APPLICATION NOTE

NEW DIRECTIONS
IN HFSS FOR DESIGNING
MICROWAVE DEVICES

eveloped by Ansoft in 1990, the High
DFrequency Structure Simulator (HFSS)

has become the simulator of choice for
the electromagnetics design of complex three-
dimensional microwave devices. HFSS has been
used to design thousands of microwave devices
more quickly and reliably than is possible with
prototypes alone. This broad use has generated
considerable user feedback and customer re-
quests for the software to address new simula-
tion capabilities and directions. Two of the most
requested features for Ansoft HFSS are the abil-
ity to model the resonance and quality factor of
microwave cavities as well as a more broadband
fast sweep capability. Another requested feature
is the ability to model active devices and phased-
array antennas through fields linked by values at
two different boundaries. Development of high-
er accuracy mesh truncation procedures for
modeling radiation from antennas, more power-
ful geometry modeling using precise solids and
faster, more complete graphics tools for postpro-
cessing also have been requested.

Version 6 sets a new direction for HFSS in
these high impact areas. A new graphical user
interface streamlines model creation, simula-
tion and postprocessing. Adaptive Lanczos-
Pade sweep (ALPS), a new fast frequency
sweep technology, provides a more broadband
and reliable fast sweep capability than was
available in earlier versions. The ALPS fast
sweep capability coupled with a new field cal-
culator allows microwave cavity resonances
and quality factors to be determined precisely.
The linked boundary condition (LBC), which
allows active devices and periodic structures to
be modeled, has been added and open bound-
aries can be modeled more accurately by per-
fectly matched layers (PML) that mimic free
space to a remarkable degree. In addition, the
software’s geometry entry and postprocessing
capabilities have been completely revamped to
allow users greater flexibility and freedom in
entering geometry and displaying results.

This article highlights two application areas
that can be solved for the first time using An-
soft HFSS version 6. The new ALPS fast fre-
guency sweep algorithm and the new field cal-
culator can be used to compute closed-cavity
resonant frequencies and quality factors, re-
spectively. Also, large phased-array antennas
can be simulated using the simulator’s new
PML and LBC features.

RESONANCE ANALYSIS
OF CLOSED CAVITIES

Resonant microwave devices such as oscil-
lators or filters are often modeled in textbooks
as closed cavities. Such mathematical models
provide important information for the design
of real microwave hardware and allow basic
parameters such as resonance frequencies and
quality factors to be determined.

Since the excitation should not influence
the field in the cavity at resonance, the cavity
can be excited by a small, arbitrarily shaped
hole on the cavity’s surface. The maximal size
of the hole must not exceed one-fifth the max-
imal size of the cavity. Although the shape and
location of this hole are arbitrary, at least one
component of the field pattern of the exciting
port must coincide with one component of the
field pattern of the cavity mode. It is custom-
ary to choose a circular hole. The smaller the
hole, the more accurate the solution. Howev-
er, a finer mesh is required to model the prob-
lem accurately. This hole is treated as a port in
the simulator.

An adaptive mesh solution is performed
followed by a fast frequency sweep. The fast
frequency sweep procedure in HFSS was in-
troduced in 1994 as a way to compute the fre-
quency response of high frequency devices
over a limited bandwidth. The original proce-
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dure was based on asymptotic wave-
form evaluation (AWE), which pro-
vides an efficient mechanism to com-
pute a reduced-order model of mi-
crowave devices. The new method
searches for the dominant poles and
zeros of the network transfer func-
tion. (Note that this algorithm com-
putes the fundamental device behav-
ior as opposed to more recent fast
sweep procedures in other software
that are used as shortcuts and merely

A Fig. 1 Arectangular cavity.
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A Fig. 2 The cavity’s (a) admittance vs.
frequency and (b) impedance vs. frequency.

fill in discrete sweep values with ra-
tional polynomial interpolation.)
AWE is based on a power method
and excels at locating the frequency
response near the specified frequen-
cy. The new fast sweep algorithm is
based on the Lanczos algorithm and
provides a more broadband response.
This ALPS procedure is able to locate
all resonances in a wide frequency
range, identifying the less dominant
resonances and, hence, detecting
subtleties in the frequency response
more easily. ALPS includes port dis-
persion to determine input power
level vs. frequency and out-of-band
rolloff more accurately.

