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lterative Site-Based Modeling for
Wireless Infrared Channels

Jeffrey B. CarrutherdMember, IEEEand Prasanna Kannan

Abstract—We describe an iterative site-based method for es- the propagation of light to the transmitter’s room. Furthermore,
timating the impulse response of wireless infrared channels. The for most surfaces, the reflected light wave is diffusely reflected
method can efficiently account for multiple reflections of any order. (as from a matte surface) rather than specularly reflected (as
A simple geometrical model of indoor environments is presented . . . . .
which includes interior features such as partitions, people, and fur- from a m'rror_ed Surfacel)_D'ﬁraCt'(_)n, is also ‘."m ,'mportam
niture, thus permitting accurate evaluation of shadowing effects. feature of radio propagation, but it is not a significant effect
For a reflection order of three, the iterative method is over 90times at infrared frequencies as the dimensions of most building

faster than the existing recursive technique. A computer imple- objects are typically many orders of magnitude larger than the
mentation is described and used to demonstrate the efficiency and wavelength.

accuracy of the method. These differences, as well as fundamental differences in
_ Index Terms—Channel modeling, channel simulation, wireless the transmitting and receiving devices, have led researchers
infrared communications. to develop channel and communication concepts for wireless
infrared/optical systems and channels. In particular, charac-

|. INTRODUCTION terization for wireless infrared channels has been done by a

IGH-QUALITY wireless access to information, net_varlety of metho_ds at different levels. Basic _system models

. ere developed in [6], [7]. Measurement studies [7]-[9] have
works, and computing resources by users of portable;. o .

) oS . . o validated the basic diffuse reflection model and have shown the

computing and communication devices is driving recent ac-

tivity in indoor infrared communication [1]-[4]. High-quality Importance of the orientation of the transmitter and receiver

. . oo . . as well as the importance of shadowing. Statistical models
access is achieved via links with low delay, high data rate L

. ) o channel characteristics [10] have attempted to make sense
and reliable performance; and accurate characterization of

) . . ' Bi%he important factors illustrated in the above measurement
channel is essential to understanding the performance limits

L . . . studies.
and design issues for wireless infrared links.

We develop a method that calculates impulse responses fOMeasgrement studies a.nq.sta'\tistical model; are ugeful but do
. . ; N0t provide the same flexibility in understanding the interrela-
wweless_, m_frared chanr_1e|s formed bya tra_msmltter an_d rece“ﬂ(?)rnships between the environment and the transmitter and re-
Szﬁelgslgséiz ;Li‘;lsg,[t;]vzisesgrs?g?% rr]tawp;tar:rtizslgrul(i:rt':lg rli'n;hc__%iver locations and or.ie.ntations. Site—specifip channellestima—
uration will determine many aspects of communication systgrlrcl) n [11}-[15] seeks efficient and qccuratg esumates of impulse
fesponse (the path loss and multipath dispersion) based on the

design, effecting in particular the appropriate modulation an ropagation environment, transmitter, and receiver characteris-

coding techniques, required transmitter power and receiver sen . . :
o ) -7 T fics. The present work is an extension of Barry’s method for
sitivities, the need for and design of channel equalization in the o . ; . .
-calculating impulse responses in [11]. His recursive technique

receiver, and the probability of bit error for digital-communi-_"."". ; . .
. X . Is limited to a small number of reflections or bounéegsince its
cation systems. Optical system properties such as transmitier DT L .
) . o .compute time is exponential i As will be shown, the same
power, transmitter beam shape, receiver filtering, and receiver . . o

: Impulse response can be computed iteratively in time propor-
area also need to be engineered based on these channel proper- A ; .
ties onhal to k<. As was done in [12], we generalize [11] by al-

Electromagnetic waves at infrared or optical frequenci lowing for the inclusion of reflecting objects inside the space. In

i . . :
exhibit markedly different propagation behavior than tho§§3]’ gtme—shcmg approach is usgd rather thgn one based o_n
reflections. In [14], a fast geometric approach is used for cal

at radio or microwave frequencies. At radio and microwave

frequencies, the dominant mode of interaction of a wave wiﬁ%ﬂaﬂng |r_npulse responses, bl.Jt the approe_lch is still limited by
c%mputatlonal complexity at higher reflection orders. In [15],

a surface is that the surface acts as a dielectric boundary, Wi authors present a mixed ray-tracing deterministic algorithm

a reflected wave and a transmitted wave [5]. At infrared QL imating the i | hei h sol h
optical frequencies, most building surfaces are opaque, wh c% estimating t € IMpUlSe response. Their approach so ves the
’ » WS dh-order reflection problem, but introduces estimation error

