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Modeling of Nondirected Wireless Infrared Channels
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Abstract—We show that realistic multipath infrared channels Input
can be characterized well by only two parameters: optical path Current ¥
loss and rms delay spread. Functional models for the impulse :;- _____
response, based on infrared reflection properties, are proposed o
. . - i ptical *, .
and analyzed. Using the ceiling-bounce functional model, we Zia Power
develop a computationally efficient method to predict the path S0 S (/I fzn/_z_
loss and multipath power requirement of diffuse links based on
the locations of the transmitter and receiver within a room. Use WWW\W\/

of our model is a simple, yet accurate, alternative to the use of
an ensemble of measured channel responses in evaluating the
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impact of multipath distortion. Detector Photo-
(=1cm9) current
Index Terms—Indoor communication, multipath channels, op- Y()
tical communication.
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White Gaussian
I. INTRODUCTION Shot Noise
. . L L . from Background
ONDIRECTED infrared light transmission with intensity
; ; ; ; ; Optical Photo-
'modulatlon .and direct deteptlorl (IM_/DF)) is a.candldate Power rh() current
for high-speed wireless communication within buildings. Char- X(t) Y)
acterization of this infrared channel has been performed using ()

. . . . 1. Modeling nondirected infrared channels with intensity modulation
ray-tracing techniques [3], which both have drawbacks as th&; direct detection. (a) The photocurrent is proportional to the integral over
primary technique for modeling. The results of experimentale detector surface of the optical power. (b) The channel can be modeled
studies of the channel are highly dependent on the rooffs? fixed, linear, baseband system with infi(tt), outputY (¢), impulse

L responseh(t), and additive white, Gaussian noise.

selected for the measurement study, and it is not clear ho
to extend the results so obtained to other situations. Also, it is

only possible to publish a small fraction of all of the measurere sufficient for estimating link power requirements. The
channels or some summaries of their behavior, and hence itugctional model for the IM/DD channel is developed in

difficult either to reproduce reported results that rely on sudkection V. A method for predicting power requirements of
data or to use the data for further study. Ray tracing combindtfuse links based on the positions of the transmitter and
with simulation [3], [4] is computationally intensive. receiver is given in Section VI, and Section VIl presents some

This paper seeks to improve infrared channel charactéencluding remarks.
ization in two steps. First, we show that there exist simple

functional forms for the impulse response that can reprodudke INTENSITY MODULATION/DIRECT DETECTION CHANNELS
the behavior of the measured channels. Second, we develogye \ongirected, infrared channel using intensity modula-

a simple model- using thesg functions that ta_kes accoyl, with direct detection is depicted in Fig. 1. It comprises an
c_>f room properties to pre.dlct the power requirements Hfrared emitter as the transmitter and a large-area photodetec-
Imk§ transmitting over multipath channels. In Sectlpn Il, Wer as the receiver. The input sign&l(¢) is the instantaneous
review the_ mfrared_ channt_al, and show how its dlf'fe_rencgﬁ),[icaI power of the emitter, and the output of the chanh@)

from multipath fad!ng rad|o. channels suggest a d'ﬁereq'i'f%the instantaneous current in the receiving photodetector,
approach to modplmg. Sect_|on Il shows how the chann ich is the product of the photodetector responsivitgnd

can be character!zed by, their delay spreads and optical prQ integral over the photodetector surface of the instantaneous
losses, and Section IV illustrates that these two paramet‘ca)[ﬁical power at each location. The signal propagates to the
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in the presence of intense infrared and visible backgroundndistorting channel. Since the channg(3)/G, and (t)

light, which results in additive, white, nearly Gaussian shdiave the same optical path loss, only the effect of the multipath
noise n(t) that is the limiting factor in the signal-to-noisedispersion is measured. In this paper, the power requirements
ratio (SNR) of a well-designed receiver. Our channel modate calculated foBER = 102,

is summarized by The temporal dispersion of an impulse respohég can

be expressed by thehannel rms delay spread, which is

Y(t) =rX(t) @ h(t) +n(t) () calculated from the impulse response according to
where® denotes convolution. 1/2
Baseband models of indoor radio channels often consider /(t — u)?h2(t) dt
impulse responses of the form D= (6)
N / h2(t) dt
h(t) = and(t —t,)e’** 2)
n=1 where the mean delay is given by

