
Finite Element Analysis 
for Wireless Design 

Finite Element Analysis (FEA) is a method for  measuring the performance of circuits 
before thqy are actually built, a virtual network analyzer made possible by powerful 
software and computer workstations. This paper describes the underlying theory of FEA 
and shows by example how it can make virtual measurements vital to wireless applica- 
tions, even in the human head wherein actual measurements would be impractical. 
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ireless technology, once limited to 
commercial broadcasts and portable radio W only a few short years ago, has exploded 

into mainstream daily business and private life. Cellular 
phones and pagers are commonplace. Digital cordless 
telephones for the home are entering what is expected to 
undergo a major growth. On the horizon we can anticipate 
the wireless office, wireless local loops, and global point- 
to-point voice/data via satellite at prices competitive with 
modern land lines. 

Corporation 

The expected growth in the wireless hardware industry 
is phenomenal. The transition to digital cellular 
technology in  the U.S. and the new Personal 
Communications System (PCS) systems is expected to 
put 100 million new phones in the hands of customers 
by the year 2000. Overall, the total number of subscribers 
to wireless services in the U. S. is expected to grow 400% 
(Figure 1) by the year 2005. Digital cordless handset 
revenues are expected to grow from just under $5 billion 
per year today to over $25 billion per year during the 
next four years Wireless local loops (fixed 
communications nodes connected with a wire 1 e s s 
network) are expected to rapidly open the way for 
extending basic telephone services to the 90% of the 
world population presently without it. Total worldwide 
handset revenue (Figure 2 )  further illustrates the growth 
in the wireless industry. 
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Modern microwave designers are increasingly turning 
to computer-aided engineering for help in reducing 
design time and costs. The analysis tools of computer- 
aided engineering for wireless design form a hierarchy 
shown in Figure 3. The figure illustrates the interaction 
of the various modeling types, not the order in which 
they are performed. Often all levels of simulation will 
be done simultaneously, with the lower levels providing 
realizable models and performance bounds for the system 
level design. 

i993 1996 1999 2002 2005 

Circuit design 5 
Figure 1. Subscriptions to wireless services anticipated in the United 
States 111. The worldwide wireless market is projected to be $600B 
by 2010 [2/,20% ofthe $3Ttelecommunication market. The world- 
wide wireless CPE market, $4B in 1995, is seen rising to $3 7B by 
2000 [IJ. 
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Figure 2. Projected worldwide handset revenue by product. 

Of course, much of this new hardware has yet to be 
designed. While growth is spawning a number of mergers 
and joint ventures among wireless service providers, the 
hardware industry remains highly fragmented. The 
hardware industry has a significant number of startups 
and relatively small companies that are extremely agile 
and responsive to changing market needs. As with other 
high technology products, market forces will ensure that 
those companies most quickly to market with new 
wireless products and product features will be the ones 
to profit from this growth opportunity. In that regard, 
the author believes that design using computerized finite 
element analysis (FEA) will prove to be an important 
tool in addressing these burgeoning design challenges. 

+4 

3-D Mechanical 
3-D Electromagnetic 

Figure 3. Hierarchy of design tools for  microwave design. 

At the top of the modeling hierarchy is system design 
and simulation, which treats the overall wireless system 
in terms of black boxes, each with specified 
characteristics. These black boxes may be individual 
circuits, or subsystems composed of many circuits, 
antennas, and so forth. 

The next level of analysis is typically circuit design 
and simulation, wherein the black boxes of the system 
are realized in  terms of more elementary circuit 
components such as resistors, capacitors, transistors, 
interconnects, and so forth. 

Most engineers are familiar with the use of lumped- 
element analysis to analyze the performance of circuits. 
In this approach, all components of a circuit, whether 
they be actual circuit elements like resistors or more 
complex devices, are treated as equivalent circuit 
elements, that is, resistors, capacitors, inductors, and 
sources. 