.. ] . |
completely eliminates the transmitted wave and generally I|m|ésfe to the random generation of rays. We present a completely

deterministic solution which allows fast, accurate characteriza-
Manuscript received June 8, 2001; revised December 14, 2001. This weikn of the channel in complex environments.
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The receiverR is described by a position vectay, an orien-

tation vectorn,., an optical collection areal,., and an effec-

| tive area at incident angleésof A(6) = A,¢(6), as shown in
7 B, Fig. 1(b). In this paper, we restrict our attention to receiver op-

/ / tical gain functiongy(#) = cos()-1{# < FOV} where FOV is

the field of view of the receiver antf - } is the indicator func-

~ tion. The cosine dependence models decline in effective area for
B, s light incident on planar detectors at nonnormal incidence.
/ \@R We model the environmetH as a set ofV, rectangular boxes

{Bi,...,Bn,}, as shown in Fig. 1(a). The first ba®; repre-
Bs sents the “universe” in which all other boxes and all sources
and receivers are contained. This can represent a single room, a
floor, or even an entire building. Interior objects are described
by single boxes or combinations of boxes. This method allows
forinclusion of such objects as wall partitions, doorways, desks,
chairs, and people. For simplicity, we constrain the boxes so
that each face is parallel to either they, or » plane. Hence,
each box is described by one corner position vegiprand a
size vector{L,, g,, Ly B,, L. B, }. By definition, we place the
Rore} corner of the universe at the origin and define its size vector as
(L, W, H) whereL is the length of the roomi}’ is the width,
and H is the height.
The boxes are further modeled as having six opaque internal
faces and six opaque external faces. Only the exterior faces of
(b) the internal boxes3;, ..., By, are relevant and only the in-
ternal faces of the universe bd@; are relevant, for a total of
Fig. 1. Site and link model. (a) Environment. (b) Source and receivg N, reflecting faces. Each fadg is modeled as a diffuse reflec-
characteristics. tive surface (Lambertian) of reflectivityy, . For definiteness, if

two faces partially overlap, the reflectivity of the shared surface
within the indoor environment. In Section I, our method fofs determined by the box with the larger index.

impulse response calculation is outlined. The computer imple-
mentation is described in Section IV and its efficiency and ac-
curacy are evaluated for important test cases. Conclusions are [ll. 1 MPULSE RESPONSECALCULATION
presented in Section V.

Our impulse response calculation follows the basic method-
ology outlined in [11] with extensions for an arbitrary number
of boxes.

We model wireless infrared channels formed by a transmitterAll transmitted light arriving at the receiver has undergone a
and receiver placed inside a reflective environment, as depictisfinite number of reflections or bounces. Hence, we can de-
in Fig. 1. The transmitter or source is a laser diode or a lightempose the impulse respornsg(t; S, R) as
emitting diode transmitting a signal (¢) using intensity mod-
ulation (IM). The receiver is a photodiode with responsivity
using direct detection (DD). Hence, the received sign@l) is

. _ (k) /.
the current from the photodiode hp(t;S,R) = hy’ (55, R) )
k=0

Il. SITE AND LINK MODEL

oo

Y(t) =rX(t) «h(t) + N(¢) * _ ) ) )
whereh .’ (t; S, R) is the impulse response due to signal light
wherex denotes convolutiorh(t) is the impulse response of theundergoing exactly bounces during its path from the source to
channel, andv(¢) is noise. This baseband impulse response fdte receiver.
IM/DD communication [7] is fixed and completely determined The line of sight (LOS) impulse responﬁég)(t; S,R) is
for a given set of source propertigsreceiver propertie®, and given by
environment propertie&’, and hence we will writd:.(t) more
specifically ashg(t; S, R).

The sourceS is described by a position vectdy, an orien- hg) (t;S,R) = V(7s, 7, EYT(¢) (Arg(0)/D?) 6(t — D/c)
tation vectors;, and a radiation patterfi(¢). Throughout this (4)
paper, we restrict our attention to sources with Lambertian radi-

ation patterns of ordet given by whereD = |7, — 7,| is the distance between the source and the

n+1 receiver. The visibility functiod’(#;, 7., E') is 1 when the LOS
T(¢) = cos™(¢). ) path betweert and R is unobstructed, and is zero otherwise.

2m
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Fig.3. Comparison ofimpulse responses using iterative and recursive methods
for configuraton D of [11]. The maximum reflection order is 3.
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Fig. 6. Impulse responses for configuration F for various reflection orders.
There is no LOS and a partition separates the source and receiver so that there
is no first-bounce component.

Now, thek-bounce response can be calculated usingihe
1)-bounce response using

%m@m=/mw%”mawwﬁ%%ﬂﬂﬁ
E

where the integral is over all surfaces Mhandp is the sur-
face reflectivity function. The quantitie&® andd=" represent
a differential surface of are#? that is first acting as a receiver
from the sources and then as a source to the receiy&rThe
surfaces act as receivers wigtp) = cos(f) - 1{# < = /2} and
as first-order Lambertian transmitters.

