectively carried out in the spectral domain,
the proposed method can be regarded as the
meshless counterpart of the spectral domain MoM.
This study covers different aspects of geometries,
feeding techniques, nature of structures, and
number of exciting ports. For decoupling the effect
of the substrate Green’s functions (GFs) from the

1054-4887 © 2013 ACES
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method itself, the first four structures are analyzed
based of air-filled substrate and for completeness,
the last case is devoted to a realistic antenna.

All MFM simulations are carried out based on
regular node arrangements. This restriction is due
to presently available strategy for bypassing
numerical integration. By introducing wise
irregularity in node distribution, the scattered data
fitting capability of meshless shape functions can
be exploited which leads to more decrease in the
number of unknowns. Nevertheless, although the
present study has led to over sampling of the
problem domain, both of the number of unknowns
and simulation time are decreased compared to
MoM. The main ideas of the method are general
and can be applied to arbitrary node arrangements.
Finally, it should be pointed out that by “thick” we
mean that the variations of EM fields normal to
the substrate are not neglected in this work.

II. MATHEMATICAL STATEMENT OF
THE PROBLEM
Consider a planar microstrip structure of
domain Q and boundary 0€, illuminated by an

incident electric field, E. The MPIE governing
this problem can be expressed as

nxE’' =nx (ja)A + VV), in problem domain
m-J_=0, on smooth boundaries , (D

J, =0, on convex corners

where n and m are unit normal vectors to Q and
0Q, respectively, with n-m =0 . In addition

A(p)= 14, [Gs(p. '), (p')dC2
e , 2
gOV(p)=J-GV (P, p')pi_(p')dQ @

where EA and G, are dyadic and scalar GFs of
the substrate medium, respectively [9]. As well,
p,and J are related by the continuity equation,
1e.,

V-J +jop, =0. 3)

In conventional MoM solvers, J; is expanded

over a set of basis functions satisfying boundary
conditions (BCs) and equation (2) is injected in
equation (1). Thus, the problem reduces to

ACES JOURNAL, VOL. 28, NO. 2, FEBRUARY 2013

enxE' (p)=nx ngoyojaA (p.p')-J,(p)d2
Q
4)
+V[G, (p.0") 2, (p')dQ .
Q

and is solved by a weighted residual method,
which is usually of the Galerkin type. This choice
with applying integration by parts, removes the
gradient operator [9]. As the MoM enforces the
basis functions to be only linear independent, it is
possible to use simple functions such as
rectangular pulses and roof-tops. These functions
have low order of continuity, and therefore,

differentiation is not straightforward, if not
impossible. On the other hand, this option
simplifies computing of fourfold integrals

appearing in solution of 2D problems.

In contrast to MoM, MFM not only enforces
the meshless shape functions to be linear
independent, but also imposes them to be either
approximants or interpolants. Sample 1D
approximant and interpolant meshless shape
functions are depicted in Fig. 1.

1 ' ‘,#\ * Nodes

_¢5, Approximant

"¢5, Interpolant

N \ ; *\ / \ /
hid N/ ‘\-,I —
-1 -0.5 0 0.5 1
X

Fig. 1. Sample 1D approximant and interpolant
meshless shape functions.

Clearly, construction of meshless shape
functions satisfying the BCs of equation (1) is too
hard, if not impossible. As stated earlier, these
functions possess high order of continuity and
their evaluation is computationally expensive.
Thus, numerical integration over them is time
consuming, which makes application of the
Galerkin method computationally inefficient. As a
conclusion, for meshless solution of the MPIE, we
suggest the collocation method, without replacing
equation (2) into equation (1).



III. MESHLESS DISCRETIZATION

The first step for meshless discretization is to
scatter M nodes in the problem domain and on its
boundary. This leads to nodal description of the
problem. Next, the unknown field variable should
be expanded over meshless shape functions. This
step is highly problem dependent. An improper
selection of expansion functions leads to
inaccuracy and/or computational inefficiency.
Considering the present formulation, i.e.,
equations (1) and (2), reveals that the problem can
be regarded as a combination of two parts; the
differential part, i.e., equation (1), and an integral
part, i.e., equation (2). Thus, the field variable V
should be expanded over a set of smooth
functions; no matter they are localized or
distributed over the entire problem domain. We
suggest expanding V' over radial basis function
(RBF) interpolants and not over moving least
square (MLS) approximants. For detailed
introduction to meshless shape functions, the
reader is referred to [10]. The relative
computational cost of evaluating the differential
part for a sample 2D problem is reported in Fig. 2,

wherein conventional MLS and RBF shape
functions are used.
3
:
S
=
%25
g
2 200 225

50 100 \ 150
Fig. 2. Relative computational cost of evaluating
the differential part for a sample 2D problem.

On the other hand, J; should be expanded over
functions, which are localized over a small portion
of the problem domain. If not, integration over
each of the corresponding shape functions requires
either huge number of quadrature points or a back
ground mesh. The computational cost of
evaluating the integral part for a sample 2D
problem using conventional MLS, Shepard and
RBF shape functions is reported in Fig. 3. Thus,
we suggest expanding J; over Shepard
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approximants [11], which their evaluation does not
require matrix computations.

100 —RBF
—Conventional MLS

75__—Shepard (matrix-free MLS)

T(s)

50 100 150
M

Fig. 3. Computational cost of evaluating the
integral part for a sample 2D problem using
different meshless shape functions.

200 225

Assume {g}" and {y,}" be sets of,

respectively, interpolants and approximants
corresponding to nodes describing the problem.
Therefore,

yh (p):q)T(p)'i\’:g(/’i(p)ﬁ

4(p)=®" (p)-A, =X 0,(p)4,,. (5)

with

V[ ]

A=, A (6)
|

where V"and 4" are interpolated value of ¥ and

A,, respectively, J! is the approximated value of

Js, and a is either of x or y. Collocating sides of
equation (5) and the first of equation (1) at the
nodes yields

L-J=b, (7)
where
L_{L“ Lu}
LZI L22
N : (8)
b =[El -E, |E,, E,,]
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with
L, =jouK, _(ja)go )_l P K,
L, = _(ngo )71 P K,

05, » ©
L, =—(jos,) ®, K,
L,, = jou K, —(ja)go )_] (I)y K,
and
[K.], = .[‘/’j (p")GI (p;»p")dQ
Q
[Kz]i/ :J‘V//,X(P’)GV (Pnp')dQ. (10)
Q
[K3 ]ij - J.l//j.y (pl)GV (pfs Pl)dQ
Q

The unknown field variable J can now be
computed by solving the linear system of equation
(7) after imposition of BCs, which is now
straightforward.

IV. COMPUTATION OF THE L MATRIX

This section follows [7]. The computational
cost of the L matrix is mainly due to matrices
introduced in equation (10). The key point is
noting the fact that under the assumption of
regular node arrangement, Shepard functions
become bell-shaped and consequently, can be well
approximated by a single Gaussian function.
Hereafter, we assume

y/i(x+x[,y+y,.):exP[_(§£i)x2 +§£i)yz)} (11)

i

where a;, fi) and 5}(,") are constants corresponding

to the i™ approximant and can be simply estimated
by curve fitting methods. This point, itself,
simplifies handling the problem and increases
computational efficiency. The aforementioned
matrices can be computed in both of space and
spectral domains. Thus, we split this section to two
parts and discuss each one separately.

A. Space domain

Computation in the space domain requires
evaluation of space domain GFs of the problem.
Although the GFs of multi-layered media have
closed forms in the spectral domain, their
evaluation in the space domain has a long history
and still is known as an active research topic.
Currently, one of the most famous and efficient
approaches used for this purpose, is the discrete
complex image method (DCIM) [12, 13]. The
DCIM is a general idea for computing the inverse
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Fourier-Bessel transform and, itself, can be
implemented in a variety of ways. In this work, we
have followed [13] which, for the problem at hand,
express the space domain GFs as a sum of
complex-valued spherical wave, i.e.,

= jkor,

G(p.p)=Se, ¢
(pAJ)—ggcp4ﬂm

r, =\l -4

where ¢,,d, eCand G=G;,GY,G,. Details of

m> 'm

(12)

this method are beyond the scope of this work.
Considering equations (10) to (12), the
mathematical form of the first integrals in equation
(10) can be stated as

S(mon)= [ £, (x5 9) 1, (x, v)dQ

exp[—jkm/x2 +3° —d;}
X+ —d}f

I (x+xn, y+y, ) = eXp[—(/;i”)xz + f}(,")yz )J

. (13)

f;n(x+xm’y+ym):

where Q, is the support of the n™ approximant.
The other integrals can be stated, and consequently
treated similarly. This integral has a potential first
order singularity and is classified as a weak
singular integral. Nevertheless, for fast and
accurate numerical integration, all  sharp
behaviours and infinite values of the integrand
should be avoided. Such integrals can be evaluated
numerically by applying the Duffy transform,
which is simple to implement and annihilates the
possible singularity at the expense of triangular
meshing the integration domain and the
corresponding  increase in  computational
complexity [14].

B. Spectral domain

It is well known that all integrals of equation
(10) are linear convolutions. This fact can be
exploited to calculate equation (10) by the
continuous Fourier transform (CFT), e.g., the j”
column of K can be computed as follows

K], =F 4{F {w,} F {G;}}, i=1...M, (14)

where F stands for CFT. A situation exists, which
can decrease the computational cost of the method
by providing closed form expressions for the
integrals of equation (10). Suppose,



vilp)=vIp—pP;
( ) : ( ), 1<isM (15)
§l=g)=¢

which is met by nodal arrangements with equal
radial distance. Thus, the mathematical forms of

the required integrals are
k2

g (p) = e “ Gy (k2)J, (k,p)k,dk,

K .
gz(p)zcosqoj.:e “a, (k;)J1 (k,p)kdk, ,  (16)
g

. (0)=singf € <G (3)1;(k p) ik,

where G stands for the spectral domain
counterpart of G. The remained step is computing
the above Sommerfeld-type integrals, which can
be done by following the strategy introduced in
[13]. The time gain achieved by computing the
first integral of equation (16) in space and spectral
domains for a sample 2D problem is reported in
Fig. 4. Relaxing the condition of equation (15)
does not invalidate this approach. Application to
general case is under study.

3

)
— N
o N o

l°g10(Tspacarrspact

—
T

0.5

50 100 150 200 225

N
Fig. 4. Time gain achieved by computing the first
integral of equation (16) in space and spectral
domains.

V. FEED MODELING

There are varieties of methods for feeding
microstrip antennas [9, 15]. One of the most
practical picks is to directly connect a microstrip
line to the radiating patch. This choice has two
valuable benefits. First, it preserves the planarity
of the problem and restricts the discretization to
the microstrip plane. Second, it allows analysis of
the problem by the collocation method. This is in

HONARBAKHSH, TAVAKOLI: ANALYSIS OF THICK MICROSTRIP ANTENNAS BY THE MESHFREE COLLOCATION METHOD

contrast to feeding by vertical filament acting on
some point of the upper conductor, which requires
a distributed weighting function needed for
absorbing the singularity of the Dirac delta
function. Another choice is proximity feeding
technique, in which the feed line truncates at the
vicinity of the radiating element. Although this
case preserves benefits of the former one, the
coupling of EM energy is drastically decreased
compared to that, making the impedance matching
difficult. Moreover, the high sensitivity of the
return loss to the distance between the line and
patch makes this choice impractical. Nevertheless,
from numerical stand point and for the purpose of
validation, both of the aforementioned methods
are used in this study.

Another point that should be noted is the
mathematical form of the excitation function. In
MoM, it is straightforward to use a half roof-top
function with acting at the first mesh of the feed
line. In this case the EM field distribution of the
exciting function suddenly drops from its
maximum value to zero. This sharp variation does
not affect the solution and satisfactory results are
obtained following this strategy. We have found
that meshless methods are incapable of handling
abrupt changes. In fact, we could not get
satisfactory results from the proposed method
unless we modeled the excitation by a smooth
decaying function. In this study, a slowly decaying
Gaussian function is wused. At present, the
optimum value for the damping factor is unknown
to us.

VI. NUMERICAL DE-EMBEDDING

A crucial step in both of the measurement and
numerical analysis of microwave components is
extracting the scattering (S) parameters. The
difficulty of this step arises from the disturbance
of the EM field at the source/load location. The
process of extracting the effect of the source/load
from the intrinsic behavior of the component is
called de-embedding. In the context of numerical
solution, this problem resembles itself, specially,
when dealing with IE solvers and is called
numerical de-embedding. Number of strategies is
introduced for this purpose, e.g., [16, 17]. In this
work, we followed [17]; it is simple and does not
need knowledge of characteristic impedance of the
feed line and its guiding wave length.
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VII. NUMERICAL RESULTS

In this section, the proposed method is applied
to five microstrip structures: a linear resonator, a
proximity-coupled circular resonator, a proximity-
coupled antenna array, a line-fed dual-polarized
patch antenna, and a line-fed patch antenna. One
of the vital steps in such analysis is evaluating of
integrals including GFs of layered media. Any
error in this step, directly affects the final result.
Thus, for decoupling the effect of GFs from the
method, the first four problems are devoted to
substrates with ¢, = 1. These problems prove the
capability of the method in handling various
geometries and different feeding techniques. The
final problem is a realistic microstrip antenna with
g = 2.2. The MFM analysis is based on the
proposed spectral domain strategy. Apparently, it
is also possible to evaluate the coefficient matrix
by direct numerical integration in the space
domain.

Meshless interpolants are constructed by the
following compactly supported positive definite
RBF [10],

(1-n)
R(p)=1x(8+40n+487> +257° +57*),0<n <1
0,7>1

(17)
where n = p/r, with r; being the interpolant
support size. For the first four problems »; = 30d,,
and for the last one »; = 10d, where d, 1s the radial
nodal distance. As well, Shepard approximants are
constructed from the following quadric spline
function [10],

1-617%+87° =31, 0<n <1
)=

0,7>1
where n=p/ry, with r, being the approximant
support size and is set to r4=1.2d, for all cases.
These functions are approximated by Gaussian
functions with equal amplitude and damping
factors in x and y directions. Unfortunately, in the
cases of circular resonator and dual polarized
antenna, the computed input impedances are not in
adequate agreement with MoM. This may be
resulted from unsuccessful numerical de-
embedding. Thus, in these cases, the monostatic
radar cross section (RCS) computed by the
proposed MFM and MoM are also provided to
verify the validity of the method. For this purpose,
the aforementioned structures are excited by x-

(18)
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polarized uniform plain wave. MoM results
corresponding to S-parameter and RCS are
computed by Agilent Momentum 2009 and FEKO
suite 5.5, respectively. Finally, the plat form used
is an Intel (R) Core (TM) 2 CPU with 4 GB RAM.

A. Linear resonator

Consider a 50 mm x 2.5 mm rectangular strip
on a substrate with ¢, = 1 and 2 = 0.794 mm. The
first resonance frequency of this structure can be
analytically estimated to be 3 GHz. The node
arrangement, BCs, current density distribution and
the corresponding input impedance are depicted in
Fig. 5. The computed results are in agreement with
theoretical expectations.

(a)
(b)

Fig. 5. Linear resonator for (a) nodal arrangement
and BCs, (b) current density distribution, and (c)
input impedance.

B. Proximity-coupled circular resonator

For verifying the applicability of the method
to non rectangular geometries, consider a narrow
ring, centered at the origin and fed by a 30 mm X
2.4 mm strip. The inner and outer radii of the ring
are 7.5 mm and 10 mm, respectively. The ring and



the feed line are positioned 2 mm apart and are
placed on a substrate with ¢, = 1 and # = 1.6 mm.
The resonance frequency of the ring can be
estimated to be 5.46 GHz. The nodal arrangement
and BCs, current density distribution and the
corresponding input impedance are depicted in
Fig. 6. The computed results are in accordance
with physical sense. Specially, Fig. 6 (b) shows
how the EM energy is coupled to the ring at the
resonance. Additionally, the capacitive nature of
the feeding structure can be concluded from the
imaginary part of input impedance. However,
adequate agreement between MFM and MoM
cannot be seen, which may be stem from
unsuccessful numerical de-embedding. Thus, the
normalized RCS is also computed by both of the
methods and reported in Fig. 6 (d) for further
validation of the proposed MFM.

C. Proximity-coupled antenna array

As the first radiating structure, consider a two-
element array antenna, excited by proximity
coupling technique. Each element consists of a 2.5
mm X 21.5 mm strip, perpendicularly fed by a
1.54p x 2.5 mm line. The gap between the feed line
and the strip is 1 mm, and the array elements are
placed apart 6 mm. The substrate parameters are &,
=1 and 4 = 1.6 mm. The node arrangement and
BCs for a single element, current density
distribution at resonance and the corresponding
IS5 are depicted in Fig. 7. For clearly visualizing
the coupling of EM energy, the current density
distribution is depicted in logarithmic scale.

