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1.   Introduction

In mobile communications systems, it is extremely 
important to predict radio propagation characteris-
tics, especially the propagation loss, when designing 
service areas. The Okumura-Hata model is usually 
used to estimate the propagation loss when the anten-
na of the base-station is mounted higher than the sur-
rounding buildings [1]. This model is very easy to use 
because it is expressed as a propagation loss predic-
tion formula that only uses four parameters: the two-
dimensional distance in the horizontal plane between 
the base station and a mobile station, the frequency, 
and the heights of the base- and mobile-station anten-
nas. The values of these parameters are easily 
obtained. However, the Okumura-Hata model was 
derived experimentally by statistically analyzing 
measurement data, so it can be applied only within 
the following limits: transmitter-to-receiver distance 
from 1 to 20 km, frequency from 150 to 1500 MHz, 
base-station antenna height from 30 to 200 m, and 
mobile-station height from 1 to 10 m. In recent years, 

with progress in mobile communication systems, 
base-station antennas have frequently been mounted 
below the surrounding rooftops and a cell size small-
er than 1 km has been used in urban areas. In these 
situations, the Okumura-Hata model cannot be 
applied and a model that can predict more site-spe-
cific characteristics is desired. Furthermore, the pre-
diction of other characteristics such as the direction 
of arrival, direction of departure, and time of arrival 
has recently become important in order to estimate 
the performance of spatial-temporal signal process-
ing techniques in practical communication environ-
ments [2], [3].

The ray-tracing method has been used effectively 
for rendering in the field of 3D computer graphics 
[4]. In the radio propagation prediction field, many 
years of study have gone into creating practical meth-
ods based on ray-tracing for site-specific prediction 
[1]. An overview of the ray-tracing method for radio 
propagation prediction is shown in Fig. 1. Rays are 
geometrically traced from the transmitter to the 
receiver while taking into consideration the interac-
tion with structures (reflection, diffraction, or trans-
mission). Propagation characteristics are predicted 
based on information about the rays such as the elec-
tric field, path length, arrival angle, and departure 
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angle. Here, there is a trade-off relationship between 
the prediction accuracy and computation time. To 
obtain a high level of prediction accuracy, it is neces-
sary to trace the higher-order rays that undergo many 
interactions, while taking into account as many struc-
tures as possible in as wide an area as possible. This 
increases the number of ray-tracing processes and 
computation time. Acceleration of the ray-tracing 
process has become a major issue.

In this article, we introduce two ray-tracing accel-
eration techniques: the GA_RT method and a chain 
model [5]. The GA_RT method effectively applies a 
genetic algorithm [6] to the ray-tracing process and 
the chain model performs the GA_RT method effi-
ciently when there are many calculation points 
arranged on a surface, i.e., area prediction. The per-
formance of these acceleration techniques was evalu-
ated by computer simulation.

2.   Ray-tracing acceleration techniques

2.1   Approach to acceleration
In general, there are three approaches for accelerat-

ing the ray-tracing process: 1) optimizing the ray-
tracing process, 2) improving the efficiency of the 
ray-tracing algorithm, and 3) distributing the ray-
tracing computational load. In the first approach, the 
types of rays are limited based on an empirical/theo-
retical propagation path model for reducing the num-
ber of traced rays. This approach has the potential to 
reduce the number of computations dramatically 

even though the prediction accuracy is degraded. The 
vertical plane launching (VPL) method reported in 
[7], [8] and our sighted-objects-based ray-tracing 
method (SORT method) [9] are examples of this 
approach. In the second approach, the efficiency level 
of the ray-tracing algorithm, such as the imaging 
method and ray-launching method, is improved. 
Basically, in this approach, the computations are not 
approximated, so the prediction accuracy is not 
degraded. However, pre-processing before ray-trac-
ing is generally required. The imaging method using 
a visibility graph [10] and the ray-launching method 
using a triangular grid [11] are examples of this 
approach. In the final approach, ray-tracing calcula-
tions are distributed to several other machines con-
nected over a network. In this approach, there is no 
degradation in the prediction accuracy. Moreover, as 
long as it is used in a range where the network trans-
fer rate does not become a bottleneck, the total pro-
cessing speed will be proportional to the number of 
machines or central processing units used. If we can 
provide a suitable computing environment, this 
approach will be the most reliable.

