input voltages that provide useful circuit operation. Figure 4
shows the measured return loss of a typical attenuator chip at
7 GHz. (Return loss is similar at other frequencies within the
range of 7-18 GHz.) The lower left region represents the
minimum loss state of the attenuator, with series HEMT on
and shunt HEMT off. As V/, is made less negative to increase
the attenuation by the shunt HEMTs, V| must be made more
negative to maintain low return loss. This is easily understood
by considering that the behavior of the HEMT varistor ladder
network is closely analogous to a resistive tee or pi network.
To achieve very high attenuation, V), must be increased
toward 0 V, whereas V| is kept relatively constant. This can
also be understood by the resistor network analogy. Although
high (> 50 dB) attenuation is achieved in this region, the
phase error is large, in the tens of degrees. Low phase error
can, however, be achieved, with the chip operated up to an
attenuation of 20-30 dB.

Figures 5(a)-5(c) show the rf performance of a typical
attenuator to this attenuation level. About 7 degrees p-p
phase error is exhibited over the frequency range of 7-18
GHz up to a (relative) attenuation of 23 dB. Note, however,
that at the highest attenuation level shown, the return loss is
marginal. For the right series/shunt resistance balance to
obtain good return loss as attenuation is increased in the
20—-30-dB region, the resistance of the series HEMT must be
monotonically increased as that of the shunt HEMT is de-
creased. However, the parasitic capacitance of the series
HEMT now begins to be seen, introducing a positive phase
shift relative to the low attenuation state. Thus, for a given
attenuation, one combination of V/; and V, provides opti-
mum return loss, while a slightly different combination pro-
vides minimum relative phase error. Figures 6(a)—6(c) illus-
trate how 1V, and V, can be adjusted to make a trade-off
between return loss and phase error.

IV. CONCLUSIONS

We have successfully demonstrated a broadband microwave
HEMT attenuator. The circuit provides amplitude control
with low phase error to a relative attenuation of 20-30 dB.
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ABSTRACT: A new method for characterizing two-dimensional metallic
objects (scatterers) using spectral techniques is outlined. The physical
optics method and the method of moments are compared in order to find
the response of the scatterer. Several examples illustrate the ease with
which one can find the scattered field by an object to any incidence with
a unique matrix used as a transference function. © 1997 John Wiley &
Sons, Inc. Microwave Opt Technol Lett 14, 6-9, 1997.

Key words: scatterer transference function; spectral techniques; physical
optics; method of moments

1. INTRODUCTION

The characterization of objects from an electromagnetic point
of view with a matrix used as a transference function has
been studied by several authors [1, 2]. This matrix makes the
scattering problem of an object independent of its geometry,
so that the transference function gives the spectrum of the
scattered field by the object as a response to any incident
spectrum. In [2] the transference function was used in order
to characterize reflectors with incident and scattered refer-
ence planes. In this article a more general method with
cylindrical incident and scattered reference systems is pre-
sented, valid for any type of scattering object. In addition, we
have employed and compared both physical optics and the
method of moments in the construction of the transference
function.

2. THEORY: TRANSFERENCE FUNCTION
The transference function [1] is a matrix that gives the
electric field scattered by the object in the presence of any
incidence field. The incident (E‘) and scattered (E®) field can
be expressed as a series of incident and emergent cylindrical
modes (spectral components) centered somewhere inside the
object:

NI ND
E= ) ipJp(kp)efpd’f, E'= ) chq@)(kp)e”‘ﬁzA,

p=-N; g=-Np

D
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where p and g count for the pth and gth spectral compo-
nent, and i, and c, are the weights for these components.
We will not use the whole spectrum of the incident or
scattered fields, but just the most contributory components,
so that p and g will count from —N, to N; and —Nj, to N,
where N; and N, satisfy that N, > ka, N, > ka, a being the
radius of the minimum circumference that contains the scat-
terer.