D. Line-fed dual-polarized patch antenna

In contrast to previous cases, this case covers
the microstrip discontinuity effect by connecting
the feed lines to the radiating patch. For this
purpose, a 10 mm x10 mm patch is fed by two
1.549 x 1.2 mm lines from its perpendicular sides.
The lines are positioned at the center of each side.
The substrate parameters are ¢, = 1 and 4 = 0.794
mm. The nodal arrangement and BCs, current
density distribution at 13.1 GHz and the
corresponding |S,| are depicted in Fig. 8. As in the
case of circular resonator, the agreement between
the MFM and MoM is not satisfactory. Thus, with
the same reasoning, the RCS of the structure is
computed by both of the methods and reported in
Fig. 8 (d).
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(d

Fig. 6. Proximity-coupled circular resonator for (a)
node arrangement and BCs, (b) current density
distribution, (¢) input impedance, and (d)
normalized RCS.

105



106 ACES JOURNAL, VOL. 28, NO. 2, FEBRUARY 2013

Zlolololol0lo0]olol0l00l00l0I0l0I0l0I010I0l0J0[0]OL )

*..........................*
e R R T A O

@@@@@@@@@@@@@@@@@@@@@@@@@@@@

s s s s s s s ss e e
o S ]

PR S S S S S O S S S ]

e
L

*
n
*

<
®
®
®
®

(a) @)

(b)

S| (dB)

122 125 1285 132 135
f (GHz)

(©)

12 12.5 13 13.5 14

Fig. 7. Proximity-coupled antenna array for (a)
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(b) current density distribution, and (¢) |Sis). (©
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1 —MoM| o
—MFM
0.75 . ~
‘£ -5000
b 05 &
£ -10000
0.25 ,
391.82 391.83 391.84
_ _ _ _ (a)
12 12.5 13 133 137 14
f (GHz) 400
) 0
E
Fig. 8. Line-fed dual-polarized patch antenna for =200
(a) node arrangement and BCs (the feeding lines E 100
are truncated for brevity.), (b) current density
distribution, (c) |S;2|, and (d) normalized RCS. 0 4000 8000 12000
Re(k ) (m™)
(b)
E. Line-fed patch antenna 0.8 —
The final structure, is a 16 mm X% 12.5 mm Tﬁ?&t
patch fed by a 1.54p x 2.5 mm line, located on a o 0
substrate with ¢, = 2.2 and 4 = 0.794 mm. The line & 04
is positioned on the shorter side, 7 mm apart from ‘an < feal
the corner. Computing equation (16) is carried out £
based on [13]. The Sommerfeld integration path 0 e
(SIP) in k. and k, planes and the corresponding 0 10 20 30
spectral domain functions at 18.7 GHz are t
depicted in Fig. 9. The matrix-pencil method ©)
(MPM) is used for expansion over complex
exponentials [18]. The variables ¢, k., k, and ~ 05 —Exact
functions Rre and R, are defined based on [12]. « * MPM
The nodal arrangement, BCs and the |[Sy] o 025
parameter in a wide frequency range are depicted § < e
in Fig. 10. The number of unknowns, N = 2M, and e
the simulation time of the proposed MFM and §
MoM are reported in Fig. 11. For this purpose, ¢ < Imag
four nodes are used for discretizing the width of o 1 20 80 40 50
the feed line in MFM analysis, which makes the (d)

simulation valid up to about 20 GHz. Similarly,

the mesh frequency in MoM is set to 20 GHz. The
current density distributions at deeps of |S;| are
depicted in Fig. 12.

Fig. 9. Spectral domain curves at 18.7 GHz for (a)
SIP in k.-plane, (b) SIP in k,-plane, (c) spectrum
toG,", and (d)

corresponding to G, .

corresponding spectrum
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Fig. 10. Line-fed patch antenna for (a) node
arrangement and BCs at 20 GHz and (b) [S4].
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Fig. 11. Usage of computational resources for (a)
number of unknowns (memory) and (b) time.

ACESJOURNAL, VOL. 28, NO. 2, FEBRUARY 2013

Fig. 12. Current density distribution of a line-fed
patch antenna at (a) 7.5 GHz, (b) 10.1 GHz, (¢)
12.5 GHz, (d) 14.8 GHz, (e) 16.7 GHz, and (f)
18.7 GHz (legends are scaled for each figure,
independently.).



VIII. CONCLUSION

In this paper, five microstrip
resonators/antennas are analyzed by the meshfree
collocation method. The MPIE is used as the
mathematical formulation of the problem.
Guidelines are supplied for efficient meshless
discretization leading to fast meshless integration-
free solution. The proposed method is compared
with MoM from the aspects of memory usage and
simulation  time  which  shows  superior
performance of the proposed MFM.
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Abstract — A novel method, named the resistors
and inductors loading, is proposed in this paper to
reduce the back radiation of the folded PIFA
antenna with finite ground. With different loading
schemes (i.e., resistors loading, inductors loading,
and resistors and inductors loading), variable
reduced back radiation and gain can be achieved.
However, there is a compromise between the gain
and back radiation and it can be chosen based on
the specified applications. A prototype with
resistors loading is fabricated and measured to
verify the proposed design. Measured results agree
well with the simulated results.

Index Terms- Back radiation, folded PIFA
antenna, and resistors and inductors loading.

I. INTRODUCTION

Microstrip antennas have been widely used in
modern mobile and wireless communication
systems because of their significant advantages,
such as the light weight, low profile, and low cost.
Conventional microstrip antennas, operating at
their fundamental mode (TM;y or TMy,;), have an
electrical length of about half wavelength and it is
too large for many applications operating at lower
frequencies such as portable UHF RFID reader
antennas. Some techniques have been proposed to
miniaturize the antenna size, such as the
meandered patch, with high dielectric constant,
PIFA antennas, meander PIFA antenna, the
capacitive loading, the folded strip antenna, and
the folded shorted-patch antenna [1-5]. However,
the size of the ground plane is not considered in all
of these methods, which can significantly affect
the performances of the microstrip antenna. It is

Submitted On: Sep. 10, 2012
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apparent that if the size of the ground plane is
small, the gain will decrease and the back lobe will
increase. As the size of the ground plane reduces,
the currents on the edge of the ground plane
increase and these currents result in a deceased
front-to-back ratio of a patch antenna [6]. So the
total size of the mcirostrip antenna should be
determined by the size of the ground plane rather
than the patch. Though some methods have been
proposed recently to improve the front-to-back
ratio of microstrip antennas [6, 7], a large ground
plane is still employed. In [8], back radiation of
the antenna is reduced by the resistors loading
with a lower antenna gain.

A novel method, named the resistors and
inductors loading, is proposed in this paper to
improve the front to back ratio of the antennas
with compact ground plane. The folded PIFA
antenna is employed here to reduce the antenna
size [4]. Compared with the method depicted in [6,
7], back radiation is reduced significantly in the
proposed design while a compact ground plane is
still remained. As can be seen, there is a
compromise between the gain and the back
radiation with different inductors and resistors
loading schemes and it can be chosen according to
the specified applications, so the proposed antenna
in this paper have more freedom than the antenna
presented in [8] and this antenna can also be
considered as a reconfigurable antenna.

I1. CONFIGURATIONS OF THE
PROPOSED ANTENNA
A conventional folded PIFA antenna is shown
in Fig. 1 and the dimensions of the antenna are
shown in Table 1. It works at the UHF RFID band
and the centre frequency of 915 MHz. This

1054-4887 © 2013 ACES



antenna suffers large back radiations because of
the small ground size. A novel configuration is
proposed in this paper to reduce the back radiation
of the antenna. As shown in Fig. 2 (a), four
inductors and resistors are loaded on the ground
plane. Back radiation of the proposed antenna can
be largely reduced by tuning values of the loaded
inductors and resistors. The operating frequency of
this antenna is determined by lp, and lp;, as shown
in Fig. 2 (b). The dimensions of the proposed
antenna and the optimized values of the loaded
elements are all shown in Table 2. Figure 2 (c¢)
demonstrates the simulated model of the proposed
antenna.

Wo E O w
1
()
Ip,
h - Ipo .
: f‘c‘-—- I h
e
(b)

Fig. 1. The original configuration: (a) front view
and (b) cross-section of the proposed antenna.
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(©

Fig. 2. Configuration of the proposed structure (a)
front view, (b) cross-section, and (c¢) simulated
model of the proposed antenna.

Table 1: Dimensions of the original patch.

1 120 mm Ipo 52 mm
w 80 mm Ip; 32.5 mm
h 5 mm f, 9 mm
h, 10 mm Wo 30 mm

Table 2: Dimensions and values of the loading
elements of the proposed patch.

1 120 mm Ipo 52 mm

w 80 mm Ip 32.5 mm
h 5 mm f, 6.5 mm
h; 10 mm g 24.5 mm
R 50 Ohm Wo 30 mm

L 7 nH

I11. EXPLANATION AND SIMULATION
OF THE PROPOSED ANTENNA

The working principle of the proposed antenna
is discussed in this section. The induced equivalent
magnetic currents (M; and M) [9] on the edges of
the finite ground plane, as shown in Fig. 3 (a),
contribute not only to the antenna gain but also to
the back radiation. Because of the size of the
ground plane of the original antenna, which is only
0.39 Ay x 0.24 Ay, which is even smaller than a
conventional air substrate microstirp antenna, it is
apparent that the induced equivalent magnetic
current can be very large due to the small ground
size. As shown in Fig. 3 (b), because of the large
electric field on the edges of the ground plane, the
induced equivalent magnetic currents will be very
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large, which are obtained according to the formula, —
M=-nxE. (1

Inductors and resistors are loaded on the

ground plane in this paper to reduce the back IMl WM’

radiation of the traditional fold PIFA antenna. As

shown in Fig. 4 (a), the induced equivalent . ]t

magnetic currents M;, M,, and Mj; can be || 1|

considered as a three-element antenna array. By w

controlling the amplitude and phase of M, M, Induced equivalent magnetic current

and Mg, the field produced by them will cancel (a)

each other in some directions and the back

radiation can be reduced. Simulated electric field - & "

distribution on the edge of the ground plane of the

proposed antenna is shown in Fig. 4 (b). Here, the

resistors are used to control the amplitudes of each

element while the inductors and gaps are used to

control the phases of each element.

: 11“
2] J1 M
. 4 Fig. 4. Proposed folded-short patch antenna,
. ‘ showing induced equivalent magnetic currents on
the ground plane: (a) induced equivalent magnetic
S p currents and (b) simulated electric filed
N . distribution.
. Ao :
Induced equivalent magnetic current The proposed antenna is simulated using an
(a) in-house full-wave electromagnetics solver based
on the EFIE (Electric Field Integral Equation) and
the magnetic frill source. The simulated radiation
patterns with and without loadings are shown in
Figs. 5 and 6, respectively. More details about the
gain, the back radiation, and the front-to-back ratio
are shown in Table 3. The optimized dimensions
of the gap and values of inductors and resistors are
shown in Table 2. They are obtained by the trial-
and-error method.

Table 3: Performance comparison with different

loading.
(b) Gain Back Front-to-
Radiation | Back Ratio
Fig. 3. Conventional folded-short patch antenna, Original 465dB| -051dB | 5.16 dB

showing induced equivalent magnetic currents on
the ground plane: (a) induced equivalent magnetic
currents and (b) simulated electric filed
distribution.

R loading 3.86dB |-11.42dB| 15.28 dB
L loading 5.08dB| -5.61dB | 10.69dB
R and L loading | 3.41 dB |-26.23 dB| 29.64 dB
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Fig. 7. Simulated S;, of the proposed antennas.

From the analysis above, it is found that there
is a compromise between the antenna gain and the
back radiation with different loading schemes. By
changing the values of the loaded components,
different antenna gain and back radiation can be
obtained and it depends on specified applications.

=L loading
—e+— L and R loading
—&— Original

- | —v— R loading

IV. EXPERIMENTAL RESULTS

To verify the performance of the proposed
antenna, a prototype of the design with resistors
loading only was fabricated and measured. The
fabricated prototype is shown in Fig. 8. Four 50
Ohm resistors are loaded on the ground plane to
Fig. 6. Radiation pattern of H plane at 915 MHz. reduce the back radiation. The measured S;; and
radiation patterns are shown in Figs. 9 and 10,
respectively. Both of them have a good agreement
with the simulated results.

Table 3 shows that if both resistors and
inductors are loaded, the back radiation is reduced
significantly. The front-to-back ratio is 29.64 dB,
which is 24.48 dB higher than the conventional
one. However, the gain deceases slightly. It is 1.24
dB lower than the conventional one because of the
resistive loss. If only inductors are loaded on the
ground plane, the front-to-back ratio is enhanced
by 5.53 dB and the gain increases slightly.
Meanwhile, if only resistors are loaded on the
ground plane, the front-to-back ratio is enhanced
by 10.8 dB, while the gain decreases, which is also
because of the resistive loss. By slightly changing
the feeding position (f;), all the antennas can be
matched to 50 Ohms easily. The S;; without
loading or with different loadings schemes is
shown in Fig. 7.

Fig. 8. Photograph of the fabricated prototype.
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Fig. 9. Measured |S;;| of the proposed antenna
with resistors loading only.
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Fig. 10. Measured radiation pattern of the
proposed antenna with resistors loading only.

V1. CONCLUSIONS

In this paper, the ground plane of the folded
PIFA antenna is loaded with resistors and
inductors to reduce the back radiation. By the
resistors and inductors loading, the back radiation
is reduced dramatically, which is 25.72 dB lower
than the conventional counterpart, while the
antenna gain decreases slightly. However, there is
a compromise between the gain and back
radiation. Different inductors and resistors loading
schemes can be chosen according to the specified
applications. For example, if the back radiation is
of greater concern, resistors and inductors loading
should be employed. If the antenna gain is more
emphasized, the inductors loading should be
chosen.
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Abstract — This paper presents the impedance
matching  technique and the bandwidth
characteristics of a low-profile top-loaded
triangular antenna with oblique shorting pins. The
folded rim is arranged at the edge of the finite
ground plane. The bandwidth diagrams for various
antenna heights, finite sizes of the ground plane,
and the widths of the folded rim are obtained
through the moment-method simulation. The
maximum bandwidth of 43 % is achieved with
0.05 A height. For the low-profile configuration,
the bandwidth of 17 % is obtained with 0.03 A
height.

Index Terms — Broadband, folded rim, low
profile, moment method, and top-loaded triangular
antenna.

I. INTRODUCTION

A radio-on-fiber system has been developed
for enabling cellular mobile communication in
radio-blind areas, such as highway tunnels and
underground shopping malls [1]. A distributed
antenna system consisting of coaxial cables and
couplers has been specifically designed for use in
the aforementioned radio-blind areas [2]. In an in-
building antenna distribution system, the antenna
is installed on the ceiling, and hence a low-profile
antenna is preferred.

A top-loaded monopole antenna (TLMA) has
been developed for use as a low-profile antenna.
The TLMA that is arranged with a shorting
cylinder or pins has a feature of low profile and
vertical polarization antenna by exciting TMy,
mode [3]. In typical example for the application of

Submitted On: Aug. 31, 2012
Accepted On: Dec. 26, 2012

mobile communication, a disc-loaded monopole
array antenna with electrically steerable beam has
been proposed for diversity technique and
reducing multipath or interference [4]. For
bandwidth enhancement of the low-profile
antenna, a triple-ellipse inverted-hat antenna has
been proposed [5]. The bandwidth over 160 % can
be achieved at an antenna height of 0.1 A at the
lowest frequency. For obtaining the TM,; mode
with low-profile configuration, a disc-ring
dielectric resonator antenna has been presented [6].
A 47 % bandwidth is achieved at an antenna
height of 0.2 A.

For achieving simple configuration, triangular
or trapezoidal plates are used as the radiating
elements for the TLMA [7]. Based on them, the
TLMA was designed with clarified impedance-
matching techniques showing the bandwidth
characteristics of the TLMA with oblique shorting
pins [8]. Moreover, the effects of a folded rim at
the edge of a finite ground plane are also clarified
to reduce the antenna height for the low-profile
TLMA [9]. However, the optimum width of the
folded rim has not been obtained at each size of
the ground plane when the antenna height is less
than 0.05 A.

This paper presents the impedance matching
and bandwidth characteristics of the low-profile
top-loaded triangular antenna (TLTA) on a finite
ground plane. To clarify the effect of the folded
rim to the bandwidth enhancement at various
antenna heights, the moment-method simulation is
employed. And, the bandwidth diagrams for
various sizes of the ground plane and the widths of
the folded rim are investigated when the antenna
height is less than 0.05 A.