Lumped-element analysis can in principle be used at 
any frequency to represent the performance of a circuit, 
and it is commonly used in the design of digital and 
analog baseband/IF portions of wireless components. 
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However, this approach becomes unwieldy at high 
frequencies when electromagnetic radiation and coupling 
among elements become significant, because the 
equivalent circuit accounting for these effects becomes 
large and difficult to properly define. When this happens, 
full-wave electromagnetic analysis must be employed 
to adequately explain the behavior of a circuit. 

Full wave analysis is the complete solution of the 
Maxwell equations for the electromagnetic fields in and 
around a circuit or component. High frequency printed 
structures are now commonly designed with the help of 
2D and so-called 2.5D full wave analysis codes. Full 3D 
analysis is used for sufficiently complex components. 
Finite element analysis is one effective approach to full 
wave analysis. 

FEA Overview 

The finite element method is as an approach to modeling 
complex physical phenomena that are governed by partial 
differential equations. At a fundamental level, the 
behavior of all electronic circuits, components and 
systems can be understood by solving Maxwell's 
equations, which are a set of four coupled partial 
differential equations that collectively determine the 
behavior of the electromagnetic field everywhere in 
space. 

The finite-element method, first used in the 1950s, 
springs from the observation that solutions to mechanical 
and electromagnetic field problems may be obtained by 
solving a variational problem. A variational problem is 
one in which the object is to determine a function u=uo 
which minimizes another function F(u), often referred 
to as a,fiinctional. If F is chosen properly, then ii0 will 
also be a solution to the underlying dynamical equations. 

For electromagnetics in the frequency domain an 
appropriate functional is the difference between the 
time-average magnetic and electric energies, and 
when lossless isotropic media and simple boundary 
conditions are present it may be written as 

where E and p,. are the relative permittivity and 

permeability, k,, is the free space wavenumber, and E is 
the electric field. Bold variables in this paper are vector 
quantities. A solution to the Maxwell equations is 

obtained by finding2 that minimizes F. Casting the 

problem in this form allows a very natural development 
of the finite-element method. 

To use the finite-element method we begin by 
subdividing the geometry into small volumes or elements 
over which the field variation is rather simple. The 
elements composing a finite-element model are typically 
simple geometric shapes like tetrahedra, and are 
collectively referred to as the mesh. In each element the 
field is approximated by shape functions multiplied by 
coefficients which are initially unknown. There is a lot 
of flexibility in the choice of shape functions, but in high- 
frequency electromagnetics they are typically rather 
simple vector fields over an element. The total electric 

field at any location, E,, ~, on the mesh is then given by 

where the ii I are the given shape functions, and the e, are 
the unknowns. This expression is substituted into the 
functional, and F is minimized by requiring that the 
partial derivative o f F  with respect to el each vanish. This 
operation results in a matrix equation which can be solved 
for the el. 

Charactevistics of the,finite element method include: 

FEA models the air and dielectric materials, not the 
metal surfaces or interiors (over and within which, 
assuming perfect conductors, the fields are zero). 

There is always an underlying mesh upon which the 
accuracy of the solution depends - even if you don't see 
it. 

Necessary computational resources are a strong 
function of the number of elements in the mesh. Typical 
run times are a few minutes to a few hours on a Unix 
workstation. 

The finite element method is best suited for 
geometrically complex 3D structures, and examples of 
good applications of finite element analysis include 
waveguide components, antennas, filters, resonators and 
couplers. Printed structures can be analyzed with the 
finite element method, although if the substrate and 
ground planes are horizontally infinite, then the so-called 
2.5D method ofmoment approach can be more efficient. 
The FEA method easily handles material in 
homogeneities and the more comprehensive commercial 
FEA software packages will allow fully unsymmetric 
tensor materials. 
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The finite element method is a technique for obtaining 
the electromagnetic fields in a structure. Typically, 
however, the user is not interested in the fields 
themselves, but in quantities such as scattering 
parameters, antenna patterns, and so forth that are more 
easily related to design parameters and measured in the 
laboratory. These are called derived quantities, because 
they are obtained from the fields and they are typically 
generated in a postprocessing step after the fields have 
been computed. 