In order to construct the transference function we must
find the response of the object to each spectral component of
the incident field Jp(kp)eff"” separately, as

Np
Y d,HP(kp)e'?, ©)
=—-Np

q

where d, is the weight of the gth spectral scattered compo-
nent as a result of the pth incident spectral component. If we
repeat this process with all the spectral incident components,
we can form the transference matrix of the scatterer as

d_NDs_NI d_NDv_N1+1 d_NDvN[
d_n,+1,-N, QNp+1,-N+1 d_n,+1,N,
Q =
dNn,*Nl dNn,*NlJrl dNn,Nl

€))

Once we have obtained this matrix, we have the scatterer
fully characterized, so that for different incident electric
fields (column vector i p), we know the scattered field (column

vector ¢,) by just multiplying our transference matrix D by
the column vector of weights i,. This technique allows us to

forget about the scatterer and just use its transference func-
tion, which is the only information we need.

3. CONSTRUCTION OF THE TRANSFERENCE FUNCTION

The computation of the transference matrix includes four
steps:

1. Suppose the incident field is one of the cylindrical
modes J,(kp)e/??.

2. Find the current density J, excited on the object sur-
face with the use of some classical analysis methods,
such as physical optics (PO) or the numeric method of
moments (MoM).

3. Express the scattered field produced by J; in terms of a
series of emergent cylindrical modes with the addition
theorem of Bessel functions. That series will be the pth
column of the transference function.

4. Repeat the process by running p from —N,; to N,.

In the second step we have used both the MoM and the
PO method. In the latter the current density J; on the
scatterer surface is determined from the well-known approxi-
mation J, = 2[n X H']. In this case we must transform the
incident field cylindrical spectrum into a plane-wave spec-
trum [3], so that the current excited by each plane-wave mode
(incidence angle B) is 2[n X H'] only on the illuminated
areas of the surface of the object.

In the MoM [4] we do not need to transform the spectrum
into a planar one. We choose pulse functions as base func-

[ T T T
S roe e Exact b
MoM

ar PO 1
E
3 -
=1

2- 1

1

I F 1 L o
50 100 300 350

750 200 250
Azimuth Angle (Degrees)
Figure 1 Amplitude of the surface current density J; in a 0.5A-

radius cylinder with plane-wave incidence. Comparison of the physi-
cal optics method, the method of moments, and the exact solution

tions and deltas as testing functions (point-matching method),
and then we find the current density J; on certain sampled
points of the surface.

The current density J; induced by an incident plane wave
E! = ¢ Jkpcos(¢=8) with 8 = 0 (plane wave incises from neg-
ative X semiaxis) on the surface of a 0.5A-radius cylinder is
shown in Figure 1. We observe that for small scatterers in
terms of the wavelength the method of moments is more
accurate than the physical optics method, especially as the
induced current on the shaded surface of the cylinder (—90°
< ¢ < 90°) is not too small, whereas in the physical optics
approximation it is considered to be zero. Even on 90° < ¢ <
270° the PO approximation is shown to be inadequate. There-
fore, the physical optics method is not viable with small
objects, as is widely known, and the method of moments is
more suitable, giving a good solution for J, on the whole
surface of the scatterer. We can see in Figure 2, however,
that as the size of the scatterer increases, the density J; on
the shaded surface decreases and the accuracy of the physical
optics method gradually approaches that of MoM also on
90° < ¢ < 270°. Furthermore, the PO method gives J, analyt-
ically and its computation is immediate, whereas in the
method of moments the numerical process requires an in-
creasing computational effort as the object size increases.
Consequently, the physical optics method is a good alterna-
tive to the MoM when the scatterer is large, for it is ex-
tremely fast and gives an exact solution in the front semi-
space, and a good approximation in the back semispace with
a plane-wave incidence.

