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MICROWAVE COMPONENT ANALYSIS USING A
NUMERICAL ELECTROMAGNETIC FIELD SOLVER

With the recent development of numerical electromagnetic field solvers, microwave engineers can
accurately predict the performance of arbitrarily shaped electromagnetic structures. This article describes
the use of a numerical electromagnetic field solver in the analysis of specific microwave components
including transitions, waveguide structures, monolithic microwave integrated circuits, and microstrip
antennas. Multipactor breakdown analysis is also discussed.

INTRODUCTION

Accurate modeling and analysis of microwave circuit
components are essential for the efficient, cost-effective
design of microwave systems. In the past, modeling of
microwave components consisted of empirical, static,
and quasi-static models, many of which lacked sufficient
accuracy. Many waveguide components and transitions
were too complex to model, and only costly cut-and-try
techniques could be used in their design.

With the advent of numerical electromagnetic field
solvers, three-dimensional microwave structures can be
accurately modeled. Numerical electromagnetic field
solvers save time and money because of fewer design
iterations. Microwave components that are now accurate-
ly modeled include monolithic microwave integrated cir-
cuit (MMIC) components, waveguide components, transi-
tions between transmission media, and certain antenna
problems. Since numerical electromagnetic field solvers
generate electric field data, system problems, such as
multipactor breakdown analyses, can also be solved. Mi-
crowave engineers in the APL Space Department have
used a numerical electromagnetic field solver to analyze
microwave components and problems. This article dis-
cusses some of the analyses and problem solutions.

THE HIGH-FREQUENCY STRUCTURE
SIMULATOR

We used the Hewlett-Packard high-frequency structure
simulator (HFss)' as the primary numerical electromag-
netic field solver. The HFSS is a finite-element-based soft-
ware package that solves Maxwell’s equations in micro-
wave structures. The region inside an arbitrarily shaped
structure, such as a waveguide-to-coaxial transition, is
broken into a mesh of tetrahedra (Fig. 1). The electric and
magnetic fields inside each tetrahedron are approximated
with a polynomial function containing unknown ampli-
tudinal coefficients. The solution is obtained by comput-
ing these coefficients. The mesh is refined iteratively
until the errors are reduced to an acceptable level, pro-
ducing a converged solution. Since the solution process
generates large matrices of electromagnetic field data and

is memory- and processor-intensive, a very fast computer
with a large hard disk and with a large random access
memory (RAM) is needed to solve problems. A typical
configuration includes a 57-million-instructions-per-sec-
ond (MIpS) processor with 64 Mbytes of RAM and a
750-Mbyte hard disk.

The primary output of the HFSS analysis is the scatter-
ing (S) parameters for the component under analysis.
S-parameters describe the relationship between the input,
output, and reflected signals of a component or circuit
(Fig. 2). In addition to the S-parameter output, the HFSS
can display graphical representations of electric and mag-
netic fields. These fields can also be viewed moving

Coaxial section

Waveguide

X

Figure 1. To solve Maxwell's equations in a microwave structure,
the region inside the structure, such as this waveguide-to-coaxial
transition, is broken into a mesh of tetrahedra. The electric and
magnetic fields inside each tetrahedron are then approximated
with a polynomial function containing unknown amplitude coeffi-
cients. The solution is obtained by computing these coefficients.
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Figure 2. Scattering parameters are voltage ratios between the
signals entering a circuit and the signals exiting the circuit. The
nomenclature S, signifies the ratio of a signal exiting port n (i.e.,
connection point) to an input signal applied at port m. For example,
an amplifier with port 1 as its input and port 2 as its output is
described by its forward gain as S, its reverse gain as S,,, and
its input and output return losses as Sy, and S,,, respectively. A
symmetric, lossless, two-port passive structure, unlike an ampli-
fier, passes signals equally in both directions (S,; = S;,), and the
input and output impedances (or return losses) are equal (S, =
S,,). For passive structures, S,; and S,, are also known as
“‘insertion losses.”

through the structure as a function of time. This capability
gives the microwave engineer valuable insight into the
operation of microwave structures.