1054-4887 © 2013 ACES



Il. IMPEDANCE MATCHING
TECHNIQUE USING OBLIQUE
SHORTING PINS

Figure 1 shows the configuration and
structural parameters of the TLTA with the folded
rim. The TLTA comprises a triangular radiation
element, a top-loaded capacitance disk, and
oblique shorting pins on a finite ground plane as
shown in Fig. 1 (a). Since the proposed antenna is
fed against a ground plane at a center feed point,
the antenna is operated as a monopole [10]. The
antenna model has been designed using the
electromagnetic simulation based on the moment
method. The TLTA is designed to operate at a
frequency of 2 GHz. The conductor thicknesses of
the finite ground plane and side walls are 1.0 mm
and 0.2 mm, respectively. The conductor
thicknesses of the disk and the radiation element
are 0.6 mm each. Wires of radius 0.5 mm are used
as shorting pins. Ry is the radius of the finite
ground plane and h is the height of antenna. The
height of the rim is equal to h, while Ly is the
width of the upper part of the folded rim.

Figure 2 shows the optimum parameters for
the impedance matching of the TLTA with four
shoring pins. Usually, the location of the
arrangement of the shorting pins affects the
impedance matching of the TLTA. The oblique
angle of the shorting pins is added as the structural
parameters for impedance matching of the low-
profile TLTA. D, and D, are the oblique angles
that are inclined to X and y axes, respectively. Ry,
Dy and Dy increase as h decreases and, Dy and Dy
are separately tuned.

Capacitance disk Triangular radiation element

Folded rim

Ground plane

(a)

MICHISHITA, ET. AL.: LOW-PROFILE BROADBAND TOP-LOADED TRIANGULAR ANTENNA WITH FOLDED RIM

(©)

(d)

Fig. 1. Configuration of a top-loaded triangular
antenna with folded rim from a (a) perspective
view, (b) side view in the ZX plane, (c) side view
in YZ plane, and (d) top view in XY plane.

35+ - - 180
\.3 —"—Ryisk | 160
30 '\.\ 7D L
g S T RPY™:
g = 3
=254 \I\ he]
— a [100—
& A— 4 u >
R .- 80 ©
0 20+ o £
S~ Leo O
1 D N L 40
51 \.\. .-
20
10

T T T T T T T T T 0
0.03 0.04 0.05 0.06 h0./07 0.08 0.09 0.10 0.11
A

Fig. 2. Optimum parameters for impedance
matching of the top-loaded triangular antenna
without a folded rim.
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1. LIMITATION OF BANDWIDTH

ENHANCEMENT USING SIDE RIM

The side rim installed at the edge of the finite
ground plane is designed for broadband at the low
profile. The folded rim is eliminated from the
configuration of the TLTA model as shown in Fig.
1. Figure 3 shows the S;; characteristics of the
TLTA with/without the side rim at h = 0.1A and Ry
= 0.55A. The resonant frequency of the TLTA
without the side rim is 1.8 GHz. When the side rim
is installed, dual resonance is observed at 1.7 GHz
and 2.1 GHz, and is expected to achieve
broadband characteristics.

Figure 4 shows the bandwidth diagrams for
various heights of the side rim and radius of the
finite ground plane. The bandwidth is calculated
for VSWR < 2. The effect of the side rim is
pronounced at Ry = 0.44A. A sharp variation in the
bandwidth is observed when h = 0.04-0.1X, and
this variation becomes maximum at h = 0.07A.
However, the variation in the bandwidth observed
at Ry = 0.48 is less than that observed at Ry =
0.44). The maximum bandwidth appears at h =
0.1A. Moreover, it shows little effect when Ry =
0.56A. In other words, the effect of the side rim is
suppressed with an increase in the size of the finite
ground plane. Therefore, the bandwidth more than
45 % is observed at 0.07 A <h < 0.1 A. When the
antenna height is less than 0.04 A, impedance
matching cannot be achieved.

Figure 5 shows the maximum bandwidth
characteristics of the TLTA with/without the side
rim when h is varied. Both maximum bandwidth
increases as h increases. The maximum bandwidth
of the TLTA with the side rim becomes 13 %
broader than that without the side rim at around h
= 0.1A. The arrangement of the side rim becomes
less effective as h decreases and has no effect at h
<0.04 .

1IV. BANDWIDTH ENHANCEMENT FOR

LOW-PROFILE ANTENNA USING

FOLDED RIM

To achieve the broadband characteristics at h
< 0.05 A, the folded rim is arranged at the edge of
the TLTA, and its effect is examined. Figure 6
shows the S;; characteristics at h = 0.05 A. The
first resonant frequency at around 1.7 GHz
becomes the lower frequency as Lyng increases.

ACES JOURNAL, VOL. 28, NO. 2, FEBRUARY 2013

And Lying affects the impedance matching for the
second resonant frequency at around 2.3 GHz.
Since the maximum bandwidth can be obtained
from the optimum radius of the finite ground plane
as shown in Fig. 5, Ry and Ly are adjusted to
achieve broadband characteristics for the TLTA
with folded rim.

Figure 7 shows the current distributions of the
TLTA with the folded rim at h = 0.05 X and Lying=
0.14 A. The currents at the feeding triangular
element and the folded rim flow in phase at the
lower resonant frequency of 1.85 GHz and out of
phase at the higher resonant frequency of 2.45
GHz, respectively.

-10

with rim
------- without rim

s,, [dB]

=20

2.0 25 3.0
Frequency [GHz]

Fig. 3. The S;; characteristics of top-loaded
triangular antenna with/without side rim.
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Fig. 4. Bandwidth characteristics of the top-loaded
triangular antenna with side rim, when h and R
are varied.



MICHISHITA, ET. AL.: LOW-PROFILE BROADBAND TOP-LOADED TRIANGULAR ANTENNA WITH FOLDED RIM 119

50
with rim _/'—1""
40 — 513%
— _-o---i“".
SN e ®
= 30 ]
5 ] ,—"—.
= 20+ /  withoutrim
g | /
10 (b)
o Fig. 7. Current distributions of the top-loaded
003 004 005 006 007 008 009 0.10 triangular antenna with a folded rim at h =
h/a 0.05A for (a) 1.85 GHz and (b) 2.45 GHz.
Fig. 5. Maximum bandwidth characteristics of the Figure 8 shows the bandwidth characteristics
top-loaded triangular antenna with side rim when  for the variable Ry, Lying, and h. After adjusting R,
h is varied. and Lyng at each h, the maximum values of the

bandwidth are 43 %, 31 %, and 17 % at h = 0.05A,
0.04 A, and 0.03 A, respectively. In addition,
optimum values of Ling can be selected only on a
narrow range when Ry is small. The effect of Ly
becomes insensitive as Ry increases.
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Fig. 8. Bandwidth characteristics of the top-loaded
triangular antenna with folded rim when Ry and
Lring are varied at (a) h = 0.05 A, (b) h = 0.04 2,
and (¢) h=0.03 A.

V. EXPERIMENT

Figure 9 shows the photograph of the
fabricated TLTA with folded rim at h = 0.03A.
Figure 10 shows the simulated and measured
VSWR characteristics of the TLTA with folded
rim at h = 0.05 A, 0.04 X, and 0.03 A. Measured
bandwidths are 42.75 %, 29.25 %, and 18.75 % at
h =0.05 A&, 0.04 A, and 0.03 A, respectively. The
simulated and measured results agree well. Figures
11 and 12 show the simulated and measured
radiation patterns of the TLTA with the folded rim
on the vertical (ZX) and horizontal (XY) planes.
Radiation pattern is similar to the monopolar
radiation with small sized ground plane. The
maximum measured gain at the center frequency
are 4.25 dBi and 3.17 dBi at h = 0.05\ and 0.03X,
respectively. The omni-directional pattern is
confirmed on the horizontal plane. The simulated
and measured results agree well.

e — e
T T T T
-

Fig. 9. Photograph of the fabricated top-loaded
triangular antenna with folded rim at h = 0.03.
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Fig. 10. Simulated and measured VSWR

characteristics of the TLTA with folded rim at h =
0.05 X, 0.04 A, and 0.03 A.
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(d)
Fig. 11. Simulated radiation patterns of the top-
loaded triangular antenna with folded rim on the
(a) vertical and (b) horizontal planes at h = 0.05 A
and on the (c) vertical and (d) horizontal planes at
h=0.03 A.

0[dBi]  — 3Gz
0 ---22GH:
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(d)
Fig. 12. Measured radiation patterns of the top-
loaded triangular antenna with folded rim on the
(a) vertical and (b) horizontal planes at h = 0.05 A
and on the (¢) vertical and (d) horizontal planes at
h=0.03 A

VI. CONCLUSION

This paper presents the impedance matching
technique and the bandwidth characteristics of the
low-profile TLTA with the folded rim. The
impedance matching can be achieved by selecting
the optimum parameters of the capacitance disk
and the oblique shorting pins. When the folded rim
is arranged, the maximum bandwidth of 43 %, 31
%, and 17 % can be achieved at h =0.05 A, 0.04 A,
and 0.03 A, respectively.
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Abstract — In this paper, a novel ultra-wideband
printed monopole antenna (PMA) for the use in a
circular cylindrical microwave imaging system is
presented. The proposed antenna consists of a
square radiating patch and a ground plane with a
pair of L-shaped slots and two L-shaped conductor
back plane, which provides a wide usable
fractional bandwidth of more than 130 % (3.02
GHz - 15.21 GHz). By cutting two modified L-
shaped slots with variable dimensions on the
ground plane corners and also by inserting two L-
shaped conductor back plane on the other side of
the substrate, additional resonances are excited
and hence much wider impedance bandwidth can
be produced, especially at the higher band. The
proposed antenna has an ordinary square radiating
patch, therefore displays a good omni-directional
radiation pattern even at higher frequencies, and
also its radiation efficiency is greater than 82%
across the entire radiating band. The designed
antenna has a small size of 12 x 18 mm®
Simulated and measured results are presented to
validate the usefulness of the proposed antenna
structure for circular cylindrical microwave
imaging system.

Index Terms- Circular cylindrical microwave
imaging systems, L-shaped conductor back plane,
L-shaped slot, square monopole antenna, and
UWRB antenna.
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I. INTRODUCTION

In general, the microwave imaging system is
formed by a circular cylindrical array antenna in
order to detect cancerous tissue. In this approach,
circular cylindrical microwave imaging systems
require small antennas with omni-directional
radiation patterns and large bandwidth [1-5]. Thus,
in circular cylindrical microwave imaging system,
one of the key issues is the design of a compact
antenna while providing wideband characteristic
over the whole operating bands. 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 UWB
applications, and growing research activity is
being focused on them [6-11].

A simple method for designing a novel and
compact microstrip-fed monopole antenna with
multi resonances characteristic for microwave
imaging system applications has been presented.
In this paper, based on Defected Ground
Structures (DGS), for bandwidth enhancement we
use a pair of L-shaped slots in the ground plane.
And based on the Electromagnetic Coupling
Theory (ECT) [12], by using two L-shaped
conductor back plane on the other side of the
substrate, additional resonances are excited and
hence much wider impedance bandwidth can be
produced (unlike other monopole antennas

1054-4887 © 2013 ACES
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reported in the literature to date [6-11], this
structure has an ordinary square radiating patch
configuration). By obtaining these resonances, the
usable upper frequency of the monopole is
extended from 10.3 GHz to 15.21 GHz. The
presented monopole antenna has a small size of
12x18 mm?*. Good VSWR and radiation pattern
characteristics are obtained in the frequency band
of interest. Simulated and measured results are
presented to validate the wusefulness of the
proposed antenna structure for circular cylindrical
microwave imaging system applications.

I1. ANTENNA DESIGN

The proposed monopole antenna fed by a
microstrip line is shown in Fig. 1, which is printed
on an FR4 substrate of thickness 1.6 mm. As
shown in Fig. 1, the proposed antenna consists of a
square radiating patch and a rectangular partially
modified ground plane with two T-shaped
parasitic structures. The basic antenna structure
consists of a square patch, a feedline, and a ground
plane. The square patch has a width W. The patch
is connected to a feed line of width W, and length
Ls, as shown in Fig. 1. On the other side of the
substrate, a conducting ground plane of width W,
and length L,,, is placed. The width W, of the
microstrip feedline is fixed at 2 mm. The proposed
antenna is connected to a 50 Q@ SMA connector for
signal transmission.

Regarding Defected Ground Structures (DGS),
the created slots in the ground plane provide an
additional current path. Moreover, this structure
changes the inductance and capacitance of the
input impedance, which in turn leads to changing
the bandwidth. The DGS applied to a microstrip
line causes a resonant character. This generated
resonant frequency can be controlled by changing
the shape and size of the slot [9]. Therefore, by
cutting two L-shaped slots in the ground plane and
carefully adjusting its parameters, much enhanced
impedance bandwidth may be achieved. Also L-
shaped conductor back plane plays an important
role in the broadband -characteristics of this
antenna because they can achieve additional
resonances and improve the bandwidth [10]. In
other words, the impedance bandwidth is
effectively improved at the upper frequency that
can be considered as a parasitic resonator
electrically to the square monopole.

ACES JOURNAL, VOL. 28, NO. 2, FEBRUARY 2013

In this work, we start by choosing the
dimensions of the designed antenna. These
parameters, including the substrate, is Ly, X Wy, =
12 mm x 18 mm, or about 0.15 4 x 0.25 A 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.

+
T
hsub
SMA .y Ground (FR4)
Connector
(a)
- W -
A
L
Wy
" I‘T%}F
T R a— | SR
LI A “‘z‘: g
L . 1781
.\Eﬂ.l v = _.Ls =

(b) (©)

Fig. 1. Geometry of the proposed microstrip-
fed monopole antenna, (a) side view, (b) top
view, and (c) bottom view.

As W decreases, so does the antenna
bandwidth, and vice versa. Next step, we have to
determine the length of the radiating patch L. This
parameter is approximately Ajuer / 4, Where e,
is the lower bandwidth frequency wavelength.
Aiower 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
antenna is fabricated [11]. The last and final step
in the design is to choose the length of the
resonator structure. In this design, the optimized
length L, esonance 18 set to resonate at 0.25 Aesonances
where LresonanceS =05 WS + LS, and Lresonance4 = WPI



+ LP]- iresonance.? and )vresonance4 COITeSpOHd to new
resonances frequencies at 11.7 GHz and 14.2 GHz,
respectively. The final values of the presented slot
antenna design parameters are specified in Table
L.

Table 1: The final dimensions of the designed
antenna.

Param. | mm | Param. | mm | Param. | mm
Wa, | 12 L, 18 /4 10
L, 7 W, 2 We | 275
Wy 7 Ly | 225 | L, 1.5

Ly, | 175 W, 2.5 w, 5

W, | 35 | L, 0.5 L, 3
L, 3.5 /49 .75 | W,, 0.5
L 10 h 1.6 L, 3.5

I11. RESULTS AND DISCUSSIONS

The proposed microstrip monopole antenna
with various design parameters were constructed,
and the numerical and experimental results of the
input impedance and radiation characteristics were
presented and discussed. Ansoft HFSS simulations
are used to optimize the design and to show the
agreement between the simulation and the
measurement results [13].

Figure 2 shows the structure of various
antennas used for simulation studies. VSWR
characteristics for ordinary square monopole
antenna (Fig. 2(a)), with two L-shaped slots with
(Fig. 2(b)), and the proposed antenna (Fig. 2(c))
are compared in Fig. 3. 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 4.8 GHz
and 8.2 GHz, respectively, in the absence of the L-
shaped slots and conductor back plane. The upper
frequency bandwidth is significantly affected by
using the L-shaped slots in the ground plane. This
behavior is mainly due to the slots created in the
ground plane, which provide an additional current
path. Furthermore, by inserting two L-shaped
conductor back plane on the ground plane the
impedance bandwidth is effectively improved at
the upper frequency [14-15]. It is observed that by
using these modified elements, including two L-
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shaped slots and two L-shaped conductor back
plane in the ground plane; an additional third (11.7
GHz) and fourth (14.2 GHz) resonances are
excited respectively, and hence the bandwidth is
increased. Moreover, the input impedance of the
various monopole antenna structures that were
shown in Fig. 2, is shown in Fig. 4 on a Smith
Chart.

P | L
(a) (b) (c)I

Fig. 2. (a) The basic structure (ordinary square
monopole antenna), (b) antenna with two L-
shaped slots in the ground plane, and (c) the
proposed antenna.

4 T T T
Ordinary Square Monopole Antenna '

=== Antenna wit a Pair of L-Shaped S!ots}'.

— The d M | & |

VSWR

1 G 3 10 12 T 16
Freq [GHz]

Fig. 3. Simulated VSWR characteristics for the
various antenna structures shown in Fig. 2.

