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Abstract. A modified Monte Carlo algorithm for the of the
impulse response on infrared wireless indoor channels is presented. As

impulse response in an ordinary-size room. Monte Carlo offers the pos-
sibility of validating the assumptions made for thege classic algorithms
the Lambertian nature of a| reflections) with Computational
complexity that is determined by the accuracy desired by the yser, We
have developed a mixed ray-tracing—deterministic algorithm that assures
that each ray contributes to the final channel response function as many
times as it rebounds with an obstacle. It increases dramatically the num.

ber of contributions and reduces, to the same extent, the time required
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for an accurate simulation. Extensive simulation results are presented
and are compared with those of other simulation methods. We demon-
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1 Introduction

Multipath dispersion is the most limiting effect on indoor
optical wireless transmission. If good coverage is needed,
diffuse transmission is the best choice.! This implies the
use of one or several high-power emitters placed on the
ceiling or walls. As the signal can take several paths before
reaching the receiver, intersymbol interference (IST) will
limit the maximum data rate. There are several applications
for infrared diffuse channels, such as in-house or local area
networking or instnimentation interconnection in severe
electromagnetic-noise environments, These communication
devices are usually based on ap infrared-emitting diode
{(IRED) with a wavelength around 800 nm. The radiation
diagram of the IRED is considered to be Lambertian. As
Teceiver we can use a pin or avalanche photodiode with an
additional tinted lens. This lens has three roles: reducing
the field of view (FOV) (limiting the effect of multipath
propagation), reducing the ambient noise produced by
lighting, and increasing the active area of the receiver. The
channel is mainly determined by the reflecting surfaces
(walls and obstacles). In Sec. 2, we describe in depth the
modeling for the emitter, the channel, and the receiver.
Several deterministic sinulation methods for the infra-
red (IR} indoor channel have been proposed.>> They are
based on a discretization of the reflecting surfaces into
cells. Each cell is supposed to have homogeneous reflecting
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properties. The computational complexity is a direct func-
tion of the desired resolution and can become prohibitive
when the time resolution is finer than ! as for a normal-
sized room. All of the calculations are based on the impuise
response of the room, i.e., the time evolution of the signal
received by the detector when an infinitely short light pulse
is launched by the emitter. Ounce the impulse response is
known, in view of the linearity of the optical system, any
waveform distortion due 1o multipath propagation can be
calculated. It is noticeable that the Impulse response of the
room, or its transfer function, depends on the positions and
the orientations of the emiter and the receiver, and not only
of the characteristics of the room. This implies that for the
perfect knowledge of the room effect on an optical trans-
mission, many simulations have to be made. For a normai-
sized room, the time needed for one simulation, using de-
terministic models, can vary between several hours and
days, so the capacity of these models for prediction is
strongly handicapped. Another statistical method has been
proposed,” but it only calcuiates 2 rough approximation to
the impulse response. The method proposed here takes only
a few minutes to calculate the room dispersion. There is
another problem with deterministic models, in thar they
only take into account diffuse reflections and cannot simu-
late specular reflection when light reaches a wall. For graz-
ing angles there is strong specular reflection with quite dif-
ferent behavior. Of course, if there are polished surfaces
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Table 1 Basic algorithm.

Begin

Generate a new ray (t=0, P=1 ). Calculate direct contribution (same for all the rays).

Loop while <t

Propagate ray until any obstacle ¢« ¢+ dic).

Reduce power using the reflection coeflicient {P—aP).
Calculate the contribution from that point to the receiver.

Generate ray from the new point,
End loop

Repeat steps 1 and 2 for a number of rays until variance (noise} is acceptable

End

such as windows or mirrors, the reflection is dominant over
scattering at any angle. Our model implements both diffuse
(Lambert) and mirror reflections, so it can simulate real
rooms more closely than the deterministic ones can.

