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Abstract — Two methods for calculating the elec-

tromagnetic radiation scattered by a perfectly con-

ducting object: the Electric Field Integral Equation

formulated within the Method of Moments, and the

Clifford-Cauchy-Dirac technique; are compared nu-

merically for a particular test case. Both methods

involve the calculation of fields over the surface of

the scatterer from integral equations; one integral

with a kernel of Green’s functions and the other

with a Cauchy kernel. Although both start with

Maxwell’s equations the two methods differ funda-

mentally in several ways.

1 INTRODUCTION

It is common to calculate electromagnetic scatter-
ing from perfect and imperfect conductors numeri-
cally using the well established Method of Moments
(MoM) [1,2] based on one or other electric (EFIE),
magnetic (MFIE) or combined (CFIE) field integral
formulation of Maxwell’s equations with Green’s
functions in the algebraic framework of vector cal-
culus. A newer and less well established technique,
known as the Clifford-Cauchy-Dirac (CCD) tech-
nique, has been reported recently [3, 4] to offer an
alternative numerical method based on an integral
formulation using the Cauchy integral in the frame-
work of Clifford algebra.

The Cauchy integral possesses the property of
a reflection operator in that it returns the origi-
nal field after application twice in succession. As a
consequence it is straightforward to construct from
the Cauchy (reflection) integral operator, projec-
tion operators which lead to a direct although it-
erative solution without any formal specification
of system matrix or matrix inversion. The EFIE,
MFIE and CFIE methods lack the reflection prop-
erty and the solution cannot be formulated in the
same way.

It therefore follows at least in principle that the
two kinds of solutions are fundamentally different.
The CCD technique is fundamentally geometric in
an abstract multidimensional Banach (functional)
space, whereas the conventional methods are fun-
damentally algebraic with no obvious support from
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a geometric structure at the outer level.

Numerical tests in one dimension [3] have already
shown that the CCD method recovers the scattered
field numerically for all types of material, conduc-
tor, dielectric and in-between, without exception
from a single Cauchy integral formulation. How-
ever one-dimensional scattering is of limited use,
and for that reason this article addresses two di-
mensions with a numerical comparison of the field
scattered from a simple test object for both the
EFIE/MoM and CCD methods.

2 TEST CASE

The test case chosen involves illuminating a cylin-
drical scatterer, being of circular cross section in
two dimensions and having infinite extent in the
third dimension, with a TEM plane wave linearly
polarised in the direction of the axis of the cylinder.
The scatterer is taken to conduct electrical cur-
rent perfectly in order to simplify implementation
of the EFIE equation for the Method of Moments.
The Cauchy integral solution is implemented for all
kinds of materials, including of course the perfect
conductor as a particular setting of the values of
certain parameters.

The diameter of the conductor is taken
√

2 =
1.4142 metres in length, and the frequency of the
incident wave is f = 15c/2π = 715.7 MHz, so that
the free-space wavelength is λ = 2π/15 = 0.419 m.
Under these conditions the reflected field creates
an interference pattern which varies in both angular
and radial directions.

3 CALCULATIONS

The numerical tests involve calculating the scat-
tered field in the vicinity of the scatterer, and plot-
ting ℜ(E), the real part of the phasor of the electric
field.

For both techniques the surface of the scatterer
was divided into 500 equally sized linear elements,
with pulse basis functions being adopted, and with
integration over the singularity being treated so as
to deliver a proper result. For the MoM point
matching was used, but for the CCD there is no
such step.

Both techniques were solved iteratively. The



CCD technique is cast in terms of projection op-
erators, which makes iterated (alternating) projec-
tions [5] the most natural approach to use for all
cases. For the MoM, direct matrix inversion can
also be used provided the matrix is not too large.

The iterative calculations were continued for
both methods until the convergence criteria as ap-
propriate for the different techniques were met. For
the CCD that resulted in termination after 9 itera-
tions, and for the MoM termination after 20 itera-
tions.

Each technique produces as result a field over the
surface of the scatterer. For the EFIE the field is
the surface current. For the CCD the field is a
combination of transmitted and reflected electro-
magnetic fields. In the case of a perfect electrical
conductor the transmitted field is identically zero
so the field over the surface contains the reflected
component alone.

For the purpose of comparison, fields away from
the surface have been calculated from the surface
currents using equation (5.84) from [6], or by using
the Cauchy extension formula as described in [4],
according to need.

4 RESULTS

Figure 1 shows the scattered field in a region
(−2.5,−3) ≤ (x, y) ≤ (5.5, 3) in the vicinity of the
scatterer centred at the origin (x, y) = (0, 0), cal-
culated using the CCD technique, for an incident
wave approaching the front of the cylinder from the
left hand side.

Figure 2 shows the surface current density field
calculated using the EFIE/MoM technique running
anticlockwise from the right hand side (back) of
the scatterer, and figure 3 shows the electric field

Figure 1: Scattered field calculated using CCD
technique.
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Figure 2: Surface current density calculated using
EFIE/MoM technique.

calculated from the current.
Direct calculation of the current from equa-

tion (5.109) of [6] verifies that the MoM as imple-
mented for these tests is producing accurate results.

The fields produced by the two methods are sim-
ilar in the major features but differ in detail. Fig-
ure 4 shows that although the differences are not
large, they are significant. This result was not an-
ticipated. In one dimension, the CCD produces
perfect results [3, 4].

5 DISCUSSION

The Cauchy integral plays the central role in the
calculations for the CCD technique. When the nu-
merical implementation is not sufficiently accurate
the results cannot be perfect.

In implementing the Cauchy integral the ap-
proach has been to make it, in this first instance,
as simple as possible. Accuracy of the implemen-
tation can be tested by applying the Cauchy inte-

Figure 3: Scattered field calculated using
EFIE/MoM technique.



Figure 4: Difference between fields calculated using
EFIE/MoM and CCD techniques.

gral to the field on the surface twice in succession.
That should in principle return the original field.
The implementation here fails to do that with a
high enough level of accuracy, indicating that the
approach adopted is too simple. Inspection of the
Cauchy kernel on elements adjacent to the singular-
ity shows that the function is varying rapidly. For
more accurate results it is necessary to take that
into account.

For the existing results it is worth noting that
the iterative method of solution using Hardy pro-
jections as described in [3, 4], when started with
an initial estimate of zero, produces a sequence of
revised estimates falling successively closer to the
known solution. This provides supporting evidence
that the method itself not only applies equally well

in two dimensions as in one dimension, but is im-
bued with a certain robustness against errors in the
process.

Future work is required to implement the Cauchy
integral with sufficient sophistication to produce
results for the CCD technique which are indistin-
guishable from those produced by the EFIE/MoM.
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