MICROWAVE TRANSITION ANALYSIS

Numerical electromagnetic field solvers are particular-
ly useful for the analysis of mixed media structures such
as waveguide-to-microstrip transitions. Several transitions
between microwave transmission media have been ana-
lyzed, including several waveguide-to-microstrip transi-
tions and a stripline-to-coaxial transition.

Waveguide-to-Microstrip Transitions

Microwave engineers at APL developed a waveguide-
to-microstrip transition (Fig. 3) for an array of mMmiIC
transmit-receive modules. The measured and HFsS calcu-
lated return losses are shown in Figure 3C. The HFSS
calculated data are in close agreement with the measured
data, confirming the accuracy of the analytical tool.

The waveguide-to-microstrip transition was designed
using cut-and-try techniques; many iterations were need-
ed to produce the final design, and the process was time-
consuming and costly. The use of a numerical electro-
magnetic field solver would have eliminated the need for
the physical design iterations, and the transition could
have been built only once, after the design and analysis
were complete. The analysis took advantage of the sym-
metry of the transition (Fig. 3A) to reduce computation
time and disk usage. If an object has geometric symmetry,
the HFss field solution can be obtained by solving for the
fields in only half the structure. Since the solution matrix
is reduced, the use of symmetry saves processor time,
RAM, and disk storage space. Figure 3B shows an electric
field plot generated by the HFSS.

Numerical electromagnetic field solvers are particular-
ly useful for analysis of mixed media structures such as
a 30-GHz stepped fin waveguide-to-microstrip transition
(Fig. 4A). The stepped fin structure serves to concentrate
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Figure 3. Waveguide-to-microstrip transition analysis. A. High-
frequency structure simulator (HFSS) model. B. Electric field plot
generated by HFSS (Mag E: magnitude of electric field [volts/
meter]). C. Measured and calculated return losses.
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Figure 4. Stepped fin waveguide-to-microstrip transition: A. High-
frequency structure simulator (HFSS) model. B. through D. Se-
quence of field plots shows a wave propagating through the
transition in phase steps of 60° (Mag E: magnitude of electric field
[volts/meter]).

the electric field into a cross section with dimensions
comparable to the microstrip structure. The fins were
designed using quarter-wavelength transformer theory,
which gives ratios of the impedances at each step. The
HFSS was used to quickly develop a curve of impedance
and wavelength versus single fin depth in WR28 (26.5 to
40 GHz) waveguide. This analysis was performed be-
cause the literature deals only with dual (symmetric)

finned waveguide. The HFss was also used to determine
the depth of the final fin for optimum coupling into the
25-mil-thick alumina microstrip. Figures 4B to 4D show
the electric field distribution in the vertical central plane
as the exciting field is varied in 60° increments. This
phase variation has the effect of duplicating the animation
available on the workstation screen that shows the energy
moving down the waveguide and into the microstrip. The
sequence shows that energy attempts to radiate into the
transverse electric rectangular waveguide (TE;;) mode
off the back of the final fin. Therefore, it is important to
house the microstrip in a waveguide beyond cutoff to
prevent energy loss to this unwanted mode. Some work
on the dimensions of the step preceding the final fin could
improve the reflection coefficient.

Stripline-to-Coaxial Transition

Engineers at APL designed a stripline-to-coaxial tran-
sition (Fig. 5) for a microstrip antenna array. The tran-
sition includes a guard trace, or mode suppressor, to
prevent a parallel-plate waveguide mode from propagat-
ing beyond the end of the stripline trace. The guard trace
is connected to the top and bottom stripline ground planes
using via holes. The top dielectric layer of the stripline
is shown in Figure 5A using its tetrahedra mesh. The
bottom stripline dielectric layer and the coaxial section
are drawn as solids. Once again, the symmetry of the
structure was used to reduce computation time.