2 Description

This is a ray-tracing method.’ Many rays are generated at
the emitter position, having a distribution probability equal
to the emission profile, or angular optical intensity function.
When a ray impinges on an obstacle (wall, ceiling, etc.), the
point where it reaches the obstacle is converted in a new
optical source; thus a new ray is generated, and the process
continues until the time of flight (counted from the genera-
tion on the emitter) reaches the maximum time to simulate
(rmax)-

After every reflection the power of the ray is reduced by
the reflection coefficient of the obstacle, so two variables
are associated with every ray: the time from its generation,
and the power it carries.

In a Monte Carlo simulation, there is a tiny probability
for the ray reaching the receiver before the maximum simu-
lation time.® When this happens, the power carried by the
ray is detected with the delay of the trip. But the probability
of this is very low, about 1077, so many millions of rays
have to be generated to get a reliable result. The chances
are very different if we use the fact that we know the con-
tribution of a scatterer surface to the receiver. In this way,
when the ray impinges on an obstacle, not only is a new ray
generated, but the reflecied power contribution to the re-
ceiver is calculated. Thus, we have changed from using
only one of many of million of rays,’ to using every ray
generated several times (as many as there are reflections).
Of course, before generating a new ray, the direct emitter-
to-receiver contribution is added up.

The algorithm is presented in Table 1. Next we will
describe the equations used at every step.

2.1 Emijtter

The emitter is defined by its position and orentation
(re.B,) and its intensity profile (@), where cylindrical
symmetry around the normal to the emitting surface has
been assumed. Every launched ray will have a normalized
unit power. After the simulation, this allows the renormal-
ization of the power emitted by all of the rays. As the
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system is linear and time-invariant, there is no problem in
doing so. If several emitters with different powers are to be
simulated, superposition can be applied.

The main problem with the emitter is generating rays
following a given intensity profile. The most used approxi-
mation is the extended Lambertian profile

I=1ycos" 6, (1)

where the exponent defines the width of the beam and Iyis
a normalization constant. For # =1, the Lambertian scatter-
ing profile is obtained. The most significant characteristic
of the extended Lambertian is that the maximum intensity
direction is always normal to the emitter surface. Several
device cases or arrays do not fulfill this condition, and for
them this model is useless. So both cases, extended Lam-
bertian and general, have been studied:

1. Extended Lambertian: This case includes Lambertian
scattering (n=1). The axis definition is given in Fig.
1, where the emitter surface is the X¥ plane. As de-
fined in Eq. (1), the main random variable is & We
use the cumulative probability, i.e., the probability of
aray having a # value lower or equal to ©, given by

™ a
P(es®)=J: d(pfo 1(8) sin dO=1 —cos" " (@).
(2)

3>

Fig. 1 Coordinate system.
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We use the components r and z, which are

. (3)
r=sm f, z=cos @
Since z and @ are decreasing monotonic functions of
one another, we have

P(zBZ) =pP( ﬁ@),

PzsZ)=1—P(z=22)=2"*\. @)

To get a random unit vector of which the Z compo-
nent has a cumulative probability given by Eq. (4),
two random numbers are generated having a uniform
probability in the range [0,1). Let u and v be these
numbers; then the sequence of calculations is

= n+l

= i, r=yl—-z2

x=rcos(2mv), y=rsin(2mv),

()

where x, v, and 7 are the components of a unit vector
- telative to a coordinate system normal to emitter sur-
face.

2. General profile: Let be 1(8) a tabulated or analytical
function. As before,

o o
1

P(ZSZ)=1*27TI sz)’(&?,‘fsin 8d0=K-F(Z). ]

Equations (1) and (6) produce a function F(Z),
which should be normalized using the constant X to
get F(1)=1, If the inverse of F (Z) is applied to a
random number, generated with uniform probability
density in [0,1), the required z component is
achieved. The other components, x and y, are gener-
ated from z using the last two eguations in (5).

In both cases the unit vector is based on a coordinate sys-
tern normal to the emitter surface. It needs to be trans-
formed into room coordinates. This is achieved by using
the matrix M, given in

n,, —sing cos ¢ 0
i,=| n,, =| —cos¢cos —singpcos® sin
ezl om cos ¢ sin @ singpsin®  cos @
x x
x|y =M,| ¥ (7)
emitter z emitter

We have arbitrarily chosen the X axis of the emitter to be
on the XY plane of the room.