Application of FEA: A Measurement Laborato y 

Many of the empirical measurement tasks presently 
performed in the laboratory using a network analyzer or 
antenna range, such as the determination of scattering 
parameters, antenna patterns, and so forth, can be 
effectively done on a computer using FEA software. 
Thus, FEA allows a virtual measurement of a specified 
geometry. The important advantages of the virtual 
measurement laboratory versus the real one are primarily 
that geometry modification and retest are significantly 
easier in the virtual world, and all of the work can be 
performed by the rf engineer, without engaging the 
drafting department and the machine shop to make an 
actual model. 

The process of making a virtual measurement parallels 
that of making a real one. In either case before a 
measurement can be made the microwave component 
must be created. In finite-element modeling the process 
of building the device is called geometry creation. When 
real hardware is built there typically are drawings made 
that define dimensions, materials, and so forth These 
drawings (or the underlying geometry upon which the 
drawings are based) can provide a basis for geometry in 
the finite-element modeling tool if there is an electronic 
link between the drafting package and the modeling tool, 
and if the modeling tool can interpret the data properly. 

To support electronic geometry exchange, standards like 
IGES, DXF, GDS-11, and STEP have been devised. If 
these standards are used, additional work is usually 
required in the finite-element modeling package to 
reconstruct the original geometry. More comprehensive 
standards, such as anACIS.sat file, will typically require 
no additional work on import. In the event that geometry 
cannot be obtained from other tools electronically, most 
modeling tools provide a means to create geometry from 
scratch. 

Depending on the software, the geometry may be 
faceted or precise. The former uses flat facets to represent 
boundaries of volumes, while in precise geometry curved 
surfaces are represented exactly to some polynomial 
order greater than one. Precise geometry is important 
when highly accurate results are desired in models with 
curved surfaces. Additional distinctions that can be made 
between commercial packages include the ability to do 
Boolean operations between solids such as subtraction, 
intersection, and union, support for parametric geometry 
modification, feature suppression, and tools for dealing 
with assemblies of parts in various ways. Examples of 
precise geometry created using a commercial finite 
element package are shown in Figures 4a and 4b. These 
are respectively models of a monopole mounted a 
conducting box and a circular horn. We’ll look at these 
examples again later when we discuss FEA results. 

Figure 4a. Geometry for  a monopole antenna mounted a 
conducting box. 

Figure 4b. Cut-away of thegeometry for  a circular horn antenna. 
The aperture is on the right and the rectangular feed waveguide is 
seen protruding from the side of a circular waveguide at the left. 
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With geometry in hand, boundary conditions must be 
defined on the model. In this aspect there is no analogy 
to the construction of  actual hardware, but it is a 
necessary step in our virtual build and test process. 
Boundary conditions are needed to account for the 
majority of the world which is not directly included in 
the analysis, that is the area beyond the boundary of the 
modeled volume. If we are working on an antenna, we 
will employ open boundary conditions over at least part 
of the model to simulate radiation into unbounded space. 
Open boundaries in the virtual model serve much the 
same purpose as does rf absorber material in an actual 
antenna range. 

At this stage ports are also defined on the model, just 
as an engineer must make a connection between the 
network analyzer and the hardware under test. The ports 
on the model are generally less restrictive than those in 
the real world, since the model ports are not required to 
connect to a specific type of connector such as the coaxial 
line typically used with a network analyzer. In addition, 
most FEA tools will allow an arbitrary number of ports 
to be tested at once. 

The final step before the measurement can be performed 
on the computer (our virtual test) also has no analogy in 
the real world, and that is the construction of a finite 
element mesh. The mesh is composed of simple volumes 
that subdivide the geometry. The available shapes for 
these simple volumes depend on the software package, 
but tetrahedra are almost always supported because they 
are relatively easy to generate without user intervention. 
Brick and prism elements are also supported in some 
tools and can give more accurate results at the price of 
being somewhat more difficult to use. The meshing 
process is automated to various degrees in all commercial 
modeling tools, with packages differing in the amount 
of control they give to the user. 