Figure 5B is a field plot showing the electric field
crossing the transition; the figure shows the utility of the
HFSS in simulating connections between layers in multi-
layer microwave boards. Multilayer boards will become
increasingly common in the future for phased-array an-
tenna feed networks.

WAVEGUIDE COMPONENT ANALYSIS

Microwave engineers at APL designed a five-port,
radial-cavity, E-plane, rectangular waveguide junction at
32 GHz according to a recently published theory.> En-
gineers analyzed the design (Fig. 6A) at several frequen-
cies across the waveguide band. The scattering parame-
ters produced by swept frequency analysis (Fig. 6C) in-
dicated that the equal amplitude power split occurs at
35 GHz instead of the 32-GHz design frequency. Figure
6B shows the HFss simulation at 35 GHz, where equal-
amplitude incident signals of appropriate phase delay on
four ports are summed coherently at the fifth port.

A nine-way power splitter in WR62 (12 to 18 GHz)
waveguide is shown in Figure 7A; the electric field dis-
tribution at 15 GHz in the central plane and at each port
is shown in Figure 7B. Nine-way power splitter wave-
guide problems are analyzed fairly quickly since the
aspect ratio between the smallest and largest feature is
usually only about 10. Structures that combine wave-
guide and microstrip often have aspect ratios exceeding
several hundred and take hours to solve.

MMIC COMPONENT ANALYSIS

Design engineers can use numerical electromagnetic
field solvers to aid in the design of MMIC’s. Determining
parasitics and coupling between closely spaced compo-
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Figure5. Stripline-to-coaxial transition for a microstrip antenna array. A. High-frequency structure simulator (HFsS) model. B. Electric field

plot (Mag E: magnitude of electric field [volts/meter]).

nents in a MMIC layout is one area where field solvers such
as the HFSS are invaluable. A field solver is also invaluable
in accurately analyzing transitional structures such as a
launch from a coplanar electromagnetic field into a micro-
strip on the MMIC. Linear simulators are normally used
to analyze microwave circuits and MMIC’s; but linear sim-
ulators, which use empirical and theoretical mathematical
models to analyze the circuits, are not capable of deter-
mining electromagnetic field effects such as parasitics
and coupling between circuit components. Reference 3
compares linear simulator models, measurements, and
HFSS simulations done at APL for some MMIC capacitors,
inductors, and a few microstrip structures; Reference 3 also
reports the close agreement between HFSS simulations and
measurements for various MMIC elements. Three examples
of MMIC structures that require a field solver are coplanar-
to-microstrip launches, Mmmic 50-Q calibration standards,
and ganged transistor feed for a power amplifier.

Coplanar-to-Microstrip Launch

Numerical electromagnetic field solvers can be invalu-
able in the analysis of physical or electrical transitions
used in component packaging or in changes in propaga-
tion modes. Wafer probe stations employed for mmicC
testing use coplanar launches. A MmIC design typically
uses a microstrip for interconnection. A MMIC coplanar-
to-microstrip launch (Fig. 8 A) provides a low-loss, well-
matched transition between the probe station and the
MMIC under test. Linear simulation of this launch is not
sufficiently accurate when the launch is part of an on-
wafer calibration standard. A more accurate determina-
tion of the coplanar launch characteristics has been made
by numerically extracting the S-parameters for a single
launch from a measurement of two launches back-to-
back (i.e., there is no method for measuring a single
launch). The numerical extraction method for deriving
S-parameters for two sequential or ganged launches is a
good approximation, but it does not have a unique solu-
tion for the S;; and S,, of the launch. Because of the
symmetry of the two back-to-back launches, only two
unique measurements are obtained for the ganged launch

(i.e., S11* = Sy*; S1p* = S, * [*S-parameters of two back-
to-back launches]). However, the single launch is not
symmetrical and thus has three unknowns (S;;, S,,, and
Si» = S,1), which are solved by assuming that the input
and output impedances are equal (S;; = S,,). (S;;-input
return loss; Sy,-reverse gain; S,;-forward gain; S,,-output
return loss).