2.2 Recejver

"The receiver (photodiode plus receiving optics) is defined
by its position and orientation (r,,A,), detecting surface
(A,), and FOV, which is the maximum angular deviation
from the normal for a ray to be detected.

As stated before, any time a ray impinges on an ob-
stacle, the contribution from that point to the receiver is
calculated. If the obstacle is placed at r and its surface
norrnal is i, the contribution is given by

(@) (b}

Fig. 2 (a) Scattering and (b) mimor reflection.

P,= fjfcos doos i Poived, WSFOV, ®
0 ¥>FOV,

where

d=r.-r. d=|d

¢=angle(n,d), ¢=angle(n,,d),

where d is the distance described by the ray. The factor
cos ¢ is valid for Lambertian diffuse reflections; for the
direct emitter contribution it has to be changed according to
the emitter intensity profile.

The power contribution 2, is delayed by d/c, a quantity
to be added to the time accumulated for that ray.

2.3 Obstacles

When a ray impinges on an obstacle, two kinds of reflec-
tion are possible: mirror (MR) and diffuse (DR). (See Fig.
2.} In a general case, both of them take place simulta-
neously. In the model, only one new T2y is generated, and
the choice between MR or DR is based on a probability that
depends on the surface characteristics and incidence angle.
For example, a glass window will have an MR probability
equal to one (diffuse reflection neglected), while a white
arca on the ceiling will scatter the light except for grazing
incidence angles {probability of MR almost 0 for incidence
angles lower than 50 deg).

For every different area of each obstacle surface an MR
threshold function is defined. This function depends, in
general, on the incidence angle of the ray. When a ray
arrives at the obstacle, a random number in the range [0,1)
is generated; after comparing this number with the MR
threshold, DR or MR is used. The output direction is cal-
culated as follows

* Mirror reflection (MR): The incident and reflected
rays are in the same plane and form the same angle
with the normal to the surface. If fi;,fi,, and A, are the
unit vectors defining, respectively, the incident, re-
flected, and surface normal directions, that law can be
expressed as

B, = —2(f;-f,)fi . {9)

* Diffuse reflection (DR): The output direction is calcu-
lated using Eq. (5), with n=1.

Optical Engineering, Vol. 39 No. 10, October 2000 2777




Lopez-Hernandez, Pérez-Jiménez, and Santamaria; Ray-tracing algorithms . . .

Table 2 Data used in simulations.

Value
Parameter A B
Room:
Length x (m) 5 7.5
Width y {m) 5 55
Height z {m}) 3 3.5
SR coefficients:
P 0.8 0.58
P2 0.8 0.56
P 0.8 0.3
PR 0.8 0.12
Ps 0.8 0.69
pe 0.3 0.09
Emitter:
Beam width 1 1
Pasition r, (m)
X 2.5 50
v 25 1.0
z 3 3.3
Orientation n, (deg)
' 0 10
4 -390 . ~-70
Receiver:
Area (cm?) 1 1
Position r, {m)
X 0.5 2.0
y 1.0 4.0
z 0 0.8
Orientation n, {deg) '
I 0 0
f 90 L H
FOV (deg) 85 70

Two reflection coefficients are defined, one for DR and one
for MR. The power of the input ray is multiplied by the
appropriate coefficient to get the output power. Usually the
MR coefficient is much larger than the DR.

2.4 Propagation Between Reflections

Let ry be the starting position of a ray {either the emitter
position or where the last collision happened), and fi the
direction generated by Eq. (5) or (9. The vector equation
describing the ray flight is®

r(A)=ry+\f, _ (10
where X is the distance the ray has traveled. For several
obstacles, Eq. (10) needs to be solved together with the

equations describing them. In general, a set of A values are
obtained, one for every obstacle. It is evident that the small
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Fig. 3 Simulation results for configurations (a) and (b) (data in
Table 2). Dashed curves: deterministic approach; solid curves: the
Monte Caro simulation.

positive value of \ is the first obstacle reached by the ray.
The quantity A/c has to be added to the accumulated travel
time of the ray,

Using Eq. (10), the new starting point is calculated, and
the obstacle characteristics are used to generate, if needed,
a new ray.

