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Abstract- The accuracy and performance of the radial do-
main truncation technique is presented in the framework of
finite-volume time-domain method. In the present approach
all the electromagnetic field quantities are co-located in both
space and time and the performance is evaluated using
unstructured grid. The influence of the radius of curvature of
the absorber is investigated using a waveguide and a horn-
antenna as practical examples. Numerical reflection errors
are computed using a reference solutions and the convergence
of the results is studied for increasing radius of curvature
of the absorber. Low-level effects on the antenna radiation
patterns further illustrates the convergence of the technique.

Index Terms- Finite-Volume Time-Domain-FVTD,
Radial Domain Truncation, Perfectly Matched Layer-PML,
Absorbing Boundary Condition-ABC, Computational
Electromagnetics-CEM.

I. INTRODUCTION

The Finite-Volume Time-Domain (FVTD) method be-
longs to the class of conformal time-domain method
which has the advantage of employing unstructured spa-
tial discretization. This helps in modeling complex ge-
ometries without stair-casing error which is typical to
classical Finite-Difference Time-Domain (FDTD) method.
In addition, the FVTD method allows an explicit time-
discretization which avoids computational intensive matrix
inversions typical to implicit time-domain methods. In the
present approach, the electric and magnetic field values are
both spatially and temporally co-located. An investigation
of radial domain truncation technique in the framework
of FVTD method is presented and the influence of the
radius of curvature of the absorber is examined. The
radial absorber is modeled as an unsplit perfectly matched
layer (PML) [1], [2], [3] on unstructured finite-volume
grid. This model satisfies Maxwell equations both inside
and outside the absorber region without any unphysical
field-splitting as in the case of Berenger's split-PMLs [4],
[5]. The radial perfectly matched layer technique for the
FVTD method [6] has the advantage of simplified update
equations, reduced computational domain and geometry-
matched modeling for cylindrical and elongated structures.
However, it is observed that the radius of curvature of
radial absorber has a noticable influence on its perfor-

mance. Hence, this paper explores the accuracy limitations
of the radial absorber based on its radius of curvature
and examines the usability of the model for studying
practical problems. The structure of the paper is as follows.
The mathematical preliminaries of the FVTD method are
briefly introduced in Sec. II and the theory of radial
absorber is discussed in Sec. III. The influence of the
radius of curvature is investigated in Sec. IV by employing
radial absorbers of different radii to truncate a rectangular
waveguide. The numerical experiment setup presented in
Sec. V consists of a horn-antenna example. Numerical
reflection and its effect on the computed radiation pattern
are analyzed for different radii of curvature of the absorber.
Sec. VI concludes the paper with a summary of the
findings and discussion of the results.

II. FVTD APPROACH

The basic terminology used in the FVTD method is
briefly reviewed in this section in order to make the paper
self-sufficient. Interested readers are refered to [7], [8], [9].
One of the main goal in computational electromagnetics
is to model the continuous Maxwell system using discrete
space and time samples. In the context of the FVTD
method each discrete space sample Qi is called control-
volume or cell. The time sampling is characterized by the
discrete temporal increment At which is used to update
the solution in the time-marching algorithm. Depending
on the method of storing and updating the field quantities,
different variations in the FVTD algorithm are possible. In
order to keep the analysis simple, a 2D transverse electric
(TE) model with the electric field along the z-axis (E )
and the magnetic field in the xy-plane (H, and Hy) is
considered. The two Maxwell curl equations integrated
over each i-th polyhedral cell with control-volume MV
bounded by f faces is transformed into a discrete FVTD
system with the help of divergence theorem as follows [9],

(1)
I f

a8 atu= - ~V L(FUk *nk |Sk|)-a OtQ

where U = [Hr, Hy, E ]T denotes the EM field-vector
with the superscript 'T' representing matrix transpose.
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Each k-th face has an surface area of Sk and a unit
outward-normal nk. The term a represents the material
parameters namely permeability (,ui) and permittivity (Ei)
for the magnetic and electric field update-equations, re-
spectively. The vector Q = [M My: P / 0]T represents
the components of magnetization M and polarization P
fields inside the medium. The factor 'FUk nk' is called the
FVTD flux-function which contributes to the information
exchange between adjacent cells. In the present work, the
time update is done using a second order accurate Lax-
Wendroff scheme [9] and the spatial discretization involves
unstructured triangular meshing of the computational do-
main.

