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Analysis of Side Coupled Microstrip Filters Using Three Dimensional
FDTD with Berenger Perfectly Matched Layer (PML)
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Abstract- In this paper, the finite difference time domain technique with the
Berenger's perfectly matched layer (PML) is applied for the analysis of side coupled
microstrip filters. The effect of the PML thickness is studied. Numerical results for the
time domain response, the scattering parameters, and the input impedance are
obtained. Good improvement of the present results over that published and obtained
by EDTD method with the Mur’s absorbing boundary condition or that obtained by
the equivalent circuit mode!l method are found.

L. Introduction

The finite difference time-domain method has become one of the most widelv
used techruque of electromagnetic scatiering, radiation, and propagation problems.
One of the advantages of the FDTD is that the analysis is stable and yields a unique
result  while the frequency-domain analysis suffers from spurious sclutions. The
methed is based on the discretizatiop of the differential form of Maxwell’s equations
in the ume and space domains using second order accurate central differences. The
obtained difference equations are then solved in a time marching sequence for
calculating both the electric and magnetic ficlds on an interlaced cartesian grid[1-3].
The use of the FDTD 1n electromagnetics requires the use of radiation or absorbing
boundary conditions (ABCs) to minimize the discretization * computational™ domain
[4-6]. During the last few decades, a number of ABCs have been proposed. These
include Mur ABCs [4-5] in which the outgoing wave equation is approximated by
linear expressions using either a Taylor or Pade approximation. Other ABCs have
been proposed and are summarized in [1,6]. Recently, Breneger introduced ABC
named Perfectly Matched Layer (PML)[7-9]. PML is a nonphysical absorber adjacent
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10 the outer computational boundary. The PML ensures that the out-going fields of
arbitrary frequency and incident angle are absorbed in the PML region with negligible
reflections toward the inner structure.

In the present work, the FDTD method with the Berenger PML s used for the
analysis of side coupled microstrip filters. The time domain and the frequency domain
characteristics are obtained. The frequency characteristics are calculated using a
cosine pulse and applying the Fourier transform to the wansiemt response of the
circuit.  This leads to obtain the frequency characteristics over the full range of
frequencies simultaneous!y.

In the next sections, we will give the basic mathematical formulation of both
the FDTD and the PML. The analysis of the microstrip filters is described in section
111 with its numerical results. Finally, the concluding remarks are given in section 1V,

J1. Formulation of the Problem
A. Time Domain Finite Difference formulation
The microstrip transmission line filter is shown in Fig. { where the strips and
the bottom planes are made of perfectly conducting material. The substrate has a
relative dielectric constant g, The microstrip line is taken as an open structure. For
this structure, Maxwell’s equations can be wrilten as:

1 microsmrip Y I

2" microsuip

204
6A ]
3" microstrip
|
I
z 304 L Substrate =10

Fig. | The side-coupled microstrip filter configuration ( the spaces between the
strips and the strip widths are 6A and centered on the substrate)
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€, E;

where,

p : is the magnetic resistivity of the medium in (Q /m)
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¢ :is the electric conductivity of the medium in (5/m)
=1.2 represents the substrates and free space, as shown in the Fig.1.

Ta discretize Maxwell’s equations (1), the centered difference approximation
is applied to boih time and space first-order partial differentiations. Following Yee
[10), one con arrange the spatial nodal points where different components of E and H
are to be determined, as shown in Fig. 2. This leads to the discretized Maxwell’s
equations for homogeneous regions as follows [1]:

Hx}:‘.;.lan:Da 'v‘),k'H‘ ::.[k” +
E)‘ ?_J,huz_E,«“jx-uz Ex ?.ylf‘}_k—Ez|‘ij.]-if2,k]
Dy, - @1
- Az Ay J
R-li? | n-f2
Hy ik - Da i.jk 'Hy e T
Ez ;‘ﬂrz.j‘k_E; ek E‘tl!“.j.bla’l_Ex 'n-J.k'Ul
Dufus - 2.2
- Ax Az
H[5 =D, B+
Ex||n.j+|f!.\: -Exlln.rh‘l,k E,l.n.n:,j,k _E’y ?—uz.j.k
Dh‘i.}.k : - (2.3)
Ay ax
Efin =CluEne +
H, [ —H ke Hy|5u2 = 2
Cyl\ - 2.4)
Ay Az
EJ’ :I.J'Ik CJ‘I.j,k ‘Ey‘:‘.j.k +
c e =LA, B R, o5
b|ejk &Z &X '
Er.“;:( Ca |.J,k'Ez ;l.j,L
neli2 Aelf2 n+lfd n+lf2
C;,'.,-_k H)' iol.’},;.k_-Hy 2k H‘ ijeis 2k _H‘ i-t2h 2.6)