wherea,,, t,, 0, and N are statistically characterized [5]. The 5 9
use of aé-function as the base-modeling function is appro- - /th (t) dt /h (t) dt ()

priate in the radio environment, where reflecting elements

typically produce specular reflections. However, reflection &d the limits of integration in (6) and (7) extend over all time.
infrared radiation (and, indeed, visible light) by most surface¥e emphasize that siné?) is fixed for a given configuration,
in typical rooms is predominantly diffuse [6], i.e., the reflectef® 'S the rms delay spread. Thermalized delay spready
light is scattered into a continuous distribution of angle& ald!mensmnless parameter defined as the rms delay spread
which is nearly independent of the incident angle. Henc&) divided by the bit duratiortl"
when a reflecting object is illuminated by the transmitter and
this object lies in the receiver field of view, the result is IV. POWER REQUIREMENT AND DELAY SPREAD
a pulse extended in time. This leads us to consider for thein this section, we investigate the relationship between the
base-modeling function some pulse sh#pg whose duration normalized delay spreab); and the multipath power require-
and shape correspond to the response produced by diffusent P,,,/Poox for three classes of modulation schemes:
reflectors. on—off keying (OOK), pulse-position modulation (PPM), and
multiple-subcarrier modulation (MSM).
[ll. CHARACTERIZING INFRARED CHANNELS The channels considered have been measured in two studies

The goal of characterizing a particular multipath infrareftl: [7]- In the first study, 80 channels from various locations

channel is to determine the average transmitted optical poWfive offices were studied. These include LOS configurations
ransmitter placed at the ceiling and pointed down) and diffuse
T (t tter placed at th I d tedd ) and diff

. 1 configurations (transmitter placed at desk height and pointed

P, = lim — X(t) dt 3
i 700 2T _T ®) ®) up), and some of the channels were shadowed (by a person
g}anding next to the receiver). During all measurements, the

modulation scheme. We separate the power requirements it;ﬁgeiver was placed at desk height and pointed upward. The

two factors: an optical path loss and a multipath pow«l‘li"_insm'tter was gpprommately Lambertian O.f order 1, i.e.,
requirement with angular irradiance proportional to the cosine of the angle

Defining the optical gair®, for a channel with impulse with respect to the transmitter normal. The second study

responseh(t) to be G, = [_h(t) dt, then the received investigated 26 diffuse channels in a single large room, and
optical power isP. :OG Pt_ooHence ’ here the transmitter used is approximated by a generalized

Lambertian [6] of order 1.85, i.e., with angular irradiance
optical path loss (optical dB} —10log,,G,. (4) proportional to the 1.85th power of the cosine of the angle

. . . with respect to the transmitter normal.
We will show that a single parameter of the channel impulse P

response, the normalized delay spread, is an excellent predictor .
of the multipath power requirement. Let us define a fun?—" On-Off Keying
tion P(BER, h(t), Ny, MS) as the average optical transmitted We consider power requirements for baseband OOK at bit
power required when using the modulation scheme MS fates of 30, 55, and 100 Mbits/s with three detection methods:
achieve a bit-error rate of BER over the channel with impulgéhequalized, equalized using a zero-forcing decision-feedback
responseé(t) in the presence of additive white Gaussian noiqualizer (ZF-DFE), and maximum likelihood sequence detec-
of power-spectral densityVy. Then the normalized power tion (MLSD). The transmitter encodes a one in a rectangular
requirementis pulse of duratiorf’, wherel/T is the bit rate. For unequalized
operation, the receiver filter is a five-pole Bessel receiver
Fav = P(BER, h(t)/Go, No, MS) (5) filter having a 3-dB cutoff frequend.6/7, and for ZF-DFE,
Pook P(BER, 6(t), No, OOK) the same filter is employed, but with a cutoff frequency of
which can be thought of as a power penalty for the modulationd5/7. These receive filters have been found to perform
scheme and channel compared to on—off keying (OOK) onbatter than rectangular impulse-response filters [1], and their

required to achieve a certain bit-error rate for a particul
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Fig. 2. Dependence of (a) unequalized multipath power requirements and (b) maximume-likelihood sequence-detection multipath power reguirements o
the normalized delay spread for on—off keying and pulse-position modulation. The scatter plots show the power requirements for measured diffuse and
LOS channels for 10, 30, 55, and 100 Mbits/s, and the lines show the relationship between power requirement and delay spread for channel impulse

responses of the form(t)/(t + «)7. All power requirements are relative to the power required by OOK on a nondistorting channel having the same
optical path loss as the multipath channel.

cutoff frequencies have been chosen to provide optimumultipath power requirement of PPM is very well predicted by
performance with measured channel responses. For ML3ER- for measured channels, particularly for 2-, 4-, and 8-PPM.
detection, the optimal whitened-matched filter is used.