III. THEORY OF RADIAL ABSORBER

The fundamental idea in the theory of radial absorber is
to transform the locally uniaxial absorber material proper-
ties [2] to globally radial material properties. In order to
do this, the Maxwell system is initially represented in the
cylindrical coordinate system and later, a transformation
is introduced to represent uniquely the radial system using
only the cartesian components [6]. This transformation is
in fact, a rotation by an angle o in 2D about the z-axis
which affects only the components in xy-plane. The final
system of equations representing the radial absorber model
is written using the flux-based FVTD update equations as
follows,

6tHx

6tHy

-=Z l(THk nk ISk )

/oloVi
-K cosyo (x Hx sin2y5

+(x,Hy cos o siny

- =l(HYk nklSkl)

/oloVi
-K, sin -(,,Hy cos2 o

+(0,H, cosy siny

:=l(Ek nklSkl)
£o Vik

the resulting system corresponds to uniaxial absorber in x
and y directions, respectively. Furthermore, these uniaxial
absorber models are the limiting case of the radial absorber
when the radius of curvature (rc) approaches infinity.
In other words, when varying rc from very small value
to higher values, the radial absorber model approaches
the uniaxial absorber model. This concept is graphically
illustrated in Fig. 1.

Radial Absorber

r oc
4

Radial Uniaxial

r_ > r2> r1

Uniaxial Absorber

Fig. 1. Left: Cylindrical domain truncation. Right: Waveguide truncation
emphasizing that the uniaxial absorber is a limiting case of radial absorber
with infinite radius of curvature.

(2)

(x,Ez (4)
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The term (x, corresponds to the loss in the radial absorber
which is uniaxial along the xr-direction. The scalar field
Kx, corresponds to the magnetic counterpart of polar-
ization current as defined in [2] and [10]. It should be
noticed that the flux terms computed for (2) and (3) can

be reused in (5) which helps in reducing computational
effort. When the rotation angle o is equal to 0 or 90 degree,

IV. INFLUENCE OF THE RADIUS OF CURVATURE

As a practical illustration of the concept introduced
in the last section, absorbers with different radius of
curvature as shown in the right-hand side of Fig. 1 are
used to truncated a rectangular waveguide. The goal of
this approach is to study the influence of the radius of
curvature rc and compare it against theoretically expected
values. Furthermore, the results are compared with those
of first-order Silver-Muller Absorbing Boundary Condition
(SM-ABC) which is the most commonly used ABC in
the FVTD method. The results of this study are presented
in Fig. 2. The loss term (,, is chosen with a quadratic
profile such that at normal incidence the theoretical reflec-
tion coefficient is -70 dB [4]. By using the plane wave
decomposition model of a waveguide mode, changing the
frequency of the incident mode is equivalent to changing
the angle of incidence with respect to the free space-
absorber interface. At the cut-off frequency fJ the angle of
incidence corresponds to 90 degree and as the frequency
of the incident mode increases the angle of incidence
asymptotically reaches 0 degree. Consequently, for each
frequency (angle of incidence), the theoretical return-loss
Sll is uniquely defined for a truncated waveguide and it
is shown as dashed line in Fig. 2. Clearly the performance
of the SM-ABC is poor in comparison with even the
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Fig. 2. Waveguide truncation showing the convergence of the radial
absorber with increasing radius of curvature rc towards uniaxial absorber
model. The performance of first order SM-ABC is also shown as a
comparison. The angle of incidence corresponding to each frequency
is also indicated on the upper horizontal scale. The theoretical results at
each angle is computed such that a PML reflection coefficient -70 dB is
achieved at normal incidence.

radial absorber with the smallest radius. It can be noticed
that all the radial aborber models converge towards the
theoretically expected value of -70 dB as the frequency
of the incident mode increases. In particular, the rate of
convergence is quite fast in the case of radial absorber with
large radii. Furthermore, there can be another interpreta-
tion on the convergence of the results: As the radius of
curvature increases, the computed reflection coefficient of
the radial absorber converge towards the theoretical curve
of the uniaxial absorber (rc = oc)x