In order to know the phenomenon behind
these additional resonances performance, the
simulated current distributions on the ground plane
patch for the ordinary square monopole antenna
with two L-shaped slots on the ground plane at
11.7 GHz are presented in Fig. 5 (a). It can be
observed in Fig. 5 (a), that the current is
concentrated on the edges of the interior and
exterior of the protruded L-shaped slots at 11.7
GHz. Other important design parameters of this
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structure are the L-shaped conductor back planes,
used on the other side of the substrate. Figure 5 (b)
presents the simulated current distributions on the
ground plane at the forth resonance frequency
(14.2 GHz). As shown in Fig. 5 (b), at the forth
resonance frequency the current flows are more
dominant around the L-shaped conductor back
plane. The proposed antenna has a slightly higher
efficiency rather than the ordinary square antenna
throughout the entire radiating band, which is
mainly owing to the new resonant properties. The
HFSS results indicated that the proposed antenna
features a good efficiency, being greater than 82 %
across the entire radiating band.

-------- Ordinary Square Monopole Antenna
— — - Antenna wit a Pair o L-Shaped Slots
The Proposed Monopole Antenna

1.10.4 GHz
2.12.7GHz
{3.15.1 GHz

Fig. 4. Simulated input impedance on a Smith
chart for the antenna structures shown in Fig. 2.
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Fig. 5. Simulated surface current distributions on
the ground plane for, (a) the square monopole
antenna with two L-shaped slots at the third
resonance frequency (11.7 GHz), (b) the proposed
antenna at the fourth resonance frequency (14.2
GHz).
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The proposed antenna with optimal
design, shown in Fig. 6, was built and tested.
The measured and simulated VSWR and return
loss characteristics of the proposed antenna are
shown in Figs. 7 and 8, respectively. The
fabricated antenna has the frequency band of 3.02
GHz to over 15.21 GHz. As shown in Fig. 7, there
exists a discrepancy between the measured data
and the simulated results. This could be due to the
effect of the SMA port, in addition to the
simulation accuracy due to the wide range of
simulation frequencies. In a physical network
analyzer measurement, the feeding mechanism of
the proposed antenna is composed of an SMA
connector and a microstrip line, whereas the
simulated results are obtained using the HFSS. In
HFSS by default, the antenna is excited by a wave
port that it is renormalized to a 50 Ohm full port
impedance, therefore this discrepancy between the
measured data and the simulated results could be
due to the effect of the SMA port [9]. In order to
confirm the accurate VSWR characteristics of the
designed antenna, it is recommended that the
manufacturing and measurement process need to
be performed carefully. In conclusion, as the
monopole is a short radiator, the SMA connector
can modify its impedance matching.

(b)
Fig. 6. Photograph of the printed monopole
antenna, (a) top view and (b) bottom view.

4

1 L L 'l 1 L L
2 4 6 2 10 12 14 16
Freq [GHz]

Fig. 7. Measured and simulated VSWR for the
proposed antenna.
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Fig. 8. Measured and simulated return loss for the
proposed antenna.

Figures 9 and 10 show the measured radiation
patterns at resonance frequencies, which includes
the co-polarized and cross-polarized in the E-plane
(Y-Z plane) and H-plane (X-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 omni-directional
even at higher frequencies, and also the cross-
polarization level is low at the four frequencies.

Fig. 9. Measured radiation patterns of the
proposed antenna at the (a) first resonance
frequency (4.2 GHz) and the (b) second resonance
frequency (7.6 GHz).

UWB SQUARE MONOPOLE ANTENNA WITH OMNI-DIRECTIONAL RADIATION PATTERNS

Fig. 10. Measured radiation patterns of the
proposed antenna at the (a) third resonance
frequency (11.7 GHz) and (b) fourth resonance
frequency (14.2 GHz).

V. CONCLUSION

In this paper, a novel compact Printed
Monopole Antenna (PMA) with multi-resonance
characteristics has been proposed for the use in
circular cylindrical microwave imaging system
applications. The fabricated antenna satisfies the
VSWR < 2 requirement from 3.02 GHz to 15.21
GHz. In order to enhance bandwidth we insert two
L-shaped slots in the ground plane, and also by
using two L-shaped conductor back plane with
variable dimensions on the ground plane;
additional resonances are excited and hence much
wider impedance bandwidth can be produced,
especially at the higher band. The designed
antenna has a simple configuration with ordinary
square radiating patch and small size of 12x18
mm?®. Simulated and experimental results show
that the proposed antenna could be a good
candidate for circular cylindrical microwave
imaging system applications.
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Abstract — In order to prevent interference problem
due to existing nearby communication systems within
the ultra-wideband (UWB) operating frequency, a
compact CPW fed triple-band-notched antenna using
modified co-directional complementary split ring
resonators (CSRRs) is proposed and investigated. The
proposed antenna is realized by etching three modified
co-directional CSRRs with different centers in the
radiating patch. The measurement result shows that
the proposed antenna can guarantee a wide bandwidth
from 2 GHz to 16 GHz (VSWR < 2) with triple
unwanted band-notches successfully. The proposed
antenna occupies a compact area of 25 x 27.9 mm’
only. The antenna demonstrates omni-directional
radiation patterns across almost the whole operating
bandwidth, which is useful for UWB (3.1 GHz - 10.6
GHz) applications.

Index Terms - Complementary split ring resonators
(CSRRs), triple notched bands, and ultra-wideband
antenna.

I. INTRODUCTION

Since the Federal Communications Commission
(FCC)’s allocation of the frequency band 3.1 GHz -
10.6 GHz for commercial use, ultra-wideband (UWB)
antennas have attracted much attention in recent years.
Since the UWB approval, the technology has become
one of the most promising technologies for future high
data-rate wireless communication, high-accuracy
radars, and imaging systems. It has the advantage of
high-speed transmission, low power consumption, and
simple hardware configuration compared with
conventional wireless communication systems [1].

However, given the challenges encountered in the
UWB antenna design, such as the system
interferences, it necessitates the rejection of
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interference with some narrow bands for UWB
applications in other communication systems, for
example, the existing WLAN covering the 5.15 GHz -
5.35 GHz and 5.725 GHz - 5.825 GHz, and the C-band
(3.7 GHz - 4.2 GHz) satellite communication systems
[2]. To solve this problem, the existing techniques in
extensive use can be classified into the following two
categories: one method focuses on loading diverse
parasitic elements on the antennas, such as strip near
patch, stepped impedance resonators (SIRs) near the
feed line, and ring-shaped patch near the ground. The
other effective method is embedding various slots,
such as arc-shaped slot, U-shaped slot, square-shaped
slot, pi-shaped slot, H-shaped slot, and fractal slot [3].
However, these methods unavoidably exhibit some
inherent defects in practical applications. Moreover,
these methods usually occupy large area in designing
antenna.

In this paper, we present a compact printed
antenna with round slot, which has an UWB operating
bandwidth with a tuneable triple-notched frequency at
39 GHz, 52 GHz and 5.9 GHz. Band-notched
operations are achieved by embedding co-directional
modified CSRR slots on the radiated patch. Both
triple-band-notched characteristics and compact size
can be achieved. The antenna has promising features,
including good impedance matching performance
over the whole operating frequency band, stable
radiation patterns, and flexible frequency notched
function.

I1. ANTENNA DESIGN
The optimized co-directional CSRR antenna is
depicted in Fig. 1. This antenna is printed on a 0.508
mm thick substrate RT5880 (dielectric constant & =
2.2 and loss tangent tand = 0.0009) with dimension of
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25 x 27.9 mm®. The size of the inner-square (R;, Ry,
R;) should be adjusted to determine the
triple-band-notched frequency of the antenna. If other
parameters are fixed, the triple-band notched
frequency will increase with the decrease of R, R,
and R;. After that, the distance (C;, C,, and C;) among
these co-directional CSRRs should be also optimized.
The radiation patch is excited using a 50 Q CPW-feed
[4-5]. The design of R; and C; (I=1, 2, 3) can be easily
fulfilled by  commercial 3-D  full-wave
electromagnetic software HFSS [6]. The photography
of the proposed prototype antenna is shown in Fig. 2.
In order to investigate the causes of the band-notched,
the surface current density of the antenna at different
notched bands is presented [7]. The comparison of the
surface current density between the convention
structure and the proposed structure are shown in Figs.
3 and 4, respectively.

Figure 4 shows the surface current distributions at
three center notched bands. The dimensions of the
three co-directional complementary SRRs are
corresponding to three notched bands. When the
antenna is working at the center of lower notched band
near 3.9 GHz, the outer complementary SRR behaves
as a separator in Fig. 4 (a), which almost has no
relation to the other band-notches [8]. Similarly, the
middle complementary SRR operates as a second
separator for the center of the middle notched band
near 5.2 GHz in Fig. 4 (b). From Fig. 4 (c), the upper
notched band near 5.9 GHz is ensured by the inner
complementary SRR [9]. Additionally, as a certain
current crowded on the ground plane near the CPW
feed line would affect the antenna performance.
Considering the simulation, one can find the
dimensions of the ground plane, especially that has a
significant effect on the triple band-notches
performance, as well as the impedance bandwidth
[10].

I11. RESULTS AND DISCUSSION

The co-directional CSRRs can show distinct
triple-band gaps due to the weaker mutual coupling
between the inner and outer rings even when the triple
band gaps are adjacent [11]. Thus, co-directional
CSRRs is selected to obtain adjacent triple notched
bands for C-band (3.7 GHz - 4.2 GHz) satellite
communication systems and WLAN (5.15 GHz - 5.35
GHz and 5.725 GHz - 5.825 GHz) [12]. It is noted that
the inner opening and outer opening are just
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co-directional [13]. Figure 5 shows the measured and
simulated VSWRs versus frequency. The antenna
could provide sufficiently wide impedance bandwidth
covering 2 GHz - 16 GHz or more with the triple
notched bands. Measured triple notched bands are
3.68 GHz - 4.25 GHz, 5.05 GHz - 5.60 GHz and 5.75
GHz - 6.22 GHz, respectively, covering C-band
satellite communication systems and WLAN [14]. The
measurements results show that the second notched
band is a little offset compared with the simulation
results, which is mainly due to the error induced by
fabrication and assembly [15]. Therefore, by loading
co-directional CSRRs with different centers, the
co-directional CSRRs can provide good triple
band-notch performance [16]. Owning to its triple
band-notch structure, the co-directional
complementary SRR can reduce the design space to
achieve triple notched bands in comparison with the
complementary edge-coupled SRR [17].

The radiation characteristics of the frequencies
across the band have also been studied. Figure 6 shows
the measured far-field radiation patterns of the YZ and
XY plane at 3.5 GHz, 5 GHz, and 7.5 GHz. The three
frequencies are chosen to be the frequency under
lower notch band, the frequency between lower notch
band and higher notch band, and the frequency beyond
the higher notch band. Figure 6 shows the measured
radiation  patterns  including the co- and
cross-polarization in the H-plane (XY plane) and
E-plane (YZ plane). The main purpose of the
radiation patterns is to demonstrate that the antenna
actually radiates over a wide frequency band. The
pattern plots are expressed by Electric field co-polar
and cross-polar components instead of the
conventional method due to the measurement
condition we have. However, this is also a good way to
describe the radiation property of the antenna. The
co-polar and cross-polar components may be smaller
than ideal point source, which results in peaks lower
than 0dB. Clearly, the XY plane patterns are close to
omni-directional and the YZ plane patterns are
monopole-like. All the obtained radiation patterns
accord with those of the conventional printed UWB
monopole antennas.

Figure 7 shows the measured radiation efficiency
of the antenna. Due to the limitations of measurement
facility, the radiation patterns above 12 GHz were not
measured. The proposed antenna features efficiency
between 50 % and 65% over the whole UWB
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frequency and lower than 10 % in the notch band. The
features of the 55 % average radiation efficiency are
good enough to satisfy an acceptable variation for
practical power transmission [18].

Ww.

Fig. 1. Geometry of the antenna with dimensions R; =
3.35 mm, R,=4.09 mm, R3;= 6.1 mm, d;=0.3 mm, d,
=0.34 mm, d;= 0.5 mm, C;= 0.5 mm, C,=3.35 mm,
C;=6mm, S=2.5mm, H=9.8 mm, W =25 mm, and
L =279 mm.

Fig. 2. Photograph of the proposed antenna.
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Fig. 3. Surface current distribution at 6 GHz without
co-directional CSRR.
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The gain patterns of the antenna are measured in
an anechoic chamber. A fiber-optic link connected to
the antenna under test has been used in order to
measure the radiation pattern of our proposed compact
antenna [19]. These techniques aim at limiting the
alterations of the measurement coaxial cable on
omni-directional radiation antennas. Figure 8§ reveals
its measured peak gain and simulated realized gain
versus frequency. As can be seen from Fig. 8, the
simulation and measured results fit each other well. It
shows that the antenna gain ranges from 1.9 dBi to 7
dBi within the 2 GHz - 12 GHz frequency band. Of
course, this is except that the proposed antenna gain
decreases significantly to about -9.5 dBi, -7 dBi, and
-5 dBi in the notched band. This confirms that the
proposed antenna provides a high level of rejection to
signal frequencies within the notched band [20].
Therefore, the results of the work are useful for
short-range wireless communication systems.
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IV. CONCLUSION

In this paper, a novel CPW-fed compact planar
monopole UWB antenna with triple notched bands is
proposed. By loading co-directional CSRRs with
different centers, narrower and stronger band-notched
properties as well as small design space size for the
frequency band rejection function are achieved.
Furthermore,  broad  bandwidth and good
monopole-like radiation patterns are obtained with a
rather compact antenna size. Also, the prototype has
been constructed and measured to show a good
agreement with the simulated results. Therefore, the
results of the work are useful for short-range wireless
communication systems.
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Abstract — A compact printed ultrawideband
(UWB) monopole antenna with triple band-
notched characteristics is presented. By adding a
Split-Ring Resonator (SRR) on the radiating
patch, the notched band in 3.3 GHz - 3.7 GHz for
the WIMAX system is achieved. Furthermore, the
proposed approach that utilizes the folded
rectangular SRR structure is proven to be an
effective way for band-notched designs. The
antenna exhibit good band stop characteristics to
reject the WLAN bands (5.15 GHz - 5.825 GHz
bands) and downlink of X-band satellite
communication systems (7.25 GHz - 7.75 GHz
bands). The VSWR, gain, and radiation patterns of
the proposed antenna are presented, which prove
that the designed antenna is a good candidate for
various UWB applications.

Index Terms - Band-notched, split-ring resonator,
and UWB antenna.

I. INTRODUCTION

Because of the advantages such as compact
size, light weight, low profile, and low cost [1],
the planar monopole ultra-wideband (UWB)
antennas are usually used for high-data-rate
wireless communication [2], high-accuracy radar
[3-4], and subsurface sensing applications [5].
However, electromagnetic interference (EMI)
problems are quite serious for UWB systems since
there are several other wireless narrowband
standards that already occupy frequencies in the
UWRB band, such as worldwide interoperability for
microwave access (WIMAX) operating in 3.3
GHz - 3.7 GHz, wireless local area network
(WLAN) operating in 5.15 GHz - 5.825 GHz, and
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downlink of X-band satellite communication
systems in 7.25 GHz - 7.75 GHz. An additional
requirement for UWB antennas is to reject certain
frequencies within the ultra-wide passband [6-9].

Recently, various band-notched designs have
been developed and several UWB antennas with
frequency band-notched function have been
reported [10-16]. The most popular approach is
cutting several slots on the patch or in its ground
plane [17-21], the slots using U-shaped, and C-
shaped or arc-shaped. In [22], an embedded slot
with the length of about a quarter of the guided
wavelength at the desired notch frequency tuning
stub in a monopole is also proposed.

As for the structure of the broadband planar
antenna introduced in this paper, the new
antenna’s impedance bandwidth covers the bands
of 3.1 GHz - 10.6 GHz, which is released by the
Federal Communications Commission (FCC). An
SRR is embedded in the patch to reject the
WIMAX bands (3.3 GHz - 3.7 GHz bands). Two
pair of SRRs nearby the feeding microstrip are
designed to achieve the WLAN bands (5.15 GHz -
5.825 GHz bands) and the downlink of X-band
satellite communication systems (7.25 GHz - 7.75
GHz bands). Measured results of the fabricated
antenna prototype verify simulations with
reasonably good agreements.

I1. ANTENA DESIGN

The configuration of the proposed antenna is
shown in Figs. 1 and 2. The final optimized
dimensions are offered in Table 1. Basically, the
antenna consists of a radiating monopole with an
arc-shaped edge, a 50 Q microstrip feeding
mechanism, a simple rectangular ground plane on
the back side of the substrate, an SRR embedded

1054-4887 © 2013 ACES
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in the radiating patch, and two folded rectangular
SRRs nearby the feeding microstrip.