Fig. 2(a) illustrates that any two measured channels with tee Multiple-Subcarrier Modulation
same Dy have unequalized power requirements that closely _. . .
agree, and likewise, Fig. 2(b) shows that their MLSD power '.:'g' 3 shows _the re_latlonshlp betw_ed.% and power re-
requirements closely agree. Further, we see the ef“l‘ectivengggeme.nt for a link using two subcarriers, e_ach using 4-QAM
of normalizing the delay spread to the bit duration, as t Odulation. The supcarner center frequenueslz;((eT) anq
power requirements at different bit rates nearly coincide wh A(4T) where1/4T IS thg symbol rate and sy’ is the b't.
expressed as a function of the normalized delay spreéﬁt.g' Tlhe b'r: ra'\tes con5|dereddare .30’ 55, _and 10?, Mb'ts./i’
The unequalized power requirements (in decibels) increa% OO/DU S€s al\)/mgda{jOﬁt—ralse —go\s/\l/ne Four;sr t;aTS orm W';.
exponentially to about 13 dB fobr = 0.5. For Dz > 0.55, o excess bandwidth are used. We note that delay spread is

most measured channels cannot achieve the target BERn8¥‘a reliable predictor of the power requirement for multiple-

10~? due to the severity of the intersymbol interference. Thseltj)bcarrler modulatlpn: the power requirement varies up to
out 4 dB for a givenDr.

MLSD power requirements (in decibels) increase approﬁ‘-
mately quadratically with normalized delay spread to about 2
dB for Dy = 0.3, and the power requirements using a ZF-DFE V. FUNCTIONAL MODELING OF MULTIPATH DISPERSION

are within 0.1 dB of MLSD in that range of delay spreads.  \ypjje the relationship between power requirement and

delay spread is interesting, it does not by itself eliminate
the need to evaluate a modulation scheme over an entire
Fig. 2 shows the relationship betwedh: and power re- ensemble of channels and over the range of applicable bit
quirement forL-position PPM(L-PPM), whereL is one of 2, rates. This motivates us to look for simple functional forms
4, 8, or 16. The transmit pulse and the receive filter are bdibr h(¢) that exhibit the same relationship between power
rectangular. The bit rates considered are 10 and 30 Mbits/s, aeduirement and delay spread as do the measured channels,
we consider both unequalized operation and MLSD [8]. Trend hence can be used in the place of measured channel

B. Pulse-Position Modulation
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14 e . exponential-decay model are given by the following relations:
Measured Channels L
13 1| « Unequalized 2-4-QAM . 1 D(he(t, 7)) =7/2 )
—— Model Channel (t+ a)7 u(t) x 1

N he(t = 10

B. Ceiling-Bounce Model

The impulse response due to diffuse reflection from a single
infinite-plane reflector will be used as a second candidate form
for h(t). The infinite Lambertian-reflecting plane is chosen, as
it is a good approximation to a large ceiling. The general form
of the impulse response is derived in the Appendix, and a
closed-form solution (33) is given for the case in which the
horizontal separation of the transmitter and receiver is zero.
This expression is rather cumbersome, and for the purpose of
developing a simple base model function, we make the further
assumption that the transmitter and receiver have the same

Normalized Power to Achieve 10 BER (optical dB)

T G N B 1

0.01 0.03 01 03 separation from the ceiling (and hence are colocated).
R.M.S. Delay Spread Setting! = 0 in (33) so that the receiver and transmitter

Bit Duration are colocated yields

Fig. 3. Dependence of unequalized multipath power requirements on the

normalized delay spread, for multiple-subcarrier modulation. Two 4-QAM C_tu ¢ @

subcarriers are employed. The scatter plots show the power requirements B cpAH4 2 c B 27pAH4 2H

for measured diffuse and LOS channels for 30, 55, and 100 Mbits/s. Theh(t) = 1 T = 67 U t——

line shows the relationship between power requirement and delay spread a (Ct/2) (Ct/2) cort c

for channel impulse responses of the fomtt)/(t + «)7. The power (12)

normalization is as in Fig. 2.