11 (mA/m)
N o H

s

150 200 2
Azimuth Angle (Degrees)

5o 700 56800 860
Figure 2 Amplitude of the surface current density J; in a 1.5A-
radius cylinder with plane-wave incidence. Comparison of the physi-
cal optics method, the method of moments, and the exact solution
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Figure 3 Comparison of the physical optics method, the method of
moments, and the exact data. Scattered field by a cylinder (radius
1.5A) when the incident field is a plane wave ( 8 = 0°)
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Figure 4 Comparison of the physical optics method, the method of
moments, and the exact data. Scattered field by a cylinder (radius
1.51) when the incident field is a plane wave ( 8 = 45°)

When the matrix D for a scatterer is formed, we can
compute the scattered field immediately because of several
incident waves. In Figures 3 and 4 the scattered field of a
cylinder of 1.5\ radius is depicted, due to a plane-wave
incidence ( 8 = 0° and B = 45°). The exact field is also repre-
sented [5]. To compute this, we have formed the transference
function with the use of both the MoM and the PO method.
The scattered field has a peak for ¢ = 0 when B = 0. That
peak produces a shade behind the cylinder when added to the
incident plane wave. This peak moves to ¢ = 45° when
B = 45°, as was expected. We also notice that the MoM gives
very precise results in the whole space, whereas the PO
method is more accurate in the front semispace (90° < ¢ <
270°) than in the back one (—90° < ¢ < 90°). The accuracy
of the PO approximation increases as the scatterer electrical
dimension increases.

4. RESULTS

A parabolic reflector (f=3A, D = 5A) has been used to
obtain simulation results. Its transference function has been
computed with the MoM. By using the very same matrix, we
have obtained the response of this parabolic reflector when
two different fields fall upon its surface. In Figure 5 the
phase of the scattered field is depicted when a line source is
at focus. We observe that the phase in the front semispace is
plane, as was expected. In the back semispace the phase
corresponds to a cylindrical wave centered at focus but shifted
180° from that of the incident wave, so that the total field is
zero, forming the shade of the reflector. The line source has
been placed A/2 over the focus in Figure 6. The reflected
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Figure 5 Phase of scattered field by a parabolic reflector (f = 3A,
D = 5)) with a line source at focus
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Figure 6 Phase of the scattered field by a parabolic reflector
(f =3A, D = 5)) with a line source A/2 over the focus

phase shows that the direction of the phase front is slanted.
The scattered field depicted in Figures 5 and 6 has been
calculated in two different ways. In the region outside the
cylinder that contains the object we have used the transfer-
ence function, and inside this cylinder the field has been
determined by the integration of the excited current J, [1], for
the scattered field spectrum is only valid in regions without
sources.

5. CONCLUSIONS

As a conclusion we emphasize that this method makes the
calculation of the scattered field by the same object indepen-
dent from the nature of the incident field, once we have
obtained its transference matrix. Moreover, this calculation
consists of a simple matrix multiplication. Finally we outline
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the analysis of multiple scatterer problems as a direct appli-
cation of the method.

REFERENCES

1. J. C. Cruellas, “Andlisis de la Difraccion de Objetos Dieléctricos
Mediante Elementos Finitos y Realimentacion Modal,” Ph.D.
thesis, Universidad Politécnica de Catalufia, Barcelona, 1989.

2. V. E. Boria, M. Baquero, and M. Ferrando, “Analysis of Multire-
flector Antenna Clusters by Spectral Methods,” 24 European Mi-
crowave Conference, Cannes, Sept. 1994, Vol. 1, pp. 870-875.

3. M. Baquero, “Transformaciones Espectrales y Aplicaciones a
Sintesis de Ondas, Medida de Antenas y Difraccion,” Ph.D. thesis,
Universidad Politécnica de Valencia, Valencia, 1994.