The most effective approach with a low cost is the 
first approach if a suitable propagation path model 
with a high level of prediction accuracy is available. 
However, it is generally very difficult to perform 
propagation path modeling that can be applied to any 
communication environment. Here, the VPL and 
SORT methods mentioned above have been proposed 
for an outdoor macrocell environment. If the problem 
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Fig. 1.   Prediction of radio propagation characteristics using ray-tracing method.



Letters

� NTT Technical Review

is considered from another viewpoint, then a very 
effective acceleration method can be found for the 
ray-tracing processing by enabling the propagation 
path model to self-assemble adaptively for the sur-
rounding communication environment. We focused 
on the genetic algorithm as a way to obtain the propa-
gation path model by self-assembly.

2.2   Our technique
A. Basic model
Our GA_RT method is based on the imaging meth-

od as the ray-tracing algorithm, even though it is pos-
sible to apply the genetic algorithm to the ray-launch-
ing method. The procedure for ray-tracing in the 
imaging method is described below.

1)	� Establish ray-paths while considering a combi-
nation of components (planes and wedges) 
extracted from structures in the computation 
area, as shown in Fig. 2.

2)	 Search for interaction points for each path.
3)	� Confirm whether or not a ray can be traced for 

each path.
When the number of components is M and the num-

ber of interactions for the target ray is N, the number 
of combinations or ray-paths is expressed as Nall (= 

MN). Therefore, the computation time increases non-
linearly with the number of structures for N>1. On the 
other hand, many paths are rejected in general in Step 
3 because interaction points cannot be defined based 
on the components. However, such eventually reject-
ed paths cannot be known in advance. This means 
that the level of computation efficiency of the imag-
ing method is low. In our GA_RT method, the num-
ber of ray-paths is limited appropriately by using the 
genetic algorithm in advance, so the efficiency level 
is higher. 

In a genetic algorithm, a chromosome is defined as 
a combination of multiple genes, whose correspond-
ing characteristics are different from each other, and 
an individual is expressed by a chromosome. On the 
other hand, in the imaging method, ray-paths are 
expressed as combinations of components. This sug-
gests that a genetic algorithm has a high affinity to the 
imaging method when each ray-path is handled as an 
individual. A population model defined using the 
GA_RT method is shown in Fig. 3. A component, a 
combination of components, and a ray-path are con-
sidered as a gene, chromosome, and individual, 
respectively. Note that the maximum value of the 
population size, Nc, is Nall. In addition, the fitness of 
each individual is defined as the received power of a 
ray traced along the corresponding path. The process-
ing procedure in the GA_RT method is described 
below.

1)	� Establish the initial path-group by randomly 
extracting Nc from the theoretically possible 
ray-paths Nall.

1')	� Re-establish the path-group by performing 
selection, crossover, and mutation, as shown in 
Fig. 4.

2)	� Trace the ray and calculate the received power 
as the fitness for each ray-path.

3)	 Evaluate the fitness for each ray-path.
4)	� Repeat Steps 1' through 4 until the finish condi-
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Fig. 2.   Ray-paths set up from combination of planes and wedges for imaging method.
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tion is satisfied.
Here, in Steps 1 and 1', the path-group must be 

established (or re-established) using the following 
rules. 

•	� A ray-path that repeats an interaction continu-
ously in the same component is not considered.

•	� Combinations of ray-paths comprising a path-
group are unique.

In this article, the calculation rate r is defined as an 
indicator to estimate the finish condition. It is given 
by 

r = 1
Nall

 Σ
i

N (i)
cal, � (1)

where N (i)
cal is the number of ray-paths that appear in 

the ith generation (or iteration process), but the paths 
that have already appeared in previous generations 
are not counted. Ray-tracing is finished when the 
value of r exceeds threshold value rth (0 ≤ rth ≤1), 
which is determined before processing. This means 
that ray-tracing processing in the case of rth = 1 is 
equal to the conventional imaging method, and the 
computation efficiency is evaluated rth times in the 
case of rth <1 in this article even though the amount 
of time for the re-establishing process that is per-
formed based on the genetic algorithm must be con-

sidered, strictly speaking.
B. Chain model
Our chain model is for performing the GA_RT 

method efficiently when there are many calculation 
points arranged on a surface, i.e., area prediction. The 
performance of the genetic algorithm depends on the 
initial population. When the initial population is suit-
able, the optimal results can be obtained in a short 
time. However, it is generally difficult to know such a 
population in advance. 