The launch has been simulated using the HFSs and has
been compared with the numerically extracted S-param-
eters. Figure 8B shows the launch entered into the HFSS
with the launch structure formed by a 100-pm-thick
gallium arsenide substrate and the metal conductor. Fig-
ure 8C shows the electric field lines at the coplanar side
of the launch, and Figure 8D shows the electric field lines
on the microstrip side. Visualizing the field lines with
HFSS gives insight into some of the problems of transi-
tioning propagation modes; visualizing the field lines
also shows that the design is operating in the modes
desired and that no unanticipated extraneous propagation
modes dominate its operation.

In the HFSS simulation, S;; and S,, are nearly equal in
magnitude but not in phase. Since physical differences
between the two ends of the launch exist, the results
correspond to intuitive expectations. Simulations of loss
in the launch are not predicted as well with HESS as with
the numerical extraction. Figure 9 shows the simulation
results. A hybrid S-parameter description of the launch
using HESS’s predicted input and output impedances and
the numerically extracted insertion loss would seem to be
a reasonable description of the launch characteristics.
Given the accuracy of the measurements, this hybrid
launch description could not be proved to be better than
the numerically extracted S-parameters. Besides the mea-
surement limitations, another limit was that the HFSS
analysis of the launch structure required consider-
able computing resources. A machine with 57 Mips,
192 Mbytes of RAM, and over 1 Gbyte of disk space was
required to achieve reasonable convergence. Even with
the additional solve iterations allowed by a machine with
this power, it was still difficult to determine when the
HFSS solution was sufficiently converged.
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Figure6. Five-port, radial-cavity, E-plane, rectangularwaveguide
junction analysis. A. High-frequency structure simulator (HFSS)
model. B. Electric field plot (Mag E: magnitude of electric field
[volts/meter]). C. Scattering parameters.

MMIC 50-Q Calibration Standard

Several recent APL MMIC designs included on-wafer
calibration standards, which provided very good mea-
surement agreement with several different calibration
techniques up to about 26 GHz. When attempts were
made to measure up to 50 GHz, the measurement accu-
racies and the limited ability to measure the coplanar-to-
microstrip launches did not yield the close agreement
observed up to 26 GHz.

The HFss provided insight into why one of the calibra-
tion standards could not be accurately used. Two 100-Q
resistors connected in parallel across the coplanar-to-
microstrip launch (Fig. 10A) provided a 50-Q resistance
to ground as a measurement standard. An attempt was
made to de-embed the launch structure from the resistor
measurement using the numerically extracted S-param-
eters for the launch. By analyzing the electromagnetic

Port 8

4.00e+03

Figure 7. Nine-way power splitter in WRe2 waveguide. A. High-
frequency structure simulator (HFSS) model. B. Electric field distri-
bution (Mag E: magnitude of electric field [volts/meter]).
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Figure 8. Monolithic microwave integrated circuit (MMIC) copla-
nar-to-microstrip launch analysis. A. Two back-to-back coplanar-
to-microstrip launches (short through). B. High-frequency struc-
ture simulator (HFSS) model. C. Coplanar mode electric field (end
view). D. Microstrip mode electric field (end view).

propagation modes, the flaw in the de-embedding tech-
nique was realized. Two back-to-back launches were
measured where the coplanar mode from the probe sta-
tion changed to a microstrip mode in the substrate and
then back into the coplanar mode. In the calibration stan-
dard used, the coplanar mode launched from the probe
head never changed to a microstrip mode because the two
resistors formed a coplanar termination. The calibration
standard must terminate in a 50-Q impedance that forces
the electric field into the microstrip mode (Fig. 10B).