wherep is the plane reflectivityA is the receiver photodiode
ensembles in performance evaluation. In keeping with off and_H is the height of the ceiling above the transmitter
. . . art'ld receiver.
separation of the effects of path loss and multipath, we will sé . . . .
The minimum time required for a signal to travel from the

g("t): J'(#) dt = 1 for candidate modeling impulse resloonsetsransmitter, reflect off the ceiling, and then strike the receiver

is 2H/c. For consistency with the exponential decay model,
we eliminate this delay by shifting the time origin in (11) by
2H/c to obtain

There are two physical processes that produce multipath A 6(2H/c)S
dispersion observed in diffuse IM/DD channels, and that lead h(t) = P ¢ 7u(t) (12)
us to consider candidate functional forms fe(t). The first 3nH? (t+2H/c)

such process is multiple reflections. The light captured by thghere the constants have been rearranged so that the factor
receiver can be partitioned according to the number of surfaqg@/(ng% =G,. Leta = 2H/c, and assumé&, = 1, then
off which it has reflected [3], i.e., there is light coming directlyye have

from the transmitter, light arriving after a single reflection, and 6a®

so on. Since each surface has a reflectivity less than one, then he(t,a) = ——=u(t) (13)
one might expect the power received fromt- 1 bounces to (t+a)

be less than that received frombounces by a factor oR, which defines theeiling-bounce modeior multipath disper-
the average reflectivity of the surfaces in the room. Furth&iion. The delay spread and 3-dB cutoff frequency for the

the time of arrival of bounce: + 1 is delayed by a certain ceiling-bounce model are given by the following relations:
time from the arrival of bounce. Hence, according to this

A. Exponential-Decay Model

model, the channel impulse response would be a sequence of D(h.(t,a)) = e /13 (14)
delta functions whose amplitudes decay geometrically. This 12y 11
geometric series is very similar to a decaying exponential f3an(he(t, a)) = K (15)

impulse response ~ 4nxD(h(t,a))

1 where K is given b
helt, 7) = = exp(—t/T)u(?) ®) onen
T .
™ exp(—j - 6Kuy/11/13) 1
which defines theexponential-decay modé&r multipath dis- /0 A+ du| = o3 (16)
persion. It will be used rather than a geometric-series model

as it is simpler to express and also takes into account thed is approximately 0.925. We see by comparing (15) with
second dispersive influence on the impulse response, diff @) that the ceiling-bounce response exhibits the same re-
reflection. The delay spread and 3-dB cutoff frequency for tlodprocal relationship between delay spread and 3-dB cutoff
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frequency as does the exponential decay response, but exhibits
a slightly smaller 3-dB cutoff frequency for the same delay
spread.

TR Diagonal T

C. Agreement with Measured Channels

We show that the functional models developed previously
accurately reproduce the relationship between delay spread and
multipath power requirement exhibited by measured channelg,. 4. Normalization of the room size is done through the use of the TR
Although the exponential-decay and ceiling-bounce modelggonal, defined as the length of that segment of the line TR between the
correspond most closely with LOS and diffuse Channeﬂé?nsmitter and the receiver that lies within the room.
respectively, we will see that they accurately model the

relationship between delay spread and multipath power f@to play: the ceiling no longer appears to the transmitter to be
quirement for all four types of channels considered—LOgell approximated by an infinite plane, and the contribution
shadowed and unshadowed, and diffuse shadowed and ¢inthe walls to the impulse response will increase relative to
shadowed. that of the ceiling. This leads us to consider the following
The loci of power requirements generated by, a) by two-stage modeling approach: a first-order approximation will
varying the parameter, and hence also the delay spread afge made assuming an infinitely large room, and a correction
shown in Figs. 2 and 3. Although the decaying exponential inill be applied which takes into account position within the
pulse response produced curves similar to the ceiling-boune®m. The parameter used for this correction will be the ratio
function, the fit to the experimental data was inferior. For boif the horizontal separation of the transmitter and receiver to
the ceiling-bounce model and the exponential-decay modgle TR diagonal, shown in Fig. 4. Note that this ratio does not
the standard deviation of the difference between the measuggdount for the height of the transmitter or receiver, and hence

power requirement and the modeled power requirement Wasults using this ratio may be valid only for heights similar
0.9 dB (unequalized OOK) and 0.2 dB (OOK with MLSD).tQ those in the measurement studies.