A. Baseline UWB Design

As shown in Fig. 3 (a), the UWB monopole
antenna with 25 x 29 x 0.508 mm’ dimensions is
fabricated on the Rogers Duroid 5880 board
material substrate. The substrate is of thickness
0.508 mm and relative permittivity €, = 2.2, loss
tangent of tand = 0.0009. The monopole is fed by
a 50 Q microstrip line. On the back side of the
substrate, the ground plane with length of 13 mm
only covers the section of the microstrip feed line.
The VSWR of the antenna is shown in Fig. 3 (b).
It indicates that the working bandwidth of the
antenna covers the entire UWB band (3.1 GHz -
10.6 GHz) under the condition of VSWR < 2.

(2) (b)

Fig. 1. Geometry of the antenna (a) top view and
(b) side view.

B. Single-Notch UWB Antenna Design

In order to reduce the EMI with the WIMAX
band, the antenna with an SRR covering the
interval 3.3 GHz - 3.6 GHz is desired. The
proposed single-notched UWB antenna is
illustrated in Fig. 4 (a). It is found that the
parameters of r;= 6.15 mm and the size of its gap
r; = 0.5 mm play critical roles in defining the
band-notched frequency. Figure 5 shows that the
band-notched frequency can be improved. It can
be seen that a greater r; causes lower band-
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notched frequency. For instance, obviously the
band-notched frequency increases from 3.36 GHz
to 3.60 GHz as r; is varied from 0.2 mm to 0.8

b,

ai

Fig. 2. Geometry of the SRR, (left side) and SRR,
(right side).

Table 1: Optimal dimension of the design antenna.

Parameter mm Parameter mm Parameter mm
L 29 r, 5.6 Wi 0.2
L, 13.6 r; 0.5 a 3.55
L, 13 a 3.7 b2 6
Ls 7 b1 6 C 0.5
" 25 Cy 0.5 d, 5.17

W, 16 d1 5.1 €, 4
W, 1.5 € 4 f2 0.2
H 0.508 f, 0.2 0> 0.2
R 8 o 02 h, 182
I 6.15 h1 2.3 W, 0.2

VSWR

: W

0

L L L L
2 3 4 5 6 7 8 9 10 11
Frequency (GHz)

(a) (b)

Fig. 3. (a) Basic structure of monopole antenna
and (b) the simulated VSWR.
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Fig. 5. Simulation results with some important
parameters: (a) Impact of parameter r; changes
and (b) impact of parameter r; changes.

C. Tri-Band-notched UWB Antenna Design

As shown in Fig. 4 (b) and (¢), SSR; and SSR,
are designed nearby the feeding microstrip to
achieve the notched-band of WLAN and the
downlink of X-band satellite communication
systems. The simulation results suggest that the
notched bands of 5.15 GHz - 5.35 GHz and 7.15
GHz - 7.35 GHz are determined by SRR;.
Moreover, the notched bands of 5.65 GHz - 5.85
GHz and 7.55 GHz - 7.75 GHz are determined by
SSR, synthetically. As an example, Figs. 6 and 7
show the optimization procedure of two of the
notched-bands.

The notched-band of 5.15 GHz - 5.35 GHz is
mainly decided by the dimensions of the inner part
of SRR; shown in Fig. 4 (b), especially the
parameter of h;. Figure 6 (c) indicates that the
notched-band drifts to higher frequency obviously
as the h; is decreasing. However, as shown in Fig.
6 (a) and (b), the notched-band just drifts slightly
while the parameters such as a; and ¢, of the
external part of SRR, is changing. Figure 6 (d)
shows that the notched-band also drifts slightly
and the value of VSWR increases significantly as
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the parameter g, is changing. It can be explained
by the coupling effects between the SRR and the
feeding microstrip.
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Fig. 6. Simulation results with some important
parameters: (a) Impact of parameter a, changes,
(b) impact of parameter ¢, changes, (c) impact of
parameter h; changes, and (d) impact of parameter
0; changes.

VSWR
VSWR

s 0 7 0
Frequency (GHz)

s g 7 8
Frequency (GHz)
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Fig. 7. Simulation results with some important
parameters. (a) Impact of parameter a, changes.
(b) Impact of parameter h,.

The notched-band of 7.15 GHz - 7.35 GHz is
mainly decided by the dimensions of the external
SRR; shown in Fig. 4 (b), especially the parameter
of a; and c;. Figure 6 (a) and (b) indicate that the
notched-band drifts to lower frequency obviously
as the a, is increasing and ¢, decreasing. Figure 6
(c) indicates that the parameter h; of the inner SRR
just affects the notched-band slightly. Taking the
optimization into account significantly, the
notched-band of 5.15 GHz - 5.35 GHz and 7.15
GHz - 7.35 GHz can be achieved while the
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parameters of a;, C;, h; and ¢, are assigned as
shown in Table 1. In a similar way, the parameters
of &, and h, can also be optimized. As shown in
Fig. 7, one can notice that the band-stop frequency
of SSR; and SSR, did not affect each other, the
notched-band of 5.15 GHz - 5.35 GHz and 7.15
GHz - 7.35GHz stay the same while the parameter
a, and h, are optimized.

I1l. RESULT AND DISSCUSSION

Figure 8 shows the photograph of the
proposed antenna. The simulated results are
offered by the commercial software (CST MWS)
based on the Finite Integration Technology (FIT).
The measured curves are performed by an Agilent
E5071C network analyzer. Figure 9 shows the
simulated and measured VSWR of the proposed
band-notched antenna. The working bandwidth
covers the full frequency range from 2.8 GHz to
11.8 GHz except for the three notched-bands of
3.3 GHz - 3.7 GHz for the WIMAX system, 5.15
GHz - 5.825 GHz for the WLAN, and 7.25 GHz -
7.75 GHz for the downlink of the X-band satellite
communication systems.

The simulated current distributions at 3.5
GHz, 5.25 GHz, 5.75 GHz, and 7.4 GHz of the
proposed antenna are shown in Fig. 10. The
simulated and measured radiation patterns of the
E-plane (yz-plane) and H-plane (xz-plane) at 4
GHz, 6.5 GHz, and 9 GHz are plotted in Fig. 11,
respectively. It indicates that the radiation patterns
of the H-plane are nearly omni-directional over the
working bandwidth except for the three notched-
bands. The radiation pattern is similar to that
formed by a typical monopole antenna. The
simulated and measured gain at the operating
bandwidth is shown in Fig. 12. The simulated
results are in good agreement with the measured
results within the experimental errors.

Fig. 8. Photograph of the fabricated antenna
prototype.
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Fig. 9. Simulated and measured VSWR of the
proposed antenna.

188
513

(©)

(d)

Fig. 10. Simulated surface current distributions on
the radiating patch for the proposed antenna at (a)
3.5 GHz, (b) 5.25 GHz, (c) 5.75 GHz, and (d) 7.4
GHz.

IV. CONCLUSION

In this paper, a novel compact printed
monopole antenna with three band-notched
characteristics used for UWB applications has
been presented and analyzed in detail. By
successfully using SRRs elements and adjusting
the parameters, the antenna has not only triple
band-notched characteristics but also good omni-
directional radiation patterns at the frequencies of
interest. The antenna was fabricated and measured,
showing good results and good agreement between
simulations and measurements. It provides a



simple and practical method in the notched-bands
antenna designing.

—u— simulated
. —o— measured .

f=9 GHz f=9 GHz

Fig. 11. Simulated and measured radiation patterns
in the E-plane (left side) and H-plane (right side)
of the proposed antenna.
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Fig. 12. Simulated and measured gain of the
proposed antenna.
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Abstract — A half mode substrate integrated
waveguide with hexagon shaped complementary
split-ring resonators (CSRRs) etched on the top of
the waveguide is presented in this paper. The
simulated results show that extra low insertion loss
of about -0.1 dB and the return loss of -10 dB can
be achieved. The proposed structure allows the
implementation of a forward wave below the
characteristic cutoff frequency of the waveguide.
By changing the radius of the hexagon shaped
CSRR, which is incorporated on top of the
waveguide, the pass frequency band can be tuned
easily. Finally, a compact band pass filter is
fabricated and validated.

Index Terms - Complementary split-ring resonator
(CSRR) and half mode substrate integrated
waveguide (HMSIW).

I. INTRODUCTION

The rectangular waveguide acting as an
effective transmission line has already been widely
used in the microwave and millimeter wave
systems for many years. Recently, some new
planar waveguide structures called substrate
integrated waveguide (SIW) as well as laminated
waveguide or post-wall waveguide were proposed
and applied to develop many high-quality
microwave and millimeter wave components [1].
Since SIW can be fabricated using the standard
print circuit board (PCB) process, it is low-lost,
mass-productive and easily integrated with planar
circuits. In recent research, a split-ring resonator
has been designed in a way to be embedded in thin
substrates. It is shown that an SIW can be
miniaturized when it is loaded by these embedded
SRRs. However, sometime the sizes of the SIW
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blocks may be too large for practical circuits, and
affect the integration [2]. To overcome such
drawbacks, an improved guided wave structure,
called “half model substrate integrated waveguide
(HMSIW)” is proposed.

When SIW is used only with the dominant
mode, the maximum E-field is at the vertical
center plane along the propagation direction, so
the center plane can be considered as an equivalent
magnetic wall. If an SIW is divided into two parts
along this plane, each can support a half of the
field structure independently because of the large
width-to-height ratio [3]. The substrate should be
extended only a little bit in the horizontal direction
to enclose any possible but negligible radiating
energy or fringing field. The HMSIW can easily
achieve low insertion loss, high power capacity in
planar configuration, and also reduce the size in
significant way [4]. This advantage is very
important for highly integrated circuits and
systems.

On the other hand, since the left-handed
behaviors have been experimentally verified by
Smith in 2001, there have been growing interests
in the development and characterization of
artificial structures with negative permittivity and
permeability. Up to now, two types of structures
have been proposed to realize such metamaterials,
which have not been observed in nature. One is the
periodic structure containing metallic strips and
split ring resonators (SRR) [5], shown in Fig. 1
(a). The strips and resonators can be designed to
exhibit negative ¢ and p simultaneously in the
same frequency band, and therefore the effective
refraction index becomes less than zero. The
CSRR is the negative image of the SRR, which
can provide a negative effective permittivity in the

1054-4887 © 2013 ACES
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vicinity of its resonant frequency, shown in Fig. 1
(b). Some special designs have also been proposed
to replace the strip-resonator structure mentioned
above, such as the Q-shaped or S-shaped unit,
which can broaden the left-handed bandwidth and
lower the material loss obviously. These types
have attracted a great deal of interest for the
design of negative permeability and left-handed
(LH) effective media. Another kind of structure is
the planar LC network, composed of series
capacitors and shunt inductors [6]. A number of
applications have been realized in the microwave
circuit design like filters, leaky wave antennas,
and nonlinear phase shifters. The planar structures
also include the left-handed transmission line
(LHTL) implemented using microstrip lines,
coplanar waveguides or finlines, which are loaded
with different SRR structures [7].

(®)

Fig. 1. The geometries of (a) SRR and (b) CSRR
(orange region is metal, white region is substrate).

In this paper, the HMSIW is used for the
design of the bandpass filter. This paper presents a
new type of planar filter based on HMSIW
technology for low microwave frequency band.
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An S-band filter is simulated by using HFSS
software and fabricated with a single layer PCB
process [8]. The filter operates at the center
frequency of 3.05 GHz with the fractional
bandwidth of around 7 %. Compared with SIW
BPF, the HMSIW BPF with nearly half reduction
in size has a wider stop band due to the HMSIW
intrinsically cannot support the TE,,, modes as
well as TM modes [9]. The measured results,
which show good agreement with the simulated
results, are provided [10].

Il. FILTER DESIGN

As we know, the electric field within HMSIW
is orthogonal to the top and bottom surfaces of
HMSIW, it is thus appropriate to etch the CSRR
cells either on the top surface of HMSIW or
bottom plane, which can guarantee that CSRR are
properly excited. The behavior of the
complementary structure excited by an axial
electric field will be similar to that of the original
SRR excited by an axial magnetic field. However,
it is better to etch the CSRR cells on the top
surface to preserve the integrity of the bottom
plane, which is usually required in practical
engineering [11]. The resultant HMSIW-CSRR
bandpass filter is illustrated in Fig. 2, which is
implemented in a substrate with thickness of 0.508
mm and dielectric constant 2.2. The orange part is
a metallic conductor on HMSIW top plane and
blue part is non-metallic [12]. The size of the
inner-square (R;, R;) should be adjusted to
determine the resonance frequency of CSRR
resonators [13]. If other parameters are fixed, the
resonance frequency will increase with the
decrease of R;and R,. If Ry and R, are fixed, the
resonance frequency could be also enhanced by
increasing the slit width of squares (g). For the
convenience of optimization work, the width of
squares (d;, dy) and distance between squares are
set to be the same as (g). This resonance structure
will bring a sharp stop band. After that, the
distance (C;, C,) between these two CSRRs should
be also optimized. These optimization works were
managed by using the commercial 3-D
electromagnetic software HFSS. The proposed
filter consists of a transmission line of HMSIW, a
CSRR on HMSIW, and a transition between
microstrip and HMSIW as shown in Fig. 2. The
two symmetrical hexagon shaped slots are etched
on the circuit board.



The topology of the proposed structure is
shown in Fig. 3, which is divided into three parts.
The proposed filter consists of a transmission line
of HMSIW, a CSRR array on HMSIW, and a
transition between microstrip and HMSIW [14].
The left and right parts are HMSIW-microstrip
tapered transition including a segment of 50 Q
microstrip, a segment of tapered microstrip, and
the discontinuity between microstrip and HMSIW.
The tapered microstrip is used to excite the
waveguide mode and match the impedance with
HMSIW [15]. The middle part is an etched
hexagon shaped CSRR cells on the top surface.
The arrays of the metallized vias are designed to
mimic the effect of the electric wall for the
waveguide modes.

o L
- r

Fig. 2. Geometry of broadband bandpass filter,
with dimensions R; = 2.98 mm, R,= 3.27 mm, d,
=0.35 mm, d,= 0.15 mm, C;= 0.2 mm, C,=0.2
mm, g =0.13 mm, R=0.5 mm, d =0.7 mm, b=6
mm, a =20 mm, and S = 2.35 mm.

As shown in Fig. 3, the impedance of each
resonator for the wave propagating in transverse
direction, can be calculated considering the
loading at the center and using the well known
transmission line formula,

Z -7 Z,+ jZ,tan(B1) M

Z,+Z, tan(ﬂul)
where Z, is the characteristic impedance and £, is
the phase constant (losses of the transmission line
are assumed to be zero) of the transmission line,
Z; is the loading impedance, and / is the line
length. The transmission line is approximated
either by the microstrip line or other transmission
line depending on the width-height ratio of the line
and the dielectric material [16].

JIANG, ET. AL.: BANDPASS FILTERS USING COMPLEMENTARY SPLIT RING RESONATOR LOADED HALF MODE SUBSTRATE WAVEGUIDE

The propagation constant, y for the infinite
periodic structure is [17],

cosh(ya)= cos(ﬂua)+j%sin(ﬂua). ()
0
Z, is the characteristic impedance and Z is the
impedance of the CSRR resonance, and the phase
constant y in equation (2) are all the same as those
of the resonators. With y = a + [, equation (2)
can be rearranged as follows,

cosh(aa)cos(Ba)+ jsin(aa)sin(Ba) =

cos(,b’ua)Jrj%sin(,b’ua) .
0 3)

o b

(a)

o [z2

—_—

(b)

CSRR CSRR CSRR

Resonator| Resonator] Resonstorf

(©)

Fig. 3. Equivalent circuit of transmission line (a)
loss-less ideal transmission Line, (b) equivalent
circuit of a unit circuit representing HMSIW-
CSRR resonator structure, and (c) equivalent
circuit of periodic circuit representing HMSIW-
CSRR structure.
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Since the right hand side of equation (3) is
real, as impedance is imaginary for loss-less
resonators (as assumed), either f = 0, or nza,
where “a” is the structure period. Condition & = 0
corresponds to a non-attenuated, propagating wave
on the periodic structure, and defines the pass-
band of the structure. Equation (3) reduces to

Z .
cos(fa) =cos(f,a) +jgsm(,ﬁua) , 4
0
which can be solved for f if the magnitude of the
right hand side is less than or equal to unity.

Condition f = 0, nw/a in equation (3) is given as

cos(aa):cos(ﬂua)+j2£sin( a) . (5)
0

As known, within the passband, the
propagation constant is zero or na/a, within the
passband, the propagation constant f can be
obtained from equation (5) at different
frequencies. Based on the above concepts and the
design principles of half mode substrate integrated
waveguide, we can get the initial HMSIW-CSRR
resonator parameters. A full-wave simulation is
needed for the reason that the inductive and
capacitive values for any periodic structure are not
entirely independent because of the coupling
effects.

