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Applications of the Perfectly Matched

Layers (PML) Absorbers
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Radiation Laboratory
Department of Electrical Engineering
and Computer Science,

The University of Michigan

Ann Arbor, MI 48109-2212

Abstract

The recently introduced perfectly matched uniaxial absorber layer (PML)
for finite element meshes truncation has several advantages. Among them, its
superior performance over the other truncation schemes such as the Absorb-
ing Boundary Conditions (ABCs) and the isotropic material absorber scheme.
Also, it offers ease of implementation since it can be included and implemented
as part of the main mesh. It allows for code parallelization and it can be termi-
nated conformally to the structure. In the first report, we discussed the theory
of implementation for this absorber as well as its design characteristics. In
the second one, we closely focused on the PML performance and optimization.
We optimize the PML parameters in a way that achieves both faster conver-

gence and higher absorption. Also, we performed a brief study on the different



solvers and preconditioning schemes. Based on these parametric studies, we
now proceed by applying the optimized PML to several microwave examples
representing actual and practical examples. These examples include a feed
study for the microstrip lines, a coupling study for two parallel transmission

lines on a substrate and a spiral inductor with an air bridge.
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1 Introduction

The need for an efficient way to truncate the computational domain for finite element
method (FEM) applications led to the investigation of new anisotropic absorbers with
reflectionless surfaces. These fictitious layers with uniaxial permittivity and perme-
ability tensors offer several advantages. Among them, the avoid using the differential
operators at the truncation boundaries, implementation ease and the promising con-
formal capabilities. Also, with these Perfectly Matched Layers (PMLs), there is no
need for a priori knowledge of the propagation constants in the structure which may
be difficult to obtain especially for complicated microwave circuits. The accuracy of
this scheme is dependent on the optimal choice of the absorber layer parameters. In
the first report [1] we introduced a brief introduction to the PML based on the theory
developed in [17]. Also, we demonstrated different applications including radiation
and scattering to demonstrate the PML superior performance over other truncation
schemes. In the second report [2], we started to look at the optimization of the whole
FEM system when the PML is used as a mesh truncation scheme. We tested several
FEM simulators with several meshing and termination schemes and we noticed that
most of the CPU time (90 % or more) is consumed in the solver (usually the iterative
solver). Therefore, we addressed approaches for improving the solver performance.
Specifically, the PML absorber parameters (attenuation and phase shift) are opti-
mally selected to improve the convergence and hence reduce the number of iterations
and CPU time. Using the optimal values, the PML is designed and implemented in
the whole FEM mesh. Then, the FEM matrix is preconditioned using the simple
diagonal preconditioner. Regarding solvers, we examined the performance of three
different iterative solvers in terms of their implementation and convergence charac-

teristics. In all cases, three dimensional simple examples were utilized to validate our



conclusions.

In this report, we present further studies for more complicated problems and
structures. We performed a parametric study [1] and a PML optimization [2] to
design and implement this termination scheme. Specifically, we considered three
types of examples. The first is a feed study about the minimum number of probes
required for achieve an accurate estimate of the input impedence after solving the
FEM system of equations. Then, we discussed a simple coupling scheme between two
microstrip lines printed on a dielectric substrate. Finally, we will presented our results
for a spiral inductor geometry with an air bridge. To extract the various parameters
from the FEM solution, we need a good and robust deembedding scheme. A brief
mathematical summary about this technique is presented based on the transmission

line analogy to circuits.

2 Numerical Deembedding

We are interested in the scattering parameters (S-parameters) for a uniform transmis-
sion line terminated by some load. For a shielded transmission line with a propagating
wave in the y-direction (for example), the electric field vector along the line can be

expressed as
E=FEe "W+ Ee" (1)

where E; and E, are proportional to the incident (incoming) and reflected (outgoing)
waves and 7 is the complex propagation factor. If we choose a reference plane at a
certain distance (say ¥,), the field at the a distances +d and —d from this reference

plane are

E(d) = Eie™" + E,e? (2)



E(0)=E, +E, (3)

and

E(—d) = Eie"* 4+ E.e™ " (4)

Solving these three equations simultaneously, we obtain

E(d) + E(-d)

cosh(y d) = 25(0) (5)

from which we can determine. quantities

T=a+jp (6)

As usual @ and f are the attenuation and phase shift coefficients in the pertinent
section of the transmission line. We can also obtain the guided wave length and the

effective dielectric constant from the following equations

Ag=— (7)

€eff = A1 (8)

with A, being the free space wavelength. The incident and reflected waves E; and E,
are given by

E(0) e — E(d)
2 sinh(vyd) (9)

E; =
and
E, = E(0) — E; (10)
Therefore, the reflection coefficient becomes

E,
511 = E‘ (11)

i



Although this deembedding process is suited for one port network analysis, the tech-
nique may be readily extended to two port and multiport networks. From the previous
analysis and formulation, the S-parameters calculations is related directly to the ter-
mination scheme. Therefore, it is necessary and essential to have a good and accurate
termination scheme such as the PML in order to extract the scattering parameters

for different structures in an accurate and efficient way.