However, the mean difference was 0.1 dB (unequalized OOK)
and 0.2 dB (OOK with MLSD) for the exponential decayy Estimation of the Ceiling-Bounce Parameter

model, whereas these mean differences were less than 0.1 ) . ) .
dB for the ceiling-bounce model. Hence, we use the ceiling- As previously determined, the delay spread is a simple

bounce model from here on, as it provides a slightly better pgrameter that accurately predicts the multipath power require-

to the measured channels. The exponential-decay model is ARG Our strategy for selecting the ceiling-bounce parameter

viable, and it does have the advantage of greater simplici?y,then’ will rely on first accurately predicting the delay spread,
and hence, tractability. and then setting: so thatD(h.(¢,a)) matches the predicted

delay spread.

In order to estimate the channel delay spread, we first
compute the impulse response if one removed all the walls,
and extended the ceiling infinitely in all directions. This “one-

We focus here on characterizing the impulse response gunce impulse responsé’ (¢) is found through numerical
diffuse channels in actual rooms. The impulse responseirgegration of (28) for the actual locations of the transmitter,
assumed to be of the form receiver, and the extended ceiling. While reflections from walls

. cause the delay spreads in finite-sized rooms to be larger than

h#) = Gohelt,a) (17) those predicted by the “one-bounce” model, we have found
wherea and G, are determined by the locations and orierempirically that the increase on delay spread can be predicted
tations of the receiver and transmitter within the room (usirgpproximately by a simple function of the ratio of the
a method we will now develop) anfl.(¢,a) is the ceiling- horizontal transmitter—receiver separation to the TR diagonal.
bounce impulse response. Referring to (13), in which we sBhis is illustrated in Fig. 5.
a = 2H/c to derive the ceiling-bounce model, we can think of For diffuse unshadowed channels, the increase in delay
ac/2 as the effective height of the ceiling above the transmittépread due to multiple bounces is well predicted by a quadratic
and receiver. function of s. The increase in delay spread ranges from a factor

The validity of our approach will be evaluated by its abilityof 2 at small separations to about 5 at the edges of a foom,
to accurately predict the actual path loss and multipath powatd we predicta using
requirement found for the experimental channels, and hence, . 5
the required transmit power to achieve the system performanc(%(unShad') = 12y/11/13(2.1 = 5.0s +20.857) D(hu (%)).
requirements. (18)

When the transmitter and receiver are near the center of )
a large room, and in a diffuse configuration, one expects th@" Shadowed channels, the delay spreads are more variable,

impulse response to be dominated by the impulse respoﬁé’é still increase with separation. A linear fit is employed, as
due to a smgle bounce off the Ce'lllng. When the receiver IS1Since the transmitter is at the center of the room, this corresponds to a
further separated from the transmitter, two other effects corsparation-diagonal ratio 6f= 0.5.

VI. MODELING DELAY SPREAD,
POWER REQUIREMENT, AND PATH LOSS
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Fig. 5. Predicting delay spread from room location for diffuse channels. Tiég. 6. Errors in estimating multipath power requirements (relative to the
ratio of the channel delay spread to the delay spread of the ceiling-only impuf8easured channels) as a function of the ratio of the horizontal separation
response as a function of the ratio of the horizontal separation between Bgéveen the receiver and transmitter normalized and the TR diagonal. This
receiver and transmitter and the TR diagonal. graph considers diffuse, unshadowed and diffuse, shadowed channels.

T T T

the data do not exhibit a clear enough pattern to justify fitting Diffuse Channels

to a higher order curve. Hence, we predictising © TxOrder 1.85 Unshadowed o
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a(shadowedl = 12/11/13(2.0 + 9.45)D(h1(¢)).  (19) g || — LinearFitfor o ;

[| m TxOrder 1.00 Shadowed
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B. Multipath Power Requirement

We are now in a position to estimate the multipath power
requirement using the ceiling-bounce parametegstimated
from (18) or (19), and the resulting estimated impulse response
Goh.(t,a). We consider the same OOK link parameters as in
Section V. The results of this estimation for diffuse shadowed
and diffuse unshadowed channels are shown in Fig. 6. For un-
equalized OOK, the estimation of power requirement is within = 4 . . " . .
1 dB of the power requirement computed using measured 0 0.1 02 03 0.4 05
channel responses for 90% of the channels and within 2 dB Receiver - Transmitter Separation (m)
for all channels. The estimation of power requirement when a T Diagonal (m)

ZF-DFE is employed is within 0.5 dB for 95% of the channel5ig. 7. Ratio of measured received optical power to power from one-bounce

s impulse response as a function of receiver location for diffuse channels.

and within 1 dB for all channels. The effect of the directionality of the transmitted beam, as measured by the
Lambertian order, is evident.