2The normal differential componemt-> does not explicitly appear in (5)

Fig. 4. The effect on impulses response of placing a partition wall behind thce it is included implicitly in the zero-bounce calculation as the area of the
transmitter. The maximum reflection order is 3.

source.
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To estimatehg(¢; S, R) using (3), we consider only the first & ‘ i

M bounces so that 2

M
he(t; S, R) =~ > 0¥t 8, R). 6) .
k=0

The contributions to the overall impulse response from ti@w‘
k-bounce impulse response will decline for increagirsp that
excellent approximations can be obtained ddrranging from
3 to 10, as discussed in Section IV.

The integration in (5) is approximated by representing ea
faceF; ata spatial partitioning factdr, i.e., each face is divided -,
into small elements of size/ P x 1/Pm?. Hence, we estimate

Path Loss {
~
o

~
m

hg“)(t; S, R) using 731
N 75 ‘ ; ‘ , ; ; :
W (6. R) % 3 pahiy TV (S e A h (e ) (1) TR e e © 0

i Maximum reflection order M
=

Wheres;’ andsf represent elemem‘tacting as a receiver and a'r:;gé;ionEjrt(iin;rated path loss for configuraton F as a function of maximum
source, respectively. The number of elemelitss given by '

63 T T T T
>
2 —&— [terative
N=2pP (Lsz).iLyzF).i + Ly B LeB, + L-T,BiLZ,Bi) . ) :
=1 62.5F - g

8

Now, rather than interpreting (7) as a recursionas done in [1 621
we note that if we already knom/;_l)(t; S,e?), calculation of 2
h%“)(t; S, R) is a very simple operation. Indeed, since the zer &4 5/
bounce impulse response is always a calculalliﬁ@(t; S, R)
can be accomplished by adding appropriately scaled and shif®
versions ofhg“_l) (¢; S, }) together.

Hence, we apply (7) witliz = ¢ to obtain

ath L

60.5 : - 8
N
k . k-1 . 0 .
W (48,60 2 > per kG TV (8 8, 25) B (165, €)
i=1 &, 2 3 4 5 8 7
N Maximum Reflection Order M
_ (k—1) . r
= a;ih t—7: 85, 9
Z il ij9,€}) ©) Fig. 8. Estimated path loss for configuraton D as a function of bounces. The
j=l1 resolution is 4.
where 62 :
Pe;T(d)ij)g(eij)

*J 61.9
andr;; = D;;/c. The quantitiess;;,8;;, and D;, are the re-

ceiver’s angle to the source, the source’s angle to the recein

and the source-to-receiver delay®efunction distance, respec- 368
tively, for the source; and the receiver; . g
We note that evaluation of the$é equations of 89) fok al- £ s
Be1rt

lows for iteration tok + 1. Hence, to caIcuIatﬁ%“ (t; S, R),
we first calculate theéV impulse responsdsg) (t;S,¢e7). Using
these, we computeg)(t;s, e} and continue until we have g6l : : 1
h%“’l)(t; S, er) at which point we can directly apply (7) for the
intended receiver.

!

61 .51
IV. RESULTS

We have developed acomputer 'mplememat|0n of the mOdﬁ,& 9. Estimated path loss for configuraton D as a function of partitioning

6

7

10

4 5
Spatial Resolution P (div/m)

and calculation methods described in Sections Il and Ill. Thesolution for a reflection order of 2.



CARRUTHERS AND KANNAN: ITERATIVE SITE-BASED MODELING FOR WIRELESS INFRARED CHANNELS 763

1200

Fig. 10. Aerial view of a model of an actual research laboratory. S1 and S2 are sources, and R1 and R2 are receivers. The scale is in centimeters.

program is written in the C programming language and emplo 0 ‘ ' ' "5 5 toRT (Pl=b4 dB)
a MATLAB interface using the MEX facility and it is available 45| ¢ S1toR2 (PL=74 dB) |
from[16] O S2to R1(PL=67 dB)

' X $2to R2 (PL=72dB) ||

We first validate our work by considering the room entitle( ~40
configuration D in [11]. The impulse responses are shown i ’&35_ ]
dividually for the first seven reflection orders in Fig. 2. We es
timate that in this configuration, the path loss is 61.6 dB if th
first three bounces are considered and is 61.4 dB for the fi
seven bounces.