I11. SIMULATED AND MEASURED
RESULTS

Figure 4 shows the simulated and measured
results distributions at different frequencies. The
simulated resonant frequency is 3.05 GHz. The
simulations are in agreement with the
measurements except 100 MHz frequency offset.
The CSRR filter at 3.15 GHz has an insertion loss
less than 3.5 dB and a return loss more than 10 dB
for a 200 MHz bandwidth, and the minimum
insertion loss is 3 dB. The discrepancy between
the measured and simulated results is probably
owing to the fabrication tolerance of the prototype
and may be caused by the soldering effects of an
SMA connector, which have been neglected in our
simulations, even mainly due to lack precision of
filter processing and assembly of the deviation
caused due to the loss tangent of the substrate and
the tolerance in manufacturing [18]. The width of
microstrip transmission line is 1.5 mm. However,
the manufacture microstrip transmission line
usually has a certain tolerance. The used substrate

ACES JOURNAL, VOL. 28, NO. 2, FEBRUARY 2013

in the simulation model is for ideal homogeneous
materials  (high purity, performance good
consistency, and high surface finish). But in fact,
there are certain tolerances in permittivity and
thickness (details can be found in RTS5880
datasheet), which are critical for designing center
frequency. Also, there are tolerances in the
fabrication of the microstrip by using the
photolithography process, which can change the
center frequency. Moreover, the RT5880 is of a
0.508 mm thickness and is of relatively soft and
easy deformation. In order to fix the substrate with
filter circuit on the measurement fixture, a process
with epoxy is used. This process makes the
substrate out of flatness while ideal model used in
the simulation. However, these factors are difficult
to be considered in the simulation.

It is important to note that the two resonance
frequencies of the resonator, which are mainly
determined by the CSRRs, can be arbitrarily
controlled, making it possible to work on arbitrary
pass band locations [19]. Figure 5 shows the
different transmission responses by scaling the
size of the CSRRs. The PCB layout of the filter is
shown in Fig. 6, in which the thickness of the
Rogers 5880 is 0.508 mm with dielectric substrate
2.2. It can be reduced by nearly half of the
structure size compared with the standard SIWs
structure operating at the same frequency. It can
easily be integrated into any other planar circuits,
and can achieve high performance once integrated
as, the losses caused by the tapered transitions and
SMA connectors would be removed [20].

= -304
Z
5 -404
(3]

-504
% Sq,Simulated
g_ -60+ —e—S,;Simulated
%)

-70+ —*—S;1Measured
—A—S,,Measured

-804

LJ LJ LJ LJ L) L]
2.0 25 3.0 35 4.0 45 5.0
Frequency(GHz)

Fig. 4. Comparison of S-parameters between
simulation and measured of CSRR-HMSIW BPF.
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=S, (R=3.26mm)
=S, (R=3.27mm)
S, (R=3.28mm)
v—S,,(R,=3.26mm)
F+=S, (R=3.27mm)
e, (R=328mm)

S-parameter(dB)
8.8, 3.8 858888

0 25 30 35 40 45 50
Frequency(GHz)

Fig. 5. S-parameters of different radius of CSRR.

(a)

(b)

wy
Fy

(d)

Fig. 6. The photograph of the fabricated filter; (a)
top view, (b) bottom view, (c) front view and (d)
side view.

IV.CONCLUSION

We have investigated the possibility of
designing left-handed transmission line based on
the half mode substrate integrated waveguide
(HMSIW) technology. The hollow waveguide
behave as a onedimensional plasma below the cut-
off frequency of the dominant mode, and we have
constructed a closed hexagon CSRR structure on
the waveguide top produce magnetic response at
the same frequency band. Therefore, the proposed
structure has negative effective permittivity and
effective permeability simultaneously and can
guide electromagnetic waves in a left-handed way.
The frequency responses have been simulated for
HMSIW loaded with closed hexagon CSRR to
determine the corresponding left-handed pass
band. The pass band has a sharp rejection and
relatively low insertion loss, which may find
potential applications in microwave and millimeter
wave integrated circuits like widening the
bandwidth filters.
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Abstract — In this paper, a broadband single-layer
microstrip reflectarray element composed of a
Giuseppe Peano fractal ring and a square ring is
presented and investigated. The proposed element
has been validated by comparing the simulation
results with those obtained by measurement in a
waveguide simulator. By using this type of cell
element, a wideband single layer reflectarray is
designed, fabricated, and tested. Measured results
demonstrate 1 dB gain bandwidth of 17 % over the
frequency range of 12.25 GHz - 14.5 GHz.

Index Terms- Aperture efficiency, Giuseppe
Peano fractal, microstrip antenna, reflectarray, and
TE and TM waves.

I. INTRODUCTION

Microstrip reflectarray antenna has been
proposed as a major alternative for parabolic
reflector antenna since 1991[1]. The reflectarray
idea combines certain characteristics of reflector
and array antenna, respectively. The reflectarray
consist of an array of patches that convert
spherical waves produced by the feed into plane
waves to form a main beam in a given direction.
Reflectarray antennas have several advantages
such as low manufacturing cost and simple
mechanical design, but they suffer from narrow
frequency bandwidth, which is due to differential
spatial phase error in large reflectarray and narrow
band operation of each array elements. To
overcome these limitations, a lot of researches
have been made in recent years [2-15]. In [5-7], a
multilayer reflectarray composed of two or three
stacked array with rectangular patches of variable
size with 1 GHz bandwidth, and 400° phase
variation has been introduced. Another example,
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in [8] a single-layer microstrip reflectarray
element composed of a rectangular patch and a
rectangular ring has been introduced. Using these
elements, a prime-focus 45-clement linear
reflectarray operating at 10 GHz has been
designed. In [9] a wideband reflectarray using
artificial impedance surface with 1 dB gain
bandwidth of 20 % has been proposed. The other
worthwhile ideas are a broadband reflectarray
design with a combination of cross and rectangular
loop element [10] or a reflectarray design based on
aperture coupled patches with a true time delay
line [11].

In this paper, a wideband reflectarray element
with a 600° phase variation range in 11.5 GHz -
14.5 GHz has been designed exploiting Giuseppe
Peano fractal ring. Fractal structures can give rise
to miniaturized wideband antenna. The proposed
structure is described in section II along with the
definition of parameters and demonstration of the
simulation results. In order to validate the
simulated results, the fractal ring element is
fabricated and tested in a waveguide simulator.
Measured results will be shown in section III. In
section IV, using these elements, a one layer
reflectarray is designed to operate at 13.5 GHz.
The overall size of this antenna is 250 mm x 250
mm (11.25 kg% 11.25 Ay).

Il. THE STRUCTURE AND PHASE
CHARACTERISTIC OF THE
PROPOSED ELEMENT

The recursive procedure of the Giuseppe
Peano fractal is shown in Fig. 1, which is applied
to the edge of the square patch up to the first
iteration as depicted in Fig. 2 [12].

1054-4887 © 2013 ACES
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,E ;—E particular combination for the fractal and the
square ring, using a cell size of 12 mm .

Fig. 1. Initiator and generator of the Giuseppe

Peano fractal. ~—L—

£
™
-
o™

ki

. u w]# L1
Initiator First iteration Third iteration !
. . . layer 2 — I ¢,
Fig. 2. Giuseppe Peano fractal as applied to the

edges of the metallic patches. layer 1 —=
ground p]ane — e —————

Using this fractal, a fractal ring element has
been designed and shown in Fig. 3. The proposed
structure consists of one Giuseppe Peano fractal
ring in combination of a square ring. In this layout,
the fractal ring layer is etched on a 5 mil thick
Rogers RT/Duroid 5880 with a dielectric constant Floguet port
of 2.2 and a loss tangent of 0.0009. A 3.125 mm
thick layer of ECCOSTOCK PP-2 low-loss foam
(e,=1.03) is stacked beneath the ring layer for
bandwidth enhancement and wider phase range
purposes. The configuration of the proposed
fractal ring microstrip antenna is depicted in Fig. 3
with the following optimized parameters: w; = w;
=02mm, t;= 3175 mm, t,= 0.127 mm, [,=1[;-
1.5 wy, I35=2/7 l;,and [; change to produce proper
phase. For the center frequency of 13.5 GHz, 12
mm (0.54 Ag) period square unit cell is chosen in
order to avoid the formation of grating lobes in the
array’s radiation pattern. 200

The scattering matrix of the structure has been
obtained using high-frequency structure simulator
software (HFSS) [13] and a unit-cell approach
with the master-slave boundary to emulate an
infinite periodic structure as shown in Fig. 4. The
reflection phase and reflection amplitude of the
fractal ring element on the top surface of the patch
for different fractal side are shown in Figs. 5 and
6, respectively. As shown in both figures, a 600° el
phase variation range and a maximum of 0.8 dB Fractal fing side (mm)
loss can be achieved with the change in the fractal
length from 3.5 mm to 9.1 mm. As the phase  Fig. 5. The reflection phase at normal incidence
variation range increases, a higher efficiency can  for a periodic array of fractal ring on a grounded
be attained. Furthermore, a parallel phase variation ~ substrate versus the fractal ring side at four
in the whole band has been achieved for this  frequencies on the top surface of the patch.

Fig. 3. Periodic unit cell of the proposed element.

Fig. 4. Rectangular unit cell of HFSS simulation
using floquet port.

" —115GHz
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Reflection Phase (deg)
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Reflection amplitude (dB)

" ==-12.5GHz |
- 13.5GHz
==14.5GHz

56 63 7 77 84 91 98

Fractal ring side (mm)

Fig. 6. The reflection amplitude at normal
incidence for a periodic array of fractal ring on a
grounded substrate versus the fractal ring side at
four frequencies on the top surface of the patch.

Figure 7 shows the phase of the reflected wave
versus the fractal ring side of a radiating element
when a plane wave impinges with different angles
of incidence. This structure was simulated using
HFSS with floquet port and master slave
boundary. As shown in Fig. 7, there is a small
variation as the incident angle changes. Thus, the
effect of the incident angle in designing of the
reflectarray is negligible.

=-=H=0deg ¢=Odeg
==1=30deg $=0deg
—#=30deg $=45deg
—0=30deg $=90deg

Reflection Phase(deg)
2
(=]

5 42 49 56 63 7 77 84 91
Fractal ring side(mm)
Fig. 7. Phase of the reflected wave versus fractal

ring side for plane wave excitation with different
incident angle at a center frequency of 13.5 GHz.

I11. VALIDATION IN WAVEGUIDE
SIMULATOR
To validate the simulation result, five elements
has been fabricated and tested using waveguide
simulator technique [14]. In this technique, the
radiating elements were inserted into a waveguide
section, and the reflection is measured in the

ACES JOURNAL, VOL. 28, NO. 2, FEBRUARY 2013

excitation port. The simulations were obtained by
defining the corresponding geometry in HFSS.
The measurement setup for Ku band is shown in
Fig. 8. In this approach, the cell size is 15.8 mm X
7.9 mm equal to WR62 dimensions. The length of
the fractal ring is changed from 3.5 mm to 6.3
mm, as shown in Figs. 9 and 10, respectively. As
can be seen, the agreement between the simulation
and the measurement result is good. The reason of
a small discrepancy between results is due to the
tolerance in the manufacturing process and also
due to the difference between the real losses of the
material and the nominal value.

® (L}

m BB
=88 /
(a) (b)

Fig. 8. Waveguide simulator (a) five fabricated
unit cells and (b) WR62 waveguide.

[—Simulation |
150k% == measurment

8

S

3

Reflection phase (deg)
=]

8

42 4.9 56 6.3
Fractal ring side (mm)

Fig. 9. Simulated and measured reflection phase
for varying fractal ring side at a center frequency
of 13.5 GHz and 44.68° incidence angle.

IV. REFLECTARRAY ANTENNA
DESIGN AND PERFORMANCE
First step to design a reflectarray is
determining the phase pattern on the reflectarray
surface. The required phase delay at element n to
achieve a reflected beam in a given direction (&,

@) is
¢ = Kold; — sinby(x;co590 + yisingg)], (1)

where (x;,y; ) are the coordinate of element n, K
is the wave number, d,; is the distance from the



phase center of the feed to the element », and (&,
@) is the main beam direction. For example, for a
reflectarray with 441 elements arranged in a
square grid of 21 x 21 elements and f/D ratio equal
1, the phase distribution required for each element
to generate a pencil beam at boresight is shown in
Fig. 11. The required phase range is 600° which is
achievable using the proposed cell.

0

%‘0.1 5 o
1 b e
= Ay ;
202t )
£
i ‘\\‘ ”J’
e I
G \ 7
g .\\ /I‘
L]

il : RO —
; AV — Simulation

A
---Measurement
05 | . :
35 a2 49 56 55

Fractal ring- side (mm)

Fig. 10. Simulated and measured reflection
amplitude for varying fractal ring side at a center
frequency of 13.5 GHz and 44.68° incidence
angle.

0 B “ A
Element in x-direction

Fig. 11. Required phase distribution on the
reflectarray surface to generate a pencil beam
pointing on boresight.

Using the above equation, a 250 mm square
center-fed reflectarray using the aforementioned
cell elements was designed and fabricated as
shown in Fig. 12.
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Fig. 12. Photographs of the one layer proposed
reflectarray.

In order to illuminate the reflectarray, a
standard linear polarity ATM horn 62-441-6 was
selected. The measured gain for this horn at 13.5
GHz is 15 dB. The co- and cross-polarized
radiation patterns at the center frequency of 13.5
GHz are shown in Figs. 13 and 14, respectively.
As shown in these figures, the isolation between
the co- and cross-polarized in the E- and H-Planes
is better than 25 dB in the boresight direction and
the side lobe level is around 13 dB.

—Copol |
10! i i | ! i : ~.;==Cross pol|

Relative Power (dB)

% 75 60 45 30 15 0 15 30 45 60 75 90
Angle (deg.)

Fig. 13. Simulated vertical E-plane radiation
pattern of a reflectarray at 13.5 GHz.

The measured gain over the frequency range
from 11 GHz to 16 GHz is shown in Fig. 15,
which demonstrates a 1 dB gain bandwidth close
to 17 %. This is considered an excellent result.
The aperture efficiency was computed as the ratio
of measured gain to the maximum directivity [15].
The efficiency of this reflectarray is about 50 %.
To attain higher efficiency one should reduce the
blockage attributed to the feed antenna, the
spillover effect due to the feed illuminating areas
outside of the reflectarray, the feed’s non-uniform
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illumination across the reflectarray’s aperture, and
the diffracted fields from the edges.

—:Co pb!
== Cross pol |

& 8

Relative Power (dB)
S

s 8 8

¥ 75 60 45 30 15 0 15 30 45 60 75 90
Angle (deg.)

Fig. 14. Simulated horizontal H-plane radiation
pattern of a reflectarray at 13.5 GHz.

 26f

@
=22

245 12 13 14 15 16
Frequency (GHz)

Fig. 15.
reflectarray versus the frequency range.

Measured gain of the prototype

V. CONCLUSION

A single layer microstrip reflectarray element
with fractal and square ring elements has been
designed and analyzed. Compared with other
reflectarray elements, this element can produce a
phase variation range exceeding 600°. By using
these elements a 441 element reflectarray
operating at 13.5 GHz with 1 dB gain bandwidth
of 17 % has been designed and tested. Good
agreement between the simulation and measured
result has been observed.
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Abstract — This article proposes a novel printed
slot  antenna  with  circular  polarization
characteristics using an L-shaped slot in the
ground plane and an L-shaped radiating stub with
a pair of I-shaped slits for simultaneously
satisfying wireless local area network (WLAN),
worldwide interoperability for microwave access
(WiMAX), and C-Band applications. The
operating frequencies of the proposed antenna are
5.2/5.8 GHz, which covers WLAN system, 5.5
GHz for WiMAX system, and 4 GHz for C-Band
system. The desired resonant frequencies are
obtained by adjusting the length of I'-shaped slits
in the both sides of tapered microstrip feed-line.
The measured results show good agreement with
the numerical prediction. The designed antenna
has a small size of 20 x 20 mm®.

Index Terms — Circular polarization performance,
I'-shaped slit, and printed square slot antenna.

I. INTRODUCTION

Circular polarization is one of the common
polarization schemes used in current wireless
communication systems, such as radar and satellite
systems. This is due to the fact that it can provide
better mobility and weather penetration than linear
polarization microstrip patch antenna [1], spiral
antenna [2], dielectric resonator antenna [3], and
slot antenna [4], which are some of the typical
types of circularly polarized (CP) antennas. The

Submitted On: June 11, 2012
Accepted On: Dec. 25, 2012

operation principle of these CP antennas is to
excite two orthogonal field components with equal
amplitudes.