Now, let us consider the case of performing ray-
tracing with the conventional imaging method for 
two calculation points A and B. The finally obtained 
ray-paths for A and B are different from each other 
when the location of A is far from that for B. How-
ever, as the locations approach each other, the differ-
ence becomes smaller. This means that when the 
calculation for A is finished, the finally obtained ray-
paths for A are suitable as the initial path-group for B. 
Our model is named for this chain of events, which is 
shown in Fig. 5.

In the chain model, the calculation order is first 
established so that the distance Dr between calcula-
tion points is as short as possible. This process is 
called course setting. Next, the following two kinds 
of calculation points are defined. Here, Rx means a 
receiver.

•	� Initial point Rx0: The initial path-group is set up 
randomly.

•	� Normal point Rx: The initial path-group is set up 
by referring to that of the previous point.

Here, DR (≥ Dr), as shown in Fig. 5, is the distance 
between the initial points. As special cases, all calcu-
lation points become initial points for DR = Dr and 
become normal points for DR = ∞, except for the start 
point. Terms rth

(0) and rth are threshold values for the 
calculation rate, which is established at Rx0 and Rx, 
respectively. The processing flow of the GA_RT 
method using the chain model is shown in Fig. 6.

3.   Performance evaluation

3.1   Numerical simulation
We performed a numerical simulation to evaluate 

the performance of the GA_RT method. The calcula-
tion model is shown in Fig. 7. This is a two-dimen-
sional model in the horizontal plane, in which walls 
having two vertical edges are randomly distributed in 
a 2 km × 2 km area. In this model, the location of the 
transmitter is (0, −500) and three types of calculation 
points are defined.

•	 P1: point located at (0, 500)
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Fig. 4.   Updating of genetic algorithm generations.
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•	 P2: random point located Dr from P1.
•	 P3: points on a meandering course.

Here, on the meandering course, the position of 
calculation point P3 is expressed as

Reference
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Rx0 Rx Rx
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......
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Fig. 5.   Chain model.
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−1000 + Dr . j    if k is even
xi = 

  1000 − Dr . j    otherwise
yi = −1000 + Dr . k,

					�      (2a)

where

j = i mod (2000 / Dr + 1)
k = [i / (2000 / Dr + 1)]. �(2b)

In Eq. (2b), [x] is a Gauss symbol, where the value 

is the maximum integer that does not exceed x. The 
calculation conditions are given in Table 1.

In the next section, the GA_RT method is evaluated 
through comparison with the conventional imaging 
method. The computational efficiency and accuracy 
were evaluated using the above mentioned calcula-
tion rate and calculation error of the received power, 
respectively. Here, the calculation error is defined as 
the ratio of the received power using the GA_RT 
method to that using the imaging method.
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Fig. 7.   Calculation model.
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Number of structures: M0’

Total no. of planes and wedges: M

Width, thickness

Material quality Concrete (ε r = 6.76, σ = 0.0023)

Structure
30,0 m

10 to 300,
M (= 3M0) = 30 to 900

0.01Mutation probability: Pm

Single-point crossoverCrossover

Elitist strategySelection

Min (2MN, 100)Path-group size: Nc

Genetic algorithm

2 GHz Frequency

Ray-tracing
2Number of reflections and

diffractions: N

∞, 10 dBMax. number of transmissions,
transmission loss

Values

Table 1.   Calculation conditions.
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3.2   Simulation results
First, the basic performance of the GA_RT method 