Figure 5 shows an example of a tetrahedral mesh of 
our circular horn antenna example. In this example, so- 
called second order elements are used. In addition to 
the corner nodes that a first order element has, a second 
order element has nodes at or near the middle of each 
edge. While first order elements have only straight sides, 
the edges of higher order elements can conform to curved 
surfaces, allowing them to take advantage of precise 
geometry. 

At this point our computer model is ready for testing. 
The measurement on the computer is the analysis 
performed on the finite-element mesh. A substantial 
difference between the real and virtual test is that the 

virtual test (analysis) typically takes a few minutes to a 
few hours on the computer, depending on the speed of 
the machine, the number of elements in the mesh, and 
the nature of the desired results. 

Figure 5. The tetrahedral mesh for a circular horn FEA. Quadratic 
elements (as evidenced by the mid-nodes) are used to conforni to 
the curved surfaces of the horn S geometry. A plane of symnzetry is 
utilized to reduce the mesh size. 

If scattering parameters are desired, the analysis 
proceeds by exciting each port in sequence, computing 
the electromagnetic fields in the model resulting from 
these excitations, and extracting the scattering 
parameters. 

Complexities that can cause considerable trouble in the 
interpretation of results, such as higher-order modes at 
the ports, are easily accounted for in the computer model. 
Common features of network analyzers such as de- 
embedding lengths of port waveguides are available in 
most FEA packages. 

Other manipulations of scattering parameter data, 
including re-normalization, and computation of derived 
quantities such as admittance and impedance matrices 
are generally supported. Additional quantities that are 
not easily obtained using network analyzers can be 
derived from the FEA, including propagation constants 
and characteristic impedances of individual modes at 
ports. 

To illustrate the computation of scattering parameters 
using the FEA method, consider the monopole geometry 
shown in Figure 4. This geometry consists of a quarter 
wavelength monopole antenna attached to a conducting 
box. The monopole is formed of the center conductor 
of a 50 Q coaxial line that connects inside the top surface 
of the box. Two planes of symmetry are exploited, which 
will typically reduce the amount of computation time 
by a factor of 10 or more. 
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The conducting box is surrounded by an air volume 
that is terminated on the outside by open boundary 
conditions that simulate radiation into unbounded space. 

The FEA mesh for this model is shown in Figure 6. 
This mesh is composedofbrick and prism elements with 
mid-nodes,  allowing conformance to the curved 
geometry of the model. Computed and measured input 
impedance of this antenna are shown in Figure 7. The 
resonance near a quarter wavelength is evident, and 
overall good agreement is seen between measured and 
computed results[3]. 

Back View Left View 

Top View 

Figure 6. The rrre.sh j b r  the nronopole on u conducting box The 
tires11 is coinposed ofbrick uridprisnr elenients. Tliepristiis confined 
to the srriull region ubove the uiotiopole. 

For generation of antenna patterns, only the fields near 
the antenna are computed directly during the analysis. 
An integral transform is then used to compute the pattern 
at infinity from the near-fields of the antenna. This 
operation is cal led the near-field to  far-field 
transformation and typically is very fast compared to 
the overall analysis. Various antenna metrics such as 
polarization ratios, directivity, gain, and sidelobe levels 
are easily computed from the finite-element analysis. 

An illustration of antenna pattern calculations using the 
FEA method is given for the circular horn shown in 
Figure 4. The horn is a circular waveguide fed by a 
rectangular guide that ensures vertical polarization at the 
aperture. Chokes are used to suppress sidelobes in the 

pattern. The mesh for this model is coinposed of 
tetrahedra, and is shown in Figure 5 .  As with the 
monopole example, the quadratic elements are used to 
ensure conformance with the circular surfaces in the horn 
and chokes. A small cylinder of air surrounds the 
radiating aperture, with open boundary conditions 
terminating the air mesh. 