The impulse response shape and the path loss are in ag
ment with previously reported values, as shown in Fig. 3. Th
demonstrates that our method is functionally equivalent
Barry’s in the simple case of empty rooms. In Figs. 4 and
we demonstrate the importance of being able to include roc 5| ]
objects such as partitions. In these graphs, we compare
impulse response of an empty room with configuration D ¢ % 16 20 30 20 50 50 70
[11] (calculated using the existing recursive method of [11],, Time (ns)
and introduce a 2-m-high partition wall. In Fig. 4, the partition
is placed behind the transmitter (relative to the recelveﬁ'
which has the effect of slightly increasing the onset part of
the impulse response (between 15 and 20 ns). In Fig. 5, the
partition is placed between the transmitter and the receiv
This significantly increases the path loss (by 5.0- dB) and al

Channel impulse response
— N [\*] w
[81) (=] (82 (=]
T : : :
.

—y
(=
T

L

g.11. Impulse responses for the room depicted in Fig. 10. Four bounces are
tluded, and a spatial resolution of four divisions per meter (div/m) is used .

fhe five-bounce path loss 8.3 dB. We now consider the ad-

rﬁﬂlon of a 2-m-high partition between the two devices (config-

FPaton F), and plot thé&-bounce impulse responses in Fig. 6

Rd the path loss in Fig. 7. First, we notice that the first bounce
pulse response is eliminated due to shadowing from the parti-

tion, resulting in an increase of 15.2 dB in path loss. Further, for

curate path-loss estimation in this case, one needs to consider

Fleast up to the five-bounce impulse response.

Let us consider the accuracy of the method as determined
the reflection ordel/ used and the spatial resolutidn

3The transmitter is at (3.5,1.88,1.2) and the receiver is at (4,1.88,1.2)  We consider only the path-loss estimate, as improved path-loss

arriving with delay between 15 and 20 ns is eliminated, as t
corresponds to a reflection from a wall near the receiver whui:
is now blocked by the partition.

Let us examine an even more dramatic example of hg
furniture can influence the impulse response. We take t
same room parameteis for configuration D but place the
transmitter and receiver 0.5 m apart (this is configuratioa E)by



764 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 50, NO. 5, MAY 2002

—+ Configuration D : :
—&- Config. £ (No Furniture) - ]
—©- Config. F (With Furniture) | e S e -

Compute Time (s)

10’2< . s -©- Recursive (Config. D) 1]
FAESEE SR E O Glooonmnni A terative (Config. D)
| =5~ lterative (Config. E)
—¢ _lterative (Config. F)
T T

10 i1 L 1 10 ] ] L 1. ] L 1 ]
1 2 3 4 5 6 7 1 2 3 4 5 6 7 8 9 10
Maximum Reflection Order M Spatial Resolution P (div/m)

Fig. 12. Computation time for impulse responses as a function of maximufig. 13. Computation time for impulse responses as a function of partitioning
reflection order. The spatial resolutidnis four divisions per meter. resolutionP, for maximum reflection ordei/ of 2.

L . ._the iterative method, the three-bounce impulse response is com-
estimation in this context also implies more accurate eSt'mﬁﬂted in 90.7 s, or about 92 times faster. We also report results

tion of the multipgth impulse response shape_. In Fig. 8, We See hounces up td/ = 7. The agreement between the recursive
. path—lqss est|m_ate IMProves as we consider more bo””&ﬁ'ﬁ iterative methods is illustrated in Fig. 8, where all available
and there is essentially no additional power contribution fro ta pointsk = 1,2, 3) show excellent agreement. The effect

the sixth and seventh bounce in this case. In environments Wiy, o spatial partitioning factor on the compute time is shown
typical reflectivities and geometries, considering bounces froM i 13 Although the spatial resolution can be increased to

three t9 five should be sufficient for_ most applica_ltions._ The e{én div/m or more, Fig. 9 shows that spatial resolutions of more
fect of increasing the spatial resolutiétfor M = 2is depicted oy fine divisions per meter do not significantly improve the

in Fig. 9. T_his.chart shows significgqt i.mprovements in accuragy e accuracy.
asresolution is increased to four divisions per meter (div/m), and
then very little improvement.

A realistic room and some characteristic impulse responses
from the room are shown in Figs. 10 and 11. The room is aMultipath impulse response estimation for wireless infrared
research lab with partitions, lab benches, desks, and clos##/DD channels can be performed accurately and efficiently
A total of 26 boxes are used to model the room; chairs atging the described iterative site-based model and computer im-
people are omitted. Impulse responses are calculated up to fel@mentation. Complex reflection environments can be mod-
bounces, and a spatial partitioning of four divisions per meterééed, which allows for inclusion of shadowing and related ef-
used. The source receiver separations range from 1to 5.5 m. f@@$s. The method can account for multiple reflections of any
results show a significant impact from partitions in the roon®rder and in particular makes practical the calculation of four-
Source S2 and receiver R2 are separated by 1.5 m and theredg@five-bounce impulse responses.
path loss of 72 dB. However, S2 and receiver R1 are separated
by 3 m but only suffer a path loss of 67 dB. The more distant ACKNOWLEDGMENT
receiver receives 5 dB more power since the partition betwee
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