3 Resuits

The algorithm described in Sec. 2 was implemented in a
Pentium I PC, using Microsoft Visual Basic. The choice of
an interpreted language, instead of Fortran or C. is due to
the ease of changing data or code during the execution of
the program. Usually this is ar the expense of longer execu-
tion times. Nevertheless, the algorithm proposed is fast
enough to get one simulation in several minutes, which is
twenty times faster than previous methods (implemented in
Fortran or C).

Two room configurations are presented as examples:
configurations A and B. The data used in the examples are
in Table 2. Basically the scenarios are empty rooms where
maltiple reflections occur on the walls, ceiling, and floor,
Only DR is considered, so as to be able to compare the
simulations with previous algorithms unable to simulate
MR. These examples are the same as those published using
other methods,”* so they can be compared with them. Fig-
ure 3 presents the impulse responses obtained. It is notice-
able that the tails of the impulses are larger than that ob-
tained in Ref. 2. This is because in that algorithm the
number of reflections was limited to 3 or 4, while our
method is able to calculate as many reflections as needed.
In fact, we originally reserved space for 20 reflections, but
once a ray reached this limit the program could not cope
with it, so to test for this, we keep a record of the contri-
butions not only by the delay, but also by the reflection
number,

It is possible to calculate the contribution of each re-
bound to the total impulse response; the contributions of
the first steps are presented in Fig. 4. The vertical units are
arbitrary, but the scale is the same for all of them, so their
relative importance can be seen from the values in the
graphs.

It is also noticeable that for the same number of rays, the
noise increases with the number of rebounds. Fortunately,
the influence of the later rebounds on the final result is
lower because of their low power contribution. Further re-
finement can be obtained by numerical filtering methods,
such as moving averaging. In Fig. 5 is presented the evo-
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Fig. 4 Relative contribution according to the number of rebounds.

tution of the impulse response for different number of rays.
It can be seen the variance reduction as the number of rays
increases. The vertical axis units are arbitrary, the x axis is
in nanoseconds, and the graph is from configuration A
without line-of-sight (LOS) contribution.

Once the impulse response is found, the room {with the
emitter and receiver) is completely characterized in terms
of bandwidth, and the effect produced by the room on any
signal waveform can be obtained, because the room acts as
a linear and time-invariant low-pass filter. This assumption
can be made because the transmitted baud rate is much
faster than the variations in the room configuration.

4 Conclusions

A very fast method for simulating multipath response has
been presented. Its implementation using compiled lan-
guages will improve its performance and allow compara-
tive studies on the effects of surface characteristics, optimi-

1 0.8
or Number of rays=500 oo Number of rays=5000
12 . a7
=
=
o 06
s
E o4
<
a.2
TTTET R 2 L C
Time {na} Time {nz}
3.0 1.2
os Number of rays=50600 10 Number of rays=500000
@
=
= 0§
-l
[l
= o
=
-~
0.2
T RETET BT &

Tirma (na) Time (ng)

Fig. 5 Varlance reduction with increasing number of rays.

zation of emitter and recejver orentations, etc. Another
important project is the study of the effect of muitipath
dispersion on intersymbol interference (ISI) and the penal-
ization of BER in different modulation schemes: pulse po-
sition modulation, direct-sequence spread-spectrum, and
frequency-hopping spread-spectrum.

The use of ray-tracing techniques to solve the ray-
obstacle equation system will further improve the calcula-
tion time in complex environments with furniture, curved
surfaces, people, textures, etc. Also, the system can take
advantage of the capabilities of new, cheap accelerating
3-D graphics cards, which include specialized hardware to
solve ray-tracing and the illumination equations. Knowing
the contribution to the received signal from any scatterer
point has allowed us to improve the speed of the simulation
dramatically.
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