In this paper, a new printed square slot
antenna with single-feed circular polarization
characteristics, for WLAN/WiMAX and C-Band
applications is presented. First by inserting an L-
shaped slot on the ground plane, additional
resonances are excited and the bandwidth is
improved that achieves a fractional bandwidth
with dual resonance performance of more than
45%. In the proposed structure, wide band circular
polarization function is provided by cutting an L-
shaped slot on the ground plane and a pair of I'-
shaped slits in the corners of the L-shaped
radiating stub. The size of the designed antenna is
smaller than the slot antennas with circular
polarization function reported recently [1-4].

1. ANTENNA DESIGN

The proposed square slot antenna fed by a
microstrip line is shown in Fig. 1, which is printed
on an FR4 substrate of thickness 0.8 mm, and
permittivity 4.4. By cutting a novel slot of suitable
dimensions at the ground plane, circular
polarization can be constructed. The truncated
ground plane and L-shaped radiating stub with two
I'-shaped slits are playing an important role in the
circular polarization characteristics of this antenna.
This is because they can adjust the
electromagnetic coupling effects between the feed-

1054-4887 © 2013 ACES



line and the ground plane, and improves its
impedance bandwidth without any cost of size or
expense [4]. Based on electromagnetic coupling,
the modified L-shaped radiating stub with a pair of
I'-shaped slits act as an impedance matching
element to control the impedance bandwidth of the
proposed antenna. Because it can creates
additional surface current paths in the antenna and
thus additional resonances are excited and much
wider impedance bandwidth can be produced [5].

In this work, we start by choosing the aperture
length L+L;;. We have a lot of flexibility in
choosing this parameter. The length of the aperture
mostly affects the antenna bandwidth. As L+L,
decreases, so does the antenna BW and vice versa.
At the next step, we have to determine the aperture
width  W+W,,. The aperture width is
approximately A/2, where A, is the slot
wavelength. The wavelength A, 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 I'-shaped slits resonators. A good starting
point is to choose it to be equal to 4,/4, where 4,, is
the guided wavelength in the microstrip line. In
this design, the optimized length L,eonance 18 set to
resonate at 0.254,csonances Where Liesopancet = Wir +
Wi + Ly and Lyesonancer = Wiz + Wiy + Ly + Ly
Aresonancet  aNd  Ayesonances  correspond to the first
resonance frequency (4 GHz) and the second
resonance frequency (5.3 GHz), respectively.
The final values of presented slot antenna design
parameters are specified in Table 1.

Table 1: The final dimensions of the designed
antenna.

/8 8 Ly 6 | Wy | 8
Ly, 7 W, 05| W, 2
w, 4 L, 8 | W, | 3
L, | 2| W, | 4| W, |2
W, | 2 L, 2 W, 3
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Fig. 1. Geometry of the proposed microstrip-fed
slot antenna.

I11. RESULTS AND DISCUSSIONS

In this Section, the slot antenna with various
design parameters were constructed, and the
numerical and experimental results of the input
impedance and axial ratio characteristics are
presented and discussed. The parameters of this
proposed antenna are studied by changing one
parameter at a time and fixing the others. The
simulated results are obtained using the Ansoft
simulation software high-frequency structure
simulator (HFSS) [6].

Figure 2 shows the structure of the various
antennas used for wide-band impedance and
circular polarization performance simulation
studies. Return loss and axial ratio characteristics
for ordinary square slot antenna with an L-shaped
radiating stub and ground plane with a rectangular
slot (Fig. 2 (a)), a ground plane with an L-shaped
slot (Fig. 2 (b)), and L-shaped radiating stub with
a pair of I'-shaped slits and ground plane with an
L-shaped slot (Fig. 2 (¢)) are all compared in Fig.
3. As shown in Fig. 3 (a) and (b), in order to
generate dual resonance characteristics (4/5.3
GHz), and to improve the circular polarization
bandwidth, we use two L-shaped slits in the
corners of the radiating stub. Also, by cutting an
L-shaped slot in the ground plane a wide band
circular polarization function is achieved that
cover all the 5.2/5.8 GHz WLAN, 5.5 GHz
WiMAX and 4-GHz C band.
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Fig. 2. The ordinary square slot antenna with an L-
shaped radiating stub (a) and ground plane with a
rectangular slot, (b) and ground plane with an L-
shaped slot, (c) with a pair of I'-shaped slits and
ground plane with an L-shaped slot.
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Fig. 3. Simulated (a) return loss characteristics and
(b) axial ratio for the antennas shown in Fig. 2.

To understand the phenomenon behind this
dual resonances performance, the simulated
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current distribution on the radiating stub for the
proposed antenna at the new resonance
frequencies of 4 GHz and 5.3 GHz are proposed at
Fig. 4 (a) and (b), respectively. It can be observed
from Fig. 4 (a) and (b) that the current is
concentrated at these frequencies on the edges of
the interior and exterior of the modified I'-shaped
folded microstrip arms. Therefore, the antenna
impedance changes at these frequencies due to the
resonance properties of the proposed structure.

v taper_nl |

(a) (b)

Fig. 4. Simulated surface current distributions for
the proposed antenna shown in Fig. 1 at, (a) 4 GHz
(first resonance frequency) and (b) 5.3 GHz
(second resonance frequency).

In order to investigate the effects of I'-shaped
slits size on the proposed antenna, the simulated
return curves with different values of I'-shaped
slits lengths are plotted in Fig. 5. As shown in Fig.
5, when Wj increases from 2 mm to 4.8 mm, the
first resonance frequency is varied from 4.3 GHz
to 3.8 GHz. From these results, we can conclude
that the first resonance frequency is controllable
by changing the W,. Also, as the W;; increases
from 1.3 mm to 2.8 mm, the second resonance
frequency is varied from 5.1 GHz to 5.5 GHz.
Therefore, the second resonance frequency is
controllable by changing the W, ;.

In this study, to achieve the circular
polarization characteristics, we use two I'-shaped
folded microstrip arms in the radiating stub and an
L-shaped slot on the ground plane, as displayed in
Fig. 1. By changing the dimension of these open
stub structures, we can achieve the RHCP and
RLCP characteristics. The simulated RHCP and
RLCP curves at 4 GHz and 5.3 GHz are presented
in Fig. 6 (a) and (b), respectively. These figures
confirm that the proposed antenna is capable of
supporting both RHCP and RLCP modes at these
frequencies. The proposed slot antenna with final
design, as shown in Fig. 7, was built and tested.
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Fig. 6. Simulated circularly-polarized radiation
patterns at (a) 4 GHz (first resonance frequency)
and (b) 5.3 GHz (second resonance frequency).
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Fig. 7. Photograph of the realized printed slot
antenna.

Figure 8 (a) and (b) shows the measured and
simulated return loss and axial ratio characteristics
of the proposed antenna, respectively. As shown in
Fig. 8 (a) and (b), the fabricated antenna has the
frequency band of 3.73 GHz to over 6.07 GHz
with circular polarization characteristics 3.72 GHz
- 6.05 GHz. As shown in Fig. 8, there exists a
discrepancy between the 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 and axial ratio characteristics for the
designed antenna, it is recommended that the
manufacturing and measurement process need to
be performed carefully.

Figure 9 shows measured maximum gain of
the designed antenna in dBi, in the Z-axis
direction. A two-antenna technique is used to
measure the radiation gain. As shown in Fig. 9, the
measured maximum gain has a variation similar to
other slot antennas gain at WLAN/ WiMAX and
C-band frequencies [7].
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Fig. 8. Measured and simulated (a) return loss

characteristics and (b) axial ratio characteristics
for the proposed antenna.
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Fig. 9. Measured maximum gain of the proposed
antenna.

V. CONCLUSION

In this paper, a novel square slot antenna with
circular polarization characteristics for
WLAN/WIMAX and C-band applications is
presented. The proposed antenna can operate from
3.73 GHz to 6.07 GHz with circular polarization
characteristics around 3.72 GHz - 6.05 GHz. The
designed antenna has a small size. Simulated and
experimental results show that the proposed
antenna could be a good candidate for
WLAN/WiMAX and C-band applications.
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Abstract —In this paper, a new eccentricity
compensation method for Switched Reluctance
Machines (SRMs) is presented. In this regard, the
dependency of radial force (RF) on variation of
number of turns for stator coils and fault level is
demonstrated analytically and principle of the new
compensation strategy is introduced as well. This
strategy is implemented on an SRM utilizing
Finite Element Method (FEM) under different
fault conditions. This approach is accomplished
through  switching among the  various
arrangements in the number of turns for the coils
on the stator poles; hence, unbalanced magnetic
force (UMF) is controlled without additional
auxiliary coils. Simultaneously, regulating the
stator currents guarantees the motor torque is not
diminished. This comprehensive approach is
suitable for different types and structures of SRMs
and will compensate or control eccentricities in a
wide range of eccentricity faults namely 10%-70%
while motor performance is not impaired.

Index Terms - Electromagnetics characteristics,
eccentricity compensation, finite element analysis,
fault control, and switched reluctance machines.

I. INTRODUCTION
SRM has been a charming choice for
industrial and household applications due to its
advantageous characteristics such as simplicity in
winding and manufacturing, durability, and rotor
permissible temperature [1, 2].
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SRM air gap is considered to be uniform for
ideal operation, which is smaller compared to
other types of machines [3]. When there are
uneven air gaps between stator and rotor poles
eccentricity fault will happen [4]. Eccentricity
fault results in excessive vibration, noise, bearing
wear, and UMF. They change flux pattern and flux
density distribution and accordingly causes some
errors in motor control, rotor position estimation,
and also considerable effects on produced torque
[5, 6].

In the fabrication process a relative
eccentricity between the stator and rotor axes up to
10% is common [7] and therefore the faulty
conditions are assigned to those of more than this
value, which must be controlled or compensated to
prevent motor from irreparable damages. In this
regard, in [8] artificial intelligence like Neuro-
Fuzzy controller is suggested to compensate
manufacturing inaccuracies namely eccentricity.
This strategy is simulated for a 6/4 SRM and
minimizes the torque ripple; however, a reduction
in average torque is expected.

A remedial strategy for eccentricity via
controlling current in each coil proposed in [9]. It
puts forward that, to control eccentricity the
current magnitude of each coil should be
controlled separately. And through augmenting
and mitigating current intensity in the facing poles
reduces the UMF. In [10], eccentricity effects in a
12/8 SRM has been reduced by some
modifications in stator windings. It shows that if in
every phase, the four poles be connected such that

1054-4887 © 2013 ACES



they create two parallel paths with neighboring
coils in series with an equalizer, the UMF will be
lessened significantly. This strategy seems useful
in 33 % eccentricity but it is not analyzed that for
higher degrees of eccentricity this scheme will be
such helpful too or not. Also this winding
configuration is just suitable for those other SRMs,
which have four stator poles per phase but no
other configurations. The possibility of different
winding methods and their features under various
type of faults in a 6/4 SRM has been reported in
[11]. It proposes six winding configurations and
discusses their main characteristics under open
circuit and short circuit conditions and then
different detection possibilities are suggested but
obviously the focus is not on mechanical faults
like off-center rotor. The substantial effect of
parallel stator winding on reduction of UMF in
eccentric rotor in induction and synchronous
machines has been discussed and evaluated in [12,
13].

As it can be seen in available papers in the
literature, little portion is dedicated to eccentricity
compensation in SRMs. Considering that each of
these mentioned methods are intended for a
particular SRM design, a more comprehensive
strategy is needed to satisfy different motor
structures.

In the previous works, authors have assessed
SE (static eccentricity) [14], DE (dynamic
eccentricity) [15], ME (mixed eccentricity) [16],
and AE (axial eccentricity) [17] in the SRM. In
this paper, a novel approach is proposed to
compensate eccentricity in SRM. In this method
by changing the arrangement of stator winding
turns, not only UMF will be mitigated
significantly, but also the motor torque will be
kept around its nominal value, which is
accomplished by controlling the stator current.

I1. PROBLEM STATEMENT

One of the common faults in SRM is
eccentricity. Eccentricity faults change SRM
characteristics through making the produced
magnetic field and flux distribution non-uniform.
This asymmetry leads to an unbalanced flux
density in front of two opposite poles of one
excited phase, which results in a huge UMF acting
on the rotor. This phenomenon brings about
excessive vibration, noise, bearing wear, and
irreparable damages.

AFJEL ET. AL.: ECCENTRICITY COMPENSATION IN SWITCHED RELUCTANCE MACHINES

UMF is the difference between two large RFs
produced by two facing coils. These RFs are
exerted on the opposite rotor poles, so through
counterbalancing the ampere-turns in every two
facing coils, UMF could be mitigated. This idea is
accomplished by modifying arrangements of
number of turns in each coil and regulating the
stator current.

It is needed first that the relation among the
RFs and motor torque with number of turns and
stator current be investigated. Thus, in section III a
linear model for RFs is presented and then the
analytical model of the new method is
demonstrated.

I11. ANALYTICAL MODEL OF THE
NEW METHOD

A precise model is needed for the physical
motor simulation to incorporate the essential
dynamics of the motor [18-21]. In literatures such
as [22] a very detailed analytical model for RF is
presented. However, here a simplified and linear
analytical model is employed to predict the RFs on
individual stator poles and the UMF on the rotor.
These expressions will be derived just for those
rotor positions where the rotor and stator overlap.
In this model it is assumed that all of the magnetic
energy is stored in the air gap where the B-H curve
is given by,

B = 1, H (1)
where y4 is the permeability of air, B is flux
density, and H is magnetic field intensity, which
can be calculated using the following equation,
— Ni
H=— 2
; @)
where N is the number of turns, i is the magnitude
of current in each stator coil and ¢ is the radial air
gap length in the case of uniform air gap in healthy
motor. Also, the flux equation can be given by,
p=BA . (3)
The symbol A is the surface of overlapping region
of rotor and stator poles (Fig. 1), which can be
evaluated using the following equation,

A=Ilro )

where r, is the radius of rotor so ;@ is the arc for
overlapping region and I, is the length of the rotor.
By considering equations (1) to (4), the flux
linkage can be defined as follow,
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Fig. 1. Configuration of SRM for one pole.

The co-energy (W, ) for each pole due to A is
given by

2 2
Wy =§idi =§'U°N Aidi :'uON (o) i’ (6)
g 29
The RF produced by every pole can be
obtained from the rate of change in co-energy with
respect to the air gap. So the RF (F) will be easily
derived by

oW N2(lro ).

PN lio), g
o9 249

Torque will be achieved by the rate of change

in co-energy with respect to the rotor position, as
follows,

aW 4 2
=7f=,u0N I,rr i2 (8)

06 29

The unbalanced RFs acting on the rotor are

calculated assuming that stator poles on opposite
side of the machine are independent and this is the
reason that electromagnetic energy has been
computed per pole instead of per phase. Supposing
an SE fault which means, rotor is off-center from
stator symmetrical axes (Fig. 2) the degree of
eccentricity will be given by,

A
=| = |x100% 9
¢ (gj ©)

where A is the displacement of the rotor. Thus, the
RF produced by poles 1 and 2 can be derived
respectively by,
oW/ oW/
- [
a g g+A a g
Furthermore, the UMF on the rotor is the sum
of these forces

T

F

(10)

g-A
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UMF = F, +F, : (11)

Fig. 2. Rotor is displaced from its symmetrical
axes.

Due to the opposite direction of fluxes in two
poles in one phase (i.e., 4 is leaving one pole and
entering into the other one) Fy; is exerted in the
reverse direction with respect to Fy, on the rotor
(Fig. 2). In the healthy condition, the magnitudes
of these forces are equal so the overall force on the
rotor is nearly zero, in other words, there is no
UMF. But as it was shown up to here eccentricity
causes that these RFs have different magnitudes
and therefore the UMF will arise. It seems
reasonable if it was possible to somehow balance
the RFs on the opposite side of rotor the UMF will
be diminished significantly. To nullify UMF there
are two choices: a) augmenting the MMF on the
pole where air gap has been increased (pole 1 in
Fig. 2) or b) mitigating MMF on the opposite pole
where air gap has been decreased (pole 2 in Fig.
2). Even a combination of both approaches is also
possible.

Considering Fig. 2, let us develop equation
(11) to see how analytically is possible to reduce
this force

UMF=F, +F,
wNALLE) L NX(1re).,
= P 7!
2(g+4) 2(g-2)
g—A infrontof Coill
g+A in frontof Coil 2 (12)

By rearrangement, UMF will be given by,

_L ()it
2(g-A)(g+Aay
x(n; =Nz o+ at)-20a(NF +N2)) - (43



Equation (13) shows that displacement (A)
directly affects UMF. There is no straight method
to reach the degree of eccentricity but the
occurrence of eccentricity and where it was
happened is completely diagnosable. Thus, due to
the dependence of RF on number of turns and
current intensity in each coil, it is possible to
diminish faults effects. Controlling currents means
that two opposite coils of one phase must be
energized separately, in other words, there must be
either an electrical source for each one or having
an independent set of power switches for each
pole, which however, increases the total cost.