Resonant cavities are almost-closed
structures, hence, only cavity modes
can exist. This fact is reflected in the
frequency response of the S parame-
ters. The new ALPS fast frequency
sweep procedure is very economical.
Usually, the entire fast frequency
sweep broadband response is comput-
ed in less than 30 percent additional
time than is required by a single fre-
quency solution. The total solution
time depends on the desired accuracy
and the width of the specified fre-
quency range. As many as 1000 divi-
sion points can be selected without
unduly increasing the solution time.
Thus, sharp changes can be localized
in the frequency response.

A vacuum-filled rectangular box
has been investigated with the wall
losses taken into account to deter-
mine the first four lowest order reso-
nance frequencies and unloaded
quality factors. In general, there is no
restriction on cavity shape. However,
a rectangular cavity has been used
here in order to compare with analyt-
ical results. The geometry of this cav-
ity is shown in Figure 1. A small cen-
tral circular hole of diameter D is de-
fined on the surface y = 22.86 mm as
an iris. This iris coincides with the
port for computing the circuit para-

TABLE |

ANALYTICAL/SIMULATED VALUES
OF RESONANCE FREQUENCIES/UNLOADED QUALITY FACTORS

Mode Indices fanq (GHZ)  fimulated (GHZ) Error (%) Qanai Qsimutated Error (%)
TE110 9.2796 9.2713 0.09 7816 8255 5.6
TE210 14.6724 14.6469 0.17 9817 10,204 3.9
TE101 16.1563 16.1428 0.08 8703 9306 6.9
TE111 17.4379 17.4228 0.09 7358 7864 6.8

meters. The lowest cutoff frequency
of a circular waveguide is the TE;;
mode

fcutof‘f = 0'588(: (1)

where
¢ = speed of light in a vacuum

In this equation, .. = 29.4 GHz (D
= 6 mm) and the applied frequency
range is 8 to 18 GHz (below the low-
est cutoff).

The admittance and impedance
frequency responses are shown in
Figure 2. The zeros of the imaginary
part of both the admittance and im-
pedance mark the resonance fre-
quencies; their agreement with one
another can be used to determine
whether or not the finite element
mesh is fine enough.

The unloaded quality factor of the
resonator is calculated from the mag-
netic field using
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where

s = skin depth of the cavity wall

tgd = electric loss tangent of the
dielectric inside the resonator,
if any

The unloaded quality factor is com-
puted using Equation 2 and the new
field calculator in HFSS.

The upgraded field calculator al-
lows complex arithmetic and trigono-
metric functions, computation of tan-
gents to curved lines and normals to
any curved surface. For example, it is
now possible to plot the phase of in-
duced current on a curved or planar
surface. Evaluating the unloaded qual-
ity factor is simple using this new field
calculator. Any complicated object can
be constructed in the preprocessor
using Boolean operations, and the ob-
ject can be called by its name to per-
form the volume and/or surface inte-
grals required in Equation 2. These
integrals are solved with arbitrary
user-defined integrands. (This proce-
dure also is true for the case of normal
or tangential vectors to a surface.)

Table 1 lists the analytical and sim-
ulated values of the resonance frequen-



A Fig. 3 The electric field plots
for the four resonant modes.

cies and quality factors for the cavity.
Figure 3 shows electric field plots in
different planes for the four resonant
modes. HFSS version 6 yields the cor-
rect resonance frequencies even in the
case of multiple resonances. (All reso-
nance frequencies were predicted
within 0.17 percent of the analytical
values and quality factors were within
6.9 percent.) Note that the analytical
solution for quality factor is based on
the assumption of a lossless cavity. The
simulated results based (more appro-
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A Fig. 4 A radiation problem
bounded by PMLs.

priately) on loss cavity fields are be-
lieved to be more accurate.