A% Ay

where Ax, Ay, and Az are the space discretization units in the X, y, and z directions,
respectively. The C's and D’s coefficients are as given in reference {1].
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Fig. 2 The position of the electric and magnetic field

components in the Yee's FDTD cell

For a non-homogeneous domain, each hemogeneous region is treated
separately and then the boundary conditions are forced at the interfaces.

To ensure that the numerical ervor generated in one calculation step does not
accurnulate and grow, the stability criterion of Yee's algorithm refates A, A, ,and A,
and At is applied (1],

mg_l_.(__l_.+_.l_+__]_._] ) (3)
v(‘

Lax®  ay' Az’

where
At is the maximum time step that may be used, and
V. s the velocity of light

B. Perfectly Matched Layer PML

The PML is a nonphysical absorber adjacent to the outer boundary of the open
siruciure computational domain. The PML ensures that a plane wave incident at any
arbitrary angle or frequency from the free-space upon a PML region is 1otally
transmitted into PLM region with anegligible reflections toward the inner structure
[7.8}; i.e. wotal absorption for the outgoing waves. This is carried out by iniroducing an
additiona! degree of freedom by splitting the field components with anisotropic
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material properties in the PML region. For this material. the electric conductivity and
the magnetic loss is related by [7),

== ()
EU uﬁ

where o denotes the magnetic conductivity.

Theoretically, for a layer of such conductivities there is no reflections from
the inner sides of the PML region to the inner structure {computational domain).
However, the outgoing waves are reflected by the perfectly conducting conditions at
the outer boundary of the PML region and may be returned to the inner domain.
Berenger (7] suggested a conductivity profile{ o(p) ); p is the distance from the inner
interface) which provides the decay of the outgoing field to zero as it goes 10 the outer
boundaries. This climinates totally reflections from the outer boundary of the PML 1o
the inner structure. Accordingly, Maxwell's equations can be written as [t 1],

oH, o\E, +E_
B, ——+G H_ =~L——-) (5.1.3)
ot i Sy )
cH . JE_ +E_
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£, a:‘ +0,E =——fa—y—— (5.6.0)
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I11. Analysis of Microstrip Filter
The configuration of the analyzed microstrip filter i1s shown in Fig. 1. The
space steps are Ax=Ay=Az=0212 mm and the total mesh dimensions are 80X20X120
in the x, v. and z directions, respectively. At the top and side faces, a PML of width
with different number of cells is considered. The microstrip line parameters are [12]:

width of the microstrip conductor W=64,
thickness of the substrate H=64,;

dieleciric constant of the substrate €, =10.0,and
length of each transmission line =604,

The time step used is At=0.176 ps. The input signal is a band-limited cosine pulse of
the form,

E (t)y=1-cos(2nf,, 1) for O0<t<1/f,,
=0 for t>1/1,,
{0 =11.8 GHz

This pulse is fed under the microstrip conductor at the plane z=0, and the
nitial values of the other components are made zero.

The input pulse is applied to the input port of the first microstrip line and then
elecromagnetic field is calculated at different time.. The time variation of the E,
component at the x-z plane in the substrate is shown in Fig. 3. The incident signal
propagation along the first microstrip 1s observed; Fig.3 (a) 1o (c). [n Fig. 3(c), the
signal arrived to the end of microstrip and reflected to the input port. A part of the
wave transferred to the second microstrip line and the reflected wave went back to the
input port, Fig. 3 (d) and Fig. 3 {e). InFig. 3 () and Fig. 3(g), the signal resonates
around the second microstrip line. In Fig. 3 (h), the resonance component transters to
the third microstrip line and it is transmitted to the output port.