Ohms 
800 

600 1 
Measured Re(Z) 

FEM Re(Z) 

Measured Irn(Z) 
FEM Irn(Z) 

Figure 7. Meusured und FEA resultsfor input impedurice oftlie 
trionopole mounted on u coriducting box. 

The antenna pattern in the horizontal plane (electric 
field is vertically polarized) is shown in Figure 8. Very 
good agreement is seen in the main beam out to large 
angles. The pattern in the backward propagating 
direction (angles greater than +/- 90 degrees) is 
dependent on how the feed structure and circular 
waveguide are accounted for. In the model they are not 
present because the open boundary is defined between 
the feed and the chokes. A more complete representation 
would have a large air volume which extended beyond 
the feed structure before being terminated with the open 
boundary condition. 

Electromagnetic Fields in the Human Head 

In addition to forming the basis for  a vir tual  
nzeasuwiient Iuhorutoiv, the finite-element method may 
be used to investigate phenomena that are difficult or 
impossible to study using conventional experimental 
techniques. 

The operation of a cellular phone near the human body 
impacts the phone’s antenna pattern. In addition to the 
interest rf designers have on the influence of the body 
on the far-field pattern, the possibility of safety issues 
vis-a-vis cell phone users has also been raised. To 
evaluate safety of a cellular phone or other source of 
electromagnetic fields, the fields inside the body are 
computed and compared to established exposure limits. 
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While a cellular phone has sufficiently low transmitting 
power to generally rule out problems associated with a 
thermally significant dose, there remains the small 
possibility of non-thermal effects that may have a 
substantially lower dose threshold. While the possibility 
of a health risk is remote, this is nevertheless an area of 
active current research because of the large and growing 
number of cellular phone users. 

Material 
Muscle 
Fat 
Bone 
Brain 

1 Figure 9. An idealized model of the human head in proximity to 
a quarterwave monopole antenna placed 2 cm distantjrom the 

\/ 

Finite ' 
Element 1 Results surface of the head. 

I 
_ I  The power deposition pattern in the head is shown for 

the model in Figure 1 1. The distribution is as expected, 

Thickness & (3 (S/m) p,. Skin deDth (cm) 
.85 cm 5 5  1.45 1.0 1.32 
.41 cm 15 .35 1.0 2.69 
.64 cm 4.5 .15 1.0 4.10 

r = 8 . 1  cm 45 1.00 1.0 1.59 

with strong deposition near the antenna in the muscle 
layer. Only small losses are seen in the bone and fat Figure 8. Measured and FEA results for the far  fieldpattern of 

the circular horn antenna. Measurement results and horn design 
courtesy of Cablewave Systents, Znc. 

For simplicity, we built a model 
that contains only a spherical 
model of the head 2 cm from a 
quarter-wave monopole antenna 
radiating at 1 GHz (Figure 9). The 
remainder of the body could also 
be included, or a more realistic 
model of the head itself, but our 
example model is sufficient for 

layers because of their relatively low loss tangents. 

developing a basic understanding of field penetration into 
the head. The spherical model contains several layers 
of media. From the outside, the media are muscle, fat, 
bone, and brain, and their associated electrical properties 
are shown in Table 1. 

The results for the analysis are shown in Figures 10 
and 11. As expected, Figure 9 reveals that the largest 
fields in the head are near the antenna (not shown on the 
right of the Figure). Because of the small skin depths in 
the layers, there is relatively little penetration of fields 
into the brain. Large normal electric fields, particularly 
near the antenna, show up as substantial discontinuities 
in the color contours. Since normal D is 
continuous, ,ij is discontinuous by the difference in 
dielectric consiants at the air-muscle interface, which is 
a factor of 55 in this case. 

- 

Table 1. Material properties used in the modeling of the human 
head. 