Measured Power / One-Bounce Power {optical dB)

C. Path Loss

We follow the same procedure used for predicting delagflecting with a power reflectivity of about 0.65. Using this
spread and the ceiling-bounce parameter. We first find the opedel for the ceiling, the predicted one-bounce path losses
tical gainG, = [ hy(t) dt of the impulse responge () from  range from 55 to 71 dB for a photodiode arda= 1 cm?. For
a single bounce off the ceiling (infinitely extended, as beforgheasured unshadowed channels, the received optical power
and then adjust this value based on the position within thgnges from 1 to 9 dB greater than the one-bounce power.
room usings, the ratio of the horizontal transmitter—receiveg,, measyred shadowed diffuse channels, the received optical

separation to the TR diagonal. In finite-sized rooms, the Wag%wer ranges from 7 greater to 4 dB less than the one-bounce

and floor will allow for multiple reflections to arrive at the .
. : Dower. Shadowed channels can receive less power than the
receiver, and so we expect to see less path loss in such rooms

than that predicted by the one-bounce impulse response. THigdicted one-bounce power since the shadowing object is
reduction in path loss is especially evident when the recei/dPcking part of the light traveling to the ceiling from the
approaches a wall, and we will attempt to account for the§f@nsmitter and also part of the light traveling from the ceiling
effects using the ratia. to the receiver.

In all six rooms from which measurements are used, the ceil-The use of the ratia to adjust the one-bounce estimate of
ing, of gray—white tile material, is approximately Lambertianpath loss is illustrated in Fig. 7, and the resulting prediction
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of optical gains is summarized as follows: Y

k4 V.nP
G,(unshad., n = 1.85) = 100-37~1-205+2.555" / hi(t) dt L L / _

G,(unshad., n = 1.00) = 10°-18+1.00s / hyi(t) dt

G,(shad.,n = 1.00) = 1070-14+1.02s / hyi(t) dt.

(20) - Side View

Here, the channels using an order-1.85 Lambertian transmitter Trans.
exhibit different behavior from those using a Lambertian

of order 1. The increased directionality of the order 1.85 (a)
source increases the effect of the contribution from a ceiling

reflection, followed by a floor reflection, and then a second A
ceiling reflection. This is evidenced in the upturn of the y
measured power curves at smalifor the more directional
transmitter. Also, the additional power due to the walls and
multiple bounces is smaller for the more directional transmitter
at large separations.

D. Modeling LOS Channels

While LOS channels exhibit the same relationship between Top View
multipath power requirement and delay spread as diffuse
channels, their parameters are less easily estimated than those (b)
of diffuse channels using simple charagteristics of the roo i‘g. 8. Geometry of transmitter, ceiling plarig and receiver. The trans-

The LOS unshadowed channel can be modeled approiter is located at—L.0, —H; ) and the receiver is att-L,0, —Hs). The

mately by assuming that the LOS path dominates, and so tugaceV; N P is the part of the ceiling contributing to the impulse response
i i in the interval[0,¢), and is the interior of an ellipse. The drawing is for
ImpUIse response Is [6] Hy =4m,Hy =2m,L = 2.5 m, andt = 30 ns.