is shown. The calculated point was P1 in Fig. 7. In this 
evaluation, the chain model was not applied. The 
relationship between the threshold value of the calcu-
lation rate rth and the calculation error when the 
number of structures M0 was 50 is shown in Fig. 8. 
Note that the calculation error was averaged over 100 
trials, in which the position and direction of each wall 
were changed. In Fig. 8, the calculated results 
obtained using a random method are also shown for 
reference. In the random method, the ray-paths, 
which in practice are traced, are extracted randomly 
from among the theoretically possible ray-paths. The 
number of paths was rth × Nall. The results in Fig. 8 
indicate that the GA_RT method is improved by the 
application of a genetic algorithm because the abso-
lute calculation error in the GA_RT method is always 
smaller than that in the random method. Furthermore, 
it is apparent that the number of calculations can be 
reduced to approximately 20% if the allowable calcu-
lation error is within 4 dB.

Next, the effect of the chain model is described. The 
relationship between the distance normalized by the 
average interval of structure position h and the calcu-
lation error is shown in Fig. 9 with M0 as a parameter. 
Here, the calculated points are P1 (as a normal point) 
and P2 (as an initial point) shown in Fig. 7, with 
(rth

(0), rth) = (1, 0). Normalized distance h is defined 

by

h = Dr
√−A−/−M−0

− , � (3)

where A is an area containing a distribution of walls 
with a size of 4 km2 (= 2 km × 2 km). In Fig. 9, the 
absolute calculation error becomes smaller as the 
distance between P1 and P2 becomes shorter, as men-
tioned in Section 2.2. Thus, our chain model is effec-
tive when distance Dr is set to a comparatively short 
value.

At the end of this section, we present results for 
area prediction. The calculated points were set on the 
meandering course shown in Fig. 8 and distance Dr 
was set to 10 m. Thus, the number of calculation 
points was 40,401 from Eq. 2, with the start point 
being (−1000, −1000) and the end point being (1000, 
1000). Furthermore, all points except for the start 
point were normal points because DR = ∞.

The calculation error characteristics along the 
course are shown in Fig. 10 with the threshold value 
of the normal point calculation rate rth as a parameter. 
At the start point, the calculation rate was intention-
ally set to a low value, rth

(0) = 0.01, so the calculation 
accuracy was poor. Note that the calculation accuracy 
improved step-by-step along the course and was 
maintained after sufficient improvement had been 
achieved, even when the calculation rate rth was a 
low value such as 0.03. The performance, such as the 
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amount of improvement in each step, depended on 
calculation rate rth.

The results in Figs. 9 and 10 indicate that it should 

be possible to minimize the computation time if the 
calculation rate rth

(0) is set to a value sufficient to give 
a high calculation accuracy level at the start/initial 
point. The calculated received power distributions of 
the conventional imaging method (which is defined 
as the true result in this article), the GA_RT method 
without the chain model (rth = 0.2), and the GA_RT 
method with the chain model (rth

(0) = 0.5, rth = 0.05) 
are shown in Figs. 11(a), (b), and (c), respectively. 
These results clearly show that the GA_RT method 
with the chain model is very effective for area predic-
tion. The cumulative probability of the calculation 
error calculated from the results in Fig. 11 is shown 
in Fig. 12. The computation time was minimized to 
approximately 6% with a cumulative 50% value of an 
absolute error of less than 1 dB (mean value: approx-
imately 1 dB).

4.   Conclusion

In this article we presented our GA_RT method 
with a chain model. The GA_RT method effectively 
applies a genetic algorithm to ray-tracing processing 
based on the imaging method, and the chain model 
supports the GA_RT method efficiently when there 
are many calculation points arranged on a surface, 
i.e., area prediction. The effectiveness of the method 
was simulated numerically, and the results showed 
that a reduction in the computation time by a factor of 
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approximately 17 times can achieved if an error rate 
of approximately 1 dB is acceptable. Note that this 
was evaluated based on a comparison with the con-
ventional imaging method.

The GA_RT method can also be used in combina-
tion with other optimization methods. We have 
already completed an implementation of a previously 
developed practical propagation prediction system 
called the Urban Macro Cell Area Prediction System 
(UMAP) [9]. The next task is to perform a parameter 
study to make the GA_RT method work effectively 
with UMAP and verify the prediction results of the 
UMAP-GA_RT combination through comparison 
with measured results.
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