V. NUMERICAL EXPERIMENT: HORN ANTENNA

The performance of the radial absorber discussed in the
previous section is investigated for an antenna radiation
problem using radial absorbers with different radii as
shown in the Fig. 3. For the sake of clarity the finite
thickness of the radial absorber is not depicted in the
illustration. For all simulations the thickness of the radial
absorber is chosen as dabs = lAmin where Am.in corresponds
to wavelength of the maximum frequency of interest fmax.
This approximately corresponds to 15 layers of unstruc-
tured triangular cells. The goal of this study is to examine
the influence of rc on the domain truncation accuracy. The
experimental setup consists of a small 2D horn-antenna
with infinite extension along the z-axis. The length of
the flared section along the x-axis is 31.3 mm and the
aperture size is 44.30 mm. The horn-antenna is fed by
a waveguide with width 22.84 mm and operated in its
fundamental TEio mode. The source of excitation is a
sine-modulated Gaussian pulse with bandwidth streching
from 8-12.5 GHz. The near-field-to-far-field (NF-FF) Huy-

NF-FF
Contour
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r2 100mm
r3 130 mm

r ~r4 =160mm
r0\, 260mm

rR~~~Y
y

Fig. 3. Computational Domain consisting of 2D horn-antenna with
different rc. The NF-FF contour used to compute antenna radiation
pattern is shown.

gens contour used to compute the antenna radiation pattern
is also shown in the Fig. 3. Snapshots of the reflected
electric field from the radial domain truncation are shown
for different radius of curvature in Fig. 4. The reflected
field patterns are obtained by subtracting the corresponding
field patterns of the radially truncated model from those
of a large reference model where simulation is stopped
before the reflections reach the considered domain. The
illustrated snapshots are taken after the incident pulse left
the considered computational domain. As noticed from the
Fig. 4, there is a focusing effect in the reflected field pattern
which originates due to the concave geometry of the radial
truncation. However, this focusing effect decreases as the
radius of curvatures increases. Furthermore, there is a
visible decrease in the reflected field as the radius of
curvature increases.
The radiation pattern of the horn-antenna excited by

fundamental TE10 mode is computed. The numerical re-
sults were validated using measurement data for the main-
lobe. However, due to the limitations in the measurements
chambers the low-level back radiations of the horn-antenna
are not accurately resolved. Hence, the numerical results
from the larger model are used as reference solution. The
results of this analysis are shown in Fig. 5. The influence
of the radius of curvature is only noticable in the low-
level side-lobe, as expected because the reflections from
the radial absorber are well below -40 dB. The radial
absorber with the smallest radius rc = 80 mm exhibits
the highest deviation from the reference model. As the
radius increases the results converge as expected.

VI. CONCLUSION

From various experiments and results presented in the
previous section, the influence of the radius of curvature
of the absorber was investigated. It was observed that the
radius of curvature has a noticable impact on the accuracy
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Fig. 4. Reflections from radial absorber of different radii used to truncate
the domain consisting of radiating horn-antenna excited by first-order
TEIo mode. The free-space - absorber interface is depicted in the case
of rc = 80 mm and rc = 100 mm. In the other cases the free-space -

radial absorber interface are further away and therefore, not shown in the
two bottom plots. The area outside the dashed circles corresponds to the
radial PML and shows a large difference with respect to the reference
because of the absorption in the radial PML.

of the absorber. In certain cases, a focusing effect was
observed. This focusing effect is a trade-off for corner-
reflections from standard rectangular PML. It is should
stressed that, the results presented in this paper are only
a worst-case scenario and further investigations on the
performance of radial absorbers are subject of future re-
search. For most practical applications like antenna pattern
computation, the observed reflection errors do not affect
significantly the computed results and hence, it is possible
to place the radial absorber very close to the radiating
source. Consequently, the radial absorber can aid in reduc-
ing the total computational domain required maintaining
certain level of accuracy. Furthermore, the radial absorber
can be used at its full advantage for applications involving
very low-level coupling or scattering phenomena.

Fig. 5. Horn-antenna radiation pattern at 10 GHz using radial absorber of
different radii. The results shown nearly same results for the main-lobe
of the antenna. Differences are observable in the side-lobes which are
well below -40 dB. Convergence in the result is noticed asrc increases.
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