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Abstract. A restriction in using electromagnetic ray tracing to exact field computation methods are the nonexistence of
for field prediction is given by the far-field condition: the re- memory and simulation time increase with increasing fre-
sults are only valid in the far-field region of the radiator. In quency and an easy parallelizatidbaialcante et 312006
this paper, it will be shown how ray tracing for accurate field Epstein and Rhode2010.
computation can also be applied in the near-field regions of Two approaches exist: in deterministic ray tracing, all rays
transmitters. The reduction of required large distances bebetween transmitter and receiver are exactly computed by
tween transmitter and receiver is achieved by subdividingimage theory. For this, the necessary preprocessing can be
the transmitter in smaller subtransmitters. Even for com-quite time-consuming. In ray launching (also called shoot-
plex transmitters, e.g. antennas with objects in close proxing and bouncing rays (SBRLig et al, 1989), rays are
imity such as metallic carrier platforms, subtransmitter mod-sent out in arbitrary directions where no preprocessing is re-
els can be very efficiently generated by using the Multilevel quired. In order to avoid endless running rays which never
Fast Multipole Method (MLFMM). This well-known inte- reach the receiver in ray launching, rays will be neglected af-
gral equation solving technique makes very large problems irter a certain number of interactions or attenuation. Due to the
computational electromagnetics manageable. The subtrangact that a ray will normally not hit a receive point exactly in
mitters can be directly generated based on this algorithm. Aay launching, a tolerance is introduced by using a receiver
simulation example will show the improved modeling accu- sphere. Both methods will give the same results if enough
racy and options for simplification and refinement will also rays in the ray launching method are used to cover all rele-
be discussed. vant paths. Many concepts were introduced to improve the
accuracy of ray-tracerdMohtashami and Shisheg&2008
Mohtashami et a].2010 and to speed up the computation
1 Introduction (Mohtashami and Shisheg@009 Park et al.2017).

The simplest transmitter model is a localized source with
Electromagnetic ray tracing is a widespread technique foithe corresponding far-field radiation pattern. This is an ap-
field prediction in large scenarios. It is based on Geomet-propriate model when the distance between transmitter and
rical Optics (GO), where the assumption is that electromag-+eceiver is large enough, i.e. the far-field condition has to be
netic energy propagates along straight lines. The underlyindulfilled. A reduction of this distance increases the error in
physical properties of these rays are energy conservation anfgeld computation which can lead to very inaccurate simu-
Fermat’s principle. With the extensions Geometrical The-lation results. For areas of application such as indoor radio
ory of Diffraction (GTD) and Uniform Theory of Diffraction =~ channel measurements or car-to-car communication where
(UTD) the diffraction behavior of rays can be explain8a- distances between transmitter and ray-intersecting objects
anis 1989. Ray tracing finds its use for electrically large are small or the radiators are large, respectively, this can
problems where exact solvers, e.g. integral equation solvergeteriorate simulation performance. In order to overcome
based on the Method of Moments (MoM) or finite element this problem, the transmitter is partitioned in subtransmitters
solvers, would be far too inefficient due to the complexity. A which are also modeled by their far-field radiation patterns.
typical example is the use of ray tracing in the design phase In the next section, the modeling procedure is presented.
of mobile networks. Besides the feasibility of field prediction A simulation example verifies the better field computation
for such scenarios, further benefits of ray tracing comparedesults and an option for model improvement is also shown.
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dimensions, the far-field starts at a smaller distance. There-
fore, a subdivision of the radiating object into smaller sub-
transmitters is helpful. The far-field assumption for the sub-
> transmitter fields is valid at a smaller distance compared to
the complete transmitter, so that ray tracing can be applied.
This approach enables a ray based far-field representation of
the transmitter’'s near-field where the validness of this mod-
eling approach for decreasing distances to the transmitter can
be guaranteed by decreasing also the subtransmitter dimen-
sions, i.e. using a finer model with more subtransmitters.
The determination of current distributions on electric con-
Fig. 1. Astigmatic ray tube. ducting objects like antennas, is typically the first step in
solving radiation problems. Fast integral equation solvers
like the efficient MLFMM algorithm are used by default for
this. Due to the fact that MLFMMGhew et al. 200)) is
In general, the electric fieldE dependent on an elec- based on a h_ie_rarchif:al subdivision of the object into levels
tric source current density can be written according to @nd groups, it is an ideal method to generate the subtrans-
(Balanis 1989 mitter mode]s. The sub_transmltters are repres_ented by the
groups (cubic boxes) which hold a part of the object. The en-

1 —jklr—r'| : Aot ; ; ] i :
E(r) = —ij/// (l . szV> e J@d. (1) tire object is enclosed in a hierarchical oct-tree of boxes with
|4

2 Procedure

A |r —r'| different sizes on the different levels. The high efficiency of
MLFMM relies on describing the interaction between well-

wherek = w /g1t is the wave number and = \/i/z is the separated surface currents by a hierarchical plane wave rep-
impedance of the considered homogeneous medium respeggsentation of the radiated and received fields instead of com-

tively. Typically, free space is considered so that 377¢.  Puting the interaction of each current with each other current,
With far-field assumptions, i.e. for=|r|> || =/, the @S done in the classical MoM (Method of Moments). For
field can be written as each group, such a plane wave representation is computed

ik and the field at a receiver group is obtained by appropriate
EFF(ry=—jkz (3@ +¢;¢;) .///ejkf-r’.](r/)dv/7 (2)  translation operatorihew et al,2003).