In the case of degenerate modes
that have the same resonant frequen-
cy, the field pattern and, therefore, the
unloaded quality factor may be diffi-
cult to extract due to overlapping of
the different field patterns. These
problems were avoided in this case
since only the TE modes were excited.

PMLs IN THE HFSS
ENVIRONMENT

PMLs have become the focus of
much attention recently in the analy-
sis of high frequency fields. Originally
proposed by Berenger for the finite-
difference time domain method,
PMLs have been successfully extend-
ed for use with the finite element
method. Tests indicate that PMLs are
significantly more accurate than con-
ventional absorbing boundary condi-
tions (ABC) for modeling radiation
from antennas and scatterers. Version
6 allows PMLs to be used for the first
time in HFSS.

The basic concept behind PMLs is
to create a fictitious material that ful-
ly absorbs the electromagnetic field
impinging on it. This material re-
quires both the permittivity and per-
meability to be complex anisotropic.
Ansoft HFSS version 6 has the capa-
bility to model both complex tensor
permittivity and complex tensor per-
meability.

Embedded PMLs

The traditional procedure for ana-
lyzing a radiating structure in HFSS
is to embed the radiator within an air-
filled box. The outermost surface of
this box is assigned a radiation

boundary condition that utilizes a
second-order local ABC. A similar
procedure is used with PMLs: The
radiator is placed inside an air box.
However, instead of placing a single
ABC on the outside of the box, sever-
al layers of specialized materials are
added to absorb the outgoing waves.
These PMLs are biaxial anisotropic
with special complex material charac-
teristics. A schematic arrangement of
a radiation problem bounded by
PMLs is shown in Figure 4.

To ensure that there is no reflection
at the PML/air interface, the biaxial
diagonal material tensors for x-, y- and
z-directed PMLs are of the form

Q- e -t e o
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where

C=a-jb

The tensors in Equation 3 character-
ize an x-directed PML corresponding
to a PML wall in the y-z plane.
This x-directed layer is designated
PML,. Similarly, Equations 4 and 5
provide tensors for PML, and PML,,
respectively.

PMLs of different directions must
be joined in order to construct a box
with PML walls. The incident and re-
flected waves must pass through the
PML at least twice for good absorp-
tion. A solution is to overlap the lay-
ers at the corners as shown.

The next step in embedding a
problem in PMLs is to specify
boundary conditions on the outer sur-
face of the box. The simplest way is to
bind the box either with perfect elec-
tric conductors (PEC) or perfect
magnetic conductors. PECs are
preferred since they reduce the prob-
lem size.

Setting PML Parameters

Setting the proper value of the
complex parameter C ensures that
the electromagnetic field decays
strongly in the PMLs. Back reflec-



A Fig. 5 An example of a phased-array
antenna representation.

Fig. 6 S parameters vs. scan angle
for the rectangular aperture
antenna array. Yy
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tions from the bounding PECs then
are kept below a prescribed bound.
The number of layers required for
the PML region is
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where
Dmin = 1 j(,gm ax
Tmin =~ C
_ 1
Dmax L + Q)min
Tmax C
and

rmin = Minimal distance between
the radiating object and
PML interface

rmax = Maximal distance between
the radiating object and
PML interface

Wmin = Minimum angular
frequency

Wnax = Maximum angular
frequency

p = maximum back reflection
(usually p < 104)

d = maximum decay possible in
the element

The maximum decay for Ansoft
HFSS is

d=3. 103 @

Knowing the geometry, frequency, p
and d, the number of layers required
for the PML parameter can be
calucated using Equation 6. Given n,
the value of the PML parameter can
be calculated as

a=b

_ —DyinInd

- 2h
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- 2nh ©)
where

h = thickness of an individuial PML

PMLs can be located as close as
possible to the radiating objects.
However, a consequence of a close
setting is that the ratio D,/Dpin in-
creases so that the number of layers
required also increases.