Microwave Component Analysis Using a Field Solver

Simulations of both types of 50-Q terminations are shown
in Figure 10C. The HFSS simulation of the launch con-
nected to two 100-Q resistors in parallel as a coplanar
50-Q termination agrees reasonably well with the mea-
sured data. In Figure 10C, RAWR50 is the measurement of
a launch plus the coplanar termination. The HFSS simu-
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Figure 9. S-parameter plots for coplanar-to-microstrip launch:
A. Magnitude plot of high-frequency structure simulator (HFSS)
simulation versus numerical extraction for S,,. B. Phase plot of
HFSS simulation versus numerical extraction for S,,. C. Smith chart
plot of HFSS simulation versus numerical extraction for S;; and S,,.
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lation COPMCRS50 of the coplanar 50-Q termination match-
es fairly well. If the resistor terminates in a “microstrip
mode,” then the results with the launch are dramatically
different from the launch with resistors in a coplanar
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Figure 10. Monolithic microwave integrated circuit 50-Q calibra-
tion standard analysis. A. Coplanar-to-microstrip launch with co-
planar termination. B. Coplanar-to-microstrip launch with series
termination. C. Differences in coplanar launch with 50-Q coplanar
termination versus 50-Q microstrip mode termination (HFSS = high-
frequency structure simulator).

configuration. In Figure 10C, COPMR502 is the HFSS sim-
ulation of a resistor terminated after the microstrip mode
is launched.

Ganged Transistor Feed for a Power Amplifier

When designing a power amplifier, several field-effect
transistors (FET) are typically combined in the final am-
plifier stage to increase the power output. For a recent
MMIC power amplifier designed at APL, engineers used a
simple feed structure to combine four FET’s in the final
stage of the amplifier. Balancing the electrical lengths of
the input and output feeds to the four FET’s is critical so
that the output power will combine in phase. Any phase
imbalance tends to decrease the output power. Figure 1 1A
is a schematic and layout of the linear simulation of the
feed structure used in one of the amplifier designs. The
feed is nearly symmetrical, but the feeds to the two
middle FET’s may parasitically couple back to the main
feed. The HFSS was used to simulate this structure and
compare the phases. As expected, a relatively small phase
imbalance occurred for this design (Figs. 11B and 11C).
A 6° phase imbalance at 13.6 GHz is negligible, but at
a higher frequency this feed design would cause a
pronounced loss of power.

MICROSTRIP ANTENNA ANALYSIS

The Laboratory has used a numerical electromagnetic
field solver to aid in the design of microstrip antennas.
Although antenna analysis is computationally intensive
because of the requirement for a boundary approximating
free space, analysis using HFSS provides valuable insight
into the operation of the microstrip antenna. Any struc-
ture analyzed by the HFSS must be completely surrounded
by boundaries perfectly conductive by default; these
boundaries can also be redefined as ports, perfect mag-
netic boundaries, imperfectly conducting boundaries, or
as resistive surface boundaries.

The simulation of free space is required for accurate
antenna simulation. For the microstrip antenna, free
space is simulated by creating a hemispherically shaped
air dielectric space above the antenna and by defining the
boundary between the hemisphere and the background as
a 377-Q-per-square resistive surface. Figure 12A shows
the HFSS structure for a coaxial-probe-fed microstrip
antenna. The analyzed structure has been cut in half to
take advantage of symmetry.

Microwave engineers at APL have successfully mod-
eled two different microstrip antennas and determined
their return losses. Modeling can be used to help deter-
mine the optimum location for the feed probe, the band-
width, and the effects of different substrate thicknesses
and dielectric constants. Using the HFSS graphical field
output option, a propagating wave can be seen (Fig. 12B)
traveling from the microstrip patch edges to the 377-Q
resistive boundary for a 10-GHz microstrip antenna.
Figure 12B clearly illustrates the radiation of the fields
from the microstrip antenna edges. The field display
gives the design engineer valuable insight into the oper-
ation of the antenna.