4 r 0 In order to compute the electromagnetic near- and far-

fields from a known current distribution, the same efficient

where7 is the unit vector in direction of. Such far-fields  hierarchical scheme can be employ@adulis and Eibert
describe spherical waves, which can be seen by the terp005. For all lowest level MLFMM groups (smallest boxes),
e /¥ 4z r. Ray tracing can be accomplished by taking thesethe computed currents are used to generate a plane wave
fields as sources, where they are a special form of the morgepresentation of the corresponding radiated fieEibefrt
general astigmatic ray representation accordingdgnis  2005. A new subtransmitter of the next higher level is ob-

1989 tained by combining eight subtransmitter boxes on the level

‘ o102 below. On the higher level, the new subtransmitter has the

ER(s)=e/k [ — 222 Ey(0). (3)  double box side length and its source point is in the middle
(p1+5)(p2+35)

of the eight boxes. The field is computed by an aggregation
This equation is valid along a straight ray path parameterizedind interpolation operation of the eight subtransmitter fields.
by s. p1,p02 are the radii of curvature of the astigmatic ray The simple single source point transmitter model is obtained
tube visualized by Figl. by repeating this procedure until only the box on the highest

Equation () does not have ray field character, so that raylevel remains.

tracing cannot be applied here. It can be shown that the All subtransmitters of one level, representing in sum the
far-field of a source distribution contains also the completeentire object, are chosen for a ray tracing simulation. The
near-field information. However, it is not possible to ac- field samples from each transmitter serve as start values
cess this near-field information by a conventional ray tracingEg in Eq. (3). Different subtransmitter models can be eas-
approach. Ray tracing compatible far-field representationsly generated by choosing the lowest level box size and a
which describe the near-field of a radiator are necessary taertain level.
solve this problem. Important is the fact that the transition
from near- to far-field region of a transmitter depends on
its dimension, where the typical condition for the far-field
is r > 2D?/x (with distancer, max. extensiorD of radia-
tor and wavelength) (Balanis 2005. With smaller radiator
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3 Simulation example

&y

Consider a./2-dipole, oriented along the-axis in a Carte-

sian coordinate system. The dipole is placed 5cm over the

center of a perfectly conducting, quadratic plate of2lim

the xy-plane, as shown in Figa. One could imagine a ve-

hicular antenna modeled by such a configuration, where the

plate represents a part of the vehicle which significantly in-

fluences the radiation. The dipole is fed in the middle by a

1 GHz voltage source. The electric field shall be computed at T5cm

different distanced from the antenna. For a meaningful er-

ror investigation, receiver planes of Zmproviding N =441

probe points each, are used. The planes are placed along t PEC plate

line y =x andz = const= 1 m, illustrated by Fig2b. ‘ 1m !
First, the currents on antenna and plate are computed by an

MLFMM integral equation solver. Then, the complex elec-

tric field is exactly computed for the receiver planes at dis-

tances/ ={10m, 30m, 50 m, 100 m, 150 m, 20Q nThe so- X

lution is compared to a field computation in the same planes

by ray tracing with three different discretizations of the ra- .

diator: one, four and nine subtransmitters are used. Fig. (a) Dlpole over PEC plate,

shows the average relative error, expressed as

dipole

Im

N
L (4)

for the different values of and the three numbers of trans- y
mitters. Egxr and Ej are thei-th complex field value of the
ray tracing and the exact (MLFMM) solution, respectively.
The figure shows that a distinctive lower error in field
computation near the transmitter is achievable by four and
nine subtransmitters compared to the traditional model. For
this improvement in accuracy, an increase in simulation time ’
must be accepted. However, the following remarks show that /
this increase does not emerge as critical problem. When the 4
same number of rays for all transmitters and ray launching
are used, the simulation time will only linearly increase with
the number of subtransmitters. Due to the fact that the scope
of this method is the near-field region of the radiator, the
distances the rays have to travel are naturally short, which (b) Recelver planes,
makes the use of more transmitters less problematic. Fur-
thermore, not many subtransmitters are necessary. With onl¥. 5 simulati
a small number, the accuracy can be considerably increased. 9 < ="M ation test.

[
|

of using the center of a subtransmitter box, the source point
should be positioned at the location of the main current con-

An easy way to speed up ray tracing simulations is to dis-tribution. This position is denoted as current gravity center
regard subtransmitters whose radiated electromagnetic pownd computed by

4 Model improvement

ers are much smaller than those of others. Large radiators Z{\i LWiY; I;
may contain subtransmitters with weak currents and hencé = ———  w;= max (1)’ 5)
also fields so that their contribution to the total field is low. 2 Wi !

This could be extended to neglect subtransmitters whichwhereN is the number of current basis functions in the sub-
contribute little in a certain direction of interest. transmitterp; is the edge midpoint of the current basis func-

Important for further improvement of ray tracing accuracy tioni and the weights; are computed as current magnitude
is the choice of the subtransmitter radiation centers. Instead; over maximum current of the subtransmitter. Prior to a
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