3 Examples

In this section, we present three different kinds of examples representing three different
microwave structures. The first deals with the feeding of microwave circuits and filters.
It examines the minimum number of feeding (current) probes required to maintain
stable FEM calculations. The second example demonstrates the coupling between
two parallel lines printed on dielectric substrate. One of these lines is directly fed
and the amount of coupling to the other is calculated. Finally, a spiral inductor with
an air bridge is considered as an application for the PML absorber. As shown in
the previous report, the PML will be implemented with the optimal values of the
parameters. A diagonal preconditioner used in the BiConjugate Gradient (BCG)
solver to solve the linear system. It should be noted that the optimal value of the
phase shift factor « for the absorber was near unity and the attenuation factor 8 was

also almost unity.

3.1 Feeding Study

After studying the effects of the absorber parameters in the second report, we proceed
to the input port where we model the feeding probes. We seek the minimum number of

probes required to achieve a stable input impedence. To do this, we fix all parameters



of the circuit as well as the absorber and we change the number of feeding probes
only. We change them from one to four and each time and examine the field value
across each probe to calculate the input impedence. In our simulation, we discussed
the effect of varying the number of probes on the input impedence. Figure 2 shows
the input impedence calculation (real and imaginary) as a function of the number of
probes. We notice the following:

1- The value of the real part of the input impedence is fairly constant and does
not change much with the change in the probes number.

2- The imaginary part of the impedence depends strongly on the number of probes
and decreases as the number of probes increases.

3- When the number of probes equals four, the imaginary part converges and
therefore, we can deduce that four probes are enough or sufficient to extract an

accurate input impedence from the finite element solution.

3.2 Coupling study

A preliminary study about coupling between two transmission lines in conjunction
with the FEM method is presented in this section. As shown in figure 3, two trans-
mission lines printed on a dielectric substrate represents our test case. The left
transmission line is excited with all the rear end ports matched. The field under the
second (right) transmission line is then obtained using the FEM model with opti-
mized PML termination scheme. Figures 4- 6 show the coupling study when the left
microstrip line is excited and the right one is kept parasitic. These figures display
the variation of the real, imaginary and magnitude of the fields under both the active
and parasitic lines. As displayed in the figures, the amount of coupling is increasing
as we go deeper through the line. This is really expected because of the distributed

capacitance between the two parallel conductors. The amount is a function of the



frequency, conductors separation and widths. For both excitation, we expect similar
fields variation under the strip lines due to the symmetry in the problem. This is
indicated in figure 7. Using the deembedding scheme discussed previously, we evalu-
ated the scattering parameter Si3 which represents the coupling of port #3 port #1

which has the feed probes. The magnitude of this factor is given in figure 10.

3.3 Spiral with an air bridge

We modeled the geometry shown in figure 9 using our FEM simulator with the PML
termination. QOur goal is to validate our code with the measured data for this ge-
ometry. As we observe in figure, this spiral has fine details to be considered. The
results of the scattering parameter Sy; are shown in figure 10 where there is a good
agreement between the measured and calculated data. In the numerical simulation,
to reduce the FEM size, we assumed that the width of the air bridge is equals that

of the microstrip line.

4 Conclusion

In this report, we used development from the first and second reports to model actual
circuits representing different problems and cases. We modeled the feed for microwave
circuits and obtained the condition for reliable and accurate calculations. Also, we
performed a preliminary study about the coupling between two transmission lines.
In all of these studies, we used the optimized PML that was suggested in our second
report. In the next quarter, we will examine spiral inductor antenna and we will

consider more complicated examples representing circuits and filters. In the process,

we will consider particularly the GMRES and CVSS solvers.
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Input Impedence Variation with the Number of Probes
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Figure 2: Input Impedence variation with the number of probes
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Variation of the Coupling with Frequency
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