2
= At — 1/ 1) | .
L schemes (OOK and PPM). This correlation is very well re-

whereH is the vertical separation between the transmitter af¢ioduced by a ceiling-bounce model for the impulse response.
receiver andL is the straight-line separation. The source is Bather than evaluating a candidate modulation scheme based
first-order Lambertian, the transmitter is pointed down, and tQ& its performance on an ensemble of measured channels,
receiver is pointed up. Other arrangements would change ffi¢ can instead use the uniform and reproducible method
optical gain, which is3, = AH?/(rL*), but the delay spread of evaluatmg. perfqrman_qe for the ceﬂmg—bouncg |mpullse
would still be nearly zero as long as the LOS path dominaté§Sponse. Using thls_ qelllng-bounce model, we give a sim-
However, typically, the optical gain is between 1 and 2 dple method for predicting power req_wrements g|ven_5|mple
higher than this initial estimate (due to reflections), and thRrameters of the room and the location of the transmitter and
increase exhibits no apparent correlation with position withfifCeIVer.
the room. Similarly, the delay spread, while typically less than
2 ns, also exhibits no apparent correlation with position within
the room. APPENDIX

LOS shadowed channels are even more difficult to model. ~ IMPULSE RESPONSEDUE TO AN INFINITE PLANE
Since the LOS path is blocked, the entire response is deterReferring to Fig. 8, we define a coordinate systemy, »)
mined by reflections which, as for LOS unshadowed channelghere the positive: direction is “up.” Let the transmitter be
are unpredictable. Hence, neither the path loss nor the delayated at(—L,0, —H;) and pointed toward the ceiling, and
spread is easily predicted. However, as LOS shadowed chigtthe receiver be located @t L, 0, — H»), with an active area
nels tend to have high path loss and large delay spreads [4],.and also pointed toward the ceiling. Hence, the distance of

h(t)

they are generally unacceptable anyway. the transmitter to the ceiling i&f;, and the distance of the
receiver to the ceiling i¢f,. We define coordinates’, v/, ')
VII. CONCLUSIONS so that the transmitter is located (at/,0,0) and the receiver

. is at (+/,0,0) in the new coordinates, and so
We have shown that nondirected IM/DD channels can

be well characterized solely by their path loss and delay 9
spread. This is due to the strong correlation between multipath 2=7124 <M) . (22)
power requirement and delay spread for baseband modulation 2
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Hence Converting to polar coordinatés, ¢) in the (z, y) plane yields
! cos(#) 0 sin(h) x
v|= 0 L0 4 A d [ pe® g H2H27 de dr
Z —sin(d) 0 cos(8) ) \z = p2 g / / o 2 iE
H sin(8) " H )
+ 0 (23) _2pAH}H} d /9“) rdr
H cos(6) - 7 dt|Jo  (HZ+7r2)2(HZ+r2)2
where we have defined (32)
§ = arctan <M> (24) ) ) @
2L Applying the chain rule(d/dt) [§'7 f(r) dr = f(g(t))g'(t)
yields
and
_ Hy+ H>
H=—— (25) W) = pAH{H3 29(t)g'(t)
- 2 2 2 2 2
For light to travel from the transmitter to the receiver in less T (H +g (2) (H +92(1))
than timet via a single bounce, the position of the reflector il ps
: J P _ pAH{H3 gl
must satisfy = e e g (33)
) ) ) T (Hf +?(0)*(Hi + g%(1))
(z') ) ()
: . 26
K 7 A 7 R 7 I A - |
and substituting;(¢) from (30) gives
V; is the interior of an ellipsoid with foci at the transmitter
and receiver locations, and a major axis length-iofHence
V, N P is the interior of the ellipse on the ceiling plane tha}b _ cpAHPH3 ct . I2H? wl(t — 2H/0)
contributes to the impulse response in the intef¢at) and 7r 2 (ct/2)
is defined by 12 -
C
(H sin(f) + = cos(6))? N 2 <<5) ) <1 B (ct/2)2>]
(ct/2)? (ct/2)? - . 2 -2
(H cos(6) — wsin(6))? <_) <1 - ) . (34)
@2 - b 27) 2 (ct/2)?

Hence we can write

d
b= | Y 1A e
where, from [9], f(z,y) is 2
pA
(H? + (z — lcos(e))2 +y2)2 (H2 + (z+1cos(9))2 +42)2" Bl
(29)

In the general case, with no constraints énH,, or Hy, [4]
numerical integration of (28) is required. [
For the special case d@f = 0 (i.e., the horizontal separation
between the transmitter and receiver is zero), we can evalua[t?

h(t) explicitly. We haveV;, n P defined by
2
2 2 2 _ g2 _
x*+y < ((ct/2)*— H )<1 CIDE

which defines the interior of a circle of radiy$t), and

pA

)=92<t> @o

[8]
H 1

= (9]
(HI +22 + 1)

H3

flz,y) = (H22+a:2+y2)2'

(31)

5] H. Hashemi,
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