LBCs IN HFSS

Another new direction in Ansoft
HFSS version 6 is the introduction of
LBCs, which enable a new class of
problems, including active devices, to
be modeled by specifying a relation-
ship in the fields between two or
more boundaries. LBCs save comput-
er time and memory in modeling
long, uniform structures and periodic

structures by allowing the user to
model only a segment of the struc-
ture. The fields at the ends of the
structure then are linked by LBCs.

To model a periodic structure, the
user defines a master boundary and a
slave boundary. By choosing a master
boundary and corresponding slave
boundary of equal size and shape, the
user may specify that the solution on
those two boundaries be related
through a phase @such that

E(slave) = el E(master)  (9)

A proprietary algorithm is used to en-
sure that the meshes formed on the
master and slave boundaries are iden-
tical throughout the adaptive mesh
generation process.

The new boundary manager is no-
table for the ease with which users
can choose and assign boundaries. As
the boundary type is chosen for any
boundary, the user is prompted for
the required information. For exam-
ple, choosing an impedance boundary
prompts the user for the appropriate
resistance and reactance. Choosing
master/slave boundary pairs prompts
the user for the phase factor between
the boundaries. Boundary manager
graphics functions — including zoom,
pan or rotate — and the ability to
hide or show selected parts of the
model aid the user in boundary as-
signment.

PHASED-ARRAY
ANTENNA SIMULATION

An example of a phased-array an-
tenna, as shown in Figure 5, illus-
trates the use of LBCs in phased-ar-
ray antenna applications. The anten-
na comprises a rectangular array of
rectangular apertures in a conducting
ground plane, each fed from below
via a waveguide. The user constructs
a model using a unit cell of the anten-
na array with the modeler. This unit
cell is appropriate for an infinite array
of rectangular waveguides, 0.4" x 0.9',
terminated in a metallic ground
plane. The unit cell — and, hence,
the array lattice — is 0.5" x 1.0" the
waveguide length is 0.35" and the
unit cell length is 0.6" In this case, a
rectangular unit cell is appropriate;
more complicated symmetries can be
modeled by changing the shape of
the unit cell. The open boundary for
this problem has been modeled using
PMLs. The PML parameters were



A Fig. 7 The E-field pattern at ¢ = 45°
and 6 = (a) 10° and (b) 70°

calculated using Equations 6 through
8. Different scan angles were set by
changing the phase relationship in
the LBC boundaries. The user then is
able to calculate reflection loss and
scan blindness for any scan angle.
Figure 6 shows a plot of S para-
meters vs. scan angle 0 for the array
of rectangular aperture antennas at
9.25 GHz. (The scan is in the anten-
na’s E plane.) 6 is measured from the
z-axis down, and the aperture is in
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the x-y plane. The red line represents
results obtained using an indepen-
dent modal code, and the blue line
represents the HFSS results. The
HFSS results show good agreement
with the modal code results over the
entire range of scan angles. Results
for the same geometry at 9 GHz for a
diagonal plane sweep at ¢ = 45° from
the E plane are also shown. Again,
the HFSS and modal code results are
in agreement over the entire range of
scan angles. Figure 7 shows the E-
field pattern of diagonal scan of @ =
45° and f =9 GHz at 8 = 10° and 70°

CONCLUSION

Ansoft HFSS version 6 sets a new
direction in electromagnetics elec-
tronic design automation (EDA).
ALPS-based fast frequency sweep
technology provides new resonance
capability while LBCs and PLMs al-
low periodic structures and phased-
array antennas to be modeled more
accurately. These new directions and
the new, more powerful user inter-
face make HFSS version 6 an even
more versatile electromagnetics EDA
tool for microwave engineers.
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