Engineers conducted an HFss simulation for a micro-
strip patch radiator at 31.5 GHz. The swept-frequency
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Figure 11. Power amplifier feed for four parallel field-effect tran-
sistors (FET's). A. Layout. B. S,; and S5, amplitude comparison
between high-frequency structure simulator (HFSS) results and
linear simulator results. C. S, and S5, phase comparison between
HFSS results and linear simulator results.

scattering parameters derived from the HFsSS analysis with
three and six iterations are compared with the theoretical
predictions in Figure 12C.

The use of a resistive boundary makes the microstrip
antenna problem computationally intensive. In addition,
structures having high-quality factor resonances, such as
microstrip antennas, are particularly troublesome for this
type of simulator. It takes a number of convergences over
arange of frequencies to “home in” on the resonance. The
six-iteration solution for the 31.5-GHz antenna analysis
was done on a 75-mIP machine with 128 Mbyte of RAM

Microwave Component Analysis Using a Field Solver
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Figure 12. Coaxial-probe-fed microstrip antenna analysis:
A. High-frequency structure simulator (HFSS) model. B. Electric
field plot (Mag E: magnitude of electric field [volts/meter]). C.
Visual standing wave ratio (vSWR) for a three- and six-iteration
solution versus classical theory.
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running for several days. This problem represents the
current limit of complexity that the software can handle
on the most powerful workstations available in 1992. It
is anticipated that the HFSS will be used in the future to
determine the input return loss for other antennas such
as waveguide horns.

MULTIPACTOR BREAKDOWN ANALYSIS

Components in high-power microwave systems oper-
ating in a space environment may be subject to multipac-
tor breakdown, which is an electron resonance discharge
phenomenon that occurs only in a vacuum.* Multipactor
breakdown can adversely affect the performance of com-
ponents by causing excessive noise, resonant cavity de-
tuning, erosion of component surfaces, and failure. In the
past, approximate analytical techniques were used to pre-
dict the possibility of multipactor breakdown in compo-
nents having simple geometries; for components having
more complicated geometries, expensive and often unre-
liable testing was required. Past analytical techniques and
tests can now be replaced by a numerical electromagnetic
field solver that can provide an exact analysis of the
electric fields inside the components. Once the magnitude
of the fields is known, the potential for multipactor break-
down can be determined by comparing the field strength
data with a plot of the multipactor existence region of the
component.

Microwave design engineers at APL have performed a
multipactor breakdown analysis of the Midcourse Space
Experiment X-band antenna feed (Fig. 13) using the HFss.’
The HFss model (Fig. 14A) showing the portion of the
feed relevant to the analysis consists of an input coaxial
section followed by a half-wave coax to two-wire (un-
equal diameters) balun. Figure 14B shows an electric
field plot for this structure. The calculated voltages at

Reflector

Figure 13. Midcourse Space Experiment X-band antenna.
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Figure 14. Multipactor breakdown analysis for the Midcourse
Space Experiment X-band antenna feed. A. High-frequency struc-
ture simulator (HFSS) model. B. Electric field plot (Mag E: magni-
tude of electric field [volts/meter]). C. Calculated voltages and
multipactor breakdown existence region. Voltages falling above
the mode envelope indicate possible multipactor breakdown prob-
lems. Voltages falling below the mode envelope indicate that no
multipactor breakdown can occur. The voltages calculated for
three sections in the antenna feed indicate that no multipactor
breakdown can occur in the feed. U = electron kinetic energy. k=
constant (determined by minimum kinetic energy required for
secondary electron emission).
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various points on the feed are plotted with the multipactor
breakdown existence region plot in Figure 14C. Since the
voltages in the feed fall below the multipactor breakdown
existence region, multipactor breakdown cannot occur in
this feed structure. This analysis eliminated the need for
expensive environmental testing.

CONCLUSION

Microwave engineers at APL have successfully used a
numerical electromagnetic field solver (the Hewlett-
Packard HFSS) to accurately model microwave compo-
nents such as transitions, waveguide components, MMIC
components, and antennas. The field solver is a new
modeling tool that will contribute significantly to the
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