From this analysis one can see that the fields are highly 
localized to the region near the antenna, so it is not 
necessary to expand the model to include the rest of the 
body in order to determine fields in the head when the 
cellular phone is held to the ear. It also appears that 
only a small portion of the head near the radiator needs 
to be modeled in detail, as the fields damp quickly away 
from the source. 

This suggests that the majority of the head could be 
modeled with a fairly coarse mesh, allowing the mesh 
near the antenna to be refined (perhaps to improve the 
geometrical fidelity in that area) without substantially 
increasing the analysis times. 
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The problem geometry is a square of material air 
bounded by perfect electric conductors on three sides, 
and a uniform tangential electric field source on the 
fourth side. This geometry is equivalent to a shorted 
section of parallel-plate waveguide, and the electric field 
is easily computed via analytic means to be 

Figure 10. Contours of E and vectors of Re(E) for the spherical 
head model when placed next to the 1 GHz quarter wavelength 
monopole antenna. 

Figure 11. Contours of thepower loss density in the spherical head 
model. 

Appendix A - Discussion of the FEA Method 

As an example of the finite-element method, consider 
the simple 2-D problem illustrated in Figure 1A. 

Figure 1A. Example geometry consisting of a shorted section of 
parallel-plate waveguide. 

To solve for the electric field using the finite-element 
method, we first mesh the geometry with square elements 
as shown in Figure 1B. We could equally well have used 
triangles or some other shape element, but the use of 
square elements will simplify our subsequent discussion. 
The variables e,  are customarily called degrees of 
freedom, that is, they are the scalar unknowns for which 
we will solve. The Glare the vector shape functions. 
They are vectors that are everywhere parallel to their 
associated edge, and have unit length at the edge, with 
their length falling linearly to zero at adjacent parallel 
edges. The contribution of a particular degree of freedom 
to the total field is obtained by multiplying it by the shape 
function evaluated at the location of interest. Likewise, 
the total field is given by a sum over all shape functions 
multiplied by their associated degrees of freedom. Since 
our shape functions have local support, that is, they are 
non-zero only in elements containing the associatededge, 
we only need to sum over shape functions for each edge 
of the element containing the field point. For example, 
the finite-element approximation to the value of the 
electric field at the middle of the left-most element is 
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Figure I B. (a) Two-element mesh of example geometry. Degrees 
of freedom are the ei, and the associated shape functions are the - (b) 6,  vector shape function variation over adjoining elements. 
ui ' 

To compute the degrees of freedom, first note that there 
is really only one, el. ei, = E ,  is determined by our source 
along that edge, and e ,  = 0 because our choice of 
boundary conditions requires tangential electric field to 
vanish along that edge. The value of e, is obtained by 
minimizing the functional 

with respect to e,. This is done by expressing in 
terms of the finite-element approximation, and then 
differentiating the integral with respect to the real and 
imaginary parts of e,  After the substitution, F becomes 

1 1  F = - j [-(eov u,, + e ,V x u , )  . ( e i ~  x c,, + e;v x u,)  
2 ,  Pi 

-k,t € /  (""27, +el.,]. (.;,27,, +el iiI)]dA 

This expression is now differentiated with respect to 
Re[e,] and the result set equal to zero. Solving the 
resulting expression for Re[ei] yields 

(7) 

In this case Im[e,] is zero because Im[E,,] =O. The 
expansion is valid for k ,  D< 1 , and is equal to the exact 
solution to 2nd order in k ,P .  What this means is that the 
finite element solution agrees with the analytic solution 
for element widths that are small compared to  a 

wavelength. It is to be expected that the finite-element 
solution diverges from the analytic result as the element 
size gets larger than about a tenth wavelength, because 
the sinusoidal variation of the field in the guide cannot 
be accurately represented with less than about 10 
piecewise linear segments. If we had used quadratic 
elements, then the results would have been close to the 
analytic values for element sizes up to about a fifth 
wavelength. 
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