The time varations of electromagnetic field components E, at different points
on the first microstrip is shown in Fig. 4 where the incident and reflected waves are
shown. In Fig. 5. the wransmitted wave at the output port of the third microstrip line is
shown. From these figures, it can be shown that the incident and reflected waves go
1o steady state after about 6,000 time steps while the transmitted wave afier about
30.000 time steps. By applying the Foucier transform to the incident, refelected, and
transmitted waves, one can calculate the S-parameters and the input impedance of the
side-coupled filter shown in Fig. | {2,5].

Fig. 6, Fig. 7, and Fig. 8 show the S-parameters. the real part, and of the
imaginary part of the normalized input impedance. This is carried out considering
different number of perfect matched layer (NPML) celis; NPML =2, 4, 8 cells.
Good results are obtained with NPML equal or greater than 4 cells . From  Fig. 7,
and Fig. 8. it is observed that at the resonance frequencies the real part of the input
impedance makes maximum values while the imaginary part tends to zero.



Mansoura Engineering Journal, (MEJ), Vol. 24, No. |, March 1999. E. IS

In Fig. 9. the present S-parameters (for NPML=8) are compared with the
available published results [12.13]. In [12], the authors compare their simulaled
results obtained by the equivalent circuit model of the circuit with an experimental
data. In [13], the FOTD with Mur ABCs was used in the analysis. From Fig. 9,1t is
obvious that the difference between the magnitude of S11 from the different
techniques is very small. This is because the caleulations of 511 is based on the
Fourier transform of the incident and reflected waves in which the computational error
is very small; these waves tend to steady suate after 6.000 time step. On the other
hand. the difference in S21 is shown. This is because S21calculations are based on the
transmifted signal at the output port which is sensitive to the reflections at this port
and it tends to steady state after 30.000 time steps. The present S-parameters which
are based onthe PML absorber are in better agreement with the experimental results
given in [12), especially at the resonance frequency of § GHz than that obtained by
either the equivaient circuit model [12] or that of the FDTD with Mur absorbing
boundary condition [13].

In the second example, a side coupled microstrip filter with a second
microstrip line of length equal 80A is considered . The time variation of the E,
component is shown in Fig. 10. It is clear from this figure that a part of the incident
wave is transferred (o the second microstrip line eartier than the case shown in Fig. 3.
In addition, the resonance waves become more concentrated on the second microstrip
line while the transferred (transmitted) wave 1o the third microstrip line, Fig. 10 (h),
become less than that shown in Fig. 3 (h).

In Fig.1l and Fig. 12, the incident, refelected, and transmitted waves at
different points at the first microstip and the end of the third microstrip line are
shown. It is seen from Fig. 11 that the increasing of the length of the second
microstrip line leads to decrease the amplitude of the reflected wave when it is
compared with that in Fig. 4. In addition, the transmitted wave in Fig. 11 is also
decreased when it is compared with that in Fig. 5.

The scariering parameters and the normalized input impedance are shown in
Fig. 13. and Figl4, respectively. These figures show that the resonance frequencies
decreases with increasing the length of the second microsirip line.

IV. Conclusion

In the present work, the time domain response. the scattering parameters, and
the input impedance of the side coupled-side microstrip filters are studied. This is
carried out by using the finite difference time domain method with the Breneger
perfect matched Jayer. One important advantage of the FDTD is that the analysis is
stable and yields a unique result while the frequency-domain analysis suffers from
spurious solutions. In addition, with the aid of Fourier transform to the transient
response of the circuit the frequency characteristics over the full range of frequencies
are obtained simultaneously. With Berengers PML, the reflections from the outer
boundary of the PML to the inner structure {computational domain) are totally
eliminated. This leads to increase the accuracy of the present computations. The effect
of changing the PML thickness is considered. The obtained results are compared
with the available published data. It has been found that the present results are in
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better agreement with the experimental results than these obtained by either the
equivalent circuit model or that of the FDTD with Mur absorbing boundary
condition.
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Fig. 3 The time variation of the electric field component Ey at the x-z plane in the substrate
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Fig. 10 The time variation of the electric ficld component Ey, at the x-z plane in the substrate
with the second microstrip line has the length of 80 &
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