4. R. F. Harrington, Field Computation by Moment Method, The
Macmillan Company, New York, 1968.

5. C. A. Balanis, Advanced Engineering Electromagnetics, John Wiley
& Sons Inc., New York, 1989.

© 1997 John Wiley & Sons, Inc.
CCC 0895-2477 /97

THE EVALUATION OF MFIE INTEGRALS
WITH THE USE OF VECTOR TRIANGLE
BASIS FUNCTIONS

R. E. Hodges' and Y. Rahmat-Samii'
1Departmen’[ of Electrical Engineering
University of California, Los Angeles
Los Angeles, CA 90095

Received 17 July 1996

ABSTRACT: Formulas that provide an efficient and reliable numerical
evaluation of the magnetic field integral equation (MFIE) with the use of
vector triangular basis functions are developed. The MFIE integrals for
the three basis functions on a triangular facet are converted from three
vector integrals to three scalar integrals, which are evaluated simultane-
ously. The 1/R? singular behavior is extracted from the integral, and
closed-form expressions are given for the singular terms. Consequently,
the formulas are valid for all observation points and are suitable for
general-purpose modeling. © 1997 John Wiley & Sons, Inc. Microwave
Opt Technol Lett 14, 9-14, 1997.

Key words: magnetic field integral equation (MFIE); triangular basis
functions; singularity; scattering

I. INTRODUCTION

Electromagnetic radiation and scattering problems formu-
lated in terms of the electric field integral equation (EFIE)
are frequently solved by the moment method [1]. A key
element of moment-method analysis is the choice of basis
functions used to represent the equivalent surface current of
a physical object. The basis functions determine the physical
geometry that can be represented and strongly influence
computational costs. In order to model complex three-dimen-
sional metallic objects found in typical engineering applica-
tions, one needs basis functions that can describe an arbitrar-
ily shaped sheet of surface current J with a minimum number
of unknowns. Vector basis functions [2] and a triangular
surface patch model are widely used for this purpose. Be-

Contract grant sponsor: Lockheed Advanced Development Company.

cause there is one unknown per edge, for a large mesh there
are only ~ 1.5 unknowns per triangle. Consequently, these
basis functions are attractive because they provide a very
economical way to represent J.

An important aspect of the computational cost is the time
required to fill the moment-method matrix. The EFIE matrix
elements for a perfect conductor require one to evaluate the
integral representation of magnetic vector potential A and
electric scalar potential ® over an arbitrarily shaped triangu-
lar facet. Efficient and numerically stable methods have been
developed to evaluate these integrals [2, 3]. In particular, a
total of three scalar numerical integrations are needed on
each triangular facet to compute both A and ®.

More recently, the vector basis functions have been used
to solve the magnetic field integral equation (MFIE) [4] and
also to evaluate the physical optics integral [3, 6]. The MFIE
integral introduces additional difficulties that do not appear
in the corresponding EFIE integrals because of the presence
of a cross product with the gradient of the Green’s function
in the integrand. A brute force evaluation of the cross prod-
uct is inefficient and therefore limits the usefulness of the
vector basis functions. Furthermore, the MFIE integral con-
tains a 1/R? singularity that leads to numerical problems for
observation points in the vicinity of a source point. This
article provides a mathematical construction that permits
efficient and reliable evaluation of the MFIE integrals.
Specifically, the MFIE integral is reduced to a form that
requires only three scalar numerical integrations. In addition,
closed-form analytic expressions are given for the singular
part of the integral.

Il. THE MFIE INTEGRAL ON A TRIANGULAR FACET

The MFIE for a closed conducting body can be expressed [7]
as

J(r) = 24 X H™(r) + 24 X fJ(r') X [V'G(r,r')]dS’,
S
(1)

where J(r') is the surface current density, H™ is the incident
magnetic field, 72 is a unit outward normal, the free-space
Green’s function is G = e ¥R /4R, R = |r — r'| is the dis-
tance between observation point r and source point r’, and
k = 2w /A, with A the wavelength. Our focus is on the inte-
gral on the right in (1), which represents the scattered mag-
netic field H*(r). It is convenient to write V'G in the form

—jkR
VG r) = | jk+ = R 2
(r,r") (j R) 47R @)

with R=r —r' and R = R/R. This identity permits the
scattered magnetic field integral in (1) to be written

e JkR
ds’'. (3)

1 1.
H'(r) = ——{ [ jk + = |R x J('
(r) yym S(j R) J(x) R
We seek to evaluate this integral for the case when J is
expanded in terms of vector triangular basis functions [2]
defined by

resS?t. 4)
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