Assuming like most of typical SRMs, two
opposite coils of one phase are connected in series,
and considering i constant, equation (13) will be
rewritten as,

UMF = K((N? = N2)(g? + A%)-20a(N? + N2))

(14)
where K is given by,
12
K:l /’IO(IrerO)I 5 . (15)
2(g-AFg+)
The symbol K depends on motor dimensions and
cannot be zero. Noting equation (14) for an SRM
in healthy condition where,

A=0

UMF will be equal to zero. But in eccentric
conditions for a typical SRM where,

A#0 |
e (17)
It is not possible for UMF to be zero.
Supposing the possibility of changing the number

of turns and developing equation (14) UMF will
be zero on condition that

UMF = K((N? =N2)g? +A%)-2gA(N? + N2 ))=0

(N2 =N2)(g? +4°)-20A(N2 +N2)=0

N, _(g-a)_, (2

N, lg+a) l|g+aA ' (18)

Assuming an SE fault (Fig. 2), equation (18)
implies that if the turn’s ratio between coils 2 and
1 be modified like this, UMF will be about zero.
The advantage of this method here is that in the
case of eccentricities faults there is no need to get
the SRM removed from the production line to fix

it anymore. There is the feasibility of remedial
actions during SRM operation.
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To modify turns ratio, it is possible to increase
the number of turns in coil 1 (N;), or decrease the
number of turns in coil 2 (N;). Increasing the
number of turns means the existence of some
additional windings that are idle in the healthy
operation of motor, which requires some changes
in its design structure and consequently all of these
demand extravagant money. Thus, here the focus
is just on decreasing the number of turns.

Considering equation (18), assuming coil 1
has 120 turns and is constant, the relationship
between number of turns in coil 2 (N;) and degree
of eccentricity (¢) in order to cancel UMF is
obtained and plotted in Fig. 3. As it can be seen in
this figure there is a nonlinear relation between N,
and &
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Fig. 3. The number of turns and stator current
to nullify UMF and keeping the toque at its
rated value, respectively for different degrees
of eccentricity.

From Fig. 3, two noteworthy points can be
deduced: a) to compensate high degrees of
eccentricities, N, must be decreased very much;
this is not possible because it will ruin the
symmetrical structure of the motor. If the
difference between the number of turns in adjacent
poles becomes very much so the resultant MMF of
these poles will vary greatly and consequently
causes extra vibration indeed. Therefore, 40 % of
the total number of turns is supposed to be the
maximum number of turns to be decreased, which
is 50 turns here. b) Another point is that according
equation to (8) the torque produced by each stator
pole has direct relation with square of the number
of turns and current intensity,

Toc N?xi? (19)
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Thus, regarding the reduction in the number of
turns and assuming i constant, the overall torque
will be lessened, which means the performance of
motor will be deteriorated and that is not
acceptable. Thus, to keep the torque at its nominal
value i must be intensified. To develop an
analytical model, let’s start with equation (8),

uNLr
T, 2g i (20)

This is the torque produced by one stator pole.
The overall torque as a result of two facing poles
in one phase in healthy condition will be given by

NIr
T, =T, + T_“°g : @1)

The above equation is for healthy operation of
motor but in eccentric condition the torque will be
given by
/uolelrrr i2 + :uoNZZIrrr |2 (22)
2(g+4) 2(9-4)

As it was mentioned earlier, the objective is
that while N, is decreased to compensate
eccentricity, the torque remains unchanged (T, =

T, =T,+T, =

Th) or in acceptable range. So it can be
accomplished through increasing i, equalizing
equations (21) and (22)
T, =T,
Nllrrrz Nzlrrr2 N, (23)
29+8" 298" g "

Where iy, is the stator current in healthy condition
and I, is the stator current in eccentric condition.
Let us suppose during a fault the number of turns
in coil 1 is kept constant at its design number (N;
= N) and number of turns in coil 2 is modified
according to equation (18). So considering these
assumptions, equation (23) will be simplified to,

!i =1+é . (24)

I g
This equation emphasizes in order to maintain
torque at a constant level while number of turns is
decreased in eccentric condition the current must
be increased, which is also demonstrated by Fig. 3.
At this point this question may be raised that
intensifying current to increase torque might
augment UMF as well, and of course considering
the assumption that in developing equation (18), i
was supposed to be constant. It is essential to

ACES JOURNAL, VOL. 28, NO. 2, FEBRUARY 2013

mention that this will not happen. As it is shown in
section V when N; is decreased to 70 turns at its
maximum reduction level, current must be
increased from 2.5A to 3A, it is demonstrated by
simulation that the effects of this addition will be
negligible. In this section the theory of the new
method was proved. The following section is
dedicated to the analysis of the proposed
compensation strategy.

IV. THE NEW COMPENSATION
STRATEGY

To create the possibility of modifying the number
of turns for each coil, a switching box is designed
which has three power switches. These switches
must be able to operate at the rated motor current,
which is only 2.5A and the high frequency
switching is not needed, so they can be any
ordinary and cheap switch. Different combinations
of these switches will produce different
arrangement of number of turns. The configuration
of the switching box for one phase is shown in
Fig. 4. It must be mentioned that only one
switching box is required for the proposed method.
When a fault is diagnosed in one phase afterwards
the pole, which its MMF should be reduced will be
specified, and finally the terminal of the switching
box will be connected to the windings of this coil
of the faulty phase.

70

Switching Box

U/
DC

Fig. 4. Configuration of the switching box in
phase.

In table 1 the complete combinations of a
switching box and the resulting number of turns
are listed. In healthy operation of motor the
number of turns is 120 turns and all the switches
are OFF (state 0). Each switch, which is turned
ON means that the corresponding coil is removed (
Fig. 4). So via different combination of switches,
eight different number of turns are obtainable.
Depending on the degree of eccentricity, the right
state must be chosen. It is obvious that besides



decreasing the number of turns, the current
intensity must be increased to keep the torque at
its nominal value. To do so, an algorithm has been
used which its flowchart is shown in Fig. 5.

Table 1: Combinations of a switching box (0 :
OFF and 1 : ON).

State | S3 S2 S1 | Number of Turns
0 000 120
1 001 115
2 010 105
3 011 100
4 1 00 90
5 1 01 85
6 110 75
7 111 70
T TN
s ) e e
5 ) p Y 4
\-. i

" Unbalanced
Magnetic Force
(UMF) Sampling

Diagnosis Scction
I"

Faulty Phase

& Pole

Decerease ;N Turns
(Based on states of Table I)

|

Torque (T)
Sampling

Y
¥y

Increase i

| (o)

e R L 0 ST ey

~

4

Compensation Section
2

Fig. 5. Compensation strategy flowchart.
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Based on the previous work of the authors, in
this algorithm, UMF is sampled based on the
proposed index in [23], if it is greater than UMF
(10 %) it will be diagnosed as a fault. Now, the
faulty phase must be determined and of course the
pole, which its ampere-turn must be mitigated and
should be specified too. This is viable via the
procedure proposed in [24]. Because of tolerances
in manufacturing and assembly process, a 10 %
eccentricity is assumed to be natural and is not
identified as a fault. Thus, the aim of
compensation is to get back to this condition in
case of eccentricities more severe than 10 %.

Now that it is clear which coil is going to be
modified, in the next step it is examined that the
number of turns in this coil has reached to its
minimum level or not? For this motor the
maximum number of turns is 120 and the
minimum number is 70 turns. So at this point it is
possible to go to the next step i.e., “Decrease N
turns” because currently the number of turns is
120. In this stage, the switching box is changed to
its next state (i.e., changing from state O to state 1)
and accordingly decreases the number of turns to
115 turns. Moving to the following step, the torque
must be sampled. If the torque is less than its
minimum level, which is 90 % of the nominal
value the current must be increased. In this stage
current is augmented 0.1 A each time up until the
torque reaches to the minimum level. The reason
behind this minimum level is that due to the
variations in manufacturing process and alterations
from nominal load conditions it is not mostly
possible to reach motor nominal torque, so 90 % is
supposed to be the healthy performance of the
motor. After restoring the torque, UMF is sampled
again and if it is greater than UMF (10 %) the
same procedure is followed once more. It is worth
noting that in case of 40 % eccentricities and
higher the number of turns reaches to its minimum
(70 turns) and UMF is not less than its minimum
value yet, then here the fault is compensated
partially and procedure is terminated.

V. NEW METHOD IMPLEMENTATION
ON SRM AND FEM RESULTS

A workbench of the test for a 6/4 SRM has

been established utilizing FEM. Each phase

winding consists of 120 turns with a current

magnitude of 2.5A. This motor is driven for

different conditions to assess the UMF in different
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percentages of eccentricities. Figure 6 shows UMF
for different levels of eccentricities as a function
of rotor position which varies from 0 to 44 degrees
meaning a rotation from fully unaligned position
to fully aligned position.

It is worth noting that the possibility of
increasing the number of turns was simulated too.
30 turns were added to SRM windings to use for
augmenting the number of turns in case of faults,
but the results showed that due to the very
nonlinear characteristics of SRM, comparing
decreasing and increasing the number of turns,
decreasing the number of turns is much more
effective in nullifying UMF. Thus here the focus is
just on the control of decreasing the number of
turns.

Considering Fig. 7, it is inferred that due to
nonlinear features of SRM, by increasing the stator
current in the range of 2.5A to 3A at the worst
condition, UMF will be augmented merely 5 %,
which is not any of importance. The simulation
results for two degrees of eccentricities namely
30% and 70 % are analyzed.

200 4
- Healthy | Increasing Degree
=10% Ecc of Eccentricity
150 + o
L3
2 “*=20% Ecc ¥
~ 100 +30% Ecc
E #40% Ecc
=) 50% Ecc
50 T |--60% Ecc
70% Ecc
0 L——— x * » - - - -
0 4 8 12 16 20 24 28 32 36 40 44

Rotor Position(deg)

Fig. 6. UMF as a function of rotor position for
different eccentricity degrees.

200 4

¢30% Ecc 2.5A
150 + |=*=30% Ecc 3A

=+70% Ecc 2.5A
-#70% Ecc 3A

UME (N)

12 16 20 24 28 32 36 40 44

0 4 8

Rotor Position (deg)

Fig. 7. Influence of increasing current on UMF.

ACES JOURNAL, VOL. 28, NO. 2, FEBRUARY 2013

A. 30% ECCENTRICITY

In case of 30 % eccentricity, the algorithm
outcome is that the number of turns must be
decreased to 75 turns (state 6) to mitigate UMF
below UMF (10 %), and to keep torque at 90 % of
its nominal value the current must be increased to
29A. UMF and torque, before and after
compensation are plotted in Fig. 8 and 9.
Considering Fig. 8, it is inferred that via this
compensation strategy UMF at its peak value is
reduced from 88 N to 21 N. It means more than
75% reduction in UMF. As it is evident the
eccentricity effects are compensated completely
(i.e., UMF is less than UMF (10 %)). According to
Fig. 9 it is shown that via increasing the current
intensity up to 2.9 A the torque is kept at 90 % of
its value in healthy operation. At its peak value the
torque has been decreased from 0.27 to 0.24 Nm. It
is nearly a 10 % reduction, which is acceptable.

80 ~#-10% Ecc
70 =#-30% Ecc

60 ~#-30% Ecc compensated

0 At ———————
0 4 8 12 16 20 24 28 32 36 40 44
Rotor Position (deg)

Fig. 8. UMF after implementation of the
compensation strategy for 30 % fault.
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o

S 0.1 + ~#-30% Ecc Compensated
= A

0.05 +

0

0 4 8 12 16 20 24 28 32 36 40 44
Rotor Position (deg)

Fig. 9. Comparing torque for healthy condition
and compensated 30 % eccentricity.

Fig. 10 (a) and (b) show the flux density in 30
% eccentricity before and after compensation,
respectively. By examining this figure it is
deduced that in the compensated motor as a result



of the proposed method, flux density is balanced
clearly in poles 1 and 2, which leads to a
significant reduction in UMF. But it is worth
noting that by increasing the source current, flux
density is magnified less than 5 %, which is not
concerning regarding to magnetic saturation.

1.82277
1.45822
1.09366
0.72911
0.364555

(a)

1.85561
145445
111336
0.742243
0371121
0

(b)

Fig. 10. Flux density in eccentric motor under 30%
fault: a) before compensation and b) after
compensation.

Fig. 11 (a) and (b) show the flux paths in 30%
eccentricity before and after compensation in the
aligned position, respectively. As it can be
observed, after compensation flux leakages in
adjacent poles are diminished significantly. In Fig.
12 the flux linkages for coils 1 and 2 in three
conditions namely healthy motor, before and after
compensation in 30 % eccentricity is shown. As it
was predictable in healthy condition flux linkages
for both coils are the same, of course with opposite
direction. Under 30% eccentricity fault, the flux
linkages are still nearly the same. It is reasonable
that due to the very close flux linkages in coils 1
and 2, which have quite different air gaps the RFs
will vary completely. By applying a compensation
strategy the number of turns in coil 1 is not
modified so its flux linkage will not alter so much
but as its current is magnified it is augmented a
little. But the scenario for coil 2 is totally different.
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As a result of 45 turns reduction in coil 2, the flux
linkage must be decreased significantly, which can
be seen clearly. As a result of this deduction, RF
produced by coil 2 is mitigated so much, and
somehow equalizes to RF produced by coil 1 and
correspondingly UMF is nullified.

(b)

Fig. 11. Flux paths in eccentric motor under 30%

fault: a) before compensation and b) after
compensation.

B. 70% ECCENTRICITY

If the degree of eccentricity was more severe,
suppose an extreme condition, a fault with 70%
eccentricity has occurred. If the proposed strategy
be applied to the given SRM, the outcome will be
a reduction to 70 turns for turns number (state 7 in
switching box) and an increase in current to 2.9 A.
The results for UMF and torque in this
compensated condition are shown in Figs. 13 and
14, respectively.
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220 4

-30 ~e
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Flux Linkage in coil 2(mWb)

Nz
0 4 8 12 16 20 24 28 32 36 40 44
Rotor Position (deg)

(b)
Fig. 12. Comparison between flux linkages in

healthy motor, before and after compensation in
case of 30 % eccentricity: a) coil 1 and b) coil 2.
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Fig. 13. UMF after implementation compensation
strategy for 70 % fault.
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Fig. 14. Comparing torque for healthy condition
and 70 % eccentricity compensated.

As it is seen in these figures despite
employing the remedial strategy it is not possible
to mitigate UMF below 10 % eccentricity level;
however, it helps to lessen UMF at its peak value
from 203 N to 137 N, which means more than 30
% reduction. In case of using the motor in critical
operations this level of compensation might help
the motor be able to continue its operation during
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the faults. Figure 14 shows the overall torque
before and after compensation in case of 70 %
eccentricity. One of the effects in eccentricities
higher than 50 %, is the increase in overall torque
which can be recognized here too. In this case the
current is the same as in the case of 30 %
eccentricity and also the number of turns is less
than the previous case but the torque is kept
around its level in healthy condition again. Figure
15 (a) and (b) shows the flux density in 70 %
eccentricity before and after compensation,
respectively. The explanations are similar to what
was told for Fig. 16 (a) and (b) shows the flux
paths in 70 % eccentricity before and after
compensation, respectively. As it can be inferred,
after compensation flux leakages in adjacent poles
are diminished significantly, which leads to a more
balanced flux distribution in the opposite poles
which means reduction in UMF.

As it is inferred from the FEM results the
proposed method by controlling the number of
turns and stator current, has compensated the fault.
In other words, applying the new strategy the RFs
and motor torque are under control offering the
possibility of operating even under fault condition.

1.80682
1.44545
1.08405
0722727
0.361363
0

1.83313
1.4665
1.09958
0.733251
0.366625
0

(b)

Fig. 15. Flux density in eccentric motor under
70% fault: a) before compensation and b)
after compensation.



(b)

Fig. 16. Flux paths in eccentric motor under 70%

fault: a) before compensation and b) after
compensation.

V1. CONCLUSION

In this paper, a general method has been
presented for compensating different degrees of
eccentricity in SRMs. The proposed novel method
is mathematically proven first and through FEM is
simulated. It is found to be successful completely
in compensating static eccentricities up to 40 %
and mitigating the UMF up to 70 %. This strategy
requires only one switching box to be able to
decrease the number of turns (e.g. from 120 to 70
turns) and does not change winding structure.
Thus, it is cost effective respect to changing
fundamental structure of winding in motor
assembly. Keeping the motor torque at its nominal
value is accomplished via controlling the source
current. Thereby, it can be claimed that the motor
performance is not influenced at all. For instance;
it is needed where the number of turns is
decreased to 70 turns to nullify UMF the source
current be increased from 2.5 A to 3 A to improve
motor torque, which augments flux density around
5 % in 70 % eccentricity, which is not concerning.
Simulations show that compensation strategy
causes flux leakages in adjacent poles be
diminished considerably.
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